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SOILS FOR ROAD CONSTRUCTION
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ABSTRACT .

Cement Kiln Dust (CKD) frorn Al-Yamamah Cement plant in Rlyadh was, added to dlfferent soils
(A-4, A-2-4, and A-1-b) to study its stabilizing effect on the properties of these soils. It.was
found, in general, and for the CKID'contents used ( 4, 10, and 16%) that CKD lowers plasticity,
increases pH value, increases optunum moisture content and lowers the maxinmum dry density of
those soils. There was an increase in California bearing ratio (CBR) and unconfined compressive
strength due to CKD addition. [ncreasmg the amount of CKD further i increases xts effect on the

‘above properties.
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1. INTRODUCTION

Enormous quantities of domestic and.industr'ial
waste are generated annually in Saudi Arabia. There
are three techniques for disposal of these waste

materials: (a) recycling, (b) incineration and (¢)

burial. The published data on ciurent practice
indicate that the bulk of industrial refuse is land
filled.  Sandi’s Portland cement industry how

“produce about 1.2 million tons of kiln dust annually, -
and this figure is forecasted to increase because of
- increased demand for Portland cement and the

expansion of existing plants. Rising consciousness

of the environment is making it more ahd more

difficult to find places to dispose of it, and in order to

-deal with this waste that is expected to increase in the

future, it is vital to develop the technology needed to
recycle large amounts of it as 01v11 engineering
material. _

1n recent years, use of waste products in highway
construction has gained considerable attention as
waste disposal continues to have a negative impact
on the environment, disposal costs escalate, and
traditional material become scarce and expensive. In
this context, A SABIC’S (Saudi Basic Industries
Corporation} — funded project was undertaken to

" determine the feasibility of utilizing cement kiln dust
(CKD) produced by Al-Yamamah Saudi Cement

Company in Riyadh as a cementitious material for
stabih‘zed base ar subbase application and as mineral

filler in asphalt cont:rete mixes. The CKD materials N

were mixed with soil to produce stabilized materials
and with asphalt concrete to modify it. In this paper
only the first part is reported; namely utilization of
CKD materials to stabilize soils to be used as bases
and subbases for road constructlon.

2. BACKGROUND

" As the world population grows, so do the amount
and type of waste being generated. Many of the

wastes produced today will ‘remain in the
_environment for a long period. The creation of non-
- decaying waste materials, combined with a growing

consumer population, has resilted in a waste disposal

crisis, One solution to this crisis hes in recychng _
‘waste into useful products. .

. Utilization of waste as constructlor- materials is

" advocated to be an effective strategy based on a

viswpoint of environmental geotechnology and a
variety of researches and developments on waste

application by proper tréatment method has been

carried out in the United States, Europe and Japan
(Chesner and Eighmy 1991, Schoroder 1994, -and
Kamon and Katusmi 1994). =

The total annual productldn of Portland cement in
Saudi Arabia has increased from 0.667 million tons

in 1960 to more than 14.3 million tors in 1995, and i s
expected to exceed 20 million tons in 2002. A by- -
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' product of Portland cement manufacturing is

produced in a huge amount of dust, namely cement
kiln dust (CKD). The figures onn CKD production
are nof 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 contimue to

increase in the future due to the ever increasing -

cement production and recent restrictions on air
pollutioni in the Kingdom. These waste materials are
dumped on large areas. In recent years, use of
various waste products in ground c¢onstruction has
gamed considerable attention worldwide in view of
increasing costs of waste disposal, and environmental

constraints.
2.1. Cement Kiln Dust

Cement Kiln Dust (CKD) is a by-product of
Portland cement high-temperature rotary kiln
production operations that captured in the air
pollution control dust collection system {e.g.,
cyclones, electrostatic precipitators, and baghouses).
It is generated from burning the raw materials in a
rotary kiln to produce clinker. The production of one
ton of cement involves the commiration of about 2.6
to 2.8 tons of raw materials. Between 5 and 10% of
these finely pulverized materials will be agitated and
thus suspended as dust in gases (Labahn, 1983).

Generally, for each one ton of clinker, a typical kiln’

generates avound 0.06 -0.07 ton of CKD (Al-Refeai
and Al-Karmi, 1999).

