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Abstract: Waste products such as fly ash can be an economically advantageous alter-
native for lime and cement in ground improvement techniques. Current state of knowledge 
indicates the possibility of using this material successfully in various engineering projects. 
However, the chemical composition of fly ash is related to the type of coal and combustion 
technology used in power plant. This fact indicates need for further studies aiming 
determination the effect of fly ash addition on soil properties. Rate of soil improvement 
considered in macro level includes designation of treated soil mechanical properties, inter 
alia compressibility characteristics. Presented results of laboratory tests are a part of a larger 
experimental work aiming to determine the suitability of fly ash from fluidized bed 
combustion for the purpose of soil strengthen with the use of selected ground improvement. 
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1. Introduction
Fly ash from fluidized bed combustion is a waste material produced in power plants. 

Given the nature of combustion technology fluidal fly ash can contain relatively high 
amount of calcium compounds. Part of calcium is present as a free and highly reactive CaO. 
Due to the fact that this material contains also SiO2 (from 5 to 50% [1]) and Al2O3 (from 4 
to 25% [1]) it can show pozzolanic – hydraulic activity and can be considered as a material 
used in ground improvement techniques.

Under certain conditions lime addition to the fine grained soil results in cation ex-
change and pozzolanic reaction. These mechanisms, referred to as modification and 
stabilization of treated soils respectively ([2], [9]) develop simultaneously but with different 
time scale. 

Cation exchange involves replacing ions from clay minerals with calcium ions from 
lime. This may occur at very short time and results in flocculation of soil particles during 
fabric formation. Important factors affecting kaolinite fabric formation are described in 
literature [7], [8], [10]. These include the pH and particle – particle interactions. Particles 
can be charged negatively or positively due to the pH value. Surface charge modification 
occurs through the process of protonation, deprotonation and cation complexation. In 
kaolinite at low pH of environment aluminum dissociates preferentially and at high value of 
the pH this phenomena refers to silica [8]. 

Upon contact with water free CaO from fly ash or lime reacts in short term. This time 
depends on amount of available free CaO and ambient temperature [1]. Usually hydratation 
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takes place within 2 to 7 hours [4]. Pozzolanic reaction between Ca(OH)2 and pozzolanic 
compounds occurs in longer term provides stable products such as hydrated calcium 
silicates and aluminates [2], [3], [5]. Important factor is relatively high pH value, which 
determines the possibility of dissolution of silica and alumina and their connection with 
calcium ions. Last research results carried out by the authors confirmed the variation of the 
pH value in time and increasing pH value with increasing fly ash or lime quantity [6]. 

The aim of this experimental work is to demonstrate compressibility behavior of fine 
grained soil treated with fly ash from fluidized bed combustion without (or with) lime 
addition. Mixtures were prepared in various composition in order to highlight the impact of 
individual components on compressibility tested at different curing time.

2. Experimental procedures
In experimental procedure mentioned below following materials were used:
· fine grained soil - Speswhite kaolinite (specific gravity 2,60 g/cm3),
· fluidal fly ash (specific gravity 2,77 g/cm3),
· quicklime.
In order to detect differences in compressibility behavior between natural soil and soil 

treated with fly ash or with fly ash and lime, oedometer tests were performed. Air dried
components were mixed by hand with distilled water and stored in closed containers in 
order to prevent water loss. Proportions of materials in the mixtures are shown in Table 1. 
Table 1. Proportions of components in mixtures used for oedometer tests

Mixture Soil [g] Fly ash [g] Lime [g] Water [g]
Kaolinite 100 - - 100
FA 10% 100 10 - 110

FA 10% + 1% lime 100 10 1 111
FA 20% 100 20 - 120
FA 30% 100 30 - 130
FA 40% 100 40 - 140

After required time (after 21 hours for mixtures tested at 0 day of curing time and after 
7 days) material was put in oedometer ring. 

Oedometer test was performed with cell filled with water. In order to monitor the con-
solidation process settlements were read in 1 sec. intervals. Sample was loaded with 12 
steps (up to the load 1220 kPa) and unloaded with 6 steps. At the end of the test water 
content was measured.

