g@a INTERNATIONAL ATOMIQ

ENERGY AGEN Y ==
ONITED NATIONS EDUCATIONAL, SCIENTIFIO AND CULTURAL ORGANIZ A7 /ON “ [
— IC/84/35
INTERNAL REPORT

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS (inttes aistribution)
34100 TRIESTE (1TALY) - p.o.cnl;g:‘er- ag;ﬁ;:::g\; BTHADA :;gg-ru;g‘ 11 - TELEPHON T8 : 224.21/2/8/4/6'8

T GF M - TELEX 3921

International Atocmic Energy Agency
O SMR/147 32 and
- L s
ri \;‘N:T’“ X Urnited Nations Fducational Scientifie and Cultural Organization
L “\‘
‘m*«
% INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS
'

STATIC AND DYNAMIC 3 DIMENSIONAL STUDIES OF WATER IN SOIL
USING COMPUTED TOMOGRAFHIC SCANNTNG *

COLLEGE ON 5CIL PHYSICS

15 April - 3 May 1985

. S. Crestana %, S, Mascarenhas #¥
COLLOQUIUM ON ENERGY FLUX AT THE SOIL ATMOSPHERE INTERFACY

International Centre for Theoretical Physics, Triegte, Italy,
6 - 10 May L9853
and

Roberto ' §. Pozzi-Mucelll
TIstituto di Radiologiam dell'Universita' di Trieate, Ttaly.
STATIC AND DYNAMIC 3 DIMENSIONAL STUDIES OF WATER IN S
USING COMPUTED TOMOGRAPHIC SCANNING

R. POZZI-MUCELLI

Istituto di Radiologia
Universitad di Trieste
Trieste, Italy MIRAMARE - TRIESTE
March 1984

Work supported by CNPq and FINEP.

Permanent erddress: Departamento de Pequisa - ASPAB, Instituto

Tecnologico e Cientifico "Roberto Rios”, FEB-Barretos, SP, Brasil - 13560.
»¥

Permanent address: Depertamento de Fisica de Clencla dos Materiais,

Instituto de Fisica e Quiviea de Sac Carlos, USP, Sao Carles, SP,

These are prelimi : : . R i )
P iminary lecture notes, intended only for distribution to o rricipants, Brasil 13560.

Migssing or extra copies are available from Room 231.




ABZTRALT

Previous work of Petrovic, Siebert and Rieke(1) demonstrated the po
using X-rayv transmission computed tomography (CT) scancing for soil bulk density a-

nalysis in soil. We show in the present work that CT can also be used for the me:

seibility of

as-

urement of water content in seil. In our case we also show that CT cap be applied ro

measure and follow dvnamically the motjon of water ir scil in 3~dimensions. Furtler
.
m. c¢ inhomogeneities of water contentand motion in scil can be observed with this

technigue. Using & third generation CT scanner several diffsrent techniques can  be

applied such as differential, real time and spatial Gistribution scanning modes. 4
linear dependence was demonstrated for the ¥ounsfield Units (AU} uwsed in €T za¢ wa
ter content. The use of CT for water content and motion in s0il im 3-dimensio

pens new pessibilities in this area of investigations.

NE O

INTRODUCTION
The study of water content and morien in s0il is of fundamental importance in
soil science. In the past,several methods have been applied for the measurements of

water content in soil such as gamma~ray absorpticn neutron probe technique, direct

water content evaluation by weighting and drving and others (see for instance refs.2
and 3}, Only gamma-ray absorption and neutron probe methods may be used for dvnami-

cal studies of water in soil. Al1 of these methods do not take account of soil in-
homogeneities and do not evaluare three dimensional profiles of water content and

motion. Recent]y,?etrovic et al(1982) demonstrated the use of CT scanning f
bulk density analysis in J-dimensions (1).

or soil
CI scanning provides excellent possibili
ties for spatial and time studies of water content im soil,

Petrovic ¢? 2! mention that they have been

unable to obtain consistent rTesults for measBurements of

-1-

i ; i an
s0ll melsture by CT. By using a Luird generation CT scanner (GE CT / TSSDD)and using
- e B . . =

advanriayeously appropriate choice o parameter. such as extended scale, differential
level scaoning and judicious choice of window-value we have been able to obtain ré—
producible and quantitative informziion on 3-d space and time scanming of water in
soil. . .

