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Using colliery waste to produce building materials, especially in earthworks to 
build different types of road and railway embankments, or to fill cavities and 
open-pit mines, requires us to determine the value of the settlement and the abil-
ity of fly ash to reduce its volume about its usability for mentioned purposes. 
Economic benefits and the need to protect the environment are the main reasons 
for using fly ash as secondary raw material. The purpose of this paper is to de-
termine the effect of initial compaction and water conditions on the process and 
values of settlement as well as oedometric modulus of primary compression, de-
compression and secondary compression of fly ash. The tests were carried out in 
oedometers. The subject of the research was fly ash from Skawina Power Plant. 
Literature analysis covers the processes of waste production and management, 
types of waste depending on the grain size and composition, as well as the meth-
ods and ways of testing the compressibility of mineral and anthropogenic soils. 
The results of the tests allowed formulating conclusions on the influence of com-
paction and water conditions on the possibility of settling, consolidation and the 
values of compressibility moduli of the tested material. They also allowed deter-
mining the usability of the material for earth constructions and other purposes. 
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Introduction 

Colliery waste is material created as a result of burning black or brown coal. In 

terms of grain size, it is divided into coarser (slag) and finer fractions (ash) [1-3]. Slag is a 

residue after coal combustion in power boilers, that falls to the bottom or remains on the grate 

and afterwards it is taken out of the boilers. Fly ash, also known as cyclone dust or electrostat-

ic precipitator dust, is one of the most important colliery wastes. It is created as a result of 

coal combustion in furnaces and captured from a dynamic exhaust stream by electrostatic or 

mechanical dedusting devices [4-7]. In coal-fired power plants, the deposition of slug and fly 

ashes on heating surfaces such as combustion chamber walls and plate superheaters is a very 

serious problem [8-10]. This problem has become even more serious in recent years due to the 

necessity of co-combustion of biomass [11]. 
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Polish industry produces 128.3 million tonnes of waste a year (2016) (130.9 million 

tonnes in 2015, and 131.1 million tonnes in 1998 not including municipal waste). In 1998, 4.1 

million tonnes of fly ash from coal was produced in Poland, 91.6% of which was used, while 

5.1% was disposed of and stored on the premises of the power plants or in other areas [12]. In 

2015, 3.2818 million tonnes of fly ash from coal was produced in Poland, 93.3% of which 

was used, while 6.6% was disposed and 0.1% of which landfilled [13]. In 2016, 3.258 million 

tonnes of fly ash from coal was produced, 86.7% of which was used, while 11.3% was dis-

posed and 0.0% of which landfilled [14]. For decades these wastes were a serious environ-

mental problem because the degree of their economic use was unsatisfactory and a significant 

part was stored on landfills [15]. These landfills require large areas, and at the same time, they 

degrade the natural environment [16, 17]. In 1997 the area of landfills where waste from en-

ergy industry was stored was 2370 hectares, 119 of which were reclaimed, in 2015 – 8341.7 

hectares, 59 of which were reclaimed, and in 2016 – 8374.3 hectares, 27.4 of which were re-

claimed [12-14]. The production of electricity in Poland is mainly based on coal (90%), and a 

great amount of furnace waste is a by-product of that [18]. It causes negative effects in the 

natural environment, so waste management, especially industrial waste, is a priority in the 

environmental policy of the country. There are different kinds of coal and different types of 

furnaces, so properties of fly ashes are diversified, which is important in relation to their utili-

zation [19, 20]. Ashes from brown coal combustion are used entirely to reclaim mine pits; the 

problem is the utilization of furnace waste from hard coal combustion. Considering fly ashes 

as a harmful waste is quite common, but wrong. This alumina silicate material has numerous 

uses. It can even be a raw material for more advanced technologies [21, 22]. Compared to 

previous decades, the amount of industrial waste produced in Poland has been systematically 

decreasing, over the past few years it was about 124 million Mg, and there are more than 1.8 

million Mg of waste on landfills. In 2016 the total quantity of waste produced by industry was 

36.5 million Mg. The tests that were carried out proved that these wastes, at different time and 

place, can be very useful material. For years attempts have been made to use them in different 

ways. There has been a significant increase in their usage in Poland over the last 10-15 years. 

