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Abstract— This study deals with a chemical stabilization of expansive Dakhla shale, which widely distributed on the surface at both West 
and East of Qena governorate, Egypt. Chemical stabilization program was used to enhance the geotechnical properties of the studied 
expansive shale using both lime and cement kiln dust (CKD). Optimum-Lime and -cement kiln dust (CKD) contents were determined using 
pH test according to Eades and Grimm method. Geotechnical properties of the natural and treated shale as plasticity, free swelling, 
ultrasonic velocity (Vp), and unconfined compressive strength (qu) were measured according to ASTM standard. The results showed that 
the studied samples mixed with CKD have a higher strengths and lower swelling potentials than those mixed with lime only or with both 
lime and CKD. Also the results approved that curing time from 7 to 90 days having a great effect on the geotechnical properties of the 
studied treated shale samples. 

Index Terms— Expansive Shale, Chemical Stabilization, Lime, Cement Kiln Dust (CKD), Free Swelling, Unconfined Compressive Strength 
(qu). Ultrasonic velocity test.   

——————————      —————————— 

1 INTRODUCTION                                                                     
xpansive shale has a potential to swell and shrink during 
wet and dry conditions respectively. This is due to their 
high content of expansive clay minerals. Swelling poten-

tial would effect on the construction or pavement above and 
destroy them. These problems developed the need to enhance 
their geotechnical properties using chemical stabilization. 

Chemical stabilization for swelling shale is applied mostly 
by adding lime or cement or a mix of both. New techniques 
are developed which use Flay ash, which result from coal 
burning in the power plants, or Cement Kiln Dust (CKD), 
which result from the cement factories. These techniques have 
another advantage; as Flay-Ash and CKD are toxic to envi-
ronment, they should to be buried in sanitary landfills at a 
certain depth or storage in a certain containers, this processes 
are so expensive.  So that reusing them in chemical stabiliza-
tion of expansive shale has environmental and economic bene-
fits. 

Lime stabilization used widely in road construction to en-
hance the geotechnical properties of sub-grade, sub-base, and 
base materials [1]. 

1.1 Location of the Study Area 
The studied samples collected from El-Balas area, West of Qe-
na City, at 26o 1' 3.8'' N and 32o 43' 18.7'' E, and from Gebel El-
Quraya, East of Qena City, at 26o 24' 57.8'' N and 33o 5' 20.7'' E. 
the studied samples collected belong to Dakhla Formation 
which has high expansive characteristics (Figure 1 and 2). 

1.2 Previous work 
Many studies were carried out on the studied area including 
geology, structures, tectonic, stratigraphy, and etc. Few stu-
dies were carried out on the studied area and in Egypt includ-
ing chemical stabilization of expansive shale like [3], [4], [5], 
[7], [8], [9], [10], and [11]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1. Location of the study area. 

1.3 Scope of the Study 
This study investigates the effect of lime and cement kiln dust 
(CKD) on enhancing geotechnical properties of high expansive 
shale of Dakhla Formation distributed around Qena governo-
rate. Also to compare between the potential of lime, CKD, and 
a mixture of them for increasing the bearing-capacity of tested 
shale and reducing its swelling potentials. This study also de-
tects the effect of long term curing of the treated shale samples 
and continuity of pozzolanic reactions on enhancing geotech-
nical properties of tested samples. 
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Fig.2. Geologic map. 

2 MATERIALS AND METHODS 
2.1 Materials 
2.1.1 Dakhla Formation 
Dakhla Formation deposited during Late Cretaceous to Paleocene. 
It consists of gray marine shale and marl. Also it contains interca-
lated siltstone, sandstone, and limestone layers. Dakhla Formation 
has a wide distribution in the central and southern parts of both 
Eastern and Western Deserts of Egypt and along the Red Sea [12]. 
Their index properties and classification are listed in Table 1. 

TABLE 1 
INDEX PROPERTIES OF STUDIED SHALE  

LL = Liquid Limit 

PL = Plastic Limit 

PI = Plasticity Index 

Wn = Natural Water Content 

On = Natural Organic Content 

δd = Natural Density 

MDD = Maximum Dry Density 

OMC = Optimum Moisture Content 

DB = Dakhla Shale of Balas Section 

DQ = Dakhla Shale of Quraya Section 

USCS = Unified Soil Classification System 

AASHTO = American Association of State Highway and 
Transportation Officials 

2.1.2 Lime 
Hydrated lime Ca(OH)2 (Calcium hydroxide) is used. The 
hydrated lime resulted from reaction between quicklime 
(CaO) (Calcium oxide) with water as the following equation 
[4]. 

