
! " # $ %&' ( ) * ' + &%" ) + , ' + - ! . / " ) - ' # - %) +
! " #$%& ' " $ ( ( $ I 17 - 125 2009 

) * +, , - . %/ 012034

© 5" (6789: ; <6 +' =;8;>;? "@A' ! 8" ' B?' ;C# A' 98' ??78' 9 "@;: ? ) "#8=: DECF?B6 "@, E8?' E?=$GC<7H?$) "#C' F / . . I

, JDK+*+GDJ+L - L M) L , J1ND* OD- +5 , * PQNA P, +- N

) L RJ* D- Q 5AS A- J D- Q , +*+5D MPS A

, ! 01 ) "2 ! - ! ) ( %3 ( 4! !
"# ! 1 + %' ( 24 ! 5. ) ( ! " # 26 4 $

1 / 789: 9 ; 9<=>?@<AB 7C- >DE97F7GBH* : DIFAB 7C# E>J <D: F - >DE97F7GBK%9@A<AI A> 7C# E>J <@A?B : 9L - >DE9<D: F ' F>DA?7DEDJ <@A?B
%&' ( )* +,* - * . ' / 012/ 3 ( * 4567# ( * &658

9 ( * 4565 : 5); <,=)+> * ?@<AB5* &* C># ?6A%&+> * ?D); )&E5C)5<<,)5C# F5=+)+%+< * ?G+,%A+%,6& E5C)5<<,)5C
>#$) 8" ;7"T" %U3. 1I3& ) "H' CVU) "#C' F

HD* ,,<=I * 58)5C 6%+B* , <1J 6)&K J 6&C* ,46+6'* =)5=L6MI %+'I * 4565'I &

4 >BM7?L@N ) " =;19C#! C' 8ET C=;? BC;?78C#UE?B?' ;U=8#8EC @>B?U( : 6=8EC# C' F B?E: C' 8EC# ( 7"( ?7;8?=U#?CE: 8' 9$

! O@A?:DAN , " #8F8@8EC;8" ' 8' B8' ?7C# <8' F?7= 8= " ' ? "@;: ? >=?@># B?;: " F=" @' ?>;7C#8H8' 9 : CHC7F" >= BC;?78C#=$ +'
;: 8=T" 7W=" B? TC=;? E7?C;?F after ' ?>;7C#8HC;8" ' "@>=?F ?;E: 8' 9 <C;: =U" <;C8' ?F 8' ;: ? ( 7"E?=="@T87? 9C#! C' 8HX
8' 9 C' F E" ( ( ?7 ( #C;8' 9 T?7? =" #8F8@8?F <6 E?B?' ; B" 7;C7T 8;: C' F T 8;: " >; =8#8EC @>B?$ J : ? 7?=?C7E: ?= =: " T?F
;: C; ;: ? CFF8;8" ' "@TC=;? ;" E?B?' ; mortar 8' ;: ? CB" >' ; "@>( ;" &Y 8= =C@? 8' 7?=( ?E; "@?E" #" 96$ Z[; =>E: C'
CB" >' ; " @TC=;? CFF8;8" ' ;" E?B?' ;UB?;C#=C7? ( ?7BC' ?' ;#6 8BB" <8#8H?F 8' CBC;78\ $ ] : 8#? ;: ? CFF8;8" ' " @+ . Y
"@=8#8EC @>B ? ;" E?B?' ; 8B ( 7"! ?F ;: ? =;7?' 9;: ( 7"( ?7;8?= "@( 7"F>E;=U8; : CF ' " 8' @#>?' E? " ' ;: ? ?' : C' E?B?' ;
" @8BB" <8#8HC;8" ' " @B?;C#= 8' E?B?' ; B" 7;C7=$

