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Abstract: The present work ascertains the feasibility of oil residue treatment for stabilizing wind-blown sand dunes. Various 
combinations of natural collapsible saline from the Jandaq desert of Iran and oil residue from distillation towers of Iranian refineries 
were tested in laboratory experiments. Stabilized sands were evaluated in terms of geotechnical properties, permeability, and oil 
retention characteristics (i.e. bonding mechanisms, leaching and migrating behaviour of oil residue from the stabilized sands). Since 
the presence of oil residue in soils can pose an environmental threat, the optimum retention capacity of the stabilized sands is of 
critical concern. Relative to sand that was not augmented with oil residue, specimens made of 7% oil residues had the highest 
compressive strength, significantly higher cohesion and load bearing capacity, and considerably lower permeability. The effect of 
distilled water, saline water and municipal sewage on prepared specimens were also evaluated. 
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1 Introduction 
 

Sand dunes cover large areas of the central Iranian 
Plateau, where a hot, dry climate promotes salt 
accumulation and results in predominantly saline and 
alkaline loose to dense sandy silt. During construction on 
sand dunes, a fundamental requirement is to establish an 
appropriate bedding and casing with suitable materials. 
Selection of incorrect methods and materials can result in 
inappropriate strength characteristics and environmental 
hazards, thus increasing project costs and causing 
irreparable damage. 

One method to make sand suitable for construction 
purposes is to amend it with oil residues [1−3]. Oil 
residues are the materials remaining at the end of the oil 
refinery distillation tower. They often include high 
relative molecular mass saturated and aromatic 
hydrocarbons, which contain traces of asphaltine and 
resins. The saturated groups consist of long chains and 
branched paraffins and cycloparaffins. Oil residues have 
a high boiling point and viscosity, and a specific weight 
close to 1 [4−5]. 

Residual oil from the many oil refineries in Iran can 
be used to achieve the following objectives [5−6]: 
increasing the load bearing capacity of low-strength, 
cohesionless sand [7]; reducing permeability (improving 
sealing ability) [8]; preventing migration of the oil, so 

that it does not contaminate groundwater and damage 
subsurface structures [9]; and stabilizing soil [10]. 

Mechanical interactions between oil residues and 
sand are influenced by sand pH and dissolved salt 
content [11]. Low relative molecular mass hydrocarbons 
adsorb to sand surfaces better than high molecular mass 
derivatives, like oil residue. RAHMAN et al [12] and 
YONG et al [13] observed a considerable increase in soil 
cohesion of sandy loams by oil residues. 

In the desert of the Jandaq District in Iran, sand 
dunes cover an area of approximately 15 km2 (Fig. 1). 
The objectives of this work were to stabilize Jandaq 
desert sand with oil residues from the Isfahan Refinery 
and restrict internal migration of the oil by controlling 
the physical and mechanical behaviour of the sand. The 
effects of oil residue and municipal sewage on the 
consistency of sand specimens were also studied. Finally, 
oil residue amendment was evaluated from an 
environmental perspective. 

 
2 Materials and methods 
 
2.1 Study area 

Sand in the Jandaq District originates primarily 
from silicate rocks and limestone bedrock. It is coarse to 
medium textured at upland sites and fine textured in 
closed basins. The water table is generally deep and 
groundwater has high salinity, due to the dissolved 
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Fig 1 Map of study area in Iran 

 
evaporated salt from local bedrock. Therefore, the desert 
sand is mainly saline and alkaline within the top 2 m, 
though the salinity varies areally smaller scales 
depending on local climatic conditions [14−15]. 

 
2.2 Soil samples 

A bulk sample was collected at depth of 0.2 to 1 m 
from a sand pits (Fig. 2). Derivative specimens were 
evaluated in terms of plasticity characteristics ASTM 
D4318-10 [16], natural water content ASTM D2216-13 
[17], specific gravity ASTM D854-10 [18], pH, and 
particle size distribution (PSD) ASTM D4220-95 [19]. 
Mechanical sieve and hydrometer analyses were also 
carried out since the sample contained considerable 
amounts of fines. 

