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ABSTRACT: Tomography is the reconstruction of images from mea- 
surements of line integrals. It is used in a variety of scientific and 
technical applications. Advances in electronics and computers make 
the technique accessible to geotechnical engineering. The combina- 
tion of penetration testing and tomographic reconstruction would 
result in a powerful site investigation tool. 

A tomographic software was developed in this research. This paper 
discusses the fundamentals of the procedure and presents the results 
of a simulation study using the algebraic reconstruction technique 
(ART). The parametric study involves field set-up conditions, num- 
ber of instruments per side, and the size of the grid used in the 
reconstruction. 
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Tomography is a widely used technique in medical diagnosis 
and in other areas including geophysics. Advances in the power 
and precision of modern electronic equipment and computers, 
along with the reduction in cost, make the technique accessible 
to other applications. This paper deals with the use of geoto- 
mography in geotechnical engineering. Recent developments in 
site investigation provide the field tools that are needed for its 
implementation; for example, down-hole [1-2] and cross-hole 
measurements [3] using the seismic cone (SCPT) may be pro- 
cessed by tomographic techniques. 

Geotomography can be based either on electromagnetic or 
mechanical waves. The development of electromagnetic geo- 
physical tomography started in the mid-seventies at Lawrence 
Livermore Laboratory [4] as an adaptation of computerized axial 
tomography (CAT),  which had been successfully used in medical 
diagnosis. However,  standard transformation techniques used in 
axial tomography require that the reconstruction area be circular 
with 360 ° of data. This is impractical for geotechnical applica- 
tions, which are characterized by trapezoidal cross sections and 
primarily by an incomplete angular coverage. 

Geophysical tomography based on mechanical waves advances 
the processing of standard cross-hole data, allowing a systematic 
and global evaluation of the measurements [5-6]. Geophysical 
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seismic tomography has been used to study rectangular regions 
greater than 100 m on a side [7]. Sources have included airguns, 
explosives, and earthquake data. These tools were developed 
for mineral and petroleum exploration and for the study of ra- 
dioactive disposal sites. 

Tomographic Reconstruction 

Tomographic reconstruction operates on a large set of mea- 
surements which are line integrals of the form [8] 

yi = j lx[gi(s)]  ds (1) 

where the vector function gi(s) is the equation of the arc from 
the source a to the receiver b, and the function x(z)  is the value 
of the image at location z, called the picture function. In me- 
chanical wave based geotomography, the picture function x 0 is 
the inverse of the elastic wave velocity, the slowness. The mea- 
surement y, is the total transit time of the wave from the source 
a to the sensor b. In electromagnetic geotomography the mea- 
surement y, is the attenuation, and the picture function x(z)  is 
the absorption rate at z. 

The image is discretized into a plane of rectangular ceils or 
pixels, with values x = (x . . . .  xN). If y = (Yl . . • yM) is the 
vector of all the measurements, the relationship between all the 
cell values and the measurements is 

y = Rx (2) 

where the M by N matrix R has elements r0, which represent the 
transit length of the jth cell by the ith arc. The total transit length 
in the jth cell is the sum of rq for all arcs i. 

In practice, the number of measurements significantly exceeds 
the number of the pixels in most cases. The goal of reconstruction 
is to minimize the difference between the measurements and the 
estimate of the measurements calculated from the pixel map, x. 
For example, if the measurement of error is the squared error,  
then the reconstruction problem becomes the least squares prob- 
lem 

x ~ [y - Rx]'[y - Rx] is a minimum (3) 
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This can be solved directly by carryout out the inner product 
and differentiating with respect to x, resulting in the solution 

x = [ R ' R ] - ' R ~  (4) 

The amount of information available to determine a cell value 
is related to the total transit length of the rays crossing the cell. 
In addition to the total transit length, the similarity between the 
paths crossing a given cell is also important. For example, if a 
source-sensor pair was used many times a.t the same position, 
one could make more measurements than the number of cells; 
however, the data would not allow for the reconstruction of the 
variable field conditions between the source and the sensor. In 
this case every row in R ' R  is the same. 

This observation can be generalized to real situations. If a 
large number of paths are nearly parallel, the matrix R ' R  is sin- 
gular or ill-conditioned, and reconstruction becomes impossible. 