+- JRL QP5J+L -

, " #8F TC=;? C' F <61( 7"F>E;= " <;C8' ?F @7" B 8' F>=;78C# ( #C' ;= C7? " ' ? "@;: ? <C=8E EC>=?=
"@?' ! 87"' B?' ;C# F?97CFC;8" ' $ K899?7 C' F <899?7 CB" >' ;= "@TC=;? #?CF ;" ;: ? ' ??F "@
?\ ( C' =8" ' "@?\ 8=;8' 9 TC=;? F>B( = C' F #8B8;C;8" ' "@=" 8# C7?C$ J: ?7?@"7?U8; 8= ?==?' ;8C# ;"
?#8B8' C;? ;: ? 7?=>#;= "@F>B( =;" 78' 9 C' F ;" @8' F C( 7"( ?7TC6 "@E" ( 8' 9 T8;: >' C! " 8FC<#?$

) " =;19C#! C' 8ETC=;? BC;?78C#=UE" ' ;C8' 8' 9 : ?C! 6 B?;C#=UC7? E#C==8@8?F C= : CHC7F" >=
=><=;C' E?=U=" ;: ?6 B>=; <? ' ?>;7C#8H?F$ J: ? =" #8F ( C7; "@=>E: TC=;? E" ' =8=;= BC8' #6 "@
8' =" #><#? B?;C# : 6F7"\ 8F?=UEC7<" ' C;?= "7 =>#( : 8F?=UT: 8E: UT8;: #" T?7?F ( ^ UEC' >' X
F?79" #?CE: 8' 9 C' F ?' FC' 9?7;: ? ?' ! 87"' B?' ;$

L ' ? "@;: ? ( " ( >#C7 B?;: " F= "@TC=;? ' ?>;7C#8HC;8" ' >=?F " ' C #C79? =EC#? 8' ;: ?
P, D 8= =" #8F8@8EC;8" ' 8' B8' ?7C# <8' F?7=U?=( ?E8C##6 <6 B?C' = "@E?B?' ; _/ `$ J : 8= TC6
"@8=" #C;8' 9 : CHC7F" >= BC;?78C#= 8= 8' ;?7?=;8' 9 <?EC>=? "@<?' ?@8E8C# @"7 ;: ? ?' ! 87"' B?' ;
8BB" <8#8HC;8" ' "@8' 97?F8?' ;=U#" T?7?F ( ?7E" #C;8" ' "@BC;?78C#=UC' F 7?F>E?F #?CE: 8' 9 "@
;: ? =;C<8#8H?F =><=;C' E?= _ 4U+ LU44 `$J : 8=B?;: " F F" ?= ' " ; 7?a>87? : >9? ?\ ( ?' =?= C' F EC'
<? 8' ;7"F>E?F 8' C' 6 ( #C' ; T: 8E: ( 7"F>E?= E" ' =;7>E;8" ' E" B( " ' ?' ;=U=>E: C= =?;;=U( C! ?X
B?' ; ( #C;?=U " ( ?' T" 7W( C! ?B?' ;= C' F W?7<=$ J" 8B( 7"! ? @?C;>7?= "@( 7"F>E;= C( ( #8?F
8' E" ' =;7>E;8" ' " 7 : 89: TC6 ?' 98' ??78' 9U ! C78" >= ;6( ?= "@CFF8;8! ?=U =>E: C= ( " HH"#C' =
?' : C' E8' 9 ( : 6=8E" B?E: C' 8EC# ( C7CB?;?7= "@E?B?' ; BC;?78C#=UEC' <? >=?F$ ) " HH"+C' CFX
F8;8" ' =UT: ?' ;: ?6 ;CW? ( C7; 8' ;: ? ( 7"E?== "@: 6F7C;8" ' "@E?B?' ;UC7? E" ' F>E;8! ? ;" ;: ?
B8E7"=;7>E;>7? @"7B8' 9 C' F <?' ?@8E8C##6 8' @#>?' E? W??( 8' 9 B?;C#= 8' C BC;78\ _%U 4/ U 40`$



! ! " # $ %&' ( ) $* $ ' +,- +. $ / $ &0 ,1+) . $ 2%' +$ ( 3) 4 .

