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A B S T R A C T  
 

 

Energy requirements for remediation of petroleum-contaminated soils and strategy selection are essential 

from both environmental and geotechnical perspectives. The effectiveness of clay minerals and other 
stabilizers in enhancing the geotechnical properties of sandy soils contaminated with light non-aqueous 

phase liquids (LNAPLs) was confirmed in previous research. However, the combined impact of 

bentonite to sand ratio (BSR), and type and concentration of LNAPL simultaneously on geotechnical 
and environmental properties has not been thoroughly investigated and remains poorly understood. In 

this study, the influence of diesel and benzene with different concentrations (100, 150, 200, and 250 g 

LNAPLs/kg dry soil) on the geoenvironmental characteristics of sandy soils stabilized and improved 
using different BSRs (0, 0.2, 0.4, and 0.6) were compereheslly evaluated. The results indicated an 

increase in maximum dry density (MDD) and a reduction in optimum moisture content (OMC) during 

the compaction tests. Additionally, a decrease in cohesion and a decrease in the friction angle were 
observed in soils with higher concentrations of LNAPLs and BSR, with diesel exhibiting more 

pronounced effects than benzene. An increase in MDD and a decrease in OMC were also noted with 

escalating concentrations of both LNAPLs. Based on the results, BSR = 0.4 was found to be the optimal 

value that the soil mixture exhibits high MDD, low permeability (1×10-9–7×10-9 cm/s), significantly 

increased cohesion (>50 kPa), and acceptable internal friction angles (~20–22°), at the concentrations of 

150–200 g/kg. Analytical techniques, including FTIR, EDAX, XRF, and XRD were confirmed these 

results, providing insights into the mechanisms of contaminant retention in bentonite-amended sandy 
soils. The findings of this study can inform the geotechnical design of structures on LNAPL-

contaminated soils and guide the selection of appropriate remediation methods. 

doi: 10.5829/ije.2026.39.08b.01 
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1. INTRODUCTION 

 
Soil contamination by petroleum hydrocarbons in coastal 

sandy areas, as highlighted in various studies and reports 

by the USEPA and UN environmental programs, poses 

significant environmental risks and challenges for civil 

engineering projects. Remediation of petroleum-

contaminated sandy soils via thermal desorption methods 

typically requires up to 5,000–6,000 kJ/kg (1.4–

1.7 kWh/kg), while electrochemical methods have 

reported specific energy consumption in the range of 1.6–

2.9 kWh/kg, depending on contamination levels and 

scale (1, 2).  

Recent studies have supported the efficacy of 

bentonite-enhanced bioremediation observed by Adams 

et al. (3). TPH concentration was reduced by 

approximately 55% after 28.8 months. However, Qv et 

al. (4) demonstrated that adding bentonite to aerobic 

composting of petroleum-contaminated soil improved 

hydrocarbon removal efficiency from 45% to 79%. 

Similarly, Li et al. (5) confirmed that advanced oxidation 

processes combined with mineral additives significantly 

enhanced hydrocarbon degradation, aligning with the 

stabilization trends reported in earlier field-scale studies. 

 Improving the geoenvironmental properties of these 

soils is crucial to ensure both environmental safety and 

structural stability in infrastructure development. Light 

Non-Aqueous Phase Liquids (LNAPLs), such as diesel 

and benzene with different Physicochemical 

characteristics, are among the most pervasive organic 

pollutants adversely affecting groundwater and soil 

systems on a global scale (6). Due to their low water 

solubility and high hydrophobicity, LNAPLs tend to 

persist in the subsurface environment, leading to long-

term pollution and posing Substantial risks to human 

health and ecosystems (7, 8). Sandy soils, w ith large 

pore spaces and high permeability, facilitate rapid 

LNAPL migration, which complicates remediation 

methods and increases the potential for widespread 

contamination (9). Consequently, improving the 

geotechnical and geoenvironmental characterization of 

sandy soils to limit contaminant migration has become an 

essential research concern. 

Sandy soil stabilization using bentonite with high 

swelling capacity and cation exchange capacity has been 

widely adopted as an effective method to enhance 

geoenvironmental engineering properties (10, 11), 

because it is enable to fill soil voids, adsorb NAPLs, and 

reduce contaminant migration (12, 13). 

