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Abstract—As leachate has been a source of groundwater 

contamination worldwide, this paper examines the phenomenon 

of leachate migration on different gradations of compacted 

laterite soil used as sanitary landfill liners. Three different soil 

gradations (30%, 40% and 50% with respect to fines content) 

used in this study were compacted in circular acrylic columns to 

provide a clear visualization of leachate migration into the soils. 

Digital image technique was used in capturing photos at 

successive time intervals to monitor the leachate migration. The 

captured digital images were fed into Matlab and converted into 

hue-saturation-intensity (HSI) format. Surfer software then read 

the HSI and generated 2D contour plots. The results of the 

experiments showed that the leachate moves downward faster in 

the soil gradation with the least fines content. Hydraulic 

conductivity values decrease with increase in time duration and 

equally with increase in fines content. The hydraulic 

conductivities of the leachate for 30%, 40% and 50% fines were 

3.64×10-9m/s, 2.40×10-9m/s, and 1.24×10-9m/s respectively. This 

reveals that for tropical laterite soils, gradation containing 50% 

fines content provides better hydraulic conductivity. The use of 

noninvasive digital image technique can enable 

designers/engineers to monitor and visualize the leachate 

migration in compacted soils in waste containment application 

systems. 

Keywords-digital image analysis; monitoring leachate migration; 

soil gradation; groundwater protection; sanitary landfill 

I. INTRODUCTION 

Groundwater is one of the major sources of water supply 
for domestic and industrial purposes. However, its purity and 
quality is compromised because of the way waste is disposed 
[1]. Groundwater is more reliable and safer to use than surface 
water as it is less exposed to numerous pollutants [2], though 
groundwater reliability is subjected to risks due to pollution 
caused by various sources. One of them is contamination by 

leachate through landfills because landfills are the final 
destinations of the majority of waste generated in most urban 
areas. A liquid that permeated through waste, and contains 
heavy minerals and suspended materials is defined as landfill 
leachate [3]. Leachate is generated either from external water 
or from within the waste mass. Leachate generated from urban 
solid waste contains heavy metals. These heavy metals leach 
out from the soil and enter the underlying aquifer, which 
affects the livelihood of the surrounding community [4-5]. To 
prevent leachate contamination through landfill, hydraulic 
barriers known as liners and covers are constructed. Leakage of 
leachate through hydraulic barriers can be one of the main 
pollution hazards to groundwater. Therefore, soil materials 
used as hydraulic barriers must have the following attributes 
which make them suitable in sanitary landfills:  

• They must contain significant amounts of fines and clay 
minerals [6-8]. 

• They must have hydraulic conductivity of ≤1×10
-9

m/s [9-
11] and unconfined compressive strength of ≥200kN/m

2
 

[12-14].  

• Maximum allowable value of volumetric shrinkage should 
be 4% [15-18]. 

The methods generally employed to study and monitor 
groundwater quality include the use of observation wells and 
surface/subsurface geophysical techniques [19]. The use of 
observation wells, suction lysimeters, and phyto-screening are 
referred as invasive methods, while the use of photography and 
remote sensing, and rapid noninvasive field survey and 
screening are referred as noninvasive methods [20]. Some of 
these noninvasive techniques are briefly explained below. 

A deformation measurement technique known as digital 
image correlation (DIC) is used to compare two digital images 
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by calculating their field incremental displacement and locating 
several small regions in both images to high subpixel accuracy. 
It is commonly referred to as particle image velocimetry (PIV) 
in fluid mechanics applications [21]. Light transmission 
visualization (LTV) is a method which relies on the transitory 
of electromagnetic energy through the tested media where the 
distribution of liquid saturation is measured as a variation in 
light intensity field. [22, 23]. Researches that applied 
noninvasive imaging techniques produced precise depiction 
and improved understanding of the multiphase system. 
Recently, image analysis techniques or digital image 
techniques (DITs) are used to investigate the migration of 
fluids within soils [23]. The application of DIT is widely used 
for double-porosity soil [22-30]. In this research, a noninvasive 
technique is applied using a DIT that captures the successive 
migration of leachate through compacted laterite soil in the 
laboratory to simulate the leachate transportation in actual 
landfill. Moreover, the effects of soil gradation with respect to 
fines content are also investigated. 