On average, the sand had a liquid limit of 32%, 
water content of 2%, specific gravity of 2.64 and pH of 8. 
PSD curves are shown in Fig. 3. The sand is classified as 
 

 
Fig. 2 Sand sampling pit 

 

 
Fig. 3 Four PSD curves of sand samples from Jandaq Desert 

 
SP to SP-SM according to the unified classification 
system ASTM D2487-11 [20]. 

X-ray diffraction analysis indicates that the sand is 
mainly composed of silicon dioxide (SiO2), calcite 
(CaCO3), halite (NaCl) and a small amount of clay 
minerals, while aragonite (CaCO3) and halite were minor 
minerals. These results were based on a rough estimate 
of the peak high intensities on the diffractometer trace 
for each mineral. From the X-ray diffractogram analysis 
(Fig. 4  and Table 1), it is evident that a few peaks 
belong to the bonding between sodium chloride crystals 
and sand, possibly due to the evaporation of water at the 
nearby surface. The result of X-ray fluorescence analysis 
of sand is listed in Table 2. Combining these analyses 
indicates that the sand can be characterized as saline− 
alkaline. 
 

 
Fig. 4 X-ray diffraction pattern 

 

Table 1 X-ray analysis of Jandaq sand 
Line
color

Compound name Formula 
PDF 

number 
Mass 

fraction/%

Quartz, syn SiO2 46−1045 65.6 

Calcite, syn CaCO3 05−0586 21.9 

Albite, ordered NaAlSi3O8 09−0466 3.9 

Cristobalite, syn SiO2 39−1425 4.6 

Orthoclase KAlSi3O8 31−0966 4.1 
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Table 2 X-ray fluorescence analysis of mineral contents of 

Jandaq sand (mass fraction, %) 

SiO2 CaO Al2O3 Fe2O3 MgO K2O Na2O

56.41 14.16 9.73 7.90 2.84 1.62 1.32

 
2.3 Oil residue 

Oil residue from the Isfahan Oil Refinery had the 
physical, chemical, and physicochemical properties listed 
in Tables 3 and 4. 
 
Table 3 Physical characteristics of oil residue (Isfahan Oil 

Refinery Institute, 2010) 

Specific 

gravity 

Viscosity 

at 100 C/ 

(mm2·s−1) 

Boiling 

point/ 

C 

w(C)/ 

%

w(H)/ 

% 

w(S)/ 

% 

w(O)/

%

w(N)/

%

0.99 55 >370 82 11 4 2 0.96

 

Table 4 Chemical and physicochemical properties of oil 

residue (Isfahan Oil Refinery Institute, 2010) 

Type Property 
Mean 
value 

Value 
range 

Chemical 

Metals/10−6 

Vanadium 40 20−110

Nickel 15 6−28 

Iron 10 6−20 

Hydrocarbons 
(mass 

fraction, %) 

Saturated 26 15−35 

Aromatic 49 45−53 

Resin 15 13−18 

Asphaltine 10 3−12 

Hydrocarbon 
concentration 

93  

Physicochemical 

Solubility in 
water 

10 
Low 

solubility
Separation 
coefficient 

6.3  

Water-octanol 
ratio (log) 

3.4 
High 

separability
Evaporation ratio 

(mass 
fraction, %) 

5  

Vapor pressure 
(Hg mm) 

0.003  

 
2.4 Water samples 

Three types of water samples were employed for 
washing specimens. 1) Distilled water was used as a 
surrogate of rainwater to examine the effect of the 
rainfall infiltration on stabilized sand behaviour. The pH 
of the rainwater lies within the range of distilled water. In 
addition, given that salt may interfere with the adsorption 
of oil residue on soil surfaces [21], distilled water was 
used to partially remove the soluble salt in sand. 2) 
Saline water was used to mimic groundwater. 
Groundwater samples were subjected to chemical 
analyses to determine the types and concentrations of 

various ions present. 3) Municipal sewage from the city 
of Isfahan was used to study the effects of sewage on oil 
amended specimens under aerobic and anaerobic 
conditions. 