Because in Poland the pure ash has a relatively low share in energy waste, the rate of their 

utilization is extremely high and equals about 96%, whereby they are mainly used in the 

building materials industry, currently, it uses over 55% of these wastes. The countries of the 

EU addressed the problem of energy waste in the 60’s and this problem, though not without 

difficulties, was solved. The EU countries have also shown that ashes and slags are or can be 

a significant base of materials. Ashes are used to produce concrete, including cellular con-

crete, lightweight aggregates, construction ceramics, asphalt concrete, cement, and pozzolanic 

binders. Ashes can also be used in earthworks to fill the post-mining voids, perform ground 

injections and road foundations, improve soil workability, stabilize roads or build road and 

railway embankments [23-27]. 

The fact that the fly ash is used is beneficial: production material costs are reduced, 

a lot of technical features of the produced materials are improved, and additionally, the 

amount of waste stored in landfills is reduced [28]. In this context, the fly ash from coal com-

bustion seems like a valuable mineral resource for industry, although ashes from different 

suppliers have to meet certain requirements. In order to define possibilities of further usage of 

ashes in the industry, it is necessary to determine their geotechnical parameters. The subject 

of this work is the study of the course and values of settlement and compressibility modulus 

of fly ash from Skawina Power Plant. This research allows reducing the cost of production of 

materials and improving many technical properties of manufactured materials. The tests were 

https://www.diki.pl/slownik-angielskiego?q=lightweight+aggregate
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carried out in standard oedometers, in a geotechnical laboratory of the Department of Hydrau-

lic Engineering and Geotechnics of the University of Agriculture in Cracow, Poland. 

Characteristics of the ash from Skawina Power Plant 

Chemical composition  

The chemical composition of the ash is based on tests ordered by Skawina Power 

Plant and carried out by Energopomiar Research and Testing Centre for Power Plants. The 

basic component of the ash is silicate SiO2, which was about 55% of dry matter, whereas 

alumina, Al2O3, was about 24.4%. The content of other components (iron, magnesium, potas-

sium and phosphorus oxides) did not exceed 20%. Detailed chemical composition of the ash 

is shown in tab. 1. 

Table 1. Chemical composition of the ash slag from Skawina Power Plant 

Component Symbol 
Content [%] 

Mean 
Sample 1 Sample 2 

Ignition loss – 0.92 2.0 1.46 

Silica SiO2 56.3 53.0 54.65 

Iron Fe2O3 7.10 8.07 7.59 

Alumina Al2O3 24.1 24.6 24.35 

Manganese Mn3O4 0.13 0.15 0.14 

Titanium TiO2 1.02 1.07 1.05 

Calcium CaO 3.17 2.85 3.01 

Magnesium MgO 2.31 2.36 2.34 

Sulphur SO3 0.61 1.04 0.83 

Phosphorus P2O5 0.34 0.24 0.29 

Sodium Na2O 0.88 1.66 1.27 

Potassium K2O 2.52 2.41 2.47 

Barium BaO 0.13 0.08 0.11 

Strontium SrO 0.03 0.03 0.03 

Total  99.56 99.56 99.56 

Flammable parts (in a dry state)  1.00 1.64 1.32 

Physical properties  

The grain size distribution of the ash was determined using a wet sieve and hydrom-

eter. According to the geotechnical nomenclature it corresponds with silt, tab. 2. The basic 

fraction in the grain size distribution of the fly ash is silt (0.002 to 0.063 mm), which is about 

89%. 

