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INTRODUCTION

Care of the environment in accordance with 
the principles of sustainable development and 
the perspective of depletion of mineral fuels in-
fluences the policy of European Union aiming at 
the promotion of a new approach to the problem 
of use of renewable energy sources and dynamic 
development trends in the states – members of the 
European Union. The introduction of innovative 
solutions within a framework of the strategy “Eu-
rope 2020” encompasses also energy sector. Apart 
from conventional fuels, successful attempts of 
biomass combustion are observed [Deja 2012, 
Golec 2007, Rutkowska 2014]. The combustion 
of by-products arising as a result of coal combus-
tion have been disposed for many years on the 
earth surface or underground in mines. However, 
this form of fly-ash recycling results in degrada-
tion of surface and underground water due to the 
penetration of components from the wastes in 
the area of their disposal [Rosik-Dulewska and 

Karwaczyńska 2008]. Hence, investigations are 
necessary to encompass i.a. the evaluation of pos-
sibilities of application of fly-ashes in the recy-
cling of materials used in the building industry.

The idea of application of fly-ash in the pro-
duction of concrete and cement mortars is not 
new. Even the ancient Romans discovered that 
the concrete properties can be improved by ad-
ditions of volcanic ashes. Fly-ashes were applied 
in the USA in the 1930’s [ACI 1996, Comões 
2002, Joshi 1997, Malhotra and Wesche 1991]. In 
Poland and Europe, the siliceous fly-ashes have 
wide application in the cement and concrete tech-
nology [Giergiczny 2013]. Present among the in-
gredients of concrete, cement and cement mortar, 
the fly-ashes cause that the quantity of the applied 
cement clinker is lower and, in turn, it increases 
savings in mineral fuels and natural materials as 
well as reduction of the emitted carbon dioxide 
and environment pollution [Deja 2012]. It is an 
important problem because in the production of 
cement a lot of energy is used and there is ca. 
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1.6 billion of tones of CO2 emitted per year [Ela-
hi 2010]. Wide application of the fly-ash in the 
building industry is mainly due to: its high fine-
ness, close to this of the cement, its chemical con-
stitution and phase composition, close to those of 
clay materials, as well as its reactivity, particu-
larly the pozzolanic activity [Giergiczny 2013].

The paper presents the results of investigations 
which were aimed to analyze how the siliceous 
and calcareous fly-ashes added to cement mortars 
influence the technical properties of the mortar.

METHODOLOGY OF INVESTIGATIONS

The research and design procedures are based 
on the directives contained in the currently bind-
ing Polish building standards. The tests were per-
formed in the Laboratory of Building Construc-
tions of Warsaw University of Life Sciences.

The cement mortar samples being tested 
were calculated according to the standard PN-
B- 14501:1990 “Ordinary building mortars”. To 
perform the tests, it was assumed a mortar com-
position according to the standard. To prepare the 
samples, ordinary aggregate with the graining 
0–2 mm (sand) and Portland cement 32.5 without 
admixtures were used.

To investigate the bending strength, the sam-
ples of the size 40 x 40 x 160 mm were used. The 
investigations were performed according to the 
directives contained in the standard PN-EN 1015–
11:2001. The investigations of the compressive 
strength were performed according to the standard 
PN-EN 1015–11:2001 on the halves of the beam 
samples remaining from the performed bending 
strength tests. The samples were subjected to the 
tests in a testing machine with special pads, after 
28 and 56 days of the concrete curing period.

FLY-ASHES FOR CONCRETES 

Grains of fly-ash have a diameter from 1 to 
150 mm – it is close to the cement grain diameter 
falling into the range 7–12 mm [Joshi 1997]. They 
usually have a spheroid shape, but they can also 
be prismatic and irregular. They are characterized 
by high fineness and contain ca. 80% of glass. 
The Blaine specific surface is equal 250–550 m2/
kg [Alonso 1991]. According to Malhotra and 
Ramezanianpour [Malhotra], the graining and 
the surface of the fly-ash is not connected to its 
source of orgin. The grains bigger than 125 mm 
have high porosity. It is due to the higher share 
of coal. According Alonso and Wesche [Alonso 
1991], the pozzolanic activity of the fly-ashes de-
pends on the silica content.

