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COMPUTERIZED TOMOGRAPHY AS A METHOD FOR PHYSICAL
STUDIES OF SOIL WATER

Dr. Silvic Crestana and Prof. Sérgio Mascarenhas(!)

INTRODUCTION

The study of bulk density, water content and me
tion of water in soil has fundamental importance to soil scji
ence. Usually several methods have been applied to measure bulk
density and or water content such as gravimetry, gamma-cay
absorption-scattering, neutron-probe technique and others. Only
gamma-ray and neutron methods can be used for dynamical studies
of water in soil. All these methods do not take into account
s0il inhomegeneities and do not evaluate tri-dimensional pro
files of bulk density, water content and motion. The ideal tech
nigque for monitoring bulk density, water content and other phy
sical parameters in soil should be nondestructive, sensitive,
rapid and able to resolve small differences in the measured
parameters over distances of a few millimeters.

A guite similar problem was solved in diagnostic
radiology by using the technique of computer-assisted tomography
(CAT) (or only computerized tomography CT}. Essentially CT scap
ning is penetrating electromagnetic radiation, such as X or

gamma ray. The expression {Beer’s law)

I = Io exp - b x

can be used to evaluate the emerging intensity I of the radia
tion beam of incoming intensity Io after traversing a sample of
homogeneous material of absorption coefficient K  and thickness

X.

A typical apparatus that we used (Crestana, 1985
and Crestana et al. 1986) for measuring attenuation coefficient

of scil sawples is schematically shown in Fig. 1.

Fig. 1. Apparatus for measuring attenuation coefficients of soil

It consists of a radicisotopic source of Am241

(60Kev) or X-ray
tube with secondary targets, and an NaI(Ti)-X-Ray detector. When
the Bremsstrahlung radiation of the tube interacts with the se
condary target, quasi-monoenergetic X-rays are emitted, charac
terized by Kg and Kg radiation of the element congtituting the
target. By varying the secondary target, one can therefore have
radiation over a large interval of energy. The source-detector
golid angle was very small (diameter of both collimators: @ = 1
to 4mm; distance source-collimater: about 2@ecm) to avoid the
contribution of undesired Compton scattered radiation in the
detector. As an alternative to the HNal(T!)-detector an
HP-Ge-detector was emplo}ed, characterized by an energy resolu
tion of 25¢ev at 6.4Kev.

Fig. 2 show mass s0il attenuation coefficients of

fine sandy loam so0il, collected from the Ap horizon of a Bragil

ian so0il, water and silica as & function of incident energy.
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Fig.2. Mass soil attepuation coefficients of soil, water, and silica
as a function of incident energy. The mean error ranges from 2 to 4%

From Fig. 2, it is clearly visible that the difference in attenu
ation coefficient between soil and water increases with decreag
ing energy. On the other hand, the optimum thickness of the
crossed soil sample decreases, requiring more and more intensity
for samples of constant thickness.

We conclude that 3@ to 40Kev is the best energy
'to use for water-content resolution. Usually, in soil physics
stuéies, the energy of 6€0kev and 662Kev are employed because of
the commercial availability of radicactive sources as Am241 and
Csl37. Thus, the use of X~Ray radiation and X-ray fluores
cence of secondary targets (monoenergetic radiation) is an advan
tage, ‘

When the material is not homogeneocus, as in a

sample of real soil or a part of the human body, the more genexr

al expression

I = Io exij;fds

must be used where f is now a distribution function for the
varying absorption coefficient along any direction s across the
sample.

The central problem of CT is obtaining the distri
bution function £ (as 8 function of pesition for any direction
in the sample) when a sufficiently large number of absorption
measurements along different scanning directions 8 have been
performed. The image of the object is then obtained as a map of
absorption coefficients for any desired section (slice} of the
sample. This process is performed mathematically with the help
of computers and is called image reconstruction.

