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ABSTRACT 
This paper presents the results from physical tank experiments and numerical simulations for studying gasoline 
migration in sandy soil layer. These models were performed to investigate gasoline migration behavior under 
conditions of with and without soil-cement barrier. Chinburi soil was used as a representative of sandy soil and 
it was used to make soil-cement barrier. Gasoline with octane 91% was used as contaminant for physical and 
numerical modeling. The model parameters for numerical simulation were obtained from SWCC (Soil Water 
Characteristic Curve) which measured by KU (Kasetsart University) tensiometer and a scaling factor method. 
The results from physical tank models and numerical models show gasoline plume continued its migration until 
it reached the capillary fringe due to soil particle and capillary force called suction, and began to spread out 
laterally above the saturated zone. For case of with containment, the behavior of migration was same as 
previous case but the gasoline plume did not migrate outside the barrier. In addition, numerical simulations 
were validated with the physical modeling results. Both models show a good agreement for evaluating 
behavior of gasoline migration and confirmed a performance of soil-cement barrier as the containment. 
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INTRODUCTION 
 

Subsurface contamination problems due to the release of toxic substances such as inorganic and organic 
compounds including light non aqueous phase liquid (LNAPL) cause damage to the environment and the life 
cycle of natural animals and human health. The gasoline which is a type of LNAPL is an aromatic hydrocarbon 
having a high solubility in water and a non-negligible vapor pressure. Thick deposit of sandy soil layer has have 
been found in various locations in Thailand such as the Northeast area which covers roughly one-third of the 
entire country, more found in the Eastern and the Southern regions which are mainly the coastal area. There are 
many gas stations constructed on these areas that if the gasoline leak from the underground storage tank into 
sandy soil, it can flow through soil layer easily. Many remediation methods have been proposed to control leaks 
from USTs and to minimize the risks to human health and the environment. One of these is containment, which 
is the main focus of this study.  

Soil-cement walls are the structures that often used to improve the geotechnical properties of soft soil. They 
can be constructed by 2 methods as follows: (a) rotary mixed method, which is the technique preferred for 
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cohesive soil, with a widespread use in Japan and (b) jet grouting method, which is the technique for both 
cohesive soil and cohesionless soil. The latter method can especially be used for sandy soil where the injection 
of cement slurry is more effective than in clay. This approach offers the advantage of building wall columns in 
both vertical and inclined direction by cement based grout. For these reasons, this paper focuses on using soil 
cement wall to prevent the gasoline migration.  

In this study, the experiments and the numerical simulations are used for investigating the behavior of 
gasoline migration. These experiments are divided into 2 parts that are (a) the model parameters of sandy soil 
and soil-cement determination by interpreting from soil water characteristic curve (SWCC), and (b) the physical 
tank model experiments for evaluating gasoline migration. KU (Kasetsart University) tensiometer was used as a 
device to measure water-suction for construct SWCC [8,9,10]. The water-suction data from the tensiometric 
measurement can be used for predicting other mechanical behavior of soil such as capillary function 
[14,12,13,16] and permeability function [26,4], which are also requirement in performing numerical modeling 
of LNAPL migration. For physical tank model experiments, gasoline with octane 91% which commonly used in 
Thailand was used as contaminant, Chonburi soil (SP) was used as porous media deposit and was constructed 
the soil-cement barrier.  Moreover, they were used to investigate the behavior of gasoline migration and the 
effectiveness of soil cement barrier. The numerical modeling was performed by using TMVOC simulator which 
was module of the PetraSim 4.2.  Previous studies of contaminant migration in subsurface soil were performed 
by several researchers, such as Abriola and Pinder [1], Kaluarachchi and Parker [11], Soga et al. [23], Pruess 
and Battistelli [17], Fagerlund and Niemi [4], Dunn [3], Battistelli [2]. 

 
MATERIALS AND METHODS 

 
Experimental Materials: 

 
The sandy soil used in this study was collected from the provinces of Chonburi which is artificial foundry 

sand, i.e., AFS35. AFS (American Foundrymen’s Society Average Fineness Number) was used to denote the 
relative grading of sand, and it was calculated using the old BS mesh numbering system for sieves. The 
characteristics of this soil and soil-cement are shown in Table 1. The mix proportions of soil-cement barrier are 
as follows: cement content of 220 kg/m3, water cement ratio of 2 and bentonite water ratio of 0.05 [15].  