* 56 7 89:6 :58: 7 89 ; <: := :56 ; >=?69969 =@9:8ABCBD8:B=E 8EF 9=CBFB@B?8:B=E E66F9 9=G6
899699G6E: 7 B:5 >69; 6?: := B:9 BE@C<6E?6 =E 6EHB>=EG6E:/ 8G=EI =:56>9/ AJ G68E9 =@:56
6H8C<8:B=E =@:=KB? 9<A9:8E?69 C68?5BEI 8EF ; 5J9B?=G6?58EB?8C ; >=; 6>:B69 =@8FGBK6F
?6G6E: G8:6>B8C9L * 56 7 8J =@BGG=ABCBD8:B=E =@; 8>:B?<C8> ?=G; =E6E:9 ?8E BE@C<6E?6
C68?5BEI BE <:BCBD8:B=E ?=EFB:B=E9/ 7 5B?5 7 89 ?=E@B>G6F AJ :56 :>B8C9 =@BE:>=F<?BEI GBK6F
9C<FI 6 8@:6>@C<=>A=>8:6 C68FBEI M! NO/?=; ; 6>5JF>=KBF6 M! PO/EB?Q6C MR/ ! " O/ =>C68F ?5>=S
G8:6 M! TO:= ?6>8GB?9L

,E :5B9 7 =>Q :56 BE@C<6E?6 =@:56 8FFB:B=E =@; =9:UI 8CH8EB? 7 89:6 := ?6G6E: G=>S
:8>/ 7 B:5 8EF 7 B:5=<: 9BCB?8 @<G6/ =E ; 5J9B?=G6?58EB?8C ; >=; 6>:B69 =@>6?6BH6F G=>:8>9
7 89 9:<FB6FL V<>:56>G=>6/ :56 >6968>?56>9 :69:6F/ AJ G68E9 =@C68?5BEI :69:9 8??=>FBEI :=
* W$ L$ +L ! RR! M" O8EF * 3%X MTOG6:5=F9/ 7 56:56>:56 9:8ABCBD6F 7 89:6 7 89 A=<EF @B>GCJ
6E=<I 5 7 B:5 8 ?6G6E: G8:>BK 9= :58: B: FBF E=: 6EF8EI 6>:56 6EHB>=EG6E:L

# 1* Y' Z+

Waste 
X=9:UI 8CH8EB? 9C<FI 6 @>=G [ &8CG8>[ I 8CH8EBDBEI ; C8E: BE X=DE8E 7 89 <96FL * 5B9 9C<FI 6
B9 ?>68:6F BE :56 E6<:>8CBD8:B=E ; >=?69969 =@<96F 6:?5BEI A8:59 FBC<:6F 7 B:5 7 895BEI 9/
=A:8BE6F @>=G :56 ; >=?699 =@DBE? 8EF ?=; ; 6>; C8:BEI =@7 B>6L* 56 9C<FI 6 7 89 BE :56 @=>G
=@A>=7 E ; =7 F6>U5<GBFB:J ! \ ] 8EF A<CQF6E9B:J ! L̂ _ QI `FG3• $ 98G; C6 =@7 89:6 7 89
:8Q6E =E?6 BE :56 a<8E:B:J =@8A=<: , O QI / F>B6F 8EF 5=G=I 6EBD6F AJ G68E9 =@9B6HBEI
b7 B:5 9B6H6 G69569 F c , G>EdL

* 56 7 89:6 7 89 ; =<>6F 7 B:5 ?=E?6E:>8:6F 5JF>=?5C=>B? 8?BF 9=C<:B=E 89 7 6CC89 aqua 
regia 8EF A=BC6F @=>8 @67 5=<>9 BE =>F6>:= 8E8CJD6 :56 ; =9:UI 8CH8EB? 9C<FI 6 ?=G; =9B:B=EL
$ @:6>?==CBEI / :56 9=C<:B=E9 7 B:5 :56 >69: =@9<9; 6EF6F G8::6>7 6>6 FBC<:6F 8EF @BC:6>6FL
+=G6 8E8CJ9B9 8BG6F 8: ?56?QBEI B@8EJ 568HJ G6:8C9 8EF 9<C; 58:69 7 6>6 ; >696E: BE :56
9=C<:B=EL # 6:8C9/ :56 ; >696E?6 =@7 5B?5 7 89 G=9: BG; =>:8E: 8EF G=9: ; >=A8AC6 A6?8<96
=@:56 ?=EF<?:6F :6?5E=C=I B?8C; >=?69969/ 7 6>6 F6:6>GBE6F :8QBEI BE:= ?=E9BF6>8:B=E :56B>
:=KB?B:JL