The primary value of cement kiln dusts is their l

cementitious  properties. Depending on - the
concentration of hydratable oxides present in the
CKD, primarily unreacted or free lime (CaO) and
free magnesia (MgO), cement kiln dust can be highly
cementitions.

The chemical and physical characteristics of CKD
that is collected for use outside of the cement
production facility will depend in great part on the
method of dust collection employed at the facility.
Free lime can be found in CKD, and its concentration
is typically highest in the coarser particles captured
closest to the kiln. Finer particles tend to exhibit
higher concentrations of sulfates and alkalis. If the
coarser particles are not separated out and returned to
the kiln, the total dust will be higher in free lime
(since it will contain some coarse particles). CKD
from wet-process kilns also tends to be lower in
calcium content than dust from dry-process kilns.

2.2. Disposal and Recycling of CKD

At the present time, approximately 80 percent of
the surplus CKD remaining after reuse in cement
manufacturing in the United States is stockpiled or
land filled (Ciesielski and Collins, 1984). Most of
the CKD generated in Saudi Arabia is currently
disposed of in stockpiles or landfills (Al-Refeai,

2000).
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Most of the CKD produiced in the United States is
reused within the cement plant. About 64 percent of
the total CKD generated {or about 8.3 million metric
tons) is used in this fashion (USEPA, 1983).
Approximately 6 percent of the total CKD generated

is utilized off-site. The most common beneficial use .

of CKD is its use as a stabilizing agent for wastes,

where its absorptive capacity and alkaline properties

can reduce the moisture content, increase the bearing
capacity, and provide en alkaline environment for
waste materials. ) :
Cement kiln dusts have been used as stabilizing
and solidifying agents in the treatment of soft or wet

soils for engineering purposes (Davis and Hooks,

1974) and for environmental remediation (Mackay
and Emery, 1994). CKD have also been used as
pozzolan initiators, as a pellatized lightweight
aggregate material, as a mineral filler in asphalt
pavements, and as a fill material in earth

embankments.

A significant potential reuse for CKD exists for
its use as a soil conditioner for agricultural purposes
(in leu of agricultural lime) and as an acid-
neutralizing agent in agricultural and water treatment
applications. However, at the present time, the US
EPA is evaluating the poszible need to regulate the
use of CKD in this application.

2.3, Utilization of CKD in Soil Stabilization -
" The utilization of cement kiln dust in soil *

stabilization has received increasing attention.
Zaman et al. {1992) showed that soil stabilization
using cement kiln dust results in a significance
reduction in the plasticity index, free swell and an
increase in the CBR and in the unconfined
compressive strength of a highly expansive clay.

Miller et al. (1997)-found that cement kiln dust is a

potentially useful additive for reducing wetting-
induced collapse settlement and for reducing overall
compressibility of compacted shale. Al-Refeai and
Al-Karni (1999) reported that treatment with cement
kiln dust resulted in significant improvement in the
engineering properties of three problematic soils
found in central region of Saudi Arabia, Al-Refeai
(1998) investigated the effectiveness of cement kiln

dust in stabilizing expansive and soft cohesive soils.

Al-Refeai (2000) found that cemeni-kiln dust is a

“promising material in stabilization of cohesive soft

soil. With the addition of a proper amount of
stabilizer and by aliowing the mixture to cure for 2
sufficient period of time, cement-kiln doust
stabilization produced - better improvement in
consistency characteristics, strength and stlffness

" than lime stabilization.

Fatani and Khan (199G) utilized cement kiln dust
in stabilizing dune sand-asphalt mixes. Addition of
cement kiln dust to various types of soil has been
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found — in the above studies ~- to be beneficial to
enhance the strength, compresabﬂtty, swelling,
collapse resistance of soils.

2.4, Utilization of CKD in Stabilizing Bases

CKD has been used as a cementitious material or
a pozzolan activator in stabilized base applications.
As a cementitions material, CKD can replace or be
used in combination with Portland cement. As a
pozzolan activaior, CKD cdn replace or be used in
combination with Portland cement or hydrated lime.
Limited research data on the iise of CKD for
stabilized base have been reported (Ciesielski and
Collins, 1994).

