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Abstract

Natural disasters such as earthquakes, EI-Nino, tsunamis and water pollution have a negative
impact on human health and living environment. Some of these may give rise to subsurface vi-
brations that can potentially increase groundwater pollution risks in double-porosity systems.
The more complicated situation was where underground storage tanks and petroleum pipeline
damage have caused the leakage of non-aqueous phase liquids (NAPLs) which migrated into
the groundwater resources. These problems need to be addressed by both professionals and
researchers worldwide to ensure the sustainability of groundwater utilization. This paper aims
to investigate and understand NAPL migration in vibrated double-porosity soils. To do so it was
necessary to study the phenomena and characteristic of soil structure and the pattern of NAPL
migration to identify cost-effective remediation schemes. A laboratory experiment was conduc-
ted to study the phenomena and characteristics of vibration response and NAPL migration in
double-porosity soil deformation under vibration effect using a digital image processing tech-
nique (DIPT). The outcomes of the experiment show that the gradual increase of vibration table
excitation frequency yielded different vibration responses from the respective soils. This indi-
cated that soil surface acceleration depended significantly on the soil conditions, soil water con-
tent, soil structure and the pattern of soil fracturing. NAPL migration was faster in sample 2 with
150ml toluene than sample 1 with 70ml toluene and this could be because the greater amount
of toluene in sample 2 exerted an extra entry force on top of the soil sample that had yet to mi-
grate through the sample surface. Finally, it was concluded that the DIPT may provide detailed
information, and can be used to understand and identify the remediation method as well as to
ensure the sustainable consumption of groundwater.

Article history:

Manuscript received January 06, 2018
Revised manuscript accepted June 10, 2018
Available online October 12, 2018

Keywords: vibration, laboratory experiment,
NAPLs migration, aggregate kaolin, image analysis
method

1. INTRODUCTION

Both development and industrial activities have been proven to
have a negative impact on and exacerbate natural disasters, cli-
mate change, environmental pollution, and therefore affect hu-
man health. Subsurface contamination by petroleum hydrocar-
bons through underground storage tank leakage and spillage is
one of the most challenging geo-environmental issues faced by
many countries and results in the reduced quality of groundwa-
ter. More complex problems emerge when the surface or subsur-
face has experienced earthquake vibration, which could promote
the migration of petroleum hydrocarbons into groundwater re-
sources. Petroleum hydrocarbons, also known as non-aqueous
phase liquids (NAPLs), are organic solvents such as toluene, ben-
zene, hexane and naphthalene that usually arise from industrial
activities, that do not mix with water (TIAN et al., 2014). NAPL
may be divided into two categories, dense non-aqueous phase
liquids (DNAPL), which are more dense than water, and light
non-aqueous phase liquids (LNAPL), which are less dense than
water. The LNAPL migrate through the unsaturated soil and float
on the groundwater surface, while the DNAPL may penetrate into
the underlying groundwater. Fuels released such as gasoline, die-
sel, lubricants, jet fuel, collectively referred to as LNAPLSs, are
of concern due to the hazards caused to human-health and the

NAPL pollution (LOKE et al., 2017). According to TOMLINSON
et al. (2017), liquid migration, in reference to LNAPL behaviour
and movement in the subsurface, is complicated. The speed and
phenomena of the petroleum hydrocarbon liquid migration into
the subsurface system may be more intricate under the influence
of vibrated porous soil. Therefore, a better understanding of
NAPL migration in vibrated porous soil was necessary in order
to study the phenomena and characteristics of soil structure. The
pattern of NAPL migration is important to identify remediation
schemes and to ensure the sustainability of groundwater re-
sources and the geo-environment. Porous media such as deform-
able double-porosity soil has been classified as soils with inter-
aggregate pores and intra-aggregate pores that display a bimodal
pore-size distribution pattern and are normally found in agricul-
tural topsoils and compacted soils (LI & ZHANG, 2009; EL-
ZEIN et al., 2006). A more comprehensive understanding with
respect to NAPL migration under the phenomena of fractured
double-porosity soil is still required. This study proposed a new
model concept with soil porosity that includes features from the
three continuums of fracture porosity, primary porosity, and sec-
ondary porosity (based on a literature review). The fracture po-
rosity continuum developed through the affect of vibration had
caused the double-porosity soils to fracture. Meanwhile, the pri-
mary porosity and secondary porosity continuums concept rep-