* 56 G8BE ?=G; =E6E: =@9C<FI 6 7 89 B>=E 7 5B?5 ?=E9:B:<:6F 8A=<: ! P] =@F>J7 6BI 5:
bZe dL * 56 ?=G; =9B:B=E =@9C<FI 6 B9 ; >696E:6F BE * 8AC6 ,L

* 8AC6 ,L$ ; ; >=KBG8:6 ; 6>?6E:8I 6 ?=E9:B:<:B=E =>; =9:UI 8CH8EB? 9C<FI 6

3=G; =E6E:9
3=E:6E: =@?=G; =E6E: BE 7 89:6 bBE Ze d

[%) 

V6 !_LTN^
) E ^LR! P
3< !L"N_
0 B ! L̂Tf
9=g !L!P̂
38 !L\ \ \
XA \ L̂ Pf
3> \ L! RR
# E \ L\ R_
3= \ L\ \ ^
3F \ L\ \ ^
,E9=C<AC6 9<A9:8E?69 TNLNR



! " # $$$%&' # " &( ) ( * +( ! " ,- # %. # ) &/ ! %01 - 2 0 ! &) - +( 3" %# ) 1 / 24 2) " # ) 1 555 119 

Portland cement 
&6 789: 8;7 <8: <=8: >: ? : 6; ? 78;=8@A;B @=C;: =99A;A76D789A6=8E+78;$=69 >: ? : 6; F/ 24 &
GH5I 3D- J8=K9K: 2) LMN,LO=69 678? C=69 P78>: ? : 6; C;8: 6Q;B ;: C;CF+) 2) LMR,LD/ : 8S
;APA>=;: T4 4 1 75 U8=V7@UW# 3/ 4 &X " 7? =CYJ@4 =Y7@A: >VAO@: 8: ZC: 95 / 76>8: ;:
=99A;A[ : >76;=A6A6Q ? A>87,CA$A>= ! AV=* Z? : \ ] 3 F+7$=69 ! AV= / 7? <=6EO@A;B ;B: ^Z$V
9: 6CA;E 7P_5RI ` ( 5& VQa9? b @=CA6;879Z>: 9 ;7 C7? : <=8; 7P<8AC? C5

Preparation of specimens 
" B: >: ? : 6; ? 78;=8@=C? =9: 7PGI _ Q7P>: ? : 6;D LcI _ Q7PC=69DHHI >888d7P@=;: 8=69
<7C;,Q=$[ =6A> C$Z9Q: =99: 9 A6 ;B: =? 7Z6;C7PH5I DI =69 & _e 5# ^=;>B 7P<8AC? C@A;B & _e
=99A;A[ : 7PCA$A>= PZ? : =C@: $$ =C H5I DI =69 &_e =99A;A[ : 7P@=C;: @=C=$C7 <8: <=8: 95
3: P: 8: 6>: <8AC? CDA5: 5 @A;B7Z; C$Z9Q: =99A;A76D@: 8: =$C7 ? =9: 5# $$ =? 7Z6;C7P=99A;A[ : C
=8: QA[ : 6 A6 ? =CCP8=>;A76CA6 8: $=;A76 ;7 >: ? : 6;5" B: 9: ;: 8? A6=;A76 7P<=8;A>Z$=8>: ? : 6;
C=? <$: C@A;B =99A;A[ : CZC: 9 A6 ;BAC@78V =8: <8: C: 6;: 9 A6 " =̂ $: H5

" =̂ $: H5 UA69C7P=99A;A76C=99: 9 ;7 >: ? : 6;

