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Abstract 

      Large quantities of by-pass cement dust are accumulated as a solid 
waste during cement manufacture using the dry process which is a big 
environmental problem. In this investigation, it was used as an alkaline 
activator for burnt clay (B.C.), obtained by firing Libyan clay at 650, 750 
and 850°C, as an artificial pozzolana. Hardened pastes were prepared from. 
75% (w/w) B.C and 25% (w/w) by-pass cement dust at these temperatures. 
Another series of pastes were made form 75% (w/w) B.C. and 25% (w/w) 
calcium hydroxide . The pastes were made using 0.50 by weight  
water/solid ratio  and hydrated for 1, 3, 7, 28 and 90 days. At each  interval, 
every paste was tested for compressive strength, hydration kinetics, phase 
composition and microstructure. The results of the hydration kinetics, phase 
composition and microstructure could be related as much as possible to the 
development of compressive strength of the hardened pastes. The relatively 
high hydraulic character of by-pass cement dust reflects the high strength 
values relative to B.C. – CH pastes, at the early ages of hydration. While 
the hardened B.C. – by-pass cement dust pastes possess lower strength 
values than those of B.C. – CH pastes at the later ages of hydration; due to 
the lack of free lime, which acts as an activator, available for the pozzolanic 
interaction with B.C. 
 
Keywords: Burnt clay, by-pass cement dust, hydration kinetics, phase 
composition and microstructure 
 
Introduction  
     The chemical activator required for further hydration of slag,generally 
include all alkali hydroxides and salts, with the least soluble salts being the 
most effective [1].The effect of by-pass cement dust content and the 
calcinations temperature on the hydration of granulated slag was studied by 
El-Didamony [2]. Hydration products such as CSH, C4AH13, C2AHX, 
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Ca(OH)2, hydrogarnet, and calcite were identified using the DTA 
technique. Their results indicated that the crystallinity and the content of 
the cementitious phases, especially β-C2S, increased with calcination 
temperature. It was concluded that activation of slag increases with 
increasing the content and the calcinations temperature of the dust.The 
experimental approach includes the characterization of binary blends 
containing 50% slag and 50% by-pass cement dust in terms of the rates of 
heat evolution and strength development, hydration products, and time of 
initial setting. A study of the effects of the influencing factors of four 
different dusts in terms of soluble alkali content, particle size, and free lime 
content was investigated by Surendra [3]. A number of researchers have 
investigated the use of cement kiln dust (CKD) for sub grade stabilization 
or modification [4-6], as an alternative to the use of traditional soil 
stabilizing agents such as Portland cement or lime. So far, most of the work 
performed has been limited to freshly generated CKD, while the issue of 
reusing already land filled material, available in significantly greater 
quantities, has been mostly unexplored. 
It was concluded that the control mixer (0% CKD) produced the highest 
compressive strength, flexural strength and toughness values at the three 
water-to-binder ratios of 0.50, 0.60 and 0.70. However, concrete mixtures 
containing lower percentages of CKD (5%) produced close compressive 
strength, flexural and toughness values to the control mixer [7]. 
Tests for usage of by-pass cement dust in cement products using cement 
and CKD mortar mixtures show that CKD can be used in cement mortar 
without affecting the requirements stipulated by ASTM C 150 for Portland 
cement [8]. 
The properties of by-pass cement dust and blended cement concretes were 
studied by Barry [9]. Cement concrete specimens were prepared with 0%, 
5%, 10% (w/w), and 15% (w/w) dust, replacing ASTM C 150 Type I and 
Type V. The mechanical properties of CKD concrete specimens were 
evaluated by measuring compressive strength and drying shrinkage while 
the durability characteristics were assessed by evaluating chloride 
permeability and electrical resistivity. The compressive strength of concrete 
specimens decreased with the quantity of the dust. However, there was no 
significant difference in the compressive strength of 0 and 5% CKD cement 
concretes. A similar trend was noted in the drying shrinkage strain. The 
chloride permeability increased and the electrical resistivity decreased due 
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to the incorporation of CKD. The performance of concrete with 5% CKD 
was almost similar to that of concrete without CKD. Therefore, it is 
suggested to limit the amount of CKD in concrete to 5% since the chloride 
permeability and electrical resistivity data indicated that the chances of 
reinforcement corrosion would increase with10% and 15% CKD. 
 
