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Influence of traditional and alternative additives on the physical and mechanical 
properties of clayey soil

This study considered the effects of different types of additives on the physical and 
mechanical characteristics of clayey soil using a chemical stabilisation technique. Under 
laboratory conditions, samples of the clayey soil mixture with selected additives at 
percentages of 3 %, 5 %, and 7 % were prepared and tested at time intervals of 3, 7, and 
28 d after the treatment. For the prepared samples, the influence of each additive on the 
change in the uniaxial compressive strength, Atterberg limits, and pH values was analysed. 
Based on the obtained results, the optimal amount of each additive for the treated soil 
was determined. Using the optimal additive contents, an additional series of tests to 
investigate the changes in the modulus of compressibility and void ratio of the treated 
soil were performed after 3, 7, and 28 d, as well as changes in the California bearing ratio 
and swelling value after 7 and 28 d. The obtained results reveal that, depending on the 
amounts of additives in the mixture and the time interval of the test, the physical and 
mechanical properties of the treated clayey soil could be considerably improved.
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Prethodno priopćenje

Nemanja Marinković, Elefterija Zlatanović, Zoran Bonić, Dragan Djordjević, Nikola Romić

Utjecaj tradicionalnih i alternativnih dodataka na fizičko-mehaničke 
karakteristike glinovitog tla

U radu su razmatrani utjecaji različitih dodataka na promjene fizičko - mehaničkih 
karakteristika glinovitog tla primjenom tehnike kemijske stabilizacije. U laboratorijskim 
uvjetima su pripremljeni uzorci mješavine glinovitog tla s izabranim dodacima s postotkom 
udjela od 3 %, 5 % i 7 %, koji su potom ispitani u različitim vremenskim intervalima, 3, 7 
i 28 dana nakon tretmana. Za tako pripremljene uzorke provedena je analiza utjecaja 
svakog od razmatranih dodataka na promjenu jednoosne tlačne čvrstoće, Atterbergovih 
granica i pH-vrijednosti. Na osnovi dobivenih rezultata određena je optimalna količina 
svakog dodatka za tretirano tlo. S optimalnim udjelom dodatka urađene su dodatne serije 
ispitivanja promjene modula stišljivosti i koeficijenta pora tretiranog tla nakon 3, 7 i 28 
dana, odnosno promjene kalifornijskog indeksa nosivosti i vrijednosti bubrenja nakon 7 
i 28 dana. Dobiveni rezultati pokazuju da se u zavisnosti od količine dodatka u mješavini 
i vremenskog intervala ispitivanja fizička i mehanička svojstva tretiranog glinovitog tla 
mogu poboljšati u znatnoj mjeri.

Ključne riječi:
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1. Introduction

In civil engineering, various methods for improving the 
geotechnical properties of soils have been successfully applied 
to construction. This mostly refers to soil materials whose 
characteristics do not meet the predefined criteria in terms of 
load-bearing capacity and stability. Soil stabilisation techniques 
for improving soil characteristics have developed , and the 
invention of new materials has contributed to increasing the 
efficiency of these methods. Many engineers have indicated 
that chemical stabilisation techniques are not only the best 
method of soil stabilisation in terms of cost-effectiveness and 
efficiency, but also from an ecological perspective [1]. 
During chemical stabilisation, soil properties are improved 
through two essential processes: cation exchange and pozzolanic 
reactions. Previous studies have extensively investigated the 
basic mechanisms of chemical stabilisation [2, 3]; however, the 
potential of each soil type must be examined separately. In clayey 
soil, the mineralogical composition of clay significantly influences 
the physical and mechanical properties of the soil [4]. Lime and 
cement are traditional chemical additives [5, 6]. At the end of the 
20th century, fly ash was widely used as an additive [7] because 
it was considered a useful waste product [8, 9]. In practice, one 
of the three abovementioned stabilisers is used in almost 80 % 
of all cases [10]. However, although the use of cement improves 
the engineering properties of soil, its application is becoming 
less prevalent because of its increasing price and environmental 
concerns associated with its production [11-13]. Therefore, many 
researchers are investigating alternative materials that are suitable 
for both economic and ecological applications [14]. Common 
problems associated with the use of commercial additives include 
the curing time and brittleness of soil treated with pozzolans, which 
can cause cracks when the soil is subjected to dynamic loading 
[15]. Because alternative reagents have been successfully applied 
in other branches of civil engineering [16], there is an obvious need 
for their use in the field of geotechnics [17-25].
This study aims to examine the effects of different chemical 
stabilisers on the physical and mechanical properties of clayey 
soil using a chemical stabilisation technique. Lime (Ca(OH)2), 
a traditional additive, as well as alternative additives, such 
as magnesium carbonate (MgCO3), 
sodium silicate (Na2SiO3), and potassium 
hydroxide (KOH), were considered. For 
the laboratory tests, in accordance with 
national standards considering European 
norms (EN Standards), the soil samples 
were treated with different percentages 
of additives in the mixture with clay 
to determine their optimal content. In 
previous studies, it was concluded that 
the addition of lime at percentages of 
1 % to 3 % would be sufficient to reduce 
the plasticity of clayey soil [5], and a 
lime addition of 2 % to 8 % could be 