environment when in contact with LNAPLs (TOMLINSON et
al., 2017). Earthquake vibration causing cracked soil, deforma-
tion of soil structure, and unstable soil structure may exacerbate

resents double porosity soils that consist of inter-aggregate and
intra-aggregate pore matrix blocks, respectively, with different
hydraulic properties embedded in a network of interconnected
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fractures (LOKE et al., 2017). The most critical contaminants in-
clude petroleum hydrocarbons such as toluene, (LNAPL), which
have been selected as the liquids used in this study.

The soil structure affects the flow rate and characteristics of
liquid migration. In common conditions, soil that displays two
specific scales of porosity media is termed a double-porosity soil
(CARMINATT et al., 2008). Geo-materials habitually display two
scales of porosity, which are macro pores and micro pores (MAN-
RIQUE et al., 2007). According to SA’ARI et al. (2015), double-
porosity soils have different hydraulic properties of two sub-re-
gion media due to the differing pore size characteristics. Similarly,
BARBARA et al. (2016) & FREDLUND et al. (2010) found that
fractured porous media significantly change the mechanical pro-
perties and hydrological characteristics. Existing research recog-
nizes the critical role played by cracked soil where it can signifi-
cantly influence the water flow through the fractured soil
structure (KRISNANTO et al., 2014). According to LAKE-
LAND et al. (2014), fractured double-porosity soil is formed due
to earthquakes or other vibration effect in which loosely packed
water-saturated granular soils (sand and silt) are subjected to
great shaking, where they may liquefy and cause large deforma-
tion of the soil structure with strong destructive power. In earth-
quake engineering theory, the bedrock motion with the highest
response is the Peak Ground Acceleration (PGA) and the free
surface motion with highest response is the Peak Surface Accel-
eration (PSA). These accelerations can be either amplify or dis-
amplify, based on Eurocode 8 (2004) part 1 for classifying five
ground types (A to E), where it helps to characterizing the soil
type (LOKE et al., 2016). Therefore, this study used ground re-
sponse analysis to identify the soil sample by the propagation of
ground motion to the surface because in practice, ground re-
sponse analysis was used to determine the crack and ground type.

LEWANDOWSKA et al. (2005) stated that soil in the labo-
ratory can be used to create double-porosity for one-dimensional
infiltration experiments, which is how most studies concerning
double-porosity soil are carried out. Furthermore, laboratory pre-
pared double-porosity kaolin soil was used for one-dimensional
drying and consolidation experiments as performed by BAG-
HERIEH et al. (2009). Double-porosity media have been studied
in the past few decades by a number of researchers. For example,
(ALAZAIZA etal., 2017, NGIEN et al., 2016; SA’ARI et al., 2015;
TRANNGOC et al., 2014; RYZHIK, 2007; PAO & LEWIS, 2002)
used numerical methods and experimental methods on double-
porosity soil media and have thereby contributed to an under-
standing of the soil characteristics. However, the studies were
limited to intact double-porosity soils without applying any vi-
bration effect on these soils.

In this research, a digital image analysis method was used to
study the migration of LNAPL in a fractured double-porosity soil
represented by an S300 kaolin soil. A digital image analysis
method was used to understand and analyse the pattern of LNAPL
migration in a fractured double-porosity soil. An overview by
AGAOGLU et al. (2015) found that the laboratory work involved
non-destructive and non-intrusive imaging techniques which
used characterization and observation of multiphase flow system
for greater accuracy. Therefore, a number of researchers (JANINA
et al.,, 2017; SITTHIPHAT & SIAM et al., 2016; PENG et al.,
2015; SA’ARI et al, 2015; KAMARUDDIN et al., 2011; NGEIN
et al., 2011; FLORES et al., 2011; OOSTROM et al., 2007) have
carried out various techniques and methods of non-destructive
image analysis for liquid migration experiments. As stated by
MAAS & HAMPEL (2006), an image analysis technique in the
field of civil engineering was normally used to study the object
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flow absorption movement in boundary layers and liquid migra-
tion of small properties specific to the propagation of structure
crack extension, and for this argument, a digital image process-
ing technique was acceptable for use in the study of LNAPL mi-
gration in a fractured double-porosity soil.