CaO + H2O                         Ca (OH)2 + Heat          

      Lime can react with all clay minerals; however it has a 
more significant effect on montmorillonites than kaolinites, as 
montmorillonites have a higher plasticity index (PI) [13]. Add-
ing of lime has two stages of reactions; flocculation and pozzo-
lanic reactions. 

Firstly; flocculation processes occur immediately after add-
ing lime to the soil with sufficient amounts of water, so that it 
is referred to as short term reaction. Flocculation results from 
cation exchange processes; as the Sodium and other cations on 
the surfaces of clay minerals exchanged by Calcium cations of 
lime, causing the fine grains of the soil to flocculate forming 
aggregates. These process resulting in increasing the grain size 
to a sand size [1]. 

      Secondly; pozzolanic reactions take place after flocculation, 
when there is sufficient lime and water content, this means 
that optimum lime content will be not sufficient for pozzolanic 
reactions, and additional lime content will be needed. Lime 
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content above the fixation point will produce a high alkaline 
environment which resulted in dissolution of alumino-silicates 
of clay mineral lattice, then precipitated as cementing mate-
rials. This process is slow and time dependent [13], [14], [15], 
[16], and [17]. 

2.1.3 Cement Kiln Dust (CKD) 
CKD is a fine material, 75-80% passing 200 mesh, its appear-
ance similar to Portland cement [18]. It is produced as a waste 
material from Portland cement manufacturing. The studied 
CKD was obtained from Qena Cement Factory, Qift, Qena, 
Egypt. 

2.2 Methods 
X-ray diffraction and fluorescence (XRD and XRF) were used 
to detect mineral and chemical composition of the studied 
materials. Soils classified using grain size analysis tests and 
according to their plasticity properties [21]. Optimum-lime 
and -CKD were detected using pH method as pozzolanic reac-
tions are most likely to occur in 12.4 pH environment [13], 
while optimum water content for mixtures were detected us-
ing standard proctor test according to ASTM. The chemical 
stabilization program was carried out using lime, CKD, and 
mixture of lime and CKD. The treated shale samples were 
cured in a water bath (under about 98% moisture environment 
to minimize evaporation effect for the water inside preserved 
samples and under chamber temperature) for 7, 28 and 90 
days to study the effect of curing time on enhancing geotech-
nical properties of the treated samples. Free swelling test of 
natural and treated samples was carried out according to [23]. 
Geotechnical properties of natural and treated samples were 
tested using destructive method using unconfined compres-
sive strength test according to [22]. Also they tested using 
nondestructive method using ultrasonic velocity (longitudinal 
velocities) [19] using JAMES instrument.   

3 RESULTS 
3.1 XRD and XRF Analysis 
Tested shale samples and studied CKD were analyzed by XRF 
to indicate their chemical composition, and by XRD to discri-
minate their mineral contents. The results listed in Tables (2 
and 3). CKD is mostly similar in its composition to Portland 
cement containing a high percent of CaO (67.7%) and a low 
percent of SO (<2%). Sulfide oxides are considered harmful for 
hydration reactions as they result in forming ettringite. Tested 
samples have a high percent of SiO2 and Al2O3 around 60-
70%. All tested shale samples consist of more than 10% of 
quartz, while clay minerals were very abundant range be-
tween 29.3 to 67.9% varying between montmorillonite and 
kaolinite. Calcite also present in a high percent 17.7%. Anhy-
drite is less abundant than calcite, it found in a percent around 
11.5%. 

 
3.2 pH-Test Results 
pH value of 12.4 is the most suitable environment for proceed-
ing hydration reactions [20]. So that it is concluded that the 
optimum percent of lime content which are 3% for Dakhla 

shale samples collected from El-Balas area (DB) and 5% for 
Dakhla shale samples collected from Gebel El-Quraya (DQ). 
The optimum CKD content of DB shale sample and of DQ 
shale samples is 8 and 12% respectively. The optimum lime 
and CKD content of DB shale sample and of DQ shale samples 
is 2% L + 6% CKD and 3% L + 8% CKD, respectively (Table 4). 