Distilled water, saline water and municipal sewage 
samples were analyzed for pH ASTM D1293-12 [22], 
electrical conductivity ASTM D1125-95 [23], total 
dissolved solids, silica, soluble cations and anions, 
biological and chemical oxygen demand, total suspended 
solids, total nitrogen and total phosphorus [24] (Table 5). 
 
Table 5 Water quality characteristics of distilled water, saline 

groundwater from Jandaq District, and municipal sewage from 

city of Isfahan 

Water quality parameter 
Distilled 

water 
Saline 
water

Sewage

pH 5.5–6.0 7.8 NA 

Conductivity/(µS·cm−1) 0.3–1.0 10860 NA 

ρ(Total dissolved 
solids)/(mg·L−1) 

~0 6793 NA 

ρ(Silica)/(μg·L−1) 10 NA NA 

ρ(Na)/(mg·L−1) NA 1520 NA 

ρ(K)/(mg·L−1) NA 6 NA 

ρ(Ca)/(mg·L−1) NA 311 NA 

ρ(Mg)/(mg·L−1) NA 110 NA 

ρ(SO4)/(mg·L−1) NA 1308 NA 

ρ(Cl)/(mg·L−1) NA 2836 NA 

Biological oxygen demand5/ 
(mg·L−1) 

NA NA 270 

Chemical oxygen demand/ 
(mg·L−1) 

NA NA 540 

Total suspended sediments/ 
(mg·L−1) 

NA NA 310 

Total nitrogen/(mg·L−1) NA NA 40 

Total phosphorus/(mg·L−1) NA NA 7 

NA: Not analyzed 

 
2.5 Specimen preparation and laboratory tests 

Natural sand was dispersed in distilled water in a 
large bucket for 7 d, and the supernatant poured off and 
replaced several times. Washed sand showed a 
significant increase in its plasticity. Washed and 
unwashed sand specimens were thoroughly mixed with 
3%, 5%, 6%, 7%, 8%, 9%, 10% and 11% oil residues to 
create a homogenous composite specimens ASTM 
D4223-99 [25]. The range of oil residue amendments 
was determined based on a previous study on 
stabilization of various soils with bitumen [7]. 

To understand changes in soil texture from oil 
residue addition, compaction energy was applied to the 
admixture using the Proctor test ASTM D698-12 [26] 
and the modified (higher energy applied) Proctor test 
ASTM D1557-12 [27]. Scanning electron microscope 
(SEM) photomicrographs indicate that specimens 
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compacted with less energy have larger voids, hold more 
oil residue and are less dense (Fig. 5(a)) than specimens 
compacted with more energy (Fig. 5(b)). Therefore, the 
modified Proctor test was chosen to compact specimens 
to their maximum densities (Fig. 6). The compaction 
characteristics of the sand specimens vary with oil 
residue content and peak at 7% oil residue. 
 

 
Fig. 5 SEM photomicrograph of compacted sand: (a) With 

Proctor; (b) With modified Proctor 

 

 
Fig. 6 Compaction curves for Jandaq sand mixtures amended 

with oil residue 

 
Cylindrical specimens were prepared from washed 

and unwashed sand for unconfined (UCS) ASTM 
D2166-13 [28] and triaxial compression strength, 
permeability and environmental tests. Specimens were 
left to equilibrate at 25 °C in sealed glass containers for 
24 h and then compacted. The UCS test was selected as 
the main indicator of sand strength. However, it should 
be noted that the oil residue content that gives the highest 
UCS may not necessarily be the content at which the 

greatest stiffness or least permeability can be achieved. 
To investigate the effect of leaching forces on the 

long term (40 d) of sand specimens, dry sand with 7% oil 
residue was compacted with the modified Proctor 
method to the same initial density. The leaching cylinders 
contained two sets of specimens. In the first set, distilled 
water was used in the leaching process, since it has a 
negligible concentration of ions. For the second set, 
saline water was percolated through specimens. For both 
sets, a porous stone was placed at the tops and bottoms 
of specimens. The upper stone was used to distribute the 
leaching solution uniformly over the cross-sectional area 
of the specimens while the lower stone was used to 
prevent soil wash out. The applied pressure represents a 
hydraulic gradient which was sufficient to increase the 
leached pore volumes after 40 d. Leaching cylinders 
were connected to a reservoir filled with distilled water 
via a 3 m tall pipe. 