In addition, NGIEN et al. (2012) asserted that the problems
inherent in gathering data concerning hydrocarbon liquid move-
ment characteristics and the laboratory experiments will go a
long way in the effort to comprehensively understand, monitor,
observe and solve groundwater contaminant problems. To the
best of our knowledge and upon reviewing other research papers,
experiments on LNAPL migration in fractured double-porosity
soil under vibration effect represent a knowledge gap to be inves-
tigated and evaluated. Therefore, a laboratory experiment was
conducted to study the phenomena and characteristics of LNAPL
migration in double-porosity soil deformation under vibration ef-
fects. Thus, to achieve the purpose of this study, the identified
objectives were (i) to investigate the vibration responses with dif-
ferent vibration frequency for the double-porosity soil, (ii) to de-
termine the characteristics of LNAPL migration in vibrated dou-
ble-porosity using image analysis, (iii) to distinguish processes
controlling LNAPL migration with different quantities of Toluene
in fractured double-porosity soil.

2. MATERIALS AND METHODS

The laboratory soil sample preparation, laboratory experiment and
image processing setup used in this study are outlined below.

2.1. Laboratory soil sample preparation

The soil sample material utilized for this study to create double-
porosity was commercially available kaolin soil produced by Ka-
olin Malaysia Sdn Bhd. The kaolin soil properties were tested
based on British Standard BS 1377-2:1990 and BS 1377-5:1990 to
obtain liquid limit =41.5%, plastic limit = 27.5%, plasticity index
= 14%, particle density = 2.66 Mg/m?, particle size distribution
= (4% sand; 91% silt; 5% clay) and falling head permeability test
(K average) = 5.41 x 10 m/s. The kaolin soil was classified under
the Unified Soil Classification System as silt with low plasticity
(ML) based on the value of Atterberg limits and particle size dis-
tribution. Based on HILLEL (1998), the total porosity for a dou-
ble-porosity soil is defined as the sum of the inter-aggregate and
intra-aggregate porosities. This is given by Eq. (1) as

P: = Pinter T Pintra (1)

where @, is the total porosity, @;,., is the inter-aggregate poros-
ity, and @,,,, is the intra-aggregate porosity. The approach used
in this study for estimating the inter-aggregate porosity and intra-
aggregate porosity of the aggregated soil is to adopt the intra-
aggregate porosity as the volumetric moisture content at field ca-
pacity (DAVID & TRUMBORE, 1995). The SOIL SCIENCE
SOCIETY OF AMERICA (1987) has identified the field capacity
as the moisture content remaining in a soil for two or three days
after wetting with water, which becomes negligible after free
drainage. In this experiment, it was further observed that no free
drainage of the cured soil occurred after curing for the field ca-
pacity. Therefore, this theory brings us to Eq. (2).

gointer = (ot - (Dw (2)

where @, is the volumetric water content. The total porosity and
volumetric water content can be calculated in turn using Egs. (3)
to (4), respectively (GHEZZEHEI & OR, 2003).

v, V.=V 3)
14 V.

t t

@, =
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where V, is the volume of voids, ¥, is the overall volume of the
sample, V, is the volume of solids only, and ¥V, is the volume of
water. The overall volume of the sample is the volume after com-
pression and can be calculated through Eq. (5). (GHEZZEHEI

AND OR 2003)
V=Hd 5)

where H is the soil sample height, and d is the soil sample diam-
eter. The volume of solids can be calculated using Eq. (6).
(GHEZZEHEI AND OR 2003)
v, =2 ©)
pS
where M _ the mass of solids is equal to M, divided by (1 + water
content), M, is the total mass and o, is the particle density. The
volume of water can be calculated by dividing the mass of water
by the density of water as in Eq. (7). (GHEZZEHEI AND OR
2003).
v, =t ™)
P

Therefore, the double-porosity value for this study can be
calculated by using Eqgs. (1) to (7) with the parameter values such
as H=0.1m, d=0.094m, p,=2.66 Mg/m*, M, (sample 1) =
1.012 kg, moisture content sample = 30%. By using these values
as mentioned, the inter-aggregate porosity and intra-aggregate
porosity for sample was calculated as 0.24 and 0.34, respectively.
It is evident that the 30% moisture content used in this study falls
within the range established from the available literature, as the
moisture content at field capacity ranged from 0.226 to 0.40
(FOOD AND AGRICULTURE ORGANIZATION 2005; IN-
TERNATIONAL ATOMIC ENERGY AGENCY 2008). Thus,
the total porosity was 0.24 + 0.34 =0.58.