The 91% octane gasoline which represented contaminant was used for the experiments with a density of 
0.72 g/ml, a dynamic viscosity of 0.45 cp, a surface tension of 35 dyne/cm, an aquifer residual saturation of 0.15 
and a vadose zone residual saturation of 0.05 [27]. The gasoline was dyed red with Sudan IV to enhance the 
intensity of red color for visual observation with a weight ratio of 0.1% (Sripongphichit, 2006). Sudan IV was 
inert, which does not affect the properties of gasoline and it was not soluble in water [22]. De-aired water was 
used to represent the ground water in the models. 

 
SWCC Determination: 

The suction of soil and soil cement samples were measured by KU (Kasetsart University) tensiometer 
which can measure the values of suction from 0 to 100 kPa [8]. Figure 42 shows the set up for suction-
monitoring on soil and soil cement samples. The point-wise measurement was used to be the method in this 
study that Tapparnich [25] proposes the process of testing as follows: (1) takes specimen into PVC ring and 
soak it for about four days (2) after that, measure dimension and weigh specimen (3) install tensiometer at the 
top of specimen for measuring the suction including measure and weigh it after finish measurement (4) reduce 
the weight of specimen about 2 or 3 grams and cover and cure it  for 24 hours (5) perform stage 3 and 4 again 
until water content closed to zero or the suction is close to 100 kPa and (6)  dry in oven to determine the final 
water content. After the experiment, the test data were used to construct soil water characteristic curve (SWCC) 
by using a van Genuchten [26] equation according to equation 1.  
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where θ = volumetric water content (vwc); θs = saturated vwc; θr = residual vwc; h = suction head; α and n 

= curve fitting parameters; m = 1-1/n 
The SWCC used to determine hydraulic conductivity function (k-function) using Jackson [7] formula. The 

static two-phase capillary-saturation (P-S) relationships of the tested material (NAPL-water and air-water) were 
determined from SWCC (air-water) using a scaling factor method [14,16,6]. 

 
Physical Tank Model: 
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Plexiglas with a thickness of 10 mm was used to construct the two-dimensional tank model because 
gasoline does not affect Plexiglas. The geometry of the Plexiglas model for each test is shown in Figure 3 and is 
a modification of that proposed by Sripongphichit [24]. The overall dimensions of the physical small tank model 
used for experiment were 79.2 cm long x 9.7 cm thick x 38 cm high, and the inner dimensions were 64 cm long 
x 7.7 cm thick x 36 cm high. It was composed of two water tanks on the left and right sides, which had a faucet 
at the bottom. A perforated wall with holes with a diameter of 0.9 cm that was dovetailed with a nylon net was 
installed between the water tank and soil layer. A gasoline storage container that was 9.15 cm long x 8.52 cm 
wide x 8.63 cm high was placed on top of the model and on the cover.  

The soil layer was prepared by pouring the sandy soil over distilled water. The water level in the tank was 
raised progressively and always maintained higher than the soil surface (2 cm above surface) during pouring to 
avoid excessive particle segregation in water. For the models with a barrier, when the sandy soil layer reached to 
8 cm above the bottom, the soil cement barrier which has the dimension of 30 cm high x 77 cm wide x 2.5 cm 
thick was constructed from the center line of 5 cm in both left and right directions, and left for a day. Then the 
soil pouring continued until the height of the layer was 36 cm.  After soil was poured completely, the water was 
drained to maintain the water level of 0.22 m above the bottom and left for four days to steady state condition. 
Consequently, the storage tank contained 300 cm3 of gasoline with octane 91% mixed with Sudan IV to enhance 
the intensity of red color was placed on the top and on the center line of the tank model. The criteria of the 
experiments were a no-flow condition for the water and LNAPL phases. The duration was kept constant for 210 
minutes. During the experiment, images of the gasoline plume of each model were taken using a digital camera 
under constant light conditions. The concentration of the plume was measured by image analysis using an 
Adobe Photoshop program and the contour plots of contaminated plume using AutoCAD program. 

 
Numerical Simulator: 

The TMVOC simulator, which was a module within PetraSim 4.2 (TOUGH2), was used to simulate 
LNAPL migration. This simulator requires input data on space discretization (MESH/GRID), soil (ROCKS) and 
chemical (CHEMP) properties, the solvent to be used as well as initial and boundary conditions. If sinks or 
sources (GENER) exist, they must be specified. TMVOC discretizes space and time using an integral finite 
difference method (IFDM) and first-order backward finite difference, respectively. TMVOC provided some 
standard capillary pressure functions and relative permeability functions. PetraSim already provided a standard 
VOC (NAPL), and a new VOC could be created by the user with some modification. During creation, the user 
specifies an existing VOC on which to base the new VOC. All data from the existing VOC are copied to the 
new VOC, so that the user only needs to change the values that are different in the new VOC. 