Table 2. Basic physical parameters of the ash from Skawina Power Plant 

Parameter Symbol Unit Value 

 Fraction content: 

gravel 63 – 2,0 mm Gr % 0 

sand 2,0 - 0,063 mm Sa % 6 

silt 0,063 - 0,002 mm Si % 89 

clay <0,002 mm Cl % 5 

Nam acc. to PN-EN ISO 14688-2:2004 – – Si 

Specific density ρs g/cm3 2.24 

Optimum water content wopt % 28.35 

Maximum dry density ρds g/cm3 1.22 
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The remaining 17% of the sample 

weight is sand and clay fractions, of which 

grains with a diameter not exceeding 0.0063 

mm (about 89.5% of the sample weight) 

have the largest share. Grains above 0.5 mm 

are only 0.3%. The optimum water content 

and the maximum dry density of the soil 

were tested in a Standard Proctor apparatus 

in two rounds. The optimum water content 

of the ash was on average 28.35% at the dry 

density of 1.22 g/cm
3
, fig. 1. The specific 

density was 2.24 g/cm
3
, and it was deter-

mined using a pycnometer. 

Test method 

The tests were carried out in standard oedometers, the samples were about 60 mm in 

diameter and about 20 mm high. Two series of tests were carried out which were aimed at 

determining the influence of the initial compaction, water content and saturation of the ashes 

on the course and extent of the settlements as well as compressibility modulus of the ashes. 

The first series was carried out without saturation of the samples, whereas during the second 

series the samples were saturated. All tests were carried out at three compaction indexes: 0.90, 

0.95, and 1.0. The samples were formed at the water content close to optimum, which was 

about 28%. In each series, the testes were carried out in two rounds for two samples with 

identical initial parameters and then the results were averaged. The samples were subjected to 

a vertical consolidation load of 12.5, 25, 50, 100, 200, and 400 kPa. Each loading step, during 

both primary and secondary load, was kept for one day, whereas the last loading step of 400 

kPa was kept until the sample was fully consolidated. Then the samples were unloaded gradu-

ally to 12.5 kPa, each step was unloaded every hour after that secondary load was applied up 

to 400 kPa. Changes in the thickness of the samples were recorded using dial gauges in set 

Table 3. Initial parameters of the fly ash in the compressibility tests 

Number of the sample Compaction index Water content Bulk density Dry density 

 [–] [%] [gcm–3] [gcm–3] 

Ist series – no saturation 

1 
0.90 

27.9 

1.484 1.160 

2 1.484 1.160 

3 
0.95 

1.567 1.225 

4 1.568 1.226 

5 
1.0 

1.405 1.099 

6 1.406 1.099 

IInd series – with saturation 

7 
0.90 

28.5 

1.491 1.160 

8 1.491 1.160 

9 
0.95 

1.569 1.221 

10 1.569 1.221 

11 
1.0 

1.412 1.099 

12 1.412 1.099 

Figure 1. Dry density vs water content (Sample 1 

and Sample 2) 
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time intervals, i. e. after 1’, 2’, 5’, 15’, 30’, 1 h, 2 h, 4 h, 6 h, 1-4 days. After the tests, the final 

water content and bulk density of each sample were determined in order to define changes 

caused by consolidation. Initial parameters of the samples are in tab. 3. 

The results of the tests 

The effect of compaction on the compressibility of the fly ash  

Based on the carried out tests it can be stated that the consolidation of the ash is a 

long-term process. The main settlements usually occurred directly after the load was applied. 

The influence of compaction on the course and extent of the settlements is presented in fig. 2. 

Ash at the lowest compaction index Is = 0.90 showed the biggest settlements in the whole 

range of load and the final settlement equaled 0.548 mm, whereas the settlements of compact-

ed (Is = 0,95) and highly compacted ashes (Is = 1.0) were much smaller and equaled adequate-

ly 0.345 and 0.337 mm. 

The oedometric moduli of primary compression are diverse depending on the load 

and the compaction index. However their increase at each loading step can be noticed, fig. 3. 

