
! "#$%&' ( ) * + %, %, - . #%' , #' ( / 01 2 345567 22892: :

. ; ! < =. >! ? . ; @ABCDEF1 @! G! > ? =H<=I ? . E=F

! " #$ %$ & ' ( ) % * $ + #%, $ - , ) %'. # , # ) %'. & , %/ ! ! '# , 0 ' 1 " - %2 ) , " # , ( $ . 1# . 1

* $ + #%# ! #$ %$ & ' ( 3 . # , $ %) . 4 $ 0 2 ( " 3) ( 32 . 5 0 / , 3 ( 3#%. ' ) 67 ( 2 ( "
3 + $ + ) 14 ' # * 8$ 8' $ 95 0 %$ 1 . 2 ( "

; $' #"%J' "%KL $%#$ ($) MNO P' JKQ' , %, J) #) , (%O' "KJ%) , L $' , (' N'#J%, - (#KN%, - (NM""%' ( PK(' O ) , *NR

K($' ( *) " %, S' #J%) , ) T' "KJ%) , ( %, K (KN%, ' ") #Q UK(( K"# T"' (' , J' O %, J$%( TKT' "VB' U' , J9K($ #' U' , J( K"#

K, KNR(' O K, O JKPMNKJ' O WMKN%JKJ%&' NRV ; $' "' (MNJ( ) * NKP) "KJ) "R K, KNR(' ( K%U%, - KJ ' (JKPN%($%, - J$'

"$' ) N) - %#KNTK"KU' J' "( ) * J$' (#KN%, - (NM""%' ( K"# KN() %, #NMO' OV

; $' T"%, #%TN' ( *) " J$' (' N'#J%) , ) *K"$' ) N) - %#KNU) O' N ) * J$' (NM""R K"# O%(#M((' O K, OJ$' "' N' &K, J

"' NKJ%) , ($%T( %, *NM' , #%, - J$%( J$' (' N' #J%) , K"# - %&' , V

XK(' O ) , J$' "' (MNJ(1 J$' T$R(%#) 9#$#U%#KN' **' #J( JKQ%, - TNK#' %, J$' (KN%, ' (#KN%, - (NM""%' ( L ' "'

K, KNR(' OV YKJ' " %, J$' TKT' " J$' %, *NM' , #' ) * J$' (' T") #' ((' ( ) , J$' "$' ) N) - %#KNT") T' "J%' ( %( ' ZTNK%, ' OV

! OO%J%) , KNNR1 T"%, #%TN' ( *) " J$' #KN#MNKJ%) , ) * "' (%(J%&%JR N) *N) L ) * (NM""%' ( K"# TMJ *) "L K"O1

K##) M, J%, - *) " J$' (' N' #J%) , ) *K, optimum "$' ) N) - %#KNU) O' N *) " #K#$ K, KNR(' O "' #%T' V; $' "' (MNJ( K, O

K, ' Z' UTNK"R simularion K"# $%- $N%- $J' O %, J$' #) , #NM(%) , V

4 : ; <=>?@A "$' ) N) - R1 (KN%, ' (#KN%, - (NM""%' (1 *N) L "' (%(J%&%JR1 "$' ) N) - %#KNU) O' N(

? K"JRQMN' T"[ ' O(JKL %) , ) Q"RJ' "%K1 SKQ%' T) L %, , R PR\ ") [ L K] K, ' T"[ R O) P) "[ ' () NK, Q) L R#$

[ K#[ R, ^L M([ #[ 'N, %KS_#R#$ (T) "[ _O[ K, R#$ , K PK[ %' T) T%) `^L N) J, R#$ O) T"K# %, %' Q#RS, R#$ L - ^") a
JL ) "[ ' () N, RUV b) OK, ) #$K"KQJ'" R(JRQc (T) %L #' U' , J) L ) 9T) T%) `) L R#$ ) "K[ T"[ ' O(JKL %) , ) L R, %Q%
PKOKd NKP) "KJ) "RS, R#$1 UKS_#R#$ [ K #' N ) Q"' eN' , %' L %' NQ) e#%TK"KU' J"^L "' ) N) - %#[ , R#$ (T) "[ _O[ Ka

