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ABSTRACT 
In  ttiis study, cspcrimtnts itere conducted to in\.estisnte t t ~ c  intlucncc of sclcctcd 

p;\r;II1ietcrs 011 t l ie  com[~ressii.e strength and performance of ccrncnt-lly :~sti-kiln dust 
mortar. 'The percentace of  c c z e n t  ivas varied frorn 2 0 5  to SO5b by \vcigI~t of  
ccmer~tit ious (cc lnent i l iy  ash-kiln dust)  materials. The  results show t I i ; ~ t  f lv  ash-kiln 
dust mortars with hicher cement content eive hicher cornprrssivtr strcncths than t l~ose  
~vi th  lower cement contents .  Fcr mix& lvith-a constant amount of cement, the 
proportion of t ly  ash and kiln dust has to b e  adjusted to achieve the optimum- 
compressive strength. At 2s days. the compressive strencths of cement-fly ash-kiln dust 
mortars with 'cement content oi 1 0 5 ,  30%, 6055, and SO% of cementitious materials 
ivere 37%, 5 1%, 7 0 5 .  and S9G. respecti\,ely. tvhen compared with conventional cement 
mortar.  These strengths increase to 53%,76%,885, and 95%, respectively as  the age of 
mortars  increase to 1SO days. 

ISTRODC'CTIOS 
Fly ash, which'is a by-prcdcct of coal burnino, thermal poivsr plants, is produced 

in large quantities caclh year. \\hi;e potential uses f& this product arc available? most fly 
ash e n d s  up  in landiills.s~?roikc:i;.r disposal costs and creatinr potential environmental 
iiazards. h~lany in\xstisntors ere sccrcninc for ways to u~ilize th<s by-product, rather than 
disposing i t  in the lar\dfill. k l n  dcst. as  ;he n a m  implies, is a waste product of cement 
manufacturing collected from c x e s  emanating from the rotanr  kiln. I t  has some 
cementitious properties since t t  main constitu&t of kiln dust is talciurn oxide (CaO). 
T h e  cen~ent i t ious and pouolanis  cualities o f  kiln dust and fly ash can b e  enhanced when 
in t h e  combination of each o t te r .  This reaction can be understood by analyzing their 
chemical compositions. QIn dust. Lvhich is rich in calcium oxide (CaO) ,  contributes 



Calcium while fly ash provides silica and alumina to produce calcium silicate hydrate [c. 
S-H] gel. This combination is believed to increase the calcium silicate hydrate content of 
low calcium fly ash (Class F)  mortars. Ramakrishnan ( I )  studied the use o f  cement 
blended with kiln dust versus the properties of concretes made with plain portland 
cement.  The  blending of 5% kiln dust with 95% of cement provided a compound which 
prolonged the s e t t i n t t i m e  of blended cement and concrete. T h e  concrete made with 
blended cement behaves almost the same as those of plain concrete. 

Large volumes of fly ash have potential application as structural fills, highway 
base matesa l  and fill. Such fill is normally a mixture of kiln dust or  lime, fly ash, and 
acgregate such as sand. T h e  mixture for each application must be designed to have 
aaequate  strength, easy placement and compaction, and be economical. In certain soil 
conditions such as saturated sandy silts and silty clavs which a re  marginally reactive with 
lime or  in soils with large void ratios, limelfly ash s h r y  mixtures have been successfu\ly 
used to increase strencch and  shut off subsurface flows of water and leachates (2). The 
largest sinele project involving the combined use of lime, portlnnd cement and fly ash in 
a base o;subbase application was the construction, during the 1970's, of runways, 
taxiways and aprons during the espansion of the Sewark  Airport. Field tests showed 

I* !hat stabilized layered mixtures of hydrated lime, portland cement. fly ash, dredged sand, 
and crushed stone pro\.lded a suitable base for the new p;iteements (5). 

ESPERTJIESTXL PROGR.\hI 
In this experiment, fly ash \vas mixed ivith cement, kiln dust, river sand, and 

tvater. Sand, cen~entit ious materinls (cement+ flv ash+ kiln dust), and water were kept 
co11st;lnt \vl~ile the percentages of crment  and fl; ash were v:lried from 10% to SO% by 
\c.eicht of cementitious materials. Table I sho\vs the chemical composition of fly ash, 
kil<dust, and cement used in this study. The  mix proportions of cement-tly ash-kiln dust 
mortar are  sho\vn in Table 2. A11 samples were cured in satbrated lime water until the 
day of testinc. The  compressive strencths of 2"x3"x2" cubes of these mixes were tested at  
the age of 1, 3. 7, 11: 28, 56, 90, and IS0 days. Sdttins times of cement and the 
c o n ~ b i ~ ~ a t i o n  of cer~~ent - f ly  ash-kiln dust paste \$.ere tested usinlr - both the Vicat and 
G illmore methods. 