UA69 7P=99A;A[ : C # ? 7Z6; 7P=99A;A[ : Cfe g =69 ;B: C=? <$: CdCE? ^7$C
/ / H5I >C / &( / + / +H5I / +! / +&(

+7YY7$=6C 7 7 7 7 &( 10 10 10 
W=C;: o H5I I 10 7 H5I I 10 

G_ h G_ h LR_ ? ? <8AC? C@: 8: <8: <=8: 9 A6 789: 8;7 9: ;: 8?A6: ;B: >7? <8: CCA76 =69
P$: hZ8=$ C;8: 6Q;B 7P>: ? : 6; ? 78;=8 =69 P78 P8: : Y: ,;B=@ 8: CAC;=6>: ;: C;C5 37$$: 8,CB=<: 9
C<: >A? : 6C@A;B 9A=? : ;: 8 7Pc_ ? ? =69 B: AQB; I _ ? ? @: 8: ? =9: P78 $: =>BA6Q;: C;C ^E
? : =6C7P" . # 5# ! 5 ? : ;B795 HGB7Z8C=P;: 8;B: <8: <=8=;A76 7P;B: ? 78;=8D;B: <8AC? C@: 8:
9: ? 7Z$9: 9 =69 <$=>: 9 A6 @=;: 8 ^=;B P78G @: : VC5 # P;: 8 ;BAC<: 8A79 ;B: E @: 8: 8: =9E P78
;: C;C7P<BECA>7? : >B=6A>=$ <87<: 8;A: C=69 $: =>BA6Q;: C;C5

Physicomechanical properties 
+BECA>7? : >B=6A>=$ P: =;Z8: C@: 8: 9: ;: 8?A6: 9 =>>789A6Q;7 2) LMR,Li LMMG fI gD2) LMR,
ci $MMGfGg =69 +) ,j j ak ,GI __ fLcg ) 78? C5

" : C;A6Q;B: C: ;;A6Q;A? : @=C>769Z>;: 9 ^E ? : =6C7P;B: l A>=;= =<<=8=;ZC5" B: . A>=;=
8A6Q@=C PA$$: 9 @A;B >: ? : 6; <=C;: 7P678? >76CAC;: 6>: =69 <$=>: 9 Z69: 8 ;B: 6: : 9$: 7P
;B: =<<=8=;ZC5 " B: ? 7[ =̂ $: <=8;C@: 8: mZA>V$E 8: $: =C: 9 A6 789: 8;7 ? =V: ;B: 6: : 9$: CA6V
[ : 8;A>=$$E A6;7 >: ? : 6; <=C;: 5 " B: <: 8A79 7P;A? : ^: ;@: : 6 ;B: ? 7? : 6; @B: 6 >: ? : 6; @=C
<7Z8: 9 A6;7 ? Ah: 8=69 ;B: ? 7? : 6; @B: 6 ;B: 6: : 9$: @=CG` & ? ? 9AC;=6; P87? Q$=CC<$=;:
@=C;8: =;: 9 =C;B: ^: QA66A6Q7P>: ? : 6; C: ;;A6Q5

! Ah >: ? : 6; <8AC? C @A;B =$$ VA69C 7P=99A;A[ : C =P;: 8 Hj 9=EC 7PB=89: 6A6Q =69 =$$
<8AC? C=P;: 8 P8: : Y: ,;B=@8: CAC;=6>: ;: C;CZ69: 8@: 6; ;B: >7? <8: CCA[ : C;8: 6Q;B ;: C;C5 %7ZAC
! >B7<<: 8 ! ;==P$, = <8: CCP78;: C;A6QC;8: 6Q;B , @=CZC: 9D@A;B ;B: ? =hA? Z? =>>: <;=̂ $:
$7=9 &__ V) 5# <8AC? @=C<Z; A6;7 ;B: =<<=8=;ZC@A;B A;C$=;: 8=$ CZ8P=>: 76 CZ<<78; 87$$: 8C
C7 ;B=; A;C7^$76Q=hAC@7Z$9 ^: <: 8<: 69A>Z$=8;7 ;B: 87$$: 8C5" B: $7=9 @=C[ : 8;A>=$$E;8=6CS
P: 88: 9 ;7 ;B: 7<<7CA;: $=;: 8=$ CZ8P=>: 7P;B: <8AC? ^E ? : =6C7P;B: $7=9A6Q87$$: 8D @BA$:
<8: CCZ8: @=CQ8=9Z=$$E A6>8: =C: 9 Z6;A$;B: <8AC? @=C^87V: 65" B: B=$[ : C7P<8AC? C^87V: 6
9Z8A6Q;B: P$: hZ8=$ C;8: 6Q;B ;: C;C@: 8: =6=$EY: 9 A6 >7? <8: CCA76 C;8: 6Q;B ;: C;CF76 $=;: 8=$
CZ8P=>: CG_ h G_ ? ? O5 " B: B=$[ : C@: 8: <$=>: 9 @A;B ;B: A8 $=;: 8=$ CZ8P=>: C A6 ;B: >: 6;8: 7P



