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Abstract 
 

Bangladesh, being a low-lying country, is characterized by its soft and weakened top-layer soils that typically do 

not have the strength to carry structural loads efficiently. Therefore, deep pile foundations are frequently required 

even for moderately to lightly loaded structures, which subsequently presents economic and environmental 

concerns. This study explores an alternative approach to ground improvement through the application of a deep 

mixing method with geopolymer, introducing an environmentally friendly alternative to cement stabilization 

methods since cement production is listed as one of the highest carbon-emitting industries. The approach consists 

of the use of Class F Fly Ash, one of the wastes resulting from coal combustion in electricity generation plants, 

which is easily available in Bangladesh in current years. The fly ash and the soft soil were mixed in various 

proportions to assess its possibility for use as a binding material. For enhancing the binding property, a chemical 

activator consisting of Sodium Hydroxide and Sodium Silicate was added to the mixture of soil and fly ash. 

Unconfined Compressive Strength test was performed at various curing times to assess the development of 

strength with time. The results showed a significant increase in soil strength related to higher binder content and 

longer curing times. On the other hand, a higher overall water-to-binder ratio has been found to be unfavorable 

for strength. The geopolymer-treated soil showed significant strength gains in comparison with the parent soil, 

thus supporting the effectiveness of the process as a promising ground improvement technique.  
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1 Introduction 

Being a low-lying country, Bangladesh has a very loose and soft top layer of soil which possesses very low 

strength, high compressibility and settlement potential. In that situation, structure even for a low to medium rise 

building on that land requires a deep foundation to get a harder soil mass to resist the load of the structure. 

However, Construction of a deep foundation has financial and environmental concerns, and also the construction 

is critical. Besides, high settlement, permeability and instability issues may occur on soft clayey ground and also 

liquefaction when there are organic soil, loose sand or soft clay beneath the water table (Kitazume & Terashi, 

2013). In order to mitigate such issues, various methods of ground improvement techniques 

are employed to improve bearing capacity of the soil. Soil stabilization with Lime, Cement, Fly Ash, Blast 

Furnace Slag are the mostly used procedures among which Cement stabilization is predominantly employed to 

strengthen soil. As cement production enhances the possibility of environmental pollution with larger scale CO2 

emission, an eco-friendly approach is essential for ground improvement. Some hardening agents are mixed with 

soil in place to improve strength in Deep mixing method (Han, 2015). This study attempts to assess the 

performance of Geopolymer based deep mixing method where Class F Fly Ash with some chemical additives 

are employed to treat the soil. With the growing number of Coal Power Plant in Bangladesh, the future is going 

to face danger with the waste of Class F Fly Ash, the bi-product of coal combustion. Fly Ash Disposal will be 

a huge challenge since it has the potential to contaminate surface water, air and even ground water with its 

particulates and will ultimately result in severe health problems of the living organisms. Hence, ground 

improvement using Fly Ash is a wonderful opportunity to save environment as well as to enhance ground 

strength for structural development. 

 

A series of researches have been carried to observe and establish the adequacy of deep mixing in ground 

improvement. stabilization of marine clay with quicklime showed a linear increase of unconfined compressive 

strength with increasing quicklime content as binder and the peak strength became larger at longer curing period 

(Terashi et al., 1977). Similar type of effect is shown while stabilizing of port clay with Cement (Saitoh, 1988). 

Strength increases with increasing dose of binder and curing period. Industrial wastes which contain enough silica 

and alumina can take part in the process of geo-polymerization (Ye et al., 2014). Hence, industrial biproducts such 

as fly ash (FA), Slag etc. are used as the alternative of conventional lime and cement treatment due to the risk of 

high emission of Carbon di Oxides (CO2). When soil is stabilized with Slag in presence of activator, compressive 

mailto:maftabur@cuet.ac.bd


M. M. Banu & M. A. Rahman 

ICCEI 2025 
 

880 

strength increases with increasing slag content specially when more than 50% of slag is used (Wu et al., 2022). 