Direct solution of Eq 4 would require the solution of N si- 
multaneous linear equations. For realistic cases, R is large and 
sparse and in general has no distinct structure, such as the banded 
structure of matrices in structural analysis. In such cases, storage, 
formation, and solution of R'R  are impractical. Consequently, 
reconstruction of nonaxial images is done by applying an iterative 
solution, using the following operation defined for each mea- 
surement i 

x" '  = P,x  ~°~ = x '°' + Xri[y, - gx~°']/~r, (5) 

where h is an acceleration constant between 0 and 2, and x t°) and 
x "~ are the initial and updated pictures. In the algebraic recon- 
struction technique (ART),  the operator Pi is used recursively 
to update x after each datum is used. 

= PM , P r o - 2 . . .  P,,x ~°~ (6) 

On the other hand, the simultaneous image reconstruction 
technique (SIRT) uses the operator on all the data before up- 
dating the pixel map 

M - I  

.f = I / M  ~ P,x "~ (7) 

The estimate of the picture 2 is simply the average of each of 
the pictures that results from updating the image on the basis of 
each datum yi. 

In both methods, the picture estimated in a given cycle 2 is 
the initial picture x ~"~ for the next updating cycle. This is repeated 
until the change in the estimated picture function is small. 

The matrix R is relatively easy to construct for linear ray paths, 
i.e. arcs g, are straight lines. The problem becomes much more 
difficult if ray bending due to refraction is to be accounted for. 
One alternative is to start reconstruction by assuming that the 
ray paths are straight. Then the matrix R is modified by ray 
tracing to account for the refraction which would be present in 
this initial image. Using the new matrix R the image is recon- 
structed. This procedure is repeated several times until a stable 
image is ,found. 

Data based on electromagnetic waves indicate that the straight 
ray reconstruction leads to marginal results when variations in 
wave velocity exceed about 30% [9]. Still, much research is taking 

place to include ray bending in the reconstruction algorithms for 
geophysical applications [I0]. 

Parametric Study 

A computer program was written to perform A R T  on rectan- 
gular regions. A second program was written to artificially gen- 
erate field data (travel times), given a soil stratigraphy and the 
location of sensors and sources. Both are based on the assump- 
tion of linear ray paths. 

The reconstruction program takes the artificially generated 
data and the geometry of the problem as input. Intersection 
points for each of the cell boundaries are determined, and the 
length of the line segment in the fh cell for the gh arc is the value 
of the r,~ element of R. The image is continuously displayed after 
each iteration. Depending on the number of pixels and the num- 
ber of rays, the rate of image updating ranges from 30 times per 
minute for a coarse grid of 8 by 8 and 256 rays, to three updatings 
per minute for a grid of 32 by 32 and 4096 rays, when an engi- 
neering workstation is used (Sun 3/60). 

Different stratigraphies have been selected to study the quality 
of the reconstructed image. Cross sections are assumed square, 
L by L. In each case, the reconstructed image is evaluated taking 
into consideration the transit lengths in the pixels. This allows 
the assessment of the resolution and the reliability of the image 
pixels. No image enhancement has been used in the figures shown 
in this publication. 

Ins t rumen ted  Sides 

The effect of different field arrangements was studied: (a) full 
setup, with emission and reception in two boreholes and recep- 
tion on the surface; (b) partial setup, with emission from one 
borehole and reception at the other borehole and at the surface; 
and (c) standard cross-hole arrangement with emission from one 
borehole and reception in the other. In the three cases, 32 sources 
or receivers were placed on the instrumented sides, and recon- 
struction was performed for a 32 by 32 grid. 

The stratigraphy that was selected was composed of two layers 
with interface along the diagonal. Figure 1 shows the recon- 
structed images after 100 iterations and the total transit length 
per pixel in each case. The stratigraphy is clearly defined in the 
three images, even though the amount of information from cross- 
hole measurements is much more limited than from the other 
two arrangements. The same observation was made for other 
simple field conditions, including horizontal stratification. 

The transit length plots show the variability in the quality of 
the reconstruction. The full set-up results in good reconstruction 
everywhere except for the region below 0.8 L. In the second 
case, with emission from only one borehole, reconstruction is 
better in the triangle bounded by the two sides with sensors. The 
quality of the image obtained from the cross-hole setup is no 
better at the surface than it is at the bottom edge; in this case, 
the ability to resolve borehole-to-borehole discontinuous struc- 
tures is best in the region near the middle of the image where 
the transit length density is high. 