 
Model Parameters for Simulating Pollutant Migration: 

In this study, Chonburi soil and Chonburi soil mixed cement are used as the materials in simulation. The input 
parameters required for the numerical simulation are grouped into three sets as described below: 

1. Properties of Chonburi soil and Chonburi soil mixed cement, which are the particle density, the porosity and 
the hydraulic conductivity, were as described previously.  

2. The data of air-water saturation-capillary head (S-P) curve were based on tests conducted by Rungruang and 
Kerarat [21]. The static two-phase S-P relationships of the soil and soil cement (NAPL-water and air-NAPL) were 
estimated from the SWCCs (air-water) using a scaling factor method proposed by Leverett [14] and Parker et al. 
[16], as shown in Figure 7. The capillary pressure parameters were determined using SWCCs for three-phase 
system. The relative permeability parameters were estimate using permeability function (k-S). These model 
parameters for the soil and soil cement were determined using the van Genuchten model [26] and Parker model 
[16] as reported in Table 2. 

3. Typical chemical properties of gasoline were founded in Weaver and Charbeneau [27] as described 
previously. 

 
Initial and Boundary Condition: 

The two-dimensional sections of the numerical models were generated to replicate the cross sections of the 
physical tank model. The groundwater levels measured from the physical models were used as the side boundary 
conditions. The grid spacing of the numerical models in the vertical and the horizontal directions was based on the 
groundwater levels and the thickness of the soil-cement barrier. The simulations were performed under isothermal 
conditions.  In this condition, the heat transfer is not occurrence; therefore the enthalpy parameter was not defined 
as discussed by Pruess and Battistelli [17]. The atmospheric boundary conditions were fixed at the grid top and 
specified as the constant absolute pressure of 1.013x105 Pa. A soil grain specific heat of 50,000 J/kg °C and a 
porosity of 0.999 were assumed for the atmospheric grid blocks because effects of the inner domain on the 
atmospheric boundary are negligible due to the volume of the atmospheric boundary [20]. The walls were modeled 
as low permeability material. The gasoline spill was modeled assuming a constant rate. 
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RESULTS AND DISCUSSION 
 

SWCCs of Soil and Soil-Cement: 
According to suction test, The SWCC fits of soil and soil cement using the mathematics models proposed by 

van Genuchten [26] as shown in Figure 4. As the results, soil type and particle size of soil affect the soil suction. If 
the particle size of soil is smaller, the suction is higher. The suction of soil in drying process is greater than wetting 
process because when the water is drained out in drying process, the water content decreases and suction increases; 
while when the water infiltrates the soil in wetting process, the water content increases and the suction decreases. 
SWCC of soil cement samples is more slope than sandy soil. It shows if the soil pore is smaller, the suction is 
higher and it is corresponding to previous researches. SWCCs (or S-P relationships) are used to estimate the 
permeability function curves (k-function) using Jackson formula [7] as shown in Figure 5. Both SWCC and the 
permeability function curves can be used to determine the model parameters which are used to numerical 
simulation for LNAPL migration. 

 
The Plots of the Gasoline Plume Migration by Physical Tank Model: 

During experiment, images of the tank containing gasoline plume were taken using digital camera under 
constant lighting condition. The saturation of the gasoline plume measured with the image analysis which using 
Adobe Photoshop CS3 program to determine the concentration of gasoline and show the contour plots of gasoline 
saturation using AutoCAD Program based on method conducted by Rungruang and Kererat [20]. The contour plots 
of the gasoline plume at 210 minutes are shown in Figure 6. Figures 6(a) shows the gasoline plume migration in 
case of without containment. Figures 6(b) shows the gasoline plume migration in case of with containment. The 
water level below ground surface is 14 cm. At the beginning of spill, the gasoline moved in both vertical and 
horizontal directions and the plume was narrow and oblong. This shows that the gravitational potential gradient 
was higher than the spilled head and capillary force and the flow was mainly gravitational. The gasoline plume 
continued its migration until it reached the capillary fringe due to soil particle and capillary force called suction, 
and began to spread out laterally above the saturated zone. For the case with a barrier, the behavior of migration 
was same as previous case but the gasoline plume did not migrate outside the barrier in both sandy soils. 

 
The Plots of the Gasoline Plume Migration by Numerical Model: 

A case study of pollutant migration is simulated to show how to use the results from SWCC determination to 
engineering problem. The numerical simulator utilized in this study is TMVOC, which was used within PetraSim. 
The TMVOC simulator is based on the code of TOUGH2, which was developed by Pruess and Battistelli [17]. 