, R#$ [ K#[ R, ^L M([ #[ ' N, %KS_#R#$V
< K(JcT, %' ) T%(K, ) [ K(KOR O) P) "M U) O' NM"' ) N) - %#[ , ' - ) [ K#[ R, M) "K[ T) OK, ) [ KN'] , ) e#%MU) ] N%a

L %KS_#' L R[ , K#[ K, %' TK"KU' J"^L "' ) N) - %#[ , R#$ T̀ R, ^L M([ #[ ' N, %KS_#R#$V
! , KN%[ MS_# L R, %Q% PKOKd T) OK, ) %, J' "T"' JK#Sc [SKL %(Q *%[ RQ) #$' U%#[ , R#$ [ K#$) O[ _#R#$ L (T) a

"[ _O[ ) , R#$ () NK, Q) L R#$ [ K#[ R, K#$ M([ #[ ' N, %KS_#R#$ ) "K[ L RSKe, %) , ) L T̀RL [ K#$) O[ _#R#$ T") #' (^L
, K ) J"[ RURL K, ' L `Ke#%L ) e#%"' ) N) - %#[ , ' T̀ R, ^L V

• ZAKLAD WIERTNICTWA I GEOINZYNIERII WWNIG AGH, 30-059 KRAKÓW. AL MICKIEWICZA 30; (6"R#[ ' Qf 66#%VK- $V' O66VTNV
L%( , %) L(g6hM#%VK- $V#OMVTN



! ! "

# $%&' ( )* +( , -+. / 0%+1 / 0( )$' 2%3 .454 (%' %$1 46&.+( %5.%4/ 4073 / 0( ) / 813 9 (%+(1573 : 93 ( ; &, $<

5.%*=+) $4670 4/ 21> %&5) ; 4 > 4$)&9 0)4&4; .+( 5) ; 4 $&%?%@$) * 04( 3 %@%5) * 0)+) / 2901A # 15.?. %5%&.(
. / 0(1?8%$43 1+B ' 1> 9&%+*. ' / 0)+1(43 %54 3 ) 3 5.4' ?%+BA

! "#$ % &'( ) *#$ +, 0)4&4; .%: ' 4&%5?43 ) (%+( 151 9' ( +( )&5.%*=+) : 4/ 401 / 0( ) / 813 9: > 4$)&) 0)4<

&4; .+(5)

-. /012#3( )14#0

C52B) +490' ) 4D)E/ &4.2%2.45 %+2.F.2.) ' +%00.)$ 492 .5 ' %&2> .5) ' F4.$' %0) +0)%2)$:
+45' 2.292.5; %$%5; )0D40> .5)0' %5$ 24 46*)+2' 45 2B) ' 90D%+) A GB) $.' / &%+)> )52.5; 4D
' 4.&%5$ 04+?' > %1 $%> %; ) .5' 2%&&%2.45' %5$ ' 90D%+) ' 209+290) ' : +B%5; ) B1$04H; )4&4; .+%&
+45$.2.45' : %5$ +45' ) I 9)52&1 $) ; 0%$) 2B) 5%290%&)5F.045> )52AJ )5+) 2B) 5) )$ 24 D.&&
2B) 95$)0; 0495$ F4.$' %5$ 5)920%&.' ) 2B) / 42)52.%&)DD)+2' 4D%6%5$45)$ 3 40?.5; ' .5
)E.' 2.5; 40$)+4> > .' ' .45)$ ' %&2> .5) ' AGB) > 4' 2D0) I 9)52> )2B4$ 9' )$ .5 ' 9+B %+%' ) .'
D.&&.5; 3 .2B &.I 9.$ ' 96' 2%5+) ' : 3 B.+B %D2)0 ' 4&.$.D.+%2.45 D40> %' 4&.$ 64$1: %' )%&.5;
> 454&.2BA