Taking the chemical properties into consid-
eration, the siliceous fly-ashes contain mostly 
the reactive silica (SiO2) and aluminum oxide 
(Al2O3); they have pozzolanic properties – they 
react with calcium hydroxide in the presence of 
water, giving hydrated calcium aluminates and 
silicates. They also contain iron oxide (Fe2O3) 
and other compounds. The calcareous fly-ash-
es, however, have hydraulic and/or pozzolanic 
properties and contain mainly the reactive cal-
cium oxide (CaO), reactive silica (SiO2) and 
aluminium oxide (Al2O3) [ACI 1996, Malhotra 
and Giergiczny 2013].

The fly-ash, applied in the investigations, is 
a very fine ash with hydraulic and/or pozzolanic 
properties. Table 1 shows the composition of fly-
ashes used in the investigations.

Figure 1 shows fly-ashes with various level of 
ignition loss: a) ash with ca. 2.2% of ignition loss, 
b) ash with ca. 17.9% of ignition loss.

Table 1. Chemical composition of fly-ash [research report 2014]

Contents Calcareous fly-ash
[% of mass]

Siliceous fly-ash
[% of mass]

Ignition loss 2.1 4.05

SiO2 42.8 50.5

Al203 20.5 21.8

CaO 22.5 4.1

MgO 0.9 2.5

SO3 4.3 0.7

Na2O 0.1 1.21

K2O 0.2 3.02

CaO free 4.1 -
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LABORATORY TESTS

To make the cement mortar, the 1st type Port-
land cement without admixtures (CEM I 32,5 R) 
was used (Cement Plant „Ożarów”, Poland). The 
fly-ashes used for the samples came from two 
thermal-electric power stations: Siekierki (War-
saw – siliceous fly-ash – Lafarge) and Bełchatów 
(calcareous fly-ash); they complied with the re-
quirements given in the standard PN-EN 450-
1+A1:2009 on the requirements for the fly-ashes 
applied in the concrete production.

The tests consisted in the comparison of fea-
tures of cement mortars produced in the tradi-
tional way as well as the mortars containing the 
combustion by-products. To do this, three types 
of mortar samples were prepared:
1)	without any admixtures,
2)	with addition of the siliceous fly-ash,
3)	with addition of the calcareous fly-ash.

Apart of this, for each type of the mortars 6 
series were made – in the three of them the nor-
mative composition was doped by fly-ashes con-

stituting 2, 5 and 10% of cement mass, in the re-
maining three of them 2, 5 and 10% of the cement 
mass was removed and substituted by fly-ashes.

All of the mortars were prepared in the Labo-
ratory of Building Constructions of the Faculty of 
Civil and Environmental Engineering of WULS. 
During the tests the compression and bending 
strength after 28 and 56 days of curing were in-
vestigated. To prepare the cement mortar samples, 
the normative sand CEN – Kwarcmix with grain-
ing 0–2 mm as well as the Portland cement CEM 
I 42,5 without admixtures, with density 3.1 kg/m3 
and early strength R were used. The composition 
of normative mortar was prepared according to 
the standard PN-EN 196-1:2006 for each of the 
three beam samples, according to the following 
proportions: 1 part of cement, 3 parts of norma-
tive sand, 0.5 part of water (water/cement ratio 
W/C = 0.5). Due to this, the normative mortar to 
make three beam samples (1 mould) contains of:
•• 450 ± 2 g of cement,
•• 1350 ± 5 g of normative sand, according to the 

standard PN-EN 196-1:2006,
•• 225 ± 1 cm3 of water.

Figure 1. Grains of fly-ashes with various level of ignition loss [Giergiczny 2007]:
a) ash with ca. 2.2% of ignition loss, b) ash with ca. 17.9% of ignition loss

a) b)
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Table 2 presents the composition of individual 
samples.