The method used to prepare the aggregated kaolin soil sam-
ple has been based on the established method by BAGHERIEH
etal. (2009). The preparation of the kaolin soil sample used 30%
water content, which was based on the value of the liquid limit,
and optimum moisture content for kaolin soil was 28%. Thus, the
dried kaolin powder was mixed with 30% water content and con-
stant pouring of distilled water was applied to control the water
content within the mixture. The mixture was kept in cool condi-
tions for a minimum of 24 hours to equalise the mixture which

was placed in a plastic bag for the purpose of maintaining the soil
moisture content. Then the mixture was broken by hand and
passed through a 2.36mm sieve to obtain kaolin granules to cre-
ate the double-porosity soil structure. A pre-determined amount
of kaolin granules with a weight of 0.93Kgwas placed in a circu-
lar acrylic soil column and compressed to a height of 100mm us-
ing a compression machine at a compression rate of 1kgf/cm?.
The 100mm height of soil sample was chosen to ensure uniform-
ity throughout the sample depth. The prepared aggregated soil
sample is shown in (Fig. 1).

The circular acrylic soil column with a sealed base with di-
mensions of 300 mm high x 100 mm-outer diameter and 94 mm-
inner diameter was used throughout the experiment. The circular
acrylic soil column was specially designed to be used on a vibra-
tion table and for the observation of the phenomena occurring
throughout the whole acrylic soil column. The acrylic soil col-
umn with a triangular base plate was securely fixed and bolted
on the vibration table in order to prevent any movement and
bouncing of the soil column during the vibration process.

The experimental setup and the acrylic circular soil column
showed similar effects when using either an economical vibration
table, or a shake table. To ensure that the vibration table func-
tioned well and could produce the same reliable data as the shake
table, the vibration table frequencies must be calibrated using a
high sensitivity accelerometer together with a Dewesoft Sirius
System data-logger to check and obtain the excitation frequency
for the vibration table. The vibration table with a built in fre-
quency control panel was vibrated in the vertical direction.
BARRY et al. (2008) reported that major earthquakes have an
upper frequency of 20Hz. However, this can be much lower de-
pending on the seismic activity. A moderate to low seismic earth-
quake such as the one that struck Ranau, Malaysia is one such
example. This 6.0 magnitude earthquake had a peak ground ac-
celeration of 0.12g (HARITH et al., 2017). Thus, based on the
details, seismic activity and SeismoSignal software analysis dis-
play an approximate vibration frequency of only 0.95Hz. Fol-
lowing this, vibration frequency in the range of 0.29Hz to 0.98Hz
was adopted in this study. The coupling system between the ac-
celerometer and soil used soft plasticine with a strong bonding
characteristic. Meanwhile, another accelerometer was attached
to the vibration table near to the soil sample with the same pro-
cedure. The vibration table setup used to vibrate the aggregated
soil sample was developed by LOKE et al. (2017) as shown in

(Fig. 2).

Figure 1. The prepared kaolin soil

Figure 2. 3D diagram of vibration table setup (LOKE et al., 2017)
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Figure 3. a) Sample 1 after vibration process with fracture. b) Sample 2 after
vibration process with fracture.

The result of the fractured soil pattern with 30% moisture
content for samples 1 and 2 after the vibration process are shown
in (Fig. 3). The theory of fractured double-porosity was to prove
that the vibration effect had caused the double-porosity soil to
fracture. The fracturing on the top of soil can be clearly seen.

2.2. Laboratory experiment and image processing
setup procedure

The circular acrylic soil column containing fractured double-
porosity soil was used to observe and monitor the LNAPL migra-
tion that occurs inside the whole circular column area with the
aim of simulating groundwater contamination and non-intrusion
of the original soil sample setup. In each sample, the experimen-
tal measurement and setup of the V shape mirror and soil column
position was arranged as shown in (Fig. 4) for LNAPL migration
image acquisition.