For average compacted ash (Is = 0.90) they are from 3 to 28 MPa, for compacted ashes (Is = 

0.95) from about 5 to 38 MPa, whereas for highly compacted ashes they are usually the big-

gest and equal from about 5 to 41 MPa. The effect of compaction on compressibility was the 

most noticeable at the higher loading steps whereas the relation between moduli and compac-

tion was mostly the same. 

The values of settlement under secondary load, fig. 4, were a few times lower than 

under the primary load and equaled adequately from 0.099 to 0.123 mm. Under the secondary 

load, the biggest settlements were for compacted ash (Is = 0.95), whereas the smallest for the 

highly compacted ash (Is = 1.0). This shows that consolidation of the ash under the primary 

load has a significant impact on the further settlements under the secondary load, whereas the 

influence of the compaction is not that noticeable. The moduli of secondary compression, fig. 

5, are much higher than the moduli of primary compression (see fig. 3) which is the result of 

reduced settlements. The decrease in the value of the module along with the increase in the 

applied load from 0.025 to 0.05 MPa is typical. In case of further loading steps, the values of 

the module slightly increase. 

Figure 2. Settlements of the ash during                             Figure 3. Oedometric modulus of primary 

primary load; Ist series –                                                     compression of the ash at different 

not saturated samples                                                          compaction during each loading step; 

                                                                                               Ist series  – not saturated samples 
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The effect of saturation on the compressibility of the ash 

Settlement of the saturated ash under the primary load, fig. 6, was much bigger than 

in case of not saturated ash. The ash at the lowest compaction index showed the biggest set-

tlements - the final value was 1.14 mm. 

The values of modulus of primary compression of the saturated samples were lower 

than the ones for not saturated ash. These values were comparable in the initial loading steps 

(0.0125 – 0.05 MPa) for all compaction indexes, but as load increased, the values of the mod-

uli increased, and a clear effect of compaction was noticed, fig. 7. 

Settlement of the saturated ash under the secondary load is much smaller than in the 

case of the primary load, and there is no effect of the initial compaction, fig. 8. The values of 

the modulus of the secondary compression of the saturated ash, fig. 9, are higher than the val-

ues of the modulus of the primary compression, and they are related to the load – the modulus 

increases as the load increases. Under the first loading step, the effect of the compaction on 

the moduli of secondary compression is clearer, whereas under further steps the compaction 

does not influence the values of the moduli. The moduli of secondary compression are compa-

rable for saturated and not saturated samples (see fig. 5). 

Figure 4. Settlements of the ash during                            Figure 5. Oedometric modulus of secondary 

secondary load; Ist series –                                                 compression of the ash at different 

not saturated samples                                                         compaction during each loading step; 

                                                                                              Ist series  – not saturated samples 

Figure 6. Settlements of the ash during                            Figure 7. Oedometric modulus of primary 

primary load; IInd series –                                                  compression of the ash at different 

saturated samples                                                                compaction during each loading step;  

                                                                                              IInd series  – saturated samples 
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Analysis of test results 

In geotechnical terms, the fly ash from Skawina Power Plant can be classified as 

sandy silt. The optimum moisture content of the ash is on average 28.35%, and the maximum 

dry density is 1.22 g/cm
3
. The specific density is 2.24 g/cm

3
. This research showed that the 

ash is characterized by high compressibility and its saturation additionally increases the value 

of settlements. While comparing ashes at different compaction indexes and the same water 

content under the primary load, it can be noticed that ashes at the lowest compaction (Is = 0.90 

in tab. 4) showed the biggest settlements, which reached the value of 2.74% in relation to the 

initial height. Ashes at higher compaction indexes (Is = 0.95 and 1.0) showed much smaller 

settlements – adequately 1.73 and 1.68%. The values of modulus of primary compression in-

creased proportionally to the compaction index, reaching values form 28 MPa – for the aver-

age compacted sample – to 41 MPa - for the highly compacted sample, tab. 5. The values of 

the settlements under the secondary load were smaller for the highly compacted ash (Is = 1.0) 

and equaled 0.50%, whereas for the other samples, at lower compaction indexes these values 

were higher and close to each other, tab. 4. The effect of the compaction was not as clear as in 

the case of the primary load. The values of modulus of secondary compression, tab. 5, were 2-

3 times higher than the values of modulus of primary compression and reached values from 

82 to 93 MPa, not showing a significant relation to compaction. It demonstrates that the ash 

has high compressibility under the primary load, especially when it is not well compacted at 

the beginning. During secondary load, the ash shows much smaller settlements, which is 

caused by significant consolidation under the primary load. 