Physical and biochemical remediation of petroleum 

hydrocarbons contaminated soil, as well as the use of 

bentonite as a stabilization agent to stabilize the sandy 

soil contaminated with NAPLs, has been widely 

investigated and reported by our group, which has shown 

promising results in enhancing soil remediation and 

stabilization methods and reducing leaching of 

contaminated fields (14-19). Furthermore, Several 

studies have demonstrated that bentonite amendments 

can significantly enhance soil cohesion and decrease 

hydraulic conductivity, providing both structural 

reinforcement and environmental containment (20-22).  

Also, statistical and numerical modeling have been 

used in related studies. De Medeiros et al. (22) used 

ANOVA to evaluate the influence of moisture content 

and emulsion type on the stiffness of stabilized soil and 

found that moisture content and emulsion type 

significantly affect soil stiffness, with certain emulsions 

performing best at optimal moisture. Zheng et al. (23) 

employed numerical modeling and showed that a 

confined sand cell reduces vibration transmission and 

improves damping. Kassem et al. (24) reported that 

cemented phosphogypsum enhances strength and 

durability, especially under cyclic loading. 

Moreover, most other investigations have focused on 

either geotechnical improvements or contaminant 

adsorption separately, with limited integrated analysis of 

how LNAPL contamination influences the mechanical 

and environmental behavior of bentonite-stabilized 

sandy soils (25). For example, Safehian et al. (26) 

showed that increasing diesel concentration (from 100 to 

250 g /kg dry soil) in fine-grained soil resulted in a 

decrease in maximum dry density (MDD), uniaxial 

strength, internal friction angle, and cohesion, while 

increasing compressibility and OMC. Similarly, the 

results of Al-Aghbari et al. (27)demonstrate that the 

Atterberg limits and cohesion of sandy soils 

contaminated with diesel fuel and gasoline (at 

concentrations of 0%, 5%, and 10%) were enhanced, 

while the angle of internal friction, permeability, and 

OMC were reduced. These findings aligned with Nasehi 

et al. (28), who Indicated a decrease in MDD, OMC, and 

internal friction angle, while cohesion and Atterberg 

limits increased in fine-grained soil. 

Hanaei et al. (29) investigated the effect of varying 

contamination levels (0%, 5%, 10%, and 15%) of diesel 

and benzene on two types of sandy soils. The results 

revealed a reduction in permeability of the contaminated 

soils, as well as a decline in MDD and OMC. Moreover, 

direct shear tests showed increased cohesion and 

decreased internal friction angle following 

contamination.   

To comprehensively evaluate the impact of LNAPL 

contamination on the engineering and chemical behavior 

of bentonite-stabilized sandy soils, this research 

employed several advanced characterization 

experiments, including Fourier Transform Infrared 

Spectroscopy (FTIR), Energy Dispersive X-ray 

Spectroscopy (EDX), X-Ray Fluorescence (XRF), and 

X-Ray Diffraction (XRD) were used to explain the 

microstructural and chemical modifications and 
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interaction between LNAPLs and soils. Moreover, the 

synergistic effects and coupled impacts of type and 

concentration of LNAPL, and bentonite content (BSR) 

on geotechnical and environmental behavior were 

assessed to determine the optimal BSR that balances 

practical and economic factors. Because too much 

bentonite can reduce soil structure or increase costs 

without sufficient benefits. 

 
 
2. MATERIALS AND METHODS 
 
2. 1. Sand-Bentonite Mixture           The sandy soil was 

collected from the southern coastline of the Caspian Sea 

(Iran). The particle size distribution was determined in 

accordance with ASTM D422 (30). The specific gravity 

was measured to be 2.75 g/cm³, following the procedures 

outlined in ASTM D854 (31). According to the results of 

grain size analysis and the Unified Soil Classification 

System (USCS), the sand and bentonite samples were 

classified as SP (poorly graded sand) and CH (clay with 

high plasticity), respectively. To identify the dominant 

mineralogical composition of the bentonite, XRD 

analysis was performed using a diffractometer equipped 

with Cu-Kα radiation (λ = 0.154 nm). The analysis 

revealed montmorillonite as the primary clay mineral. 

Additionally, quartz, clinoptilolite, cristobalite, and 

calcite were identified as minor constituents (see Figure 

1). The key physical properties of the sand and bentonite 

used in this study are summarized in Table 1. 