! " # $ %&' ( ) * %+% ( , -. , / %0%' 1 -2, * / % 3&( , %) 4* 5 /

678 9:; 68 < 7=:8 678 :>; ? < ; @AB;?C; ::D =EFB8; @8? G< =67 9B8@@CB8 =EFB8; @8 " H## I " ## 1 J@K0
CE6=: 678 9B=@L @< 8B8 ?8@6B>D8?M

N868BL =E=EA 678 ; O@>BO; O=:=6D F>E@=@6@=E P=E?=EA 678 L ; @@>P< ; 68B67; 6F; E O8 ; OQ
@>BO8? OD ; F8L 8E6@98F=L 8E ?=998? =E < ; 68BCE?8B@6; E?; B? ; 6L >@978B=F 9B8@@CB8MR>B
678 68@6S F8L 8E69B=@L @< =67 ; :: T=E?@>P; ??=6=U8 < 8B8 C@8?M%:: @; L 9:8@< 8B8 ?B=8? ; 6
- #VW4 0 ; E? 678E0 ; P68B9B8F=@8 < 8=A7=EA ; E? L 8; @CB=EA0 678D < 8B8 9:; F8? =E ; O; 67 ; E?
9>CB8? < =67 < ; 68B; 6 " #W4 6> X >P78=A76M%P68BY 7>CB@678 E8Z6 9>B6=>E >P< ; 68B< ; @
; ??8? [ 6>\ >P78=A760 ; E? ; P68BE8Z6Y 7>CB@[ 6>] >P78=A76M%P68B" H7>CB@678 @; L 9:8@
< 8B8 F>L 9:868:D 9>CB8? < =67 < ; 68B=E >B?8B6> 7; U8 678 C998B@CBP;F8@>P678 9B=@L @"
FL CE?8B678 < ; 68B:8U8:M^ 78E " H7>CB@9; @@8? 678 @; L 9:8@< 8B8 6; T8E >C6>P678 < ; 68B0
?B=8?0 ; E? < 8=A78?M+78E0678 9B=@L @< 8B8 ; A; =E =L L 8B@8? =E < ; 68B; E? < 8=A78? ; P68B" H
7>CB@M^ 8=A7=EA < ; @B898; 68? 6=:: 678 L ; @@< ; @@68; ?DM

%P68B@>; T=EAH 9B=@L @678=BPB88_8 [ 67; < B8@=@6; EF8 < ; @68@68? G< 7=:8 678 68@6@< 8B8
F>E?CF68?0 678 6< > B8L ; =E=EA9B=@L @< 8B8 F>E?=6=>E8? =E < ; 68B; @B8P8B8EF8 9B=@L @KM%PQ
68B6; T=EA >C6>P< ; 68B; E? ?BD=EA 678 9B=@L @< 8B8 9C6=E 6> ; PB88_8B; 6L =EC@" # I " W4 0
< 78B8 678D< 8B8 T896P>BH7>CB@0678E 6; T8E >C6; E? 9:; F8? =E < ; 68BP>B678 E8Z6H 7>CB@
=E >B?8B6> ?8PB>@6678L M" V FDF:8@>PPB88_=EA ; E? 67; < =EA < 8B8 F>E?CF68?M