used to achieve permanent stabilisation and cementation [26]. 
Soil modification was assessed by monitoring changes in the 
Atterberg limits and uniaxial compressive strength (UCS) of the 
samples. In addition to changes in the physical and mechanical 
characteristics, chemical modifications were also monitored for all 
treated soil samples. The pH of the soil treated with each additive 
was measured. When an additive with a sufficient amount of 
water is added, the pH value of the soil should increase, thus 
contributing to pozzolanic reactions and permanent changes 
in the soil composition [27]. Based on the aforementioned 
examinations, the optimal content was determined for each 
stabiliser, and additional tests were performed. Changes in the 
modulus of compressibility (Mv) and void ratio (e), as well as in the 
CBR and swelling values, were monitored over time.

2. Materials and methods

2.1. Properties of soil

Clayey soil along the route of the E-80 Niš-Dimitrovgrad 
Highway (near Crvena Reka) in the southeastern part of the 
Republic of Serbia was used in this study. A landslide was 
triggered during the highway construction at this location. Soil 
samples were collected from the depth where the sliding surface 
was registered, and the improvement of the geomechanical 
properties of this soil after mixing with additives was 
investigated. The tests were conducted according to national 
standards at the Laboratory for Geotechnics of the Faculty of 
Civil Engineering and Architecture of the University of Niš.
Figure 1 shows the mineralogical composition of the natural 
clayey soil used in this study, which was determined by 
X-ray diffraction (XRD). As shown by the XRD spectrum, the 
investigated soil in its natural state consisted of various 
minerals, among which calcite and quartz were dominant. 
In addition, clay minerals such as illite, montmorillonite, and 
clinochlore, were also present. Kaolinite was not identified in 
the clayey soil.
The geomechanical properties of the natural clayey soil used in 
the experiment were determined by corresponding laboratory 
tests and are shown in Table 1.

Figure 1. Mineralogical composition of the natural clayey soil obtained by XRD analysis 
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2.2. Additives

Lime (Ca(OH)2) is a versatile and economical solution for 
chemical soil stabilisation, primarily because of its ability to 
neutralise soil acidity by increasing the soil pH and improving 
its engineering properties. Lime has been successfully applied 
for the stabilisation of most soil types. Soils with a PI > 15 % 
are considered particularly suitable for lime stabilisation [5]. The 
addition of an optimal amount of lime significantly increases the 
soil strength and improves the stability and bearing capacity 
of the soil, whereas it reduces the soil plasticity, permeability, 
and swelling potential [28-30]. Commercial hydrated lime CL-

90-S was used in this study for testing purposes. In addition 
to their numerous advantages, traditional additives also have 
certain disadvantages; therefore, numerous researchers have 
proposed compounds based on magnesium [31-33], sodium 
silicate [34, 35], and potassium [36] as alternative additives. 
Alternative additives have been shown to significantly improve 
the characteristics of expansive and sandy clays [37-39]. 
Therefore, in this study, we examined the effects of traditional 
and alternative additives on clayey soils collected from a 
landslide area. The basic characteristics of the additives that 
were used, along with the main compounds of each additive, 
are presented in Table 2.