The plots of plume migration at 210 minutes from numerical results compare to physical tank model test were 
shown as Figure 8. The Figure 8(a) shows the plume migration of the gasoline in case of without containment and 
Figure 8(b) shows the plume migration of the gasoline in case of with containment. The gasoline moves downward 
due to gravity (buoyancy) and capillary force; then the plume floats on the capillary fringe and spread out laterally 
because of capillary force. In the presence of containment, the gasoline was contained by the barrier and cannot 
migrate outside the containment. Overall, the results from the numerical simulations agreed with the results from 
the physical tank model experiments.  This numerical results confirmed the performance of the simulator which 
can be used for simulate the gasoline migration in sandy soil layer. 

 
 

 
Fig. 1: Experimental set up for suction test 

 
 
 
 



96     Suthon Rungruang and Chusak Kererat 2016/ Journal of Applied Sciences Research. 12(3) March 2016, Pages: 92-100 

 
Fig. 2: Sample preparation 

 
Fig. 3: Test geometries (a) without containment and (b) with containment 

 
 
Fig. 4: Soil water characteristic curves of sandy soil, soil-cement 
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Fig. 5: Permeability function curves of sandy soil and soil-cement 

 
Fig. 6: The plots of the gasoline plume migration (a) without containment and (b) with containment 
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Fig. 7: Three two-phase the scaled saturation-capillary head (S-P) relations for (a) sandy soil and (b) soil cement 

[data from Rungruang and Kererat (2010)] 
 

 
 
Fig. 8: The plots of the gasoline plume migration by numerical modeling (a) without containment and (b) with 

containment 
 

Table 1: The characteristics and basic properties of the experiment materials. 
Properties Chonburi Soil 

Sandy Soil Soil-Cement 
D10, mm 
D60, mm 
Cu 
USCS 
Specific gravity 
Porosity 
Dry density, g/cm3 
Permeability, cm/s 

0.222 
0.562 
2.53 
SP 
2.69 
0.41 
1.60 
2.564x10-2 

- 
- 
- 
- 
2.68 
0.35 
1.73 
1.399x10-7 

 
Table 2: Model parameters for tested sandy soil and soil-cement 

Description Chonburi soil Chonburi Soil 
mixed cement 

Relative permeability parameters for the Parker’s model (1987) 
Limiting saturation Sm 
Fitting parameter, n 

0.345(F1) 

3(A) 
0.345(F1) 

3(A) 

Capillary pressure parameters for the van Genuchten’s model (1980) 
λ = m = 1-1/n 
Residual water saturation, Slr 
1/P0 = α/ρwg (1/Pa-1) 

0.770(C1) 
0.147(F2) 

3.406x10-4 (C1) 
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Maximum value for capillary pressure, Pmax (Pa) 
Satiated water saturation, Sls 

4.215x10-4 (M) 

1(F2) 

Capillary pressure parameters for the Parker’s model (1987) 
Limiting saturation, Sm 
Fitting parameter, n 
Strength parameter for air-NAPL, αan= α×βan 
Strength parameter for NAPL-water, αnw = α×βnw 

 0(F2) 

2.045(F2) 

0.336(C2) 

0.221(C2) 

Remark: Strength parameter is the parameter describing the shape of the saturation-capillary head curve. α is a curve fitting parameter; βan 
(= σaw/σan) is scaling factor for air-NAPL; βnw (= 1/(1-1/βan)) is scaling factor for NAPL-water; F1 is a curve fitting parameter of k-function 
curve; F2 is a curve fitting parameter of S-P curve; A is recommended by Rasmusson; C1 is calculated from van Genuchten curve fitting 
parameter (n); M is measured from a suction test; C2 is calculated from a fitting parameter multiply by a scaling factor (Rasmusson) 

 
Conclusions: 

The purpose of this study was to compare the predictions of numerical simulations to a physical model of 
gasoline migration in Chonburi soil, and evaluate the effectiveness of a soil-cement barrier. The capillary 
parameters and relative permeability parameters for numerical simulation can be obtained from the SWCC 
which measured by KU tensiometer and scaling factor method. They were the primary parameters to simulate 
the transportation of contamination by numerical modeling and can be used for the future study. 

The results obtained showed gasoline plume continued its migration until it reached the capillary fringe due 
to soil particle and capillary force called suction, and began to spread out laterally above the saturated zone. For 
the case incorporating cement-sand wall, the behavior of migration was same as previous case but the gasoline 
plume did not migrate outside the barrier. This found that it can be used as the containment to stop or reduce the 
gasoline migration. Both models show a good agreement for evaluating behavior of gasoline migration and 
confirmed a performance of soil-cement barrier as the containment. In addition, the numerical simulations can 
be used as the tool for risk assessment studies in contaminated site due to the spill of contamination mixture. 
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