A typical commercial third-generation CT scanner

for medical use is shown in the Fig. 3.

X-Ray Tube

Detector-

Electroniqp
System: -

Dispaly
System-

Fig. 3. Typical diagram of a CAT system dedicated to medical purposes
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Eagentially in the video of a CT scanner a plot
of the attenuation coefficient im shown on a gray-level view
ing systew in so-called Hounsfield Units (H.U.), defined as

H.U. = 1000 (E—E~E!) .

w
where o, ig the attenuation coefficient of water. For the plot
ing, a relative scale is sometimes used, where #, is taken as a
reference level arbitrarily considered as zero.

In practice, CT scanners are now sophisticated
machines capable of on-line image reconstruction or image stor
age for later analysis in dedicated consoles. For instance,
third-generation CT scanners are alsg capable of being used in
dynamic modes with scanning times as short as 5.7s and BCan
interval times of 1s.

Though CT scanners are expensive, they are now
commenly found in most large hospitals and may eventually be
used for such other applications as the one we propose in this
text (Crestana et al, 1984, 1985). We also proposed and built a
small wmini-CT scanner to be used for special purposes, such as
in soil science, at a vastly reduced cost (50 to 100 times lower
than commercial medical tomography) (Crestana et al, 1986 and

Cruvinel, P.E., 1987 and Cesareo et al, 1988).

THE C.T. AS A NEW METHOD IN SOIL SCIENCE

We introduced (Crestana et al, 1984, 1985) several
experimental techniques to study bulk density, water content
and motion., We briefly describe them in sequence. h

We used different soil textures collected from
the Ap horizon of a Trieste, Italy sandy scil and a Barretos,
Brazil, fine sandy loam soil. We also used two types of acrylic
cylindrical columns: for horizontal flow a eyringe Scm in diame
ter and 2@cm long; and for vertical flow a cylinder 1@cm in di
ameter and 3@cm high, internally divided by a thin plastic wall,
80 that dry and wet soil could be compared simultaneously during
§cans. For the CT scans of soil samples we employed a third-gen
eration General Eletric CT/TB80@ scanner of the Istituto di
Radiologia, Universitd di Trieste, Italy (Picture 1).

The experiments, as shown in Figs 4, 5 and 6,clear
ly indicate the appropriateness of CT for measuring water cop
tent or bulk density. By selecting an appropriate area in the
image, the attenuation in H.U. can be measured directly in the
video console. Indicators of variable gecmetry and area like
circles (Fig.4) or retangles (Figs 5 and 6), allow the attenua
tion to be measured in the region of interest (RCOI). The system
also furnishes coordinates, area, and the standard deviation of

the attenuvation in the ROI box.



Picture 1. Third-generation Medical Computerized tomograph GE CI/T8800,

employed to perform several experiments with soil, At t?e_first pla?e

it is possible to observe the movable table used to position the patient,

At the second plane, it is possible to observe the gantry for examina

tion of the patient. Notice the colum of soil inside the gantry, used
to accomplish an experiment with plant (a seed of corn).

HBS SCALE

RS MENEE

Fig. 4. Dynamic experiment made after introducing
water into a hor¥zontal column showing a fixed
slice. Ten sequential scans (right-side curve)

in HU (absolute scalle) as a function of time
are shown. The nuwmber 1 represents
points at the chosen slice.

