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Abstract. In recent years, use of various waste products int ground constniction and madification has gained
corsiderable amention worldwids in view of increasing costs of waste disposal, and environmentsl
constraints. One  of these waste products is the cement kiln dust, which is a by-product of Portland cement
manufacturing process. It is generated from burning the raw materials in a rotacy kiin to produce clinket.
Generally, for each one ton of clinker, 2 typical kiln generales around .06 - .07 ton of cement kiln dust.

In this study, first, an overview of physical, chemical, and mechanical properties of kiln dust that related 10
utilization in ground medification are presented. These propertics ar¢ presented for different samples onllected from
cement manufaciures in cenlral, eastern, and southern regions of the Kingdom of Saudi Arabia. Second, the effect
of adding different percentage of cement kiln dust on the engineering propertics of three different problematic soils
in the centrul region of Saudi Arabia was investigated. The rcsults show significant improvement in their
engineering properties. The plasticity index and liquid limit of clays decreasc significantly as the percentage of
added cement kiln dust increases. The optimum moisture content and the maximum dry density of dune sand
increase as the added cement kiln dust increases. The unconfined compressive strength was found to increase
substantially during the firt scven days. The permeability of trealed duns sand was found to reduce sigmificantly
better than that of treated soil with cement. And finally the collapse potential ol treated collapsing soil with cement
kiln dust was reduced significamly.

Introduction

Cement Kiln Dust (CKD) is a by-product of Porlland cement manufactuting process. It
is generated from burning the raw materials in a rotary kiln Lo produce clinker. The
production of one ton of cement involves the commination of about 2.6 to 2.8 tons of
raw materials,  Between 5 and 10% of ihese finely pulverized materials will be
agitated
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and thus suspended as dust in gases [1]. Generally, for each one ton of clinker, a typical
kiln generates around .06 - .07 ton of CKD [2].

The total annwal production of Portland cement in Saudi Arabia has increased
from 0.667 million tons in 1960 to more than 14.3 million tons in 1995, and is expected
to exceed 20 million tons in 1998, The figures on CKD preduction are not precise.
CKD  production in Saudi Arabia is now estimated to be 1.2 - 1.4 million tons per year.
This present quantity is projected to continue Lo increase in the fisture due to the ever
increasing coment production and recent restrictions on air pollution in the Kingdom.
These waste materials are dumped on big areas. Tn recent years, usc of various waste
products in ground construction has gained considerable attention worldwide in view of
inereasing costs of waste disposal, and environmental constraints,

In this paper, an overview of physical, chemical, and cngineering properties
related to utilization in ground modification of kiln dust collected from central,
southcrn, and eastern regions of the Kingdom will be presented. The main objective of
this research is 1o investigate the suitability of using CKD coltected from central region
to upgrade and cnhance the engineering propertics of three different types of soal which
have proved to be difficult for construction and/or which have caused problems for
previousty completed projects in the central region of the Kingdom.

Test Materials

(1) Cement kiln dust

Cement kiln dust exhibits variabilily in chemical composition and physical
characicristics depending on the source and type of raw malenals, plant operation,
extracting and disposal practices. Samples of CKD were acquired from local cement
manuiacluring plants in central, southern and castern regions of Saudi Arabia. Table 1
prescnis the typicat physical and chemical propertios of dust samples. CKD is generally
grayish in color and consists of predominantly silt-sized, nonplastic particles with a
uniform gradation and is classified as ML using the Unified Soil Classification system
based on the grain size (Fig. 1) and nonplastic characteristics of the material. Data on
the chemical analyscs of the dust shown in Table 1 were provided by the cement
manufacturing companies.

The test results showed that CKD samples collected at various locations in Saudi
Arabia contain significant amount of calcinm oxide (CaO) that gives il good pozzolanic
characteristics. The variability of collected CKD is not very significant, Saudi CKD is
similar in composition to American CKD [3-4]. Thus tested CKD is not a hazardous
waste matenal according to U.S. Bureau of Mincs [4].
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Fig. 1. Grain size distributivn ¢nrve for the cement kiln dust.
Table 1. Physical and chemical properties of CKD
Property Region
Central Southern Eastern
Specific gravity 301 - 36
Sand % 1.3 - 102
Silt % 91.0 - 898
% Passing Sieve # 40 100 - 100
Chemical Compound {%4)
Silica (8i0y) 15.73 17,74 15.69
Aluminum Oxide (ALO;) 541 5.26 432
Tron Oxide (Fey Os) 2.41 3101 466
Calcium Oxide (Cal) 63.58 54.79 63,18
Magngsivrm Oxide (MgO) 1.33 1.14
Suifur Oxide (8O3) 197 4.06 3.24
Sodium Oxide (Nax0) 0.26 0.20 076
Potassium Oxide (K0} 1.33 138 214
Luoss'on lgnihion 8.69 11.66 4.40
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(2) Soils