Organic soil has been stabilized with fly ash of different proportion where 20% Fly Ash is found to be most 

effective for increasing Unconfined Compressive Strength (Nath et al., 2017). Alkali activated Volcanic Ash and 

Slag is a very beneficial alternative of conventional cement and lime stabilization (Miraki et al., 2022). The 

effective combination was found at 30% Blast Furnace Slag and 70% Volcanic Ash. The objective of the current 

study is to evaluate the effectiveness of Deep Mixing Method with Fly Ash Geopolymer to improve the strength 

characteristics of soft soil with laboratory experiments. Unconfined Compressive Strength (UCS) of treated soil 

has been taken as the indicator of its efficiency in enhancing the bearing capacity and overall strength performance 

of the ground. 
 

2 Materials and Methodology 

Soil samples were collected from a shallow depth around CUET, situated in Raozan, Chattogram. Following 

collection, the samples underwent several preparatory processes, which included air drying, preliminary grinding, 

oven drying, and subsequent grinding. The prepared soil was then sieved through a #40 sieve and preserved in an 

airtight jar for testing. Important geotechnical properties such as gradation, index properties and specific gravity 

were evaluated according to ASTM standards. The processed soil sample along with its particle size distribution 

curve is shown in Figures 1 and 1, respectively, while detailed soil characteristics can be found in Table 1 and 

Figure 2. 

 

  
(a) (b) 

Figure 1. (a) Grain Size Distribution Curve for Soil and (b) Raw Soil (Mukta & Aftabur, 2024) 

 

 

 

 
 

(a) (b) 

Figure 2. (a) Particle Size Distribution Curve for Fly Ash and (b) Raw Fly Ash (Mukta & Aftabur, 2024) 

 

Class F Fly Ash, which is illustrated in Figure 2, is a fine gray powder that comes from the combustion of coal 

and is mainly made up of alumina (Al₂O₃) and silica (SiO₂). These elements are crucial in creating geopolymeric 

compounds when combined with alkaline solutions and soil. Figure 4 displays the gradation curve of the fly ash. 

In the experimental program, this material was used as  primary binder (P) and blended with dry soil in proportions 

of 10%, 15%, 20%, and 25%. A chemical activator (L) was added at a constant L/P ratio of 0.5, as previous 

research indicates that strength performance diminishes if this ratio surpasses 0.6 (Wu et al., 2022). 
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Table 1: Properties of Parent Soil 

Properties Value Reference Standard 

Grain Size Distribution  Fine Content (%) 61.8 ASTM D 422 – 63 

Atterberg Limit 

Liquid Limit (%) 30 

ASTM D 4318 – 10 Plastic Limit (%) 23 

Plasticity Index 7 

Specific Gravity (%)  2.65 ASTM D 854 – 14 

USCS Classification  ML (Sandy Silt) ASTM D2487 – 11 

  

 

  
(a) (b ) 

Figure 3. (a) Sodium Silicate  and (b) Sodium Hydroxide Pellets 

 

The activation procedure utilized Sodium Silicate (Na₂SiO₃) along with Sodium Hydroxide (NaOH) pellets, 

mixed in 2:1 ratio. This specific ratio was chosen based on previous studies that suggested optimal outcomes fall 

within the range of 2:1 to 2.5:1 (Bakri et al., 2012). The moisture content of the modified soil was adjusted to 

125% of liquid limit to study the behavior of soil at liquid state. A water-binder ratio was taken as 0.45 during the 

mixing process. As a result, the total water content, which included both the existing soil moisture and the added 

water, in relation to binder content varied from 1.95 to 4.20.  

 

Table 1: Material Proportion 

Fly Ash, 

P  

(%) 

Alkali 

Activator, 

L to 

Binder, P 

Ratio (L/P) 

Alkali Activator , L(% of 

dried soil) 

(NaOH: Na2SiO3 =1:2) 

Moisture 

Content to 

Liquid 

Limit 

Ratio 

Water-

Binder 

Ratio 

Total water to 

binder ratio  

 (Soil moisture + 

Added water)/ 

Binder ) 
Total 

(%) 

NaOH 

(%) 

Na2SiO3 

(%) 

10 

0.5 

5 1.67 3.33 

1.25 0.45 

4.20 

15 7.5 2.50 5.00 2. 95 

20 10 3.33 6.67 2.235  

25 12.5 4.17 8.33 1.95 

 

3 Sampling and Testing 

The amount indicated in Table 2 has been used to prepare the soil geopolymer mix in accordance with the 

guidelines provided by the Federal Highway Administration (Federal Highway Administration Design Manual: 

Deep Mixing for Embankment and Foundation Support, 2013). Initially, the soil's water content was raised to 

125% of its liquid limit. Throughout the process, the moisture content will remain at this level. A water- binder 

ratio of  0.45 was applied so that the mixture has sufficient workability. The chemical additive pellets were first 

added with water to be dissolved. Heat is produced by the resulting solution and it was left to cool for 10 minutes. 