3. MATERIALS USED IN THE RESEARCH
3.1, Cement Kilp Dust

The cement kiln dust used in this research was
obtained from Al-Yamamah Saudi Cement Company
in Riyadh. A comprehensive laboratory testing
program was performed on collected dust samples.
Laboratory tests conducted, in accordance with
ASTM testing procedure whenever possible, include
chemical composition, grain size disiribution,
specific gravity, Atterberg limits, moisture-density
relationship and pH value.
32.80ils

Different soil samples collected from sites around
the city of Riyadh were used in this research. The
study considered three types of soil namely: (1) A-4,
(2) A-2-4 and (3) A-1-b as classified by AASHTO
soil classification system. Laboratory tests conducted
in accordance with ASTM testing procedure on
untreated and dust treated soils including grain size
distribution, specific gravity, Atterberg limits,
moisture-density relationship, unconfined
compressive strength, California bearing ratio,
durability, and permeability

4. MATERIALS CHARACTERIZATION

4.1. Cement Kiln Dust
Cement kiln dust used in this study was collected

from the dumping site from a single day waste

production. Four samples designated as S1, 82, S3
and S4 (shown in Table 1, were collected that

represent CKD from different kilns, enough amount

of S2 sample was collected and used in this study.
Chemical compositions of collected samples are
shown in Table 1 along with typical composition of
ordinary Portland cement.  The variability of
collected CKD from different kilns appears very
small. Note that there are the significant amounts of
cement-formmg oxides in the CKD samples, close to
the oxide amounts found in Portland cement. The
CKD samples contain significant amount of calcium
oxide that gives it good cementing characteristics.

Total calcium oxide includes both bound and free
lime, and loss on ignition (LOI) gives an indirect
indication of lime available for reaction. If loss on
ignition is high, generally there is more water bound

“in the structure of the CKD, which is driven off upon

heating. If more water is present (high LOI) then less

. of the total calcium oxide is available as free lime for

reaction (Miller and Zaman 2000).

The chemical composition of the cement kiln dust
used in this study is similar to other Saudi CKD and
that reported in the literatures as shown in Table 2.

Table 1 Chemlcal C’omposmon of CKD Samples

Bypass Cement kiln dust
' samples | Ordinary*
Oxide - Portland
51 S2 53 54 cement

Silicon Dicxide, $i0,
(%)

17.59 | 16.37 | 19.08 | 16.08 22

"~ Aluminum Oxids,

707 | 672 | 762 | 6.74 6
ALOK%) - - :

Tron Oxide, Fes0 (%) | 2.00 | 2.87 | 293 | 2.862 | 2.5

Total Caleium Oxide,
63.09 | 62.93 | 64.27 | 62.93 63

CaQ(%)
Magnesivm Oxide, ) ‘
066 | 0.61 | 0.79 | 0.63 2.6
MgC (%)-
Sulfur Tnox:de SO
239 | 239 | 281 | 2.66 2
(%) .
Sodium 0x1de, Na,O !
' 0.69 { 039 | 101 | 054 0.3
(%) . i
Potassium Oxide, . % ) !
] 025 | 021 | 0.25 | 0.21 0.6
K0 (%) . : ‘
Loss on Ignition §-.9

. Mindess and Young (1981) _
Table 2 Typical Chemical Composition of CKD

Source Saudi Arabia’

Chemical T ' U‘sed
Analysis Riyadh | Dammanm | Yanbue | Abha USA? | CKD
5i0:% 157 [143 160 [177 |1443 |1637
A0, % 50 |43 55 |53 (405 672
AL0:% T4 |36 |35 |30 |142 |27
Ca0 % 3.6 |64 367|548 |465 6293
MzO% 073 14 T2 133 J 151 |06l
0% 157 [561 |42  |406 495 [239
V0% |06 [e.20 026 020 |03+ [029
K0% 13 (167 |19 {138 |18 o2l
Loss ot Ignition 7 .

% oo g |33 98  [11.66]2804 |83

! Al-Refeai (2000) 2 Zamman et al. (1992)
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CKD is generally grayish in color of relatively'

uniform size and consists of predominantly silt-size,
non-plastic particles with specific gravity of 2.90,
gradation of 94% passing No. 200 sieve and mean
particle size of 0.01 nun as shown in Figure 1.