TEST RESULTS – COMPRESSIVE AND 
BENDING STRENGTH

To determine the bending strength of the 
beam samples made of the cement mortar, the 
testing machine with a breaking set (Figure 2) 
has been used. The sample being tested was 
placed on the two lower supports (rollers), 
whereas the upper support was imposed by a 
load evoking the sample break. The pressure 
was increased evenly by 50 ± 10 N/s, till the 
moment in which the sample is broken [PN-EN 
1015–11:2001].

The compressive strength (f, MPa) is calcu-
lated from the formula

(1)

where:	 f – compressive strength
	 F – maximum loading force [N]
	 l – distance between the lower supports 

[mm]
	 b – sample width [mm]
	 d – sample height [mm].

The compressive strength tests have been car-
ried out on the halves of the beam samples, bro-
ken in the bending strength test (Figure 3). The 
test has been performed in the testing machine 
with a special pad. The surfaces of the samples 
were evenly imposed by the load increasing with 
velocity 2400 ± 200 N/s, till the sample failure. 
The compressive strength is calculated according 
to the formula [PN-EN 1015–11:2001]

(2)

where:	 fc – compressive strength 
	 F – maximum load [N]
	 A – area of the compressed surface [mm2].

Tables 3–6 present the results of the compres-
sive and bending strength tests for the cement 
mortar samples. The tests were performed after 
28 and 56 days of mortar curing.

The results obtained from the tests show (Fig-
ures 3–6) that the compressive strength of the ce-
ment mortars exceeds the value predicted in the 
standards. The mortars without admixtures were 
the reference samples. For the siliceous ash series 
the average compressive strength of the reference 
samples after 28 days of curing was equal 44.22 
MPa, for the calcareous ash series – 38.44 MPa; 
after 56 days of curing, it was equal 55.52 MPa 
and 44.90 MPa, respectively. Along with the in-
crease of the siliceous ash content, the mortar’s 
strength increased. For the mortars doped with 
the siliceous fly-ash constituting 2% of content, 
the average strength was equal 47.14 MPa, how-
ever, for the mortar sample with the 5% of ash 
content it was equal 48.44 MPa. The samples with 
the 10% of siliceous ash content reached lower 
compressive strength – equal to 45.57 MPa. If the 
cement was replaced by the fly-ash, the compres-
sive strength decreases along with the increase 
of the ash amount. After 56 days of curing, next 
measurements were performed and they showed 
that the compressive strength increased. The mor-
tars doped with the siliceous fly-ash constituting 
2% of content showed the strength increase from 
47.14 to 59.90 MPa. For the mortar samples doped 
with the 5% of ash content the strength increased 
to 60.47 MPa whereas for those doped with the 
10% of ash content – to 64.59 MPa and it was the 

Table 2. Composition of a cement mortar modified with calcareous and siliceous fly-ashes 

Sample marking
Quantity of compounds [g]

water/cement ratio
cement aggregate water calcareous / siliceous

fly-ash
Normative mortar 450 1350 225 0 0.500

+2% 450 1350 225 9 0.500

+5% 450 1350 225 22.5 0.500

+10% 450 1350 225 45 0.500

-2% 441 1350 225 9 0.510

-5% 427.5 1350 225 22.5 0.526

-10% 405 1350 225 45 0.556
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Figure 6. The average strength of concrete with cal-
careous ash sfter 28 and 56 days

Figure 3. The average compressive strength 
after 28 days

Figure 4. The average compressive strength 
after 56 days

Figure 5. The average strength of concrete with sili-
ceous ash sfter 28 and 56 days

Fig. 2. Samples placed in the testing machine: a) bending strength test, b) compressive strength test

a) b)
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Table 3. Results of the compressive and bending strength tests after 28 days of curing of the mortar with sili-
ceous fly-ashes

Sample 
marking

Mass
[kg]

Sample sizes
Bending 
strength
[MPa]

Average 
bending 
strength
[MPa]

Compressive strength
[MPa]

Average 
compressive 

strength
[MPa]

height
[mm]

width
[mm]

length
[mm]

Norma-tive 
mortar

0.589 40.81 40.29 159.93 7.60
7.95

43.75 44.38
44.220.577 41.56 40.15 159.58 8.44 44.69 43.75

0.586 40.90 40.09 159.44 7.83 44.38 44.38

+2%
0.590 41.79 40.09 159.98 8.57

8.56
46.88 48.13

47.140.595 41.55 40.41 159.76 8.60 47.81 46.88
0.597 41.86 40.17 159.61 8.52 46.25 46.88