Following washing of the specimens, the 
concentrations of the heavy metals vanadium, nickel and 
iron were measured in the leaching effluents and used to 
evaluate the degree of leaching of the specimens and 
their environmental impacts. 

The volume of the voids in the specimens in the 
leaching cylinders can be estimated from the density and 
specific gravity of the sand and oil residue content. Then, 
the volume of the water required to saturate the 
specimens was assumed to be equal the pore volume. 

The effect of curing on the strength of specimens 
amended with 7% oil residue was also studied. The 
curing process is strongly influenced by ambient 
temperature, humidity and curing time. To simulate the 
Jandaq area (average annual temperature and low 
humidity), air curing was done at 25 °C for periods of  
1 h, and 1, 7, 12 and 30 d. 

To investigate the effect of oil residue on the long 
term permeability of sand, the falling head permeability 
test was used ASTM D2434-68 [29]. Permeability cells 
were connected to a 3 m tall stand pipe at the start of the 
tests (Fig. 7). Distilled water was continuously 
percolated onto specimens and the quantity of distilled 
water passing through the specimens in a specific period 
of time was measured. Permeability tests were carried 
out on specimens compacted with the Proctor and the 
modified Proctor compaction methods. 
 
3 Results and discussion 
 
3.1 Strength 

For sand amended with oil residue, the strength can 
potentially vary depending on specimen density, type of 
test, rate of loading, efficiency of mixing, curing and age 
of specimens by DUNN and SALEM [4, 30]. Laboratory 
tests were used to control for these factors and enhance  
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Fig. 7 Permeability cylinder under testing 

 
the ability to detect the effects of oil residue 
concentration. 
3.1.1 Effect of residue concentration on strength 

Figure 8 shows the UCS versus strain of sand 
specimens amended with 3%, 5%, 7% and 9% (mass 
fraction) oil residue. Based on the relationship between 
consistency and UCS, specimens amended with 3% and 
5% oil residues were a soft consistency, the hardest 
consistency was achieved at 7% oil residue (UCS is  
1.25 kg/cm2), and the consistency was 14% lower at 9% 
oil residue (Fig. 9). The oil residue likely provided extra 
cohesion to the sand particles to enhance the UCS, but at 
9% oil residue, excess oil residue may have reduced the 
friction between sand grains (reduced contact between 
particles) [31]. 

The average internal friction (φ), cohesion (c) and 
modulus of elasticity (E) from triaxial tests were higher 
at 7% than those at 5% or 9% oil residue (Table 6). 

The φ, c and E values can be related to changes in 
soil texture with oil residue amendment, as shown in 
SEM photomicrographs (Figs. 10(a)−(c)). 
 

 
Fig. 8 Stress−strain relation for Jandaq sand amended with four 

concentrations of oil residue 

 

 
Fig. 9 UCS of Jandaq sand amended with four concentrations 

of oil residue 

 
Table 6 Results of a series of triaxial tests on oil residue 

amended sand 

Oil residue concentration/% φ/(°) c/(kg·cm−2) E/(kg·cm−2)

5 19.5 0.54 108 

7 22.2 0.74 117 

9 11.5 0.61 88 

 

 
Fig. 10 Photomicrographs of compacted sand specimens 

amended with 5% (a), 7% (b) and 9% (c) oil residues 
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3.1.2 Effect of compaction on strength 
The stress−strain curve from the Proctor and 

modified Proctor (recall, higher energy applied) 
compaction tests on Jandaq sand specimens with 7% oil 
residue content are plotted in Fig. 11. As expected based 
on the SEM images presented earlier, the UCS at a given 
strain was higher for the modified Proctor than the 
Proctor compaction method. 
 