K%+?D.&&.5; : .A) A D.&&.5; 2B) 95$)0; 0495$ F4.$' : ' )%&.5; : 0) .5D40+.5; %5$ .' 4&%2.5;
%' / )+.D.+ 04+? > %' ' .' > %$) 3 .2B2B) 9' ) 4D' %&.5) ' )%&.5; ' &900.) ' A J 43 )F)0: .D2B)1 %0)
24 6) .5*)+2)$ 24 2B) 04+? > %' ' : 2B)1 B%F) 24 > ))2+)02%.5 0) I 9.0)> )52' A

L.0' 2&1: 2B)1 ' B49&$ 6) +4> / %2.6&)3 .2B 2B) .> > )$.%2) )5F.045> )52AGB) +B)> .+%&
+4> / 4' .2.45 4D2B) 60.5) ' B49&$ 6) +4> / %2.6&) 3 .2B 2B) 04+? > %' ' %' D%0%' .2' +B)> .+%&
+4> / %2.6.&.21 %5$ ' 4&96.&.21 %0) +45+)05)$A GB) &.I 9.$ 24 6) 9' )$ ' B49&$ 6) % D9&&1
' %290%2)$ 60.5) %2%2)> / )0%290) +400) ' / 45$.5; 24 2B) %> 6.)522)> / )0%290) 4D2B) 04+?
> %' ' A

M)+45$&1: 2B) .5*)+2.6.&.21 +0.2)0.45 B%' 24 6) $)D.5)$ 2B049; B 2B) / 04/ )0' )&)+2.45 4D
2B) 0B)4&4; .+%& > 4$)& %5$ 0B)4&4; .+%& / %0%> )2)0' 4D2B) ' )%&.5; ' &9001A # .2B 3 )&&
$)D.5)$ 0B)4&4; .+%&/ %0%> )2)0' .2.' / 4' ' .6&) 24 +%&+9&%2) 2B) D&43 0) ' .' 2.F.21 4D2B) ' &9001
.5 2B) .5204$9+2.45 ' 1' 2)> D04> 2B) .5*)+2.45 $)F.+) ' 24 2B) / &%+) 4D$) ' 2.5%2.45A
N543 .5; 2B) B1$0%9&.+ D0.+2.45%&/ 0) ' ' 90) &4' ' 2)+B5.I 9) ' %5$ 2)+B54&4; 1 D40D.&&.5; 2B)
F4.$' > %1 6) ' )&)+2)$ 45 %0%2.45%&6%' .' A

O 2B.0$ +45$.2.45 .' 24 > %.52%.5 2B) ' 20)5; 2B 4D2B) B%0$)5)$ ' )%&.5; ' &900.) ' : D40> )$
61 2B) / B1' .+4H+B)> .+%&/ 04+) ' ' ) ' AGB) 0)+./ ) ' 4D2B) ' &900.) ' ' B49&$ 6) ' 4 ' )&)+2)$ %' 24
/ 04F.$) %' 4&.$.D.)$ > %' ' 3 .2B ; 44$ > )+B%5.+%&/ 04/ )02.) ' AGB) ' ) ' B49&$ 6) 2B) ' %> ) 40
' .> .&%024 2B4' ) 4D2B) 5%290%&04+? > %' ' A M96' .$)5+) %5$ $)D40> %2.45' .5 2B) 04+? > %' '
%0) &)' ' D0) I 9)52 .5 %' 2%6&)%5$ +45D40> %6&) ' 4.&%5$ 04+? > %' ' A

P5) 4D2B) 6%' .+ +0.2)0.%D400)+./ ) ' )&)+2.45 .' 6%' )$ 45 )+454> .+ %5$ )5F.045> )52%&
.' ' 9) ' A G4 &.> .22B) > %2)0.%&+4' 2' : .2 .' ' 9; ; ) ' 2)$ 2B%2' %&.5) ' )%&.5; ' &900.) ' > .; B2 6)
%$> .E)$ 3 .2B % +B)%/ 3 %' 2) > %2)0.%&: .A) A D&1 %' BA GB) 9' ) 4D3 %' 2) > %2)0.%& %5$
$.' +B%0; ) 60.5) ' > %1 +45' .$)0%6&1 0)$9+) 2B) +4' 24D$) / 4' .2.45 %5$ &.> .22B) )5F.045<
> )52%&.> / %+2A



339 

2. Cement-ash cements 

In accordance with the Polish Standard PN-B-19701 "Common use cement", there 
have been selected, among others, ash cements containing silica fl y ash (V), a product of 
coal combustion. 

