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Abstract:   Ground improvement techniques are frequently em-

ployed in construction sites characterized by weak soil condi-

tions that may result in suboptimal performance. The use of or-

dinary and encased stone columns aims to enhance endurance, 

shear strength, and soil hardness, thereby mitigating settlement 

issues and expediting the consolidation of contaminated sand 

soils. In this research, a comprehensive investigation involving 

74 cases was conducted to assess the behavior of both ordinary 

stone columns and encased stone columns under strip footing in 

contaminated sand subgrade. The objective was to discern the 

impact and characteristics of encapsulation in comparison to 

encapsulated stone columns, employing a Finite Element Model 

(FEM) within the PLAXIS 3D software package. The study fo-

cused on stone columns with two different diameters (D = 0.5 m 

and 0.6 m), while the column length was 12m across all cases. 

As the contamination level increases - at the variable contami-

nated sand levels of (2%, 5%, and 10%) - the viscosity of the 

soil rises, leading to a reduction in cohesion between soil gran-

ules. Consequently, the internal friction angle decreases, with 

values diminishing from 31° to 27° and then to 24°, respectively. 

The clean sand was placed to achieve relative density, a medium 

dense sand state (Dr= 50%). The two categories of stone col-

umns examined were ordinary stone columns (OSC) without 

encapsulation and encased stone columns (ESC) encapsulated 

with varying degrees of hardening. Results obtained at variable 

internal friction angles (35, 40, and 45 degrees) revealed a nota-

ble increase in the endurance of ordinary stone columns on un-

treated soil conditions, reaching 100%, 125%, and 148% for 

column diameters (D = 0.5 m) and 130%, 145%, and 180% for 

column diameters (D = 0.6 m), respectively. The corresponding 

increase in the endurance of encased stone columns under un-

treated soil conditions was found to be 275%, 33%, and 345% 

for column diameters (D = 0.5 m) and reached 313%, 350%, 

and 375% for column diameters (D = 0.6 m), respectively. All 

preceding results were obtained under the condition of a con-

taminated sand content of 5%. The investigation aimed to pro-

vide valuable insights into the performance and efficacy of or-

dinary stone columns (OSC) and encased stone columns (ESC) 

as a geotechnical solution for improving soil conditions in con-

struction projects. 

 

 

Keywords: Clean sand; Contaminated sand; Ordinary Stone 

Columns; Encased stone columns; PLAXIS 3D; Applied load; 

Settlement. 

   INTRODUCTION 

One of the pivotal methods for ground improvement using 

stone columns involves employing geosynthetic reinforcement, 

which reduces horizontal drainage paths, enhances shear 

strength, reduces settlement, and accelerates consolidation in 

cohesive soils. Stone columns aim to increase bearing capacity, 

1

Nasr et al.: Numerical Study on Enhancing the Geotechnical  Behavior of Strip

Published by Arab Journals Platform, 2024

mailto:Mohammad146552@f-eng.tanta.edu.eg


 

 

 

 

Journal of Engineering Research (ERJ) 

ISSN:                                                    Vol. 8 – No.   , 2024                           ©Tanta University, Faculty of Engineering                  e ISSN:          

 

 

2 

 

reduce settlement, and mitigate liquefaction potential, surpas-

sing alternatives like replacement methods due to their ad-

vantages, including high friction angle, stiffness, and pore pres-

sure dissipation. Stone columns can withstand heavier loads 

and induce fewer settlements compared to untreated soil, even 

mitigating liquefaction in loose sand. The main target of a stone 

column is to increase the bearing capacity, decrease settlement, 

and decrease liquefaction potential. The alternative solution of 

using the replacement method is also eliminated because of 

dewatering, groundwater monitoring, and groundwater cut-off. 

The granular material has a lot of advantages over other filling 

materials because of its high friction angle, stiffness, and dissi-

pation of pore pressure. Datye (1982) reported that the granular 

columns are more economical than the vertical drains. Van 

Impe and Silence (1986) used geosynthetic material to encase 

granular columns. Van Impe et al. (1997) reported that stone 

columns can carry higher loads and induce smaller settlements 

compared with untreated soil. In addition, these columns can 

minimize the liquefaction effect in loose sand. Han and Yee 

(2001) reported that granular columns decrease consolidation 

time over vertical drains due to the diameter ratio and the stress 

concentration ratio. The stress applied is redistributed to the 

column and the surrounding soil during consolidation time. The 

ratio of stress on the column to the stress on the soil is defined 

as the stress concentration ratio. The diameter ratio of stone 

columns ranges from 1.5 to 5, but the diameter ratio range of 

vertical drains ranges from 5 to 100. The authors report that a 

negligible increase in the bearing capacity of stone columns is 

gained by increasing column length beyond 6 d. However, the 

undrained stiffness of footings is observed to increase for col-

umns longer than 6d, which suggests that there are some merits 

in installing columns longer than this critical length for settle-

ment control. The granular column settlement is smaller than 

the vertical drain settlement by 40%. The columns have several 

advantages compared with pile and lime columns. Special 

equipment is necessary to construct lime columns, but conven-

tional equipment can be used in stone column construction, 

which can be used in bored piles and vibro compactions. 