& complete review of all the sspects of CT scanning can be found in reference
(4}, A& very interesting and imstruciive introduction to €T may be found in th? Ncbfl
sward Address given by A, M Cormack (5), Essentialy the problem of CT scanning is
the following: Penetrating eletrowsrnetic radiation such as ¥ or panma-rays are ab-
sorbed and/or scattered by matter ond the expression:

T« I, exp - w X

u

may be used to evaluate the emerginc intensity 1 of the radiacion beam of incoming

mirl

intensity aifter aversing a sJ e o omogeneous macerial of C coeffi-
t f Er f hem geneou C abSU!‘I) ren
B [o]

i t nmteri i eneous, such as the case of
cient 3 and thickness x. When the uwterial is not hempgeneous,

»

a sample ol real soil or a part ¢! the human body, the more general expression
& Baf :

L = i, exp -ff ds

may be used where f is now a distributrion function fer the varying abs?rtion. coef-
ficient along any direction s acro-z the sample. The central preblem of CT is the
obtention of the distribution fum-:on [ {(as a function of position for any direc-
tion in the sample) when a sufficiently large number of absorption measurements
aleng different scanning directions s has been performed. The image of .the obj?ct
section

is then obtained as a map of abscorption coefficients u for any desired

(stice) of the sample. This process is performed mathematically with the help of

i i IR i i .In his original work Cormack
computers and is called image recc:=:iruction technique.ln g

demonstrared all the necessary maciematical theorems for image recomstruction. He
was also able to build a2 very simpi: CT scanner, which incidentally may be "revived"
for soil science applications as we propese in this work. G. K. Hounsfield devel-
oped independently the reconstructian theory and also the first commercial ¢T scan-
ner for medical use {6). Essentiai: in the video of a CT scanner a plot of the at-
tenuation ceefficient y is showwn on 2 gray level viewing system in the so  called
Hounsfield Units (HU) uswally tak=1 to be the following (4)
H - 4000 "
U

W

where i, is the attenuation coefficient of water. For the plotting a relative scale
n

is sometimes used where 1, is taken as 8 reference level arbitrarily considered as
1

ZETD.



In practice CT-scanners are now sophisticated machines capable of on-line image
reconstruction or.image—storage for larer analveis in dedicated consoles. CT-third
generation scanners are alsc capable of being used in dynamical modes with scanning
times as short as 5.7 sec, with scan interval times ol even | sec.. )

Though CT scanners are expensive equfpment they are now comnonly found ir most

sospitals and may be eventually used for other applications such as the one
pri ,osed in this paper. We also propose that small, dedicated wini-CT scanners  may
be built and used in the future for special purposes like in soil science at  a much
more reduced cost perhaps of a few thousand dollars, with price comparable to present

equipment using gamma-ray or neutron-probe technigues.

¥

MATERIALS AND METHODS

Scans of soil samples have been obtained with a General Electric
CT/T 8000 scanner of the Istituto 41 Radiologie, Universita'dl Trleste,
Itely. Thia is a third generstion rotate-rotate CT scanner
meaning that the X-ray tube and the detectora rotate simultanecusly during
the scan. The detec’ or array consists of & 30° arch in which are contained
523 high pressure xenon detectors. The X-ray tube and the detectors are located in-
side the gantry. The operating characteristics of the tube are 120 Rv while the ma
may range from 20 to 500 mA.; the mAs depends on the scanning time and can range
from 30 mAs to 1152 mAs. We have used the maximum mAs available for the instrument
depending the parameters used {dynamic scan or not and sliice thickmess). The gantry
aperture for patient positioning is 60 cm. in diameter, The scan time may change
from 5.7 to 11.5 sec,. The scan interval between two scans is about 30 sec. but may
be reduced to 1 sec. when the dynamic technique is used. The dynamic scan consistsof
a seriesof scans that may be performed at a same slice location or with different
locations. The interscan delay may be 1 sec. or longer, as desidered, The dynamic
technique enable;#% obrain plots of the density changes during time. The slice thick-
pess may be 1,5 mm., 5 mm,, 10 mm,., The standard image reconstruction circles are
25 cm. usually used for brain studies, 35 cm. and 42 c¢m. usually used for body
studies. The matrix size is 320 x 320 pixels, The single pixel size depends on the
image reconstructions circles (25 cm., 35 cm., 42 cm.) and is respectively 0.8, 1,
1.2 mm. The pixel size may be further reduced till 0.25 mm by using the high resolu~
tion image reconstruction. The reconstruction algorithm (both stazndard and high res-
olution) assigms to each pixel im the image matrix the X-ray linear attenuation coef-
ficient of the material within that volume of the object represented by the pixel .
These coefficients are converted into CT numbers before the image is viewed, This
conversion is done by scaling attenuation coefficients to the coefficient of water .
The normal (T number scale runsrbetween - 1000 (air} H.U. to + 1000 (bone) H.U.. A
CT number of 0 is assigned to water. in order to visualize density more than 1000
the extended scale has been added to the scanner which allowsthe CT number scale to