T R T FRIEY Wy

Fig. 5. Spatial and resl-time (dynamic) measurement made with a
vertical column (left side) at different time intervala. The
attenuation was medsured in different regions with the ROI (region

of interest) boxes indicated by numbers 1, 2
to bottom of the column. On the right side we plotted the variation
of water conteat as a function of time for the different regions,

» 3 and & from top

Fig. 6. With the same syatem described in Fig.5, we plotted the
differences of water content for different regions 1, 2, 3 and 4
as a function of time. In region 3, for instance, we see a continual
increase in water content with a more drastic relative change.
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In Fig. 7, we show the results of the calibration
curve of the system expressed in H.U., as a function of dry bulk
density (P). A linear dependence was found, showing the varia
tion of attenuation coefficients for each soil,

in Fig. 8, we show the results of the calibration
curve of the system, also expressed in H.U., as a function of
water content in soil (®). As with dry bulk density, we found a
linear dependence for the different soila and densities. With
these results, it is possible to obtain the bulk density and the
water content directly from a complex image containing inhomoge

neous scil or water distribution for the sample.
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Fig.7. Linear calibration curve of Houns

field Units (HU) as a function of dry

bulk density (mass of dried aoil per

volume of dried soil). The average value
of standard deviation is 32,5 Wy,

Fig.B. Linear calibration curve
of Hounsfield Units (HU) as &
function of water content (0)
(volume of water per volume of
80il}. The average bulk density
was obtained from fig. 7, and
the average standard deviation
is 63,2 HU.

1.

We performed dynamic experiments after introducing
water into the columns. Results are shown in Figs 4 and S. In
Fig.4, we see the cross section {one slice} of the horizontal
syringe with wet soil. We took several scans at the same posji
tion at different times and chose a circle as the ROT box. With
appropriate software for the CT scanner, we plotted the curve
ABS scale (H.U.)} versus time {s). The ROT cicle, indicated by
the number 1, expresses the variation of the attenuation
coefficient (H.U.) with time in the area enclosed by the circle.
For this experiment, the slice was located 50mm from the en
trance section of the column; which corresponds to an average
speed as large as 1.6mm/s, for from Fig.4 (right-side curve) it
is possible to observe the sudden arrival of the water front in
the chosen slice (aboup 30s after the introduction of water} we
used scan intervals of about 5s and slice thickness of 1.5mm,
The number 1 indicates sequential scans in Fig. 4 (right side)}.

A combined spatial and real-time (dynamic) meas
urement was also made for the vertical column. In this cage, to
obtain slower water speeds, we put cotton in contact with the
top of the column. With this limited amount of fluid available
it was possible to ecan at different time intervals and measure
the attenuation in different regions with :the ROI boxes indi
cated by the numbers !, 2, 3 and 4 from top to bottom of the
column. In Fig. 5, right side, we show a plot of the variation
of water content as a function of time for the different re
gions. In Fig. 6, for the same system and configuration, we show
a very instructive curve obtained from the data of the experi
ment of Fig. 5 by plotting the differences of water content for
different regions, 1, 2, 3 and 4, as a function of time. It is

seen that in ROI box 1 the water content quickly became constant

¢in about 15s8); in ROI box 2, heterogeneities can be seen from
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the CT scan, but the average water ccntent increases with time
and attains a smaller average value. 1In region 3 there is a
continual increase in water content with a more Jdrastic relative
change. Finally, like region 1, which attained a constant value,
in region 4, where the water had not yet arrived there was no

change in attenuation,

THE COMPUTED TOMOGRAPHY MINISCANNER

From all previous results we demonstrated the
possibility of using computed tomographic {CT} scanning for
investigations in soil science. One of the main limitations was
the complexity and high cost of medical CT scanners. Now, we
report briefly on the characteristics and use of a very inexpen
sive, CT miniscanner dedicated to soil science analyeis. More
details can be seen in Crestana et al, 1986. This new apparatus
was applied to carrying out tomographies of soil with various
water contents and bulk densities.

For medical CT the limitations of dose to the
patient impose severe restrictions on the mode of operation of
the system. For instance, the radiation exposure and thus tube
conditions of operation, 1like KV and mAB are correspondingly
limited. Patient motion and positioning are others limitations
that again impose particular aspects on the design and function
ing of CT scanners. Obviously, for soil science, such restric
tions are not necessary. Alsec image reconstruction need not be
made on-line. Due to these aspects it was possible to build a
wuch simpler instrument.

