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Physicochemical Characteristics of Slag Rich
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T

HE EFFECT of replacing ordinary Portland cement (OPC) and
granulated blast furnace slag (GBFS) with by- pass cement dust
(CKD) at 0%, 2.5%, 5%, and10 mass % after 3, 7, 28 and 90 days of
curing period was studded. One blend of slag rich cement was
prepared, namely30/70 mass % Portland cement and granulated slag,
respectively .Two different mixes were made from this blend ,the first
contains (70% GBFS( with variable amounts of OPC and CKD, the
second contains (30% OPC)with variable amounts of GBFS and CKD.
The hydration behavior was followed by estimation of combined
water, bulk density and gel/space ratio. The required water for
standard consistency, setting times and compressive strength were also
determined. The required water for standard consistency increases
with CKD content .The compressive strength and bulk density
decrease with cement kiln dust. Combined water content increases
with CKD. Initial sitting time for blended cement pastes with (30%
OPC) is elongated up to 5 mass % then accelerated .The final sitting
time of cement pasts (30 % OPC) )is elongated with CKD .The results
obtained were confirmed by XRD.
Keywords: Cement kiln dust, Compressive Strength, Slag and
Portland cement.

Cement kiln dust (CKD), a by-pass dust, is generated in large the production of
Portland cement. Cement kiln dust is a fine powdery material similar in
appearance to Portland cement. It is composed of micron-sized particles
collected in the control devices (e.g. cyclone, bag house, or electrostatic
precipitator) during the production of cement clinker. The concentration of free
lime, sulfates and alkalis in CKD mainly dependent upon the size of particles
collected near to the kiln. Coarser particles of CKD contain high content of free
lime while the fine particles usually exhibit higher concentration of sulfates and
alkalis and lower lime content(1). Several researchers have reported on some
aspects of the utilization of CKD in cement paste, mortar/concrete(2-7). The effect
of cement kiln dust (CKD) on the compressive strength of cement paste and
corrosion behavior of embedded reinforcement was investigated(2,8).
---------------------------------------------------*Corresponding author +20552363728, 01110808356
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If CKD is used by replacing cement with 0% 5%, 10%, 15%, 20%, 25% and
30% CKD with water-to-binder ratio 0.50, 0.60, and 0.70, respectively at the age
of 3, 7 and 28 days, the increase in CKD replacement for cement decreased the
compressive strength of concrete mixtures(4).
The setting effect of replacing PC with CKD at 0%, 5% and 10% by mass in
paste was studied (2) If CKD replacement with PC increases, the water demand
increases and the setting time decreases .For these studies authors suggested that
this was due to the high amounts of lime and alkalis in CKD .The utilization of
CKD and some other industrial solid wastes in the field of cement industry and
other building products was also reported(9, 10).
Portland cement clinker,BFS and CKD composites were investigated .Three
blends of slag cement were prepared. Each blend was mixed with 2.5%, 5.0%,
7.5%, and 10.0% CKD. The authors reported that the substitution of 2.5 mass%
CKD for mix (30 mass% OPC+70 mass% GBFS) accelerates the final setting
time(11).
The use of CKD as an activator for BFS was investigated. Binary blends
containing slag and CKD from different sources were characterized and
compared in terms of the rates of heat evolution and strength development,
hydration products, and time of initial setting. It was reported that the
combination of both chemical and physical characteristics of CKD is critical in
controlling the mechanisms of activation of strength development(6).
Investigation of the effect of CKD substitution on the mechanical properties of
concrete was studied. Materials used in that research were ‘‘untreated” raw CKD
which was collected from electrostatic precipitators, OPC, BFS, and sulfate
resisting Portland cement (SRPC). It was reported that with increasing quantity of
CKD, generally, the ultimate compressive as well as tensile strengths decreased for
OPC concrete specimens; a slight increase in strength was observed for BFSC and
SRPC. Further, it was found that the high limit for substitution was not more than
30% for SRPC, and 20% for BFSC, and 10% for OPC(12).
Granulated blast-furnace slag by itself is hydraulically very weak. Due to its
glassy structure, a highly alkaline medium is required in order to disintegrate the
silicate-aluminates network of the slag glass; the liberated free lime during the
hydration of Portland cement clinker is normally used to provide this
alkalinity(13).
The aim of the present work is to study the effect of replacing of OPC and
GBFS with CKD at 0 %, 2.5%, 5% and 10% by mass in slag rich cement ( 30
mass% OPC + 70 mass% GBFS). This was done via determination of
compressive strength, chemically combined water, gel/ space ratio and bulk
density, free lime contents at different ages of hydration. The phase composition
was examined using XRD.
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Experimental
Materials
The materials used in this investigation were granulated blast furnace slag
(GBFS ,)ordinary Portland cement( OPC )and cement kiln dust (CKD). GBFS
was provided from Iron Steel Company, Helwan, Egypt .Ordinary Portland
cement( OPC) and by pass cement dust( CKD) were supplied from Suez Cement
Company .The results of chemical analysis of GBFS, OPC and CKD are given in
Table 1.
TABLE 1. Chemical analysis of OPC, GBFS and CKD (mass%).