The Standard Proctor Compaction results of the
CKD is shown in Figure 2, that shows a typically

shaped curve with a smgle peak, with meximum dry

density of 14.2 kN/m’ at an optimum moisture
content of about 25%.

The pH values for A-4 soil treated with CKD
shown in Figure 3 are another indication of the high
reactivity of the CKD. Measurements of pH were
conducted according to the method recommended for
lime by Eades and Grim (1966). The first 5% of
CKD substantially increased the pH value of the
treated soil to a level that is sufficiently high (pH =
12) that silica and alumina are dissolved from the
clay minerals, from which new compounds are

formed as a result of pozzolanic reactions. The silica

and alumina within the clay structure react with the
water and available free lime from the CKD to form
cementing material. As a result of these reactions,
the CKD-treated soil becemes stronger. The
pozzolanic reaction may continue for a long period of
time,

The most unique and outstanding characteristics
of cement kiln dust are being pozzolanic and self-
hardening. Strength pain for compacted CKD was
determined using the unconfined compressive test.
Figure 4 shows the strength development with time
for compacted CKD af optimum moisture content
(OMC) and maximum dry density (MDD) after
normal curing. The initial slope of the strength-time

curve is indicative of the early self-hardening

characteristics of the CKD, Most of the strength gain
for compacted CKD occurs within the first 7 days
after compacnon test :

F;gure 1 Gram size dlSt(‘lbllthIl curves for cement
kiln dust and mineral filler -

mfwcnﬁga}r(%: : e
Flgure 2 Standard compaction curve for cement kiln
dust

Figure 3 pH values versus addmve content for ( A-4)
soil,

Flgure 4 Vanatlon of UCS w1fh tlme for 100 %
CKD at OMC and MDD.

4.2. Soils C ' -
Three soil types — silty sand with gravel (A-1-b),
clayey sand with gravel (A-2-4), and sandy lean clay
(A-4) -~ representing the predominant soil series
indigenous to Saudi Arabia were selected to evaluate
the feasibility of disposing CKD for scil stabilization.
The grain distribution curves for tested soils are
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" shown in Figures 5 to 7. The compaction curves for Table 3 Physical Properties of Test Soils

the soil samples from Standard Proctor Comipaction -

tests are shown in Figures 8 to 10. The properties of Froperty Sobs

these soils are presented in Table 3. . : 1 2 3

R AT AASHTO classification | A-1b | A2-4 | A4

Unified classification SM | 8C CL
Gravel% 265 [ 2B1. |--
Sand % 585 | 56 |31
Fines(sioved2000% | 15 | 213 )
Clay (< 003 mm) % 3 iz |17
Liquid Timit % 191 | 255 6.5
Plasticity index % T |8 7.5
Specilosrviy | 265 |28l |28l
Max, dry density (N/m3) | 20.9 | 205 1740
‘Opt. maisture content (%) . 7.5 87 173

Watee thatinty 14

Figure 8 Standard compaction curve I_'qr_(A%l—b_) soil.

. Figure 77 Grain size distribution tune for (A-4) soil. Figure 9 Standard compaptiou curve for (A-2-4) soil.

-
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Figu;é 10 'Stanc-l.ard“compaction curve féf (A4) sofl.

5. PROPERTIES OF CKD TREATED SOILS
5.1. Effect ont Atterberg Limits

The Atterberg [imit tests were performed on
sandy lean clay (A-4) soil treated with different
percentages of CKD to assess the effectiveness of
CKD in reducing soil plasticity. The results are
shown in Figure 11. The effect of CKD was similar
to the typical affect of lime, that ig, an increase in
lignid lLimit and plastic limit with a decrease in

plasticity index with the addition of CKD. However,

at CKD content exceeding 4% farther reduction of
the soil plasticity is marginal as shown in Figure 11.
In 2 previous investigation, Al-Refeai and Al-Karni
(1999) found that the addition of 10% CKD to highly
plastic bentonite clay resulted in a reduction of

plasticity index from 180% to 100%. With the -

reduction in soil plasticity, the engineering properties
and workability of plastic clay are improved.

