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Abstract

This paper presents the results of a laboratory study in which the strength properties of black cotton soil (BC soil) subgrade
modified with quarry fines (QF) were stabilized with cement kiln dust (CKD). The experimental program included Atterberg
limits, compaction and unconfined compression testing of BC soil treated with QF at a constant dosage of 10% stabilized
with CKD for dosages in the range 0—16% on dry weight basis. Soil mixtures were compacted with British Standard Light
energy, and specimens for unconfined compression testing were prepared at predetermined optimum moistures and cured
for 28 days. Test results showed that the studied soil which classify as A-7-6 (20) group in American Association of State
Highway and Transportation Officials classification system has liquid limit and plasticity index of approximately 85.0 and
50.5%, respectively, as well as a free swell of 65.0%. The application of QF together with the varying percentages of CKD
lowered these parameters to values compatible with specification for subgrade layers prescribed by Nigerian General Speci-
fication for Roads and Bridges. While the addition of QF caused an increase in the maximum dry unit weight of the soil, the
introduction of CKD resulted in the reduction of the maximum dry unit weight of soil mixtures. On the other hand, optimum
moisture contents increased slightly following the treatments. Furthermore, both the unconfined compressive strength (UCS)
and the stiffness moduli (initial tangent, E;, and secant, E ., evaluated from the experimental stress—strain responses) of
soil mixtures increased significantly as a consequence of the joint effects of quarry fines and CKD treatment producing soil
mixtures with desired values for performance in road pavement subgrades.
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Introduction

Black cotton soils are frequently encountered in foundation
engineering designs for highways, embankments, retain-
ing walls, backfills, etc., particularly in tropical latitudes.
Design and construction of engineering infrastructures on
weak and expansive soil deposits is quite challenging and
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problematic. They have low resilient modulus as well as low
shear strength and tend to lose strength further upon wetting
or other physical disturbances [1-4]. For these reasons, BC
soils are generally considered as poor materials for founda-
tions and therefore unsuitable for use as subgrade or founda-
tion soil in their natural state.

In most areas where black cotton soils deposits occur,
they are especially troublesome as pavement subgrade and
create considerable instability to lightly loaded engineering
structures. Roads constructed on BC soils subgrade develop
undulations at the road surface due to loss of strength of
the subgrade through softening during rainy season, while
features such as cracks in masonry fences, grade beams and
members of reinforced concrete are observed on lightly
loaded structures [1, 5-7].

In Nigeria, black cotton clays constitute a major soil
group. In terms of extent of deposit, they are widespread
throughout the northeastern region of the country [2, 4, 8,
9]. Specifically, they are formed from altered products of
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weathered basic volcanic rocks (e.g., basalts) in arid regions
with low rainfall and limited leaching and have a high per-
centage of clay (60-90%) which is predominantly montmo-
rillonite. Structurally, montmorillonite clays have 2:1 layers
(consisting of two tetrahedral sheets with an octahedral sheet
between them), which allow for various substitutions in the
sheets, hence the affinity for water and large interlayer swell-
ing of the structure [8, 10-13].

The use of this soil for providing platform for placement
of pavement layers can result in unstable subgrade, inad-
equate pavement support and reduced pavement life but may
nonetheless be improved and upgraded through the addition
of chemicals or cementitious additives. Extensive research
efforts have been made to improve the strength character-
istics of the soils with new additives/technologies [4, 6,
14-19]. These additives are used to enhance their engineer-
ing properties, particularly properties relevant to pavement
construction. The use of traditional stabilizing agents such as
lime and cement always resulted in high cost of construction.
For sustainable and cost effective improvement, a combined
treatment involving cement kiln dust (CKD), a waste mate-
rial created from cement manufacturing process and quarry
fines (QF), a supplementary stabilizer is being proposed.
Soil stabilization using CKD presents a cheaper alternative
as compared to lime, when encountering problematic soils
that are collapsible, expansive and frost susceptible [5, 13,
20-22]. Furthermore, since the stabilization mechanism of
fine-grained soils requires calcium (in the form of lime), it
is possible that CKDs, especially those high in free lime,
would be effective in stabilizing clay soils.

Similarly, studies on the effect of quarry fines on the geo-
technical properties of soils concluded that the plasticity and
strength together with the dry density increased on addition
of quarry fines with associated decrease in the optimum
moisture content and that the quarry fines proved to be a
promising substitute for sand [23-26]. The improvement in
strength values can be attributed to the significant improve-
ment in angle of shearing resistance.

