
Abstract: The infl uence of curing time on the 
shear strength of fl uidized fl y ash. The paper 
presents results of research on the infl uence of 
compaction and air and water curing on angle of 
internal friction and cohesion of fl uidized fl y ash 
from “Połaniec” Power Plant. It was stated that 
the increase in compaction resulted in an insignif-
icant increase of the angle of internal friction and 
a quite signifi cant increase of cohesion. While the 
type and time of curing had a great infl uence on 
the angle of internal friction and cohesion. The 
highest values of angle of internal friction were 
obtained in the air curing, and the lowest in the 
water curing whereas in case of cohesion there 
was an inverse relation. The rise of curing time 
resulted in largely increased cohesion and small 
changes of angle of internal friction.

Key words: shear strength, fl uidized fl y ash, re-
cycling

INTRODUCTION

An increasing demand for electricity and 
thermal energy and at the same time de-
creasing resources of high quality fuels 
drew greater attention to the technique 
of fl uidized bed combustion and gasi-
fi cation. A peculiar construction of the 
fl uidized-bed furnaces allows combus-
tion of all types of energy materials, 
such as traditional solid or liquid fuels 
but also industrial, agricultural or mu-
nicipal wastes. The energy value of the 

fuels combusted in the fl uidized-bed fur-
naces has a wide range of values, from 
4000 to 36,000 MJ·kg–1 (Hycnar 2006, 
Niesler 2011). In relation to pulverized 
coal furnace, fl uidized bed combustion in 
a moderated temperature allows to limit 
the amount of nitrogen oxide and greatly 
reduce the emission of sulfur pollutants 
as a result of limestone addition to the 
combusted fuels. Therefore using a spe-
cifi c grain fractions of hard and brown 
coals, petroleum coke, bituminous shale 
and peat as a fuel, often combusted with 
the addition of coal slime, biomass or 
wastes from sewage treatment plants has 
become relevant also because of the en-
vironment protection requirements and 
economy (Hycnar 2006).

Combustion of such diverse fuels 
in the fl uidized-bed furnaces results in 
a production of so-called coal combus-
tion by-products (CCBs), whose amount 
and quality signifi cantly differ from the 
ones produced in traditional pulverized 
coal furnaces. A mineralogical, organ-
ic and granulometric composition of 
wastes from fl uidized-bed furnaces dif-
fers from the composition of traditional 
fl y ash and slag, which determinates the 
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possibilities of their usage. The fl y ash 
is mainly used in mining as a compo-
nent of hydraulic backfi ll. The fl uidized 
ash contains up to 50% of clay miner-
als, which makes it a good material for 
any type of sealings in an underground 
mining, as well as in fi re protection 
(Iwanek et al. 2008). The fl uidized ash is 
also added to soils as a fertilizer or dur-
ing biological remediation. It improves 
physical properties of the soil, increases 
pH and limits mobility of heavy metals, 
which is crucial during reclamation of 
degraded lands, for example in Upper 
Silesia (Bielińska et al. 2009). Fly ashes 
are also used to improve weak ground 
(Filipiak 2011, 2013, Koda and Osiński 
2011, Gawlicki and Wons 2013).

Fluidized ashes, because of their 
binding properties, can be a component 
of cement mixtures (Roszczynialski and 
Gawlicki 2004). Although these ashes do 
not fulfi ll the requirements of a standard 
(PN-EN 197-1:2012) and cannot be used 
directly in cement production (Giergi-
czny 2006). A similar situation is when it 
comes to using fl uidized fl y ashes in con-
crete production (Kabała et al. 2006).

Another form of use of the fl uidized 
ash is a production of binding materials 
used in stabilization of weak soils e.g. 
in road engineering. An example of such 
material is SILMENT, which is produced 
from cement and fl y ash (Zawisza and 
Kłęk 2006, Zawisza and Gruchot 2008). 
According to the Regulation of the Min-
ister of Environment from 21 March 
2006 on recovery or disposal of waste 

beyond installations and devices, ashes 
from traditional furnaces have a wide 
range of applications and can be used, 
among other things, as an independent 
material in embankments or construc-
tion layers under the requirements of 
relevant road standards. However, the 
possibilities of using ashes from the 
fl uidized-bed furnaces in road construc-
tions are limited because they require 
detailed tests and development of new 
technologies of construction (Sybilski 
and Kraszewski 2004).