The sili ca fly ash (V) can be used a an element of: 
• main Portland ash cement CEM II and puzzolan cement CEM IV 
• secondary Portland cement CEM I (to 5% by wt.) 
In accordance with the Polish Standard No PN-B-19701, amended according to the 

requirements of the European Standard ENV 197-1, the following cements have been 
categorised: 

• Portland ash cements CEM Il/A-V and CEM 11/B-V types, containing respec­ 
tively 20 and 30% by wt. of sili ca fl y ash, 

• puzzolan cement CEM IV/ A and CEM IV /B types, which may respectively 
contain up to 35 and 55% by wt. of silica fly ash. 

Silica fly ashes have big specifi c surface from 2000 to 5000 cm2/g, inner porosity 
0.6 to 0.7 cm3/g, density 1700 to 2500 kg/m3, bulk weight 600 to 900 kG/m3. 

Sili ca fl y ash is chemicall y active. Its puzzolan properties are due to the active sili ca 
content. They are manifested in the reactivity with calcium hydroxide in an aqueous 
environment and the concurrent formation of bonding compounds, mainly CSH phases. 
Simultaneously, in the liquid phase reactions of calcium and aluminium ions can be 
observed, in the course of which hydrated calcium aluminates are formed. Finally, in 
the course of the physico-chemical processes, the easily soluble Ca(OHh content is 
reduced, and the proportion of desired hydrauli c constituents increases. This positively 
influences the sealing properties of the cement matrix and the properties responsible for 
the durability of the hardened cement slurry. 

Portland cements with fl y ash admixtures have recently been used increasingly 
widely in various engineering applications. They are selected for their advantageous 
properties, which have been demonstrated in practice. 

3. Laboratory tests 

The aim of the laboratory tests was to evaluate the technological properties of sealing 
slurries based on silica fly ashes and Portland cement in the context of sealing operations 
in a saline rock mass. The recipes of the saline sealing slurries, and their properties with 
regard to the specifi c rheological parameters and objectives of the injection project were 
analysed. 

The tests were made on the basis of the following standards: 
• Polish Standard PN-85/G02320. Drill ing. Cements and slurries for cementing 

operations in drill ing wells, 
• API Specifi cation for Materials and Testing for Well Cements. SPEC 10. Fifth 

Edition 1990. 
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4. Selection of a rheological model and determination of its rheological 
parameters 

$%&' ( ) ' * %+,-&. & / 0%-/ ) %1,0) 20)%3%4-/ ' 3 &%5)3 %1,0) 6' 3-* ) 6) ' 3-*4 63. 227
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• for Ostwalda de Waele.'s model: 
- flow behaviour index 

12 12 12 
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n=- i_=_l i =_l i_=~I __ 

- consistency index 
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• for Cassori's model: 
- Casson's plastic viscosity 
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llpc = 

12 12 12 
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2 (8) 

- Cassons yield point 

i =I i =I 
12 

2 (9) 

• for Herschel Bulkley's model: 
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conT. table 8 