Furthermore, Table 2 presents the chemical 

composition of both materials, as determined through 

XRF analysis. To ensure homogeneity across all test 

specimens, the required soil quantities were first sieved 

through a No. 4 mesh and subsequently oven-dried at 

105 °C for 24 hours. Diesel and benzene—procured from 

the Tehran Oil Refinery—were selected as the 

representative petroleum-based contaminants due to their 

widespread presence in petroleum-contaminated soils 

globally and in the Caspian coastal region, as 

documented by the U.S. Environmental Protection 

Agency (USEPA) in large-scale spill assessments. 

The dried soil was then mixed with sodium bentonite 

at different BSRs (0, 0.2, 0.4, and 0.6), and separately 

contaminated different concentrations of diesel and 

benzene (100, 150, 200, and 250 g /kg dry soil), 

following the approach by Sarmadi et al. (32). The 

applied concentrations with observed TPH ranges 

reported in sediments and soils affected by major spills.   

To achieve uniform distribution and stabilization of 

the mixtures, the prepared samples were conditioned at at 

standard laboratory ambient temperature, assumed to be 

approximately 25 °C (33). 

 

 

 
Figure 1. XRD pattern of bentonite 

 

 

TABLE 1. Parameters of soil characteristics 

Parameter Sand Bentonite 

Classification (USCS) SP CH 

Specific gravity (Gs) 2.75 2.7 

Liquid Limit (%) - 135 

Plastic Limit (%) - 40 

Plasticity Index (%)  - 95 

Maximum dry density  (gr/cm3) 1.77 1.48 

Minimum dry density (gr/cm3) 1.5 1.31 

D50 (mm) 0.22 - 

emin 0.53 - 

emax 0.8 - 

Cu 1.6  

Cs 1.1  
 

 

 
TABLE 2. Element Data of sand and bentonite sample 

Soil 
Compound (%) 

SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O SO3 MnO P2O5 LOI 

Sand 93.5 0.82 1.26 - 1.43 0.223 0.061 0.095 0.27 - - 1.04 

Bentonite 61.4 13 2.5 0.25 4.7 1.24 2.7 0.6 0.45 0.04 0.07 12 
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2. 2. Methods        A comprehensive suite of 

experimental procedures was employed to evaluate the 

geotechnical and chemical characteristics of the 

contaminated and treated soil specimens. Standard 

Proctor compaction tests, conducted in accordance with 

ASTM D698 (34), were used to determine the MDD and 

OMC of each soil mix. Shear strength parameters, 

including cohesion and internal friction angle, were 

obtained through direct shear tests following the ASTM 

D3080 (35) standard. To evaluate the hydraulic behavior 

of the specimens, constant head permeability tests were 

performed in line with ASTM D2434(36). In addition to 

mechanical characterization, the chemical alterations 

induced by hydrocarbon contamination and bentonite 

treatment were assessed using FTIR, conducted in 

accordance with ASTM D5477 (37). This integrative 

testing approach enabled a robust analysis of the 

physical, hydraulic, and chemical response of the sand–

bentonite mixtures under varying contaminant levels. 

 
2. 2. 1. Compaction Test               Each sample was 

prepared using a cylindrical mold with a diameter of 4 

inches and an approximate volume of 945 cm³. The soil 

was placed in five equal layers, and each layer was 

compacted by applying 25 uniform blows using a 10-

pound hammer dropped from a height of 18 inches. Upon 

completion of compaction, the specimens’ dry densities 

and moisture contents were determined. For 

hydrocarbon-contaminated specimens, the moisture 

content was calculated using a modified approach that 

accounts for the residual hydrocarbons present after 

drying, as proposed by Khamehchiyan et al. (38). The 

calculation is expressed by Equation 1: 

𝑊(%) = (1 + 𝑚𝑛)
Wt

Wd
− (1 + 𝑛)  (1) 

where Wt is Weight of the moist contaminated soil, Wd is 

Weight of the dry contaminated soil, m is Percentage of 

residual contaminant after drying and n (%) is Initial 

percentage of contaminant before drying. 

This correction ensures accurate determination of 

water content in samples where hydrocarbons may 

evaporate or partially remain during the drying process. 

 

2. 2. 2. Direct Shear Test          Direct shear tests were 

carried out in accordance with ASTM D3080 (39) to 

determine the shear strength parameters of the soil 

Mixture, specifically the internal friction angle (ϕ) and 

cohesion (c). A direct shear apparatus equipped with a 

shear box of dimensions 100 × 100 mm² was utilized for 

this purpose. Specimens were compacted into the shear 

box in three to four uniform layers using Plexiglas 

frames, each with dimensions of 10 cm × 10 cm × 3.3 cm, 

to ensure the final specimen volume matched the box 

capacity. The compaction was performed at the OMC 

corresponding to the previously determined MDD of 

each mix. Shear testing was conducted under constant 

normal stresses of 50, 100, 150, 200, and 250 kPa, with a 

controlled horizontal displacement rate of 0.7 mm/min. 