II. MATERIALS AND METHODS 

The laterite soil used in this study was extracted from 
Skudai campus of Universiti Teknologi Malaysia located at 
1º33'39”N and 103º38'44”E. The soil is classified as MV 
according to the British Standard Classification [31]. The 
physical properties as well as the particle size distribution of 
the laterite soil were determined from laboratory tests and are 
presented in Table I and Figure 1 respectively. Three different 
grading sizes (i.e. gravel, sand and fines) were gathered from 
the sieved natural laterite soil samples and then reconstituted 
into different gradations. The following gradations were 
investigated: 

• Natural laterite soil with 30% fines, 40% sand and 30% 
gravel by weight of dry soil denoted as L1. 

• Reconstituted laterite soil with 40% fines, 40% sand and 
20% gravel by weight of dry soil denoted as L2. 

• Reconstituted laterite soil with 50% fines, 40% sand and 
10% gravel by weight of dry soil denoted as L3. 

The flow chart of the experiment is presented in Figure 2. 

TABLE I.  LATERITE SOIL PHYSICAL PROPERTIES 

Property Value 

Natural Moisture Content, % 34 

Liquid Limit, % 76 

Plastic Limit, % 42 

Plasticity Index, % 34 

BS Classification MV 

Specific Gravity 2.7 

OMC, % 30 

MDD, Mg/m3 1.35 

% Passing BS 63µm sieve 30 
 

A. Soil Compaction  

British standard light (BSL) compaction equivalent to 
standard Proctor compaction is adopted as outlined in BS 1377: 
1990: Part 4. In preparing the soil samples, optimum moisture 
content (OMC) was added to the three different laterite soil 
gradations. Dried soil sample weighing about 2kg of L1 was 

mixed at OMC of 30%. To allow proper moisture distribution, 
the soil was put inside a plastic bag for 24 hours. A circular 
plastic plate having similar diameter with the acrylic soil 
column was put on top of the soil before blowing to provide a 
flat surface. The soil was then compacted in 3 equal layers 
placed in a circular acrylic column. Each layer was given 27 
blows of the 2.5kg rammer falling freely from a height of 
300mm. The acrylic soil column has been chosen to monitor 
and detect the changes occurring inside the whole area of 
circular column. The same procedure was followed for the L2 
and L3 at their optimum moisture contents. 

 

 

Fig. 1.  Particle size distribution curve 

 

 

Fig. 2.  Flow chart of the experiment 

B. Leachate Preparation 

In this experiment, black dye solution is used as the 
permeant to simulate leachate. It was chosen to enhance the 
water color, so that it can be visible when migrating down the 
soil specimen. The chemical composition of the dye comprises 
of typically sodium chloride and proprietary dyes [32]. About 
3.4g of dye was mixed with 340ml of water following the 
procedure in [33, 34]. Similarly, authors in [35] prepared their 
salt solutions (NaCl, KCl, and CaCl2) by dissolving powdered 
salts in de-ionized water as permeant. These elements were 
chosen because sodium, potassium and magnesium are usually 
present at high concentrations in leachates, while chloride has 
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high mobility and prevalence in the environment [36]. The 
leachate was poured instantaneously on the top surface of each 
compacted sample gently through the side wall of the acrylic 
columns as shown in Figure 3. 

 

 