 
Fig. 11 Stress−strain relation for sand amended with 7% oil 

residues compacted with two compaction methods 

 
Similarly, triaxial test parameters were higher when 

specimens were compacted with the modified Proctor 
method than the Proctor method (Table 7). It is apparent 
that the absorbed viscous oil layer facilitated the sliding 
of sand particles against each other, resulting in a lower 
φ and c in specimens with the same oil residue content 
compacted with lower energy. 
 
Table 7 Results of a series of triaxial tests on sand amended 

with 7% oil residue 

Compaction method φ/(°) c/(kg·cm−2) E/(kg·cm−2)

Proctor 14.8 0.47 95 

Modified Proctor 22.2 0.74 117 

 
SEM photomicrographs (Figs. 12(a) and (b)) also 

illustrate that development of soil texture is associated 
with large void spaces: oil residue filled the voids and 
coated the soil particles. This phenomenon can be 
attributed to a highly plastic groundmass under the low 
compaction energy. 
3.1.3 Effect of soil washing on strength 

For the 7% oil amendment, the maximum density 
was 18 kN/cm3 for washed sand and 20 kN/cm3 for 
unwashed sand. The UCS of the washed sand was 
reduced by a similar magnitude in washed sand relative 
to unwashed sand (Fig. 13). The soil fluid (oil residue) 
potential in washed sand, associated with the increase in 
the volume of the voids, is likely responsible for a 
reduction in strength of sand (Fig. 14). 

 

 
Fig. 12 SEM photomicrographs of specimens compacted with 

Proctor (a) and modified Proctor (b) compaction methods 

 

 
Fig. 13 Stress−strain relation for washed and unwashed 

stabilized sands 

 

 
Fig. 14 SEM photomicrographs of washed sand with 7% oil 

 
A series of triaxial tests carried out on compacted 

washed specimens showed substantially lower φ (19.4°) 
and c (0.63 kg/cm2) compared with unwashed sand 
(Table 10 for modified Proctor). The strength results are 
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generally in good agreement with the results reported by 
DUNN and SALEM [4] on stabilization of sand with 
bitumen. 
3.1.4 Effect of soil leaching on strength 

The UCSs of specimens leached with distilled and 
saline water for 40 d were 35% and 30% lower than the 
unleached specimen, respectively (Fig. 15). This 
difference is due to the alteration in the internal stability 
of the soil mass during the leaching process, which 
directly reduces interparticle bonds and soil fabric and 
increases the degree of saturation of the leached samples. 
Another mechanism is the influence of the chemical 
composition of permeating water. Specimens leached 
with saline water had slightly higher UCS than 
specimens leached with distilled water. This can be 
partially attributed to the precipitation of additional salt 
bonds, especially carbonates in saline water, developed 
as a result of leaching. These results agree with those 
reported by TORRANCE [32] for saline leaching of 
Norwegian marine clays. Comparing the qu of the 
unleached specimen in Fig. 15 and the qu of the 
unleached specimen in Figs. 6 and 13, it can be 
concluded that the substantial increase of qu is related to 
the aging of the specimen to gain more strength. 
 

 
Fig. 15 Stress−strain relation for leached specimens 

 

The series of triaxial tests carried out on leached 
specimens showed a reduction in φ and c (Table 8), 
which is attributed to the same mechanisms as UCS. 
3.1.5 Effect of curing process 

The UCS increased with curing time (Fig. 16). 
Specimens prepared with 7% oil residue had a maximum 
UCS that was 4%−82% higher than specimens 
cured for shorter periods. Under dry and hot conditions,  

Table 8 Triaxial strength parameters of specimens before and 

after leaching 

Leaching 
fluid 

Density/ 
(kN·m−3) 

qu/ 
(kg·cm−2) φ/(°)

c/ 
(kg·cm−2)

Before After Before After 

Distilled 
water 

20 16.9 1.85 1.21 14.3 0.4 

Saline water 20 17.8 1.85 1.30 15 0.47 

 

 
Fig. 16 Stress−strain relation for specimens after 30 d curing 

 
some of the fluid will evaporate during curing, which 
enhances the UCS [14]. 