The objective of this study therefore was to investigate
the effect of a constant dosage of quarry fines and different
percentages of CKD on strength and stiffness parameters of
subgrades dominated by weak and expansive tropical black
cotton clay deposit.

Materials and test procedures
Black cotton soil
The black cotton soil (BC soil) sample used for this research

work was collected from the savannah area of Adamawa
state (Latitude 10° 91’ N and longitude 11° 30" E), Nigeria,
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at a depth of between 1.0 and 1.5 m using the method of
disturbed sampling.

Quarry fines

The quarry fines (QF) used in this study was obtained from
Dantata and Sawoe Quarry in Abuja, Nigeria. Only frac-
tion passing through BS sieve No. 4 (4.76 mm) was used
throughout the study without additional treatment.

Cement kiln dust

The cement kiln dust (CKD) used for this research work
was obtained from Benue Cement Company, Benue State,
Nigeria. The CKD sample was stored in airtight containers
to avoid pre-hydration before usage.

Soil mixtures and specimen preparation

Air-dried and pulverized soil samples were mixed with 10%
QF and treated with 0, 4, 8, 12 and 16% CKD by dry weight
of soil. The laboratory tests carried out on the soil and mix-
tures included particle size distribution, Atterberg limits,
compaction and unconfined compressive strength (UCS)
following procedures outlined in BS 1377 [27, 28]. Atter-
berg tests were carried out using specimens passing through
British Standard No. 40 sieve (425 um aperture), while com-
paction test was carried out on specimens passing through
British Standard No. 4 sieve (4.76 mm aperture). Soil mix-
tures were compacted with British Standard Light (BSL)
compactive effort. Specimens for unconfined compression
test were prepared at the predetermined optimum moisture
contents (OMC) and cured for 28 days. A 28-day curing
period was adopted to allow sufficient pozzolanic reaction.

Results and discussion
Materials characterization

According to the AASHTO classification system, the soil
is classified as A-7-6 (20) soil with liquid limit of 85% and
plasticity index of 50.5%, respectively. Particle size analysis
showed the percentage passing No. 200 sieve as 88%. A
summary of the index properties of the BC soil is presented
in Table 1, while the oxide compositions of BC soil and
CKD are reported in Table 2.

In general, the plasticity characteristics of the soil were
substantially modified by the addition of QF and CKD.
Atterberg limits test results showed that the addition of QF
and CKD altered the consistency of the natural soil. The
liquid limit (LL) and plasticity index (PI) decreased from
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Table 1 Properties of black cotton soil used in the study

Properties Percent
Natural moisture content (%) 8

Percent passing BS No. 200 sieve (%) 88

Liquid limit (%) 85

Plastic limit (%) 34.5
Plasticity index (%) 50.5

Linear shrinkage (%) 35

Free swell (%) 65

Specific gravity 2.26

Group index 20

AASHTO classification A-7-6

Color Grayish black
Dominant clay mineral Montmorillonite
Max. dry unit weight (kN/m?) 13.6

OMC (%) 28.4

Table 2 Chemical composition of black cotton and cement kiln dust
used in the study

Oxide %

Black cotton Soil Cement kiln dust®

CaO 0.9 43.69
SiO, 48.70 12.18
AlL,O; 18.70 2.17
Fe,0; 2.40 2.40
MgO 222 0.89
SO, ND 0.78
Mn, 0, ND 0.12
K,O 0.7 0.4
TiO, ND 0.35
Ag,0O ND 1.55
CaO/SiO, - 0.21
Silica:sesquioxide ratio 1.48 -
Loss on ignition 10.20 37.54

4Source: Benue Cement Factory, Benue State—Nigeria

ND not determine

85 to 70.5 and 50.5 to 35.4%, respectively, on introduction
of QF. Further reduction occurred when CKD was incor-
porated. At the highest CKD content of 16% for exam-
ple, the LL and PI were lowered to values (LL =40.62%,
PI=10.6%) that are generally rated as good pavement sub-
grade and compatible with specification for subgrade con-
struction. Acceptable requirements for subgrade materials
include: percentage fines <35%; liquid limit (LL) <50%;
PI<30% [29]. The variation of Atterberg limits with the
admixture percent is shown in Fig. 1.

Compaction characteristics

The maximum dry unit weight of the studied soil achieved
was 13.6 kN/m> which increased on addition of quarry
fines to 14.9 kN/m>. Dry unit weights were thereafter gen-
erally lowered when CKD was introduced by 0.5-1.5 kN/
m®. The optimum moisture content on the other hand
increased from 28.4% for the natural soil to 32.4% when
QF was added. Further increase was recorded when soil
mixture was treated with varying CKD contents. The effect
of CKD treatment on dry unit weight and OMC is reported
in Fig. 2a, b. These variations are the result of flocculation
of clay particles due to cation exchange and short-term
pozzolanic reactions initiated by CKD application [6, 7,
12].

