
1. Introduction 

Light non-aqueous phase liquids (LNAPLs), such 
as petroleum products, can pose significant 
contamination risks to the groundwater when released 
in the vadose zone. Efficient and cost-effective 
remediation of these releases should be guided by field 
data, which, in turn, should be interpreted by numerical 
models using the appropriate assumptions. 

Modeling of multiphase flow requires that the 
constitutive relations between relative permeability (k),
saturation (S) and pore pressure (p) of the fluids are 
known in order to solve the governing flow equations 
(Kechavarzi et al., 2000). Of these three variables, 
saturation has proved to be the most elusive to deal 
with when working in dynamic environments, and 
modern non-intrusive non-destructive methods, such as 
gamma ray or conventional X-ray attenuation 
techniques, while expensive, do not allow the 
acquisition of dynamic fluid saturation distribution in 
entire domains at one time (Darnault et al., 1998).  

This study assesses the suitability of an image 
analysis method as a tool to measure water and light 
non-aqueous phase liquids (LNAPLs) saturation 

distributions in whole domains, when evaluating the 
effects of groundwater fluctuations on LNAPL 
migration in the subsurface for fully saturated porous 
media. 

2. Image Analysis 

The transmittance  defines how much light is 
transmitted through a photographic negative and can be 
written as: 

t

o

I
I

 (1) 

where It and Io are the transmitted and incident 
luminous intensities, respectively. 

The optical density Dt is related to the 
transmittance as: 

10logtD  (2) 

The average optical density Di is defined for the 
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reflected light intensity as: 
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where N is the number of pixels contained in the area 
of interest and, for a given spectral band i, dji is the 
optical density of the individual pixels, Iji

r is the 
intensity of the reflected light given by the individual 
pixel values, and Iji

0 is the intensity of the light that 
would be reflected by an ideal white surface 
(Kechavarzi et al., 2000). 

For this study, 50 different Toyoura sand samples 
were mixed with different amounts of blue-dyed water, 
and were immediately photographed with a consumer 
grade digital camera, Nikon D70s, using a 500 nm 
band-pass filter. A Kodak gray scale was located next to 
each sample to provide for a constant white reference, 
and a glass plate was placed over each sample. Great 
care was taken on including saturation values below 
10% in order to account for the lower limits in 
drainage/imbibition processes. Final values ranged 
from 2% to 68%. 

Pictures were analyzed with MATLAB R2006a, 
and the values for average optical density 
corresponding to each sample were calculated. Results 
are plotted in Fig. 1. 
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Fig. 1 Average optical density vs. saturation 

A logarithmic relation was observed between 
average optical density and saturation: 
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It was found (Fig. 2) that the effect of the blue dye 
(Brilliant Blue FCF, 1:10000) was an increase in the 
slope of the Di – S regression curve when plotted on a 
semi logarithmic chart, resulting in a more precise 
saturation estimation. 

Pictures were taken to sixteen of samples with and 
without the top glass plate. It was found (Fig. 3) that the 
effect of the glass plate was a parallel displacement of 
the Di – S regression curve when plotted on the same 
semi-logarithmic chart. 
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Fig. 2 Effect of blue dye on the slope of Di-S curve 
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Fig. 3 Effect of the glass plate on the Di-S curve 

3. Air – Water Experiment 

A 3.5×3.5×50 cm one-dimensional column with a 
transparent glass-wall (Fig. 4) was designed in order to 
study, with the help of the image analysis method tested 
previously, the behavior of a lowering groundwater 
table in a Toyoura sand column (Fig. 5). 

The column was initially filled with fully saturated 
Toyoura sand. The water tank was quickly lowered 40 
cm from its original position, to a height of 5 cm over 
the bottom of the column, and the water inside the 
column was let drain. The top of the column was let 
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open to avoid producing a vacuum effect. Digital 
pictures were taken following the frequency showed in 
Table 1. The camera was set to automatic mode. One 
500 W floodlight was turned on 30 seconds before 
taking each picture, and was turned off right after it, to 
avoid changing the temperature of the column. 