  They performed analytical calculations to estimate the geo-

synthetic tensile stiffness. Raithel et al. (2005) and Alexiew et 

al. (2005) introduced the successful use of the geosynthetic 

encased column. Rajagopal (2006) reported that the main ad-

vantages of the granular columns are to increase the bearing 

capacity, decrease the settlement, and accelerate the consolida-

tion process. Wehr (2006b) concluded that a flexible footing 

has a better load-carrying capacity than a rigid footing due to 

the formation of wider shear zones near the footing edge and 

the additional shear zones between columns. Ambily & Gandhi 

(2007) investigated the behavior of stone columns using small-

scale laboratory experiments and an axisymmetric FEA. The 

tests were performed on clay and sand in a cylindrical tank and 

examine the influence of various design parameters. The find-

ings indicate that the ultimate capacity of stone columns dimin-

ishes as column spacing increases and that the loss of ultimate 

capacity is negligible for columns spaced further than 3d apart. 

It is also observed that the ultimate column capacity increases 

with undrained shear strength, surcharge load, and the angle of 

internal friction of the stone backfill. Bulging was observed at a 

depth of 0.5 d when the column area alone was loaded, whereas 

no bulging was observed when the entire area was loaded. A 

group of researchers have explored various methods to increase 

the bearing capacity of footings. El Sawwaf and Nazir (2012) 

investigated unstable sand under the influence of simultaneous 

monotonic and cyclic loads. Fattah and Majeed (2012) reported 

that the use of stone cap above the stone column increases the 

bearing improvement ratio and decreases the settlement for all 

L/d ratios. The increase in stone cap thickness increases the 

bearing improvement ratio and decreases settlement for all L/d 

ratios. Replacement of the dense sand layer, and reinforcement 

using geogrid material were also investigated. The high materi-

al conductivity increases the consolidation rate and increases 

the subgrade stiffness (Azzam and Basha 2017). Mohamed et 

al. (2023) studied numerically the performance of strip footing 

supported by ordinary and encased stone. 

It is proposed in this Paper to conduct a three-dimensional FEA 

using the PLAXIS 3D Foundation to examine the influence of 

various design parameters, such as diameter of stone columns, 

column length, and the number of columns, upon the settlement 

performance and deformational behavior of groups of stone 

columns. Effects due to oil contaminants are excessive settle-

ment (Mackenzie, 1970); contaminants from oil exploration, 

transportation, production, and processing affect the safety of 

civil engineering structures (Preslo et al., 1989; Nicholson and 

Tsugawa, 1996; Shroff et al., 1998). SHIN, LEE, AND DAS 

1999 with the decrease in the soil friction angle with oil-

contaminated sand, the ultimate bearing capacity also decreas-

es. When the oil content increases from zero to about 1.3%, the 

ultimate bearing capacity is reduced by about 75%. For 1.3%, 

the reduction in (qu) is not substantial. Villalobos (2007) made 

an experimental study on the bearing capacity of the foundation 

on various types of sand (Leighton Buzzard sand). The purpose 

of the investigation was to calculate the bearing capacity under 

a pure vertical load, and a series of tests were conducted with 

seven different skirt footings. The study was compared with the 

theoretical and experimental studies on the bearing capacity of 

shallow foundations in sand. Accordingly, it was concluded 

that the bearing capacity increased with the length of the skirts, 

which in some cases depends on the nature of the sand (internal 

angle of friction). The literature review shows that most studies 

have been conducted to determine the bearing capacity of foot-

ings located on soil slopes without any contamination effects. 

Nasr’s (2015) study is one of the few studies examining the 
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bearing capacity of footings located on an oil-contaminated soil 

slope. The results of his experimental and numerical study were 

published with the aim of raising awareness of the behavior of 

strip footings located on sand slopes contaminated with ben-

zene, light gas, petroleum, and heavy engine oil (Nasr 2015). In 

his study, the effect of contamination from zero to 4% of dry 

sand weight and the effect of changes in parameters, such as 

contaminated layer thickness.  

Al-Obaidy and Shaia 2018 Two series of conventional labora-

tory tests were conducted to evaluate the increase in oil concen-

tration on the geotechnical properties of fine and coarse soil 

samples at sites located within the Thi-Qar Governorate area. 

The study revealed that there is a major influence of crude and 

engine oil contamination on the engineering behavior of sandy 

soil. The following main conclusions can be drawn: 

. The increase in oil content causes a shift in the grain size dis-

tribution curve from finer to coarser ranges.  

. The liquid limit, plastic limit, and plasticity index increase 

significantly in the contaminated samples in comparison to 

non-contaminated samples. 

. The increase in oil content for sandy samples causes a reduc-

tion in shear stress because of the potential for soil inter-

particle slippage, which would increase with increasing oil con-

tent and eventually decrease the shear strength of the soil.  

. The angle of internal friction of the sandy soil decreases upon 

pollution with petroleum products. 

The soil may or may not be eligible for engineering construc-

tion projects, and it may need significant treatment. Therefore, 

it is required to have a better understanding of the general be-

havior and the corresponding geotechnical properties upon con-

tamination. In Al-Adly et al. (2019), the results showed that the 

presence of oil in sand changes the mode of shear failure in 

sand under the footing from local shear failure to the punching 

shear failure. 

There are limited studies on partially penetrating encased gran-

ular columns in contaminated sandy soils. The design of the 

encased and ordinary stone columns is still based on empirical 

methods without considering the contamination effect. There-

fore, the present research attempts to realize and analyze the 

geotechnical response of stone columns that are installed in 

contaminated sand by studying the performance of strip footing 

supported by stone columns in contaminated sand. The research 

includes the study of contamination content. Oil contamination 

in soil, stemming from sources like oil tube leaks, product 

transportation, or excavation activities during oil operations, 

can induce significant changes in its physical, mechanical, 

chemical, and biological properties. Consequently, such soil 

may no longer meet the requirements for engineering construc-

tion projects and may necessitate substantial treatment 

measures. In regions associated with oil exploration and indus-

try, such as the Thi-Qar Governorate in Iraq, fine and coarse 

soils from a site at the University of Thi-Qar were intentionally 

contaminated with oil products ranging from 0% to 10% of 

their dry weight. Testing programs, including grading, Atter-

berg limit, vane shear, and direct shear tests, were conducted on 

the contaminated soil to assess its properties. The obtained re-

sults were then directly compared to those of the original un-

contaminated soil to discern the variations induced by contami-

nation.  