The solution was then combined with the binder (fly ash) to produce the geopolymer. 

 

Then, the geopolymer mix and the wet soil (moisture content= 125% of Liquid Limit) were combined in a 

mechanical mixer and stirred for ten minutes which formed a slurry. The paste was put into uPVC mould that was 

38 mm and 76mm in diameter and height respectively. Samples were prepared in two layers, and the air pocket 



M. M. Banu & M. A. Rahman 

ICCEI 2025 
 

882 

was removed by lightly tamping it. In order to imitate the field situation, no compaction effort was applied. For 

each curing age, three samples were made using each combination of treated soil, and they were stored in a sealed, 

humid environment for 14, 28, and 56 days. The prepared sample, the testing procedure, and the broken sample 

following the test are all depicted in Figure 4.  

 

   
(a) (b) (c) 

Figure 4. (a) Sample after Curing, (b)Sample on UCS Machine, and (c) Ruptured Sample after Test 
  

4 Results and Discussions 

An untreated soil and geopolymer-treated soil were subjected to Unconfined Compressive Strength (UCS) after 

14, 28, and 56 days of curing. This is because fly ash systems tend to develop strength at a slower rate compared 

to cement-treated soils. The effects of the ingredients are discussed below. 

 

4.1 Effect of Fly Ash 

Figure 5 illustrates how the UCS works in treated soil as opposed to untreated soil. The UCS increases gradually 

with the increasing binder content. However, the strength tends to decrease after reaching the optimum amount of 

binder. The rate of increasing strength is somewhat similar for all the curing age till 20% binder content. Further 

increasing binder shows different pattern in strength increment. 
 

 
Figure 5. Effect of Fly Ash Content on UCS 

 

At 14 days of curing, soil containing 25% fly ash had a highest strength of 346 kPa which is 69 times more strength 

than the untreated soil strength (5 kPa). For 28 and 56 days curing age, 20% fly ash showed the optimum strength 

of 476 kPa and 612 kPa respectively which are more than 95 times and 122 times compared to the untreated soil 

strength. Fly ash beyond optimum amount may lack of water to react with and/or hinder the ions to come in 

contact which might result in less strength. Lack of proper mixing and presence of tiny air pockets might also be 

the reason since no compaction effect was approached. 
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         Figure 6. Effect of Water-Binder Ratio on UCS 

 

4.2 Effect of Water 

Figure 6 illustrates how the amount of water content (summation of the moisture content in the soil and the 

additional water for geopolymer) influences strength. Initially, strength increases with the increasing water content 

till it reaches its optimum level of moisture to become the paste workable and to have enough reaction among 

ions. Beyond that level, strength decreases, and this shift is not linear. The strength vs. water-to-binder ratio curves 

show the similar pattern as the strength vs. water-cement ratio varies in normal cement stabilization The peak 

unconfined compressive strength of the geopolymer treated soil occurred at the optimum water-to-binder ratio of 

2.325; and the strength was less below that level of water.  

 

  
(a) 14-days (b) 28-days 

 
(c) 56-days 

Figure 7. Stress-Strain behavior for stabilized soil at different curing periods 

4.3 Stress- Strain Relationship 

The results of stress-strain behavior illustrated in Figures 7 indicates that the geopolymer-stabilized soil with the 

lower strength could accommodate a more significant amount of axial deformation before reaching failure. By 

contrast samples that can withstand higher compressive stresses will fail at lower strains leading to brittle behavior. 
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This structural response is important when designing foundations on geopolymer-treated soil. In such cases, less 

strain tolerance may be allowed for high-strength soils to safely avoid the risk of brittle failure while more strain 

margin may be acceptable for low-strength soils as long as a more ductile performance is ensured. 