Fig. 4 Column design 

Fig. 5 Experimental system design 

Table 1 Frequency for digital pictures 

Hour Frequency 
0 to 0.5 1 min 
0.5 to 2 5 min 
2 to 4 10 min 
4 to 6 30 min 
6 to 12 1 hour 
12 to 24 4 hours 
24 to 32 8 hours 

The values of average optical density for different 
heights were calculated. Results are plotted in Fig. 6.  
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Fig. 6 Average optical density vs. time 

To account for the effects of the variable external 
light during the experiment, which resulted in variable 
values of Di for points that kept constant saturation 
values (e.g., h = 15 cm), the previous graphic was 
adjusted so that Di for h = 10 cm (the lower point 
analyzed, which was fully saturated during the whole 
experiment) was constant at all times (Fig. 7). 
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Fig. 7 Adjusted average optical density vs. time 

To account for the effects of non-parallel light 
beams, which resulted in all points having different Di

values for t = 0 hr (even though the column was fully 
saturated at all heights), the differential in average 
optical densities ( Di), referred to the picture taken at 
time t = 0 h, were calculated and plotted (Fig. 8). 
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Fig. 8  Average optical density vs. time 

－ 401 －



Using Equation (4) to calculate two different 
values of average optical density, subtracting one from 
the other, and operating, the following relation is 
obtained: 

1
1 0
500 500 00.0397 ln w

w

S
D D

S
 (5) 

Equation (5) is used to obtain saturation values 
(using Sw

0 = 1). The results are plotted in Fig. 9. 
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Fig. 9 Water saturation vs. time 

The appearance of some inconsistencies during the 
analysis (e.g., higher saturation values on the top layers 
than on the bottom ones during the first hours) 
demonstrated that the method was highly sensitive to 
variations in lighting conditions. In order to minimize 
errors in next experiments, the following measures are 
suggested: 
1. All external sources of light (doors and windows) 

should be sealed with opaque materials, and two 
floodlights instead of one should be used to 
minimize the effect of external light. 

2. Camera should be set in manual mode so that 
aperture, shutter speed and white balance are kept 
constant during the whole experiment. 

3. More than one gray scale should be located next to 
the column at different heights, to take into 
account the effect of non-parallel light beams. 

4. LNAPL – Water Experiment 

For this experiment, the column was filled again 
with fully saturated Toyoura sand. Two tensiometers, 
one hydrophilic and one hydrophobic, modified 
according to Kamon et al. (2003) and Kamon et al.
(2007), were installed at mid-height to measure pore 

pressure. Preliminary experiments to obtain calibration 
curves were conducted prior to the column test, and 
they are shown in Fig. 10. 
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Fig. 10 Calibration curves of the tensiometers 

The experiment was divided in two parts, drainage 
and imbibition, the first one from t = 0 hr to t = 72 hr, 
and the second one from t = 72 hr to t = 96 hr. 

For the first part, the water tank was quickly 
lowered 40 cm from its original position to a height of 
5 cm over the bottom of the column, and the water 
inside the column was let drain. LNAPL was infiltrated 
into the column from the top through the porous stone. 
Excess LNAPL drained through the spillway, which 
controlled the total height of the fluid table, assuring 
that the sand was kept fully saturated at all times. The 
top of the column was let open to avoid producing a 
vacuum effect. The drainage part of the experiment 
took 72 hours. 

After the end of the drainage part, the water tank 
was quickly raised to a height of 74.3 cm over the 
bottom of the column and the water table inside the 
column moved up due to the upward water pressure. 
The LNAPL that infiltrated into the column during the 
drainage process was displaced by the water and 
flowed out of the column trough the top spillway. 
Water was infiltrated into the column from the bottom 
at the same rate as the LNAPL displacement, and the 
sand continued to be kept fully saturated at all times. 
The top of the column was let open to avoid producing 
overpressure. The imbibition part of the experiment 
took 24 hours. 

During both parts, digital pictures were taken 
every 30 minutes. The camera was set to manual mode 
and all pictures were taken with the same aperture, 
shutter speed and white balance settings. Two 500 W 
floodlights were turned on 30 seconds before taking 
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each picture, and turned off 30 seconds after that, to 
avoid changing the temperature of the column.  

The values of average optical density for several 
different heights were calculated. Results are plotted in 
Fig. 11. As in the first case, the curve was adjusted and 
allowed us to calculate the water saturation distribution 
over time. Since the column was fully saturated at all 
times, LNAPL saturation was calculated as the 
difference between 100% and water saturation (Fig. 
12). 
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Fig. 11 Average optical density vs. time 

0 20 40 60 80 100
0

20

40

60

80

100

100

80

60

40

20

0

Time (hr)

W
at

er
 S

at
ur

at
io

n 
(%

)

LN
A

PL
 S

at
ur

at
io

n 
(%

)

40 cm
35 cm
30 cm
25 cm
20 cm
15 cm
10 cm
5 cm

Fig. 12 Saturation vs. time 

Fig. 12 depicts accurately the moments at which 
the LNAPL front crossed the analyzed points during 
the drainage process (i.e., the moments when water 
saturation drops from 100%). It can be noticed that the 
receding water front slowed over time, as can be seen 
by the increasingly larger periods of time that the 
LNAPL front needed to displace the water. This 
occurred due to the increase in pore pressure values 
(Fig. 13), which meant a decrease in the suction 
(negative pressure) of the receding water table. 

