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Presently both organic and inorganic hydraulic binders of Polish and foreign produc-
tion are available on the drilling and geoengineering market. These binders have a broad
spectrum of physicochemical properties and vary in their prices [1, 4, 6, 7, 8 ].

Nonetheless, there is not a single binder, which could be used for making a univer-
sal sealing slurry meeting all technological requirements of insulation, stabilization, rein-
forcement and sealing ground and rock mass when drilling technology is involved. This is
mainly caused by other objectives and aims of performed works.

Frequently, the sealing slurries based on Portland cement are not good as they reveal
a number of disadvantages [2, 3, 9, 11, 12]:

) ����	�� �	��	*������+

) �������������	 �����������	 ����������+

) ����	��� ��*�����+

) !���	�����������	��	������,�����	������+

) ��!��	����������	��	���������	��	������	 �������-��	���"��!����	������ ���#

Unfavourable properties of cement slurries can be significantly improved by intro-
ducing properly selected mineral additives. Accordingly, over the last years there have
been conducted intense investigations aimed at developing new generation binders known
as geopolymers. Geopolymeric slurries are exclusively based on inorganic components.

����.//�0#���#���/$�#12�2/�����#��$3#3�#$#���
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They are obtained by modifying the composition of slurries based on G-class drilling
cement or common use cement, with puzzolana additives. Among the artificial puzzolana
are dehydrated clayey minerals and fly ashes from coal combustion.

New generation fly ashes are a product of coal combustion in fluidized bed units with
concurrent sulphur removal from gases. This process takes place at a temperature of about
850°C. The produced ashes fundamentally differ from traditional silica ashes in their physi-
cochemical properties.

Fluidal ashes, produced in during lignite combustion, contain active puzzolana in the
form of dehydrated clayey minerals and active components enhancing hydration of such
ashes as CaO, anhydrite II and CaCO3 [4, 5, 7].
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Fly ashes are by-products of fossil fuels combustion in power plants. This is a group of
substances which may considerably differ mainly with respect to the raw mineral (anthracite,
hard coal, lignite) and also technology of burning (traditional boilers, fluidized bed units).

Firstly, the ash composition depends on the chemical composition of coal used for
burning. Other important factors are the combustion technology, mainly the temperature
of combustion, methods used for sulphur removal from waste gases and possible integra-
ted combustion of biomass. Combustion of hard coal results in the production of K-type
ashes. Lignite from the Adamów, Konin and	.�/����ów area usually brings about W-type
CaO-rich ash. Fly ash from coal coming from the Turoszów Coal District usually is of
G-class as the coal was high in clayey minerals.

Fly ashes from fluidal combustion of lignite considerably differ from ashes of V- and
W-types used in the traditional cement technology. The differences mainly stem from the
technology of coal combustion.

The temperature of combustion in fluidized bed units can be lowered to about 850oC.
This is important both for the combustion process itself and also properties of the produced
fly ash. One of the consequences is lowering the amount of generated nitrogen oxides
which is very advantageous as far as environmental issues go. Combustion in a fluidized
bed unit allows for limiting nitrogen oxides emission to about 100–150 ppm without any
additional systems installed.

Owing to the intense mixing in the reservoir and its stationary character the sulphur
can be removed from waste gases directly in the reservoir. For the reason of doing this the
sulphur oxide sorbent, which in a majority of cases is limestone, is introduced to the reser-
voir. It reacts with sulphur oxide forming anhydrite. From this point of view it is very
important to know that for a temperature range of 800–900oC optimum bonding is observed
for calcium carbonate and SO2. Due to the specific character of sulphur removal and the
presence of sorbent in the reservoir, type II anhydrite is present in the fly ash generated
during fluidal combustion, and this is crucial for hydration of binders.
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Another important consequence of lower temperature as compared to traditional bur-
ning places is a different build of ash grains. In the case of traditional burners these are
usually spherical grains formed by the waste material enclosed in coal and vitrified at
a temperature of 1200–1300oC, whereas in fluidized bed units the temperature is too low for
the liquid phase to form, therefore ash grains have irregular shapes. Clayey minerals in the
waste rock are dehydroxylated, and their structure is partly restructured. As a result amor-
phous forms of aluminosilicates with disturbed laminar structure are generated. Such pro-
ducts have high puzzolana activity. The presence of thermally activated clayey minerals
decides about good pozzolana properties of such ashes. Another component of the discus-
sed fly ashes is anhydrite, which is also active. Anhydrite itself has some bonding proper-
ties, and besides constitutes a source of sulfate ions. Fluidal ashes are also composed of
unreacted CaCO3 sorbent and free CaO. Depending on the efficiency of the combustion
process, some amounts of non-burnt coal may be present in the ashes [10, 11].

