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ABSTRACT

The degree of saturation of ground is conventionally measured at discrete points using transducers, soil moisture
sensors, etc. In this paper, a novel method was developed to directly measure the degree of saturation of continuous
region of ground by noting the variation in color of the ground as the amount of moisture in the soil changes. In this
research, a series of experiments was conducted for the purpose of developing a method to measure the degree of satu-
ration of ground by digital image processing. From photo images taken at various soil moisture contents, the colors of
the images were converted into numerical values which were then related to known degrees of saturation. The results of
the experiments showed that a method to measure the degree of saturation of ground by image processing was possi-
ble. The relation between degree of saturation and luminance value can be expressed in terms of second degree func-
tion. Good results were obtained for two soil samples with diŠerent colors and grain size distributions. The margin of
error was in the order of ±5z. The method was validated through vertical seepage tests, where good agreements were
obtained between the measured degrees of saturation by tensiometers and those estimated from the proposed method.
The method illustrates the possibility of measuring the degree of saturation of a larger portion of the ground, which is
di‹cult to perform using conventional procedures. With this method, contour diagrams of degree of saturation can be
produced, making it possible to visualize the propagation of the saturated region.
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INTRODUCTION

The amount of water in soil, often expressed in terms
of the degree of saturation, Sr, plays an important role in
deˆning many soil properties, such as strength and
permeability. Conventionally, Sr is determined in the
laboratory by taking small amounts of soil samples and
comparing their weights before and after drying (e.g.,
Luthin and Miller, 1953; Bruce and Klute, 1956).
Although this direct method is inexpensive and easy to
implement, it is destructive, time-consuming and does
not allow for making repetitions at the same location.

Alternatively, many direct methods are available, such
those that make use of electrical resistivity (Umeda,
1969), neutron moderation (Falleiros et al., 1993), gam-
ma ray densitometry (Gurr, 1962) and dielectric
capacitance (Uno, 1970; Topp et al., 1990). Some of the
dielectric-based methods which use empirically calibrated
relationships between volumetric water content and sen-
sor output signal include time domain re‰ectometry (Nis-
sen et al., 1998), amplitude domain re‰ectometry

(Nakajima et al., 1998) and frequency domain re‰ecto-
metry (Lukangu et al., 1999). Indirectly, the degree of
saturation can be estimated from soil water characteristic
curve based on measured matric suction of the soil, which
in turn can be obtained using tensiometers, high air entry
ceramic disk, etc. (Fredlund and Rahardjo, 1993).

A major drawback of these methods is that only the Sr

at discrete points are measured, and hence do not give an
indication of the amount of water in a large region of the
ground. Of course, more sensors placed at shorter inter-
vals can be installed in the ground to give a better idea of
the distribution of soil moisture in the entire ground;
however, the cost involved may be prohibitive for practi-
cal purposes. Moreover, the presence of sensors installed
in the ground may in‰uence the measurement of Sr.

Recent developments in digital technology have led to
the development of various image analyzing techniques
to examine diverse engineering problems. In hydrology
and water resources, for example, image analysis
methods have been valuable tools in tracing the move-
ment of immiscible contaminants, such as oil and other
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Fig. 1. Grain size distribution curves of the soils used

Table 1. Index properties of the soils used

Sample rs

(g/cm3) emax emin
D50

(mm)
rd at test
(g/cm3) e at test

Toyoura sand 2.643 0.973 0.635 0.200 1.550 0.705

Tottori silt 2.665 2.127 1.118 0.019 1.149 1.320
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non-aquaeous phase liquids (NAPL), in unsaturated het-
erogeneous porous media. For instance, Schincariol and
Schwartz (1990) performed physical model studies to in-
vestigate the unstable behavior of aqueous phase plumes
with densities larger than the ambient water by analysing
photographs of the transport and ‰ow phenomena. Dar-
nault et al. (1998) developed a method where the intensity
of transmitted light through a thin two-dimensional
‰ume was recorded and water saturation (in two-phase
NAPL-water experiments) was correlated to the average
hue (color) value of the pixels. Kechavarzi et al. (2000)
developed a technique to determine the saturation distri-
bution of NAPL, water and air using a digital infrared
camera and the saturation proˆles were determined based
on the measurement of the optical density deˆned for the
re‰ected luminous intensity of the sample.