Table 1 Chemical Composition of Fly A h .  Kiln Dust, and Cement 

C o n s t i t u e n t  

S i 0 2  

A1203 
CaO 

-2% 
14gO 
11a20 

K 2 °  
S03 

F l y  Ash 

5 3 . 5 7  
2 6 . 7 0  

1 . 6 5  
5 . 0 8  
0 . 7 7  
0 . 3 0  
1 . 9 9  , 
0 . 7 0  

K i l n  D u s t  

1 2 . 2 9  
7 . 0 7  

4 3 . 2 3  
3 . 3 2  
2 . 7 3  
0 . 3 9  
2 . 5 9  
5 . 5 6  

1 

C e a e n t  

1 9 . 9 6  
8 . 9 2  

5 9 . 3 3  
2 . 7 2  
3 . 1 0  
0 . 4 3  
0 . 2 8  
2 . 7 6  



Table 2 1li.x Proportion 

RESULTS riSD DISCUSSIONS 
Compressive S t r e n ~ t h  o f  Cement-Flv Ash-Kiln Drlst 3lortnr 

Table 3 shows the compressive strencth of cement-flv ash-kiln dust mortar at 
specified ages. Sample EKO is the control szknple. consists o i ly  of cement and without 
.any kiln dust or f lv  ash. Series AK, BK. CK, and DK represent the cement-fly ash-kiln 
dust- mortars with cement content of 20%, 4076, 6O%, and 8 0 5  of the cementitious 
materials, respectively. The numbers in each series indicate the portion of fly ash in the 
cementitious materials. 

For hlortar with 2070 Cement Content (Series AK) 
For this series, the weicht of cement is kept constant at 20% of the total 

cementitious materials. The efrect of flv ash-kiln dust on the strencth of mortar with 
cement constant at 20% is shown in Fig.-1. I t  can be seen that in most cases the mortar 
strenrth increases ivi th age ivi th the exception of AK000 (kiln dust SO%. no fly ash) 
whicli loses strength after 90 days. This mav be due to the instnbilitv of the specimen in 
the saturated lime water environment and it  should be noted th:lt the co~npressive 
strencth of AKOOO at lS0 days is only 597 psi (4.1 MPa). The com>ressive strength of 
A ~ O  is about S 5  at 1 day and increases to 52% at 180 days \rhen compared to the 
standard mix of EKO (cement loo%, no flv ash and kiln dust).' With the replacement of 
fly ash and kiln dust u p  to SO%, the compressive strength of fly ash-luln dust mortar is 
about 10% to 20% of the control strength at 7 days. As the age increases, a suitable 



combination o l  ny  ash and kiln dust increases the compressive strencth. F o r  example, 
the use of 40% f l v  ash with 40% kiln dus t  and  20% cement  providci mortar  (AI;DJo) 
which gives a compressive strencth - of 4196 psi (28.4 h i p a )  or 52% o f  the control streneth - 
at 180 days. 

Table  3 Compress i~ ,e  Strength of Cement-Fly k h - K i l n  Dust J lo r t a r  

I I C o n p r e s s i v e  S t r e n g t h  ( p s i )  
1-d 3-d 7-d 14-d 28-d 56-d 90-d 180-d 

1 AKOOO 1 213 342 

. DKOOO 1977 3936 
1060201 1700 3655 

CKOOO 
CKD20 
CKD40 

For \ l o r t a r  with 1070 Cement Content  (Scrics I3K) 
Fic. 2 shows that the strenrrths of all specimens in this series a re  lotver than the 

conirol SLY. Ti.- strength at 1SO ;lays of BK000, \vhich consists of kiln dust 6052, no fly 
ash. is much Icuer than the o ther  specimens with the same ccrnent content. The, 
corzoressive strencth of BI.(DJO (~v i th  kiln dust  2 0 5  and  fly ash 4072) increases from 
l S S s a t  1 dav to 76.12 a t  1SO days as compared  with the control stren2:h. At the same 
ace.<the samples from series B ~ D  sive hicher strencrh than the s;lSa!es from series 
~ K D .  This 1s dc:  to tile h i c l ~ r r  ,pc:centare o i  cement content in ser; ts  BKD (40% 
c e r e n t )  t11;111 in 5eril:s :IKB ( 7 0 : ~  o i  icnTcnt). Till: I ~ : C I I C S ~  S I T C ~ C I I I  - I J  series 13KD is 
sample BKII-IU :chici\ is 61 10 psi (12.1 11Pa). 