3. Results 
Figures 1, 2, 3 and 4 present the results obtained from oedometer tests carried out for 

natural soil and treated soil at 0 day of curing time and after 7 days of curing time. Data are 
plotted in terms of void ratio e and vertical stresss ’v. It can be noted that addition of fly ash 
leads to increase void ratio e both at 0 day and after 7 days of curing.

The behaviour upon loading of the treated soil, for high percentage of fly ash and 
longer curing time, shows a well defined transition between the reversible and the not 
reversible behaviour, allowing the identification of the yield stress. Significant role of 
curing time can be observed for mixtures of soil and fly ash in amount of 40% (Figure 4). 
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Fig. 1. Compressibility curves from oedometer tests obtained for natural soil and mixture FA 10% –
relations between vertical stress s’v  and void ratio e

Fig. 2. Compressibility curves from oedometer tests obtained for natural soil and mixture FA 10% + 1% 
lime – relations between vertical stress s’v  and void ratio e

Fig. 3 Compressibility curves from oedometer tests obtained for natural soil and mixture FA 20% –
relations between vertical stress s ’v  and void ratio e
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Fig. 4. Compressibility curves from oedometer tests obtained for natural soil and mixture FA 40% –
relations between vertical stress s’v  and void ratio 

Larger void ratio changes can be noted for vertical stress higher than 9,3 kPa. Table 2. 
presents compession index Cc obtained for normal compression line (NCL). There is no 
signifiant impact of fly ash, lime addition and curing time in comparison with natural soil. 
However, swelling index obtained for unloading curves tends to decrease with increasing fly
ash content. That data reveals higher stiffness of treated material.
Table 2. Comparison of compression index Cc and swelling index Cs

Name Compression index Cc [-] Swelling index Cs [-]
0 day 7 days 0 day 7 days

Kaolinite 0,42 0,08
FA 10% 0,45 0,42 0,05 0,06

FA 10% + 1% lime 0,46 0,42 0,04 0,05
FA 20% 0,39 0,39 0,04 0,05
FA 40% 0,41 0,44 0,05 0,05

The same data are plotted in the Figures 5 and 6 in terms of volume strain e v and ver-
tical stress s’v in order to compare loading paths without influence of different initial void 
ratio for each mixture. Compressibility curves obtained for soil treated with 10% of fly ash 
and 1% of lime, 20% of fly ash and 40% of fly ash after 7 days of curing time (Figure 6) 
reveal increased stiffness. For mixture of soil treated with 10% of fly ash compressibility 
curve was obtained as the intermediate result. 

Fig. 5. Compressibility curves from oedometer tests at 0 day of curing time – relations between vertical 
stress s ’v  and volume strain e v
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Fig. 6. Compressibility curves from oedometer tests after 7 days of curing time – relations between vertical 
stress s’v and volume strain ev

4. Conclusions
In the paper some results of an ongoing experimental research on the soil treatment by 

addition of fly ashes and lime have been discussed, with reference to the mechanical 
behaviour of treated samples during one dimensional compression tests (oedometer tests). 
The samples were prepared at high water content (above the liquid limit of the treated soils) 
by mixing kaolin with various amount of fly ash and lime, and cured for different time 
intervals. 

The results evidenced the improvement of the mechanical behavior of the treated soil 
in the short term, with a decrease of compressibility which is relevant for high percentages 
of fly ash and tends to increase with longer curing times. The addition of lime enhances this 
trend. The behaviour upon loading of the treated soil, for high percentage of fly ash and 
longer curing time, shows a well defined transition between the reversible and the not 
reversible behaviour, allowing the identification of the yield stress. The increase of yield 
stress over the time is probably due to the effects of bonding compounds forming at the 
microstructure level, as a result of the pozzolanic activity favoured by the highly alkaline 
environment induced by calcium cations. Further investigation are currently running to 
investigate the effects of fly ash and lime on the evolution of the mechanical behaviour of 
the kaolin, with reference to different scales of observation.

Karolina Knapik is a scholar of the project "DoktoRIS - Scholarship program for innovative Silesia” 
co-financed by the European Union - European Social Fund.
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Streszczenie: 

z powodze

w

wzmocnienia gruntu rozpatrywany w skali makro obejmuje oznaczenie mechanicznych 

o na celu 

gruntowego.
fly ash, fluidized bed 