This setup allowed for accurate determination of the 

stress–strain behavior and failure envelopes of the 

contaminated and treated soil specimens. 

 
2. 2. 3. Permeability Test            Constant head 

permeability tests were performed in accordance with 

ASTM D2434 (36) to evaluate the hydraulic conductivity 

of the soil specimens. To enhance the accuracy of the 

results, each test was repeated three times per specimen, 

and the average value was recorded as the final result. 

The testing apparatus included a cylindrical mold with an 

internal diameter of 8 cm and a height of 22 cm. 

Hydraulic conductivity (K) in the vertical direction was 

calculated using the following equation: 

𝐾 =
𝑄×𝐿

𝑡×𝐴×ℎ  
  (2) 

where Q is volume of water discharged, L is length of the 

soil specimen, t: Duration of flow, A is cross-section area 

of the soil specimen and h is constant head. 

 

2. 2. 4. FTIR Analysis           Fourier Transform Infrared 

Spectroscopy (FTIR) analyses were conducted in 

accordance with ASTM D5477 (37) and ASTM E168-16 

(39) to investigate chemical interactions and changes      

in functional groups within the soil specimens. The     

FTIR technique detects molecular vibrations,      

including stretching (changes in bond length), bending 

(changes in bond angle), or a combination of both, to 

infer the presence and type of chemical bonds.      

Analyses were performed using a Spectrum 100 

spectrometer (PerkinElmer, USA) with a scanning range 

of 1450–4000 cm⁻¹. Solid samples were finely ground 

and analyzed either in powder form or as potassium 

bromide (KBr) pellets to ensure spectral accuracy. FTIR 

provided insights into the alteration of soil chemistry 

induced by hydrocarbon contaminants and bentonite 

stabilization. 

 

 

3. RESULTS AND DISCUSSION 
 

3. 1. Energy Dispersive X-ray Spectroscopy (EDX)        
To investigate the elemental composition and 

morphology of the bentonite used, the EDX spectrum of 

the bentonite sample was employed, as illustrated in 

Figure 2. The analysis revealed that oxygen was the most 

abundant element (45% by weight), followed by silicon 

(39.4%), aluminum (13.2%), and sodium (2.7%). These 

findings confirm the mineralogical signature of 

bentonite, characterized by high silica and alumina 

content, consistent with the presence of montmorillonite 

as the dominant mineral phase. Aluminum is an essential  
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Figure 2. EDX pattern of bentonite 

 

 

component of the tetrahedral/octahedral sheets in 

montmorillonite, contributing to the cation exchange 

capacity (CEC).  

 
3. 2. Compaction Characteristics of Contaminated 
Specimens          Figures 3 and 4 presents the results of 

the standard compaction tests conducted on soil 

specimens containing various BSR (0, 0.2, 0.4, and 0.6), 

with varying levels of diesel and benzene contamination, 

respectively. As illustrated, at a constant bentonite 

content, increasing the proportion of hydrocarbon 

contaminants results in a noticeable increase in MDD and 

a corresponding decrease in OMC. 

This trend can be attributed to the lubricating effect 

of diesel and benzene, both of which exhibit relatively 

low polarity and high viscosity. As the contamination 

level increase, a greater fraction of the soil surface 

becomes coated with hydrocarbons. This coating reduces 

interparticle friction and facilitates particle slippage and 

rearrangement, leading to a denser particle packing. This 

effect, indirectly evidenced by the observed increase in 

MDD and decrease in OMC, is consistent with previous 

studies (32, 38) that reported reduced void ratio and pore 

volume in TPH-contaminated soils. 

Moreover, both diesel and benzene are hydrophobic 

in nature, forming a nonpolar film around soil particles 

that inhibits water-soil interaction. This hydrophobic 

barrier limits the soil’s water absorption capacity, thereby 

reducing the amount of moisture required to achieve 

optimum compaction. The combination of reduced 

interparticle resistance and decreased water demand 

results in a compaction curve that shifts toward higher 

densities and lower moisture contents compared to 

uncontaminated conditions. 