cd. Tablica 8 

I 2 i 3 4 5 

Newtonian t = 0.0935 ·y 0.9954 I 084 

Bingham's t = 2.87 + 0.0891 · y 0.9997 15 164 

50 Ostwald de Waeles T = + 0.55 · ¥°·6394 0.9333 68 
! 

Casson 's .Ji= 0.98 + 0.27 · fy 0.9993 6 942 

Herschel Bulkley's t =-3.19 + 0.99. ¥°6477 0.9869 375 

Newtonian t = 0.1193 · y 0.9978 2 292 

Bingham's t = 2.60 + 0.1153 · y 0.9999 52 683 

30 Ostwald de Waele 's t = 0.97 · ¥°·6360 0.9329 67 

Casson's ! T = 0.89 + 0.31 · fy 0.9990 4 760 

Herschel Bulkley's t = -3.99 + 0.99 · ¥°6851 0.9879 407 

Newtonian t = 0.1359 · y 0.9961 I 267 

Bingham's t = 3.89 + 0.1299 · y 0.9998 20 545 

IO Ostwald de Waele 's t = I .46 . yo 5922 0.9253 60 

Casson's ! T = 1.17 + 0.32 · fy 0.9984 3 134 

Herschel Bulkley's t = -2.97 + 0.99. ¥°·7024 0.9894 463 

Newtonian t=0 1412 y 0.9809 255 

Bingham's t = 8.38 + 0.1282 · y 0.9986 3 522 

o Ostwald de Waeles t = 3.00. y°A%I 0.9325 67 

Casson 's .Ji= 1.96 + 0.94 · fy 0.9977 2 152 

Herschel Bulkley's t = 1.46 + 0.99 · ?7008 0.9913 567 

analysed. The degree of correlation of a given rheological model does not depend on the 
ash content of the mixture. However, as far as the physical sense of the obtained 
parameters of rheological models is concerned, it can be stated that the Herschel­ 
-Bulkley's model should not be used when describing sealing slurrying with fl y ash 
content. The negative value of yield point in this model cannot be interpreted physicall y. 
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The solution of brine and fly ash without cement content (BC-1) can be best 
described with Casson's model. In the remaining cases it is Bingham's model, the 
function of which depends on the ash content in the mixture (Table 8) that provides the 
most lucid description. 

The analysis of the results listed in Table 8 shows that the rheological parameters 
grow with the increasing cement content. This phenomenon can be explained by the fact 
that the cement composition (influencing the hydration process) decides about the 
rheological properties of fresh slurries. 

During hydration processes a signifi cant quantity of gypsum goes into solution, 
saturating the liquid phase with Ca2+ and SO 42 ions and alkalies making up the cement. 
During the fi rst stage of hydration, certain quantities of ettringite are formed. If 
making a compact fil m on the cement grains, ettringite does not signifi cantly affect the 
rheological structure of the slurry. At this stage of induction the alite reactions with 
water do not influence the structure of the slurry, provided it was so mixed as to sever the 
hydrates from the surface of the cement grains. After a long induction, the rheological 
properties signifi cantly deteriorate due to the crystall isation of Ca(OHh and accelerated 
hydration of alite. The intensity of these changes is the function of time and the 
chemical-mineral composition of the cement. 

In cements with low calcium tri-aluminates (C3A) the liquid phase is saturated with 
calcium sulphate which behaves as a strong flocculent. It reduces dissolved calcium 
aluminates and simultaneously accelerates sili ca hydration. 

At a high C3A content in the cement the ettringite crystall ises and the sulphate 
ion content falls. These processes are caused by the existing series of water reactivi­ 
ties of mineral components making up the clinker cement: C3A, C3S, C4AF, ~C2S 
(Stryczek 1998). 

To sum up, the influence of the initial chemical reactions on hydration processes and 
physical properties, and so the rheological parameters of fresh slurries, is progressively 
greater with an increase of: 

• C3A content in cement, 
• specifi c surface (grain size) of cement, 
• cement concentration in the slurry (water-to-cement ratio). 

5. Determining of fr ictional pressure loss of sali ne seali ng slur r ies descr ibed 
with Bingham's model 

When determining the parameters of the rheological model it is possible to define 
the fri ctional pressure loss of flow of the saline sealing slurry in a circulation system. 

To calculate the pressure losses in the injection pipe (inner diameter dw and length [) 
due to the flow of a volume Q of a saline sealing slurry, described by Bingham's model, 
it is necessary to fi rst determine the flow rate and the range of flow: 

• the fluid velocity of the slurry from the equation: 
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