Unlike ashes from traditional units, the fluidal ash grains are of irregular, frequently
sharp-edged in shape. The surface of such grains is not smooth as in the case of vitrified
balls, but coarse and irregular. As a consequence of this shape of grains and water sorption
ability of clayey minerals the water demand of fluidal ashes is high. Apart from the free
calcium and anhydrite content, this is one of the most important factors which considerably
limit the usability of such ashes for common-use cement production, in compliance with
standard PN-EN 197-1.

Specific properties of ash and its increasing amounts in power plants are a source of
problem with storing and utilization of ashes from fluidal combustion of lignite. They can
be used on a large scale as sealing slurry additives in drilling and geoengineering works.
In the case of drilling slurries, the problem of high water demand and anhydrite content can
be coped with. Such ash can be used as an additive lowering the density of the slurry. From
this point of view the high water demand of the binder is advantageous. Fluidal ashes may be
a component of binders used for drilling slurries. The presence of calcium sulfate and cal-
cium oxide may be potentially used for obtaining the controlled expansion slurries, needed in
some situations to provide suitable adhesiveness to the ground and rock mass media.

30 #�-'��+'�2
 %4,%� *%!+�

The objective of laboratory experiments was to determine the influence of concentra-
tion of ashes from fluidal combustion of lignite on technological properties of fresh and set
sealing slurries based on drilling cements.

Laboratory experiments related with the measurement of rheological properties of
fresh sealing slurries followed the standards below:

) 01,21	$�3,$4	����+	5� ���#	0���	$#	5� ��������+	��6"��� ����	���	�����"����	�����,
���	���	��  ��	"��	�� ����#

) 01,21	7�8	$�9�:,�#	8��	���	���	���"����#	5� ����	���	 ��������	���	�� ������	!����#
0���	�4	��������	��	��������	�� ����#	���;#
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) �����������	 ���� �����	 &�������	 ��������+	 ��������	 ��������+	 �����	 �����'	 )	 !���	 ���
"��	��	������	������ ����	!���	���<���	���������	��	����	5���	)	;%	�07	=���� ����	)
�"�"��+	 8����� �	 
��	 2�#�	 5�������	 2����������+	 �����	 �!���	 ������	 ������4
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) �����������	 ����	)	���������	��	���� ��	�����������	 ����	��	�������	��"�����	 ����	 ��
����� �����	�����������	�"��	��	*���	������*�	���	���"���	��	 ���"�� ����	��	���	����,
�������	����� 4	�������	������	&τ'	)	�����	����	&γ'#

) ��"�����	!���	�	��"������	����	&�-177'?
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) �������	��	�������	��"���+
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) ����������	!���	����������	�����	&�07'+
) �������	���	���	�� �	��	*������	!���	=����	�������"�#

The regression analysis method was used for determining rheological parameters of
particular models. Then followed the statistical tests, during which the optimal rheological
model was determined for a given recipe of sealing slurry [13, 14, 15].

For the reason of facilitating calculations aimed at optimizing rheological models of
analyzed sealing slurries, the ‘Rheo Solution’ software was used. This computer program is
owned by the Department of Drilling and Geoengineering, Faculty of Drilling, Oil and Gas
AGH-UST [ 14].

The sealing slurries were made of the following materials:

) �,�����	��������	�� ���+	��B	)	����"���	*�	���	�� ���	�����	B2C8�725	�#�#+	��"��
8D��E!	�#�#+

) �,�����	��������	�� ���+	��B	)	� ������	��� 	��� ���	*�	5� ������	������	��	1��,
���-	��/� ��	)	01��	C��/�+

) ���	 ��� 	 ��"����	 �� *"�����	 ��	 �������	 &�� ���	 (	 )	 �������	 ���	 ���	 *����	 ���	 *�,
����"��	��	�"��	�� ���	��� 	!����	�����'+

) ���!���	!����#

Table 1 gives mineral compositions of analyzed G-class cements. Chemical composi-
tion of the studied ash was analyzed with the «wet» method, in line with standard PN-EN
196-2; the results are presented in Table 2.

