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Abstract. In the geotechnical field, ordinary Portland cement (PC) is frequently used as a chemical soil 

stabilization material. Considering the energy spent in the production of PC and the excess CO2 produced, 

it is vital to reduce cement consumption to increase sustainability. Researchers are investigating the use of 

alternative materials with lower CO2 emissions and production costs compared to PC. One of the alternative 

materials is limestone calcined clay cement (LC3). This cement type contains 53% PC, 2% gypsum, 15% 

limestone powder (CaCO₃), and 30% metakaolin. The novelty of this research lies in the comparative 

evaluation of standard LC3 and LC3 modified with Nano-CaCO3 to enhance the geotechnical properties of 

clayey soils. In this study, besides PC mixtures, different LC3 mixtures were obtained by replacing CaCO3 

with Nano-CaCO3. These stabilizer mixtures were mixed with the clay soil sample at 5%, 10%, and 15% 

ratios. In order to investigate the soil stabilization effects, untreated soil and these 9 mixtures were subjected 

to Proctor tests after determining the Atterberg limits. Compared to the unstabilized soil, the maximum dry 

density (MDD) values increased by 4.24% with the addition of 15% PC. Similarly, the MDD values 

increased 2.32% with 15% LC3 mixture. Furthermore, 2.31% increment was observed with the addition of 

15% LC3 containing Nano-CaCO3 (LC3-NC). Moreover, the Atterberg test results indicate that, increasing 

the dosage of stabilizer decreased the liquid limit (LL) and plastic index (PI) values of the soil and increased 

the plastic limits (PL) for all mixtures.  

1 Introduction 

Currently, the most common method used to improve 

the bearing capacity of weak soils is chemical soil 

stabilization using cement. However, using the cement 

results in high CO₂ emissions, significant raw material 

consumption and intensive energy use. In this context, 

new binder materials are attracting increasing attention 

in environmental research to reduce cement use [1]. 

Recent research in this area focuses on limestone 

calcined clay cement (LC3), which is obtained by 

substituting calcined clay and limestone powder for a 

portion of the cement clinker [2–4]. Unlike Portland 

cement, LC3 cement produces carboaluminates as a 

result of reactions between calcined clay and limestone 

during hydration. LC3 cement has a lower early-age 

strength compared to ordinary Portland cement (PC), 

but this difference is getting closer in later-age strengths. 

Therefore, LC3 has the potential to be widely used as a 

greener soil stabilizer due to its ability to reduce 

greenhouse gas emissions by approximately 20-23% 

[2]. Furthermore, clay and limestone, which are the 

main components making up to 45% of LC3, are 

geographically widespread. Given that, the cost of clay 

is significantly lower in many regions, particularly in 

Africa, using LC3 instead of PC can reduce soil 

stabilization costs [5]. The number of studies on the 

application of LC3 in soil stabilization is insufficient, 

and more experimental research is needed in this area. 

 
* Corresponding author: oznurbiricik@uludag.edu.tr 

Overall, the application of LC3 in stabilizing clayey 

soils not only adds a new dimension to the field but also 

helps reduce carbon footprints by offering a sustainable 

and environmentally friendly alternative to traditional 

techniques. Estimates show that using LC3 instead of 

PC for the stabilized sub-base of a 1 km two-lane road 

can save approximately 350 GJ of thermal energy, 

12,594 kWh of electrical energy, and 27,420 kg of CO₂ 

emissions [6]. Increased use of soil-based materials such 

as kaolin and calcite can further reduce energy 

consumption and CO₂ emissions [7]. In this study, LC3 

and LC3 with nano-CaCO₃ were considered to 

investigate the effects on the consistency and 

compaction properties of the clayey soil. Nanomaterials 

significantly improve the strength properties of 

cementitious systems, even with small amounts used in 

the mixture. It has been reported that replacing 3% of 

cement with nano-CaCO₃ can increase early age 

strength of soil [8]. In another study focusing on the 

stabilization of clay subsoils was stated that the 

optimum dosage of nano-CaCO₃ is 1% [9]. It has been 

shown that nano-CaCO3 has superior performance in 

soil improvement [8, 9]. These superior properties can 

be listed as increasing the load-bearing capacity and 

providing flexibility [10]. Furthermore, the addition of 

nano-CaCO3 provides a strength increase through 

nucleation and nano-filler functions [11]. 