The miniscanner, dedicated to soil science analy
8is, built at the UAPDIA-EMBRAPA (Empresa Brasileira de pesquisa

Agropecuaria, Sao Carlos, Brazil) has similar characteristics

12.

of the winiscanner constructed at the University of Rome,
Centre for Bioengineering, dedicated to biomedical analysis(')
The characteristics of the miniscanner are (fig.
9);
= monoenergetic sources obtained both with radicisotopes and an
X-ray tube with secondary target .
- an Nal(Tt)-X-ray-detector
- @ rotation-translation system
=~ a multichannel analyzer employed as multiscaler or a quad
counter-timer
- @ personal computer - Apple I with a reconstruction algorithm
working in PASCAL,
The cost os the apparatus with the radicactive
source is approximately US§ 2 x 104, which is a factor of 1@2
lower than the commercial medical gcanner. With the X-ray tube

the cost increases to about Uss 5 x 1@4.

Rppa Gurepiy
e -

Fig. 9. Complete diagram of the CT miniscanner used
to obtain tomographies of soil ssmples
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One of the main advantages of the miniscanner is the possibility
of varying the monoenergetic incident energy by varying the sec
ondary target coupled to the X-ray tube. It is therefore impor
tant to select the optimal energy of the radiation to obtain the
best conditions. We deduced that the begt spatial contrast i.e.,
the greatest difference (in percentage) in the attenuation
coefficient for a given quantity of water in scil is reached at
energy values greater than about 3@Kev (see figure 2). One of
the advantages of using lower energy values lies in the possibi
lity of having at our disposal higher intensities, which imply
smaller scanning times.

Using the miniscanner, after several experiments
with different soil samples under different bulk densities (p)
and water contents {0}, we obtained the same linear behavior
previously described ueing the medical CT scanner, relating
Hounsfield Units, p and @,

Typical tomographies made using the miniscanner

can be seen in figures 1@, 11, 12, 13, 14 and 15,

14.

OTHER RESULTS FROM COMPUTERIZED TOMOGRAPHY WITH
POSSIBILITIES OF APFLICATIONS IN THE STUDY OF THE
SOIL-PLANT-AIR CONTINUUM '

We present here some qualitative results obtained
with the medical CT scanner and the miniscanner dedicated to
80il science applications,

Our intention is to show some potentialities of
this new method of investigation (CT}, leading to new results
(otherwise impossible to be obtained) in the areas such as Soil
Science, Soil Physics, Plant Physiology and others.

These new possibilities are consequences of the
peculiarities of this new method. This is the case of bi and
tri-dimensional image reconstruction of the object (such as soil,
water, seed, root, etc), absolute and relative non-invasive
measurements of bulk density and water content of scil as fung
tion of time, detection of iohomogeneities, and so on. Besides
this, resources such as the dynamical technique and amplifica

tion of the image resclution (extended scale} can be used.

1. COMPACTION AND DISTRIBUTION OF SOIL IN A COLUMN USING THE
C.T. MINISCANNER

The quantification of the physical parameters
bulk density, water content and resistance of the s8soil to the
penetration (and théir correlation "a posteriori") is a problem
of fundamental importance in medelling and studying the compag
tion phenomenon. This is the case of detection of a "blade" of
compacted soil. Such millimeter thick "blades" may occur on

sucessive plowing.
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Several columns of dry soil profiles with differ
ent bulk densities and compactions were simulated in our laborg
tory. After the scanning of thesge columns, tomographic sections
were obtained and quantified possibilitting the accurate measure
ment of a "blade” about 3 milimeter-thick and density variations

of about ﬂ,@lg/cm3 (Crestana et al, 1988).