Unconfined compression strength (UCS)

The effectiveness of the combined treatment on the strength
development was evaluated using the UCS tests. In Fig. 3,
it can be observed that the addition of QF together with
CKD to the BC soil and subsequent compaction increased
the UCS almost linearly with increases in the CKD con-
tent, thus improving its structural properties [3]. UCS of BC
soil + QF mixture increased from 118 kN/m? at 0% CKD to
820 kN/m? at 16% CKD, an increase of about 7 times that of
unstabilized mixture after 28 days of curing. It was however
observed that the increases for CKD treated specimens are
lower than that attained by cement stabilized BC soils [6, 30,
31]. Nevertheless, Miller and Zaman [20] reported that UCS
increased with CKD treatment at least to a level equivalent
to lime stabilization.

The relationship between the UCS and CKD content can
be approximated by the following expression:

(R* =0.98)

)]
Stabilized materials are often categorized differently by vari-
ous researchers. For example, AUSTROADS [32] classified
materials with UCS between 0.7 and 1.5 MN/m? as ‘modi-
fied materials’ and those having UCS greater than 1.5 MN/
m? as bound materials. Das [33] on the other hand merely
rated the quality of subgrade soils used in pavement appli-
cation as a function of their UCS. When the UCS of soil
mixtures were interpreted based on the definitions by Das
[33], the quality (consistency) of soil mixtures was upgraded
to superior class of subgrades ranging from medium to hard
(Table 3).

Strength improvement in soil mixtures was achieved
through direct cementation, flocculation/agglomeration of
the soil particles, ion exchange and pozzolanic reaction initi-
ated by the presence of CKD.

UCS = — 2.97CKD?

content

+ 88.75CKD, o + 145.0
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Stiffness (modulus) characteristics of soil mixtures

In pavement design, road materials, particularly stabi-
lized materials, are usually characterized in terms of their
mechanical properties such as stiffness and strength. The
accurate determination of the stiffness parameters in pave-
ment is therefore necessary not only to ascertain the amount
of movement that will result from the application of load
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Soil + 10%QF

Soil + 10%QF
+4%CKD

Soil + 10%QF
+8%CKD

Soil + 10%QF
+12%CKD

Soil + 10%QF
+16%CKD

Admixture percent

and decide whether this movement is permissible but for a
consistent design and quality control of the pavement.

Two types of stiffness (modulus), namely initial tangent
and secant moduli, were considered in this study. Initial stiff-
ness (initial tangent modulus, E;) was defined as the slope of
tangent at origin, while the secant stiffness (secant modulus,
E,..) was defined by the slope between the initial point of
zero stress and strain to the failure point of maximum stress
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Table 3 Rating of soil mixtures strength as a function of UCS values
(as per [33])

Admixture percent UCS (kN/m?) Rating of subgrade
Natural BC soil 38 Soft

Soil + 10%QF 118 Medium

Soil + 10QF +4%CKD 515.96 Hard

Soil + 10QF + 8%CKD 635.81 Hard

Soil + 10QF + 12%CKD 755.65 Hard

Soil + 10QF + 16%CKD 820 Hard

and its corresponding strain at failure. A summary of the
initial tangent and secant moduli evaluated from the nonlin-
ear stress—strain curves of UC tests (Fig. 4) is provided in a
comparison bar chart (Fig. 5).

Typical of clay soils, the modulus of the natural soil was
low but increased as a consequence of the joint effects of
quarry fines and CKD treatment. The initial tangent and
secant moduli values of the natural compacted BC soil are
4.57 and 4.04 MN/m?, respectively. Upon treatment with

Fig.4 28-day stress—strain 1000
curves for BC soil treated with
10% QF and varying CKD
content 800
&
£ 600
Z
=2
v
w
£ 400
)
200

CKD content (%)

QF, more than threefold increase in E; and E,. was recorded
which increased further by 15 and 12 folds, respectively, on
introduction of 4% CKD. When CKD content was increased
to 16%, E; and E values increased significantly to about 40
folds the value of the natural soil at the end of 28-day curing
period. Expectedly, it can be observed that the E; was higher

than the E_ at all CKD contents.

Variation of stiffness modulus with UCS

The correlations between initial tangent modulus, E;, and
the secant modulus, E, of soil mixtures and UCS are also
plotted in Fig. 6 and shown in Egs. (2) and (3).