Oxide
Materials

SiO2

Al2O3 Fe2O3

CaO

MgO

SO3

K2O

NaO

Surface
L.O.I area(cm2/g)

OPC

19.8

4.70

62.0

2.13

3.1

0.1

0.20

3.70

3210

GBFS

43.21 9.97

0.59 35.96 5.43 1.37 0.67

0.79

1.98

4500

CKD

13.37 3.36

2.29

3.32 15.96

3500

3.14

42.9

1.90 5.10 3.32

The mineralogical composition of CKD is shown in Fig.1. The XRD
contained CaCO3 as a major phase with NaKCl2, quartz, and anhydrite.

Fig. 1. XRD pattern of raw CKD.
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Experimental techniques
Preparation of cement pastes
Mixes were prepared by substitution of OPC with CKD and GBFS. The dry
constituents of each mix were firstly blended for one hour in a porcelain ball mill
using five balls to attain complete homogeneity, then kept in air tight container
for further investigation.
The mixing of OPC with CKD and GBFS composite cement pastes was
carried out with the water of consistency ASTM Designation: C191, 2008(14).
Freshly prepared pastes were placed in 2x2x2 cm cubic molds into two equal
layers. The molds were then manually vibrated for few minutes then the pastes
were smoothed by spatula. The specimens were cured with their molds at 100%
R.H at 23± 2˚C for 24 hr. The cubic specimens were removed from their molds
and then cured under tap water at room temperature for different time intervals
of 3, 7, 28 and 90 days. The mix compositions of the prepared blends are
shown in Table 2.
TABLE 2. Mix compositions of the prepared blended slag rich cements, mass%.
Sample
A1