runi berween - 10G0 and + 3000 H.U.

We have use& z sendy so0il and two types of cylindrical acrylic columns: for
horizontal flew 2 5 .z diameter, 20 cm long svringes and for vertical flow a 10
cm diameter by 30 ¢m height cylinder, internally divided by a plastic thin wall,
s0 that a comparison ..uuld be made between dry and wet soil simultaneously during
scans.

The columns wers cositioned in the gantrv in the most judicious way to avoid
artifacts for the choi:n paremeters like kVp, mAsec, scan rime and slice thick-
ness, as previousty <i.cussed. Water flow was introduced either by a hydraulic
head or by direct weiring by spraying or from contact with a wet cotton. For the
obtention of a calibrorion curve (fig., 2) for water content as a function of meas
ured attenuation in H.U,, a known volume of water was added to a known volume of

seil previously dried.

RESULTS
Several experimyiral techniques were introduced for the study of water con-
tent and motion and w. describe them in the sequence, The first experiment, as

showr in fig. 1, clexrly indicates the appropriateness of the use of OT for water
CONtent measurement. selecting an apropriace area in the image,the attenuaticn
in HU can be measui.. directly in the console. Indicators of variable geometry
and area like circles irig., 3) or rectangles(fig, 4) aliow the attenuation te be
measured in the regicn of interest (ROI). The system alsc furnishes coordinaces,
arez and the standard icviation of the attenuation in the ROI box (see fig. 1) .
In fig. 2, we show th: rusults of the calibration curve of the system  expressed
in HU as a function .: water content in soil volume of water per volume of soil ,
A linear dependence wi: found from which direct water content can then be  ob-
tained from a complex [mage containing inhomogeneous so%l or water gistribution
for that sample.

Dynamical experi: urs were performed in the following way: a fixed slice was
chosen in the column :1d sequential scans were made as a funcrion of time after
the introducticn of water in the column, Results are shown in fig. 3. Even for
@ high conductivity »: {! like the one we have used, it is possible to cbserve the
sudden arrival of th: water front in the chosen slice (fig. 3, right si&e curve)

some 30 seconds after .l introduction of water. The slice was located 50 mm from

the entrance area of - column which corresponds to an average speed as large as
1.6 mm/sec. For this :uperiment the slice thickness was 1.5 mm. The number 1 indi
cates scans im the fi., 3, Scan interval was abour 5 sec, -

A combined spaty : :nd real time {dynamical) measurement was also made for
the vertical celumn. | rhis case to obtain smaller water speeds, a wet cotton
was put in contact wi:. rie top of the column. This is Shrely seen in fig. 4,With
this limited amount . :!.id available it was possible to scan at different time

intervals and weasur ‘1. attenuation in different regions with  the ROl-hoxes

b
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¢ -now a plot of the variation of water content as a function of time for the dif
ferent regions, In fig, 5, for the same system and configurationm we show a  very
instructive curve obtained from the data of experiment of fig. 4 by plotring the
differences of water content for different regions 1, 2, 3 and 4 as a fumctiou of
time. It is seen that in ROI-boxes number 1 the warer content remains constant
quickly (in about 15 sec.} for ROI-boxes 2, hetero-geinities can be seen from the
CT-scan but the average water coutent increases with time and attains a smaller
average value. For region 3 there is 2 continual increase in water content with a
more drastic relative change, Finally, like region 1, which attained & constant
value in region 4, where the water 'did not yer arrive, there was no change in at-

tenuation.