In this study, CKD obtained from cement manufacturing plant in Riyadh, was
added in various proportions to upgrade and enhance the engineering properties of dunc
sand, collapsing soil and highly swelling clay (In order to have an active clay in powder
form, casy to prepare and with consistent charactcristics, monimorillonitic clay
commercially available for drilling and grouting “Bentonite” was used in this study).
The soils chosen represent a selection of recurring problematic soil types found in
central region of Saudi Arabia that have been troublesome to projects and construction
activities, Table 2 summarizes the properties of these soils.

Table 2. Properties of soils wsed in the present study

Property Dune sand Collapsing soil Bentonite
Liguid 1.imit % B 231 228
Plastic Limit % - 21.2 51
Specific Gravity 2.67 275
Sand % 9477 36.2
Silt % 23 46.2 -
Clay % - 17.0 140
o (mm) 28 001 -
Dyyg {mm) 22 .008 -
Do {eum) 09 06 -
Dry field density (kN/m®) - 12.1-133
Natural water content (%) - 13-42

Test Program and Procedures

Laboratory tests were coto assess lhe [easibility of utilizing CKD 1o improve (he
cngineering properties of three different types of soil. The conducted (ests include
plasticity, moisture-density relationships, unconfined comnpressive strength, and wetting
induced collapsc. Plasticity and permeability tcsts were performed on duplicate
specimens to obtain average results. If the test results had significant variabilily, then
additional tests were performed before averaging.

(1) Plasticity

Plasticity - characteristics of the CKD-treated highly swelling clay (bentonite) were
determined by performing the Atterberg’s limits tests. The tests were performed in
accordance with American Society for Testing Materials (ASTM) specifications. The
percentage of the CKD ranged between 0 and 40%.



Experimental Study on the Utilization of Cement ... 221

(2) Compaction test

Compaction characteristics of CKD, dune sand and mixtures of dune sand and
cement and CKD were investigated by performing Standard Proctor Test (ASTM D698)
immediately following mixing.

(3) Unconfined compression test

Specimens for the unconfined compression test (38 mm in diameter and 76 mm in
high) of dune sand stabilized with cement and CKD were prepared by mixing the
desircd proportions of water, cement or CKD, and dunc sand. Immediaicly following
mixing, specimens were prepared by compressing predetermined weight of cach
mixiure to 4 predetermined volume in a split mold in three layers at their optimum
moisture contents and maximum dry densities. A curing program of diffcrent curing
conditions was carried out. Each of the curing conditions listed below was monitored
for a period of 7 days and applied to cement-sand and CKD-sand inixlures.

a. Normal curing: specimens were sealed in airtight pelythene sheets. The The
temperature was maintained al 23°C.

b. Low humidity: specimens were unscaled and cured at room temperature of 22°C
with 23 percent relative humidity.

¢ High humidily: specimens were unsezled in an environmental chamber at 23°C
and 98% relative humidity.

Testing in unconfined compression was conducted at a controlled strain rate of 0.5
mrn/inin and al least three specimens were lested for each case.

(4) Permeability

The falling head permeability test was used to detcrminc the cocfficient of
permeability, K, of each dune sand mixiure. The permaameter was 74 mm in diameter
and 20 mm 1n height.  The specimens were compacted at their respective oplimuom
moisture contents and maximum dry densities. Measurements were taken for a period
of two to three days.