OPC
30

GBFS
70

CKD
00

A2

27.5

70

2.5

A3
A4

25.5
20.0

70
70

5.0
10.0

CKD

Sample

OPC

GGBFS

A1
B1

30.0
30.0

70
67.5

00
2.5

B2

30.0

65.0

5.0

B3

30.0

60.0

10.0

The initial and final setting times were determined according to ASTM
Designation: C-191, 2008 (14). The bulk density of cement pastes was measured
before the specimens subjected to compressive strength determination. Each
measurement was carried out on at least three similar cubes of the same mix
composition and curing time (15).
Compressive strength was determined according to ASTM Designation: C150, 2007(17). A set of three cubes was tested using compressive strength
machine of SEIDNER, Riedinger, Germany, with maximum capacity of 2000
KN force. The resulting crushed specimens of the hardened cement pastes were
ground and the hydration reaction was stopped(17). The samples were then dried
at 80oC for 3hr in CO2- free atmosphere.
The chemically combined water content, (Wn,%), was determined by the
ignition loss test at 1000oC for 1hr. Duplicate measurements were carried out for
each sample and the mean value was recorded(18). The free lime content, CaO
(%), was determined by using the glycerol/ ethanol extraction method and the
mean value of the two independent determinations was recorded (19).The gel/
space ratio ( × ) was calculated from the degree of hydration and water to cement
ratio (20, 21).
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for some selected hydrated samples using X-ray diffraction analysis (XRD).
XRD analysis was performed using cobalt target ( ƛ = 0.17889) nm), and nickel
filter under working conditions of 40kv and 40 mA.
Results and Discussion
Substitution of OPC by CKD in granulated slag rich cement
Water of consistency and setting times
The water of consistency and setting time for slag rich cement containing 70
mass% of GBFS and variable amounts of OPC and CKD are plotted as a
function of CKD content in Fig. 2. The water of consistency of blended slag rich
cement pastes is higher than that for cement pastes without CKD. Addition of
CKD increases the water for normal consistency. This may be attributed to the
high amounts of alkali, sulfates, and volatile salts as well as the higher surface
area of CKD that require more water(7,11).

26.5
240

Water of consistency, %

220

25.5

200

W/C
F.S
I.S

25.0

180

160
24.5

Initial and final setting times , min

26.0

140
24.0
0

2

4

6

8

10

Cement kiln dust content, %

Fig. 2. Water of standard consistency, initial and final setting times of
pastes with variable amounts of OPC and CKD.

cement

The initial setting time is elongated up to 5 mass % CKD and then shortened
up to 10 mass %. The elongation of initial setting time at low content of cement
dust may be due to the dilution of OPC portion in addition to the increase of
water of consistency. The decrease of initial setting time of cement pastes
containing 10.0 mass % CKD is mainly due to the excess amount of alkalis and
lime which can accelerate the hydration of granulated slag cement paste(7,11). On
the other hand, the final setting time of cement pastes is elongated with CKD
content due to the decrease of the formed C-S-H which is the main cementing
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phase. Therefore, as the amount of CKD increases the final setting of hardened
cement pastes elongates(11).
Chemically combined water contents and gel/space ratio
The results of chemically combined water content for all pastes investigated,
OPC-GBFS, and OPC-GBFS-CKD are given in Fig. 3. As shown from the figure
the combined water contents increase gradually with curing time up to90 days
for all cement pastes. This is due to the progress of hydration. As the hydration
proceeds, the amount of hydration products increase and the combined water also
increases. As the CKD increases the combined water content increases gradually
up to 2.5 %. This is due to that, the CKD contains some alkalis, chlorides and
sulfates with hydrated lime which act as activator for GBFS. As the cement kiln
dust increases up to 5% and 10 %, the combined water content decreases than
that of control sample (30% OPC+ 70 GBFS). This is mainly due to the decrease
of the amount of OPC with the increasing of cement dust. Accordingly, the OPC
phases such as C3S, β C2S, C3A and C4AF are diminished. These phases with
their hydraulic characteristics certainly influence the chemically combined water.

Chemically combined water , %

10

A1
A2
A3
A4

8

6

10

100

Curing time, days

Fig. 3. Combined water contents of cement paste with variable amount of OPC and
CKD up to 90 days.

On the other hand, the cement kiln dust has no hydraulic characteristics, it
consists mainly of CaCO3 with some alkaline and quartz(7,16) .
The gel space ratio of cement pastes was calculated from the data of the
degree of cement hydration, which obtained from combined water in relation to
that of complete hydration (20, 21) . The higher the degree of hydration, the higher
the gel content of the paste.
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The results of gel / space ratio of cement pastes containing GBFS with
variable amount of OPC and CKD are given in Fig. 4.

0.72

0.68

Gel /space ratio,%

0.64

0.60

A1
A2
A3
A4

0.56

0.52

0.48

0.44
10

Curing time, days

100

Fig. 4. Gel/ space ratio of cement paste with variable amount of OPC and CKD up
to 90 days .