Image analyses have also been used in geotechnical en-
gineering to investigate ground deformation and soil
movement velocities with high accuracy. Particle image
velocimetry (PIV), which was originally developed for
‰uid mechanics applications (Visualization Society of
Japan, 2002), has been applied to the measurement of the
local velocities within soil masses (White et al., 2003).
This visualisation method makes use of digital image
processing technology to obtain information on the dis-
tribution of the luminance value of the digital image
taken to quantify alterations in time and space with high
reliability. Digital image processing has been used recent-
ly, for example, in examining the quality rating of stones
and to categorize the degree of weathering of granite
through the color and tone of the stones (Urano et al.,
2006).

In this research, an innovative method of measuring
the degree of saturation of ground is proposed based on
the variation in the color of the ground as the soil
moisture changes. By taking photos of the ground using
digital cameras and converting the colors of the photo
images obtained into numerical values which can be asso-
ciated to known degrees of saturation, Sr of the whole
ground can be determined more easily. To validate the
method, experiments were performed on model grounds
under drained and undrained conditions and the results
obtained showed good agreement with the values ob-
tained using the conventional method.

DEVELOPMENT OF METHOD

Samples Used
In this research, experiments were conducted using two

types of soils: Toyoura sand and Tottori silt. The light
brown-colored Toyoura sand was selected because it is

popularly used in various studies related to the mechanics
of soils. On the other hand, to provide a stark contrast to
Toyoura sand, the gray-colored Tottori silt was chosen
because it has smaller particle size than Toyoura sand and
therefore has lower permeability. Note that in this
research, the measurement of Sr is based on the color of
soil images and therefore, the applicability of the method
has to be examined considering a wide range of soil sam-
ples. The grain size distribution curves of the soils are
shown in Fig. 1 while the index properties are listed in
Table 1.

Experimental Method
Equipment

In order to develop a method to measure the degree of
saturation of ground, diŠerent factors need to be exam-
ined and therefore, soil specimens that can be prepared
quite easily were preferred. For this purpose, an acryl-
type container, 5 cm high and 2.1 cm in diameter was em-
ployed ( see Fig. 2(a)). Moreover, in order to maintain the
amount of light constant, the locations of the three desk
lamps used were adjusted and curtains were employed to
shade the work site from unnecessary lights which may
aŠect the images taken. An ordinary digital camera com-
monly available in the market was used for taking digital
photos. In this research, the following settings were
adopted: shutter speed, Tv＝1/20 sec; aperture value, Av

＝4.5; image resolution＝0.05 mm/pixel; and camera
eŠective pixels＝2592×1944 pixels.

Experimental Procedure
A Soil sample was placed inside the acryl container

with its water content adjusted to a prescribed degree of
saturation and compacted to attain a relative density, Dr
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Fig. 2. Acryl type container: (a) photo image, and (b) experimental
set-up

Fig. 3. Relation between luminance value and number of pixels
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＝80z. The container with the sample in it was sealed,
set on the photo stand, and photos of the upper surface
were taken from the top using a digital camera ˆxed in
position ( see Fig. 2(b)). In this research, careful attention
was placed on the change in color of the specimen as the
amount of water in the sample was varied, and such a
change in color was converted into digital value which
could indicate the Sr of the soil. Note that each pixel of
the digital image has RGB scale values, which are the red,
green and blue scale values, and the color in each pixel is
expressed as a mixture of the RGB colours in each pixel,
which can range from 0 to 255. In this study, the average
of red, green and blue scale values in each pixel was used
to represent the intensity of color, referred to as the lu-
minance value, in each pixel. A high luminance value in-
dicates that the image is bright while a low value refers to
a dark image.