In this study, the Atterberg limits of high plasticity 

clay treated with PC, LC3 and LC3 containing nano-
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CaCO₃ (LC3-NC) were compared. High-plasticity clays 

have a high LC3 binder requirement. Therefore, 5%, 

10%, and 15% ratios were used so that the effects of the 

improving mixtures could be interpreted more clearly. 

These ratios were determined by reviewing previous 

studies.  

In a study conducted by Ashraf et al. [12], soil was 

stabilized with cement dosages ranging from 0% to 

10%. The results indicated that after 28 days of curing, 

the strength increase was significantly pronounced up to 

an 8% utilization rate, beyond which the rate of strength 

gain slowed down. Durability tests also confirmed this 

dosage as optimal. Similarly, in an experimental study 

by Rehman et al. [13] on the stabilization of clayey soils, 

a 4% cement content was determined as the optimal 

ratio, as it provided the highest dry density and strength. 

In the present study, binder dosages of 5% and 10% 

were selected to align with these optimum ratios 

reported in the literature. Additionally, a higher dosage 

of 15% was incorporated to comparatively evaluate the 

effects of an elevated stabilizer content on the 

experimental outcomes. For example, researchers have 

conducted studies using fly ash in proportions of 10%-

18% [14,15]. Note that this study simulates the shallow 

soil stabilization of clayey soils. Additionally, Proctor 

tests were carried out to determine the optimum 

moisture content (wopt) and maximum dry density 

(MDD) for each mixture.  

Unlike previous studies in the literature, this 

research integrates nano-CaCO₃ into LC3 cement for 

use in soil stabilization. The aim of this study is to 

investigate the physical and chemical effects of PC, 

LC3, and nano CaCO₃-substituted LC3 stabilizing 

mixtures on the liquid limit, plastic limit, plasticity 

index, optimum moisture content, and maximum dry 

density properties of high plasticity clay (CH). The 

objective of this study contributes to advancing 

sustainability efforts within the field of geotechnical 

engineering. 

2 Materials and methods 

High plasticity clay (CH) soil sample was created 

according to the Unified Soil Classification System 

(USCS) by using 90% kaolin and 10% bentonite. CEM 

I 42.5 R cement, gypsum, metakaolin, limestone powder 

(calcite) (CaCO3), and nano calcite (nano-CaCO3) were 

used to prepare the improving mixtures. The amounts of 

materials used in the mixtures prepared within the scope 

of this study are presented in Table 1. Also, the specific 

gravity values of the materials are given in Table 1. The 

proportions of the materials in LC3 cement were 

selected based on the optimal proportions determined in 

the studies by Gonthier et al. [16]. 

During the mixture preparation phase, the dry 

powder materials were first dry blended manually for 2 

minutes to ensure initial distribution. Firstly, the liquid 

limit and plastic limit values were determined by 

starting with a small amount of water and it increased 

incrementally. After adding water, the mixture was 

allowed to rest for 5 minutes to ensure homogenous 

water distribution within the clay, followed by re-

mixing manually to achieve full homogeneity.  

For the Proctor test, water was added at 

approximately the previously determined plastic limit 

amount, and the mixture was manually kneaded for 5 

minutes. Experiments were performed by preparing a 

distinct mixture for each water content level. 