The results indicate that gel / space ratio increases with curing time for all
hydrated cement pastes. This is due to the continuous hydration of cement
phases, leading to the formation and accumulation of excessive amounts of more
dense hydrated products (CSH, CAH, and CASH) (18) . The formations of these
hydrated products improve the microstructures of cement pastes. Gel / space
ratio of blended cement pastes decreases with the CKD up to 10 mass %. This is
mainly attributed to the decrease of combined water and may be partially due to
the lower density of pozzolanic hydration products, and it may indicate that
pozzolanic reaction products are more effective in filling pores (22).
Compressive strength and bulk density
The results of compressive strength and bulk density of hardened composite
GBFS cement pastes containing CKD as a partial replacement of OPC increase
with curing time for all hydrated cement pastes as demonstrated in Fig. 5. and 6.
This is mainly due to the increase of the hydration products and their
accumulation such as C-S-H (the main source of strength) within the available
spaces giving a compact matrix with higher strength (23) .
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Fig. 5. Bulk density of cement paste with variable amount of OPC and CKD up
to 90 days.
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10

Curing time , days

100

Fig. 6. Compressive strength of cement paste with variable amounts of OPC and
CKD up to 90 days.

The compressive strength and bulk density of composite GBFS cement pastes
decrease with CKD as a partial replacement of OPC. This is mainly due to the
increase of W/b ratio and the formation of sulphoaluminate, chloroaluminate as well
as carboaluminate hydrates with low strength and bulk density in addition to the
decrease of C-S-H binding centers in the cement pastes. Control cement A1 (30 %
OPC + 70% GBFS) without CKD, shows the highest compressive strength and bulk
density in comparison with those containing CKD. This is mainly due to that, high
content of OPC which is the more reactive component. This reduction in
compressive strength is proportional to the CKD content, which affects the
mechanical properties of the hardened cement pastes. These results are in good
agreement with those of combined water and bulk density values (4) . The hydration
products of pozzolanic cement pastes have lower density than that of only GBFS
pastes without CKD(24). This may be due to the presence of anhydrite, CaCO3, KCl
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and chlorides in the CKD, which gives AFt, AFm, chloroaluminate and
carboaluminate hydrates with expansion and then low bulk density (4) .
XRD analysis
Figure 7 Illustrates the XRD- patterns of composite cement pastes containing
30% OPC with variable amounts of GBFS and CKD hydrated for 90 days. The
diffraction patterns show the diffraction lines of hydrated and unhydrated cement
phases namely,
β-C2S , C3S, calcium hydroxide (CH), calcite (CC) ,(C-S-H)
overlapped by CC and wallastonite. It is clear that the peaks of portlandite decrease
with GBFS and CKD content due to the dilution of OPC which liberates portlandite
in addition, to the pozzolanic reaction of active silica and alumina of GBFS with
portlandite. The peaks of β-C2S and C3S are still present. The decrease of CC peaks
in A1 and A2 may be also due to its reaction with CO2 in the presence of moisture
forming Ca(HCO3)2 (24) as follows:
CaCO3 +
1- CH

CO2 + H2O
-

2- Cc

Ca(HCO 3) 2

3 - C3S +C2S 4- CSH
2

3

1

4
A4

2

intensity

3
4
A2
2

1

3

1
4

10

20

30

2- theta - scale

1

40

A1

50

Fig. 7. XRD patterns of A1 , A2 and A4 up to 90 days.

Substitution of GBFS by CKD in granulated slag rich cement
Water of standard consistency and setting times
The variations of the required water for consistency, initial and final setting
times of composite slag rich cement pastes containing variable amounts of GBFS
and CKD are given in Fig. 8. The water of standard consistency of slag rich
cement pastes increases with the increase of content of CKD, this is due to the
presence of a high amount of lime, sulfates, alkalis and chlorides in CKD, as
well as the high surface area leading to high water demand (1,7) .
The initial setting time (IST) of cement pastes is shortened with the CKD wt
%. This is mainly due to the presence of some alkalis and sulfates in addition to
CaCO3, which accelerate the initial setting. Also, the decrease of GBFS in the
blended cement with low hydration characteristics in comparison with the OPC
shortens the initial setting time ( 7) .
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It is clear that, FST of cement pastes is elongated linearly with substitution of
GBFS with CKD. This may be due to that, CKD delays the formation of
hydration products especially C-S-H gel ( the main binding hydration product)
and forms some gehlenite hydrate (C2ASH8) sulphoaluminate, carboaluminate
and chloro-aluminate hydrates which delay the final setting time due to the
coating effect of these hydrates on the anhydrous cement grains (11) .
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140
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24,0
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8