Fig. 3.  Leachate on compacted laterite soil sample 

C. Laboratory Experimental Procedure 

Basically, the DIT used in this research adopts the concept 
explained in [27]. It covers the migration of leachate in a 
100mm height of soil in acrylic column. The dimension of 
acrylic cylinder to form the soil column was 150mm high, with 
a diameter of 100mm and 6mm thickness. The acrylic column 
was placed in-between a two-faced mirror to provide complete 
360° visualization. These mirrors were placed at 105° with 
offset distance of 0.2m behind the soil column and facing the 
digital camera. A Hitachi 40-Watt lamp was installed over the 
soil column so that the whole setup was illuminated. The 
acrylic column was chosen to provide a clear visualization of 
leachate migration into the soil, so the leachate migration 
through the soil was observed promptly at any point and time 
throughout the experiment. A Nikon D90 digital camera was 
used for image acquisition of the leachate migration at 
designated time intervals. The camera has a sensor size of 
15.8mm by 23.6mm and pixel array of 3216×2136 pixels 
(12Mpixels) , and operated at minimum shutter speed and 
aperture. The camera was rigidly positioned with a tripod and a 
remote control was used to capture images without shaking the 
camera. The soil column was positioned in a fixed place to 
avoid any movement. Since the soil columns were in circular 
shape, images that reflected from the camera and the two 
mirrors have been combined and corrected to produce a 
complete single flat area of interest (AOI). A paper with grid 
lines size of 20mm×20mm was used to cover the soil column to 
a height of 100mm as shown in Figure 4. The grid lines were 
used as a reference mark on a reference image. The reference 
mark is required in the image registration procedure to 
transform any distorted image according to the actual scale 
image. Then a reference image was captured, and the grid line 
paper was removed from the soil column. Afterwards, leachate 
was poured on top of the compacted soil sample. Successive 
images were captured daily to monitor and record the migration 
behaviour. The digital image technique laboratory experimental 
setup is presented in Figure 5. Images for all the experiments 
were taken for one month. The duration of leachate migration 
from the top surface to the bottom was monitored during this 
period.  

 

 

Fig. 4.  Soil column with reference grid lines 

 
Fig. 5.  Laboratory setup 

D. Digital Image Processing 

The digital images captured during the experiments were 
saved in JPEG format. Images were then processed in Surfer 
software. This software converts the digital image grid 
coordinates into surfer grid coordinates. The grid line images 
were then digitized and saved as generic data files (DAT files) 
in order to be opened or referenced by a specific application 
like Matlab, Excel and Surfer. In the object manager of the 
surfer, a post layer is added and saved as surfer file (SRF file). 
The DAT files were then copied from the surfer and pasted in 
Excel. This was necessary in order to sort and filter the values 
and then saved them as Excel files. The digital image 
processing routine was carried out using REIVAL (Matlab 
software). Grid intersections of the image coordinates where 
extracted using Surfer by digitization. As a parameter 
requirement in REIVAL routine, these coordinates represent 
reference or control points. The development of this routine is 
to achieve image registration procedures such as:  

• Conversion of image format from JPEG to HSI.  

• Extraction of the HSI value area of interest. 

• Saving the intensity value in text files in ASCII format. An 
affine transformation method was selected to execute the 
image registration process. 

When the image registration was accomplished, a selected 
AOI was then implemented by the REIVAL routine. The 
selected AOI was based on the pre-determined AOI. The AOI 
refers to the part of area of each image that corresponds to the 
migration area that contains the leachate. The REIVAL routine 
then converted that AOI into red-green-blue (RGB) and HSI 
image format. The RGB and HSI intensity values of each pixel 
from each image were extracted and saved as standard ASCII 
format. For each image, the REIVAL routine would loop three 
times to extract and export the intensity values of all three 
AOIs of the soil column (i.e., the front and the reflected 
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sections). Surfer was used to merge the intensity values from 
the three images and plot the progress of the leachate migration 
based on the image HSI values. Surfer then read the ASCII data 
of HSI to generate a 2D contour plot. The schematic diagram is 
presented in Figure 6. 

 

 

Fig. 6.  Schematic of digital image processing [27] 

III. RESULTS AND DISCUSSION 

The effect of laterite soil gradations on leachate migration 
and the subsequent determination of their hydraulic 
conductivities using DIT provide an innovative means of 
visualizing contaminant transportation in compacted soil liners. 

A. Effects of Soil Gradation on Leachate Migration 

Contour plots (2D) of HSI intensity value provide details 
and useful information in order to understand the characteristic 
of leachate migration behavior. The effects of gradation on the 
leachate migration for L1, L2 and L3 are presented in Figures 
7, 8 and 9 respectively. The red color represents the leachate 
movement inside the soil. Figure 10 shows the measured values 
of cumulative leachate migration depth as a function of time for 
L1, L2 and L3 samples from the 2D contour plots. The leachate 
migration in these experiments shows a rapid progressive 
penetration within the first day, as the curves of the graph lines 
are steep within that duration. After the first day, the curve of 
the graph lines began to incline horizontally at a gradual pace 
until the seventh day. It remained constant after the seventh day 
until the end of the experiments depicting a gradual slowing of 
the downward migration of leachate. This could be explained in 
terms of tortuosity due to air entrapped at the bottom of the soil 
column which resists an equal pressure due to the leachate. 