Table 1. Mixtures prepared within the scope of the study. 
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Kaolin 

(2.65) 
90% 76.5% 76.5% 76.5% 

Bentonite 

(2.70) 
10% 8.5% 8.5% 8.5% 

PC  

(3.13) 
- 15% 7.95% 7.95% 

Gypsum 

(2.40) 
- - 0.3% 0.3% 

Metakaolin  

(2.56) 
- - 45% 45% 

Limestone 

(2.93) 
- - 2.25% 2.1375% 

Nano-

CaCO3 

(2.93) 

- - - 0.1125% 

 

Atterberg limits were determined as per ASTM 

Standard D4318 [17]. This technique supports the 

Atterberg limits experiments using the Casagrande 

device, which measured the liquid limit by counting the 

number of blows needed to seal the groove created in 

the soil sample. The plastic limit was established by 

rolling soil samples into threads of approximately 3 mm 

in diameter until they commenced to crumble, adhering 

to the conventional approach. The plasticity index, 

which gives an indication of the soil's plasticity 

properties, is defined as the difference between the 

liquid limit and the plastic limit. The Proctor 

experiments were conducted as per ASTM Standard 

D698 and D558 [18,19]. A Proctor mold with a diameter 

of 105 mm and a height of 115 mm was used. A 2.5 kg 

rammer was dropped freely 25 times on each of the 3 

layers to compact the soil sample at different moisture 

contents. All experimental procedures were conducted 

under controlled laboratory conditions at a laboratory 

temperature of 22±2°C. 

3 Experimental results and evaluation 

3.1 Experimental results 

The first columns of Fig. 1 present the liquid limit, 

plastic limit and plastic index of uncured high plastic 

clay soil, respectively. Although the extent of change 

varied depending on the type of stabilizing mixture 

used, the addition of stabilizing mixtures to unstabilized 

                  

E3S Web of Conferences 730, 04001 (2026) https://doi.org/10.1051/e3sconf/202673004001

Soft Soils 2026

2



 

 

   

Fig. 1. (a) Liquid limit, (b) plastic limit, and (c) plasticity index values of mixtures. 

 

soil caused a decrease in the liquid limit and plasticity 

index, and an increase in the plastic limit. Increasing the 

dosage of additives decreased the liquid limit (LL) and 

plastic index (PI) values of the soil and increased the 

plastic limits (PL). Thus, it was determined that all 

conditioner mixtures used transformed the untreated soil 

into a less swelling, more stable material. The mixture 

with the lowest plasticity index was found to be LC3-

NC -15%. Except for the PC-5% blend, all improved 

soils transitioned from CH to MH classification (Fig. 2). 

Figs. 3, 4, 5, and 6 show the proctor test results with 

the zero air voids curves of mixtures. Figs. 7 and 8 

compare the results of the Proctor compaction test, 

showing the maximum dry density and optimum 

moisture content for each sample. From the figures, it is 

seen that with the addition of stabilizing mixtures to the 

unstabilized soil, maximum dry density values increased 

slightly. 

 

Fig. 2. Distribution of the study soils on the Casagrande 

Plasticity Chart. 

3.2 Discussion 

The change in these values is hypothesized to be 

primarily associated with the physical effects of cement 

particles than to their chemical effects, since the tests 

were carried out before the onset of hydration to isolate 

the effect of physical interactions between soil and 

added PC [20]. However, chemical effects such as 

accelerated ion exchange (cation exchange) might also 

play role. When cement is added to the soil, cation 

exchange (Ca2+) is expected to initiate in the first few 

seconds with the onset of hydration. Cement particles 

use the water in the soil for the reaction, which may lead 

to a decrease LL generally decreases as the free water 

decreases. Due to agglomeration (clumping of 

particles), the soil could become brittle earlier, 

potentially increasing PL. Therefore, PI value drops 

rapidly, and the soil tends to behave less clayey [21]. 

LC3 containing metakaolin and calcite appears to 

create a more complex effect compared to PC. 

Metakaolin is a very fine and pozzolanic material [22]. 

Due to its high surface area, it exhibits a tendency for 

higher initial water absorption than PC, therefore the 

amount of LL reduction tends to be lower compared to 

PC. Since calcite may provide a microfiller effect, LC3 

potentially fills the voids more than PC. The plasticity 

index decreases somewhat more controllably compared 

to PC samples. 

The 0.75% Nano-CaCO3 in the mixture is suggested 

to induce a nucleation effect. The liquid limit depends 

on the amount of free water between the particles. The 

relatively minor decrease in LL compared to other 

mixtures could be explained by the high surface area of 

nanomaterials, which potentially enables them to trap a 

significant amount of free water [23]. Since the plastic 

limit value is higher compared to other mixtures, the 

lowest PI values were observed in the mixture
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Fig. 3. Compaction and zero air voids curves of unstabilized soil. 

