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ABSTRACT 
In this study tests were conducted with two types of blended cement; one was cement kiln dust 
with ordinary Portland cement (CKD-OPC) and the other was a combination of cement kiln dust 
and fly ash with OPC (CKD-FA-OPC). Three CKDs having different chemical compositions were 
collected kom three different plants and mixed with OPC to produce blended cement 5 to 50% of 
CKD. One of these CKDs, which satisfy the best performance in CKD-OPC blends, was used as 
an activator to fly ash in CKD-EA-OPC blends. In these blends the total waste materials 
(CKD+EA) were used as a partial replacement of 5, 10,15 and 20% of the cement content, and the 
CKD and'FA wewcombined at different ratios; where the percentage of CKD to the total waste 

' ' materials wtis 0, 30, 50 and 70%. The blends were tested for their water requirements for normal 
consistency,setting times, soundness and compressive strength at 7 and 28 days age. Resdts of 

' '  these ?;& were compared to those of OPC. It was found that the CKD with lower contents of 
bimi&l'b~ides (SO3, K20, Na20, Cl- and kee CaO) could be used in the production of blended 
cement with quantities up to 35% of the cement content. The physical properties of these blends 
were very close to those of OPC, and their compressive strengths were adequate. Also, when 
a proper CKD to FA ratio was used; the akalis kom CKD activated the hydration of FA and 
leading to a blend with satisfactoly performance. CKD-FA-OPC blends with 90% OPC and not 
more than 5% FA had physical properties and strength comparable to those of OPC. 
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1. INTRODUCTION 
Cement kiln dust (CKD) is the fme-grained, solid and 
highly alkaline waste removed from cement kiln 
exhaust gas by air polludon , 'control devices. 
Actually, the chemical com~osition of CKD is quite 
variable kom source to source due, to variations in 
the kind ofraw materials aid fielused, as well as the 
production method or kiln type. I t i s  primarily made 
up of a variable atioimt of h e  calcined and 
uncalcined feed materials, fine cement c r i e r ,  fuel 
combustion by-products and condensed alkali 

compounds 111. The main component of CKD is lime 
(CaO). Other compounds include Si02, & 0 3 ,  Fe203, 
KzO, NazO, C1-, etc [2]. Due to the.variability in dust 
composition, ASTM advises that use of CKD should 
he undertaken only after the materid's characteristics 
have been properly evaluated with respect to the 
intended application 131. ASTM also recommends 
that frequent tests to be performed until the degree of 
variability has been established. 
Because much of the CKD contains actually 
unreacted raw material, large amounts of it can be 
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treated by removing alkalis, chlorides and sulfates 
and recycled back into the production process as kiln 
feed. The treatment processes of CKD include 
leaching with water, leaching with potassium 

solution, alkali volatilization, recovery 
scrubbing and fluid bed dust recovery [4]. CKD not 
returned to the production process is typically 
disposed in land-based disposal units (i.e., landfills, 
waste piles or surface impoundments), although some 
is sold for beneficial reuse. 
Due to the high alkaline content of CKD and cost of 
treatment process, most of the material is disposed 
off on site without any further reuse or reclamation; 
therefore, many researchers have tried to reuse CKD 
in a variety of applications [2, 5, 61. Among them the 
CKD was extensively used as a partial replacement 
of different types of cement; e.g. OPC, blast furnace 
slag cement (BFSC) and sulfate resistant cement 
(SRC). I t  was found that the direct replacement of 
CKD instead of SRC or BFSC was more effective 
than the recycling of dust with cement raw materials. 
This forms unflavored clinker phase during the f h g  
in cement kilns due to the effect of high alkalinity of 
dust on the nature of clinker phases [7]. Addition of 
CKD increases the water demand for normal 
consistency of OPC and BFS pastes, and decreases 
the setting time. Free lime content of CKD-OPC 
cement pastes increases sharply up to 7 days, and 
later slowly. The fiee water increases with the 
increase in the quantity of CKD [8]. With respect to 
strength, the addition of CKD decreases the 
compressive strength of hardened OPC mortar. This 
decrease was slight at lower contents of CKD, up to 
6%, and high at higher contents of CKD. On the 
other hand, the hardened slag cement mortar with 5% 
CKD gives a compressive strength higher than that 
without CKD as a result of the activation of 
hydration of slag. At 15 and 20% CKD, the 
compressive strength of the slag cement mortar 
decreases significantly [S]. 
More efficient use of CKD can be achieved through 
utilization of CKD as an activator for fly ash or slag 
to create cementitious binders of superior 
performance [9, 101. Shah and Wang [ l l ]  employed 
different activation methods to activate hydration of 
CKD-FA binders, which includes chemical, thermal 
and mechanical activations. For chemical activation, 
NaOH was added into the CKD-FA binder as 
a percentage o f2  and 5% by weight of binder. Curing 
temperatures of 38°C and 50°C were considered for 
thermal activation and the results were compared 
with that at normal curing temperature of 24°C. 
Different grinding regimes were selected for 
mechanical activation, and they were simple 
blending, ball mill grinding, vibratory mill grinding 
and combined grinding using ball and vibratory mill 
grinding. 