Specimens cured for 30 d showed triaxial strength 
properties of φ=18.7° and c=0.95 kg/cm2. 
 
3.2 Permeability of oil residue amended specimens 

Values of the coefficient of permeability (k) 
decreased with increasing oil residue content (Table 9). 
The magnitude of the decrease in the coefficient of 
permeability was higher for the specimens compacted by 
the modified Proctor method (more energy). The k values 
were similar for specimens containing 3% oil residue and 
compacted by the modified Proctor method and 
specimens containing 5% oil residue and compacted by 
the standard Proctor method. 

The lower k of the specimens subjected to modified 
Proctor compaction could be attributed to the increase in 
the initial density of the specimens, resulting in a lower 
void ratio. In addition, it might be related to the 
waterproofing effect of the adsorbed oil on the sand 
particle surfaces, which reduced the dissolution of salts 
and limited the creation of more voids [8]. 

The lowest k value was observed for the 7% oil 
 
Table 9 Coefficient of permeability for specimens amended with oil residue and compacted by two compaction methods 

Method 
k/(cm·s−1) 

w(Oil residue 
amendment)=3% 

w(Oil residue 
amendment)=5% 

w(Oil residue 
amendment)=7% 

w(Oil residue 
amendment)=9% 

Proctor compaction 2.7×10−4 3.6×10−5 6.1×10−6 4.12×10−6 

Modified Proctor compaction 6×10−5 2.9×10−6 5.3×10−7 2.1×10−7 
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residue specimen, though it was of the same order of 
magnitude as the k value for the 9% oil residue specimen 
(Table 9). Both oil residue contents had low void ratios, 
restricting water percolation through the specimens. The 
low k values at the optimum oil residue content reported 
here are in good agreement with studies on contaminated 
soils [33−34]. 
 
3.3 Potential environmental impacts of oil residue 

amended sands 
Oil residue in stabilized sands can contaminate 

surface water and groundwater. Oil residues are strongly 
hydrophobic, barely soluble in water, weakly semi- 
volatile and can be toxic. To evaluate the potential for 
long term contamination, the amount of oil residue and 
other pollutants in water from specimens washed with 
distilled water, saline water and municipal sewage. 
Environmental effects of these materials were evaluated 
in terms of biological degradation, volatility and 
dissolution in amended specimens and exit water. 
3.3.1 Heavy metal concentrations in leaching effluents 

Assessment of heavy metals is essential during 
utilization of oil residue for the determination of 
environmental acceptability. Oil reside contains small 
amounts of heavy metals that evaporate into air. Instead, 
they stay in liquid and may spill into soil and 
groundwater. These compounds are toxic at high doses 
and can damage the nervous system [35]. In specimens 
stabilized with 7% oil residue at pH 8, concentrations of 
vanadium, nickel and iron were 1.35, 0.41 and      
0.25 mg/kg, respectively. They were determined to be 
below the detection limit recommended by ASTM 
D5863-00a [36]. 
3.3.2 Oil residue retention in amended sands 

Figure 17 depicts the levels of oil residue remaining 
in the solid phase (adsorbed oil residue onto the sand’s 
surfaces+ oil residue in pore specimen) after two washes  
 

 
Fig. 17 Percent oil residues retained in sand specimens 

amended with 7% oil residues after washing with distilled 

water, saline water and sewage (aerobic and anaerobic) 

with distilled water and saline water and sewage (aerobic 
and anaerobic). Long chained organic molecules exist in 
oil residue, which increased the viscosity and elevated 
the level of the insoluble oil phase in the amended sand 
specimens [37]. Combining with the low oil 
concentration in specimens and low permeability led to 
little leaching of oil residues from specimens. 