The study's final outcomes highlighted the alterations in soil 

properties resulting from contamination; it is shown that by 

increasing the sand soil content of oil contamination, the angle 

of internal friction decreases. This relationship is the beginning 

of the geotechnical study of the current research on contami-

nated sand soil, and its impact is reinforced by ordinary stone 

columns (OSC) and encased stone columns (ESC), which have 

not been addressed in previous research. 

I.      NUMERICAL MODELLING 

NUMERICAL MODEL VERIFICATION 

Numerical modeling plays a crucial role in analyzing ge-

otechnical issues. Among the various techniques, finite ele-

ment modeling (FEM) stands out. In this study, FEM, specifi-

cally implemented through "Plaxis 3D," was employed. This 

approach has been extensively discussed and utilized in prior 

research. The experimental results were juxtaposed with those 

derived from the simulated model in "Plaxis 3D."Advanced 

constitutive models were utilized to accurately simulate the 

behavior of contaminated sand, soil, and stone columns. Given 

that FEM involves approximation, several preliminary checks 

were conducted to ensure the accuracy of numerical analyses. 

A. Verification using Nasr, 2015 

 

In Nasr's (2015) study, the model geometry for the experi-

mental setup is presented, alongside a view of the finite ele-

ment mesh generated in the PLAXIS-3D model (see Figure 2). 

Triangular elements with 15 nodes were employed in the mod-

el. While the overall mesh size was medium, a finer mesh was 

defined around the working zone to reduce the number of ele-

ments in the analysis, thereby expediting the process. 

The model featured sand slopes with dimensions of 550 mm in 

height and 800 mm in length, inclined at slope angles (β) of 

26.60° (2H:1V) from the upper surface. The groundwater table 

was situated at a depth of 0.55 meters below the surface, with a 

depth of 300 mm. Additionally, the model incorporated two 

soil layers. 

The Mohr-Coulomb model, representing the friction angle of 

granular soil, significantly influences a foundation's bearing 

capacity. To assess the impact of oil type and percentage on the 

angle of shearing resistance of sand (Ø), multiple direct shear 

tests (conducted as per ASTM D3080 (ASTM, 2010b)) were 

performed on both clean and oil-contaminated sands, as depict-
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ed in Figure 3. Strong correlations were observed between the 

obtained results and those reported by Nasr (2015). 

 

 

 

 
Figure 1. 3D Model geometry 

 

 

 

 

 

 

 

Details about the experimental work referred to in Figure 1: 

1-Constants: (H = 150 mm, B = 50 mm, Dr = 53%,                

      β = 26.60°)          

2-Footing location: (X/B = 1.0) 

3-Thickness of contaminated layer: (U/B = 1.0) 

4-Type of oil: (light oil)  

5-Percentage of oil: (Oil content = 3%)  

6-Slope: (2H:1V) 

 
Figure 2: 3D Model geometry and mesh generation 

 

 
Figure 3. Validation of the results footing stress-settlement curves from 

PLAXIS 3D simulations on clean and contaminated sand slopes  

at ((U/B=1, X/B=1-with contaminated 3% oil))  for Nasr, 2015. 
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 The experimental study performed by Nasr, 2015 was used to 

validate the model.as shown in "Figures "1," and "2,".  "Figure 

3" shows that the results were quite close between the model 

and the results of Nasr, 2015. 

 

B.    Verification using (Brinkgreve & Broere.2006) 

  "Figure 4" depicts the geometric arrangement of the experi-

mental model, while "Figure 5" illustrates the finite element 

mesh generated in the PLAXIS-3D model. The mesh com-

prised 15-node triangular elements. A medium-sized mesh was 

employed for the model, with a locally refined mesh around the 

working zone to optimize computational efficiency by reducing 

the number of elements. 

The model's geometry included four encased sand columns, 

each with a diameter of 50mm and spaced 125mm apart, with 

the tip of the encased sand columns situated 620mm below the 

surface. The groundwater table depth was 0.02 meters beneath 

the surface. The model dimensions measured 1m in depth, 

0.72m in breadth, and 2m in length. 

The model consisted of three soil layers, with each layer's soil 

characteristics detailed in a table. The Hardening Soil model 

was employed, and the reference secant stiffness values from 

the CU tri-axial test were utilized to accurately represent the 

soil layers, as shown in "Figure 6". Notably, the findings of 

Brinkgreve and Broere (2006) exhibited a strong correlation 

with the results obtained in this study.  

 

 

 
Figure 4.  3D Model geometry 

 

 

 
Figure 5. 3D Model geometry local mesh 
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Figure 6.  Validation of the load settlement curve results using ESC 

(L/H=0.6) for Brinkgreve & Broere (2006) utilizing the PLAXIS 3D pro-

gram. 

 

 

II. Numerical Model 

The Finite Element Method (FEM) stands as an indispensable 

tool for tackling intricate engineering dilemmas, propelled by 

advancements in computer technology, which have catalyzed 

the proliferation of specialized software applications addressing 

diverse engineering challenges. Consequently, proficiency in 

mathematical modeling has become  prerequisite for engineer-

ing education. 