The experimental results of Shah and Wang [I I] 
showed thar NaOH addition might accelerate 
chemical dissolution but depressed crystal (emingite) 
formation during the binder hydration. With the 
increase of NaOH addition, the emingite formed in 
CKD-FA pastes decomposzd at a reduced 
temperature. Curing at elevated temperatures had 
more significant influence on CKD-FA binder 
strength; than on OPC strength development, and 
appears to be more effective for CKD-FA binder 
strength improvement than NaOH addition. Grinding 
process reduces not only the particle size but also the 
crystalline phases of the materials; thus improving 
binder reactivity. Vibratory grinding for 4 hours 
provides the most success for mechanical activation 
among all grinding methods used. 

2. OBJECT OF THE PRIESE:NT WORK 
The object of the present work. was to investigate the 
effect of CKD chemical composition on the 
properties of blended cement, and to study the role of 
alkalis containing CKD on activation of fly ash 
hydration. Thus, two types of blended cements were 
produced using three CKDs with different chemical 
compositions, all of them were by-products of OPC, 
and one type of fly ash. The physical properties and 
strength of the blended cements were measured and 
compared to those of OPC 

3. EXPERIMENTAZ, PROGRAM 
The materials used in this study were ordinary 
Portland cement, cement kiln dust, fly ash and 
natural siliceous sand. Three untreated raw cement 
kiln dusts were collected from three different 
locations having different chemical compositions, 
while all of them were by-products of OPC. They 
were denoted here as Types I, I1 and 111. The 
chemical analysis of OPC and the three types of 
CKDs used in this investigation are given in Table 1. 
The chemical composition of CKDs consists of the 
same fundamental components of OPC, but with 
different proportions. The total lime contents (CaO) 
in CKDs were about 50% of their composition, 
which were less than that of OPC. Their contents of 
alkalis (K20 and NazO), sulfate (SO,) and chloride 
(C1-) were relatively high, as compared to those of 
OPC. Also, the loss of ignttion was considerably 
higher in CKDs. Comparing the chemical 
compositions of the three CKDs with each other, 
show that the harmful oxides (SO,, KzO, Na20, C1- 
and free CaO) were relatively low in CKD of Type I, 
medium in CKD of Type I1 and high in CKD of Type 
111, as shown in Table 1. 
Fly ash resulting from coal combustion in the power 
generation plant was used in chis study; its chemical 
analysis is given in Table 1. It was composed of 
amorphous alumina-silicate melt and a small amount 
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of crystallime minerals, such as quartz, mullite, mica, 
etc. The contents of lime and sulfate were very low 
when compared to those of OPC and CKDs; also, the 
content of alkalis in FA was slightly higher than that 
of OPC and considerably lower than that of CKD 
Type 1. 
Table 1 Chemical analvsis of OPC. CKDs and FA. 

Two types of blended cements were tested in this 
investigation, namely; CKD-OPC blend and CKD- 
FA-OPC blend. In the CKD-OPC blend, each one of 
the three above CKDs was used as a partial 
replacement of 5, 10, 15, 20, 25, 30, 35, 40, 45 and 
50% of the cement content by weight. Based on the 
results of these blends, one of the three dusts (CKD 
of Type I) was used as an activator to FA in CKD- 
FA-OPC blends. In these blends, the total waste 
materials (CKD+FA) were substituted as a partial 
replacement of 5, 10, 15 and 20% of the cement 
content by weight. At each replacement ratio of the 
waste materials, the proportions of CKD to the total 
waste materials (CKDl(CKD+FA)) were 0, 30, 50 
and 70%. The percentage weights of CKD and FA in 
the different CKD-FA-OPC blends as a partial 
replacement of the cement content is given in Table -. 
L. 