10

Cement kiln dust content,%

Fig. 8. Water of standard consistency, initial and final setting times of cement pastes
with variable amounts of GBFS and CKD.

Chemically combined water and gel/ space ratio
Figure 9 and 10 show the variations of the chemically combined water
contents and gel/ space ratio of slag rich cement pastes hydrated up to 90 days,
containing 30 % OPC as well as variable amounts of GBFS and CKD. The
results show that, Wn % and gel/ space ratio% increase with the increase of
curing time for all hydrated cement pastes. This is due to the progress of
hydration and the increasing of the hydration products. The values of Wn and
gel/ space ratio increases with increase of CKD; this is due to CKD has high
lime, alkalis and sulfate contents which make it an excellent activator for
pozzolanic materials (6) . On the other hand, the cement pastes without CKD give
lower Wn content than those containing CKD. This indicates also that, the CKD
acts as an activator for the hydration of GBFS due to its contamination of lime,
alkalis and sulfate. The gel/space ratio of cement pastes was calculated based on
the data of degree of hydration, obtained from Wn content. This leads to increase
of the amount of hydration products, which fill the pores between the cement
particles. Therefore, the porosity decreases and the gel space ratio increases
(17,21)
.
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Fig. 9. Combined water contents of cement paste with variable amount of OPC and
CKD up to 90 days.
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Fig. 10 . Gel/ space ratio of cement paste with variable amounts of GBFS and CKD
up to 90 days.

Compressive strength and bulk density
The compressive strength and bulk density of slag rich cement pastes
containing 30% OPC and variable amounts of GBFS and CKD are given in Fig.
11 and 12. The compressive strength and bulk density of all composite cement
pastes increase with curing time. This is due to the continuous hydration of OPC
as well as pozzolanic reaction of GBFS, which activated by the liberated CH
during the hydration of OPC and CKD. This leads to the increase of the
precipitated hydration products, that fill some of the open pores of cement paste,
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which increases the bulk density(5,7).
Shi (25) concluded that the increases
strength of the blends with time was due to the availability of Ca+2 ions provided
by the free lime content.
As the amount of CKD increases, the compressive strength and bulk density
of composite cement pastes decreases(23) . The hydration of slag rich cement
pastes gives CSH with low C/S which tends to decrease the bulk density (6) . AS
the CKD content increases up to 10 mass%, the compressive strength and bulk
density decrease significantly. The decrease of compressive strength and bulk
density with CKD can be attributed to the increase of w/b ratio as well as the
increase in free lime content in cement dust; the higher amount of Ca(OH)2
weakened the hardened
matrix. Also, the formation of chloro – and
sulfoaluminate phases leads to the softening and expansion of the hydration
products. The formation of these hydration products enhances the crystallization.
This may be accompanied by an increase in the pore size due to a change in the
packing between the crystal, this leads to decline in the strength (7, 11, 12) .
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Fig. 11. Bulk density of hydrated cement paste with variable amounts GBFS and
CKD up to 90 days.
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Fig. 12. Compressive strength of cement paste with variable amounts of GBFS and
CKD up to 90 days.