+5%
0.593 41.44 40.58 159.78 8.83

9.01
48.13 48.75

48.440.588 40.76 39.92 160.09 9.27 48.75 48.13
0.589 40.90 40.21 159.91 8.92 48.44 48.44

+10%
0.612 41.72 40.51 160.07 8.72

8.71
45.31 46.25

45.570.605 42.07 40.16 160.19 8.44 44.69 45.31
0.601 41.71 39.87 160.04 8.97 46.25 45.63

- 2%
0.591 42.03 40.11 159.81 7.41

7.88
42.50 42.19

42.140.587 41.32 40.25 159.89 8.19 41.88 42.19
0.588 41.50 40.08 159.89 8.04 42.19 41.88

-5%
0.590 41.61 40.02 159.94 8.23

8.39
38.75 38.44

38.540.593 40.85 40.50 160.07 8.32 38.4 38.75
0.584 40.34 40.03 160.33 8.64 38.13 38.75

-10%
0.599 41.32 40.55 159.86 8.02

8.25
37.50 37.81

37.810.582 40.70 39.89 159.80 8.17 37.50 38.13
0.588 41.59 40.46 159.91 8.57 38.13 37.81

Table 4. Results of the compressive and bending strength tests after 56 days of curing of the mortar with sili-
ceous fly-ashes

Sample 
marking

Mass
[kg]

Sample sizes
Bending 
strength
[MPa]

Average 
bending 
strength
[MPa]

Compressive strength
[MPa]

Average 
compressive 

strength
[MPa]

height
[mm]

width
[mm]

length
[mm]

Norma-tive 
mortar

0.581 40.88 41.07 160.42 7.87
8.64

55.63 55.31
55.520.576 40.91 39.99 159.83 9.41 56.25 55.31

0.580 40.36 41.57 160.10 8.64 55.00 55.63

+2%
0.586 41.25 39.95 159.73 8.83

8.79
58.13 60.31

59.900.596 40.60 41.51 159.65 8.77 59.69 61.88
0.591 41.50 40.68 160.04 8.78 59.06 60.31

+5%
0.600 40.76 40.49 160.49 9.37

8.22
60.00 58.75

60.470.591 41.01 40.20 160.00 9.98 61.25 60.63
0.598 42.75 40.54 161.04 8.30 60.94 61.25

+10%
0.597 40.95 40.08 159.86 9.82

9.50
64.69 66.25

64.580.596 42.99 40.19 160.32 8.68 63.44 65.00
0.607 40.65 40.00 160.07 9.99 63.13 65.00

- 2%
0.591 40.63 40.70 159.55 8.71

8.69
54.38 55.00

55.570.608 40.33 43.00 160.02 8.69 55.94 56.25
0.598 41.85 40.45 159.89 8.68 56.25 55.63

-5%
0.599 40.83 40.14 160.49 9.41

9.35
55.00 56.25

56.410.591 41.45 40.08 160.97 9.37 56.88 57.50
0.600 41.04 40.30 160.87 9.28 56.88 55.94

-10%
0.586 41.38 39.96 159.85 8.77

8.87
51.25 51.25

51.820.591 40.85 40.70 159.73 9.06 52.19 51.25
0.595 41.03 40.55 159.60 8.79 51.22 53.75
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Table 5. Results of the compressive and bending strength tests after 28 days of curing of the mortar with calcare-
ous fly-ashes

Sample 
marking

Mass
[kg]

Sample sizes Bending 
strength
[MPa]

Average 
bending 
strength
[MPa]

Compressive strength
[MPa]

Average 
compressive 

strength
[MPa]

height
[mm]

width
[mm]

length
[mm]

Norma-tive 
mortar

0.590 39.60 41.13 160.06 8.37
8.15

38.75 38.44
38.440.591 39.68 41.41 159.87 8.05 38.13 39.06

0.591 39.78 41.27 160.17 8.04 38.13 38.13

+2%
0.585 40.14 41.16 160.07 7.69

7.79
37.50 36.88

37.550.584 39.89 41.24 159.96 7.66 38.13 36.25
0.592 40.22 41.64 159.96 8.02 40.31 36.25