 

3. 3. Influence of NAPLs and BSR on Compaction 
Behavior         The interaction between soil particles and 

NAPLs alters the physicochemical structure of the soil 

matrix, particularly through the reduction of the diffuse 

double layer surrounding clay minerals. This contraction 

of the double layer brings particles closer together, 

thereby enhancing intergranular contact under a given 

compaction effort. As a result, the MDD increases due to 

improved particle coherence—an effect previously 

reported by Meegoda and Ratnaweera (40) and Al-Sanad 

et al. (41). 

The findings of the present study demonstrate that 

increasing hydrocarbon contamination leads to a 

consistent reduction in OMC, accompanied by an 

increase in MDD, which aligns well with earlier research. 

The lubricating properties of hydrocarbons, particularly 

diesel and benzene, contribute to this outcome by 

reducing interparticle friction and facilitating denser 

packing during compaction. Furthermore, the 

hydrophobic nature of these contaminants restricts water-

soil interaction, lowering the amount of water needed to 

reach optimum compaction. 

At a constant contamination level, increasing the 

bentonite content results in a further increase in MDD, 

suggesting that the addition of bentonite enhances soil 

structure through its high specific surface area and water 

absorption capacity. Consequently, the OMC also 

increase, as more water is required to hydrate the 

bentonite particles and achieve the desired compaction 

response. 

Notably, the observed rate of change in compaction 

parameters was more pronounced in diesel-contaminated 

samples compared to those treated with benzene. This 

can be attributed to the higher viscosity of diesel, which 

intensifies its lubricating effect—a trend corroborated by 

previous studies such as those by Hanaei et al. (29), Shin 

and Das (42). Similarly, Kermani and Ebadi (43) 

observed that increasing hydrocarbon content from 4% to 

12% led to a progressive increase in dry density and 

concurrent decrease in moisture         content. However, 

some studies have reported contrasting behavior; for 

instance, Al-Sanad et al. (41) noted a decrease in dry 

density at contamination levels between 4% and 6%. 

These variations underline the complex interplay 

between contaminant type, viscosity, and soil mineralogy 

in governing compaction characteristics.   

Based on the results, both diesel and benzene increase 

MDD and reduce OMC of soil mixtures, but benzene 

shows a significantly weaker effect. At the concentration 

of 200–250 g/kg dry soil, MDD increases less in 

benzene-contaminated soils due to lower polarity, and 

lighter molecular structure. Increasing BSR higher 

volatility, content mitigates both effects, but it is more 

effective against diesel than benzene. This is likely due 

to bentonite’s higher affinity for heavier hydrocarbons 

like diesel. Overall, benzene impairs compaction more 

severely, necessitating enhanced stabilization strategies 

for affected soils. 
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Figure 3. The influence of diesel concentration on dry density curves and water content in soil mixture with different BSR a) 0,      

b) 0.2, c) 0.4, and d) 0.6  

 
Figure 4. The influence of benzene concentration on dry density curves and water content in soil mixture with different BSR a) 0, 

b) 0.2, c) 0.4, and d) 0.6  
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3. 4. Variation in Soil Cohesion and Internal 
Friction Angle            Figures 5 and 6 present the variation 

in soil cohesion (c) and internal friction angle (ϕ) with 

different BSR and contaminant concentration.  

The test results indicate that cohesion in both diesel- 

and benzene-contaminated soils increases with 

increasing BSR. At BSR = 0.0, cohesion values are 

minimal, ranging from 1 to 9 kPa depending on 

contaminant type and concentration. However, as the 

BSR increases to 0.6, cohesion sharply increases and 

reaches between 45 and 75 kPa. The cohesion gain is 

attributed to the interparticle binding effect of bentonite, 

which promotes electrochemical attractions and reduces 

void ratio. Overall, cohesion was observed to increase 

with bentonite addition, due to the intrinsic cohesive 

properties of bentonite and its high viscosity and surface 

area, which contribute to the formation of interparticle 

bonds (44). Conversely, increasing the concentration of 

diesel or benzene contamination led to a decline in 

cohesion. On average, sand–bentonite mixtures 

contaminated with NAPLs exhibited a 45% increase in 

cohesion compared to clean sand, although this gain 

diminished with increasing contaminant concentration. 