Table 1. Properties of the clayey soil used in the experiments

Table 2. Properties of additives considered in this study.

Property of soil Symbol [unit] Value

Particle density Gs [−] 2.705

Grain size distribution

Gravel [%] 1.2

Sand [%] 4.9

Silt [%] 40.6 

Clay [%] 53.3 

Coefficient of uniformity Cu [−] 8.0

Coefficient of curvature Cc [−] 2.0

USCS soil classification Symbol [−] CL

Maximum dry density MDD [g/cm3] 1.903

Optimum moisture content OMC [%] 18.5

Uniaxial compressive strength UCS [kPa] 205

Liquid limit LL [%] 49

Plastic limit PL [%] 23

Plasticity index PI [%] 26

pH value pH (−) 9.5

Modulus of compressibility Mv [MPa] 12.945

Void ratio e [−] 0.554

California bearing ratio CBR [%] 2.71

Swelling s [%] 2.91

Property [unit]
Additive

Lime 
Ca(OH)2

Magnesium carbonate
MgCO3

Sodium silicate
Na2SiO3

Potassium hydroxide
KOH

Compound [%]

CaO 71.01 − − −

MgO − 47.0 − −

SiO2 − − 28.00 −

Na2O − − 8.00−9.00 −

K2O − − − 84.00

Specific mass  [g/cm³] 2.21 2.96 1.37 2.04 

pH value [−] 12.60 10.00 10.80 13.50 
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2.3. Experimental research methods

To evaluate the effects of the chemical stabilisation of clayey 
soil when considering a variety of additives, changes in the UCS, 
Atterberg limits (Liquid Limit (LL) and Plastic Limit (PL)), and the 
associated plasticity index (PI) were considered. Each additive 
was added to the natural soil at percentages of 3 %, 5 %, and 7 
% of the dry weight of the soil sample. Samples for the UCS test 
were prepared under laboratory conditions in accordance with 
the corresponding national standard [40] with optimal water 
content and compacted using the standard Proctor test at an 
energy of 600 kNm/m3. The Atterberg limits were determined 
based on national standards [41]. To determine the durability of 
the effects of chemical stabilisation on the treated clayey soil, 
the samples were kept in plastic foil until testing at 3, 7, and 28 
d after the chemical treatment. 
Based on the obtained results of the above-mentioned tests, 
the optimal content for each of the considered additives in the 
mixture with clay was determined. Therefore, additional tests 
were conducted on samples with the optimal additive contents 
considering the variations in the modulus of compressibility, void 
ratio, California bearing ratio (CBR), and swelling potential of the 
treated soil. Using an oedometer, the changes in the modulus of 
compressibility and void ratio [42] were tested on samples with 
a height of 20 mm and diameter of 70 mm, where the maximum 
load was 400 kPa. All the samples were saturated for 24 h 
before the test. Furthermore, the change in the CBR value [43] 
was examined. The samples were compacted at the optimum 
moisture level obtained from the Proctor tests. Prior to the test, 
the samples were treated in water for 96 h, and the swelling value 
of the soil was measured using a comparator. Additional tests in 
the oedometer were performed after 3, 7, and 28 d, whereas the 
CBR test was performed 7 and 28 d after adding the additive. 
Results after 3 d (72 h) after the treatment could not be obtained 
because, as previously explained, the standard test procedure 
included curing the samples in water for 4 d (96 h)).

Special attention should also be paid to the chemical changes 
that occur in the soil during stabilisation with additives. 
Therefore, in addition to changes in the physical and mechanical 
characteristics of the soil, changes in the chemical properties 
of the soil were also monitored via variations in the pH. A 
review of the literature revealed that changes in the pH can be 
observed immediately after mixing the soil and additives and 
that it does not change significantly over time [44]. Based on 
the conclusions of the aforementioned research, to determine 
the change in pH of the treated soil, three representative testing 
periods were selected: 1, 3, and 28 d after treatment. The soil 
properties were examined in a water solution (soil: water = 1 : 
2.5). For this test, 10 g of dry soil was added to 25 mL of distilled 
water and mixed for 10 min. After approximately 30 min, when 
the solution was clear, the electrodes were immersed in the 
solution, and the pH value was determined. 