   

Fig. 4. Compaction and zero air voids curves of mixtures (a) PC-5%, (b) PC-10%, (c) PC-15%. 

   

Fig. 5. Compaction and zero air voids curves of mixtures (a) LC3-5%, (b) LC3-10%, (c) LC3-15%. 

   

Fig. 6. Compaction and zero air voids curves of mixtures (a) LC3-NC-5%, (b) LC3-NC-10%, (c) LC3-NC-15%.
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containing nano-CaCO3. Nanoparticles with high water 

retention capacity may cause the soil to behave "solid" 

earlier. Nano-CaCO3 is anticipated to increase the Ca2+ 

ion concentration in the environment [24], which could 

theoretically accelerate flocculation in clay soil 

compared to cement. In other words, the soil might 

coagulate faster with the help of nanoparticles, even if 

the C-S-H gel has not yet formed. 

Kaolin and bentonite clay have inherently low 

compaction and hydrophilic capacity. The added 

stabilizing materials with higher specific gravity likely 

result in higher maximum dry density [25]. Moreover, 

PC mixtures potentially filled interparticle voids 

compared to other mixtures. In a study conducted by 

Marangu et al. [26], LC3 and PC stabilizing mixtures 

were mixed separately into the soil at ratios of 1%, 1.5%, 

and 2% (based on the dry weight of the soil). The 

researchers reported that when different cement dosages 

were added, the maximum dry unit weight of the soil 

increased, while the optimum moisture content 

decreased.  

In the mixtures containing nano-calcite, a lower 

MDD value was observed compared to mixtures 

containing PC and LC3. Optimum moisture content 

values have varied. It has been observed that the 

stabilizing mixture containing nano-calcite leads to an 

increase in water demand. This could be attributed to the 

excellent water retention properties of nanomaterials. 

This behavior appears to be consistent with the well-

known water retention properties of nanomaterials 

reported in literature [27]. 

 

Fig. 7. Comparison of optimum moisture content values of 

mixtures. 

 

Fig. 8. Comparison of maximum dry density values of 

mixtures. 

4 Conclusion 

Within the scope of this study, the properties of high 

plastic clay were improved by using PC, LC3, and nano-

CaCO3-replaced LC3 cement. These mixtures were used 

for soil stabilization by replacing 5%, 10%, and 15% of 

the unstabilized soil (90% kaolin and 10% bentonite 

clay). The changes in liquid limit, plastic limit, and 

plasticity index were investigated using Atterberg test 

and optimum moisture content, maximum dry density 

values were obtained by Proctor test. The following 

results were obtained: 

• The addition of stabilizing mixtures to 

unstabilized soil decreased the liquid limit and 

plasticity index for all cases. Therefore, soil 

classification changes from CH to MH. 

• With the addition of stabilizing mixtures to 

unstabilized soil, maximum dry density values 

increased slightly for both cases. Although, the 

maximum dry density values of mixtures with 

15% LC3 and LC3-NC combinations are just 

1.8% lower compared to PC.  

50% less clinker is used in the manufacturing of LC3, 

and the metakaolin and CaCO3, are easier to find locally. 

Lower manufacturing costs, energy use, and CO2 

emissions are all directly impacted by this decrease in 

clinker content. LC3 shows promising preliminary 

potential as a suitable alternative for soil stabilization, as 

it enables higher efficiency with reduced cement content 

in the stabilization of weak soils. 

This study was limited to Atterberg limits and 

Proctor tests. Future research should focus on the 

mechanical tests be performed after 7, 28, and 90 days 

of curing of the stabilizing mixtures. This will allow for 

the examination of not only the physical effects of the 

stabilizing mixtures but also their chemical effects 

during the hydration process.  