 
TABLE 2 

CHEMICAL COMPOSITION OF BOTH STUDIED SHALE AND CKD 

TABLE 3 
MINERAL COMPOSITION OF THE STUDIED SHALE SAMPLES 
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TABLE 4 

OPTIMUM CONTENTS OF CHEMICAL ADDITIVES 

3.3 Proctor Compaction Test Results 
Optimum water content (OWC) and maximum dry density 
(MDD) were detected using standard proctor test. The results 
illustrated in Table (5) and Figure (3). The results proved that 
addition of lime, CKD, and/or mixture of them can decrease 
MDD and increase OMC. MDD of DB decreased from 1.44 
g/cm3 for the natural compacted sample to 1.36, 1.37, and 1.33 
for lime, CKD, and the mixture, respectively. While OWC in-
creased from 24% for the natural sample to 31, 32, and 33% for 
lime, CKD, and the mixture, respectively. However, for DQ 
the MDD decreased from 1.463 g/cm3 for the natural com-
pacted sample to 1.354, 1.36, and 1.35 for lime, CKD, and the 
mixture, respectively. While OWC increased from 24% for the 
natural sample to 32, 33, and 33.8% for lime, CKD, and the 
mixture, respectively. 

 
 TABLE 5 

PROCTOR COMPACTION TEST RESULTS 

3.4 Unconfined Compressive Strength Test Results 
Results of unconfined compressive strength test listed in Table 
(6). In case of DB, using optimum lime content, the strength 
increased due to lime stabilization from 89.4 k-Pascal of natu-
ral compacted shale to 214.54, 402.47, and 189.84, after curing 
7, 28, and 90 days, respectively. 

While using optimum CKD content the strength increased 

to 675.58, 1450.1, and 715.94 after curing for 7, 28, and 90 days, 
respectively. However, in case of using a mixture of both lime 
and CKD at their optimum contents, it is found that the 
strength increased to 552.84, 1214.03, and 471.35 after curing 
for 7, 28, and 90 days, respectively. The results of DQ are not 
very different from those of DB and the values have the same 
development direction, see Table 6. 

 

Fig.3. Proctor compaction curves. 

3.5 Free Swelling Test Results 
      Free swelling test was applied for both natural and treated 
samples (Table 6). The free swelling percent of the natural 
shale samples was 80% (in case of DB) and 104% (in case of 
DQ), and classified as moderately swelling shale according to 
[23]. Free swelling percent decreased to its lowest values for 
treated samples cured for 90 days. In case of DB, the lowest 
free swelling values (zero% swelling) resulted from treating 
with mixture of 2% lime with 6% CKD and curing for 90 days. 
However; free swelling of DQ treated shale samples decreased 
to its lowest values (4% swelling) when treated with 12% CKD 
and cured for 90 days. 

3.6 Ultrasonic Velocity Test (Vp) Results 
Ultrasonic velocity test was performed to measure longitu-

dinal waves (p-waves or Vp) as indication for porosity and the 
formation of cementitious materials (pozzolans) resulted for 
pozzolanic reactions. Table (6) shows the values of Vp for nat-
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ural and treated soils. 
Figure (4) illustrates the development of treated shale sam-

ples from ductile behavior to brittle behavior. 
 

TABLE 6 

UNCONFINED COMPRESSIVE STRENGTH, FREE SWELLING, AND 

ULTRASONIC VELOCITY RESULTS 
 

 
 

 
Fig.4. The development of shale samples behavior from ductile (for un-

treated compacted samples) to brittle (for stabilized samples): a) DB; a1) 
Natural compacted DB; a2) DB+CKD 7days; a3) DB+CKD 28days; a4) 
DB+CKD 90days; a5) DB+L/CKD 7days; a6) DB+L/CKD 28days; a7) 
DB+L/CKD 90days; b) DQ; b1) Natural compacted DQ; b2) DQ+CKD 
7days; b3) DQ+CKD 28days; b4) DQ+CKD 90days; b5) DQ+L/CKD 

7days; b6) DQ+L/CKD 28days; b7) DQ+L/CKD 90days. 