3. Results and analysis

3.1. Uniaxial compressive strength 

Figure 2 shows the UCS of the soil. The results represent the 
mean UCS values of three treated soil samples. Each of the 
applied additives contributed to an increase in the UCS, with 
lime and magnesium carbonate proving to be the most effective.
The addition of lime resulted in the highest UCS values after 
chemical treatment. Regardless of the amount of additive, a 
significant improvement in the soil properties was observed 
over time. Therefore, with the addition of 3 % lime, the UCS 
value doubled 3 d after soil treatment from 205 kPa in the 
original soil to 435 kPa. After 7 d, the UCS value increased to 
533 kPa, and after 28 d, it increased by up to four-times the 
initial value (896 kPa). A similar trend of increasing UCS values 
with time was observed for the samples with 5 % and 7 % lime. 
Furthermore, a particularly significant improvement in this 
soil property was observed when the lime content in the clay 

Figure 2. Changes in the soil UCS values for additives with increasing additive content over time 
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mixture was increased from 3 % to 5 %, whereas an increase of 
7 % did not contribute to a more significant difference compared 
with the results for the case of 5 % lime addition. For example, 
after 28 d, the UCS value with the addition of 3 % lime increased 
by approximately four times (896 kPa); with the addition of 5 
% lime, the increase was approximately 5.5 times (1145 kPa), 
whereas the UCS value with the addition of 7 % lime was 5.75 
times higher than the initial value for the natural soil (1178 kPa). 
This indicated that the optimal lime content was 5 %.
At 3 d after treatment with magnesium carbonate, UCS 
values similar to those observed upon the addition of lime 
were observed for all additive contents of 3 %, 5 %, and 7 
%. However, the improvement in soil properties over time 
was not as pronounced as that in the case of lime addition. 
Therefore, with the addition of 3 % magnesium carbonate, the 
UCS increased to 404 kPa at 3 d after treatment. After 7 d, the 
UCS value increased to 416 kPa, and after 28 d, it was 455 kPa 
(approximately 50 % lower than that of lime). For samples with 
5 % and 7 % magnesium carbonate, a slightly higher trend of 
increasing UCS values over time was noticeable (35 % and 30 
% lower UCS values compared to lime, respectively). In addition, 
similar to the samples with added lime, a greater increase in 
the UCS value was observed when the magnesium carbonate 
content increased from 3 % to 5 % than when it increased from 5 
% to 7 %. For example, after 28 d, the UCS value with the addition 
of 3 % magnesium carbonate increased by approximately two-
times (455 kPa); with the addition of 5 % magnesium carbonate, 
the increase was approximately 3.5-times (744 kPa), whereas 
the UCS value with the addition of 7 % magnesium carbonate 
was four-times higher than the initial value for the natural 
soil (803 kPa). Therefore, the optimal content of magnesium 
carbonate from the perspective of soil properties was 5 %.
The measured UCS values with the addition of sodium silicate 
or potassium hydroxide were significantly lower than those 
obtained with the addition of lime and magnesium carbonate; 
however, their application resulted in an increase in soil strength. 
The maximum UCS value for sodium silicate was obtained 

with the addition of 5 % sodium silicate after 28 d (379 kPa). 
The results also showed that slightly higher UCS values were 
obtained with the addition of 5% sodium silicate than with the 
addition of 7 % silicate at the corresponding time intervals. This 
indicates that the optimal content of this additive from this 
perspective is 5 %. 
The samples treated with potassium hydroxide provided a 
maximum UCS value at 7 % after 28 d (465 kPa). In contrast to 
the three previously mentioned additives, for all the considered 
time intervals, an almost constant increase in the UCS value 
with increasing potassium hydroxide content was observed. 
Therefore, the optimal content of this additive in this study 
was determined to be 7 %; however, given the approximately 
constant increase in UCS values with increasing potassium 
hydroxide content, further research using higher percentages of 
this binder in the mixture should be conducted to determine its 
optimal additive content in the clay mixture. 