Table 4. Values of the settlements of the ash as a percentage of 

the initial height of the sample 

Water content [%] 

Settlements as a percentage of the height of the sample under load 

Primary Secondary 

Is = 0.90 Is = 0.95 Is = 1.0 Is = 0.90 Is = 0.95 Is = 1.0 

Ist series – not saturated 
wp = 27.9% 

2.74 1.73 1.68 0.61 0.62 0.50 

IInd series – saturated 
wp = 28.5% 

5.70 5.03 4.70 1.16 1.12 1.07 

Figure 8. Settlements of the ash during                            Figure 9. Oedometric modulus of secondary 

secondary load; IInd series –                                              compression of the ash at different 

saturated samples                                                               compaction during each loading step; 

                                                                                              IInd series  – saturated samples 
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Under the primary load and at the same compaction index and initial water content 

(about 28%) the values of settlements, tab. 4, of saturated samples were almost 2 times higher 

and the modulus of primary compression, tab. 5, was lower than in case of not saturated sam-

ples. Saturated samples at the lowest compaction index (Is = 0.90) showed the biggest settle-

ments, reaching 5.7%, whereas the most compacted ash (Is = 1.0) showed the smallest settle-

ments (4.7%). In the case of saturated samples, there is also a clear effect of compaction on 

the value of settlements under the primary load. Under the secondary load, the values of set-

tlements of the saturated ash, tab. 4, were also 2 times higher than for not saturated ash, alt-

hough 4 times lower than in case of the primary load. The influence of the compaction is 

clear, the highest values of settlements were reached by average compacted ash (Is = 0.90) and 

the lowest by highly compacted ash (Is = 1.0). The values of modulus of primary compression 

of saturated ash, tab. 5, are about 2.5-3 times lower than the values of modulus of secondary 

compression. They do not show any relation to the initial compaction. 

At the end of the research, another wet sieve and hydrometer tests were carried out 

to verify changes in the grain size distribution. Specific density was also tested again using 

a pycnometer. The results of tests and their analysis were compiled and presented in tables 

and figures. The grain size distribution of the ash before and after the compressibility test in 

oedometers, as well as bulk density, is presented in tables. The graphs show the grain size 

curves of the ash. The basic fraction in the grain size distribution of the fly ash before the 

oedometric test was silt (0.002 to 0.05 mm), which was about 83%. The remaining 17% was 

sand and clay, although grains with a diameter not exceeding 0.0063 mm had the largest 

share (about 89.5% of the sample weight). Grains with a diameter above 0.5 mm were only 

0.3%. 

After the oedometric test, tab. 6, silt fraction content decreased and was 79%, 

whereas sand and clay content increased and reached adequately about 10 and 11%, not satu-

rated sample, the lowest compaction index (Is = 0.90). At the compaction index of Is = 0.95, 

the silt content also decreased to 79% and the content of sand fraction (about 11%) and clay 

fraction (about 10%) increased. The grain size distribution of highly compacted ash (Is = 1.0) 

also changed, but only to a minor extent. Silt fraction content was 81%, sand about 9% and 

the rest of the sample was clay (about 10%). The specific density of not saturated ash slightly 

decreased after the oedometric test, although this decrease was small and equalled only 

0.01 g/cm
3
. The results of tests on saturated ash are presented in tab. 7. 