Note that the luminance value is greatly in‰uenced by
the quantity of light available when the photo image is
taken. For this purpose, the experiments were conducted
in a dark room, which was covered with the sun-block
curtains so that lights from other sources were negligible.
The only source of light was the desk lamps whose posi-
tions were adjusted so that they focused in three direc-
tions and light scattering was negligible. To maintain
constant condition, the positions of the desk lamps and
the stands, as well as the position of the camera were all
ˆxed. Thus, for a given series of tests, the only condition
that changed was that of the sample, i.e., only the sam-

ples were replaced. In the experiments, three saturation
levels were investigated, with Sr＝0z, 30z, and 60z
and the relation between each Sr and the corresponding
luminance value was examined. To see more clearly the
change in saturation level based on the variation in color
of the sample, a bright red food coloring agent was mixed
with water used. For consistency, the distance between
the test specimen and the camera lens was set to 120 mm.

Evaluation of Luminance Value
In this research, Sr is evaluated from the luminance

value of a particular image taken. However, the color in-
tensity of a particular photo image of soil particles is de-
pendent on the size/area of the image itself. This is be-
cause soil particles, which are of ˆnite size, have their
own respective colors which could aŠect the luminance
value of the area under consideration. This is especially
true in the case of small images whose sizes are of the
same order as the size of the soil grains being examined.
To minimize the eŠect of the color of each individual soil
particle, the luminance value within the area is averaged.
Obviously, as the size of the image being examined in-
creases, the scattering of the luminance value decreases
and the average value tends to approach a unique one.

In order to evaluate the optimum size of the image to
be analyzed, the photo images taken were cut into several
areas, each consisting of an arbitrary number of pixels,
and the average luminance value of each area was exam-
ined. A typical result for Toyoura sand is shown in Fig.
3. It is observed that the scattering of the luminance value
greatly decreases when the area considered exceeded 50
pixels, and the average value became constant when the
area has more than 150 pixels. From the above results, an
image measuring 200×200 pixels would provide a stable
value, and since this corresponds to an image measuring
about 1 cm×1 cm in size, this range was adopted in this
research. Note that since Tottori silt has smaller-sized
grains than Toyoura sand, the said image size would give
good results as well.

Experimental Results
The method of analyzing images from the photo taken

is discussed next. A photo image was taken for each sam-
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Fig. 4. Example of photo image taken (Toyoura sand, Sr＝0%)

Table 2. Luminance values for each degree of saturation of Toyoura sand

Sr＝0z Sr＝30z Sr＝60z

Location Luminance
value Deviation Location Luminance

value Deviation Location Luminance
value Deviation

1 155.02 0.43 1 120.96 0.33 1 105.47 0.29

2 154.77 0.18 2 121.73 0.44 2 105.43 0.25

3 154.85 0.26 3 121.13 0.16 3 104.45 0.73

4 153.96 0.63 4 122.18 0.89 4 105.23 0.05

5 154.33 0.26 5 120.44 0.85 5 105.32 0.14

Average 154.59 Average 121.29 Average 105.18

Table 3. Luminance values for each degree of saturation of Tottori silt

Sr＝0z Sr＝30z Sr＝60z

Location Luminance
value Deviation Location Luminance

value Deviation Location Luminance
value Deviation

1 155.80 0.93 1 117.74 0.89 1 100.80 1.24

2 154.31 0.56 2 118.06 1.21 2 100.04 0.48

3 154.16 0.71 3 116.65 0.20 3 98.45 1.11

4 154.99 0.12 4 115.75 1.10 4 99.65 0.09

5 155.07 0.20 5 116.04 0.81 5 98.87 0.69

Average 154.87 Average 116.85 Average 99.56

Fig. 5. Photo images of Toyoura sand at various degrees of saturation

Fig. 6. Photo images of Tottori silt at various degrees of saturation
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ple with the speciˆed degree of saturation. An example of
one of the photos is shown in Fig. 4 (Toyoura sand Sr＝
0z). From each photo, ˆve images, each measuring 200
×200 pixels, were taken at diŠerent locations, and the
variations of the average luminance from these ˆve im-
ages were examined.