Among these solutions, PLAXIS-3D emerges as a prominent 

three-dimensional finite element (FE) software tailored for ge-

otechnical applications. It simulates the behavior of soil and 

stone through intricate elemental models, setting a standard for 

theoretical geotechnical finite element analysis software, pio-

neered by researchers at Delft University of Technology. 

PLAXIS facilitates computation of various geotechnical pa-

rameters, such as deformation, excess pore water pressure, and 

consolidation settlement, particularly excelling in handling 

nonlinear material behavior. Its wide-ranging applications en-

compass the investigation of contaminated and clean sand soil, 

notably in scenarios involving conventional and encapsulated 

stone columns. 

In this study, PLAXIS 3D version 2.1 (2021) was utilized to 

inspect the structural components within the soil domain. The 

investigation focuses on a 3.00 m thick layer of polluted sand 

soil overlaying a clean sand layer 17.00 m deep, supported by 

multiple stone columns. To accommodate lateral effects, the 

domain width is set to 20.00 meters. Numerical modeling cap-

tures the behavior of strip footings on sand soil reinforced with 

stone columns. The sand soil is characterized by the Mohr-

Coulomb model at rest, while plate attributes are defined for 

the strip footing. The strip footing measures 1.50 meters in 

width, 0.60 meters in thickness, with EA = 2.1 x 107 kN/m and 

EI = 2.29166 x 105 kN/m3, weighing 12.5 kN/m2, and pos-

sessing Poisson's ratio ν = 0.2. 

 

 

 

 

 

 

 

 
 Figure 7. 3D   Model   geometry without stone column 
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Figure 8.  3D Model geometry of (OSC) 

 

 

Figure 9.  3D Model geometry of (ESC) 

 

In this study, the PLAXIS 3D program was employed for com-

prehensive analysis. Under undrained conditions, the sand soil 

was characterized as Mohr-Coulomb material, with the Mohr-

Coulomb technique utilized for modeling the stone column, as 

demonstrated in "Table 1." Additionally, a linear elastic ge-

ogrid model with variable stiffness characteristics was em-

ployed to simulate the Geogrid material, as depicted in "Table 

3." In contrast, a linear elastic material model was adopted for 

modeling the footing, as indicated in "Table 2." 

The model geometry utilized in this experiment is illustrated in 

"Figure 7." Three-dimensional meshes were generated for the 

sand, regular stone, and fully encased columns, as shown in 

"Figures "8," and "9," respectively. These visual representa-

tions aid in comprehending the structural configurations con-

sidered in the analysis. 

 

A.  Materials Properties 

"Table 1" presents the characteristics of the soil materials used 

in the model (Al-Obaidy & Shaia, 2019). "Table 2" provides 

the attributes of the geogrid materials employed in the model. 

"Table 3" depicts the properties of the model footings utilized. 

 

 

 

Table 1.  Soil Properties used in PLAXIS 3D) Al-Obaidy & Shaia  (2019.  

Parameter 
clean sand 

(Medium) 

Contaminated 

sand (oil)                       

(2%-5%- 10%) 

Stone column 

Material type Drained Drained Drained 

Type of materi-

al behavior 

Mohr Cou-

lomb 

Mohr Cou-

lomb 
Mohr Coulomb 

Young’s modu-

lus, Eref: 

kN/m2 

18000 11000 
34000 -28000-

20000 

Poisson's ratio 0.3 0.3 0.2 

Cohesion, C: 

KN/m2 
0.3 0.3 ---- 

Friction angle, 

Ø: ° 
34 31° - 27° - 24° 35° - 40° - 45° 

Dilatancy an-

gle, ψ: ° 
------ ------- 5° - 10° - 15° 

Unit weight, γ: 

KN/m3 
17.54 17.54 22.25 

Interface re-

duction factor, 

R int 

0.65 0.65 0.7 

 

 

L=12m 

H=20m 

H=20m 

L=12m 
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Table 2.  Footing Properties used in PLAXIS 3D (Nasr, 2015) 

Parameter Footing 

Model  type 
Linear Elastic 

Young's  modulus, Es (kN/m2) 21×107 

Poisson ' s  ratio, ν 0.20 

 

 

 

Table 3.  Geogrid Properties used in PLAXIS 3D (Tandel et al. 2013) 

Parameter Geogrid  

Model Type Linear Elastic 

Axial stiffness, J (kN/m) 

J1 = 500 

J2 = 1000 

J3 = 1500 

J4 = 2000 

J5 = 2500 

Poisson's ratio, ν 0.3 

                                

B.  STUDIED SERIES AND PARAMETERS 

A series of experiments were conducted to explore the effects 

of various parameters, including the internal friction angle of 

stone columns, on the durability of contaminated sandy soil. 

The investigations were conducted using both clean sand soil 

and sand soil contaminated with oil. Two types of stone col-

umns were employed: ordinary stone columns (OSC) and en-

cased stone columns (ESC).  

 

The study considered the following parameters: 

1.Height of contaminated sand (H contaminated), (H cont 

=3.00,4.00,5.00,6.00 and 7.00m) 

2. Height of clean sand (H clean), (H clean =17.00, 16.00, 

15.00, 14.00, and 13.00m) 

3. Content of oil-contaminated sand, (cont oil =5% = °=27°) 

4. Number of stone columns (N), (N=6) 

5.  Diameter of stone columns (D), (D=0.50 and .60m) 

6.  Length of stone columns (L), (L= 12.00m) 

7.  Internal friction angle of stone column material (°), 

(°=35°, 40°, and 45°) 

8.  Encasement Length, L enc / L = 1 (fully encased)  

9.  Stiffness of encasement (J), (J = 500 to 2500) 

C. Definition of the failure load 

The double tangent approach is employed to determine the fail-

ure load, or ultimate bearing capacity (quilt). This method en-

tails drawing two tangents on the pressure-settlement curve: 

one at the onset of the curve and another at its termination. 