In the case of the lowest compaction index (Is = 0.90), the silt fraction content de-

creased to 80%, whereas the content of sand and clay fractions increased to 10%. At the com-

paction index of 0.95, the silt content was 77.5%, whereas sand and clay content increased to 

adequately 10.5 and 12%. The following changes occurred in case of highly compacted ash 

(Is = 1.0): the content of silt and sand fraction slightly decreased, only by 1 and 1.5%, whereas 

clay fraction content increased up to 9%. The specific density of saturated ash did not change 

Table 5. Generalized values of the compression moduli of the ash 

Water content [%] 

Compression moduli [MPa] 

Primary Secondary 

Is = 0.90 Is = 0.95 Is = 1.0 Is = 0.90 Is = 0.95 Is = 1.0 

Ist series – not saturated 
wp = 27.9% 

28.19 38.36 41.28 84.71 81.63 93.04 

IInd series – saturated 
wp = 28.5% 

13.39 18.11 16.06 44.77 47.06 46.53 
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after the test. Only in case of highly compacted ash (Is = 1.0), the specific density decreased, 

although this decrease was negligible and equalled only 0.01 g/cm
3
. 

Table 6. Physical properties of the ash from Skawina Power Plant after 
the oedometer test; Ist series – not saturated 

Parameter 
Value before the 
oedometer test 

Results after the test without saturation (Ist series) 

Is = 0.90 Is = 0.95 Is = 1.0 

Fraction content[%]: 

sand 2.0 - 0.05 mm fp 10.5 10 11 9 

silt 0.05 - 0.002 mm fπ 83.0 79 79 81 

clay < 0.002 mm fi 6.5 11 10 10 

Specific density ρs  [g/cm3] 2.24 2.23 2.23 2.23 

 
Table 7. Physical properties of the ash from Skawina Power Plant after 

the oedometer test; IInd series – saturated 

Parameter 
Values before the test in 

oedometer 

Values after the test with saturation (IInd series) 

Is = 0.90 Is = 0.95 Is = 1.0 

Fraction content[%]: 

sand 2.0 - 0.05 mm fp 10.5 10 10.5 9 

silt 0.05 - 0.002 mm fπ 83.0 80 77.5 82 

clay < 0.002 mm fi 6.5 0 12 9 

Specific density ρs  [g/cm3] 2.24 2.24 2.24 2.23 

Conclusions 

Based on the carried out tests and analysis it was stated that the fly ash form 

Skawina Power Plant is characterized by high compressibility, and the values of settlements 

and compression moduli depend on their initial compaction and water conditions: 

 Under higher loads, the influence of compaction on the compressibility parameters is very 

clear. Under the primary load, it is significant, whereas under the secondary load it is prac-

tically unnoticeable. 

 Saturation and initial compaction of the ash also have a great effect on its compressibility 

parameters. The settlements of the saturated ash were much bigger than in case of ash that 

was not saturated. 

 The values of settlements under the secondary load are much lower than under the primary 

load and similar at three compaction indexes (Is = 0.90, 0.95, and 1.0). It shows that the 

consolidation under the primary load has a great effect on the further process and ash be-

havior under the secondary load.  

 Heavily compacted ash is characterized by much smaller settlements, and the influence of 

saturation on the consolidation process as well as the values of compressibility moduli is 

limited. It is crucial in case of using ashes in earthworks for example building causeways, 

road or railway embankments or filling land dips, especially if they were to be used as a 

construction ground. 

 Using fly ash as secondary raw material is beneficial from both economical and environ-

mental point of view. It lowers the cost of material production and improves a lot of tech-

nical properties of the produced materials. It also allows to significantly reducing the 

amount of waste transported to landfills. 
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Nomenclature 

fi – clay fraction content, [%] 
fp – sand fraction content, [%] 
f – silt fraction content, [%] 
Is – ash compaction index, [–] 
wopt – optimum water content, [%] 

wp – water content, [%] 

Greek symbols 

rds – maximum dry density, [gcm–3] 
rs – specific density, [gcm–3]
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