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La r 6 f l e c t o d t r i e  associde au temps e s t  une technique f a i s a n t  

i n t e r v e n i r  des impulsions dlectromagn6tiques q u i  a btb 
u t i l i s 6 e  pour mesurer l a  cons tan te  d i d l e c t r i q u e  des  s o l s  3 des 
frdquences v a r i a n t  e n t r e  1 MHz et  1 GHz. La constante  diglec- 

t r i q u e  de l ' e a u  6quivaut 3 30 f o i s  c e l l e  de l a  g lace ,  ce qu i  
f a i t  q u ' i l  e s t  pos s ib l e  de s i t u e r  l e  f r o n t  de congdlat ion dans 

les so ls .  Les r b s u l t a t s  d 'expgriences en l a b o r a t o i r e  sont  
prbsentbs a f i n  d ' i l l u s t r e r  l ' a p p l i c a t i o n  de c e t t e  technique 
l a  mesure de 116paisseur  de l a  zone gelee de s o l s  3 granulo- 
m6t r ie  gross iSr+  a+ fj-- -_L'melaceaent de l a  limite de -. 
congglat ion si t  w i d e  au 

temps e s t  comp s de l a  
tempdrature e D-s aux 

rayons-X. 
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ABSTRACT 

Time-domain ref lectometry is an 

electromagnet ic  pu l se  technique t h a t  has  
been used t o  measure t h e  d i e l e c t r i c  
constant  of s o i l s  a t  f requencies  between 
1 MHz and 1 GHz. The d i e l e c t r i c  constant  

of water i s  30 t i m e s  t h a t  of i c e ,  making 

it poss ib le  t o  de l inea t e  t h e  f reez ing  
f r o n t  i n  s o i l s .  Resu l t s  of l abora tory  

experiments w i l l  be presented t o  show the  
app l i ca t i on  of t h i s  technique t o  
determine the  thickness  of t h e  frozen 
zone i n  c o a r s e g r a i n e d  and f i n e g r a i n e d  

s o i l s .  The loca t ion  of t h e  f reez ing  

boundary us ing  t ime-domain ref lectometry 
w i l l  be compared wi th  temperature 
measurements and i n t e r p r e t a t i o n s  from X- 

ray photographs. 

INTRODUCTION 

During t h e  cons t ruc t ion  and r e p a i r  
of s h a f t s  and tunne ls ,  a r t i f i c i a l  ground 

f reez ing  has been used t o  supply 

temporary s t r u c t u r a l  support  and t o  
cont ro l  water i n f i l t r a t i o n .  I n  these  
p r o j e c t s  i t  i s  necessary t o  monitor t h e  

thickness  of t he  f rozen  l aye r  f o r  s a f e t y  
and economic reasons. Several  techniques 

have been used including temperature 

measurement, e l e c t r i c a l  r e s i s t i v i t y ,  
f rost- tube,  u l t r a son ic ,  seismic and radar  

methods. This paper descr ibes  t h e  use of 
another  technique, time-domain 
ref lectometry,  t o  l o c a t e  t h e  f reez ing  
f r o n t  and t o  c a l c u l a t e  t h e  th ickness  of 

t h e  frozen zone. 
Time-domain ref lectometry was f i r s t  

used by Davis e t  a l .  (1976) t o  measure 

t h e  apparent d i e l e c t r i c  constant  of 
s o i l s .  They found t h a t  t h e  apparent 

d i e l e c t r i c  constant  was s t rong ly  
dependent on volumetric water content  
and weakly dependent on s o i l  type, 
dens i ty ,  temperature (above O°C) and 
so lub le  s a l t  content  i n  t h e  frequency 
range between 20 MHz and 1 GHz . Topp e t  

a l .  (1980) proposed an empir ical  

r e l a t i onsh ip  between t h e  apparent 

d i e l e c t r i c  constant  and t h e  volumetr ic  
water content  of s o i l s .  S imi la r ly ,  
Pa t te rson  and Smith (1981) i nves t i ga t ed  
t h e  r e l a t i onsh ip  between t h e  apparent 

d i e l e c t r i c  constant  of f rozen  s o i l s  and 

unfrozen water content  using time-domain 
reflectometry.  