The images taken for samples of Toyoura sand under
diŠerent degrees of saturation are shown in Figs. 5(a)–(c)
while the corresponding luminance values for each image
are listed in Table 2. On the other hand, the images for
Tottori silt are shown in Figs. 6(a)–(c) while the corre-
sponding luminance values are given in Table 3. The lo-
cations of the images as indicated in the tables correspond

to those shown in Fig. 4. Note that the ``average'' value
of the ˆve images listed in the table represents the mean
of luminance values of the said sample, while the ``devia-
tion'' refers to the variation with respect to the average
value. It can be seen from the tables that for both Toy-
oura sand and Tottori silt, the deviations corresponding
to the image taken from the top of the acryl case are very
small, indicating that it is possible to obtain good steady
images. Moreover, it can be observed from the ˆgures
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Fig. 7. Relation between luminance value and degree of saturation
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and tables that as the amount of water increased, soil
moisture increased and the color became darker; conse-
quently, the luminance value decreased. Note however
that because of its blackish color, the luminance values
corresponding to Tottori silt are much smaller than those
for Toyoura sand.

It is worthy to mention that in this research, new soil
specimens were prepared for each case. Moreover, the
degree of saturation was calculated from the moisture
content and relative density of the sample during the
specimen preparation. The relations between the degree
of saturation and luminance value for Toyoura sand and
Tottori silt obtained from the experiment are plotted as
shown in Fig. 7. It can be seen that for both soils, the
data points can be approximated by a second-order curve
which can be expressed as follows:

Sr＝a×RGB 2－b×RGB＋c (1)

where Sr is the degree of saturation (z) and RGB is the
luminance value. For Toyoura sand, the values of con-
stants are as follows: a＝0.0223, b＝7.0121, c＝551.10.
On the other hand, for Tottori silt, the values of the con-
stants are a＝0.0178, b＝5.6021, c＝440.17. It can be
seen from the curves that at high saturation levels, the
degree of saturation is very sensitive to the luminance
value. Note that although a higher order curve may also
be used, the limited data presented herein showed that a
second-order curve is su‹cient to represent the relation-
ship obtained.

The accuracy of the experiments was examined using
the above-mentioned approximate curve equation. The
minimum and maximum luminance values for each sam-
ple were considered and the corresponding Sr was esti-
mated using the appropriate approximate curve equation.
The results, depicted in Fig. 7, showed that for both Toy-
oura sand and Tottori silt, the accuracy of the estimate is
generally good, with an error margin for Sr at about
±5z. Although luminance values for higher Sr (say
À60z) can be obtained by extrapolation, it can be no-
ticed that the curve becomes steeper, indicating possibly
higher error margin. As will be shown later, the margin of
error is about ±10z for Sr＝100z.

Based on the examination presented, it was conˆrmed

that the degree of saturation of the sample can be deter-
mined based on the change in color that accompanied the
change in the amount of moisture within the sample. It is
worthy to mention that similar results were obtained for
both Toyoura sand and Tottori silt, notwithstanding the
fact that the latter has smaller particle size and blackish
color. Thus, it can be said that the degree of saturation of
an unsaturated ground can be measured through the
proposed method within a reasonable level of accuracy.

It should be borne in mind though that, as the experi-
ments revealed, the luminance value can be easily aŠected
by the lighting available. Therefore, speciˆc conditions,
such as the brightness level of the desk lamps and the dis-
tance of the camera from the sample being constant for
all cases, must be always satisˆed. In the experiments, the
positions of the light stand, the camera, and the sample
stand were always ˆxed, and only the Sr of the specimen
placed on the sample stand was changed.

VALIDATION TESTS

In order to verify the applicability of the proposed
method to measure the degree of saturation by digital im-
age processing, and to examine the unsaturated seepage
characteristics of Toyoura sand and Tottori silt, vertical
seepage tests were performed. The seepage apparatus was
constructed based on the test results that the degree of
saturation can be determined from the luminance value
of the photo image of the sample. Moreover, to verify
whether the saturation levels obtained during the inˆltra-
tion are accurate, tensiometers were attached through the
side of the apparatus and the monitored readings were
compared to those obtained using the proposed method.