Materials and Experimental Techniques 
 
The clay and by-pass cement dust used in this study were supplied from 
United Arabic Company (UAC), Libya; their chemical compositions are 
shown in Tables 1 and 2, respectively. The clay was first ground and passed 
completely through 90 μm B.S. sieve. 
 
 Table 1. Chemical Oxide Composition of Clay, wt %. 

Oxide SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O k2O TiO2 P2O5 
Loss on 

ignition 

(%) 49.23 17.18 5.25 7.56 3.40 1.17 0.58 2.30 0.82 0.21 12.10 

 

Table 2. Chemical Oxide Composition of By-Pass Cement Dust, wt%. 

Oxide SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Cl- 
Loss on 

ignition 

Free 

CaO 

(%) 12.60 2.93 2.52 40.84 1.35 1.17 0.10 2.94 1.07 26.20 16.42 

 
Three samples of artificial pozzolanas were prepared by burning of clay at 
three different temperatures of 550, 650 and 750°C for four hours. Six dry 
pozzolanic cement mixtures were prepared by mixing of each sample of 
burnt clay with by-pass cement dust or calcium hydroxide (CH) as 
activators for the pozzolanic reaction.Mixing was  done using ball mill for 
six hours in order to attain complete homogeneity of the mixing. These 
mixtures are designated as follows: 
IA: 75% burnt clay (at 650°C) + 25% dust,IIA: 75% burnt clay (at 750°C) 
+ 25% dust IIIA: 75% burnt clay (at 850°C) + 25% dust, IB: 75% burnt 
clay (at 650°C) + 25% CH ,IIB: 75% burnt clay (at 750°C) + 25% CH and 
IIIB: 75% burnt clay (at 850°C) + 25% CH. Each dry mixture was mixed 
with water for paste preparation using 0.50 by wight  water/cement ratio. 
Mixing of the fresh paste was continuously done for three minutes then 
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moulded into cubic moulds one inch side. The pastes were first cured at 
100% relative humidity (R.H.) for up to 24 h, then demoulded and cured 
under water up to 90 days. At each interval, the hydration of the hardened 
pozzolanic cement pastes was stopped using the methods described in an 
earlier publication [10]. The samples were then dried at 100°C for three 
hours and maintained in a desiccator until used for testing purposes. At 
each period, compressive strength tests were carried out on the dried 
specimens. Then, free lime and combined (non-evaporable) water contents 
were determined using the ground dried samples according to the methods 
reported in earlier investigations[9] . The phase composition of the formed 
hydrates was identified using X-ray diffraction (XRD) and differential 
scanning calorimetry (DSC) techniques. The morphology and 
microstructure of hydrated phases were identified using scanning electron 
microscopy (SEM). 
 
Results and Discussion 
 
            The chemically combined water contents (Wn, %) of the hardened 
B.C. (75%) – CKD (25%) and B.C. (75%) – CH (25%) pastes as a function 
of curing time are shown in Fig. 1. Evidently, the chemically combined 
water content increases with age of hydration for all pastes as the degree of 
hydration increases on progressive hydration. It was found that the Wn – 
values decrease with the calcination temperature of the clay for both B.C. – 
CKD (mixes IA, IIA & IIIA) and B.C. – CH (mixes IB, IIB & IIIB) pastes; 
this indicates that the water content of the hydration products themselves 
decrease with firing temperature of the clay. In addition, the pastes made of 
B.C. – CKD mixes possess higher Wn – values than those made of B.C. – 
CH mixes at all calcinations temperatures of the clay; this is mainly 
attributed to the relatively high rate of the pozzolanic reaction between 
cement dust and burnt clay in addition to the hydration products of by-pass 
cement dust constituents. 
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Fig. 1. Chemically   Combined Water      Content (Wn, %)   Versus Age of  
Hydration For The Hardened B.C. – CKD and – C  Pastes made From Clay         
Fired at 650, 750 and 850°C. 
 