3.7 Scanning Electron Microscope (SEM) Results 
Figure (5) shows the micrographs of natural and treated sam-
ples. Figure (5a) represents the natural DB sample; it can be 
easily to discriminate the plates (sheet structure) of clay min-
erals. Figure (5b) illustrates the formation of floccules due to 
flocculation process which lead to increase of pores diameter 
(DB sample treated with 8% CKD and after curing for 7 days). 
Figure (5c) demonstrates the formation of ettringite mineral 
having prismatic crystals (DB sample treated with 8% CKD 
after curing of 90 days). When comparing between the micro-

graph of Figure (5b) with this of Figure (5d) it is indicated that 
the size of pores decreased with increasing curing time from 
more than 300µm for 7 days (Figure 5b) to about 40µm for 90 
days (Figure 5d).  

Figure 5. Micrographs of a) DB Natural soil. b) Floccules of DB treated 
with 8% CKD and cured for 7 days. c) Ettringite mineral of DB treated with 

8% CKD and cured for 90 days. d) Size of pores of DB treated with 8% 
CKD and cured for 90 days. 

4 CONCLUSIONS 
Form the results it can be concluded that; Dakhla Formation is 
expansive shale (≥ 90% free swelling) due to its high content of 
expansive clay minerals and need to be stabilized. Based on 
pH-test it was founded that the optimum contents of additives 
used for stabilization of Dakhla Formation were as follow; 4% 
if using lime, 10% if using CKD, and 2% lime with 8% CKD in 
the case of using a mixture of them.  
      Unconfined compressive strength values and ultrasonic 
velocities of the treated samples (qu- and Vp-values) revealed 
that using CKD alone can increase the strength and the veloci-
ty of the treated samples more than that using lime, or than 
using a mixture of lime and CKD. Also the compressive 
strength and the ultrasonic velocity increased with increasing 
curing time to about 28 days. As with increasing curing time 
from 28 to 90 days, the strength began to decrease, that due to 
formation of ettringite mineral in elongated fibrous crystals 
form which its growth stress lead to formation of micro-cracks 
resulting in a decrease of compressive strength and ultrasonic 
velocity of the treated samples. 

In general, the treatment program of the stabilized samples 
lead to decrease the free swelling percent but the high percent 
of free swelling for some treated samples proved the forma-
tion of ettringite mineral which considered as expansive min-
eral. Ettringite result from the hydration of calcium sulfate, 
which present in the shale samples, lime and CKD. Its pris-
matic crystals (Figure 5c) leading to increase the volume of the 
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treated samples. 
      Increasing Vp-values with increasing curing time 

proves the decreasing of pore size in treated samples. For DB 
sample the Vp reaches its higher velocities (1373 m/sec) when 
treated with 8% CKD and cured for 28 days. According to DQ 
Vp increased to its maximum then stabilized with 12% CKD 
and cured for 28 days. 

The treatment program results indicate that Dakhla shale is 
moderately swelling shale which needs to be stabilized when 
used as sub-base or sub-grade. It is best stabilized with opti-
mum CKD content which ranges between (8-12%) at optimum 
water content ranges between (32-33%). Its geotechnical prop-
erties will also enhanced with increasing curing time; if there 
is enough water, CKD, and clay minerals content which are 
needed for pozzolanic reactions. Increasing curing time of the 
treated shale from 28 to 90 days lead to decrease of its geo-
technical properties that due to formation of ettringite crystals 
which resulting in formation of micr-cracks as discussed 
above. To avoid the problems of ettringite crystals, must be 
emphases the following:  In case of, sulfate (Gypsum) bearing 
sample treated with lime and CKD requires to special technic-
al methods in situ. National Lime Association [24] reported 
that these technical methods in situ include “two applications 
of lime (and/or CKD), the first before the first mixing and the 
second after the mellowing period. The moisture content of 
the soil is raised to 5% over the optimum during a multi-day 
mellowing period to soluble as many as sulfate as possible and 
to force ettringite to form before compaction. Once formed, 
ettringte is relatively stable and is unlikely to cause further 
problems. After the mellowing period, additional lime 
(and/or CKD) is added to the soil and construction proceeds 
normally. 

The use of ultrasonic p-wave velocity method is a simple 
and practical (non-destructive) tool to evaluate the stabilized 
soils using lime, cement kiln dust, and lime/cement kiln dust 
and would need many studies to establish a guideline and 
standard specification. 
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