Methodology
Apparatus

The experimental set-up for the validation test is shown
on Fig. 8. In the ˆgure, Containers I and II can be
changed easily without any disturbances of cameras and
lights. Therefore, after calibration tests in Container II,
we can shift to seepage tests in Container I.

Container I for the vertical seepage test was 100 mm
wide×700 mm high×50 mm deep. It was made up of
acryl boards in front and at the back while aluminum
channels were used at the sides. Thus, photo images can
be taken from the front as water with dissolved food
coloring agent was inˆltrated from the top of the contain-
er to the bottom.

From the results of previous tests, the importance of
the camera, light, and sample position to be always ˆxed
in order to obtain steady image information has been em-
phasized. In order to ˆx the position of the camera and
the lamps, ladder-like stands were provided for ˆxing
each one of them at the same positions. The structure
shown on the left side of Fig. 8 is the stand for the camer-
a; all in all, six cameras can be set in this stand. It is possi-
ble to take photo images of the entire sample by taking
photos simultaneously with all cameras and from the im-
ages obtained, the distribution of degrees of saturation
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Fig. 8. Diagram of the apparatus used for vertical seepage tests

Fig. 9. Container used during calibration phase: (a) front view, and
(b) top view
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within the entire ground can be obtained. The light stand
shown in the ˆgure is for ˆxing the lamps between the
sample container and the camera. Each of these struc-
tures can be ˆxed to the base frame using screws.

Under the sample container, a drain pipe (for air and
water) ˆtted with a check valve was installed, making it
possible to perform seepage tests with air-drained and
water-drained bottom conditions (hereinafter referred to
as ``drained condition''), as well as air-undrained and
water-undrained bottom conditions (hereinafter called as
``undrained condition''). Tensiometers can be installed at
four points on the side of the container, and these are
numbered in sequence, starting from 100 mm from the
base frame and going up with a spacing of 100 mm. The
tensiometer has a diameter of 5.9 mm and 86 mm long,
and when used in the vertical seepage test apparatus, it
can measure the matric potential at the center of the con-
tainer. From the known soil water characteristic curves of
Toyoura sand and Tottori silt, the corresponding degree
of saturation can be estimated. The tensiometer used has
an air entry value, AEV＝50 kPa. From previous tests,
this type of tensiometer has been proven to have good
water penetration with minimal time lag (JGS, 2004).
Phase 1: Calibration Test

In the method developed above to measure the satura-
tion level, it is necessary to obtain the relation between
the degree of saturation and luminance value of the sam-
ple beforehand, and to formulate the appropriate second-
degree approximate function. Moreover, it is necessary
that the position of the camera, lamp, and sample be
made the same throughout the whole time the said rela-
tion was being obtained.

The calibration containers (Container II in Fig. 8),
where the samples with the prescribed water content were
placed, were positioned in the same way as the soil con-
tainer used in the seepage experiment (Container I). The
dimensions of the container were 100 mm wide, 20 mm
high and 20 mm deep. The general view of one calibra-
tion container is shown in Fig. 9. With this size, it was

possible to prepare a sample with saturation level as
uniform as possible. Samples were prepared in each
calibration container at the prescribed water content after
which each container with the prepared soil specimen was
then ˆxed into Container II, as shown in Fig. 8. Then,
the relation between the degree of saturation and the lu-
minance value was obtained for each camera position (as
used in the seepage test) in the same manner as outlined
earlier. Note that as in the preliminary tests, Toyoura
sand and Tottori silt were used in the vertical seepage
tests; hence, calibration was conducted for these two soil
types.

It is worth mentioning that the calibration is necessary
prior to the actual tests in order to account for possible
minor changes in camera location, lighting, etc. In other
words, the colors have to be ``calibrated'' prior to each
test and therefore, there is no need for the use of any
color reference scale.
Phase 2: Seepage Test

Next, while maintaining the same conditions as adopt-
ed during calibration, the samples were prepared in the
seepage soil container, and after the apparatus has been
set-up, the experiment was started. The procedure in con-
ducting the seepage experiment is as follows.