A Nikon D90 DSLR digital camera was used for LNAPL mi-
gration image acquisition at specific time intervals. The camera
comes equipped with a sensor size of 23.6mm x 15.8mm and used
a medium size image format of 3216 x 2136 pixels resulting in
each pixel having a size resolution of 5.6um x 5.6um. During the
process of image capture, a remote control was used to prevent
movement and shaking of the camera. To soften the problem of
insufficient image acquisition, this experiment used a single dig-
ital camera, and two mirrors for reflection positioned behind the
circular soil column were adjusted to enable a clear image facing
the digital camera. In addition, on the spot images of the LNAPL
migration throughout the whole area of the soil column circum-
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V Shape Reflection Mirror
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Soil Column
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Digital Camera

O

Figure 4. Digital image acquisition experiment setup and measurement posi-
tion

ference can be captured by just a single click of the digital cam-
era. The experiment light source came from a light output of 2600
lumens/watt that was secured above the soil column. A white pa-
per with pre-drawn gridline (20mmx20mm) was first sheathed
onto the soil column and used as a control point on the reference
image. The experiment started by instantaneously pouring the
LNAPL into the top centre of the fractured soil sample in the cir-
cular acrylic soil column. Sample 1 used 70ml of toluene, while
150ml of toluene was used in soil sample 2. The toluene for both
experiments was dyed red using Oil-Red-O powder to enhance
the visibility during the migration process. After the toluene had
covered the whole surface area of the fractured soil sample, the
first digital image of toluene migration was captured. In both ex-
periments, subsequent digital images were taken at specific time
intervals to capture the LNAPL migration. A total of 76 images
were subsequently recorded over 5 minutes for soil sample 1,
while 19 images were captured in 57 seconds for soil sample 2.
The digital images captured for both experiments were
saved in JPEG format as shown in (Fig. 5) and transferred to
computer for image processing analysis using Matlab and Surfer
Software. The Matlab routines were used to perform the follow-
ing task; to extract an area of interest from the captured image
and to transform the area of interest from the distorted image to
a scale image via the affine transformation method; to convert
the JPEG scale images to Red Green Blue (RGB) and Hue Satu-
ration Intensity (HSI) images; to extract HSI digital value from
HSI image and save the HSI value in a text file format. Then,
Surfer software was used to digitize the control point from the
reference image and to generate a map or plot the migration pat-
tern of LNAPL in porous media using the HSI value. A reference
image was digitized with the area of interest, which refers to a
pre-determined migration boundary area (front image and V
shape reflection image) for the experiment that contained the
LNAPL. Finally, the contour plot pattern was plotted for the
LNAPL migration in fractured porous media based on the gen-
erated HSI value from image processing analysis. The HSI con-
tour plot of LNAPL migration behaviour can provide detailed
information to facilitate researchers to understand the pattern of
LNAPL migration characteristic and the migration flow.



Abd Rahman|et al.: Vibration effect influence upon non-aqueous phase liquid migration in double-porosity soil 167

Figure 5. Digital image in JPEG format

3. RESULTS

The results of the surface acceleration and vibration table accel-
eration for samples 1 and 2 with 30% moisture content are shown
in (Fig. 6). Each frequency range has a different response, how-
ever only the peak acceleration has been chosen for discussion.
Referring to (Fig. 6), the acceleration response result shows the
highest peak soil surface acceleration value at 1.52g and the low-
est peak soil surface acceleration value at 0.44g, with the highest
soil surface acceleration response observed to be at the middle of
the vibration table excitation frequency range.

The pattern and relationship could be seen to increase in re-
lation to table acceleration. Therefore, it has been observed that

Acceleration (g)

029Hz 034Hz 0398z 049Hz 0681z 0981z
Time (Sec)

a

the gradual increase of vibration table excitation frequency
yielded different responses from the respective soils. Further-
more, during the observations of samples 1 and 2, the aggregated
kaolin soil started to fracture at a frequency of 0.39Hz and when
the peak surface acceleration was about 0.91g. The fractured soil
sample displayed dis-amplification shaking because the soil was
still in the stiff condition. Therefore, based on Eurocode 8 (2004)
part 1 for classification of ground type, samples 1 and 2 have
ground type B, which has a very stiff soil, because soil sam-
ples 1 and 2 with 30% moisture content have dis-amplification
shaking during the vibration process.