 

 

Fig. 7.  Leachate migration in soil column for L1 

 

 

Fig. 8.  Leachate migration in soil column for L2 
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Fig. 9.  Leachate migration in soil column for L3 

 
Fig. 10.  Measured values of cumulative leachate migration depth as a 

function of time for L1, L2 and L3 samples 

According to [37], tortuosity is used to describe the 
difference between the actual distance traveled by fluid 
particles and the macroscopic travel distance, owing to the 
interconnectivity of pore spaces. A random distribution of 
interconnected pores in a discrete granular material is 
considered a porous medium. Any non-interconnected pores, 
dead-end pores and stagnant pockets are referred to as 
ineffective pores. L1 demonstrated the fastest migration, 
covering a depth of 8.8mm in a month, followed by L2 and L3 
which covered depths of 5.8mm and 3.0mm respectively. L1 
showed the fastest migration because of the less fines content 
in the soil resulting in a more porous medium. The leachate 
migrates through the voids easier than in L2 and L3 with higher 
fines content. Higher fines content means fewer voids inside 
the soil and less corresponding migration. The effects of fines 
content on voids of compacted laterite soil for L1, L2, and L3 

are illustrated in Figure 11. The compacted soils in acrylic 
column show clearly that the pores are greater in L1, followed 
by L2 and then L3 with porosity values at optimum moisture 
contents of 50%, 47.4% and 47.1% respectively. Figure 11 
shows the voids in the different gradations of compacted 
laterite soils captured during the digital image technique. 

 

 

Fig. 11.  Effects of fines content on the voids of compacted laterite soil: (a) 

L1, (b) L2 and (c) L3 

B. Hydraulic Conductivity at Different Gradations 

Generally, hydraulic conductivity decreases with increase 
in time duration and subsequently with increase in fines 
content. After one-month monitoring, the hydraulic 
conductivities of the leachate for L1, L2 and L3 were 3.64×10

-

9
m/s, 2.40×10

-9
m/s, and 1.24×10

-9
m/s respectively. Figure 12 

illustrates the hydraulic conductivity values against time for 
different laterite soil gradations. 

 

 
Fig. 12.  Hydraulic conductivity values against time for the different laterite 

soil gradations. 

From the experimental observations, it can be seen that the 
inter-aggregate pores of soil samples for L1 are obviously 
larger compared to L2 and L3. As hydraulic conductivity varies 
with the square of the pore radius [38], this condition may 
cause the leachate to move downward faster when the fines 
content is decreased. Moreover, capillary pressure influences 
leachate movement. The pressure induces on the soil particle a 
compressive stress equal to the weight of the water column 
[39]. Pores with larger size reduce the capillary pressure that 
liquid has to overcome to enter those pores and thus move 
through the soil easier [28]. The samples used in this research 
for L3 can be considered as liner materials because they have a 
hydraulic conductivity within the minimum range value of 
1×10

-9
m/s. 

IV. CONCLUSIONS 

Laboratory experimentation was conducted on compacted 
laterite soil at different gradations to investigate their usability 
as liners. A digital image processing technique using Matlab 
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and Surfer software was applied to monitor the leachate 
migration behavior in acrylic soil columns. The experiment 
successfully differentiated the patterns of leachate migration 
for L1, L2 and L3. The experiment results were determined 
through the observation of leachate percolation in the test 
samples, which were compared and the permeability rate was 
calculated. It was observed that the rate of migration of 
leachate decreased when the fines content increased. L1 
exhibited the fastest migration, followed by L2 and L3. Among 
these three different gradations, L3 (50% fines) provided the 
recommended hydraulic conductivity which can be used as soil 
liner in waste containment applications. Therefore, the use of 
noninvasive digital image technique allows designers/engineers 
to monitor and visualize the migration of leachate in compacted 
soil. 
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