 

4.4 Implications for Foundation Support 

Although this work does not involve field load testing, the increment of more than 100 fold of the UCS value 

(with 20% geopolymer content) over the raw sandy silt implies a significant improvement in terms of stiffness, 

shear strength and ultimate bearing capacity (parameters dominated by foundation behavior) obtained in the soil. 

Denser soil matrix and stronger soil bonds resulting from a higher UCS provide more resistance to the shear 

deformation, as well as larger subgrade modulus, which cause an increase in bearing capacity, a decrease in 

settlement amount and enhance stability. Therefore, this improved soil has the potential to allow shallower and 

economic foundations. 

 

5 Conclusions 

It is illustrated in this paper that the deep mixed method using geopolymer is not only affordable but also 

environmentally friendly with respect to increasing the strength of densely silted ground. A 0.5 binder-to-liquid 

(L/P) ratio for an alkali activator with 20% fly ash of dry weight of soil gave optimal results for unconfined 

compressive strength (UCS). Additionally, knowing stress-strain behavior is beneficial for design engineers 

because it allows an estimation of suitable strain allowances at various stages of the design process. However, 

UCS obtained through this approach lagged behind that commonly encountered in soil stabilized with cement. 

For a holistic estimation of the viability of geopolymer alternatives, it is recommended that more thorough studies 

be carried out, involving various soil types, diverse moisture conditions, and varied ratios of binder and additive. 

Further research activities on field-scale model can be carried out to observe the improvement in foundation 

performance. The research can also be extended with exploration of shear strength induced by geopolymers and 

mineralogical analysis (i.e. X-Ray Diffraction (XRD) Pattern, Scanning Electron Microscopy (SEM)) etc.) for 

better observation of the microscopic bonding processes involved. 

 
 

References 

 

Bakri, A. M. Mustafa Al., Kamarudin, H., M., Bnhussain, A., Rafiza, R., and Zarina, Y. (2012). Effect of 

Na2SiO3/NaOH Ratios and NaOH Molarities on Compressive Strength of Fly-Ash-Based Geopolymer. 

109(5), 503–508. 
Federal Highway Administration Design Manual: Deep Mixing for Embankment and Foundation Support. (2013). 

Han, J. (2015). Principles and Practices of Ground Improvement. 

Kitazume, M., & Terashi, M. (2013). The Deep Mixing Method. CRC Press. 

Miraki, H., Shariatmadari, N., Ghadir, P., Jahandari, S., Tao, Z., & Siddique, R. (2022). Clayey soil stabilization 

using alkali-activated volcanic ash and slag. Journal of Rock Mechanics and Geotechnical Engineering, 

14(2), 576–591. https://doi.org/10.1016/j.jrmge.2021.08.012 

Mukta, B. M., & Aftabur, R. M. (n.d.). Experimental Investigation on Geopolymer-Based Deep Mixing Method 

on Soft Soils. Proceedings of International Conference on Geo-Structures 2024 GSP 361 270. 270–279, 

November 17-20, 2024, Pittsburg, Pennsylvania.  (https://doi.org/10.1061/9780784485842.026) 

Nath, B. D., Molla, Md. K. A., & Sarkar, G. (2017). Study on Strength Behavior of Organic Soil Stabilized with 

Fly Ash. International Scholarly Research Notices, 2017, 1–6. https://doi.org/10.1155/2017/5786541 

Saitoh, S. (1988). Experimental study of engineering properties of cement improved ground by the deep mixing 

method. Nihon University. 

Terashi, M., Okumura, T., & Mitsumoto, T. (1977). Fundamental properties of lime-treated soils. 

Wu, D., Zhang, Z., Chen, K., & Xia, L. (2022). Experimental Investigation and Mechanism of Fly Ash/Slag-

Based Geopolymer-Stabilized Soft Soil. Applied Sciences, 12(15). https://doi.org/10.3390/app12157438 

Ye, N., Yang, J., Ke, X., Zhu, J., Li, Y., Xiang, C., Wang, H., Li, L., & Xiao, B. (2014). Synthesis and 

Characterization of Geopolymer from Bayer Red Mud with Thermal Pretreatment. Journal of the American 

Ceramic Society, 97. https://doi.org/10.1111/jace.12840 

 

https://doi.org/10.1016/j.jrmge.2021.08.012
https://doi.org/10.1061/9780784485842.026