The observed reduction in cohesion due to hydrocarbon 

exposure is likely the result of diminished cation 

exchange capacity, replacement of adsorbed water by 

contaminant molecules, and a reduction in the soil’s 

effective specific surface area (38). In essence, while 

bentonite enhances cohesion, NAPLs tend to offset this 

effect, particularly at higher concentrations. 

These trends are consistent with those reported by 

Mohammadi and Ebadi (44), who found that at a fixed 

bentonite level, increasing NAPL content reduces the 

angle of internal friction while marginally increasing or 

stabilizing cohesion. Similarly, Shin and Das (42)         

and Khamehchiyan et al. (38) reported significant 

reductions in ϕ in poorly graded or silty sands subjected 

to oil contamination. The extent of changes in both ϕ    

and c appears to be strongly influenced by the viscosity 

of the NAPL contaminant. More viscous fluids, such as 

diesel, exhibit a stronger lubricating effect and promote 

more significant reductions in internal friction angle, a 

finding supported by Khosravi et al. (45) and other 

researchers.  

At BSR=0, diesel consistently exhibit higher 

cohesion than benzene. This pattern can be explained by 

the viscous, adhesive nature of diesel, which coats soil 

particles and enhances apparent cohesion, whereas 

benzene (with more volatile and less interactive) has a 

weaker bonding effect. Similar this results Taheri et al. 

(46) observed diesel contamination increased cohesion in 

sand–bentonite soil due to flocculation and particle 

agglomeration. In contrast, Hanaei et al. (29) found that 

the effect of benzene on cohesion was more less intense 

and primarily dependent on bentonite content. 

 
Figure 5. Cohesion function variation of soil mixture 

contaminated with diesel and benzene at different BSR 
 

 

 
Figure 6. The change of the internal friction angle in diesel 

and benzene contaminated soil mixture at different BSR 

 
 
3. 5. Permeability Response to NAPL 
Contamination and Bentonite Content        Figure 7 

illustrates the variation in the coefficient of permeability 

(k) for sand–bentonite mixtures subjected to diesel and 

benzene contamination at different concentrations of 

various BSR (0, 0.2, 0.4, and 0.6). The data indicate a 

clear decreasing trend in hydraulic conductivity with 

increasing proportions of both NAPL contaminants and 

bentonite specifically, for specimens contaminated with 

200 g benzene/kg dry soil, the permeability was      

reduced by 31.4%, 61.1%, and 45% at BSRs of 0.2,       

0.4, and 0.6, respectively. In comparison, the 

corresponding reductions for diesel-contaminated 

specimens were more pronounced—46.2%, 66.8, and 

63.5% at the same bentonite contents. These findings 

suggest that diesel exerts a greater sealing and pore-

blocking effect than benzene, which is attributable to its 

higher viscosity and more significant interaction with soil 

particles. 
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Based on the results, the permeability of soil mixtures 

contaminated with diesel and benzene decreases 

consistently with increasing contaminant concentration 

(0–250 g/kg dry soil), and the extent of this reduction is 

more pronounced with higher bentonite-to-sand ratios 

(BSR). The most substantial decline in permeability was 

observed at BSR = 0.6, where the coefficient of 

permeability dropped below 1×10⁻9 cm/s, indicating 

nearly impermeable conditions suitable for engineered 

barrier systems. However, this observation does not 

contradict the more pronounced percentage reduction in 

permeability caused by diesel at identical BSRs. The 

apparent lower absolute permeability in benzene-

contaminated soils may stem from deeper infiltration into 

the bentonite layers, resulting in increased tortuosity and 

longer flow paths, despite its lower viscosity. Thus, while 

diesel exhibits stronger pore-blocking due to its viscous 

nature, benzene's molecular-scale interaction with 

bentonite contributes to finer microstructural occlusions, 

leading to distinct permeability behavior. These findings 

highlight the dual role of bentonite in both reducing 

hydraulic conductivity and mitigating contaminant 

transport.  

The observed reduction in permeability can be 

explained by the partial to full filling of pore spaces by 

NAPL molecules, which obstruct water flow pathways 

and reduce the effective porosity of the soil matrix. 

Moreover, the lamellar and swelling characteristics of 

bentonite amplify this effect by closing off microvoids 

and increasing soil plasticity. These mechanisms are in 

agreement with previous studies such as Shin and Das 

(42) and Al-Aghbari et al. (27), who reported that NAPLs 

with greater kinematic viscosity cause more severe 

permeability declines. 