These tangents are then extended backward until they intersect. 

The ultimate bearing capacity (quilt) corresponds to the load 

associated with this intersection point. The application of the 

double tangent approach for determining the ultimate bearing 

capacity is depicted in "Figure 10". This methodology provides 

a dependable means of evaluating the maximum load that the 

soil can withstand before failure occurs. 

 

 

Figure 10.  The pressure-settlement curve clarifies the double-tangent 

method 
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D.  Bearing capacity ratio (BCR)  

The investigation into the increase in bearing capacity em-

ploys the Bearing Capacity Ratio (BCR), a dimensionless quan-

tity defined as the ratio of the final bearing capacities of soil 

improved with regular or encased stone columns to the final 

bearing capacities of clean sand soil without any improvement. 

 

𝑩𝑪𝑹 =
The ultimate bearing capacity of improved soil 

The ultimate bearing capacity of unimproved soil
            (1)      

 

                            

 

                

III.  RESULTS AND ANALYSIS  

A. The study aims to investigate how the friction angle (φ°) is 

influenced by the presence of oil contamination in sand, com-

paring its impact on oil-contaminated sand to that on clean 

sand. 

A comprehensive understanding of the friction angle effect 

(φ°) on clean sand versus oil-contaminated sand necessitates 

meticulous examination. By scrutinizing this variable, valuable 

insights emerge regarding how variations in friction angle cor-

relate with the presence or absence of oil pollution in the sand. 

This investigation yields crucial information about sand behav-

ior under diverse conditions and its implications for workers' 

safety.  Analysis of results from four distinct scenarios conduct-

ed using the Plaxis-3D program, wherein levels of oil pollution 

in sandy soil were systematically altered, reveals a discernible 

pattern. Specifically, a direct correlation emerges: higher de-

grees of oil pollution in sandy soil correspond to relative de-

creases in the soil's load-bearing capacity. Friction angle values 

(φ°) underwent adjustments to 24°, 27°, 31°, and 34°, respec-

tively, with corresponding variations of 10%, 5%, and 2% in oil 

pollution levels, and solely clean sand conditions. 

Subsequently, the relationship between soil stress values for 

these four cases becomes apparent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 11.  Relation between Axial stress and settlement at different oil-

contaminated sand and clean sand at the variable friction angle 

Triangular elements with 15 nodes were employed in the mod-

el. While the overall mesh size was medium, a finer mesh was 

defined around the working zone to reduce the number of ele-

ments in the analysis, thereby expediting the process. 

B. Effect thickness of contaminated sand (T) at Content 

of oil-contaminated sand 5% 

In this scenario, multiple models were analyzed using the 

PLAXIS-3D program. The models shared identical variable 

values, with the only difference being the thickness of the oil-

contaminated sand soil. The investigated thickness values 

were 3.00, 4.00, 5.00, 6.00, and 7.00 meters, sequentially. 

Subsequently, the data were plotted to generate "Figure 12." 

The graphical depiction reveals a discernible trend: as the 

thickness of the oil-contaminated sand soil increases, the soil's 

capacity to support weight declines. 
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Figure 12. Axial stress – settlement curves for different thicknesses of 

contaminated sand at a Content of oil-contaminated sand 5% 

The analysis of the data has revealed a notable finding re-

garding the internal angle of friction of contaminated sands, 

measured at 27 degrees. This conclusion finds support in the 

graphical representation provided in "Figure 12," which illus-

trates a distinct pattern. As depicted in the graph, the soil ex-

hibits its maximum loading capacity at five specific points: 47 

kN/m², 50 kN/m², 53 kN/m², 55 kN/m², and 58 kN/m². These 

points correspond to varying depths of the contaminated sand 

soil, namely 7m, 6m, 5m, 4m, and 3m, respectively. 

This observation highlights the significant impact of pollution 

on the structural integrity of the soil, leading to a decrease in 

its load-bearing capacity as the depth of the oil-contaminated 

sand soil increases. 
Table4. BCR for different thicknesses of oil-contaminated sand of (3-4-5-

6-7m) and clean sand only 

  

thickness of 

contaminated 

sand (m) 

quilt 

KPa 
BCR 

BCR 

decrease 

without 

SC  

clean sand 

only 
 94   

contaminated 

sand =2% 

3 80 0.85  -15% 

4 76 0.81  -19% 

5 72 0.77  -23% 

6 67 0.71  -29% 

7 63 0.67  -33% 

contaminated 

sand =5% 

3 58 0.62  -38% 

4 55 0.59  -41% 

5 53 0.56  -44% 

6 50 0.53  -47% 

7 47 0.50  -50% 

contaminated 

sand =10% 

3 45 0.48  -52% 

4 43 0.46  -54% 

5 41 0.44  -56% 

6 39 0.41  -59% 

7 36 0.38  -62% 

                                                                                                                

Figure 13.  BCR for different thicknesses of oil-contaminated sand of (3-

4-5-6-7(m and clean sand only 

 

 

 