1605 3090 
1553 2751 
1204 2295 

For Mor ta r  ~ i t h  60=0 Cement Content  (Scrics CK) 
Fic. 3 dispiavs the effect o f  flv asn-kiln dust on  the strenctll oT mc;;ar tvith cement 

con:-nt 07 60%. .ii the early aces  c i  1 to 14 days, the hirher  the percc:.:Jce of kiln dust 
in i t s  mix, the  i-.irhsr is the ~ o r % ~ r e s s i v s  streneih. ~ f t c r - 9 0  dxtos, the st::icrl~ of sample 
CKD-IO (no  kiln ?ust, 11v ash 4 0 5 )  is hieher j han  CKJ);DOO a i d  CKDIO rJmples. This 
gen:rall\f implies ihat d n  dust, \vhich consists o i  hie11 - CaO content, contributes more . 



strength at  earlv ages than flv ash. \Yhcn the ace o f  the sar~lples  in:.reases, tile 
pozzolanic reaciion of fly ash'becomcs dominant and produces hicllcr L conlpressive 

' strencttl t h ~ i n  IIILYCS tvith h i c k ~ r  conter.t of kiln dust. The corrlpressive strencth of  
s:lr~~p'ic CKD-IO varies from P9-l psi (S.; > Ips )  at 1 dav :a 707s psi (4S.S ),!Pa) > t  180 
d;l)*s or j5.356 to SS .1Sb  of t t ~ c  control strength, respecri\:cl!,. 

Fie. " 1 Effect o f  Fiv Ash-Kiln Dust o n  the Strencth of hlortar - 
~ ~ i i h  Cement Content  of 20% 
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Fig. 3- Effect of Flv Ash-Kiln Dust o n  the S treneth " of hlortar 
n i i h  Cement Content  of 30% 
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For >Iortnr \vith 80% Cement Content (Series D K )  
The effect of flv ash-kiln dust (In the strsncth of nlclrtar iv i t l i  cclilt'r~t c o n t ~ n t  01 

SO? is stlown in Fic. - 4.- At e;~rlv ;ices. tile specil-nen DKD000 (cenie~it  SOc; and kill1 dust 
?(IC;) cives iiieher strencth tti:in file spccinien DKDIO (ccnierit S O  I 1 I S  20%).  
Alter 56 d:lcs.-sample D K D ~ O  cives hither strenrth t t i ;~n DKDOOO. 'Tliis ellcct is similar 
to those oh;en.ed from series CKD diTcussed p;eviouslY. 1'11~ coliiprcssli,c strcrierhs o[ 
s;lniplcs DKDIO and DKDOO ;I[ IS0 days ;\re 7666 psi (52 .8  h11'a) arid 7145 pG (49.3 
h l P ; ~ ) ,  or 9 5 . 4 5  and 88.9% of the controi strencth, - respcctillcly. 

. - -  - ,L .:A+: 

Fig. 3 Effect of Flv Ash-Kiln Dust on t t ~ c  Strcnctli b of 
hiortar wiih Cement Content of GO52 

Fig. 4 Effect of Flv Ash-&In Dust on  the Strength of 
Mortar wiih Cement Content of SO% 
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Optirllr~rrl 31is o f  Ctn~ent-Flv  ,jsh-Kiln I) t~st  \ lor tar  - 
Fit. 5 s l~ows  the rel;itionsl~ip betivcen percentny of flit ash  i n  cementitious 

1n;ltrri:lls'ar: 1 compressive strencth r ~ f  cement-fly ash-kiln dust nlort:lr at the :Ice of 180 
days. I t  car; be seen that at low'cernent content of 10% and 4IIFi. t11u use of f i v  as11 or 
kiln dust alone does not ciiee the hichest strencth. i i ' i t h  constant cement cr)n~ent .  the 

I suitable cornbiniltions of  ti^ ash and kiln dust a r i  required to obtain the hichest strength. 
For ZOYc cement content ;n the cementitious materi~ils, theopt imum nrnount of fly ash 
necdcd to product: the h i~ht ' s t  - strencth is about 40% (fly ash 1 0 Z  and kiln dust 40%). 
For 40% crrnznt content. the optim;m mix consists of 4 0 5  tly :is11 and 10Sb kiln dust. 
\Vith GO% cernent content, the optimum mix is found to t~a \ .e  4OCb f ly  ash with no kiln 
dust. For the case of SO?. cement content in cementitious ~naterials. the optirnurn rnix 
has 20% fly ash and no kiln dust. 