         The free lime contents (CaO, %) of the hardened pastes made of B.C. 
(75%) – CKD (25%) and B.C. (75%) – CH (25%) as a function of the 
curing age are represented in Fig. 2. The burnt clay (B.C.) was burnt at 550, 
650 and 750°C. The results of Fig. 2 indicate that the free lime content 
decreases with age of hydration for all pastes; this is due to the 
consumption of free lime as a result of pozzolanic activation of burnt clay. 
Obviously, the values of free lime content of B.C. – CH pastes (mixes IB, 
IIB & IIIB) are higher than those of B.C. – CKD pastes (IA, IIA & IIIA) at 
all ages of hydration; this is due to the lower free lime content of by-pass 
cement dust as compared to pure calcium hydroxide (100% CH). Also, the 
values of free lime content increases with the firing temperature of clay, 
this means that the clay burnt at higher temperature (750°C) needs lesser 
amount of free calcium hydroxide for its activation in the pozzolanic 
hydration reaction. The increase of firing temperature of clay enhances the 

0

2

4

6

8

10

12

14

16

1 10 100
Age of hydration, days (log scale)

C
or

re
ct

ed
 c

om
bi

ne
d 

w
at

er
 v

al
ue

s 
(W

 n,
 %

)

IA IB

IIA IIB

IIIA IIIB



 The  Effect of Calcium  Hydroxide and By-Pass Cement  Dust on Burnt 
Cement  Dust on Burnt Clay 
 

86 
 

formation of metakaolin. It was found that 850°C is the suitable firing 
temperature of clay for the formation of metakaolin [11]. 
 

 
Content (CaO, %) Versus Age of Hydration for the Hardened B.C. – CKD 

and – CH Pastes made of Clay Fired at 650, 750 and 850°C. 

 

           The results of compressive strength of the hardened pastes made of 
B.C. (75%) – CKD (25%) and B.C. (75%) – CH (25%) mixes are 
graphically represented as a function of the age of hydration in Fig. 3. The 
results indicate that the compressive strength increases with age of 
hydration for all pastes. This is due to the formation and later accumulation 
of the hydration products, as representing the binding centers of the 
hardened pastes, with age of hydration and the consequent decrease in the 
total porosity of the hardened pastes as a result of deposition of excessive 
amounts of the hydration products within the pore system, this is 
accompanied by a decrease in the residual porosity with age of hydration. 
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According to the literature, the main factors that affect the contribution of 
metakaolin (burnt kaolinite clay) in strength are: (a) the filler effect, (b) the 
dilution effect and (c) the pozzolanic reaction with calcium hydroxide [12 
and 13]. In this study, the strength results show a clear increase with the age 
of hydration which is mainly due to the pozzolanic reaction of burnt clay 
with lime (in CKD or CH). 
From the strength results of Fig. 3, it was found that the pastes made of 
mixes IIA (75% burnt clay at 750°C and 25% CKD) and IIB (75% burnt 
clay at 750°C and 25% CH) possess the highest strength values for both 
B.C. – CKD and B.C. – CH mixes. Therefore, mixes IIA and IIB represent 
the optimum constitution of burnt clay – CKD and burnt clay – CH mixes 
studied in this investigation; the hardened pastes made of these mixes (IIA 
and IIB) were also examined in this study for their phase composition and 
microstructure. 

Fig. 3. Compressive Strength Values (Kg/Cm2) Versus Age of Hydration 
for the Hardened B.C. – CKD and B.C. – CH Pastes made of Clay Fired at 
650, 750 and 850°C. 
 Phase Composition and Microstructure 

           The phase composition of the formed hydration products was 
identified using X-ray diffraction (XRD) analysis, differential scanning 
calorimetry (DSC) and scanning electron microscopy (SEM). 
           The XRD diffractograms of the hardened pastes made of mixes IIA 
(75% B.C. at 750°C + 25% CKD) and IIB (75% B.C. at 750°C + 25% CH) 
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at different ages of hydration are shown in Figs. 4 and 5, respectively.The 
results of XRD analysis of hydrated B.C. – CKD paste of mix IIA indicate 
the main characteristic peaks of quartz and calcium carbonate in addition to 
the poorly crystalline calcium silicate hydrate (CSH) and illite 
[K0.5(Al,Fe,Mg)3 (Si, Al)4 O10 (OH)2] or endellite. Evidently, with 
increasing age of hydration the intensities of the peaks characteristic for 
quartz and calcite (calcium carbonate) decrease while those of CSH 
increase. The characteristic peak of CC in this blend is due to the presence 
of calcite in the by-pass cement dust. The XRD diffractograms of the 
hardened burnt clay – CH paste of mix IIB show the main characteristic 
peaks of quartz, calcite, calcium hydroxide (portlandite) and illite as well as 
poorly crystalline CSH. The XRD pattern of CH is still present in the blend 
up to 90 days of hydration. This means that this ratio is high to activate the 
burnt clay at 750°C. If the firing temperature is 850°C the amount of 
metakaolin increases then it needs more CH for its hydration. Also, 
intensity of CSH peak is higher than in the case of cement dust due to the 
low content of CH in the dust which is a good activator for metakaolin. 