When analyzing oil-contaminated sandy soils at varying 

depths ranging from 3 meters to 7 meters, with contamination 

levels ranging from 2% to 10% compared to clean sandy soils, 

significant reductions in strength were observed, leading to 

diminished resilience of the contaminated soils. The contami-

nated sand soil exhibited a decrease in strength compared to 

clean sand soil, with reductions in endurance ratios of 0.85 

times, 0.81 times, 0.77 times, 0.71 times, and 0.67 times for 

elevations at 3 m, 4 m, 5 m, 6 m, and 7 m, respectively, for a 
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contamination level of 2%. These reductions corresponded to 

decreases in Bearing Capacity Ratio (BCR) of 15%, 19%, 

23%, 29%, and 33%, respectively. Similarly, for a contamina-

tion level of 5%, the contaminated sand soil showed reduc-

tions in endurance ratios of 0.62 times, 0.59 times, 0.56 times, 

0.53 times, and 0.50 times for elevations at 3 m, 4 m, 5 m, 6 

m, and 7 m, respectively. These reductions led to declines in 

BCR of 38%, 41%, 44%, 47%, and 50%, respectively. The 

most significant decreases in strength were observed for a 

contamination level of 10%, with reductions in endurance 

ratios of 0.48 times, 0.46 times, 0.44 times, 0.41 times, and 

0.38 times for elevations at 3 m, 4 m, 5 m, 6 m, and 7 m, re-

spectively. Correspondingly, these decreases resulted in de-

clines in BCR of 52%, 54%, 56%, 59%, and 62%, respective-

ly. 

 

 

 

C.Effect of Internal Friction Angle (Ø)and Diameter (D) of 

(OSC) 

 

Figure 14.  Axial stress - settlement curves for O.S.C (D=0.50 m, L=12.00 

m) and without stone column at Content of oil-contaminated sand 5% 

 

Figure 15.  Axial stress - settlement curves for O.S.C (D=0.60 m, L=12.00 

m) and without stone column at Content of oil-contaminated sand 5%  

 

 

An investigation into the internal friction angle of convention-

al stone columns reveals a clear pattern: the soil's maximum 

load-bearing capacity increases to 80 kN/m², 90 kN/m², and 

99 kN/m², respectively, as the angle rises from 35, 40, to 45 

degrees. This correlation underscores the importance of higher 

internal friction angles in boosting soil stability, thereby en-

hancing its resistance to external forces. Elevating the friction 

angles of stone columns assumes a crucial role in optimizing 

soil performance, mitigating settlement, and bolstering load-

bearing capacity, all essential for preventing structural issues. 

In Figure 14, it is evident that the soil's resilience significantly 

improves with the implementation of stone column reinforce-

ment. The values double from 40 kN/m² without stone col-

umns to 80 kN/m², 90 kN/m², and 99 kN/m² when utilizing 

standard 0.5-meter-diameter stone columns. Furthermore, as 

depicted in Figure 15, the results demonstrate further im-

provement when increasing the diameter of conventional stone 

columns to 0.6 meters. With internal friction angles of 35, 40, 

or 45 degrees, the soil's maximum load-bearing capacity in-

creases to 92 kN/m², 98 kN/m², and 112 kN/m², respectively. 
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   Figure 16. Ultimate bearing pressure for ordinary stone column (OSC) 

with different (°) for stone column material  

D. Effect of Stiffness of encasement (J) of (ESC) 

Increased hardness of the body significantly impacts the en-

durance of enhanced stonewalls. In this investigation regard-

ing the influence of different geogrid reinforcements on the 

capacity to withstand stone column loads, various values were 

examined, denoted by J = (500 kN/m, 1000 kN/m, 1500 

kN/m, 2000 kN/m, and 2500 kN/m). The study maintained 

stability with the following parameters: 

- The stability ratio (L/D) was maintained at 24 for stone col-

umns with a width of 0.5m and at 20 for columns with a width 

of 0.6m, where L represents the column length and D denotes 

the diameter of the stone column. 

- The internal friction angle of the stone column material was 

kept constant at φ = 40°. 

- The thickness of sand soil contaminated with used oils was 

set to 5m, while clean sand soil had a thickness of 15m in all 

cases. 

The Axial Stress Adjustment Curve for Stone Column Behav-

ior, illustrated in shapes 19-20, featured different values of 

stone column reinforcement hardness ranging from 500 kN/m 

to 2500 kN/m for diagonal diameters of 0.50 m and 0.60 m. 

The obtained results are consistent with U (2010) [27] and 

also align with the findings of Murugesan and Rajagopal 

(2006). The final loading capacity of encased stone columns 

with a diameter of 0.5m ranged from 190 KN/m² to 279 

KN/m², while for a diameter of 0.6m, it ranged from 205 

KN/m² to 310 KN/m², corresponding to varying levels of 

hardness. 

Increasing the diameter of the stone column and its hardness 

both contributed to enhancing the soil's load-bearing capacity. 

 

Figure 17   Axial stress-settlement curves for different (J) at (D=0.50 m, 

(φ) =40°) 

 

Figure 18   Axial stress-settlement curves for different (J) at (D=0.60 m, 

(φ) =40°) 
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  ° 

quilt 

(KPa) BCR 

BCR 

in-

crease 

D=0.5m 

contaminated 

sand 5% 
 40   

OSC 

35 80 2 100% 

40 90 2.25 125% 

45 99 2.47 148% 

ESC 

35 150 3.75 275% 

40 165 4.12 313% 

45 178 4.45 345% 

D=0.6m 

contaminated 

sand 5%  
 40   

OSC  

35 92 2.3 130% 

40 98 2.45 145% 

45 112 2.8 180% 

ESC  

35 165 4.12 313% 

40 180 4.5 350% 

45 190 4.75 375% 

 

 

 

Figure 19.  BCR for different (°), (D=0.50 m   and D= 0.60 m of OSC 

and ESC) 

For stone columns with a diameter (D) of 0.50 meters, it was 

observed that the Bearing Capacity Ratio (BCR) peaks at 

148% for ordinary stone columns (OSC) with an internal fric-

tion angle of 45 degrees. This value increases to 180% for a 

diameter of D = 0.60 meters under the same internal friction 

angle. Similarly, for encased stone columns (ESC), the BCR 

increase reaches its maximum value at 345% for a diameter of 

D = 0.50 meters with an internal friction angle of 45 degrees. 