Supporting evidence can also be found in earlier 

works by Khamehchiyan et al.  (38)and Hanaei et al. (29), 

who observed that diesel and benzene contamination in 

sandy and silty soils significantly reduced permeability, 

particularly when bentonite was introduced as a sealing 

agent. These reductions were attributed to decreased pore 

connectivity and increased interparticle adhesion. 

Similarly, Sarmadi et al. (32) and Oyediran et al. (47) 

confirmed that NAPL contamination leads to reduced 

permeability, lower internal friction angle, and increased 

apparent cohesion in treated sandy soils. 

The role of soil gradation was also emphasized in 

studies such as Al-Sanad et al. (41), who demonstrated a 

steady decline in permeability for poorly graded sands 

exposed to hydrocarbons. Additionally, Khamehchiyan 

et al. (38) attributed the continued decrease in 

permeability of silty sands to reduced effective porosity 

following hydrocarbon exposure. 

Collectively, these findings confirm that the 

permeability reduction in contaminated soil is governed 

by a combination of fluid viscosity, contaminant content, 

soil structure, and bentonite-enhanced sealing, all of 

which are crucial in predicting fluid transport behavior in 

polluted geotechnical systems. 

 

3. 6.  FTIR Analysis               Figure 8 depicts the FTIR 

spectrum of the soil before and after contamination with 

diesel and benzene for different BSRs (0, 0.2, 0.4, and 

0.6). FTIR analysis reveals molecular interactions and 

functional groups through changes in absorption and 

transmission intensity. In addition to the higher 

wavenumber regions, the 400–1450 cm⁻¹ fingerprint 

region was also analyzed to capture key hydrocarbon and 

clay-related vibrations. 

Within the fingerprint region, major peaks were 

identified at 1030–1056 cm⁻¹ (Si–O stretching in 

bentonite, C–O stretching in alcohols/phenols), 1160–

1180 cm⁻¹ (C–O–C asymmetric stretching in 

ethers/esters), 1260–1300 cm⁻¹ (COOH bending/CH₂ 

twisting), 1375–1385 cm⁻¹ (CH₃ symmetric bending), 

and 1450 cm⁻¹ (CH₂ bending). Quantitatively, the 

intensity of these peaks decreased by approximately 60–

75 % as the BSR increased from 0 to 0.6, indicating 

reduced abundance of polar functional groups due to 

bentonite–LNAPL interactions. 

 

 

 
Figure 7. Variation of Permeability contaminated soil with different NAPL and BSR: a) 0.2, b) 0.4, c) 0.6 
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Figure 8. FTIR analysis  of soil mixture; a) clean soil b) 

diesel contaminated soil c) benzene contaminated soil 

 

 

In the higher wavenumber region, prominent 

absorption peaks were observed between 1056–1589 

cm⁻¹ and 2910–3455 cm⁻¹, corresponding to aromatic 

C=C bending and C–H stretching, confirming the 

presence of hydrocarbons. Diesel-contaminated soils 

showed aliphatic C–H stretching bands between 2850 

and 3000 cm⁻¹, while benzene-contaminated samples 

exhibited strong aromatic vibrations around 1600 cm⁻¹. 

Quantitatively, the absorption peak at 2987 cm⁻¹ 

(aliphatic C–H stretching) decreased from 30 % to 5 % 

transmittance as BSR increased from 0.2 to 0.6, while the 

1600 cm⁻¹ peak (aromatic C=C stretching) dropped from 

25 % to below 5 %, representing an over 80 % reduction 

in hydrocarbon-related absorbance. Furthermore, the OH 

stretching vibration near 1106 cm⁻¹ may be related to 

phenolic groups, suggesting electron resonance effects 

during hydrocarbon–soil complexation. The absorption 

at 1300 cm⁻¹ likely corresponds to asymmetric carboxyl 

(COOH) vibrations. As BSR increased, the absorbance 

intensity of all major peaks declined, further validating 

bentonite's role in immobilizing contaminants and 

reducing their mobility. 

 

 

4. CONCLUSION 

 

A comprehensive research program of laboratory tests 

was conducted to study the effects of bentonite content 

on the geoenvironmental behavior of a sandy soil 

contaminated with different percentages of light non-

aqueous phase liquids (LNAPLs). For this purpose, 

different concentrations (100, 150, 200, and 250 g 

LNAPLs/kg dry soil) for various BSR (0, 0.2, 0.4, and 

0.6) were subjected to standard compaction tests, direct 

shear tests (to determine the internal friction angle and 

cohesion), permeability tests, and FTIR. For a constant 

amount of bentonite, with the increase of the 

contamination, the MDD increased and the OMC 

decreased. According to the results, larger amounts of 

bentonite resulted in higher MDD and OMC of the soil. 