3.2. Atterberg limits

During the Atterberg limit tests, changes in the LL and PL values 
were registered, based on which the corresponding PI was 
calculated (PI = LL - PL). The results are shown in Figs. 3 and 4.
Figure 3 shows the changes in the soil LL and PL values for 
the considered additives with increasing additive content over 
time. In this figure, the lower part of the columns (solid colour) 
shows the measured LL values, whereas the upper part of the 
columns (dotted colour) represents the measured PL values. 
There were no large oscillations in the change in LL, regardless 
of the type of applied additive or the time interval of soil testing 
after treatment. The maximum increase in LL was recorded with 
the addition of 7 % magnesium carbonate after 28 d (LL = 54 
%). However, a change in the PL value was evident in all tested 
samples. Considering that the LL values remained unchanged, 
the trend of increasing PL values had a positive effect on the 
soil, as the soil maintained a semi-solid state of consistency 
even with increased water content. It was also observed that 

Figure 3. Change in the soil LL and PL values for the considered additives with increasing additive content over time 
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for each of the considered additives, the greatest increase in the 
PL value was achieved with an addition of 7 % additive.
Figure 4 shows that with the addition of 7 % additive, the 
PI values were more affected by the percentage share of 
the additive than by the time elapsed after the treatment. 
However, with a smaller percentage of additive in the mixture 
(3 %), the oscillations in the results over time were much more 
pronounced. Given that the PI value is a computational value that 
depends on two parameters (LL and PL), the results obtained 
for PI values involve the modification of both quantities that 
change independently of each other. Such an oscillatory trend 
in the change in the value of PI indicates that an unequivocal 
conclusion about the influence of stabiliser addition on clay 
consistency cannot be made solely based on this parameter. 
Nevertheless, this parameter demonstrates the effect of each 
additive on the decrease in the PI value of clayey soil for all 
selected time intervals as the amount of additives in the soil 
increased.

As mentioned above, the success of the application of a specific 
additive is primarily reflected in the increase in the UCS and 
decrease in PI of the soil. Based on the obtained results, as 
well as the pH values observed before and after the chemical 
treatment of the soil, the optimal values of each of the 
considered additives were determined for further tests. 

3.3. pH value 

High soil pH values enable pozzolanic reactions between 
additives and soil, which form new compounds that contribute 
to soil binding and stabilisation. For example, when lime is 
added to clayey soil, calcium silicate hydrates (CSH) and calcium 
aluminate hydrates (CAH) form gel-like materials with high 
binding properties.
The change in the pH of the tested clayey soil with increasing 
additive content over time is shown in Table 3. The results 
indicate that all the additives used in this study contributed to 

Figure 4. Change in the soil PI value for the considered additives with increasing additive content over time 

Table 3. Change of the soil pH value for the considered additives with increasing additive content and over time

Soil
pH value

After 1 d After 3 d After 28 d

Natural soil 9.5 9.5 9.5

Soil treated by the chemical 
stabilization technique

Lime
(Ca(OH)2)

3 % 12.1 12.0 12.0

5 % 12.5 12.5 12.4

7 % 12.8 12.8 12.7

Magnesium carbonate
(MgCO3)

3 % 10.9 10.7 10.7

5 % 12.1 12.1 12.0

7 % 12.7 12.7 12.6

Sodium silicate
(Na2SiO3)

3 % 11.7 11.7 11.7

5 % 12.0 12.0 12.0

7 % 12.1 12.1 12.0

Potassium hydroxide
(KOH)