TIME-DOMAIN REFLECTOMETRY 

Time-domain ref lectometry i s  used t o  
determine t h e  d i e l e c t r i c  constant  of t h e  
medium surrounding a t ransmission l i n e  by 

measuring t h e  propagation ve loc i ty  (V) of 
an electromagnet ic  wave t ransmi t ted  along 

t h e  t ransmission l i n e  f o r  a known 

dis tance.  For t h e  complete range of 
s o i l s  s tud ied  by Topp e t  a l .  (1980) t h e  

e l e c t r i c  l o s s  was found t o  be smal l  and 

d id  not a f f e c t  t h e  measured propagation 
ve loc i ty .  They expressed t h e  propagation 

ve loc i ty  as:  

where c = v e l o c i t y  of l i g h t  i n  a vacuum 
(30 cmlns) 

K, = apparent d i e l e c t r i c  
constant  of t h e  medium. 

The propagation ve loc i ty  (V) along a 



t ransmission l i n e  of known length  (L) i s  
given by: 

where t = t i m e  of t r a v e l  

Combining equations 1 and 2 y i e l d s  
an  expression f o r  Ka i n  terms of t h e  

transmission l i n e  length  (L) and t h e  

t r a v e l  time ( t ) :  

The t r a v e l  t i m e s  of e lectromagnet ic  

waves t ransmit ted along a transmission 
l i n e  a r e  measured using a time-domain 
ref lectometer  (TDR). This instrument is  

widely used i n  t he  e l e c t r o n i c s  industry 
t o  measure the  r e f l e c t i o n  c h a r a c t e r i s t i c s  
of transmission l i n e s .  A desc r ip t i on  of 

how t h e  instrument operates  i n  r e l a t i o n  
t o  t h e  t ransmission l i n e  is  presented i n  

Baker e t  a l .  (1982). The TDR output 

cons i s t s  of a waveform with a time base 

displayed on a cathode ray tube (CRT) and 
photographed o r  p l o t t e d  on an  x-y 

p l o t t e r .  The shape and amplitude of t h e  
r e f l e c t e d  wave, i n  r e l a t i o n  t o  t h e  

outgoing wave, r evea l  t h e  na ture  and 
magnitude of t h e  impedance mismatches and 
d i scon t inu i t i e s  along t h e  t ransmission 
l i ne .  

The amplitude of t h e  r e f l e c t e d  
waveform i s  dependent upon t h e  change i n  

impedance along t h e  t ransmission l i ne .  

The impedance i s  dependent upon t h e  
l i n e  and the  e l e c t r i c a l  p rope r t i e s  of t he  
geometr ical  shape of t h e  t ransmission 

surrounding medium. For a balanced 
p a r a l l e l  wi re  t ransmission l i n e ,  t h e  
c h a r a c t e r i s t i c s  impedance (Zo) i s  given 

by: 

where K = d i e l e c t r i c  constant  of t he  
surrounding medium 

S = spacing between t h e  rods (cm) 
d = diameter of t h e  rods (cm). 

I n  these experiments, t h e  p a r a l l e l  wi re  

t ransmission l i n e  is  terminated i n  an 
open c i r c u i t .  The impedance a t  an open 

c i r c u i t  is  i n f i n i t e  and t h e  energy from 
impinging s i g n a l s  is t o t a l l y  re f lec ted .  
Events on t h e  TDR waveform can be used t o  
ca l cu l a t e  t he  d i e l e c t r i c  constant  of t h e  
medium, using equation 3, provided t h e  
physical  d i s t ance  between t h e  discont in-  

u i t i e s  i s  known, o r  they can be  used t o  
l o c a t e  t h e  d i s con t inu i ty  provided t h e  
d i e l e c t r i c  cons tan t  of t h e  medium i s  
known. 