Specifically, at a contamination level of 250 g/kg, MDD 

increased by 5.4% for diesel and 3.8% for benzene 

relative to the clean sample. The internal friction angle 

decreased by 30.7% for diesel and 19.4% for benzene, 

while cohesion increased by 24.9% and 28.3%, 

respectively. These quantitative differences confirm that 

diesel generally induced more pronounced changes in 

geotechnical properties than benzene. At a constant BSR, 

higher contamination leads to lower internal friction 

angles and decreasing cohesion. Increasing the NAPL 

concentration resulted in a reduction in the internal 

friction angle, while the cohesion of the soil samples 

showed a similar decrease that highlights the lubricating 

effect of NAPL on interparticle friction and the 

simultaneous decrease of apparent cohesion due to the 

covering of the soil surface by NAPL and the change in 

the electronic double layer. The results of the 

permeability test revealed that, for all BSR, the 

permeability decreased with increasing of NAPL 

concentration. For different BSR, the minimum 

permeability was observed at BSR=0.6. While the 

absolute minimum permeability was achieved at BSR = 

0.6, the results demonstrated that BSR = 0.4 provides the 

most balanced combination of high MDD, low 

permeability (between 1×10-9 – 7×10-9 cm/s), high 

a 

c 

b 
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cohesion, and acceptable internal friction angles. These 

characteristics, combined with better compactability and 

lower cost, make BSR = 0.4 more practical for 

engineering applications than BSR = 0.6. Notably, the 

rate of permeability reduction was dependent on both the 

contaminant concentration and the physicochemical 

properties, particularly the viscosity of diesel and 

benzene. 
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Persian Abstract 

 چکیده 
اثربخشی مواد معدنی رسی   .محیطی و ژئوتکنیکی بسیار حائز اهمیت استهای نفتی از منظرهای زیست های آلوده به فرآوردهسازی خاکنیازهای انرژی برای راهبردهای پاک  

در تحقیقات پیشین تأیید شده است. با این حال، تأثیر  (LNAPLs) ای آلوده به مایعات سبک غیرآبیهای ماسههای ژئوتکنیکی خاک کننده در بهبود ویژگیو سایر مواد تثبیت 

درستی  طور جامع بررسی نشده و همچنان بهبهمخلوط خاک،    یک یو ژئوتکن  یطیمح  ستیز  یهای ژگ یبر و  LNAPLنوع و غلظت    و  ،(BSRبه ماسه )  ت یهمزمان نسبت بنتون

های ژئومحیطی  ویژگی  گرم خاک( بر  ۱۰۰۰ هر یگرم به ازا ۲۵۰و  ۲۰۰، ۱۵۰، ۱۰۰مختلف )  یهاو بنزن با غلظت  ل یگازوئ ر یتاثدر این مطالعه،  .شناخته نشده باقی مانده است

 (MDD) های تراکم، چگالی خشک بیشینهنتایج نشان داد که در آزمایش.  صورت جامع ارزیابی شدبه(  6/۰  و  ۰  ،۲/۰  ،4 /۰) BSR های مختلفشده با نسبتای تثبیت خاک ماسه

طوری که تأثیر  ها مشاهده شد، بهخاک اصطکاک در    هیو کاهش زاو  ی، کاهش چسبندگ LNAPLsغلظت   ش یبا افزا  ن،یهمچناند.  کاهش یافته  (OMC) و رطوبت بهینهافزایش  

  های تحلیلی شامل تکنیک  .، افزایش در چگالی خشک بیشینه و کاهش در رطوبت بهینه نیز گزارش شدLNAPL تر از بنزن بود. با افزایش غلظت هر دو نوعگازوئیل محسوس

FTIR  ،EDAX  وXRD   های این  یافته.  شده با بنتونیت ارائه دادندای اصلاحهای ماسههایی درباره سازوکارهای نگهداشت آلاینده در خاکها را تأیید کردند و بینشاین یافته

 . سازی فراهم آوردهای مناسب پاک مورد استفاده قرار گیرد و راهنمایی برای انتخاب روش LNAPL های آلوده بهها بر روی خاک تواند در طراحی ژئوتکنیکی سازه تحقیق می 

 

 