Table 2 Compositions of different CKD-FA-OPC 
blends 

CKD-FA-OPC 1 CKD/(CKD+FA) ml \  

W. M: Waste materials 

To ensure complete homogeneity of the blended 
cement, the dIy constituents of each blend was 
homogenized for one hour in a porcelain ball mill 
using four balls. The physical properties of blended 
cement pastes were determined in terms of the water 
required for normal consistency, the initial and final 
setting times and the soundness, and compared to 
those of ordinary Portland cement. The water 
required for normal consistency and the setting times 
were measured according to ASTM C-187 and C-191 
[12, 131, respectively. The soundness was measured 
by Le Chatelier method according to BS EN 196-Part 
3 1141. . . 

The compressive strenglh of blended cement mortars 
were measured according to ASTM C-100 [IS] using 
50 mm cube specimensand compared with that of 
OPC mortar. Thee mortar specimens of each blend 
were tested for compressive strengths at ages of 7 
and 28 days. The mortar was prepared by mixing one 
part of cement to 2.75 parts of sand by weight witb 
water that was sufficient to obtain a flow diameter of 
140 * 5 mm with 25 drops of the flow table test [16]. 
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4. RESULTS AND DISCUSSIONS 
4.1. Properties of CKD-OPCBlended Cement 

The WIC ratio required to attain the standard 
consistency of cement pastes containing OPC 
blended with different types and amounts of CKD is 
shown in Fig. 1. As can be seen, the addition of CKD 
required more water content to produce a neat blend 
of normal consistency. Whichever the type of CKD 
used, the water content was increased with the 
mcrease in CKD content. The different types of CKD 
showed a noticeable variation in their water 
requirement; the water required for Type I CKD was 
considerably lower than that required for Type I1 and 
Type III CKDs. This means that to produce blended 
cement paste with a W/C ratio still applicable to the 
maximum limit of standard water content, CKD of 
Type I can be. used with a proportion higher than that 
of the other two types. For example, at a WIC ratio of 
0.4; CKD of Type I could be used with a proportion 
more than 50%, however, the upper limits of Type II 
and Type 111 CKDs were 40 and 35%, respectively. 
The increase in water demand of blended cement 
paste may be attributed to the high amounts of 
alkalis, sulfates and volatile salts as well as the 
presence of a fiee lime in CKD. The free percentage 
of CaO requires a quantity of water to transform into 
Ca(OH)2. With the increase in CKD content the fiee 
CaO is also increased and so higher water content is 
required. Therefore, the use of CKD of Q p e  I 
showed a lower water requirement due to its lower 
contents of alkalis, sulfates, volatile salts and CaO 
compared to those of Type II and Type 111 CKDs, see 
Table 1. 



C'KD (%) 

Fig. 1 WIC ratio required for normal consistency of 
CKD-OPC blends vs. CKD%. 

The effect of CKD type and substitution on the initial 
and final setting times of blended cement paste are 
shown in Figs. 2 and 3. It was found that the addition 
of CKD elongated both the initial and final setting 
times of the cement pastes. The increase in CKD 
substitution was accompanied by an increase of 
sening times. However, the values of setting times of 
all blended cement pastes and at all CKD 
replacements were within the requirements of 
standard specifications for blended hydraulic 
cements; i.e. the initial setting time was 2 45 minute 
and the final setting time was 57 hours [I:]. 

0 5 10 1 5  20 25 30 55 40 4 5  50 

C'KD (5'0) 

Fig. 2 Initial setting time of CKD-OPC blends 
vs. CKD%. 

CKi3 (%) 

Fig. 3 Final setting time of CKD-OPC blends 
vs. CKP%. 