 
Fig. 4. XRD Patterns of the Hardened B.C. – CKD Paste made of mix IIA 
(using Calcined Clay at 750°C). 
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Fig. 5. XRD Patterns of the Hardened B.C. – CH Paste made of mix IIB 
(using Calcined Clay at 750°C). 
 
              The results of DSC analysis of the hardened pastes made of mixes 
IIA (75% B.C. at 750°C + 25% CKD) and IIB (75% B.C. at 750°C + 25% 
CH) at different ages of hydration are shown in Figs. 6 and 7, respectively. 
The DSC thermograms obtained for B.C. – CKD paste of mix IIA indicate 
that there are six endothermic peaks located at the temperature ranges of 
100 –110, 160 –170, 260 – 300, 480 –510, 580 – 700 and 790 – 805°C; one 
exothermic peak could also be distinguished at 940 –950°C. The first two 
endotherms located at 100 –110 and 160 –170°C are characteristic for the 
water loss of the nearly amorphous and microcrystalline calcium silicate 
hydrates (CSH), respectively. The endotherm located at the temperature 
range of 260 – 300°C is due to the decomposition of calcium aluminate 
hydrates (C4AH13 and C3AH6) and gehlenite-like calcium aluminosilicate 
hydrate (C2ASH8). The endotherm located at 480 – 510°C is characteristic 
for the dehydration of calcium hydroxide (CH). The endotherms observed 
at 580 – 700 and 790 –805°C are mainly due to the decomposition of 
amorphous and crystalline calcium carbonate, respectively. Only one 
endotherm is located at 940 – 950°C which is attributed to the 
crystallization of the pseudo-wollastonite phase (monocalcium silicate, 
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CS); this exothermic peak is characteristic for the decomposition of the 
hydrated calcium silicate produced as a result of pozzolanic reaction 
between burnt clay (as an artificial pozzolana) and the free calcium 
hydroxide of by-pass cement dust (CKD). Evidently, the endothermic peaks 
characteristic for the crystalline calcium silicate hydrates (CSH) become 
more distinguishable at the longer ages of hydration (28 and 90 days); this 
also reflected on the clear appearance of the exothermic peak characteristic 
for the pseudo-wollastonite (CS) phase [14]. The DSC thermograms 
obtained for B.C. – CH paste of mix IIB illustrate that there are six 
endothermic peaks located at the temperature ranges of 90 – 116,180 – 192, 
254 – 258, 466 – 500, 768 – 774 and 787 – 802°C. A double-peak exotherm 
is also observed in the thermogram at 879 – 895 and 944 –962°C. The first 
two endotherms located at 90 –116 and 180 –192°C are mainly attributed to 
the decomposition of amorphous and microcrystalline calcium silicate 
hydrates (CSH), respectively. The third endotherm located at 254 – 258°C 
is characteristic for the decomposition of calcium aluminosilicate hydrate 
and tetracalcium aluminate hydrate (C4AH13). The fourth endotherm 
located at 466 – 500°C is characteristic for the decomposition of calcium 
hydroxide (CH). The two endotherms located at 768 – 770 and 787 – 802°C 
are due to the decomposition of amorphous and crystalline calcium 
carbonate, respectively. The double-peak exotherm located at 879 – 895 
and 944 – 962°C is mainly characteristic for the crystallization of pseudo-
wollastonite formed as a result of decomposition of CSH. It is clear that the 
DSC thermograms of B.C. with CH shows higher values of CH as shown 
from the endotherm at 466 – 500°C than that formed in the case of B.C. 
with by-pass cement dust. This result is in a good agreement with that of 
the XRD analysis. The DSC curve B.C. – CH at 90 days exhibits higher 
amount of calcium aluminosilicate hydrate C2ASH8 or hydrogarnet than 
that of B.C. – cement dust due to the continuous hydration of CH with 
burnt clay in the case of Ca(OH)2. 
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Fig. 6. DSC - Thermograms of Hardened B.C. – CKD Paste made of mix 
IIA (using Calcined Clay at 750°C). 
 