The results of the LNAPL migration process for the top soil
surface with the divided measurement of actual size column cir-
cumference zone for samples 1 and 2 are shown in (Fig. 7). The
downward migration pattern of the HSI contour plot of dyed
LNAPL with 70 ml and 150 ml in the fractured double-porosity
soil sample with 30% moisture content for samples 1 and 2, re-
spectively, are shown in (Fig. 8). In both samples, given the
method of introduction of the solution to the soil surface, the flow
of the LNAPL would have migrated into the kaolin soil sample
before the whole soil sample surface was covered. The test sam-
ples exhibited a distinctive aggregation of kaolin granules after
the vibration effect and the width of the fractured soil surface in
the vibrated sample was measured by using a crack width micro-
scope model 58-C0218. The results of the fractured soil surface
for samples 1 and 2 were 0.8mm and 1.3mm, respectively.

In sample 1, the selected HSI plots of dyed LNAPL migration
at intervals of 5, 120, 240, and 300 seconds, respectively, are
shown in (Fig. 8a). According to the HSI intensity contour plot
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15 0.29H: 0.34H: 0.39Hz 0.49H 0.68H: 0.98Hz
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Figure 6. a) Surface acceleration response b) Vibration table acceleration response for sample 1 and 2 with 30% moisture content.

ore

a

Figure 7. a) Sample 1 (70 mI LNAPL). b) Sample 2 (150 ml LNAPL) migrated soil surface with measurement of actual column circumference zone.
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Figure 8. a) Sample 1 (70ml LNAPL). b) Sample 2 (150ml LNAPL) HSI plots of downward migration in fracture double-porosity soil

result, the flow of the dyed toluene migration was not consistently
downward toward the front x-axis horizontal line as the fractured
double-porosity soil was non-homogenous. Rapid migration oc-
curred at the cracked soil surface compared to uncracked areas of
the soil surface as shown in (Fig. 7a). For the dyed LNAPL to
completely recede from view over the whole soil surface area of
the test took about 4 seconds, which is very rapid. Meanwhile, the
overall duration for dyed LNAPL migration from the top surface
to the bottom was 300 seconds and further observation at 600
seconds showed no changes in migration pattern where the
LNAPL migration reached 100% downward depth of the soil col-
umn. At 5 seconds after the commencement of the experiment,
the dyed LNAPL migration reached three quarters of the test sam-
ple depth at the location of the fractured soil surface (Fig. 8a).The
LNAPL (70ml) could migrate to the bottom in 300 seconds. This
is because the capillary force that was exerted by a small quantity
of the LNAPL was not sufficient enough to help migration rate.
In sample 2, the intervals of 5, 24, 36 and 57 seconds, respec-
tively, were selected for dyed LNAPL migration HSI contour plot

(Fig. 8b). The LNAPL migration was similar to the results found
in sample 1. The flow of dyed LNAPL migration was not uni-
formly downward at the front boundary horizontal line due to the
inhomogeneity of the fractured double-porosity soil structure. At
5 seconds after the initiation of the experiment, the dyed LNAPL
migration reached three quarters (3/4) of the test sample at the
location of fractured soil surface (Fig. 7b). It took about 24 sec-
onds for the dyed LNAPL to completely disappear from the top
soil surface area into the fractured soil sample of the test. Mean-
while, the overall duration for the dyed LNAPL migration from
the top surface to the bottom was 57 seconds and further obser-
vation at 300 seconds showed no changes in migration pattern
where the LNAPL migration fully reached 100% depth of the soil
column.