The density of ash determined with the pyknometer method with the use of oil was
2660 kg/m3, whereas the surface was defined on the basis of the BET isotherm and was
equal to 74200 cm2/g.
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The analysis of the phase composition (with XRD method) of averaged ash D revealed
the presence of anhydrite (CaSO4), calcium oxide (CaO), quartz (SiO2), calcite (CaCO3)
and hematite (Fe2O3).

The water-to-cement and water-to-mixture ratios for the analyzed sealing slurries
were: 0.4; 0.5; 0.6 and 0.5; 0.6; 0.7, respectively.

The concentration of ash from fluidized bed combustion of lignite was 40 wtG (in
relation to mass of dry components).

Component 

% content in G-class 
drilling cement HSR 

(Rejowiec), 
[%] 

% content in G-class 
drilling cement HSR 

(imported from German), 
[%] 

C3A 1.90 1.20 

C4AF 16.69 15.50 

C3S 56.11 51.00 

C2S 17.07 19.30 

C4AF+2⋅C3A 19.97 19.60 

Ash component 
Component content in ash D, 

[%] 

Roasting losses 1000oC/1h 2.83 

SiO2 31.20 

Fe2O3 5.80 

Al2O3 20.00 

TiO2 1.27 

CaO 26.40 

MgO 1.00 

SO3 7.80 

Na2O 1.78 

K2O 1.76 

total 99.84 

free CaO  9.87 
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The temperature of sealing slurries used for analyzing rheological parameters was
20oC (±2oC) [293 K].

Cements and fluidal ash used for sealing slurries were sifted in sieves of square mesh
0.20 mm and 0.08 mm of side.

The working fluid was the network water free of any mechanical contaminations.

50 �%�$#+�
 '"
 #�-'��+'�2
 %4,%� *%!+�

The obtained results of technological parameters and their times of bonding of liquid
sealing slurries based only on drilling cements are listed in Table 3. Technological parame-
ters of sealing slurries based on mixtures of drilling cement and fluidal ashes are presented
in Table 4. Parameters of mathematical equations describing particular rheological models
of analyzed sealing slurries for pure cements are given in Table 5 and for cement and ash
mixtures in Table 6. The mechanical strengths of set sealing slurries (bending and compres-
sive strengths) performed after 1, 2, 14, 28 days for slurries based on pure cement are pre-
sented in Table 7, and for cement and ash mixtures in Table 8.

+����
3

�������������	���� �����	���	*������	�� ��	��	�����	�������	��"�����	*����	��	��������	�� ���
&��B+	��� 	�� ���	�����	B2C8�725	�#�#'	���	��������	�� ���	�,�����	&�07'	� ������

��� 	��� ���	���	����"�	!����,��,�� ���	������

Type of cement Drilling cement HSR Drilling cement G (API) 

Water-to-cement ratio 0.4 0.5 0.6 0.4 0.5 0.6 

Density, 
[kg/m3] 

2.02 1.9 1.86 1.87 1.83 1.75 

fluidity with a truncated 
cone AzNII, 

[mm] 
140 220 over 300 230 over 300 over 300 

Relative viscosity  
(Ford cup no. 4), [s] 

no 23 12 28 14 11 

Water loss, 
[%] 

4 8 18 5 8 16 

Specific filtration  
ΔP = 0.7MPa, 

[cm3/s] 
25/30 27/17 31/17 22/19 28/17 34/12 

Plastic viscosity ηp, 
[Pa⋅s] 

no 41.00 8.00 48.50 6.50 15.50 

Yield point τy, 
[Pa] 

no 17.72 9.58 23.70 16.76 4.07 

Beginning of bonding time, 
[h] 

5.5 7.66 7.75 7 8 15.25 

End of bonding time, 
[h] 

7.5 9.83 12.25 10.16 13.16 17.25 
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F���������	��������	��	*������	���	�� �������	��������	��	���	�������	��"�����	*����	��	��������
�� ���	&��B+	��� 	�� ���	�����	B2C8�725	�#�#'	���	�,�����	��������	�� ���	&�07'	� ������

��� 	��� ���	���	����"�	!����,��,�� ���	������	��	�� �����"��	��	&H��5'	I��;	JK

+����
9

F���������	��������	��	*������	���	�� �������	��������	���	�������	��"�����	*����	��	��������
�� ���	&��B	��� 	�� ���	�����	B2C8�725	�#�#'	���	�,�����	��������	�� ���	&�07'	� ������

��� 	��� ���	���	��"����	���	���	����"�	!����,��, �<�"��	������	��	�� �����"��	��	&H��5'	I��;	JK
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) ���	��������	��	��"����	�����	��	�������	��"�����	���"���	��	���������	!����	�� ���	���
���������	��" �	��	!������	!����	 ��	�*����	 �	 �� ����*��	 ��"�����	��	 ��6"��	 �������
��"�����#

) �	�������	��"���	*����	��	�	 �<�"��	��	��������	�� ���	���	��"����	���	��!���	���	�����,
��	��	��6"��	�������	��"���#

Cement type Drilling cement HSR Drilling cement G (API) 

Water-to-cement ratio 0.4 0.5 0.6 0.4 0.5 0.6 

1 day 3.107 1.939 1.380 2.108 1.316 0.914 

2 days 6.716 2.542 1.955 3.160 2.945 2.653 

14 days 11.305 8.391 5.671 10.429 7.615 5.881 

Strength to 
bending, 
[MPa] 

28 days 11.504 8.756 7.142 10.836 9.860 6.970 

1 day 10.417 5.156 0.073 8.438 2.969 2.135 

2 days 18.854 9.792 6.354 20.156 11.094 7.552 

14 days 40.000 31.797 20.625 43.490 24.547 21.042 

Compressive 
strength, 
[MPa] 

28 days 53.073 34.219 26.250 54.219 32.656 21.875 

Mixtutre type Drilling cement HSR Drilling cement G (API) 

Water-to-mixture ratio 0.5 0.6 0.7 0.5 0.6 0.7 

1 day 0.639 0.622 0.064 0.718 0.456 0.378 

2 days 3.335 1.856 1.181 2.856 1.302 1.140 

14 days 9.087 6.534 5.282 8.662 5.800 5.239 

Strength to 
bending, 
[MPa] 

28 days 13.572 10.029 7.168 12.919 9.587 8.906 

1 day 0.938 1.667 0.417 1.927 1.510 1.042 

2 days 10.573 5.833 2.969 8.438 3.125 3.073 

14 days 26.474 22.031 14.688 32.760 23.438 13.906 

Compressive 
strength, 
[MPa] 

28 days 35.521 24.896 18.281 36.563 26.042 18.802 
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) ��������	��	��"����	�����	�������������	��������	���	�� �	��	*��������	���	���	��	*��,
����	��	�������	��"�����#

) ���	 ��������	 ��	 ��������	 �����������	 �����	 ������	 ����	 ���	 �*�������	 �� ����	 ��"��
��	  ���� ������	 ���� �����	 ������*���	 �����������	  �����	 ��	 �������	 ��"�����	 *����
��	�"��	�� ����	���	�� ����	!���	��"����	�����+	���	��" �	��	!������	!����	���	��	*�
���������	*�	�*�"�	��G	��	���	������	����#

) � ���	�����������	 �����	"���	���	������*���	�����������	*��!���	�������	��������
���	��������	�����+	 ���	�������	�����������	�����������	!��	�*������	���	 ���	��������)
."�����	 ����#

) ���	��������	��	��"����	���	���	 ���	�� �	!����,��, �<�"��	�����	��"��	���"���	 ��	�	��,
����	��������	��	���	���	�������	��"�����	���	�	������	�� �#

) ���	��������	��	��"����	���	���	���	�� �	!����,��, �<�"��	�����	��"��	���"���	��	�	����
��	�����	��������	��	���	�������	��"�����#

) ���	"��	��	��"����	���	��	�	�� ������	��	�������	��"���	���	�� ������	��������	!����	���
���	��������������	!����	���"���	 ��	 ��!��	� �������	��	58�	����"���	�"����	�� ���
����"�����+	 ���	 ��	 �	!��	 ��	 �������	!����	 ��������	 ���������	 �"����	 �� *"�����
��	�������#
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I$K ��������-��	L#+	F�/�����-�	 C#+	 �-!�*�!���	 C#+	 M��!�N���	 C#4	�������� 	� 
�
�����
������������ �� ������������ �������� ������ ���������#	 �E��D�D�	 5� ���+	 8����
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I%K J"�������	 S#+	 !��
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