20

22

24

26

28

30

32

34

36

38

U
n

st
ab

il
iz

ed
 S

o
il

P
C

-5
%

P
C

-1
0

%

P
C

-1
5

%

L
C

3
-5

%

L
C

3
-1

0
%

L
C

3
-1

5
%

L
C

3
-N

C
 -

5
%

L
C

3
-N

C
 -

1
0

%

L
C

3
-N

C
 -

1
5

%

O
p

ti
m

u
m

 m
o

si
tu

re
 c

o
n
te

n
t,

 w
o

p
t
(%

)

Mixture

1.200

1.220

1.240

1.260

1.280

1.300

1.320

1.340

U
n

st
ab

il
iz

ed
 S

o
il

P
C

-5
%

P
C

-1
0

%

P
C

-1
5

%

L
C

3
-5

%

L
C

3
-1

0
%

L
C

3
-1

5
%

L
C

3
-N

C
 -

5
%

L
C

3
-N

C
 -

1
0

%

L
C

3
-N

C
 -

1
5

%M
ax

im
u
m

 d
ry

 d
en

si
ty

,
ρ

d
ry

,m
a
x
 (

g
/c

m
3

)

Mixture

                  

E3S Web of Conferences 730, 04001 (2026) https://doi.org/10.1051/e3sconf/202673004001

Soft Soils 2026

5



All data, models, and code generated or used during the study 

appear in the submitted article. 

This research was funded by Bursa Uludag University (Project 

No: FGA-2026-2832): "Investigation of the use of industrial 

gypsum wastes in the improvement of clay soils contaminated 

with heavy metals. 

The authors declare that they have no known competing 

financial interests or personal relationships that could have 

appeared to influence the work reported in this paper. 

The authors would like to acknowledge Çimsa Cement 

Industry and Trade A.S., Kaolin Industrial Minerals and Örgün 

Madencilik Ticaret Sanayi Taahhüt Ltd. Co.for their kind 

assistance in providing the materials as well as determining the 

technical properties of these products. 

References 

1. Environment, U. N., Scrivener, K. L., John, V. M., & 

Gartner, E. M. Eco-efficient cements: Potential 

economically viable solutions for a low-CO2 cement-

based materials industry. Cem. Concr. Res., 114, 2-26 

(2018). https://doi.org/10.1016/j.cemconres.2018.03.015 

2. Y. C. Díaz, S. S. Berriel, U. Heierli, A. R. Favier, I. R. 

S. Machado, K. L. Scrivener, G. Habert, Limestone 

calcined clay cement as a low-carbon solution to meet 

expanding cement demand in emerging economies. Dev. 

Eng. 2, 82–91 (2017). 

https://doi.org/10.1016/j.deveng.2017.06.001 

3. Zunino, F., & Scrivener, K. L. (2023). Calcined Clay 

Cements (LC³): A Comparison. Proceedings of the 75th 

RILEM Annual Week 2021: Advances in Sustainable 

Construction Materials and Structures, 60. 

4. F. Avet, K. Scrivener, Investigation of the calcined 

kaolinite content on the hydration of Limestone 

Calcined Clay Cement (LC3). Cem. Concr. Res. 107, 

124–135 (2018). 

https://doi.org/10.1016/j.cemconres.2018.02.016  

5. N. Ijaz, W. Ye, Z. ur Rehman, Z. Ijaz, Novel application 

of low carbon limestone calcined clay cement (LC3) in 

expansive soil stabilization: An eco-efficient approach. 

J. Clean. Prod. 371, 133492 (2022). 

https://doi.org/10.1016/j.jclepro.2022.133492 

6. O. B. Adegun, Y. M. D. Adedeji, Review of economic 

and environmental benefits of earthen materials for 

housing in Africa. Front. Archit. Res. 6(4), 519–528 

(2017). https://doi.org/10.1016/j.foar.2017.08.003 

7. A. Ventura, C. Ouellet-Plamondon, M. Röck, T. Hecht, 

V. Roy, P. Higuera, G. Habert, "Environmental potential 

of earth-based building materials: Key facts and issues 

from a life cycle assessment perspective" in Testing and 

Characterisation of Earth-based Building Materials and 

Elements, (Springer International Publishing, Cham, 

2021), pp. 261–296. https://doi.org/10.1007/978-3-030-

83297-1_8 

8. T. Meng, Y. Qiang, A. Hu, X. C. Xu, L. Lin, Effect of 

compound nano-CaCO3 addition on strength 

development and microstructure of cement-stabilized 

soil in the marine environment. Constr. Build. Mater. 