From the results, it can be seen that soil sample 2 had the
faster migration as a shorter time was taken for the LNAPL to
reach the bottom of the soil column. Soil sample 2, with the frac-
tured width of 1.3mm, had a greater entry pressure compared to
sample 1 with a 0.8mm wide fracture because the fracture width
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a) Sample 1 LNAPL thickness with 10mm

Figure 9. The LNAPL thickness for sample 1 and 2

b) Sample 2 LNAPL thickness with 23mm

Column circumference (mm)

0 50 100
20

20 N
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Column migration depth (mm)
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Figure 10. Measured values of LNAPL migration depth as a function of column circumference for selected critical time interval in sample 1.

controlled the entry for the liquid migration into the fractured
double-porosity soil. The driving force with which a LNAPL re-
lease could migrate into the unsaturated fractured double-poros-
ity soil is determined principally by the LNAPL thickness (the
height of the LNAPL release above the soil surface) because the
LNAPL release was initially greater. However, the LNAPL thick-
ness could reduce and dissipate with time finally leading to the
migration of LNAPL into the fractured double-porosity soil. The
LNAPL thickness for samples 1 and 2 are shown in (Fig. 9) and
are 10mm and 23mm, respectively. Dissipation times of the lig-
uids were 4 seconds and 24 seconds, respectively for the two sam-
ples for total migration from the soil surface into the soil. Of the

two samples, sample 1 migrated faster compared to sample 2 due
to greater entry pressure. Sample 2 entry pressure was lower due
to greater LNAPL thickness and the larger quantity of the
LNAPL.

Furthermore, migration behaviour and migration rate dif-
fered between samples 1 and 2 with a shorter migration time for
sample 2 because of the capillary force exerted by the dyed
LNAPL pressure in the top surface of the soil sample that had yet
to migrate into the soil sample. This is seen by the darker satura-
tion colour in the 5 second HSI plot in sample 2 compared to sam-
ple 1. In addition, air bubbles were continuously observed at the
soil surface of LNAPL to be reducing due to the wettability of

Column circumference (mm)

0 50 100

200 gt e - N
40

60

Column migration depth (mm)

150 200 250 300

120

5 Second 12 Seconds 24 Seconds

—36 Seconds 48 Seconds —57 Seconds

Figure 11. Measured values of LNAPL migration depth as a function of column circumference for selected critical time interval in sample 2.
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Table 1. Migration flow rate for every 50mm column circumference.
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Migration Flow Rate (mm/s)

Column Circumference Soil sample 1 (70ml LNAPL)

Soil sample 2 (150ml LNAPL)

it i) Higher Flow Between Initial Average Flow for All the Time Higher Flow Between Initial Average Flow for All the Time
to 5 Seconds Interval to 5 seconds Interval

0 0.837 2.833 16.917 4.669

50 0.598 2522 76.778 12.927

100 0597 2.703 20.551 5.343

150 12.397 4.579 11.834 3.656

200 18.837 5.586 14.797 3.894

250 61.403 9.145 14.238 3.814

300 11.946 3.353 15.900 4218

the liquid in the soil sample. Referring to (Fig. 8), the consistency
of the colour showed primary porosity to be present in that par-
ticular area and the LNAPL migration occurred through the pri-
mary porosity in addition to both secondary porosity and frac-
tured porosity. This study also used the partially unsaturated
fractured double-porosity soil and the permeability test for kaolin
soil proved kaolin has permeability characteristic, thus it could
be expected that primary porosity could transport the LNAPL,
not just the secondary and fractured porosity.

The measured values of dyed LNAPL migration depth as a
function of column circumference for selected critical time in-
tervals are shown in (Figs. 10 and 11) for samples | and 2, re-
spectively. Referring to (Fig. 10), the dyed LNAPL migrated
fastest between 240 to 300 mm and 160 to 180 mm along the soil
column circumference because of the cracked soil surface con-
dition compared to other locations on the soil surface that were
not cracked as shown in (Fig. 7a). The dyed LNAPL migration
was dramatically expedited between 5 seconds and 120 seconds,
which shows the extraordinary difference in migration patterns.
This could be because the factor of dyed LNAPL pressure was
high at initial condition of the fractured double-porosity soil,
causing the LNAPL to easily penetrate downward into the
cracked soil sample.