+5%
0.569 40.26 40.34 159.85 8.26

8.23
39.06 39.06

39.110.574 39.78 40.98 159.96 8.33 40.31 39.06
0.577 40.07 40.33 159.53 8.11 38.13 39.06

+10%
0.573 39.92 40.3 159.76 7.82

7.84
39.38 39.69

39.580.578 40.10 41.25 159.66 7.91 39.06 40.00
0.572 40.03 40.87 159.33 7.79 39.38 40.00

- 2%
0.581 39.93 40.33 159.49 7.21

7.23
35.94 36.25

36.040.577 39.84 40.42 159.64 7.25 36.25 35.94
0.579 39.95 40.89 159.87 7.36 36.25 35.66

-5%
0.567 40.00 40.81 159.98 6.66

6.81
36.56 35.66

35.830.570 40.34 40.49 160.21 6.83 36.25 35.66
0.570 40.50 40.24 159.75 6.93 35.94 35.00

-10%
0.568 40.18 40.12 159.56 7.18

7.46
35.63 35.94

34.790.569 39.90 40.57 159.67 7.90 35.00 34.38
0.563 40.16 40.66 159.86 7.32 32.81 35.00

Table 6. Results of the compressive and bending strength tests after 56 days of curing of the mortar with calcare-
ous fly-ashes

Sample 
marking

Mass
[kg]

Sample sizes
Bending 
strength
[MPa]

Average 
bending 
strength
[MPa]

Compressive strength
[MPa]

Average 
compressive 

strength
[MPa]

height
[mm]

width
[mm]

length
[mm]

Norma-tive 
mortar

0.583 40.27 41.30 159.84 8.96
8.82

42.50 47.81
44.900.587 40.29 41.49 160.12 8.91 45.00 45.63

0.580 39.96 41.54 160.31 8.59 44.69 43.75

+2%
0.574 40.31 41.54 160.02 8.65

8.79
46.88 46.25

45.680.576 40.05 40.85 160.04 8.70 45.94 45.00
0.574 40.41 40.79 160.09 9.02 45.63 40.38

+5%
0.582 40.40 40.84 160.42 8.55

8.87
51.56 50.69

50.520.580 40.05 41.21 160.03 9.08 50.63 50.00
0.584 40.37 41.05 159.89 8.97 50.00 50.31

+10%
0.577 39.91 40.92 159.97 8.52

8.82
51.25 50.94

51.820.571 40.22 40.86 160.13 8.62 51.88 52.19
0.586 40.53 41.10 159.97 9.33 52.19 52.50

- 2%
0.574 40.32 40.86 159.93 8.96

8.12
42.81 43.13

44.430.570 40.26 40.50 160.12 8.00 44.69 45.63
0.570 40.24 40.54 159.85 8.00 45.00 45.31

-5%
0.570 39.95 40.31 159.98 8.39

8.44
46.88 47.50

46.560.572 40.44 40.48 160.10 8.61 46.25 46.25
0.574 40.15 40.35 160.15 8.30 46.88 45.63

-10%
0.578 39.97 41.10 160.17 8.68

9.06
43.75 44.69

43.960.585 40.30 41.02 160.80 9.46 44.06 43.75
0.575 40.25 40.93 160.53 9.05 44.06 43.44



287

Journal of Ecological Engineering  Vol. 17(4), 2016

highest value of the compressive strength reached 
by the samples. If the cement was replaced by the 
fly-ash, the samples with 2% and 5% ash content 
reached higher compressive strength than the 
samples without the ashes.