-

(3) Collapsc tests

In order to evaluate the effectiveness of CKD for improving collapsible soil, single
oedometer test was performed. Dry CKD was added to dry soil and thoroughly mixed.
After adding 5% water and remixing, the batches were allowed to cure in sealed plastic
bags for 24 hours. The tesls were performed on specimens with imitial dry densily of
11.8 or 13.3 kN/m’. Density was directly controlled in standard 63.5 mm diameter
oedometer ring by tamping. The test was performed as per ASTM D3333 procedure.
Specimens were incrementally loaded up Lo a specilic pressure (100, 150, or 200 kPa)
and then inundated with water.
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Analysis of Test Results
(1) Plasticity

The results of Atterberg’s limils lests on bentonite with various percentages of
CKD cured for two hours are shown in Fig. 2. The plastic limits at diffcrent CKD
percentages arc found to have relatively minor changes with increase in CKD content,
while the liquid limit shows a sharp decrease with the addition of 10% CKD, the
decrease becomes small as the addition of CKD increascs. This reduction in the liquid
limit is atiributed to cementitious propertics of CKD due to the high content of calcium
oxide. As shown in Fig 2, the reduction in plasticity index was initially significant and
less 50 with additional CKD added. Zaman et @/ [4] found that addition of CKD
Tesulted in a reduction of liquid limit and sharp increase in plastic limit of expansive
soil. This dissimilar bchavior may be attributed to the fact that in case of soils having
expanding type of luttice mincrals, the contribution due to diffuse double layer overrides
and primarily governs the liquid limit. Thus seils containing expanding lattice type of
minerals (illite and montmorillonite) are bound to behave in a different way compared
to the other less active soils. Liquid limit determinations traditionally produce greater
variation in observed effects since liquid limit is far more sensitive than plastic limit to
the cation present |6].
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Tig. 2. Variation ef plastic properties of Bentonite with increasing CKD content.
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Treatment with CKD represents a definite advantage in stabilizing clays. With the
decrease in plasticity index and liquid limit, the engincering properties of the high
plasticity clays are improved. Also a reduction in plasticity index means an increase in
the workability of the soil having less affinity for watcr.

{2) Compaction characteristics

Expenence bas shown that dune sand s dilficult o compact and it lacks lateral
confinement. Thus, the ability to stabilize this abundant soil in Saudi Arabia would be
economically attractive.

The standard Proctor compaction curve of the CKD tested in this study is shown in
Fig. 3, which shows a typically shaped curve with a single peak, with maximum dry
density of 14.2 kN/m” at optimum moisture content of 25%.
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Fig. 3. Compaction curve for CKD.

The reclationship between the moisture content and dry density for treated and
untreated dune sand using standard Proctor compaction test is shown in Fig. 4. Ttis
noted that the maximum dry density of untreated dune sand is attained when the sand is
air-dried. When water is added, dry density drops until it reaches a minimumn: at about
2% to 4% moisture content due to surface tension between sand particles which resists
the re-orientation of sand particles relative to one another. Beyond that, the dry density
increases but its relationship with moisture content becomes flucmating and unstable as
seen in Fig. 4. The addition of cement or CKD to dune sand changed the compaction
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curve from one that shows a peak ata moisture content very cluse Lo zero and shows
decreasing in densily with mcreasing in moisture content to a typical one hump curve
(see Fig. 4).
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Fig. 4. Standard Proctor test vesults on dune sand with various cenient and CKD conlents.

The curves for maximum dry density and optimum meisture content versus (he
petcent of additive are shown in Fig. 5. Cement und CKD gave similar results, The
addition of 4% cement or 4% CKD to dune sand produced a significant increase in the
vphimum moisturc content and a slight decrease in the maximum dry density. Reyond
that, it is observed that the level of additives has little or no effect on the optimum
moisture conlent with an increasc in the maximum dry density throughout the range of
additive pereentages tested.

(3) Unconfined strength

The compressive strength is an important factor in evaluating the quality of stabilized
soils. Typically, relations have been developed relating unconfined compressive strength to
other material characteristics (e.g. flexural strength, modulus.... cte.) for stabilized soils.
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Fig. 5. Variation of optimum moisturc content and maximum dry density with cement and CKId
additives.

Strength gain for compacted CKD was detcrmined uosing the unconfined
compressive test. Fig. 6 shows the strength development with time for compacted CKD
at optimum moisture content (OMC) and maximum dry density (MDD} after normal
curing. The initial slope of the strength-time curve is indicalive of the early
selcharacteristics of the CKD. Most of ihe strength gain for compacted CKD occurs
within the first 7 days after compaction.