First, the positions of the camera and lamps were ˆxed.
The camera positions were referred to based on their lo-
cation from the bottom (No. 1, No. 2, etc.), with atmost
6 cameras can be installed. Due to the limitation in the
number of cameras available, and based on the investiga-
tion conducted beforehand, the positions of the cameras
were set at Nos. 2–4 in the tests wherein the bottom
boundary was drained. In the case where the bottom was
undrained, the cameras were set at location Nos. 1–3.

Next, the model ground was prepared inside the soil
container. For this purpose, the necessary amounts of dry
soil sample and water were prepared in advance in order
to obtain a 60 cm-high model ground with relative density
Dr＝80z and initial degree of saturation, Sr＝30z. The
dried soil and water were mixed after which the moist soil
was then placed into the soil container in 20 layers, with
each layer compacted by a rammer to obtain the
prescribed density. In order to provide continuity among
the layers, each compacted surface was roughened ˆrst
before the new layer of sample was placed.

Once the set-up was completed, fully-saturated ten-
siometers were inserted into the model ground through
the side of the container. The insertion positions were set
equal to the vertical positions of the cameras. After inser-
tion, water containing dissolved food coloring agent was
percolated through the model ground from the top part
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Table 4. Experimental conditions for the vertical seepage test

Soil Used Initial Saturation
Sr (z)

Dry density
rd (g/cm3) Drainage Condition* Constant water head

h (cm)

Toyoura sand 30 1.550 drained 2

Toyoura sand 30 1.550 drained 5

Toyoura sand 30 1.550 undrained 5

Tottori silt 30 1.149 drained 5

Tottori silt 30 1.149 undrained 5

* condition refers to both air and water
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of the container, maintaining a ˆxed head above the sur-
face of the ground. The drainage conditions (for both air
and water) at the bottom boundary of the ground, as well
as the ˆxed water head at the top, were varied. The ex-
perimental conditions are listed in Table 4. During in-
ˆltration, photo images were taken simultaneously by the
cameras, which were connected to a personal computer
for controlling the time interval between picture-taking
(set at t＝30 sec intervals).

Experimental Results and Discussions
Figure 10 corresponds to images taken at various

prescribed times for the case of Toyoura sand with the
lower boundary having drained condition and the water
level at the top set at 2 cm. The photo images are 30 cm
high and, as mentioned earlier, correspond to the range
from 15 cm to 45 cm measured from the bottom of the
model ground where the 3 cameras were placed (Nos. 2–4
from the bottom). From the sequence of photos, it is pos-
sible to visualize the water as it gradually inˆltrates the
ground from the top with the passage of time; after 360
sec, the whole ground is colored red in almost uniform
fashion. Based on the images taken, the degrees of satu-
ration at various points were calculated from the lu-
minance value, and contour diagrams showing the distri-
butions of Sr at various times were produced, as shown in
Fig. 11. Note that the regions in each contour diagram
correspond to the square regions shown on the leftmost
photo of Fig. 10. The contour diagrams show similar pat-
terns as the photo images, with the Sr increasing sig-
niˆcantly in the upper region and changing gradually in
the lower part as the inˆltration process continued. After
360 sec, the whole ground reached almost the same satu-
ration level of 100z. As noted in the ˆgure, the method
estimates Sr of fully saturated ground to be in the order of
110z. This indicates that at high saturation levels (Sr

¿100z), the margin of error may be in the order of
±10z, which is still acceptable for practical purposes.

Figure 12 shows the seepage test result for Toyoura
sand with the drain valves closed, corresponding to un-
drained condition at the bottom boundary. The images
are also 30 cm high, but correspond to the range between
5 cm and 35 cm from the bottom (with cameras at Nos.
1–3). Comparing with the previous results for drained
condition which showed almost one-dimensional seepage
from top to bottom, the pattern observed is quite diŠer-