E, = 13.99¢*003UCS 2 = 0.989 )
E,

e = 10.41e0003UCS 20 985 3)

An exponential relationship exists between both E; and E..
and the UC strength increasing with higher UCS. Therefore,
those samples with higher compressive strengths were stiffer
and had greater modulus, making them better candidates as

—e— Soil

—m— Soil+QF

—a— Soil+QF+4%CKD

—@— Soil+QF+8%CKD
Soil+QF+12%CKD

—o— SoiH+QF16%CKD

1 1.5 2 2.5 3 3.5
Axial strain (%)
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subgrade for pavement structures. It is however important
to note that higher modulus may be sometimes more sus-
ceptible to cracking.

The very high R? values obtained from these equations
indicate that the moduli of the specimens with different
CKD contents could be consistently and reliably determined
from their UCS values.

Conclusion

A laboratory study was undertaken to evaluate the strength
characteristics of quarry fines-modified black cotton soil
stabilized with cement kiln dust, and the conclusions of the
study are as follows:

The application of QF and CKD was efficient in reducing
the plasticity, producing soil mixtures that conformed to the
established values for performance in road pavement struc-
tures in accordance with the Nigeria General Specification
[28]. The highest alterations occurred at 16% CKD.

The combined treatment also resulted in significant
improvement in compaction parameters. The maximum
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UCS (MN/m2)

dry unit weight decreased from 14.9 kN/m? for soil + QF
only to 13.4 kN/m? at 16% CKD.

The treatment promoted increase in the strength and
stiffness of soil mixtures measured by UCS and stiffness
modulus (i.e., tangent and secant modulus) recording the
highest alterations on addition of 16% CKD.

These results support the use of combined QF and CKD
treatment as an efficient stabilization technique for sub-
grades dominated by black cotton soils.

Compliance with ethical standards

Conflict of interest The authors wish to confirm that there are no
known conflicts of interest associated with this publication and there
has been no significant financial support for this work that could have
influenced its outcome.

References

1. Chen FH (1988) Foundations on expansive soils. Elsevier Sci-
entific Pub. Co., Amsterdam



Innovative Infrastructure Solutions (2018) 3:55

Page7of7 55

11.

12.

13.

14.

15.

16.

17.

18.

NBRRI (1983) Engineering properties of black cotton soils of
Nigeria and related pavement design. Nigerian Building and Road
Research Institute (NBRRI), Abuja

Oza JB, Gundaliya PJ (2013) Study of black cotton soil character-
istics with cement waste dust and lime. Procedia Eng 51:110-118.
https://doi.org/10.1016/j.proeng.2013.01.017

Etim RK, Eberemu AO, Osinubi KJ (2017) Stabilization of black
cotton soil with lime and iron ore tailings admixture. J Transp
Geotech 10:85-95

Nelson JD, Miller DJ (1992) Expansive soil, problems and prac-
tice in foundation and pavement engineering. Wiley, New York
Kumar JS, Janewoo U (2016) Stabilization of expansive soil with
cement kiln dust and RBI grade 81 at subgrade level. J Geotech
Geol Eng 34(4):1037-1046

Khazaei J, Moayedi H (2017) Soft expansive soil improvement
by eco-friendly waste and quick lime. Arab J Sci Eng. https://doi.
org/10.1007/s13369-017-2590-3

Ola SA (1978) The geology and geotechnical properties of the
black cotton soils of north eastern Nigeria. Eng Geol 12:375-391
Ola SA (1983) The geotechnical properties of black cotton soils
of north eastern Nigeria. In: Ola SA (ed) Tropical soils of Nigeria
in engineering practice. A.A. Balkema, Rotterdam, pp 155-171

. Carter JD, Barber W, Tait EA, Jones JP (1963) The geology of part

of Adamawa, Bauchi and Borno provinces of northern Nigeria.
Geol Surv Niger Bull 30

Gillot JE (1968) Clay in engineering geology. Elsevier Scientific
Publishing Company, Amsterdam

Amadi AA (2014) Enhancing durability of quarry fines modi-
fied black cotton soil subgrade with cement kiln dust stabiliza-
tion. J Transp Geotech 1(1):55-61. https://doi.org/10.1016/j.trgeo
.2014.02.002

Yoobanpot N, Jamsawang P, Horpibulsuk S (2017) Strength
behavior and microstructural characteristics of soft clay stabi-
lized with cement kiln dust and fly ash residue. J Appl Clay Sci
141:146-156. https://doi.org/10.1016/j.clay.2017.02.028
Balogun LA (1991) Effect of sand and salt additives on some
geotechnical properties of lime stabilized black cotton soil. Niger
Eng 43(6):669-681