Fig. 7. DSC - Thermograms of Hardened B.C. – CH Paste made of mix IIB 
(using Calcined Clay at 750°C). 
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          The development of microstructure in the hydration reaction of the 
hardened pastes made of two dry mixtures has been undertaken using 
scanning electron microscopy (SEM). These are mixes IIA and IIB made of 
burnt clay (75%) with 25% of by-pass cement dust and burnt clay (75%) 
with 25% hydrated lime (calcium hydroxide), respectively. The 
microstructure of the hydrated paste of mix IIA (75% B.C. – 25% CKD) 
after one day of hydration displayed a mixture of nearly amorphous and 
microcrystalline calcium silicate hydrates (CSH) around the unhydrated 
grains; small hexagonal particles of portlandite (calcium hydroxide) and 
cubic crystals of gehlenite like hydrate (C2ASH8) appeared also in the 
structure (Fig. 8-a). On progressive hydration of B.C. – CKD blends, nearly 
amorphous hydration products and crumpled foils of calcium silicate 
hydrates were formed in the pore spaces between and around the remaining 
unhydrated parts of burnt clay and CKD grains after 7 days of hydration as 
shown in Fig. 8-b. After 90 days of hydration, the microstructure displayed 
the accumulation of the nearly amorphous and microcrystalline hydrates 
with the pore spaces of the hardened paste; there appeared noticeable 
fraction residual pores in the structure (Fig. 8-c). The microstructure of the 
hydrated B.C. (75%) – CH (25%) paste of mix IIB after one day of 
hydration is mainly composed of amorphous calcium silicate hydrates 
(CSH gel) around the unhydrated B.C. grains; small hexagonal particles of 
calcium hydroxide appeared also in the structure (Fig. 9-a). A relatively 
larger fraction of open pore spaces could be observed in the microstructure. 
After 7 days of hydration of the paste made of mix IIB, the SEM 
micrograph displayed the formation of different forms of hydration 
products. Among them it was possible to distinguish nearly amorphous and 
interlocking fibers of CSH which appeared as clear binders between partly 
hydrated grains (Fig. 9-b); the cubic crystals of gehlenite hydrate are also 
appeared in the structure. After 90 days of hydration, there appeared a more 
dense structure composed of microcrystalline, cubic crystals and 
interlocking fibers of different hydration products engulfed with remaining 
unreacted part of calcium hydroxide (Fig. 9-c). Evidently a more dense and 
close textured structure was observed after 90 days of hydration of the B.C. 
– CH paste; this leads to a hardened paste with higher strength. 
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Fig. 8. SEM Micrographs of the Hardened B.C. – CKD Paste made of mix 
IIA (using Calcined Clay at 750°C) after a) 1, b) 7 and c) 90 days of 
hydration. 
 
 
 
 
 
 
 
 
Fig. 9: SEM Micrographs of the Hardened B.C. – CH Paste made of mix 
IIB (using Calcined Clay at 750°C) after a) 1, b) 7 and c) 90 days of 
hydration. 
 
 
Conclusion 
      On the basis of the results obtained in this investigation, the following 
conclusions should be derived: 
-  The rate of hydration of B.C. – CKD blends is higher than that of B.C. –   

CH blends especially at the early ages of hydration. 
- Higher fractions of the remaining free calcium hydroxide are still present 

up to 90 days of hydration of B.C. – CH blends; while the free lime is 
almost consumed after 7 days of hydration of B.C. – CKD blends. 

-  B.C. – CKD blends possess higher mechanical properties as compared to 
B.C. – CH blends at the early ages of hydration; meanwhile the paste 
made of B.C. – CH blends have higher strength characteristics than those 
of B.C. – CKD at the later ages of hydration. 

- The results of phase composition and microstructure of the formed 
hydrates could be related to the development of strength of the hardened 
pastes made of B.C. – CKD and B.C. – CH blends. A less dense structure 
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of B.C. – CH pastes was obtained at the early ages of hydration which turns 
to a more dense structure at the later ages of hydration. 
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