Free lime contents
The results of free lime contents of slag rich cement containing 30% OPC
and variable amounts of GBFS and CKD are given in Fig. 13. The results
indicate that the values of free lime increase up to 7 days, then decrease with
curing time up to 90 days for mixes with 0% and 10 mass %CKD. This is mainly
due to that, the rate of liberation of portlandite exceeds its rate of consumption by
GBFS at early ages. Therefore, the liberated Ca(OH)2 is lower than that for
cement pastes without CKD . The decrease of free lime at 5.0 and 10.0 wt %
CKD may be due to that, the CKD acts as activator. The decrease of free lime
after 7 days can be attributed to the pozzolanic activity of slag increase at latter
ages, which consume more portlandite. The increase of GBFS decreases the free
lime content. Cement pastes containing 10.0 mass % CKD give higher values of
free lime than that, with 5.0 mass % CKD, due to the decrease of GBFS as
pozzolanic material in addition to Ca2 + leached from CKD( 7, 11) .
A1
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Free lime content , %
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0,4
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Fig. 13. Free lime content of cement paste with variable amounts of GBFS and
CKD up to 90 days.
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Conclusions
The following conclusions may be drawn from the obtained experimental data.
[1] The substitution of CKD to slag rich cement (30%OPC + 70% GBFS)
decreases the compressive strength and bulk density.
[2] The combined water content and gel space ratio for the blended cements
incorporated with CKD is more than that without CKD.
[3] The substitution of slag rich cement with CKD increases the water of
consistency.
[4] The high alkali and sulfate content in CKD makes it an excellent activator for
pozzolanic materials.
[5] Free lime content of slag rich cement contains 30 %OPC and 70% GBFS
increases up to 7 days, then decreases with curing time up to 90 days.
[6] Slag rich cement pastes without CKD give high values of free lime than that
containing CKD at early ages.
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الخواص الفيزيقوكيميائية لعجائن األسمنت المحتوي علي نسبة عالية من خبث
الحديد ) (GBFSوالمدمجه مع تراب أفران أألسمنت ()CKD
خليل علي خليل محمود و نادية دمحم عبد الحميد
قسم الكيمياء – كلية العلوم – جامعة الزقازيق – مصر
الهدف من هذا البحث هو دراسة الخواص الفزيقوكيميائية لألسمنتات البوزوالنية المستخدم فيها تراب أفران
أألسمنت(  )CKDوخبث أألفران العالية(  .)GBFSتم في هذا البحث أألستفادة من تراب أفران أألسمنت CKD
ألحتو ائه علي نسبة عالية من الكلوريدات  ,الكبريتات وكذلك العناصر القلوية مع خلطها مع  GBFSفي تحضير
اسمنت عالي الخبث يحتوي علي نسبة  %03من أألسمنت والباقي من المواد السابقة.
وقد تم في هذ البحث تعيين كمية الماء القياسية وزمني الشك أألبتدائي والنهائي ودراسة كيناتيكية
التأدرت للعجائن المتصلدة وذلك بتعيين كمية الماء المتحد كيميائيا والجير الحر وحساب الكثافة الكلية وتعيين قوي
التحمل ونواتج التأدرت باستخدام جهاذ .XRD
أظهرت النتائج ان كمبة الماء القياسية تزداد بزيادة نسبة  CKDوتسرع من زمن الشك أألبتدائي ولكن
عند  %03من تراب أفران أ ٍألسمنت فان الشك النهائي يتأخر .يزداد الماء المتحد كيميائيا مع زيادة نسبة  CKDالي
 %2 ,5وهذا بسبب وجود بعض القلويات  ,الكلوريدات والكبريتات في تراب األفران  ,و ويقل الماء المتحد كيميائيا
مع زيادة تراب األفران الي  %03عن العينة القياسية وبسبب نقص كمية األسمنت الموجودة بالعينة.
أظهرت النتائج ان قوي التحمل الميكا نيكية والكثافة الظاهرية تقل مع زيادة نسبة  CKDوهذايرجع الي
زيادة كمية ماء الخلط ( )W/Cونقص كمية أألسمنت  .وقد أظهرت النتائج ان العينة القياسية التي آلتحتوي علي
ت راب أفران أألسمنت لها قوي تحمل أعلي من العينات التي تحتوي علي  CKDبسبب وجود .OPC
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