Based on (Fig. 11), the dyed LNAPL migration was fastest
between 50 to 90 mm and 110 to 140 mm along the soil column
circumference. The measured actual column circumference zone
as shown in (Fig. 7b) indicated the location of the surface crack.
The dyed LNAPL migration was expedited between 5 - 12 sec-
onds, which indicates significant changes in the migration pat-
tern. This phenomena was similar to sample 1, where the influ-
ential factors were the capillary force exerted by the dyed LNAPL
and high flow water pressure at the condition where the soil sam-
ples were fractured and cracked. Besides, soil sample 2 with the
sufficient LNAPL head and LNAPL thickness exceeded pore en-
try pressure and caused the migration time to be faster compared
to soil sample 1. Therefore, the aforementioned factor caused the
dyed LNAPL migration to penetrate downward into the soil sam-
ple easier and faster.

The calculated higher migration flow rate and overall aver-
age speed for every 50 mm column circumference zone is pre-
sented in Table 1. Sample 1 shows the higher migration flow rate
from initial to 5 seconds was at the 250 mm column circumfer-
ence zone with the migration flow rate of 61.403 mm/s. Mean-
while, the other high migration flow rates occurred at 200 mm
and 150 mm column circumference with the value of 18.837 mm/s
and 12.397 mm/s, respectively. Thus, the overall average dyed
toluene migration flow rate for sample 1 is 4.389 mm/s. The high-
est average migration flow rate was at the 250 mm column cir-

cumference zone at 9.145 mmy/s. This could be because the larger
fractured and cracked soil structure after the vibration was at the
250mm position.

Sample 2 displays the higher migration flow rate from initial
to 5 seconds at 50 mm column circumference zone with the mi-
gration flow rate of 76.778 mm/s. Meanwhile, the column circum-
ference zone at 100 mm and 0 mm also has a high migration
speed rate with the values of 20.551 mm/s and 16.917 mm/s, re-
spectively. The higher migration speed rate was due to the
cracked or fractured soil sample surface (Fig. 7b) for the actual
column circumference. Therefore, the overall average dyed tolu-
ene migration flow rate for sample 2 is 5.503 mm/s. This scenario
occurred because the higher quantity of 23mm thickness of
LNAPL (head) in sample 2 caused the greatest pressure on top
of the soil surface, forcing penetration to be faster than soil sam-
ple 1 with only 10mm LNAPL thickness. The faster migration
was caused by the greater entry pressure exerted by the LNAPL
force on top of the fractured soil sample.

4. CONCLUSIONS

The laboratory experiment on LNAPL migration was carried out
on fractured double-porosity soil with 30% moisture content. This
purpose of the experiment was to investigate the vibration of soil
sample and LNAPL behaviour as well as to differentiate the char-
acteristics and flow rate in the fractured double-porosity soil in a
circular soil column. The digital image processing technique us-
ing a self-development Matlab routine and Surfer Software was
applied to analyse the APL and NAPL migration data obtained
from captured digital images. From the results observed, both
samples have been classified as ground type B, in which the
soil has a very stiff soil structure and dis-amplification shak-
ing during the vibration process. In sample 2 (57 seconds)
LNAPL migrated faster from top to the bottom of soil column
compared to sample 1 (300 seconds). Samples 1 and 2 both fully
migrated to the bottom of the soil column. Furthermore, sample
2 average flow rate of 5.503 mm/s was higher compared to the
sample 1 flow rate of 4.389 mm/s. The LNAPL migration into the
subsurface systems was allowed when the LNAPL head (thick-
ness) drives the entry, as the non-wetting LNAPL capillary pres-
sure overcomes the entry pressure. A similar experiment on
NAPL migration in intact double-porosity soil by SA’ARI et al.
(2015) found that the migration of NAPL from top to bottom take
2280 seconds. However, in our study similar migration condition
for both sample took only 57 and 300 seconds, respectively, to
reach bottom of soil column with the condition of fractured dou-
ble-porosity soil. This shows the ease of liquid entry into the frac-
tured double-porosity soil compared to intact double-porosity soil.
The results proved that the factors that significantly influenced
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the LNAPL migration in soil samples 1 and 2 were the LNAPL
head (thickness), soil sample fracture pattern, soil sample poros-
ity, soil sample structure, liquid wettability in the soil sample and
liquid capillary pressure. In conclusion, this study indicates that
the soil sample acceleration response and LNAPL migration con-
tour plots and the migration flow rate have provided preliminary
information to researchers and professionals to comprehensively
understand the pattern of LNAPL migration behaviour that could
be used to identify the remediation method and to ensure sustain-
able consumption of groundwater.
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