Leaching tests 
+78 68@6@>P:8; F7=EA 7; _; B?>C@@CO@6; EF8@PB>L < ; @68 < 8B8 F>E?CF68? OD L 8; E@>P
, < =@@L 867>? +` %M%, M ! aa! M% 68@6 ; FF>B?=EA 6> 67=@L 867>? < ; @F>E?CF68? =E 6< >
" H[7>CB:8; F7=EA 97; @8@< =67 < ; 68B@; 6CB;68? < =67 F; BO>E ?=>Z=?8 =E < ; 68BL ; @@9B>9>BQ
6=>E 6> ; 9B=@L ! ( b -0< 7=:8 678 68@68? L ; 68B=; : < ; @E>6FBCL O:8?M2; F7 97; @8 >P:8; F7=EA
< ; @F>E?CF68? < =67 ; PB8@7 9>B6=>E >P< ; 68B@; 6CB;68? < =67 4(

"
M%P68BP=:68B=EA0 7; _; B?Q

>C@@CO@6; EF8@=E 678 :8; F7; 68@< 8B8 ; E; :D_8?M%U8B;A8 E>BL ; :=_8? F>EF8E6B;6=>E < ; @
F>CE68? ; FF>B?=EA ; P>BLC:; b

< 78B8b
G4 ! + 4 "K[ @CL >PL 8; @CB8? F>EF8E6B;6=>E@>P8:C; 6@; P68B" H ; E? Hc 7>CB@=E dL AJ?L Ye0

M 
1 
- L ; @@>P; @; L 9:8 dAe0

$
"
[ ?BDL ; @@>P; @; L 9:8 ; P68B:8; F7=EA dAeM

R>B:8; F7=EA 68@6@OD L 8; E@>P+4&f L 867>?0 FBCL O:8? @; L 9:8@0 @89; B;68? < =67 ;
@=8U8 G< =67 @=8U8 L 8@78@>P! O L L K< 8B8 C@8?M%P68B678 =E6B>?CF6>BD 68@60 P>B678 B=A76
:8; F7=EA0 @>:C6=>E < =67 9g h " Mcc I #MV < ; @C@8?M%P68B:8; F7=EA; E? P=:68B=EA678 @>:C6=>E
< ; @; E; :D_8? OD L 8; E@>P; O@>B96=U8 ; 6>L =F @98F6B>L 86BD L 867>? 6> @88 < 78678B; ED
L 86; :@< 8B8 9B8@8E6M

Analytical methods 
+78 ?868BL =E; 6=>E >P678 F>EF8E6B;6=>E >PL 86; :@< ; @?>E8 ; FF>B?=EA 6> ; E; :D6=F; : FCBU8@
< =67 ; 99B>9B=; 68 :8EA67@>P< ; U8@C@=EA ; 6>L =F ; O@>B96=>E @98F6B>@F>9D G%%, K 4; B:
* 8=@@i 8E; M



STABILI ZATION OF POST-GALVANIC SLUDGE USING PORTLAND CEMENT AND... 121 

RESULTS AND DISCUSSION 

Tests of physicomechunical parameters 
The tests of the initial setting time showed that in the case of cement with additives more 
water was necessary in order to get the norm consistence than in the case of ordinary 
cement. The initial setting time was various depending on the kind of cement additive 
(Fig. 1 ). Cement with the waste addition had longer setting time and the bigger amount 
of additive was, the longer the setting time was (by 42 minutes for 10% of addition in 
comparison to the reference sample). 
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Fig. I. Setting times of prisms with various sludge additions 

The setting time in the case of cement with silica fume addition started 55 minutes 
earlier than in the case of ordinary cement. Additions of waste to cement with pozzolans 
retarded this moment and made it close to setting times reached for cement without poz­ 
zolans. 

The results of absorbability, as well as compression and flexural strength determi­ 
nation are presented in Table 3. The highest absorbability was noted for prisms made of 
cement without additives (5.22%). The absorbability of remaining samples was between 
2.19 and 4.14%. 