Tests on strength parameters of fl y 
ashes are mainly focused on their use 
in concrete production and therefore on 
determining their infl uence on strength 
parameters of concrete mixtures (Brzo-
zowski 2011, Kubissa et al. 2013) or 
binding time of self-hardening slurries 
with the addition of the fl uidized ashes 
(Pomykała et al. 2013). On the other 
hand strength parameters of the ashes in 
the aspect of their use in earthworks are 
examined only to a minor extend. There-
fore an attempt to determine strength pa-
rameters of chosen fl uidized ashes was 
made in the paper. 

MATERIAL AND METHODS 

The aim of the paper was to determine 
the infl uence of compaction and curing 
time (both air and water) on the shear 
strength parameters, i.e. angle of inter-
nal friction and cohesion, of fl uidized fl y 
ash from “Połaniec” Power Plant. 

Basic physical and compaction pa-
rameters were determined using standard 
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methods. Grain size distribution was 
determined using laser diffraction. Spe-
cifi c density tests were carried out using 
a mensural fl ask and distilled water. An 
optimum water content and maximum 
dry density were determined in Proctor 
apparatus in a 1.0 dm3 cylinder at the 
compaction energy of 0.59 J⋅cm–3.

Shear strength tests were carried out 
in a direct shear box apparatus in boxes 

that were 60 × 60 mm in cross section 
and 2.0 cm high. Samples were formed 
in the box at the water content close 
to optimum and compaction indexes 
IS = 0.90, 0.95 and 1.00. During consoli-
dation and shearing the samples were 
loaded with 50, 75, 100, 150, 200 and 
300 kPa. The shearing velocity was 
0.1 mm·min–1. The maximum value of 
shear stress obtained during the test was 
used in calculations. 

The testes were carried out directly 
after samples compaction (with a shear 

zone dry or immersed in water) and af-
ter 0.5 and 16 hours of curing with air 
and water (Table 1) in the apparatus 
box. Additionally, tests on samples after 
7 days of curing (also with air and water, 
but outside of the apparatus box) were 
also carried out. In case of water and air-
-water curing the samples were sheared 
while the shearing zone was immersed 
in water.

An attempt to use water curing out-
side of the apparatus box was also made, 
but the samples which were immersed in 
water directly after compaction fell apart 
in a few hours.

RESULTS AND DISCUSSION

Physical parameters 

A silt fraction content was 78% and it 
dominated in the grain size distribu-
tion of the fl y ash. Apart from silt there 
were also 19% of sand and 3% of clay 
(Fig. 1). According to the geotechnical 

TABLE 1. Curing of samples of fl uidized fl y ash before the shear strength test
Curing time Course of curing samples

0 The testes carried out directly after samples compaction with a shear zone dry or im-
mersed in water

0.5 hour 

Air: the samples compacted and cured in the apparatus box in a room temperature, 
protected from drying
Water: the samples compacted and cured in the apparatus box immersed in water at 
its full height

16 hours
Air: the samples compacted and cured in the apparatus box in a room temperature 
Water: the samples compacted and cured in the apparatus box immersed in water at 
its full height

7 days

The samples cured in a room temperature, protected from drying 
The samples protected from drying, cured for 3 days in a room temperature, then im-
mersed in water to a height of 1 cm for 1 day and after that immersed to a full height 
for 3 days



106    A. Gruchot

nomenclature (PN-EN ISO-14688-
2:2006) the fl uidized fl y ash was classi-
fi ed as sandy silt (Table 2).

The specifi c density was 2.75 g·cm–3, 
whereas the maximum dry density was 
1.42 g·cm–3 at the optimum water con-
tent of 26%.

Shear strength

While analyzing the changes in shear 
stresses during shearing it was stated 
that a brittle failure occurred. The maxi-

mum value of shear stress was obtained 
in the initial state of shearing, when the 
deformation of the sample was from 1 
to 3%. Once the maximum values were 
obtained, the shear stresses most often 
decreased. It should be emphasized that 
the character of shearing was similar in 
case of samples tested directly after com-
paction (when the shearing zone was dry 
and when it was immersed in water as 
well) as well as in case of samples after 
air and water curing. 