The effect of CKD on the setting times of blended 
cement paste varied from a noticeable effect in case 
of Type 111, to a moderate el'fect in case of Type 11, 
and to a slight effect in case of Type I. This 
observation can be discussed by the chemical 
composition of CKDs (Table I), where the contents 
of sulfate were 3.05, 4.29 and 5.38% in CKD of 
Types I, I1 and 111, respective,,y. It is well known that 
SO3 elongates setting time. Also, the volatile alkalis 
(NazO, K20) are both preferentially incorporated into 
C3A to give orthorhombic form. NazO orthorhombic 
C3A is retarded in hydration [!a]. 
Figure 4 shows the effect of CKD incorporation on 
the soundness of blended cenent pastes. In general, 
the expansion of blended cefnent paste was higher 
than that of OPC paste. As the CKD replacement 
increases, the expansion of blended cement paste will 
increase proportionally. This was hue for the tluee 
types of CKDs used. However, in case of blended 
cement dust of Type I the increase in expansion with 
the increase in CKD substitutim was very slight. The 
maximum expansion was reached at 50% CKD with 
a value of about 5 mm, which represents about 50% 
of the upper specified h i i t  for expansion in 
hydraulic cement (10 mml. Higher values of 
expansion were observed for the other two blends. 
The maximum standard limit of expansion was taken 
place at a dust content of 35 arid 20% for Type I1 and 
Type 111 CKD, respectively. Above these CKD 
contents, the expansion was abruptly increased. 
The expansion of blended cement paste was 
increased with the increase ir! contents of SO3 and 
KzO of CKD used. The increase in SO3 leads to the 
formation of calcium sulpho-aluminate (ettringite) 
3CaO.AhO3.3CaSO4.32H2O, which gives about 
100% increase of expansion. On the other side, as the 
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amount of SO3 content decreases the ettringite 
decreases and then the expansion diminishes. Also, 
the increase of K20 tends to form gelatinous 
potassium silicate hydrate, which swells and 
increases the expansion too. Therefore, blends 
containing CKD of Type 111 showed higher 
expansion due to their higher contents of SO3 and 
K20, while blends containing CKD of Type I showed 
lower expansion due to their lower contents of So3 
and KzO (refer to Table 1). 

0 5 10 15 20 25 30 35 40 45 50 
CKD (%) 

Fig. 4 Expansion of CKD-OPC blends vs. CKD%. 

Results of the ultimate compressive strength of 
mortar specimens prepared with different types of 
OPC-CKD blends at 7 and 28 days age are shown in 
Figs. 5, 6. The trends of compressive strength results 
were similar for all blends; the substitution of CKD 
as a partial replacement of OPC was accompanied by 
a higher reduction in the compressive strength of 
blended cement mortars. This reduction was 
gradually increased with the increase in replacement 
ratio of CKD. 
The loss in compressive strength of blended cement 
mortars is attributed to the reduction in cement 
content and the increase in mixing water due to CKD 
incorporation. As mentioned above, the use of CKD 
requires more water content to attain the standard 
consistency of the cement paste. As the mixing water 
increases the compressive strength decreases due to 
the increase in the total porosity of mortar specimens. 
Also, the high chloride and sulfate contents of the 
CKD leads to the formation of chloro- and sulfo- 
aluminate phases, which enhances the c~stallization 
of hydration products leading to an opening of the 
pore system. 

CKD (%) 

Fig. 5 7-day compressive strength of CKD-OPC 
blends vs. 0 % .  

CKD (Om) 

Fig. 6 28-day compressive strength of CKD-OPC 
blends vs. CKD%. 

The variation in the compressive strength between 
the three types of CKDs was mainly due to the 
chemical composition of the dust. As the chloride 
and sulfate contents of cement dust increases the 
compressive strength decreases, therefore, the 
reduction in compressive strength of blends with 
CKD of Type III was more pronounced than that of 
blends with CKD of Types I and U, see Figs. 5, 6. 
Also, the minimum recommended compressive 
strengths at 7 and 28 days age specified for blended 
hydraulic cements, which are 20 and 25 MPa 
according to ASTM C-595 [17], were satisfied at a 
replacement ratio of 35, 30 and 20% for CKD of 
5 p e  I, I1 and HI, respectively. 
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4.2. Properties of CKD-FA-OPC Blended 
Cefnent 

The WIC ratio required for normal consistency of the 
blended cement pastes as a function of combined 
waste materials (CKD+FA) replacement is shown in 
Fig. 7. The results showed that increasing the ratio 
of waste materials in the blended cement paste 
significantly increased the amount of water required 
to produce a neat blend of normal consistency. From 
the above mentioned results, when the CKD of Type 
I with a quantity of 5 20% was used alone in the 
blended cement only a marginal increase in the water 
required for normal consistency was observed. This 
means that the increase in the water requirement of 
CKD-FA-OPC blends was mainly due to the 
presence of dry fly ash in the blend, which did not 
contribute to the hydration reactions. The increase in 
water requirement became less significant as CKD 
became the dominant waste material in the blend. For 
example, at 20% waste materials the WIC ratio for 
blended cement paste with FA represented 100% of 
the waste materials was 54%, and considerably 
decreased to 35% for blended cement paste with FA 
represented 30% of the waste materials. 
Considering the effect of different combinations of 
the waste materials on the initial setting time of 
blended cement pastes, Fig. 8 reflects a higher 
increase in the initial setting time of the blends with 
the increase in waste materials replacement. A large 
jump in the initial setting time was observed in 
blends containing more than 10% waste materials, 
especially at high values of FA incorporation, where 
the values of initial setting time exceeded 5 hours as 
indicated by arrows in Fig. 8. Also, in blends with 5 
10% waste materials the increase in setting time was 
significantly high when FA was the dominant waste 
material; however, it gradually became insignificant 
as the percentage of CKD in the blended waste 
materials was increased. This may be attributed to the 
high alkalinity of CKD that accelerates the hydration 
of blended cement. 