Oil mass balancing in amended specimens indicates 
that more than 87% by mass of oil residue is retained in 
the soil matrix after two washings with distilled and 
saline water and aerobic and anaerobic sewage (Fig. 18). 
However, the oil concentration in a pore specimen plus 
the oil concentration in leachate does not balance the 
initial oil residue concentration. Therefore, 1.75% to 
2.6% of the oil residue is lost to evaporation or biological 
degradation. 
 

 
Fig. 18 Oil mass balancing after two washes with distilled 

water and saline water and municipal sewage in aerobic and 

anaerobic conditions 

 
The first order of kinetics reaction is related to the 

low rate of evaporation of oil residue in sand, which is 
due to the superficial oil absorption on soil grains and its 
low density. As shown in Fig. 18, biological degradation 
accounts for at most 3.1% of the oil lost during the 
washing period. Oil residues include heavy compounds 
of saturated substances, hydrocarbons and aromatics. 
They also contain traces of asphaltine and resins. Their 
complex structure and low solubility in water make it 
difficult for micro-organisms in sewage to find a suitable 
point for enzymatic attack. Thus, they show resistance to 
biological degradation and remain in the soil 
environment without movement to subsurface water. 

Assuming that the loss of oil in samples washed in 
distilled and saline water was primarily due to 
evaporation, during the washing of specimens with 
sewage, the removal of oil residue was more by 
biological degradation than evaporation (Fig.18). The 
rate of biological degradation was greater in anaerobic 
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conditions than aerobic conditions. This is due to the 
production of methane and hydrogen sulphide gases and 
their reactions with some polycyclic aromatic 
hydrocarbons. 

Oil retention was higher for samples leached with 
saline water than with distilled water. This is partially 
due to the effect of salt on the interparticle forces formed 
in the soil matrix. The presence of salt reduces the 
electrical double layers formed in the soil−water system. 
Therefore, it is expected to increase the attractive forces 
and enhance cation bridging actions between the 
interacting surfaces [9]. 

It is worth mentioning that washing of oil residue in 
laboratory conditions was mostly due to the rather high 
discharge rate of liquid applied to specimens: the 
hydraulic gradient was almost 14%. In natural conditions, 
the hydraulic gradient is less than 5%, which means that 
less oil is leached from sand. 
 
4 Conclusions 
 

1) Higher UCS and triaxial compressive strength of 
sand amended with oil residues is attributed to the 
interaction between the oil residue and sand grain 
surfaces, which results in the formation of interparticle 
bonds. These bonds are of the major reasons for the 
increase in soil cohesion observed. Amended with 7% oil 
residue is determined to be optimum for stabilization. As 
a result, the soil load bearing capacity would 
considerably increase. 

2) Washing and removal of excess soluble salt from 
natural sand prior to oil residue amendment enhanced the 
oil retention capacity of the sand and substantially 
affected the mechanical behaviour of the sand, due to the 
loss in the cementing salt bonds. The UCS is 15% lower 
in washed sand than in unwashed stabilized sand. 
Leaching also reduced the oil retention potential of the 
stabilized natural sand; UCS is 30%−35% lower in 
specimens washed with distilled and saline water. 

3) The soil leaching study of the stabilized sand is 
designed to assess the retention of the oil in soil. Due to 
the low solubility of oil in water, high viscosity of oil and 
low permeability of the amended specimens, the 
concentration of oil residue is low in leachate from 
distilled water, saline water and municipal sewage 
leaching treatments. The presence of organic materials 
and high nutrient concentrations in sewage may have 
promoted a small amount (approximately 3% mass 
fraction) of biological degradation, which appeared to be 
enhanced by anaerobic conditions. This may have been 
due to the production of methane and hydrogen sulfide 
and their reaction with polycyclic hydrocarbons in the oil 
residue. 

4) The leaching behaviour of other hazardous 

constituents, such as heavy metals and soluble salts, in 
the stabilized soil is examined. Concentrations of these 
metals are well below the detection level. Since the soil 
stabilization most likely is applied near the ground 
surface, and the water table is very deep. It is expected 
that the oil will not reach the aquifers in the study area. 
However, field trials are required to verify these 
assertions. 
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