. UAPD IA—EMBRAPA |
i i SAD CARLOS-SP
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0T D1 m||u|-mmnmn-mmummumnwm.l oy M s e
Imagemn: COMPACZ Res.: (67X76) THYZ |»iw
Intensidade: max = 3139

Fig. 10. Tomografie scanning of a retangular column of acrylic
(26mm x Slem) with soil inside not compacted

MINISCANNER UNITS
(Thausands)

I Soil
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Fig. I1. Vertical profile of the column of Fig. 10, showing
quantitativelly the densities of air, acrylic and soil
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Inf:nsi@ade: max = 3640

Fig. 12, The same column scenning of Fig. 10, after compaction of
the soil on the top. The displacement of the top soil was about 4mm
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Fig. 13. Vertical Profile of the compacted column showed at Fig. 12.
The gradient of soil distcibution can be observed

; UAPD IA-EMBRAPA
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Fig. 14. Column scanning of soil,performed in lab simulating a
"blade” of 3mm of dry compacted soil (density about 1.4g/cm?,near
the center of the colymn) with a bulk density about 1.ig/em®.
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Fig. 15. Vertical Profile of the column of Fig. 14 clearly showing
the "blade" of compacted soil near the center of the column.

Using a calibration curve {H.U, as a function of density) for
this s0il it was possible to calculate the accurate density dis
tribution in the profile and the position of the "blade".
Consequently these results open new frontiers of
investigations in the research of the compaction phenomenon.
Another immediate application of this result is in aiding to
analyse and tc construct homogeneous soil columns in the labora

tory.
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2. DYNAMICAL AND TRI-DIMENSIONAL SIMULATION OF DRIP IRRIGATION
IN A COLUMN OF SOIL

The study of drip irrigation has a large pratical
interest.0On the other hand, it ia impossible to solve analitical
ly Darcy’s equation in three dimensions considering the specific
boundary conditions of this problem {(a complicator element ig
the discret source of water). Experimentally, wusing the usual
techniques of Soil Physics, such as Y-Ray absorption, it is not
possible to accompany tri-dimensionally the wetting frontier, even
the two-dimensional horizontal plane. Due to these 2limitations
we used medical CT scanner to make several tomographies to intro
duce a new tool in this important area.

The tomographies of Fig.16 and Fig. 17 illuetrate

thia,

HE S

1127
1ugd
10412
10z
L
L

R -1k

Fig. 16. Cylindrical column of 7,5¢m height, 8,3cm of internal
digmeter submitted to a constant dripping flux of water aqual
to 4,8cm*/min. It is possible to observe from the indicated points
1, 2 and 3 the distribution of water in the horizontal plane in
function of time, measured in H.U. snd secands. Note that the water
preferentially flows to the region 3 than to the region 2.

20.

Fig. 17. View of tri-dimensional image gecoqntructigu of water
drainning in soil, simulating drip irrigation (Portzon?al and
vertical infiltration) of the wetting front. It is posaible to
cbserve details of the boundaries (frontiers) of the water
in the soil.

From these two tomographies it is possible to
observe preferential directions in the movement of water in the
soil. Certainly, this is due to the presence of heterogeneities
in the soil (distribution of densities not homogenecues in the
column), compaction, different hydraulic conductivities, holes,
difficulty in the remotion of water cut of the pores, etc.

Cther tomographies such as tomography of Fig.
17 under other views (angles, planes or positions) in a certain

instant of time also are possible to be reconstructed.

b
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3. SEED GERMINATION, GROWTH AND UPTAKE OF WATER 8Y ROOTS

We present here two tomographies of a column of
s0il with a seed of corn inside.

As the two previocus examples, the application of
C.T. to physico-chemical studies concerning the germination of
a seed, growth of plant roots, evapotranspiration (like a
matricial poptencial) also can furnish subsidies and the obgerva
tion of new results in different fields of Soil Physics, Plant
Nutrition, Morphogeny and Plant Physiology.

The fact that the C.T. method, is non invasive
has advantages, allowing studies invoiving, for instance, the
genetic seletion of the best seeds and plants, studies of sta
tistics of germination motion of solutes in the soil {(nutriests

and polluents), evapotranspiration and soc on.