For the mortars doped with the calcareous 
ashes, the compressive strength both after 28 and 
56 days of curing was lower than for the mortars 
doped with the siliceous ashes. The tests per-
formed after 28 days of curing showed that the 
mortars doped with 2% content of the calcareous 
ash reached the strength lower by 9.59 MPa – it 
was equal 37.55 MPa. After 56 days the strength 
was lower by 14.22 MPa than the strength for the 
mortar samples with the siliceous ash – it was 
equal 45.68 MPa. For the samples doped with 5% 
of the ashes, the compressive strength was equal 
39.11 MPa after 28 days of curing and 45.68 MPa 
after 56 days. For the samples doped with 10% of 
the calcareous ashes, the average value was equal 
39.58 MPa after 28 days of curing and 51.81 MPa 
after 56 days. They were higher values of com-
pressive strength. If the cement was replaced by 
the calcareous fly-ash, the compressive strength 
both after 28 and 56 days of curing was lower than 
the strength for the samples without admixtures.

Figures 7 and 8 present the results of bend-
ing strength tests for the cement mortar samples. 
The tests were performed after 28 and 56 days of 
curing. The highest value of the bending strength 
after 56 days – equal to 9.35 MPa – was reached 
by the samples where the 5% of cement was re-
placed by the siliceous ash. The lowest value – 
equal 8.22 MPa – reached the mortar doped with 
the 5% ash content. The values of the bending 
strength reached by all of the samples after 28 
days, felt in the range 7.88–9.01 MPa and after 
28 days – in the range 8.22–9.35 MPa. The val-
ues of the bending strength for the mortars doped 
with the calcareous ash after 28 days of curing 
felt in the range 6.81–8.23 MPa and after 56 days 
all of the values increased and felt in the range 
8.12–9.06 MPa. The highest value of the bending 
strength, equal to 9.06 MPa, was observed for the 
samples where the 10% of cement was replaced 
by the calcareous ash.

ANALYSIS OF THE RESULTS OF THE 
PERFORMED TESTS

The tests of several cement mortars contain-
ing the admixture of siliceous and calcareous ash 
in quantity of 2, 5 and 10% of cement mass (the 
ash as an additional ingredient and as a cement 
substitute) were performed.

The influence of ashes was evaluated on the 
basis of the results of the tests performed for the 
cement mortars (tests of compressive and bend-
ing strength after 28 and 56 days of curing). The 
ash admixture had smaller or greater influence 
on each of the tested features. The compressive 
strength tests of the cement mortars showed that 
the increasing ash content positively affects the 
compressive strength – the higher ash content the 
higher compressive strength. If the cement was 
replaced by the ash, the compressive strength de-
creased along with the increase of the ash quan-
tity. In the compressive strength tests performed 
after 28 and 56 days, the strength increase was 
observed along with the concrete curing time. The 
strength of the mortars with the siliceous ash ad-
mixture was higher than of the mortars with the 
calcareous ash admixture.

The bending strength for the mortars with 
the siliceous ash admixture was higher than this 
of the samples with the calcareous ash admix-
ture. Moreover, the tests showed that along with 
the increase of the ash content till 5% (the ash 

Figure 7. The average bending strength after 28 days

Figure 8. The average bending strength after 56 days
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added and replaced) the value of the strength 
increases, whereas if the content is equal 10%, 
the strength decreases.

CONCLUSIONS

The application of fly-ashes in production of 
cement mortar has significant ecological and eco-
nomic advantages: it causes reduction in emission 
of carbon dioxide, optimization of cement con-
sumption, savings of raw materials and consump-
tion of combustion by-products. Basing on the 
performed investigations, the following conclu-
sions have been put forward:
1.	The admixture of siliceous and calcareous fly-

ash affects the mechanical properties of cement 
mortars.

2.	The compressive strength increase for the mor-
tars with the siliceous fly-ash admixture in 
comparison with the mortars with the calcare-
ous fly-ash was observed.

3.	It was established that along with the concrete 
curing time the compressive strength of the 
mortars with the siliceous and calcareous ash 
increases. However, it does not exceed the val-
ues for the unmodified mortar and the mortar 
with the cement replaced by fly-ashes.

4.	Basing on the bending strength tests, it was es-
tablished that the highest value of this strength 
was reached by the mortar with the 10% ad-
mixture of siliceous ash.

5.	It was observed that from among the fly-ash 
admixtures being applied the siliceous ash ad-
mixture improves the bending strength of the 
mortars made of the cement doped in such way.
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