FIGURE 1. Particle size distribution curve of fl uidized fl y ash

TABLE 2. Geotechnical characteristic of fl uidized fl y ash
Parameter Value

Fraction content [%]
–  sand, Sa: 2÷0.063 mm
–  silt, Si: 0.063÷0.002 mm
–  clay, Cl: <0.002 mm

19
78
3

Name acc. to PN-EN ISO 14688:2006 saSi
(sandy silt)

Uniformity coeffi cient CU [-] 8.67
Coeffi cient of curvature CC [-] 1.85
Specifi c density [g·cm–3 ] 2.75
Optimum moisture content o.M.c [%] 26.0
Maximum dry density [g·cm–3 ] 1.42
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The obtained shear strength is re-
fl ected in the values of the angle of in-
ternal friction and cohesion. The high-
est values of the angle, which increased 
from 47 to 48° along with the increase in 
compaction (IS) from 0.90 to 1.00, were 
obtained after 7 days of air curing. The 
highest values of cohesion, from 227 to 
315 kPa, were also obtained for samples 
after 7 days, but with air-water curing 
(Table 3). On the other hand the lowest 
values of shear strength were obtained 
in case of samples tested directly after 
compaction. The angle of internal fric-
tion changed from 32.8 to 33.3° along 
with the increase in compaction (IS) 
from 0.90 to 1.00 while the shear zone 
was not immersed in water and cohesion 
was from 7 to 23 kPa and these values 
were determined while the shear zone 
was immersed in water. 

While analyzing the infl uence of 
compaction it can be stated that the angle 
of internal friction increased in a small 
range, whereas in case of cohesion there 
was a signifi cant increase along with the 
increase in compaction (IS) from 0.90 to 
1.00 (Fig. 2). Testes carried out directly 
after compaction showed an increase in 
the angle of internal friction by 0.5° in 
case of air curing and by 1.3° in case of 
water curing, whereas cohesion values 
increased by over 23 kPa in case of air 
curing and 11 kPa in case of water cur-
ing. Testes that were carried out after 
0.5 hours of air and water curing showed 
an increase of the angle of internal fric-
tion by almost 1° and in case of cohe-
sion it was similarly – almost 23 kPa (air 
curing) or 11 kPa (water curing). Results 
for samples tested after 16 hours of air 

TABLE 3. Values of shear strength parameters of the fl uidized fl y ash (Gruchot 2014, Marcinów 
2014)

Curing
Parameter

Compaction index [-]
Type time 0.90 0.95 1.00

Air

0
angle of internal friction (φ) [°] 32.8 33.0 33.3
cohesion (c) [kPa] 63.5 67.0 87.0

0.5 h
angle of internal friction (φ) [°] 36.6 37.0 37.5
cohesion (c) [kPa] 26.0 32.4 48.8

16 h
angle of internal friction (φ) [°] 38.5 39.9 42.1
cohesion (c) [kPa] 24.5 31.2 57.9

7 days
angle of internal friction (φ) [°] 47.4 47.7 48.4
cohesion (c) [kPa] 221.4 243.0 314.3

Water

0
angle of internal friction (φ) [°] 33.9 34.4 35.3
cohesion (c) [kPa] 7.0 9.4 23.1

0.5 h
angle of internal friction (φ) [°] 31.4 31.6 32.3
cohesion (c) [kPa] 39.8 41.0 51.6

16 h
angle of internal friction (φ) [°] 34.5 34.8 36.2
cohesion (c) [kPa] 68.7 64.7 90.4

Air-water 7 days
angle of internal friction (φ) [°] 34.6 35.7 40.0
cohesion (c) [kPa] 234.2 261.3 337.8
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and water curing showed an increase in 
the angle of internal friction by 4 and 2° 
adequately, and in cohesion by a little 
over 33 kPa and close to 22 kPa.

An increase in compaction (IS) from 
0.90 to 1.00 for samples after 7 days of 
air curing caused an increase of the angle 
of internal friction by 1° and of cohesion 
by almost 93 kPa. In case of 7 days of air 
and water curing the increase in the value 
of the angle was close to 5.5° and in case 
of cohesion it was almost 104 kPa.