This value increases to 375% for a diameter of D = 0.60 me-

ters at the same internal friction angle. SC with a diameter of 

D = 0.50 meters exhibited improvements in bearing capacity 

ratios on untreated soil, enhancing by approximately 2 times, 

2.25 times, and 2.47 times for internal friction angles of 35 

degrees, 40 degrees, and 45 degrees, respectively. Corre-

spondingly, these improvements led to BCR increases on un-

treated soil by 100%, 125%, and 148%, respectively, for a 

diameter of 0.5 meters. For a diameter of 0.6 meters, BCR 

increased by 130%, 145%, and 180% for the same internal 

friction angles. 

On the other hand, ESC demonstrated significantly higher 

improvements in bearing capacity ratios on untreated soil, 

enhancing by approximately 3.75 times, 4.125 times, and 4.45 

times for internal friction angles of 35 degrees, 40 degrees, 

and 45 degrees, respectively. For ESC with a diameter of 0.5 

meters, BCR improvements on untreated soil increased to 

275%, 313%, and 345% for internal friction angles of 35 de-

grees, 40 degrees, and 45 degrees, respectively. The most no-

table enhancements were observed in the case of ESC with a 

diameter of 0.6 meters, where BCR improvements over un-

treated soil reached 4.125 times, 4.5 times, and 4.75 times for 

internal friction angles of 35 degrees, 40 degrees, and 45 de-

grees, respectively. Correspondingly, BCR improvements 

over untreated soil increased to 313%, 350%, and 375% for 

the same internal friction angles. 
Table 6.  BCR for different (°) values (D=0.50 m and 0.60 m), J =2500 

kN/m 

  ° 
quilt 

(KPa) 
BCR 

BCR 

increase 

D=0.5m 

contaminated 

sand  5% 
 40   

OSC 

35 78 1.95 95% 

40 83 2.07 108% 

45 95 2.37 138% 

ESC 

35 260 6.5 550% 

40 290 7.25 625% 

45 305 7.62 663% 

D=0.6m 

contaminated 

sand 5%  
 40   

OSC  
35 90 2.25 125% 

40 95 2.37 138% 
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45 110 2.75 175% 

ESC  

35 305 7.62 663% 

40 325 8.12 713% 

45 340 8.5 750% 

 

 

Figure 20.  BCR for different (°), (D=0.40 m and D= 0.60 m of OSC and 

ESC) 

For stone columns with a diameter (D) of 0.50 meters, it was 

observed that the maximum increase in the Bearing Capacity 

Ratio (BCR) was 138% for ordinary stone columns (OSC) 

with an internal friction angle of 45 degrees. This value in-

creased to 175% for a diameter of D = 0.60 meters under the 

same internal friction angle. Similarly, for encased stone col-

umns (ESC), the maximum BCR increase was 663% for a 

diameter of D = 0.50 meters with an internal friction angle of 

45 degrees. This value increased to 750% for a diameter of D 

= 0.60 meters at the same internal friction angle. 

OSC with a diameter of D = 0.50 meters exhibited improve-

ments in bearing capacity ratios on untreated soil, with en-

hancements of approximately 1.95 times, 2.075 times, and 

2.375 times for internal friction angles of 35 degrees, 40 de-

grees, and 45 degrees, respectively. Correspondingly, these 

enhancements led to BCR increases on untreated soil by 95%, 

108%, and 138%, respectively, for a diameter of 0.5 meters. 

For a diameter of 0.6 meters, BCR increased by 125%, 138%, 

and 175% for the same internal friction angles. 

In contrast, ESC showed significantly higher improvements in 

bearing capacity ratios on untreated soil, with enhancements 

of approximately 6.5 times, 7.25 times, and 7.625 times for 

internal friction angles of 35 degrees, 40 degrees, and 45 de-

grees, respectively. For ESC with a diameter of 0.5 meters, 

BCR improvements on untreated soil increased to 550%, 

625%, and 663% for internal friction angles of 35 degrees, 40 

degrees, and 45 degrees, respectively. The most notable en-

hancements were observed in the case of ESC with a diameter 

of 0.6 meters, where BCR improvements over untreated soil 

reached approximately 7.625 times, 8.125 times, and 8.5 times 

for internal friction angles of 35 degrees, 40 degrees, and 45 

degrees, respectively. Correspondingly, BCR improvements 

over untreated soil increased to 663%, 713%, and 750% for 

the same internal friction angles. 
Table 7.  BCR for different (J) values (D=0.50 m and 0.60 m),°=45  

  J ( kN/m ) 
qu(KPa

) 
BCR 

BCR 

in-

crease 

D=0.5

m 

OSC  95 1  

ESC 

500 180 1.89 89% 

1000 238 2.5 151% 

1500 260 2.73 174% 

2000 278 2.92 193% 

2500 290 3.05 205% 

D=0.6

m 

OSC  102 1  

ESC 

500 210 2.05 106% 

1000 280 2.74 175% 

1500 305 2.99 199% 

2000 325 3.18 219% 

2500 340 3.33 233% 

 

 

Figure 21.  BCR for different (J),  =45° 

E. Effect of stone column material properties on lateral dis-

placement 

 In this study, three values of the internal friction angle (φ = 

35°, φ = 40°, and φ = 45°) were applied to stone columns with 

geogrid stiffness J = 1500 kN/m and full encasement (L-enc/L 
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= 1) to assess their impact on the performance of ordinary 

(OSC) encased stone columns against lateral deformation 

analysis. This analysis was conducted along a section line 

passing through the center of the stone column. 