L Welee Cagrein i tWy C S

Flgure 11 Effect of cement Kiln dust on plastlclty
characteristics of A-4 soil

5.2. Effect on pH

It was observed that addition of CKD to soil
affected its pH yalue, Figure 3 shows that CKD
increases the pH value. CKD added in small
quantmes is sufficient to make. the treated soil

substantially alkaline, and the use of CKD exceeding
5% (pH > 12) can be detrimental, where excessive
quantities of CKD raises tlie pH level above 12, and
this can be harmful to geotextile and reinforcement
which are prone to degradation under highly acidic or
alkaline environments.

'5.3. Effect on Compaction

Compaction characteristics of mixtures of CKD
and the three soil types were investigated by
performing Standard Proctor Tests (ASTM D 698) at
various levels of CKD contents (0, 4, 10 and [6%)
with the treated soil being compacted as soon as
practical after mixing. Figures 12 — 14 compare the
compaction curves for these treated soils. For the
three types of soil, the optimum water content of
treafed samples increases with increasing the
amounts of CKD as shown in Figure 15. This
behavior is similar to lime that tends to decrease the
maximum dry density and increase the optimum
water content of moist soil (Hausmann, 1990). This
is because CKD similar to lime consumes water
during the hydration, thereby increasing the optimum
water content, Although the specific gravity of all
three soils is less than that of the CKD, maximum dry
density of CKD treated soils was lower than that of
the untreated soil as shown in Figure 16. This
reduction in dry density is generally aftributed to the
flocculation and agglomeration of the clay particles
within tlie soil matrix. ‘

In comparison with other soil types. A-2-4

specimens treated with CKD behave very differently.

Addition of CKD makes the compaction' curves
flatter, which makes moisture content control in the
field less critical and minimizes the varizbility of the
density produced (Hausmann, 1990).

Figure 12 Effect of CKD % on compaction
characteristics of {A-1-b) soil.
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Figdre 13 Effect of CKD % on compaction
- characteristics of (A-2-4) soil..

Figure 14 Effect of CKD on Compaction
Characteristics of A-4 Soil.

5.4. Effect on CBR

The results of soaked CBR tests and soil samples
treated with 0, 4, 10 and 16% CKD in addition to
samples treated with 2 and 16% Portland cement are .
summarized in Tabie 4. The A-4 soil had initially
very low CBR value. With the addition of CKD
there was a significant increase, where the CBR
increased to 20.2 from 6.7 with the addition of 2%
CKD. When 10% CKD was added, there was a
dramatic increase in CBR of about 800%, although,
not as dramatic as cement, as shown in Figure 17,
The CBR swell for treated soils was veiry small ag
summatized in Table 4. ‘

5.5. Effect on Unconfined Compression

The compresswe strength of treated soil is an
important factor in evaluatmg the effectiveness of

soil stabilization. Thomson {1968) showed that the
unconfined compressive strength is a good indicator
of other strength parameters and stress-strain moduli.
Soil specimens treated with 0, 2; 4, 10-and 16% CKD

.as well as 4% Portland cement were tested after 7

and 28 days of curing in unconfined compression.
The results are shown in Figures 18 to 20. From the
curves presented in these figures, increasing CKD
causes considerable increases in the unconfined
strength of all treated soils and extended curing
effects a notable increase in strength. However, as

_the curing period gets longer the differences in the

strength becomes quite significant at high CKD
ratios. Ola (1978) suggested that treated soil with
compressive strength of 1.8 MPa can be considered
as adequate for base material in the construction of
low traffic road. Thus, it appears that the addition of
6.8% CKD to A-1-b and A-2-4 soils is sufficient to
enable the soils to fulfill the above function. The soil -
samples treated with 4% Portland cement indicate

_sirength much higher than those stabilized with

CKD.

The influence of time delay between mixing and
compaction upon the maximum dry density and
unconfined strength of A-2-4 soil {reated with 10%

‘CKD was mvestigated The effect of delaying

compactlon ~ after mlxmg up to 24 hours is shown
in Figure 21. '

Time delay before compactmn where compactive .