ent, with the entire ground gradually turned red. The cor-
responding contour diagrams of Sr are shown in Fig. 13
to quantitatively express the results. Unlike the pattern
shown in Fig. 11 where the saturation level was initially
high in the upper portion followed by the gradual in-
crease in Sr in the lower portion with the passage of time,
it seemed that in this case, the whole ground showed
almost the same distribution of Sr with the passage of
time. Furthermore, it appeared that the degree of satura-
tion was lower at points near the sides of the container.
The reason for this was that air, which was present in the
voids of initially unsaturated ground, tried to escape as
the inˆltrating water traveled downward; since the bot-
tom boundary was closed, the trapped air was displaced
to the sides and attempted to travel upward. Such a
phenomenon was explained by Maruoka et al. (2006)
through model tests and numerical simulations consider-
ing two-phase ‰ow of air and water in unsaturated soils.
Therefore, the Sr within the whole model ground ap-
peared to rise comparatively slowly and evenly because
the inˆltrating water changed places with the air in the
voids.

Next, the experimental results for Tottori silt are de-
scribed. The inˆltration process for drained bottom con-
dition is shown in Fig. 14. There is no remarkable diŠer-
ence when compared to the results of Toyoura sand;
however the inˆltration rate from the top proceeded at a
much gradual rate with the passage of time. Such appear-
ance is expressed quantitatively in terms of the contour
diagram of saturation level shown in Fig. 15. In the
ˆgure, the expansion of the saturated region from the up-
per part with the passage of time is very evident.

Similar to Toyoura sand, undrained condition was also
conducted on Tottori silt with the lower drain valve shut.
The photo images taken at various times are shown in
Fig. 16. As in Fig. 14, it was di‹cult to conˆrm the
changes in the general appearance of the ground made of
Tottori silt, although it is apparent that the ground
became a little damp. From these images, the degrees of
saturation were estimated and the contour diagrams are
shown in Fig. 17. Note that the diagrams are remarkably
diŠerent from the photo images because the changes in Sr

with time are more evident this time. Comparing with the
results for drained condition, it appears that the patterns
are quite similar, except for the increased degree of satu-
ration at the bottom of the undrained case. This observa-
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Fig. 10. Photo images from seepage test (Toyoura sand, drained; h＝2
cm)

Fig. 11. Contour diagrams of degree of saturation at diŠerent periods
of time (Toyoura sand, drained; h＝2 cm). For each time interval,
each square region shown corresponds to the square region indicat-
ed by broken lines in Fig. 10

Fig. 12. Photo images from seepage test (Toyoura sand, undrained; h
＝5 cm)

Fig. 13. Contour diagrams of degree of saturation at diŠerent periods
of time (Toyoura sand, undrained; h＝5 cm). For each time inter-
val, each square region shown corresponds to the square region in-
dicated by broken lines in Fig. 12

Fig. 14. Photo images from seepage test (Tottori silt, drained; h＝5
cm)

Fig. 15. Contour diagrams of degree of saturation at diŠerent periods
of time (Tottori silt, drained; h＝5 cm). For each time interval,
each square region shown corresponds to the square region indicat-
ed by broken lines in Fig. 14

Fig. 16. Photo images from seepage test (Tottori silt, undrained; h＝5
cm)

Fig. 17. Contour diagrams of degree of saturation at diŠerent periods
of time (Tottori silt, undrained; h＝5 cm). For each time interval,
each square region shown corresponds to the square region indicat-
ed by broken lines in Fig. 16
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Fig. 18. Time histories of degree of saturation for Toyoura sand: (a)
drained condition; (b) undrained condition

Fig. 19. Time histories of degree of saturation for Tottori silt: (a)
drained condition; (b) undrained condition
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tion indicates that whether drained or undrained, Tottori
silt shows practically similar seepage response. This is be-
cause the coe‹cient of permeability of Tottori silt is so
low that the seepage velocity is not much aŠected by the
drainage condition. The inˆltration of water takes place
by gradually changing places with air in the voids.