An analysis of infl uence of the air 
curing time on the shear strength param-

eters showed that there was an increase 
of the angle of internal friction on aver-
age by 4° after 0.5 hours and by 7° after 
16 hours at all compactions in relation to 
the tests carried out directly after sam-
ples compaction (Fig. 3a). In case of co-
hesion and the same curing times there 
was a decrease of value, on average by 
37 and 35 kPa. After 7 days of air curing 
the angle of internal friction increased 
by about 15° and in case of cohesion the 
value increased by 160 kPa at IS = 0.90 
and by 227 kPa at IS = 1.00.
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The 0.5 hours water curing caused 
insignifi cant (by only 3°) decrease of the 
angle of internal friction and increase of 
cohesion by about 31 kPa (Fig. 3b). Ex-
tending the curing time up to 16 hours 
caused a small increase of: the angle by 
about 1° and the cohesion by 55 kPa at
IS = 0.95 and by 67 kPa at IS = 1.00. Af-
ter 7 days of air and water curing an in-
crease in the value of the angle of inter-
nal friction was also obtained – by about 
1° at IS = 0.90 and 0.95 and almost 5° at 
IS = 1.00. Whereas the increase of cohe-

sion was from 227 kPa at IS = 0.90 up to 
315 kPa at IS = 1.00.

To sum up, it should be indicated 
that the high values of shear strength of 
the tested fl uidized fl y ash are the result 
of pozzolanic reactions that occur as a 
result of increased concentration of cal-
cium and sulfur oxides in relation to ash-
es form conventional furnaces. Analysis 
of chemical constitution indicates that 
hard coal combustion in fl uidized-bed 
furnaces produces from 4 to 20% of un-
reacted calcium in the form of oxides and 
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FIGURE 3. Infl uence of curing time on shear strength parameters: a – air curing; b – water and air-water 
curing



110    A. Gruchot

bound calcium in the form of anhydrite 
(Wisła-Wlash et al. 1999). The infl uence 
of an increased content of the active cal-
cium oxide was the most noticeable after 
7 days of air and air-water curing. Sub-
sequently, further tests on shear strength 
of the fl uidized fl y ash after different 
types and times of curing were carried 
out. Their results were presented in a 
paper, which has not been published yet 
(Gruchot et al. 2014).

CONCLUSIONS

Based on the analysis of the results of 
shear strength tests on the fl uidized fl y 
ash from “Połaniec” Power Plant it was 
stated that:

Shear strength parameters of the test-
ed fl uidized fl y ash were high, which 
was mostly the result of pozzolanic 
reactions that occurred during the 
curing time. 
The increase in compaction (IS) from 
0.90 to 1.00 resulted in an insignifi -
cant increase of the angle of internal 
friction and a quite signifi cant in-
crease of cohesion.
Type of curing had a great infl uence 
on the shear strength parameters. The 
highest values of the angle of internal 
friction were obtained after air cur-
ing, the lowest – after water curing. 
A reverse relation was noticed for co-
hesion – the highest values were de-
termined after water curing, whereas 
the lowest after air curing.
Curing time had a crucial infl uence 
on the shear strength parameters. Al-

1.

2.

3.

4.

though it should be emphasized that 
the biggest changes were noticed in 
case of cohesion. Extending curing 
time to 7 days resulted in an increase 
of cohesion – it was 3.5 times higher 
after air curing at all compaction in-
dexes and 34 times higher after wa-
ter curing at IS = 0.90. In case of the 
angle of internal friction such signifi -
cant changes were not noticed. 
Different additions, such as biomass, 

are combusted in fl uidized-bed furnaces 
with hard coal and thus qualitative and 
chemical compositions of the ash can 
change in a wide range. Therefore a de-
tailed control of the quality of fl uidized 
fl y ash should be carried out before it is 
used in earthworks.
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Streszczenie: Wpływ czasu pielęgnacji na wytrzy-
małość na ścinanie fl uidalnych popiołów lotnych. 
W pracy przedstawiono wyniki badań wpływu 
zagęszczenia oraz czasu pielęgnacji powietrznej 
i wodnej na kąt tarcia wewnętrznego i spójność 
fl uidalnego popiołu lotnego ze zsypu Elektrowni 
„Połaniec”. Stwierdzono, że wzrost zagęszczenia 
spowodował niewielkie zwiększenie wartości 
parametrów wytrzymałości na ścinanie. Rodzaj 
pielęgnacji i jej czas miały natomiast decydują-
cy wpływ na wartości kąta tarcia wewnętrznego 
i spójność. Największe wartości kąta tarcia we-
wnętrznego uzyskano przy pielęgnacji powietrz-
nej, a najmniejsze przy pielęgnacji wodnej przy 
odwrotnej zależności dla spójności. Wzrost cza-
su pielęgnacji spowodował kilkukrotny wzrost 
spójności, przy niewielkich zmianach kąta tarcia 
wewnętrznego.

Słowa kluczowe: wytrzymałość na ścinanie, fl ui-
dalny popiół lotny, utylizacja
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