The imbibition process seems to have two 
different slopes, a steep one the first 8 hours, and a 
moderate one the remaining 16 hours. It appears that 
this happens because at the beginning water can easily 
displace the pore entrapped LNAPL but, once LNAPL 
is reaching its residual saturation limit, water can not 

displace it as easily as before, and the process 
decelerates. 
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Fig. 13 Capillary pressure vs. time (h = 25 cm) 

The overall results show that LNAPLs, despite 
being fluids with densities lower than water, might 
remain below the groundwater table, as residual 
LNAPL saturation, during imbibition processes. 

Comparing capillary pressure vs. time (Fig. 13) as 
recorded by the tensiometers, and saturation vs. time 
(Fig. 12), it can be seen that water saturation and pore 
pressure have opposite behaviors: during the drainage 
process, while the water table fell and the water 
saturation of the sand decreased, the capillary pressure 
increased accordingly. Inversely, during the imbibition 
process, while the water table raised and the water 
saturation increased, the capillary pressure decreased. 
There is, in fact, a good correspondence among water 
saturation, capillary pressure and the water table 
displacement. 

The water S-p relation is obtained by plotting 
together saturation and pore pressure values (Fig. 14). It 
can be seen that this relation follows different paths 
when in a drainage process or in an imbibition process, 
making it clear the hysteretic nature of the S-p relation. 
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The parameters of the fitting curve following the 
model developed by van Genuchten (1980) are 
reported in  

Table 2, and the corresponding equations in 
Equation (6). They correspond nicely, for the drainage 
part (analysis not shown in this paper), to those 
reported by Li (2005) and Kamon et al. (2007) in a 
previous experiment.  

1
1 4.50

1 1/ 4.50

1
1 1.18

1 1/1.18

1.00 1
0.05

0.89 1
5.00

drainage

imbibition

p S

p S

 (6) 

Table 2 Fitted parameters of the S-p VG model 

 n Swi Swr

Drainage 0.05 4.50 1.00 0.17
Imbibition 5.00 1.18 0.89 0.17

From the saturation vs. time data (Fig. 12), the 
total amount of infiltrated LNAPL at t = 72 h was 
calculated as 149.74 ml (analysis not shown in this 
paper). The real amount of infiltrated LNAPL, as 
registered during the experiment, was 138.01 cm3. This 
means that the volumetric error, as calculated by this 
method, was less than 10%. 
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Fig. 15 Tensiometers response to 500 W lamps 

During the study it was found that the hydrophobic 
tensiometers were affected by the external light. As can 
be seen in Fig. 15, the voltage reported by the 
hydrophobic tensiometer (LNAPL) dropped right after 
the lamps were turned on (in this case, at t = 30 min), 
kept dropping for 30 seconds after the lights were 

turned off (t = 31 min), and then slowly recovered for 7 
– 8 minutes. The voltage reported by the hydrophilic 
tensiometer (Water) showed no change. 

It appears that the small amount of LNAPL that 
was introduced in the shaft as part of our process to 
transform a hydrophilic tensiometer into a hydrophobic 
one (Kamon et al., 2003; Li 2005; Kamon et al., 2007) 
has a large coefficient of thermal expansion. This 
would have caused the LNAPL to expand after heated 
by the light beams, increasing the pressure in the shaft 
which was interpreted by the tensiometer as an increase 
in external pressure. According to Fig. 10, increases in 
pressure are reported by the tensiometer as 
displacements in voltage values to the negative side, 
which is what can be seen in Fig. 15. 

It is recommended for future experiments that 
require these modified tensiometers, to protect them 
from external light sources to avoid incorrect pressure 
measurement. 

5. Conclusions 

This study analyzed the suitability of an image 
analysis method to assess water and LNAPL saturation 
values in porous media under fluctuating groundwater 
conditions, as a tool to be used for environmental 
geotechnical studies on the mechanisms of LNAPL 
migration in subsurface.  

A logarithmic relation was found between average 
optical density and saturation for different soil samples, 
when including in the analysis saturation values as low 
as 2%. This equation allowed us to calculate water 
saturation distribution over time in a porous medium 
one-dimensional column, in two different two-phase 
experiments (air-water and LNAPL-water) which, in 
turn, permitted us to study the fate of a LNAPL as 
contaminant, when faced to a fluctuating groundwater 
table. 

The study confirmed the expected behavior that 
LNAPLs in occasions remain below the groundwater 
table, as residual LNAPL saturation, during imbibition 
processes. 

The results obtained by the image analysis method 
reviewed here demonstrated that this technique, while 
relative inexpensive, provides with fairly good 
information about the water saturation distribution over 
time in an entire column domain, for air-water and 
LNAPL-water two-phase systems.  
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