Reso lu t ion  in the Recons t ruc t ion  

The reconstruction can be performed to any level of resolution, 
but the use of very small pixels may result in cells with no transit 

 

Copyright by ASTM Int'l (all rights reserved); Thu May 12 18:03:37 EDT 2011
Downloaded/printed by
Georgia Institute of Technology pursuant to License Agreement. No further reproductions authorized.



I!OS anoj jo posodtuo3 uosoqo set~ ~qdea~!leals xoldtUoo g 'uo!lel 
-uotun~lsu! jo lunome oql jo sloojjo oql olealsuotuop ol aopao 
u I "uo!le3o I oql pup '~mogds oql 'posn sluomnalsu! oql jo aoq 
-tunu oql uo spuodop si!elo p 3!qdex~!leats olqe1301o p jo oz!s oq,L 

~iuaum,qsu I jo .taqum N 

• uo!le~gso^u! aopun s! £qdeJ$!le~ls poao,(e I e j! sou!I lelUOZ!aoq 
jo lsealuo3 oql soseoa3u! leql JOll!J e 13o[os plno3 ouo 'oldtuexo 
ao d "soo!:tletu gulqlootus jo uo!13OlOS oql aoj posn oq ue3 sosso3 
-oad uo!letuaoj ie3!~OlOO~ oql jo o~poI~OU~l ?aot..td V "poleaodao3 
-m oae elep poanseocu ~ou ou 'sose3 lsotu u! 'aono~oq '.suo!l!p 
-uoo nl!s-u! oql lnoqe uo!ldtunssg ue S0AIOAU ! s!qJ~ "o~etu! oql 
lsealuoo ao qlootus ol posn oq ue3 sonb!uq301 gupuequo-o~etu I 

• o3!oq3 poo~ g oq ol sagodde uo!lel 
-uotun~lsu! oql q31etu ol sop!s ~u!z!loJ3s!p '.oldtu!s lou s! SliO3 jo 
:toqtunu letU!ldo oql jo uo!13OlOS oq~ L "oSetu! oql jo lU0tuoAoJd 
-tu! aO!etU e lnoql!ax ~l!JelnueJ~ oql soseoa3u! uo!leluotunalsu! 

oql JoJ posn uo!lez!la.las!p oql puo£aq lax!d oql jo az!s oql ~m 
-seoaau! 'pueq aoqlo oql u 0 "SlaX!d IlemS ql!~ so~etu! jo SliO3 oql 
u! ql~uo I l!sueal poonpoa oql ol onp 'uo!lnlosoa aoq~!q ~u!3aojuo 
jo laojjo ~u!aanlq oql s~oqs fir E pue VE soan~!::l jo uosuedtuo3 
oq& "~ "~!~ u! utaoqs oze ose3 qaeo u! sql~uo I l!sueat oql pue 
so~em! polon~lsuoooa Oq~L "spff~ 8 ~q 8 pue 9I ~q 9I 'E£ "~q Zf 
aoj ouop SeA~ uo!13nalsuo3o,tI "opus azd sluotunalsu! 9I Su!lelntu!s 
'o3ejans oql uo pue sop!s teaOlel oql uo dnlos llnJ e u! po3eid oao~ 
SaOA!030a pue so3ano S "Â3ojjo s!ql olealsuotuop ol posn seta tun!p 
-otu snoouo~otttoq e u! uo!sni3u ! ue jo ~u!ls!suo3/~qdea~lleals V 
• aolotueaed lndu! lueAolOa e S! 0z!s 1io3 oql jo uo!13OlOS oql 'fills 

• uo!lnlos 13exo ue 
ol 0~IOAUO3 1OU s0op uo!mlOS oql 'pouo!l!puo3 II! s! U,H x!aletu 
oql J! 'SSOlOqlaoAo N "ql~uo I l!sraeal o.tozuou ql!~ silo3 aoj (z)x 
tlO!13tlrlj oanl3!d oql solepdn/~lUO (g b~l) ~d UOlleaodo oql zsne30q 
U,~/ JO /~l!./eln~UlS oql ~q pol3ojje £1le3!letuoqlem lou s! .L~IV 
'a0AOA~O H 'olq!ssod lou s! 17 b 3 Su!sn x aoj uo!mlOS 1301!p pule '0 
ol lenbo sutunlo3 pue s~oJ oa!lu~ seq H,H 'ose3 s!ql u I "ql~uo I 

(1) q75ue] 