The effects of adding cemeni or CKD or mixture of cement + CKD on the
unconfined compressive strength of treated dune sand after 7 days are shown in Fig. 7.
As evidenced from this figure, the compressive strengths of trealed dune sand were
incrcased substantially as a result of stahilization. Strength gain is obtained through
cementation. The strengths attained with CKD) are much lower than those attained with
cemeni. Studies on stabilizing highly expansive clay with cement and CKD by Zaman
ct al. (4] indicated similar findings. This behavior is attributed to the high loss on
ignition value of CKD), 8.7 percent, compared Lo that of cement, which is less than 1
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percent. From the curves presented in Fig. 7a at normal curing, increasing cement
content causes considerable increases in the strength of treated dune sand. A slight
increase is observed with increasing CED content. The results show that adding CKD
(see Fig. 7c) can intensify the improvemenl in strength of the cement-stabilized dunes.
For example, From Fig. 7c, for 4% cement + 4% CKD, the unconfined compressive
strength of treated sand is about 1.60 times that of 4% cement anty. For the CKD-sand
the UCS results are slightly higher than the cement tesults for samples cured at low
humidity, which is typical in a hot, arid area in Saudi Arabia (see Fig, 7b). Unlike
cement, dry coring had no adverse effect on strength of CKD treated sand as shown in
Fiygs. 7a and 7c.
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Fig. 6. Variativn of UCS with time for 100% CKD at OMC and MDD.
(4} Permeability

To utilize CKD as potential barrier material for seepage control, its permeability is the
property of principal concem. Results of the permeability tests are presented in Table 3.
The addition of CKD to the dune sand presented a more pronounced effect on permeability
compared 10 cement.  The significant reduction in permeability of sand-CKD is
primarily due to its low specific gravity (3.01 compared to 3.16 for cement} and
suitability in changing the void structure of the sand. The measured cocfficient of
permeability (3x107 cm/sec) for compacted CKD correspond to those associated with
clay. The CKT» with such low permeability show a great potential for use as seepage
control, since current design criterion for an earthen liner at a hazardous waste site is to
achieve a pcrmeability of less than 1x107 emy/sec [7].
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Table 3. Summary of permeability test results.

Material Density (kN/m?) Permeability. K {em/sec)
Sand 18.1 25x 107
CKD 14.1 Ivied
Sand + 8% CKD 18.1 32x 10
Sand + 8% cerment 18,1 1.2x10¢

(5) Collapse behavior

Utilization of cement to reduce vollapse potential was propused by Bara [8].
Tsmael et al [9] found that collapse potential was substantially reduced by the addition
of ccment. Stabilization of collapsing soil with CKD can provide a fremendous
economic advantage as an alternative to cement.

Results from a typical oedometer collapse test are shown in Figure 8. The results
indicate that the amount of collapse ubserved for untreated soil exceeds 17% at a load
intensity of 100 kPa, compared to 10% observed for suil treated with 5% CKD at a
density of 11.8 kN/m®. Millcr et al. [107 report that addition of CKD nearly elininates
the collapse poteatial for their tests on compacted shale.
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Fig. 8. Oedometer collapse test on untreated and CKD treated soil.

Figure 9 shows the variation of amount of collapse with CKD content for two
initial dry densities at three stress levels. The results indicate that collapse potential is
gignificantly reduced with increasing of CKD content specially with high inmitial density
up to 10% CKD, then generally tended to remain constant.
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Conclasion

A laboratory study was undertaken o evaluate the ability of cemend kiln dust (CKD)
generated by cement manufzcturing plants to improve the engincering properties of three
different problematic soils in the central region of Saudi Arabia. CKD has been demonstrated
to be an economical effective stabilization agent. The significant findings arc;

I ‘Iteatment of clay with CKD will decrease the plasticity index and liquid limit,
which resulied in an improvement of the clay engineering properties. The amount
of CKD for stabilization of clay is around 10%.

2. An addion of CKD to dunes sand will improve the compaction characteristics in a
similar way (o the trcated seil with cement.

3. The unconfined compressive strength of treated soil with CKD compacled at the
OMC and MDD was noticed 1o increase substantially within the first seven days,
Also, the strength of ccment-stabilized dune sands can be improved by adding
CKD.

4. Considering the scepage control, the CKD was approved to have more pronounced
cffect on the reduction of the dune sand permeability compared to cement

5. The CKD can provide a tremendous economic advantage as alternative stabilized
material of collapsing soil to cement, This is due to the significant reduction in the
collapse potential for treated soil with CKD.
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