3 % 12.0 11.8 11.8

5 % 12.2 12.2 12.1

7 % 12.5 12.4 12.3
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an increase in the pH of the clayey soil. An increase in the pH 
value was noted in the initial period (24 h) after mixing with 
the additive, after which the pH values remained constant 
or decreased slightly, confirming the previously mentioned 
conclusions of relevant studies [44]. The results of the treated 
soil clearly demonstrate the potential of alternative additives 
for permanent changes in the chemical properties of the soil. 
The optimal additive content is the percentage share of the 
additive in the mixture with the soil that provides the greatest 
improvement and stabilisation of the soil. The best effect of 
the additive was achieved at a soil pH of 12.4, whereas for pH 
values above 12.4, the stability of the clay crystal lattice was 
disturbed [45-47].
Accordingly, considering both the soil UCS values (Figure 2) and 
pH values (Table 3), it was concluded that the optimal potassium 
hydroxide content as an additive was 7 %, whereas for the other 
additives, it was 5 %. The determined optimal additive contents 
were used to conduct additional tests, and the results are 
presented in the following subsections.

3.4. Modulus of compressibility and void ratio 

The modulus of compressibility (Mv) was determined using an 
edometric test for four load levels (0-50, 50-100, 100-200, and 
200-400 kPa). The recorded Mv values 
at the maximum load (200-400 kPa) 
are shown in Figure 5. The clayey soil 
samples were tested at time intervals of 
3, 7, and 28 d after treatment with the 
optimal additive content for each of the 
four considered additives. According to 
the obtained results, it can be concluded 
that each of the additives contributed to 
an increase in the value of Mv, whereby 
the maximum values were reached 
seven days after treatment. Given this 
time interval, the highest increase in the 
value of Mv was achieved by adding a 
traditional additive, namely lime (38.392 
kPa), as this value was increased by 
approximately three times compared 
to the natural soil. Considering the 
alternative additives, the highest values 
were obtained with the addition of 
magnesium carbonate (2.5-times higher 
Mv than that of natural soil), whereas 
with the addition of sodium silicate 
or potassium hydroxide, the Mv were 
approximately doubled. After 28 d, for 
each of the considered additives, the 
measured values of Mv were lower by 
3-9 % compared to the values achieved 
after 7 d. Therefore, in the case of each 
of the selected additives, the trend of 

increasing the value of the compressibility modulus was most 
pronounced in the period up to 7 d after the treatment, and a 
slight decrease in this value was noticeable until 28 d, which 
should stabilize over time. This trend of a slight decrease in Mv 
is not unusual, and it has been confirmed in other studies [8]. 
Overall, each of the considered additives resulted in a significant 
increase in Mv compared to its initial value, which effect is 
permanent (i.e., long-term stabilisation was confirmed).
Based on the results of the oedometer test, the values of 
the void ratio (e) were calculated and are shown in Figure 6. 
For each of the considered additives, the values of the void 
ratio in the first 7 d increased slightly compared to the natural 
soil state, and at 28 d, the void ratio decreased significantly. 
This result is unsurprising because the compounds that 
are formed via the reaction of the soil and additive have a 
smaller volume than the soil particles in their natural state. 
The formed compounds, in addition to being characterised by 
very high strength, are porous materials that contribute to the 
increase in total porosity during the initial days of the chemical 
stabilisation process. This phenomenon was indicated in a 
study by Eyo et al. [48], wherein after 7 d of curing, physically 
visible changes in the porosity of the stabilised samples were 
present, accompanied by the development of pores with 
a relatively large diameter ranging between 4 and 40 μm. 

Figure 6. �Change in soil void ratio over time given the optimal content of the considered 
additives 

Figure 5. �Change in soil Mv values over time, given the optimal content of the considered 
additives
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This trend was subsequently reduced probably owing to the 
formation of bonds between soil particles in the pozzolanic 
reactions. 