£?" 0 * 

0"I - §?" - 

L'I - O'I v 

£'Z - L'[" 
Z'~ - §'? + 

0"# - Z'£ o 

8"P - O'P X 

O't -8"P ° 

"sUeal le~Ol 

"(~uoflv.tat~ OOl) dmas pla~j tuaaafftp jo toaffg-- I "0I~1 

v~vvv --. ..... - ............... ~.~...._ 

iiiiiiiiiiiiiii!!!iiiii;iiiiiiill ----VVVVVVVV~ ~v~VV------ 
--vvvvvvvvv- .-.~vvvvv-*- 
--vvvvvvv~--vv~v~vv~--~vvvvv-- 
--vvvvvvvvvv~vv~vvvvvvv-- 

---vvvvvvvv ............ ~v~vv-- 
--vvvvvv ................ ~v~-- 
--vvvvv .................. ~v~-- 

:::::::::::::::::::::::::::::::: 

41, 

eP~s/Saa^ra3aa Z~ :(J) 

epts/se3Jnos Z$ :(s) 

41, 

 !iiiiiiiiiiiiiiiiiiiiiiii! i  O---v v ........................ 
o .. .................. ..::~ 

o =========================== 
0 vvvvv ...... vvvvvvvvvvv-- 
O~fvvvvvvvvvvvvvvvvvvvv-- O0 ~vvvv~vvvvvvvvvvvvvvv-- 
O0 - ---vvvv~v~ -- ~vvvvv--- O0 -- -,-, v v v v--- 
oo ....... ~:~--- ..... ~vvvvvvv--- 

ooo~T~'ttl .... . ....... --- 

.... ll[lll' 4VVVVVVV''" 0000 ~vvvvvvvv-- 
ooo  k 4j i . .......... 
000000000 - -- "H~ ~vvv~v i O0000000t~ .. ~vvvvvvv-- 
0000000~.~ "vvvvvvv--i 

oo~.~ ............. ~..- 
(.~) 

==============================_ 
=$-+zz~: .............. ..~.~ ;:4+'~x 
X vvvv .................. vvv v X 

i~ vvvvvvvvvvvvvv OI 
I vvvvvv~= OI 
IXO00~|~ ::~bb6Xl 
Ixoooo~.;~ H{~boooxi 

lIxoooooo~ ::::¢::::~:--..~O0000XI 
{iXXOOOOOOO~OOOoOOOOXXE 
l ~oooo _~oo~oooo~oooox-xi I oooooooooooooooooooooooooxxJ lX~O 000000000000000 X2~I 

IXXXXXXX~*XXXXXXXXXXXXXXXXXXXXXXM 

~XXX~I~XX~XX~XXXX~ 
~XXX'XXiXXX'~XXXXXXXXXXX~XXII~XX~ 
X~X~XICXXXXXXXXXXXX~XX~XXXiX 

XXXI~XX~XInI:XlrXXXlXXXXXX~X~XXX 
XXIXXX~~XX'J~X~XX 

(~) 

H/DN~-I J_ISNV~I_I_ -I¥101 dn-t~ 

........ i .... ~o++ 

.... Ivvvvvvv~vvv~ 

'~v~v~VVVVVVVVVVVVV 
~-- --~vv.vvvvvvvvvvvvv 
~--~VVV~VVV~VVVVV~VVVV 
~vv~ ....... ~v~vvvvvvvvvv~ 
v~v~ .... ~v~vvvvvvvvvv~v 

vvv ..... ~v~v~v~ v 

77 ..... ~vv~vvvvvvvvvvvvvvvvv 
...... ~VVVVVVVVVVVVVVVVVVVVVV 

0+01000000000000÷+++++++0000000~ 
O0 0~0000000 OOX~ 
o+~+oooo .... T4::~;t~:~#4:~o~ 0000000000000~0~ 0000~ O~vv 
ooo~oo~gOSO ~o~Lt~t~to~_,.~v 00000~0 - - v - - 
00000000000~00000 - - - v - - 
00000000000000000~ .... v - - 
O000000000000OO00 ........ 
000000000000 0000 0 ......... 
000000000000~+-t-++ ...... 
0000000000000 0 ........... 
0000000oo0000 ............ 
0000000000000 ............. 
00000000000 0 .............. 
00000000000 ............... 
00000000000 ............... 
0000000000 ................. 
0000000000 .................. 
0000000000 ................... 
000000000+~ i ...... 
000000000+4- ................... ". 
00000004-0+ .................... • . 
0000000 0 ..................... *- 
0000000~ ........................ 