151, 775–781 (2017). 

https://doi.org/10.1016/j.conbuildmat.2017.06.016 

9. R. Tanzadeh, M. Vafaeian, M. Y. Fard, Effects of 

micro-nano-lime (CaCO3) particles on the strength and 

resilience of road clay beds. Constr. Build. Mater. 217, 

193–201 (2019). 

https://doi.org/10.1016/j.conbuildmat.2019.05.048 

10. J. Karimi Azar, A. A. Heshmati, N. Isazadefar, 

Investigation on the strength of Tabriz clay stabilized 

with nano-silica. In: National Conference of Civil, 

Architecture and Urban Development Conference of 

Muslim World Countries, Tabriz, Iran, May 10 (2018). 

11. Wang, Z., Lan, W., Jia, Z., Jiang, T., Liu, X., Wang, G., 

& Hu, M. (2026). Effects of Four Nanomaterials on the 

Performance and Microstructure of Coal Gangue-Based 

Geopolymers. Materials, 19(6), 1095. 

https://doi.org/10.3390/ma19061095 

12. Ashraf, M. A., Rahman, S. S., Faruk, M. O., & Bashar, 

M. A. (2018). Determination of optimum cement 

content for stabilization of soft soil and durability 

analysis of soil stabilized with cement. American 

Journal of Civil Engineering, 6(1), 39-43. 

https://doi.org/10.11648/j.ajce.20180601.17 

13. Rehman, Z. U., Rauf, M., Chaozhe, J., Xu, F., Jamal, A., 

Rahman, A., & Iqbal, J. (2025). Clayey soil stabilization 

with ordinary Portland cement using the stabilized soil 

as a mortar. Discover Geoscience, 3(1), 30. 

https://doi.org/10.1007/s44288-025-00135-4 

14. Qiu, X., Lai, Z., Zuo, J., & Li, W. (2025). Synergistic 

stabilization of expansive soil using ultrafine high-

reactivity fly ash and calcium carbide slag: performance 

optimization and microstructural insights. Frontiers in 

Materials, 12, 1710809. 

https://doi.org/10.3389/fmats.2025.1710809 

15. Estabragh, A. R., Jahani, A., Javadi, A. A., & Babalar, 

M. (2022). Assessment of different agents for 

stabilisation of a clay soil. International Journal of 

Pavement Engineering, 23(2), 160-170. 
https://doi.org/10.1080/10298436.2020.1736293 

16. J. N. Gonthier, W. Wilson, F. Georget, K. Scrivener, 

Advanced characterization of chloride binding in OPC 

and LC³ pastes (2021). 

17. ASTM D4318-17e1, Standard Test Methods for Liquid 

Limit, Plastic Limit, and Plasticity Index of Soils 

(2018). 

18. ASTM D698-12, Standard Test Methods for Laboratory 

Compaction Characteristics of Soil Using Standard 

Effort (12,400 ft-lbf/ft3 (600 kN-m/m3)) (2021). 

19. ASTM International, Standard test methods for 

moisture-density (unit weight) relations of soil-cement 

mixtures (ASTM D558/D558M-19) (2019). 

20. S. A. N. K. A. R. Bhattacharja, J. I. Bhatty, H. A. 

Todres, Stabilization of clay soils by Portland cement or 

lime–a critical review of literature. PCA R&D Serial. 

60(1), 124–133 (2003). 

21. A. A. Mohammed, H. Nahazanan, N. A. M. Nasir, G. F. 

Huseien, A. H. Saad, Calcium-based binders in concrete 

or soil stabilization: Challenges, problems, and calcined 

clay as partial replacement to produce low-carbon 

cement. Materials. 16(5), 2020 (2023). 

https://doi.org/10.3390/ma16052020 

22. R. Li, L. Lei, J. Plank, Impact of metakaolin content and 

fineness on the behavior of calcined clay blended 

cements admixed with HPEG PCE superplasticizer. 