3.5. California bearing ratio and swelling 

Clayey soils are characterised by a low CBR; therefore, a low CBR 
value is one of the common criteria for replacing soil materials or 
improving natural soil conditions for construction purposes. The 
results of this study show that each of the considered additives, 
both traditional and alternative, contributed to an improvement 
in the CBR over time. The CBR values with the addition of 
the optimal amounts of each of the considered additives are 
shown in Figure 7. Compared to the soil properties in their 
natural state, the greatest improvement was observed with 
the addition of lime (increasing the CBR value by up to seven 
times), and a significant improvement was achieved with the 
addition of magnesium carbonate (with a CBR value increase of 
three times). The slightest improvement was achieved with the 
addition of silica silicate after 7 d (increase in the CBR value of 
1.5 times), as well as potassium hydroxide after 28 d (increase 
in CBR value by up to two times). In engineering practice, a 
CBR value of greater than 5 % is the most frequently required 
condition for clayey soils, and the obtained results indicate that 
each of the considered additives can be applied to stabilise 
clayey soils according to this criterion.
Considering the standards for evaluating the swelling (s) of soil, 
the soil samples were immersed in water for 96 h before testing 

under laboratory conditions, after which the swelling of the soil 
was recorded. Each additive significantly reduced soil swelling 
(Figure 8). A particularly noticeable reduction in swelling for 
each of the considered additives was observed 28 d after soil 
treatment by up to ten times.

4. Conclusions

In this study, the effects of various additives on the physical and 
mechanical properties of clayey soil were investigated using 
a chemical stabilisation technique. Four different additives 
were considered in this study: lime as a traditional additive, 
and magnesium carbonate, sodium silicate, and potassium 
hydroxide as alternative additives. Samples of the clayey soil 
mixture were prepared with each of the selected additives at 
three different percentages to determine the optimal additive 
contents in the soil mixture. Changes in the properties of the 
tested samples were monitored at different time intervals after 
soil treatment to determine the durability of the effects of the 
implemented chemical soil stabilisation technique. The most 
significant findings of this research are as follows:
-- With respect to increasing the UCS of soil, the most effective 

additives were lime and magnesium carbonate, whereas 
sodium silicate and potassium hydroxide had a smaller effect 
on the properties of natural clay.

-- None of the selected additives contributed to a significant 
increase in the LL value, regardless of the additive content 
in the mixture or the time elapsed following soil treatment. 
However, each additive increased the PL value. This 
ultimately led to a decrease in the value of PI, especially 
over time, thus enabling the treated clayey soil to remain 
in a semi-solid state of consistency even with a high water 
content. This is favourable for the use of this soil in practical 
construction applications.

-- Each of the selected additives contributed to an increase in 
the pH of the soil in the initial period after treatment, thus 
reducing soil acidity and initiating pozzolanic reactions. 
Based on the results of the soil UCS and pH, it was concluded 
that the optimal amount of additive for the treated soil is 5 % 
for lime, magnesium carbonate, and silicium silicate, while 7 
% is optimal for potassium hydroxide.

-- Similar to the effect on the UCS of soil, the best results in 
terms of increasing the modulus of compressibility were 
achieved with the addition of lime and magnesium carbonate, 
although other additives also contributed by a lesser extent 
to the reduced compressibility of the treated soil compared 
to the natural soil. 

-- For all selected additives, the porosity of the treated soil 
remained unchanged or increased slightly in the initial period 
after treatment, which can be explained by the formation of 
inherently porous compounds. However, the soil porosity 
decreased over time regardless of the type of additive that 
was used.

Figure 7. Change in soil CBR over time at the optimal additive contents

Figure 8. �Change in soil swelling over time at the optimal additive 
contents
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-- Each of the considered additives contributed to an increase 
in the CBR by at least 5 %, which is one of the most common 
requirements of soil for use in construction applications. The 
greatest improvement was achieved via lime stabilisation, 
and a significant improvement was achieved by adding 
magnesium carbonate. In contrast, the application of sodium 
silicate or potassium hydroxide resulted in the lowest CBR 
values.

-- Each additive significantly contributed to the reduction in 
clayey soil swelling by approximately ten times.

The obtained results confirmed that the improvement of soil 
properties can be successfully achieved by using traditional 
additives (lime) as well as alternative additives, in particular 
magnesium carbonate. Applying additives to natural clayey soils 

enable their use in various construction applications. 
It should be noted that the results presented in this study refer 
to locally obtained clayey soil. However, to improve the reliability 
of the conclusions, more comprehensive research is required 
considering a larger number of tests on a greater variety of 
clayey soils obtained from a wider area. 
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