000000 ................. 
~ooooo .................. 22::-'-'=7 
00000 ......................... v " 
0000 .......................... * 
000 ........................... v * 

¢ X~ OxOOOOOOOOOOOOOOOOXOXOX 
, I~X~ ZOOO++OOOOOOOO++OOOX~X#~v[ 

)0 ~ DXXO00+ 0000 0 OOX X v 

O000~O~v v v 
C,O0 .... O000~O~O~O000XX ..... J 
C IOXC ~XOOOOOO+O+OOOOOOOXvvv~v*v 
c ,oo~ ~ooooooo~o~ooooooo ........ I ¢ ~0~ 30000000000000000vvvvvvv-v | 
C ~OOO [O00000000000000vvvvvvvvvv 

l 
C IOXG 300000000000000-vv-vvvvvvv 
C ~OOQ ~O000000000000-vv-*vvvvv-v 
¢ ~00 ~O00000000000vvv-*-vvvvvvv 
C tOX~ 3000000000XO-v--vvv-vvvvvv 
C ~000 ~O0000000XOv-v--vv--vvvvvv 
C ~00 )O00000000vvvv-vv .... vvvvv 
C ~00~ ::'O0000000v~vvvvv--v-vvvvvJ 
C ~000 )O000000~-vvvvv-vvv-v~vvvJ C pO00 )O00000vv~-~v~vvv-vv-vvv~ 
0 ~000 )O0000vv~vvvvvvv-~vvvvv~' 
a ~000 )O000~v~vvvvvvvvv-vvvvvvvv 
0 ,000 )O00~vvvvvvvvvvvv-*vvvvvvv 
O ,0 0 )O0~vv~-vvvvvvv-vvvvvvv 
0 ~0~0 )Ov~VVVVVVVVVVVVVVVVVV 
0 '000 )~v~V~VVVVV vvvvvvvvv | 0 ,000 v~ v vvv 

/ o, o ......... ~ ~ ~ .... 

39VWI 

[3] 

[H] 

IV] 

LSL Aanz£ NOI/V'II'll/~IS V NO VNIHVI/~V.LNVS aNY NIT1VI 

 

Copyright by ASTM Int'l (all rights reserved); Thu May 12 18:03:37 EDT 2011
Downloaded/printed by
Georgia Institute of Technology pursuant to License Agreement. No further reproductions authorized.



132 GEOTECHNICAL TESTING JOURNAL 

[A] 

[B] 

[C] 

IMAGE RESOLUTION TOTAL TRANSIT LENGTH 

^ . . . .  + . + . + . . . ^ ^ ^ ^ ~ . . . - . + . . - - . * ^  
~ - - - - .  . . . . . . .  AA AAAA . . A . .  . . . . . . .  h ~  
^ _ . . ^ ^ * ^ ^ ^ _ ^ ^ _ ^ ^ * . ^ . ^ _ ^ . ^ _ ^ ^ _ . ^ ^  
* ^ . ~ ^ ^ ^ ^ ^ . ^ ^ ^ . ^ ^ . * ^ ^ ^ ^ ^ ^ ^ ^ * ^ _ ^ _  
* . ^ * ^ ^ ^ ^ . ^ _ . * ^ ^ ^ ^ ^ . * ^ _ ^ ^ ^ ^ ^ ^ ^ ^ * ^  
~.AA..AAAAAAAAAAAA..AAAAAA--AAAA.A 
~A~A~A_AeI~AAAAAAAAAAIIIAAAAAA~A 

~^~^ XOXXff XffX~ 0 ~^^^^^A. 

^~A^ O0 OXW~ ~XOO - - ^ ^ - - "  
A A * A A  ~ X X O  AAAAAA 
.... 