Finally, the relations between the degree of saturation
obtained by tensiometer and those computed from the
processed images at the same location are shown in Fig.
18 for Toyoura sand. Note that although the intent is to
compare the values at the same location, it is known that
a tensiometer measures Sr at a ``point'', while image anal-
ysis averages the Sr within an ``area''. However, because
the tensiometer has a diameter of about 6 mm while the
area analyzed digitally is 1 cm×1 cm (or 200 pixel×200
pixel), the two regions (which are much smaller than the
width of the container) can be considered similar for
practical purposes. Figure 18(a) is for drained lower
boundary and it can be seen that there is a good agree-
ment between the Sr measured by tensiometers and by im-
age processing, showing the validity of the proposed
method. On the other hand, the results for the undrained
conditions depicted in Fig. 18(b) show poor correlation,
with the tensiometers indicating higher values of Sr at the
initial stage of the test. This is because the increase in
pressure due to the trapped air in the ground in‰uenced
the pore water pressure monitored by the tensiometer.

Similar observation was made by Nishigaki et al. (2007)
in their ˆeld tests using conventional tensiometers.

The corresponding results for Tottori silt are shown in
Fig. 19. As previously mentioned, the results for Tottori
silt were generally not aŠected by the drainage condition
at the lower boundary, and showed good agreement be-
tween the saturation levels monitored by both methods.

The degrees of saturation obtained from image analy-
sis and those from tensiometers are compared in Figs.
20(a) and (b) for Toyoura sand and Tottori silt, respec-
tively. It can be observed that there is almost one-to-one
correspondence between the two methods for Tottori silt
under both drained and undrained conditions. Also the
quick response of the tensiometer was very evident in the
undrained case of Toyoura sand.

Therefore, the seepage experiment results discussed
above conˆrmed the validity of the proposed method of
measuring the degree of saturation of the whole ground
by digital image processing. As an application, it was able
to examine in detail the diŠerence in seepage characteris-
tics between Toyoura sand and Tottori silt. It is recom-
mended therefore that similar tests be performed in the
future on soils with diŠerent grain sizes, such as clays and
gravels.

It is worthy to mention that although the calibration
was performed on samples with Srº60z, good agree-
ment with the results from seepage tests were obtained
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Fig. 20. Comparison of degrees of saturation obtained by image anal-
ysis and by tensiometer: (a) Toyoura sand; (b) Tottori silt
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when the calibration data were extrapolated to higher
values of Sr (À60z) using the calibration curves. To fur-
ther increase the accuracy of prediction, it is also recom-
mended that additional data points, particularly those
corresponding to higher Sr, be obtained during the
calibration stage to cover the whole possible range of
degree of saturation.

The proposed method has wide applicability, ranging
from laboratory experiments to physical modeling and
in-situ determination of degree of saturation. For ˆeld
application, digital cameras can be lowered on pre-drilled
boreholes and photo images can be taken and analyzed to
estimate the degree of saturation of a fairly large region
of the ground. Although the application may be limited
to only plane-strain seepage conditions, the method
represents a viable alternative to conventional procedures
of determining the saturation ratio of soils.

CONCLUSIONS

In this research, a series of experiments was conducted

for the purpose of developing a method to measure the
degree of saturation of ground by digital image proc-
essing. Based on the results, the following conclusions
can be made.
1. The results of the experiments showed that a method

to measure the degree of saturation of ground by im-
age processing was possible. From the data presented
herein, the relation between degree of saturation and
luminance value can be expressed in terms of second
degree function.

2. Good correlation between Sr and luminance value was
obtained separately for two soil samples with diŠerent
colors and grain size distributions. The margin of er-
ror was in the order of ±5z.

3. The method illustrates the possibility of measuring the
degree of saturation of a larger portion of the ground,
which is di‹cult to perform using conventional proce-
dures. With this method, contour diagrams of degree
of saturation can be produced, making it possible to
visualize the propagation of the saturated region.
Moreover, it was able to examine the movement of
water, and possibly of air, under drained/undrained
condition.

4. For drained condition, the proposed method showed
good agreement with the results obtained by conven-
tional tensiometers. For undrained condition,
however, the proposed method seems to be better be-
cause the trapped air appeared to in‰uence the read-
ings obtained by tensiometers.

5. The proposed method is highly aŠected by the quanti-
ty of lighting the ground is subjected to. Hence, it is
important to take care that all the conditions are
maintained throughout the duration of the measure-
ment.
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