The lateral deformation (Ux) of an ordinary stone column 

(OSC) at the final stage was examined for various internal 

friction angles (φ = 35°, φ = 40°, and φ = 45°) with a diameter 

of D = 0.50 m. It was observed that the stone column primari-

ly bulges in the upper section, approximately 1.5 times its 

diameter (1.5D), and diminishes with increasing depth, owing 

to reduced tension at deeper levels. Increasing the internal 

friction angle of stone columns was found to decrease the 

maximum lateral deformation. Compared to φ = 35° (base 

case), the deformation of an ordinary stone column (OSC) 

decreases by 13% and 29%, respectively, when the internal 

friction angle is increased to φ = 40° and φ = 45°. Table 9 

illustrates this trend. 

Table 9 also displays the maximum lateral distortion (Ux) of 

the encased stone column (ESC). In comparison to the defor-

mation of a regular stone column with an angle of φ = 35°, the 

lateral deformation of the encased stone column improves by 

62% (base case). Similarly, at angles of φ = 40° and φ = 45°, 

the lateral deformation increases by 64% and 67%, respective-

ly, for the encased stone column (ESC). Initially, when en-

casement commences, the stone column bulges to a length 

approximately three times its diameter (3D). 

 

 

 

Figure 22.  Mesh of (OSC), D = 0.50 m, for (φ°=45) 

 

 

Figure 23. Total deformation of (OSC), D = 0.50 m, for (φ°=45) 

(Vertical section through the canter of the stone column) 

 

Figure 24.  Mesh of (ESC), D = 0.50 m, for (φ°=45) 

 

Figure 25. Total deformation of (ESC), D = 0.50 m, for (φ°=45) 

(Vertical section through the canter of the stone column) 
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Table 8. Maximum lateral deformation different (φ°) values (D=0.50 m), 

J = 1500 kN/m 

  ° qu(KPa) 
Ux 

max(m) 

Enhance 

(%) 

D=0.5m 

OS

C 

35 78 0.39 
         0%          

(Base case) 

40 83 0.32 17% 

45 95 0.27 30% 

ESC 

35 240 0.23 41% 

40 260 0.19 51% 

45 290 0.17 56% 

 

 

 

 

Table 9.  Maximum lateral deformation different (J) values, (D=0.50 m), 

(φ°=45) 

  
J 

(kN/m) 
qu(KPa) 

Ux 

max(m) 

Enhance 

(%) 

D=0.5

m 

OSC  95 0.27 
    0%     

(Bas case) 

ESC 

500 180 0.25 7% 

1000 238 0.24 11% 

1500 260 0.23 15% 

2000 278 0.20 26% 

2500 290 0.18 33% 

 

 

 

 

Figure 26. Lateral deformation (Ux) for ordinary stone column (OSC), D 

= 0.50 m, with different (φ°= 35, 40, and 45) 
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Figure 27.  Lateral deformation (Ux)for encased stone column (ESC), D = 

0.50 m, with different (φ°= 35, 40, and 45) 

 

 

 

Figure 28. Lateral deformation (Ux) with different (J= 500-1000-1500-

2000 and 2500), and OSC (φ=45°, D=0.50 m) 
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IV. Conclusions 

 

This study investigated how various factors influenced the 

behavior of contaminated sand soil before and after rein-

forcement using encased stone columns (ESC) and ordinary 

stone columns (OSC). Several significant findings emerged 

from the analysis: 

.  At a 5% contamination level, the loading capacity in-

creased by 23%, rising from 47 kN/m with a thickness of 

contaminated sand soil of 7 m to 58 kN/m with a thickness 

of contaminated sand soil of 3 m. 

. In Ordinary Stone Columns (OSC), increasing the internal 

friction angle from 35° to 45° led to improved final toler-

ance and reduced settlement adjustment. Final tolerance in-

creased by 95%, 108%, and 138% for internal friction an-

gles of 35°, 40°, and 45°, respectively, compared to scenar-

ios without stone columns. Settlement adjustment de-

creased by 125%, 138%, and 175% for stone column diam-

eters of 0.5m and 0.6m, respectively. 

. With an increase in the packaging coefficient's capacity 

from 500 kN/m to 2500 kN/m at an internal friction angle 

of 45°, the ultimate endurance and adjustment for ESC im-

proved. Specifically, when the stone column's diameter was 

0.5 meters, the percentages were higher than those of regu-

lar stone columns, ranging from 89% to 205%. For a diame-

ter of 0.6 meters, the percentages ranged from 106% to 

233% compared to standard stone columns. 

. Ordinary stone columns provided greater benefits to column 

performance compared to contaminated sand without stone 

columns. Larger diameters were more advantageous, with 

the BCR increasing to 175% for a diameter of 0.6 m at an 

internal friction angle of 45°, compared to 138% for a di-

ameter of 0.5 m. 

. Encased stone columns outperformed contaminated sand 

without stone columns, with a 625% increase in BCR for a 

0.5m diameter and a 663% increase for a 0.6m diameter, 

both at an internal friction angle of 40° and an encasement 

axial stiffness of 2500 kN/m. 

. Settlement decreased with increasing encasement axial 

stiffness up to J=1500 kN/m, beyond which there was little 

variation in settlement values. 

. Compared to regular stone columns, the bulging value of 

encased stone columns decreased by 80%. Bulging was ob-

served in the upper portion of the encased stone columns, 

contrary to earlier findings where it typically occurred at 

the bottom, due to the impact of contaminated sandy soil. 
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