^^~^ OXX ~'W'FLKXO0 ^^^^--^ . . . .  Z+- , - I :~xo,~-- . .~oo8t  ~--=:^--" 
AAAA 0 0 ~ 0 ~ 0 ~ 0 '  AAA-- A 

- ^ ^ ^  0 ~ 0  OXO ' ^ ^ - ^  

. A ~  I~ tOXXOOX.XOXXX'  ^ - - -  

^ ^ - - - ^ . , . O - - - .  . . . . . . . . . . .  ~ 4  ' ' - ~ ^ ^ - ~  

A A A A A A A A * _ A A A A A A A A . . A A w . A A A A A A A /  

A A A A A A A A _ _ A A A A A A A A A A A A . _ A A A A A A A A ~  
~ A A A A A A A _ . ' A A A A A A A A A A A A . . A A A A ~ A A A ~  
~ ^ ^ ^ ^ ^ ^ ^ . . A ^ ^ A ~ ^ ^ ^ ^ ^ ^ ^ _ _ . ^ ^ A ^ ^ ^ ^ ^  

:~2~:22:xx ....................... ..x:2:22~, 
^ ^ ^ ^ ^ ^ ^ ~  X X ^ ^ ^ ^ ^ ^  

^ ^ ^ ^ ^ ^ ^ ~ X X  X X  ^ ~ ^ ^ ^ ^ ^ ~  
^ ~ ^ ^ ^ ^ ^ ~ X X  X X  ^ ^ ^ ^ ^ ^ ^ "  

^ ^ ^ ^ ^ ^ ~ X X X X  X ^ ^ ^ ^ ^ ^ ^ ~  
^^A^~^~XXXX XXX^^^^^^^. 
^^^^*^--XXXX XXXX ~^^^^^^' 
~^ - - ~ *--XXXX xxxx -^^^^^' 
^ ' -  -^^--X --^^^^^' 
^^--^^~XXXX XXXXXX ~^^--^' 
^ A.. ^ ^--XXXX XXXXXX-- ^ ̂  - - ^ '  
^^--*^--Xxxx XXXXXX -^^--^' 

(L132) 2 

(L/16) 2 

32x32 pixels 

16x16 pixels 

^ ^ _ ~ ^ ^ ^ ^ ^ ^ . ^ ^ ~ ^ ^ ^ . ^ . ~ ^ ^ ~  ^ ^  

--^.^~^~^--^*^^^^^^~- - ~ ^ . ^ - - ^ - - i  
_ ^ ^ ^ ^ ^ ^ ^ ^ ~ ^ ^ ^ ^ ^ ~ ^ ~ ^ ~ ^ ^ ^ ^ ^ ^ _  

_ ^ ^ ^ ~ ^ ^ ^ ^ ^ ^ ^ ^ ^ ~ ^ ^ _ ^ . ~ . ^ ^ ~ ^ ^ ^ ^ ^ ^ _  

~AAAAAAAAAAAAAAAA~AAA~AAAAAAAAA~ 
^~^^^^^^^^~^^~^^~^^^^^^~^ 
~AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA~ 
A~AAAAAAAAAAAAAAAAAAAAAAAAAAwA 
~AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA~ 
AANAAAAAAAAAAAAAAAAAAAAAAAAAAwA 

AA__AAAAAAAAAAAAAAAAAAAAAAAAAA__AAi 
_ ^ ~ ^ ^ ^ ^ ^ ^ ^ ~ ^ ^ ~ ^ ~ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ _  

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  
~^A . . . . .  . ............... . . . . .  ^ ^ _  

OOOO O X X X X X ~ t ~ t X X X l I ~ O 0 0 0 0 0  ~ 
OOOO~OXXXXXXXXXXXXXXXXXXXXOOOOOO~ 
O 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  o088888ooooooooooooooooooooooooo 
0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 ~ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 ~ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  oo0~o~8ooooooooooooooooooooooooo 
0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 ~ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 0  
0000000000OOOOOOOOO000OOOOOOOOOO 
0OO000000OOOOOOO0000000OOOOO0000 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  oooooooooooooo Nwooooooooo 
O 0 0 ~ C : . ~ O 0 0 0 0 0 0  ~ OOOOOOOOOO 
ooo00009999999 1 ooooooooool 

| O 0 0 0 0 0 ~ l i ~ f l z z i l l ~ l ~ l ~ $ ' # ' ~ O 0 0 0 0 0 1  
I~oR~9~,,,,,,~,,,,,ilI199~oooI 

v O w  I l l l l l l l l l l l l l i l l V l V l l  v O 0 0  /RR££t , , , , , , , , , , , , ,  . . . . . . . .  I I ~ o o l  
O 0  O O  
0 0  I I 1 1 1 1 ~ O  
O C  , ,  " : . . . .  3 0  

^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ t I ^ ^ ^ ^ ~ { - L - { - L { I 1 0 0  
~ ^ ^  ~ A ~  

. . . . . . . . . . .  " , , , , , i , ' '*  

. . . . . . . . . . . . . . . .  ^ ^ ^ ^  . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  ^ ~ ^  . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  ^ ^ ^ ^  . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  ^ ^ ^ ^  . . . . . . . . . . . .  