_effort is held constant, tesults in loss of density,

which in turn results in strength reduction as shown
in Figure 22. Similar behavior has been noted by
Maclean and Lewis (1963) for cement treated soils.
Delday in compaction, which allows the hydration

“process to commence and thus build up the strength’

of treated soil, is a major cause of loss in strength
because the CKD«-soil mix becomes more difficalt to
compact and the final density achieved will,
therefore, be lower (Ingles and Metcalf, 1977).

Table 4 CBR Test Results

CKD[ A-l-b soil A-2-4 soil A4 soil
% |CBR %] Swell % | CBR % chll% CBR %} Swell %
01 82 | 001 | 325 | 008 | 67 | 043
3 ¥ ~" | 132 | 005 | 204 | 016
S N ¥ [ ao4 | 832 | 0.6
T * | 003 | ¥ | 008 | 222 | 034
o * T 009 | 553 | 087
% - 516 | 803 | 071
0 I % [0 [ * | oo

+ Exremely high value (CBR>> 100)
«»+ Portland cement
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SRt LT T Vﬁm r’“’ o2 P
Figure 18 Effect of CKD content on unconfined
compressive strength for (A-1-b} soil.

Figure 15 Effect of CKD content on optimum water
content of treated soils. '

Figure 19 Effect of CKD % on unconfined
compressive strength for (A-2-4) soil.

Figure 16 Effect of CKD content on maximum dry
density of treated seils.

s

S et By

Figure 20 Effect of CKD % on tinconfined
compressive strength for (A-4) soil.

REAERNE e
G ey b

Figure 17 Effect-of CKD content on CBR for (A-4)
: soil. '
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F:gure 21 Effect of time de]ay ofL dry den31ty of (A-
~ ' 2-4) soﬂ

Tt

R mqmamw'

Flgure 22 Effect of time delay on unconfined
compressive strength of (A-2-4) soil.

_ Figure 23 Effect of cement klin dust on the .
coefficient of permeability for treated soil.
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5.6. Effect on Permeablhty

The permeabﬂlty results of the three soils treated
with CKD and compacted to the maximum dry
density at optimum moisture content are shown in
Figure 23. For the A-4 soil with relatively initial low
permeability the addition of CKD does not affect the
permeability of the treated soil. However, with the
addition of 4% to A-1-b and A-2-4 soils there was a
sharp decrease in the permeability of treated soils, It

¢an be seen that there is a slight decrease in
permeability with an increase in CKD content up to-

limiting value of 10%. Thus it is anticipated that
concentrations of elements in Jeachate from
compacted CKD-treated sml would be s1gn1ficantly
reduced.

5.7. Effect on Durabilitjr

Durability of CKD-stabilized soils was assessed
by brush tests on wet-dry specimens; where
percentage weight loss is calculated after 12 cycles of

wetting-drying for the soil samples with 10 and 16%

CKD and compacted to maximum dry density at
optimum moisture content. Durability test results for
the tested specimens are summarized in Table 5. The
maximum weight loss in the brush test is 24% for the
A-4 soil treaied with 10% CKD. Increasing the

content of CKD to 16% reduced the weight loss to

19.5%. These losses are greater than the PCA(1971)3-

‘recommended allowable weight loss for A-4 soil as
shown in Table 5. The A-1-b and A-2-4 soils with .

10% CKD show acceptable weight loss.

Table 5 Results and Limits for We1gh1 Loss in Wet-

Dry Tests
Portland -
| cxp | WerdY | comepes | Limit
Soil %) Losses Requirement of Losses
D, o,
%) % (*4)
: 1¢ 10 :
A-1-b 16 55 5--8 <14
10 11 ‘
A-2—4 16 6.7 58 <14
16 24
A-4 16 195 7—12 <10

6. CONCLUSIONS

An evaluation based on technical factors
indicatéd that cement kiln dusts have significant
potential to. replace conventional materials for
various applications in highway construction. The
following conclusions can be drawn from the work

' completed on this research project.

. CKD canbe successfully used to stabilize soils.

2 CKD - lowers plasticity, increases pH value,

increases optimum moisture content and lowers
maximum dry density of tested soﬂs
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3. For the A-4 soils adding CKD dramatically
increases the CBR value with increasing CKD
percentage.

4, Adding CKD to tested soils increases the
wnconfined compressive strength of tested soils.

5. Curing tested soils further increases the
uncoufined compressive strefigth.
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