60 1 

(CKD-FA) (?+) 
Fig. 7 Water required for CKD-FA-OPC 

blended cernent. 

(CKII+FA) P o )  

Fig. 8 Initial setting time of CKD-FA-OPC - 
blended cement. 

Figures 9, 10 present the 7- and 28-day compressive 
strength of the blended cernent mortars containing 
OPC with different amounts of waste materials. 
Generally, there was a 1c.s~ in the compressive 
strength of the mortar specimens with the inclusion 
of waste materials. This loss was more pronounced in 
case of specimens contained fly ash as the dominant 
waste material, and gradually decreased with the 
increase of CKD% in the blended waste materials. At 
all the repli~cement ratios of waste materials, the less 
reduction in compressive s~rength was occurred in 
mortar specimens containing 70% CKD in the 
blended waste materials. Thls reduction was about 2, 
5.5, 10 and 14% for specimens containing 5, 10, 15 
and 20% waste materials and tested at 7 days age, 
respectively. The corresponding values for specimens 
tested at 28 days age were 3, 5, 16 and 26%, 
respectively. However, all values of the compressive 
strength of blended cement mortars at the different 
combinations of CKD and FA were more than the 
minimum recommended compressive strengths 
specified for blended hydraulic cements at 7 and 28 
days age [17]. 
The higher reduction in compressive strength loss of 
mortar specimens incorporating 2 50% CKD in the 
blended waste materials may be attributed to the 
content and crystalline form of alkalis present in 
CKD, which makes it an excellent activator for the 
fly ash. The hydration rate uf fly ash increases with 
the increase of alkalis in the hlend [19]. The fly ash 
develops its pozzolanic activity and acts as hydraulic 
cements once their glass network disintegrates when 
attacked by OH- ions [8]. 
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0 5 10 15 20 

(CKD+FA) (%) 
Fig. 9 7day compressive strength of CKD-FA- 

OPC blended cement. 

LB C'KD/(CKD-.FA]~O?6 OJ CKDI(CKDiFAj~30~ 
CKD/(CKD+FA -507'0 GI CKD!(CI<D+FA. -70 

I3 OPC 

(CKD+FA) (%) 
Pig. 10 28day compressive strength of CKD-FA- 

OPC blended cement. 

5. CONCLUSIONS 
The experimental results in this study leads to the 
following conclusions: 
1. The physical properties and compressive strength 

of CKD-OPC blended cement were highly 
influenced by the chemical composition of CKD. 
There was considerable increase in the W/C ratio 
required for normal consistency and setting times; 
and noticeable decrease in the soundness and 
compressive strength of the blended cement with 
the increase of harmful oxides of the CKD used; 
SO,, K20, Na20, Cl- and free CaO. 

2. The CKD of Type I, with the lower contents of 
harmful oxides, could be used in the production of 
blended cement with quantities up to 35% of the 
cement content without any effect on the physical 
properties of blended cement paste. However, the 
compressive strengths of blended cement mortar 
at 7 and 28 days age were significantly lower than 
the corresponding strengths of OPC mortar, but 
they were still withm the minimum recommended 
strengths specified for blended hydraulic cements. 

3. Other Types of CKDs, Type I1 and Type ID, could 
also be used in the production of blended cement, 
but with the restriction that their contents in the 
blend did not exceed 30 and 20%, respectively. 

4. Properties of CKD-FA-OPC blended cement were 
very sensitive to the ratio ol'CKD in the combined 
waste materials (CKD+FA). When the two 
materials were properly proportioned, the alkalis 
from CKD activated the hydration of FA and 
leading to a blend with satisfactory performance. 

5. CKD-FA-OPC blends with 90% OPC and not 
more than 5% FA had physical properties and 
strength comparable to those of OPC. 

6. CKD-FA-OPC blend with 20% OPC and 6% FA 
exhibited an acceptable increase in W/C ratio 
required for normal consistency, very high 
increase in the initial setting time (> 4 hours) and 
significant decrease in the 7 and 28 days 
compressive strengths compared to those of OPC. 
However, its compressive strength at 7 and 28 
days age was considerably more than that of the 
minimum recommended slrengths as specified for 
blended hydraulic cements. 
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