. . . . . . . .  X ' x X  x X X X  . . . . . . . .  
. . . . . . . .  x~xx XXXX . . . . . . . .  
. . . . . . . .  XXX XXXX . . . . . . . .  
. . . . . . . .  XXXX  XXXX . . . . . . . .  
. . . . . . . .  XXXX  XXXX ^ ^ ^ ^  . . . .  
. . . . . . . .  XXXX  XXXX ^ ^ ^ ^  . . . .  

. . . . . . . .  XXXX XxXX ^~^^ . . . .  

. . . . . . . .  XXXX OOOO ^^^^ . . . .  

. . . . . . . .  X X X X  O O O O  ~ ^ ^ ^  . . . .  

. . . . . . . .  X X X X  O O O O  ^ ^ ^ ^  . . . .  

. . . . . . . . .  XXXX 0000 ^^^^ . . . .  

. . . . . . . .  XXXX  0000  ^ ^ ^ ^ ^ ^ ^ ^  

. . . . . . . .  XXXX OOOO ^^^^^^^^ 

. . . . . . . .  XXXX 0000  ^ ^ ^ ^ ^ ^ ^ ^  

. . . . . . . .  l I ~ ! l O O O O ~ ^ ^ ^ ^ ^ ^ ^  

(L/8) 2 

8x8 pixels 

~ L q ¢ 

l l | n | | | l n l | | | | 1 | ~ | | | | ~ | | | l | ~ |  
m m R m a g u m l m i i B m R n m i R m i l m u B l m m u R m l  

llllIllIlllIllllllllIlllllllllll 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 

llllllllllllllllllllIlllllllllll 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
IIIIIIIIIIIIIIIIIIIIIIIIIIIllIII 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 

llllllllllllIlllllllllllllllllll 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
I I l l l I I l l l l l l l l l l ~ l l I l l l l I l l I I I  
IIIIIIIIIIII~XX~XIIIIIIIIIIII 
IIIIXXXXXXXXOOOOOOOOXXXXXXXXIIII 
IIIIXXXXXXXXOOOOOOOO~d~XXXXXIIIII 
IIIIX~XXXXXOOOOOOOOX~XXXXgIIII 
I I I I ~ X ~ O 0 0 0 0 0 0 0 ~ I I I I  
XXXX ~ OOI~OXXXX 

F I G .  2--Resolution in the reconstructed image (100 iterations). 
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layers with inclined boundaries. The full setup configuration was 
used, with sources on two sides and receivers on three sides. 
Three levels of instrumentation with 32, 16, and 8 sources/sensors 
per side were simulated. Based on the previous results, recon- 
struction was done on cell grids corresponding to the instru- 
mentation levels, 32 by 32, 16 by 16, and 8 by 8. The images 
(Fig. 3) indicate that reconstructions are very good and show the 
character of the stratigraphy in all three cases. However, the 
level of detail is quite different ranging from L/32 to L/8. The 
reduced amount of information in the lower part of the cross 
section (see Fig. 1A) manifests in the blurring of the image in 
this region for all levels of instrumentation. 

Other Observations 

In addition to the results presented here, other studies were 
performed. In general, it was found that inclusions can be easily 
depicted, that reconstruction is very sensitive to the number of 

instrumented sides for a given layering condition, and that re- 
construction of cross-hole data gave good results for the common 
case of horizontal layering. However, cross-hole data proved 
insufficient for more complex profiles such as the one in Fig. 3. 

Reconstruction based on the SIRT algorithm was also pro- 
grammed. At least for the images that were investigated, ART 
performed better than SIRT. However, convergence may be 
improved with SIRT [11]. 

Final Comments 

Tomographic reconstruction is a powerful technique. It is rel- 
atively easy to implement, at least for the assumption of linear 
ray paths. Because of innovations in electronics, the field equip- 
ment needed can be developed at reasonable cost. The recent 
advances in penetration testing point towards the development 
of geotomography based on seismic cone penetration test SCPT 
data. The result would be a powerful tool that would combine 
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FIG. 3--Ef]~ct of number of  instruments (100 iterations). 

the extensive geotechnical experience in penetration testing with 
imaging techniques, allowing for the visualization of under- 
ground conditions. 
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