Osinubi KJ (1995) Lime modification of black cotton soil. Spec-
trum J. 2(1 and 2):112-122

Moses GK (2008) Stabilization of black cotton soil with ordinary
portland cement Using Bagasse ash as admixture. IRJIJ Res Eng
5(3):107-115

Ijimdiya S (2009) Evaluation compacted black cotton soil treated
with bagasseash as hydraulic barriers in municipal solid waste
containment systems. Unpublished PhD Thesis, Department of
Civil Engineering, Ahmadu Bello Univesity, Zaria

Oriola F, Moses GK (2010) Groundnut shell ash stabilization of
black cotton soil. Electron J Geotech Eng. 15(E):415-428

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Moses GK, Saminu A (2012) Cement kiln dust stabiliza-
tion of compacted black cotton soil. Electron J Geotech Eng.
17(F):825-836

Miller GA, Zaman M (2000) Field and laboratory evaluation of
cement kiln dust as a soil stabilizer, transportation research record.
J Transp Res Board, TRB Record 1714, Washington D.C., USA,
25-32

Sadek DM, El-Attar MM, Ali AM (2017) Physico-mechanical and
durability characteristics of concrete paving blocks incorporating
cement kiln dust. Constr Build Mater 157:300-312

Bassani M, Riviera PP, Tefa L (2016) Short-term and long-term
effects of cement kiln dust stabilization of construction and
demolition waste. J Mater Civ Eng 29(5):04016286. https://doi.
org/10.1061/(ASCE)MT.1943-5533.0001797

Soosan TG, Sridharan A, Jose BT, Abraham BM (2005) Utiliza-
tion of quarry dust to improve the geotechnical properties of soils
in highway construction. Geotech Test J 28(4):391-400

Amadi AA (2011) Evaluating the potential use of lateritic soil
mechanically stabilized with quarry fines for construction of road
bases. Niger J Eng 17(2):1-12

Nwaiwu CMO, Mshelia HS, Durkwa JK (2012) Compactive effort
influence on properties of quarry dust-black cotton soil mixtures.
Int J Geotech Eng, 1 6:91-101

Chetia M, Baruah MP, Sridharan A (2018) Effect of quarry
dust on compaction characteristics of clay. In: Singh D, Galaa
A (eds) Contemporary issues in geoenvironmental engineer-
ing. GeoMEast 2017. Sustainable civil infrastructures. Springer,
Cham, pp 78-100

BS 1377 (1990) Methods of testing soil for civil engineering pur-
poses. British standards institute London

BS 1924 (1990) Methods of testing for stabilized soils. British
Standards Institute, London

Nigerian General Specification (1997) Road and bridges. Federal
Ministry of Works and Housing, Abuja

Osinubi KJ (1998) Stabilization of tropical black clay with cement
and pulverized coal bottom ash admixture. In: Shackelford CD,
Houston SL, Chang NY (eds) Advances in unsaturated geotech-
nics, vol 99. ASCE Geotechnical Special Publication, Boston, pp
289-302

Osinubi KJ and Medubi A (1998) Evaluation of cement and phos-
phatic waste admixture on tropical black clay road foundation. In:
Proceedings of 4th international conference on structural engi-
neering. (SEAMS 4), Accra, 2: pp 297-307

AUSTROADS (2006) Guide to pavement technology part 4(e):
stabilised materials. AUSTROADS, Austroads Project No: TP
1089. AUSTROADS, Sydney

Das B (1994) Principles of geotechnical engineering, 3rd edn.
PWS-Kent Publishing Company, Boston

@ Springer


https://doi.org/10.1016/j.proeng.2013.01.017
https://doi.org/10.1007/s13369-017-2590-3
https://doi.org/10.1007/s13369-017-2590-3
https://doi.org/10.1016/j.trgeo.2014.02.002
https://doi.org/10.1016/j.trgeo.2014.02.002
https://doi.org/10.1016/j.clay.2017.02.028
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001797
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001797

	Strength characteristics of modified black clay subgrade stabilized with cement kiln dust
	Abstract
	Introduction
	Materials and test procedures
	Black cotton soil
	Quarry fines
	Cement kiln dust
	Soil mixtures and specimen preparation

	Results and discussion
	Materials characterization
	Compaction characteristics
	Unconfined compression strength (UCS)
	Stiffness (modulus) characteristics of soil mixtures
	Variation of stiffness modulus with UCS

	Conclusion
	References