Fis. 5 Relationship betiveen Percentace of Fly Ash in  Cernentitious hlrtterials and 
Compressive Strength of Cement-Fly Ah-Kiln Dust Mortar at the Age of ]SO-Day 

Settinp Time 
From Table 4, i t  can be observed that the normal consistencv of the water to 

cement ratio varies from 28% in cement paste to 155.35 in silrnile AKDSO (with 
cement 20% and  fly ash 80%). If considers normal consistencv in term of water to 
cementitious materials ratio, this ratio is almost constant behveen k3% to 31%. 

The  shortest setting times obsemed in this experiment occur in cement paste. 
The  initial and final setting times tested by the Vicat needle are 2 h 20 rnin and 5 h 30 
min, respectively. and 3 h 40 rnin and 5 h 30 rnin, respectively bv, the Gillmore needles. 
The  lonnest settine rimes observed occur in sample AKDSO \\.hiich has initial and final 
setting tyrnes of 4 li 45 rnin and 10 h 15 min, bv Vicat needle, and 4 11 50 min, 9 h 25 min, 
respectivelv, by Gillmore needles. Note  that'^^^^ C-150 (J)*specified that the initial 
setting time of cement paste tested by Vicat needle should not b: less than 45 mir 2nd 
no more than 8 h for the final setting time. For the Gillmore test, the initial set should 
not be less than 60 rnin and no more than 10 h for the final set. In 1990, the Vicat 
method was revised to only specify the initial setting time to be between 45 nlin and 375 



min, and no final setting time was specified (5). For  the same amount  of cement, the 
paste with hicher percentace of kiln dcst normally exhibits a shorter setting time than 
the paste \vii'h lesser kiln d i s t .  This is primarilv because kiln dust has a high content of 

G O  thus accslcrates the  setting time. ~ o w e \ . e r ,  the cementing property of kiln dust is 
not as stron: 2s normal cement  but is better than fly ash. - 

Table 4 Setting Time of Cement-Fly Ash-Kiln Dust Paste 

C0SCLUS10SS 
1. The hicher the cement content in the mix. the hicher - the compressivr: strencth - of 

the cekcnt-flv ash-kiln dust mortar is. 
2 .  For m ~ x r s  iviih a constant amount of cement, the proportion of flv asti and  kiln 

dust most be adjusted to obtain the optimum compressi\.e strencth. For  20% 
constant cement content in cementitious materials. the optimum mL\; found is the 
sample uiih 40% flv ash and  40% kiln dust. For 40% constant cement series, the 
optirnurn mix cons/sts of 40% fly ash and 10% kiln dust. In the 60% constant 
cement srrlss. the optimum mk has 4 0 5  fly ash ivith noki ln  dust. For  the S O 5  
constnn: cenlent series. the  optimuni mix obsensed has 20% fly ash and no kiln 
dust. 

3. T h e  loiisr the cement content. the loncer is the settinc time of the paste. Kiln 
dust ivhizh hns some cementinr properGcs cenerallv ac~c lc ra t c s  the scttinc timr. 
l\:tir.n ttt cement content is c6zstant, the p'aste wiih a hicher bf kiln 
dust has a shorter settinc - time tkxn those tvith lesser kiln d i s t .  

-- - 

Sari. liornal Consistency 
( 3 )  

Initial settingl Final setting 

( K/C 
Vicat 
h:min 

3:15 
3:50 
4:lO 
4:30 
4:45 

4:OO 
4 : 10 
4:20 
4:25 

3:25 
3:30 
3:35 

2:30 
2:35 

2:20 

W /  (C+FA+KD) TI Gillnore 
h:nin 

8:OO 
8:20 
8:30 
9:lO 
9:25 

7:20 
7:30 
7:50 
8:05 

6:35 
6:40 

. 8:OO 

6:OO 
6:05 

5:30 

Gillnore 
h:nin 

3:15 
4 : 00 
4:25 
4:45 
4 : 50 

4:05 
4:lO 
4:25 
4:25 

3:35 
3:34 
3:5S 

2:50 
3 : 00 

2:40 

Vicat 
h:min 

8:30 
8:45 
9:15 
9:40 
10: 15 

7:20 
7:40 
8:OO 
8:05 

6:25 
6:40 
7:55 

5:50 
6:OO 

5:30 

30.7 
30.2 
29.8 
30.3 
31.0 

31.0 
30.5 
30.4 
30.1 

29.8 
28.3 
29.2 

28.4 
28.0 

28.0 

, k 

A K O O O ~  153.8 
AKD20 151.0 
AKD4O 
kKD60 
AKD80 

BK000 
BKD2 0 

149.2 
151.5 
155.3 

77.6 
76.2 B K D ~ O I  76.1 

BKDGO 

CKOOO 
CKD20 
CKDi 0 

DK000 
DKD2 0 

CEM 

75.3 

49.7 
47.1 
4a.7 

35.5 
35.0 

2a.o 
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