The compression strength was highest in the case of cement with I 0% pozzolan 
addition (56.1 MPa) - it is resistance that classifies it a class higher than cement without 
additive, which belongs to II class - 42.5 MPa. Waste additions lowered the compression 
strength, but did not lower the class of cement. The lowest compression strength was 
showed in prisms with the highest sludge addition to cement - 10% waste addition to 
cement without pozzolans caused lowering of the compression strength by about 24% in 
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Table 3. Results of absorbability tests and tests of compression and flexural strength of cement mortars with 
various waste additions 

Sample 
Absorbability Flexural strength Compression strength 

[%] [MPa] [MPa] 

C 5.22 9.3 50.4 

CP 3.07 9.8 56.1 

C2.5 4.14 8.7 38.6 

cs 3.33 8.7 39.8 

CIO 4.51 8.9 38.3 

CP2.5 2.19 9.9 42.2 

CPS 2.34 9.2 41.9 

CPIO 3.93 9.1 35.8 

comparison to cement without waste addition. Also 10% waste addition to cement with 
pozzolan addition signifi cantly lowered the strength - to 35.8 MPa. This parameter was 
reduced by 36% in comparison to the strength of cement-pozzolan samples and by almost 
29% in comparison to cement without additives. Anyway, all prisms with waste addition 
to cement and cement with pozzolans reached compression strength classifying them to 
32.5 MPa class. 

After 25 cycles of freezing and thawing there were no chips or cracks on the prisms 
- all samples were resistant to low temperatures. The change of prism mass after these 
processes was slight. In order to check the influence of freezing and thawing on the 
strength of samples, strength tests after the conducted cycles of freezing/thawing were 
performed (Fig. 2). 

Tests showed that all prisms conditioned in water had compression strength higher 
than prisms after 28 days of hardening. The processes of freezing and thawing had some 
impact on compression strength increase (in comparison to strength after 4 weeks of 
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f ig. 2. Compression strength of prisms before and after freeze-thaw resistance tests 
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hardening) for all prisms with waste addition, apart from the prism with the highest, 10% 
waste addition to cement mortar without pozzolans. 

For all prisms compression strength in relation to reference prisms, i.e. conditioned 
in water during freeze-thaw resistance tests, was lowered. The biggest strength drop after 
freeze-thaw resistance tests (in relation to reference prisms) was noted for cement with 
10% of waste addition. 

leaching tests 
ln the respect of the environmental protection it was important to check if the solidified 
waste in cement mortar is safe for the environment, and whether heavy metals are bound 
with cement firmly enough and, for example, atmospheric falls will not lead to gradual 
leaching of metals to the environment. Metal concentrations after leaching of cement and 
cernent-pozzolan prisms by means of TVA. AS. 1991 method are presented in Table 4. 

Table 4. Concentration of contaminants in eluats after leaching by means of TVA. AS. 
method 

Average normalized concentration 
Sample Imz/dru'l 

Cu Mn Fe Zn 
C 0.29 ND 0.67 ND 
CP 0.21 ND ND ND 
C2.5 ND ND ND ND 
cs ND ND ND 0.30 
CIO ND ND ND O.O 
CP2.5 O.SO ND ND 0.37 
CPS 0.31 ND ND 0.62 
CPIO 1.12 0.08 ND 0.88 

ND - not detected 

In eluates from leaching rollers with additions of waste to cement mortar, only zinc 
was present, but in concentration not exceeding the acceptable value. For rollers made 
with addition of waste to cement with pozzolans, the acceptable concentration of copper 
ions in leachates for the sample with the highest amount of additive was exceeded. The 
concentrations of the remaining metals present in the solution did not exceed the accept­ 
able norms. Eluates from leaching tests by means ofTCLP method did not contain cobalt, 
cadmium, or lead. Chromium was present in leachates only at the highest - I 0% addition 
of waste to cement without pozzolans (Tab. 5). However, highest concentrations of iron 
and zinc in leachates were detected, but the acceptable concentration was not exceeded 
[6]. 

Table 5. Concentration of contaminants in eluats after leaching by means ol'TCLP method 

Type of Concentration of contaminants in eluats [mg/dru'] 
contaminant C CP C2.5 cs CIO CP2.5 CPS CPIO 

Ni o o 0.28 0.28 0.57 o o 0.22 

Fe 20.67 16.20 16.76 13.97 16.76 17.32 9.50 18.43 

Cu 0.81 o 0.81 1.41 2.42 0.40 1.61 2.42 

Mn 0.15 O.IS 0.15 0.31 0.46 0.15 0.31 0.31 

Zn 1.30 0.87 2.83 3.91 6.09 2.39 5.43 6.09 

Cr o o o o 0.66 o o o 
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