Cem. Concr. Compos. 133, 104654 (2022). 

https://doi.org/10.1016/j.cemconcomp.2022.104654 

23. H. Sharma, D. K. Ashish, Nano CaCO3 for enhancing 

properties of cement-based materials: A comprehensive 

review. J. Sustain. Cem. Based Mater. 12(12), 1475–

1494 (2023). 

https://doi.org/10.1080/21650373.2023.2233512 

24. B. Lei, X. Zhang, H. Fan, J. Gao, Y. Du, Y. Ji, Z. Gao, 

Effects of Nano-SiO2 and Nano-CaCO3 on Mechanical 

                  

E3S Web of Conferences 730, 04001 (2026) https://doi.org/10.1051/e3sconf/202673004001

Soft Soils 2026

6

https://doi.org/10.1016/j.cemconres.2018.03.015
https://doi.org/10.1016/j.deveng.2017.06.001
https://doi.org/10.1016/j.cemconres.2018.02.016
https://doi.org/10.1016/j.jclepro.2022.133492
https://doi.org/10.1016/j.foar.2017.08.003
https://link.springer.com/chapter/10.1007/978-3-030-83297-1_8#citeas
https://link.springer.com/chapter/10.1007/978-3-030-83297-1_8#citeas
https://doi.org/10.1016/j.conbuildmat.2017.06.016
https://doi.org/10.1016/j.conbuildmat.2019.05.048
https://doi.org/10.3390/ma19061095
https://www.researchgate.net/profile/S-M-Shazeebur-Rahman/publication/322551726_Determination_of_Optimum_Cement_Content_for_Stabilization_of_Soft_Soil_and_Durability_Analysis_of_Soil_Stabilized_with_Cement/links/60941c99a6fdccaebd11d26e/Determination-of-Optimum-Cement-Content-for-Stabilization-of-Soft-Soil-and-Durability-Analysis-of-Soil-Stabilized-with-Cement.pdf
https://link.springer.com/article/10.1007/s44288-025-00135-4
https://doi.org/10.3389/fmats.2025.1710809
https://doi.org/10.1080/10298436.2020.1736293
https://doi.org/10.3390/ma16052020
https://doi.org/10.1016/j.cemconcomp.2022.104654
https://doi.org/10.1080/21650373.2023.2233512


Properties and Microstructure of Cement-Based Soil 

Stabilizer. Nanomaterials. 15(11), 785 (2025). 

https://doi.org/10.3390/nano15110785 

25. A. M. Abdelbaset, D. Katunský, M. Zeleňáková, M. H. 

El-Feky, Mechanical properties stabilization of low 

plasticity Kaolin soil using fly ash and hydrated lime. 

Case Stud. Constr. Mater. 21, e03662 (2024). 

https://doi.org/10.1016/j.cscm.2024.e03662 

26. J. M. Marangu, L. M. Mugambi, J. T. Ratumo, L. 

Valentini, "Preliminary Assessment of Limestone 

Calcined Clay Cement (LC3) in Soil Stabilization for 

Geotechnical Applications" in RILEM Spring 

Convention and Conference, (Springer Nature 

Switzerland, Cham, 2024), pp. 179–188. 

https://doi.org/10.1007/978-3-031-70277-8_21 

27. Yazıcı, E., Unsever, Y. S. Investigation of cement and 

fly ash on the improvement of fine sand soil. App. Sci., 

14(7), 2908 (2024). 

https://doi.org/10.3390/app14072908 

                  

E3S Web of Conferences 730, 04001 (2026) https://doi.org/10.1051/e3sconf/202673004001

Soft Soils 2026

7

https://doi.org/10.3390/nano15110785
https://doi.org/10.1016/j.cscm.2024.e03662
https://link.springer.com/chapter/10.1007/978-3-031-70277-8_21#citeas
https://doi.org/10.3390/app14072908