UHIU  HOSFITHL TRIESTE
3 0CY 84

Fig. 1B. Tomographic view of a cylindrical column of soil of 25cm
height and 57cm internal diemeter containning a grain of corn
before germination. Notice the presence of inhomogeneities in the
distribution of density of the column and the presence of water
on the top and bottom of it.

22.
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Fig. 19. Tomographic bi~dimensional view of the previous seed
(Fig.18) germinated, where it is pesaible to cbserve clearly the
measurementa of soil water conotent (1112,38BH.U.), the densities of the
roots (819 H.U. and B70 H.U.), the densities of the seed (115.53H.U.
and -186H.U.) as well as that of the plant (482 H.U.), As in the
previcus tomography, the presence of inhomogeneities can be observed,
Pericdical measurements of the dansities of the scil, of the seed and
of the roots in the same position or in different angles allow the
following of the detailed germination of the seed, the devalopment
of r9ots. as well the uptake procegs of water and nutrients, the
distribution and rediatribution of water in the column ete.

The tomographies shown are all in two dimensions.
On the other hand a tri-dimensional and real time view i=s also
possible.

This is carried out using a suitable computer
program of tri-dimensional image reconstruction employing the

dynamical technique (like those in figs 4,5,6) or by means of

several bi-dimensional tomographies taken at different times and

angles.

" hm-udm».-w Ol bl o b L
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Finally, it is interesting to observe that period
ical measurements of the region of seed revealed that from the
beginning to the end of the germination process the mean density
of the seed changed from a value of 267,9 H.U. to -15,97H.U. The
variation of the standard deviation changed from 192,86 to
212,92 respectively. After the germination, the seed presents at
least two distint regiona: one of mean density equal 115,53 H.U.
and other of mean density equal -186,04 H.U.,. We know that nega
tives valﬁes imply the presence of air. In conclusion it is evi
dent that the process of germination of a seed oceurs from a
larger consumption of nutrients of a certain region of the seed,
leading finally to a hole of air. The high value of the standard
deviation (higher than the value of itself measurement) is a
demonstration of the high non uniformity of the measured region,
which is the case of the presence of a hole of air, Though more
detailed studies are needed it is evident the great potentiality

of the method.

24.

CONCLUSIONS

From this exposition, we can draw various basie

conclusions and we summarize them below.

1. CT scanning can be used to observe and measure quantitatfvely

bulk density and water content in so0il;

2. CT =canning can be used for dynamic (real-time) studies of
water motion in seil, ineluding measuring water speeds as high

as 1.6mm/s;

3. CT scanning can be used to obtain information on heterogenei

ties of bulk density, water content and 3-D information;

4. Simultaneous spatial and time distributions of water content

and bulk density can be obtained by the use of appropriate CT

techniques;

5. The slope of the linear dependence of Hounsfield Units (H.U.)
on water content (@) changes for different soils, but is inde
pendent of bulk density for the same soil. Thus, the H.U. are
a function of both p and 6, that i1s, a CT image of soil 1s in
fact at least a bidimensional function H.U. (¢,8). This very
important point has to be taken into account if a quantitati

ve interpretation of soil CT images is required;
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It was possible to design, build and use a CT Miniscanner ded
jeated to soil science research, such as to perform bulk

density and water content tomographic analysis;

The CT miniscanner has advantages over the commercial medical
scanner, particularly allowing the use of several beam ener
gies and different radiation sources, such as isotopic

sources or X-ray fluorescence targets;

The use of 3@ to 4PKev is the best energy for water-content

resolution;

The cost o8 the CT Miniscanner is 109 times lower than commer

cial medical tomographs;

The use of CT scan opens new possibilities of research in 3Soil

Physices such those shown in the sections 1, 2, and 3.

26.
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