DISCUSSION AND CONCLUSIONS

From the previous results it is seen that CT scanning has manv potentialities
for soil science. From these preliminary results it is also seen that many aspects
still need to be developed. One of the first is connected with instrumentation it
self. We are performing soil science investipations with an instrument that was
specifically designed to be used for medical purposes for human beings. in princi
ple a much more simple instrument can be developed. For medical CT the limitations
of dose to the patient impose severe restrictions on the mode of operations of the
system. For instance the radiation exposure and thus tube conditions of operationm,
like kV and mAsec are correspondigly limited. Patient motion and ﬁositioning is
another limitation which again imposes particular aspects on the design and func-
tioning of CT-scanners,Obviously for the case of soil science, such restrictions
are not necessary, Also image reconstruction does not need to be made on line like
in our case, Another important aspect is connected with the radiation quality it-
self. Most CT-scanners for medical applications have a supporting software for im-
age reconstruction based on a small range of radiation gquality {spectrum}, If the
kV to the tube is changed the spectrum is changed and the software does not cor-
rect any longer for many artifacts known to be present in CT. For instanre it
might prove to be advantageous to use higher kV. In our case we have used 120 kV
and in fact in many cases we have worked at the limit of power of the system.
Higher kV might aliow large¥ columns to be used and eventually provide better con-
trast in images. Another preliminary limitation of our experimeut is that we did
not perform classical soil science experiments with standard columns and accesso-

- ries but improvised due to limited experimenral conditions in the hospital.However
in this preliminary study variocus basic conclusions could be obtained, and are sum

marized below:

5

indi?ated by numbers 1, 2, 3, 4 from top to bottom of/column. Cn the rieht—haﬂd side of
L

a) CT scanning can be us . vo obsevve aud meausuce quantitatively water content
in soil;

t) CT scanning can be u- for dynamic:l (rcal time) studies of water worion

in soil, including 't svasuremont of wot-r speeds as large as 1.6 mmisec.;
c) CT scanning c¢an be v~ fur the obrentiosn of information on heteroc geneities
of water content and -4 infarmation by tbe use of the slicing technique
as used ip this work o Ly the obtention of complete 3-d reconstruction

from that dats (net yresented in this papech:
d) Simulctaneous sparial ond time distrilburions of water content can be obtain-

ed by the use of appruopriate CT teciniques as demomstrated in this work,

Mini CT scanners costiug less then US 7000 have been built  for dedicated ap-
plications like archeology av<' wood auslysis (7) and we are starting to construct
a simple system in Barretos,®V, Brazil)fur s0il science applications in which many
of the limitations menticned .ihuove will not be present. Of course the ideal wethod
for water observation would i. MR €T scanning and we are presently investigating
this problem in our Lab. at :hv Inst. of Phys. Chem at S. Carlos with the help of

H. Panepucci and coll.
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Figure 1 - Appropriateness of the use of CT for water content
measurement . We show the differences of two sampies
with water and without water and the associate
values of the water content measured in H.U.
(Hounsfield Units).

-7-

Hil

1‘

2100

(=138

B

= 0,977

CORR

= 228,48

S DEV

e ———— > & (%}
30

o
ks ~N
T
o~
P
A =
o +
¢ o -k
< — .
w3 o i
" v
H
(¢
a

v
H
e
5

T
3

Figure ? - Linear Calibration cerve of Hounsfield Units [H.U.) as a function

waer per wolume of soil).

iume ¥

{ve

of water content (8)



ABS SCALE
)

4 T TR NP N
1a58] 11114911

1329/
13004
271
1242
1213
184
155 ]
126

gg
———

Figure 3 - Dynamical experiment made with a horizontal column
showing a fixed slice where sequential scans {abso
lute scale in H.U.) as a function of time after the
introduction of water in the column. The number 1

representg the position of the slice and the size
of the area.
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Spatial and real time (dynamical) measurement
made with a verrical column (left side) at
different time intervals. The attenuation was
measurcd in different regions with the ROI
(Regicn of interest) boxes indicated by mum~
bers 1, 2, 2 and 4 from top to bottom of col-
umm. ¢4 the right side we plotted the varia-
tion of water content as & function of time
for the different regions.
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Figure 5 - With the same system described in fig 4, we plotted
above the differences of water content for differ-

ent regions 1, 2, 3 and 4 as a function of time .
in the regiom 3 for instance, we see & continual
increase in water content with a more drastic rela-

tive change.
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