The d i f f e r ence  i n  t h e  d i e l e c t r i c  
constant  of f rozen  and unfrozen s o i l  w i th  

a high water  content  causes a n  impedance 
change a t  t h e  f r eez ing  f r o n t  producing a 

r e f l e c t i o n  on t h e  TDR waveform. Using 

t h e  t i m e  base on t h e  waveform i t  i s  
poss ib le  t o  measure t h e  time f o r  t h e  wave 

t o  t r a v e l  through t h e  f rozen  zone ( t  f )  

and unfrozen zone (t,). In  making t h e  
ca l cu l a t i ons  t he se  t r a v e l  t imes a r e  
divided i n  ha l f  because r e f l e c t e d  waves 
a c t u a l l y  t r a v e l  twice t h e  d i s t ance  along 
t h e  transrmlssion l i ne .  P r i o r  measurement 
of t h e  d i e l e c t r i c  cons tan t  of t h e  f rozen  

and/or unfrozen ma te r i a l  can be  used t o  
l o c a t e  t h e  f r eez ing  f r o n t  r e l a t i v e  t o  t h e  
f rozen  o r  unfrozen end of t h e  

t ransmission l i n e  us ing  equat ion 3 
w r i t t e n  i n  t h e  fol lowing form: 

Being a b l e  t o  c a l c u l a t e  t h e  l o c a t i o n  

of t h e  f r eez ing  f r o n t ,  wi th  respec t  t o  
both ends of t h e  t ransmission l i n e ,  

improves t h e  accuracy of t h e  technique 
(Baker e t  a l .  , 1982). I f  t h e  uniformity 
of t he  d i e l e c t r i c  constant  is  b e t t e r  i n  
one zone than  t h e  o the r ,  then  i t  i s  
b e t t e r  t o  l o c a t e  t h e  f r eez ing  f r o n t  from 
one s i d e  only,  a s  i n  t h e  f i e l d  
measurements reported i n  Baker e t  a l .  

(1 982). 

LABORATORY EXPERIMENTS 

The s o i l s  used i n  t h i s  study were a 
graded s tandard quar tz  sand from Ottawa, 
I l l i n o i s  (ASTM Spec. C-log), and a l o c a l  

marine s i l t y  c lay .  A l l  samples were 

prepared from t h e i r  dry s t a t e  and 
compacted i n t o  waxed cardboard 

c y l i n d r i c a l  moulds (15.2 cm i n  diameter 

and 28 c m  i n  depth). Two s t e e l  rods 

(0.2 cm i n  diameter,  3 c m  spacing)  were 
i n s e r t e d  i n t o  d r i l l e d  ho les  t o  a depth of 
25 cm. A s t r i n g  of thermocouples was 

a l s o  i n s e r t e d  i n t o  t h e  s o i l  w i t h  sensors  
spaced a t  2 c m  i n t e r v a l s .  Two o t h e r  

themocouples were placed, one on t h e  

su r f ace  of t h e  s o i l  and one on t h e  bottom 
of t h e  mould. The c y l i n d r i c a l  sample 
mould was s ea t ed  on a b a t t e r y  hea t e r ,  
surrounded wi th  10 cm of vermicul i te  
i n s u l a t i o n  and placed i n  a cold room a t  
-5.5OC. 



Figures 1 t o  3 show information on 
t h e  r e l a t i o n s h i p  between volumetric water  
content and t h e  measured d i e l e c t r i c  

cons tan t  f o r  t h e  s o i l s  used i n  t h e s e  

experiments. D i e l e c t r i c  constant 
measurements were made on t h e  unfrozen 

s o i l s  a s  soon a s  t h e  t ransmission l i n e s  

were i n  place.  When t h e  t ransmission 
l i n e s  had become completely f rozen  i n  and 

t h e  temperature had s t a b i l i z e d ,  t h e  

frozen d i e l e c t r i c  constant  was measured. 
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Figure 1. Volumetric water content 

versus  apparent d i e l e c t r i c  constant  f o r  

Ottawa sand a t  var ious ambient 
temperatures 

X-RAY NEASUREMENT S 

I n  t h e  s i l t y  c lay experiments, i t  
was f e l t  necessary t o  have a means of 
observing t h e  formation of i c e  i n  t h e  
sample during freezing.  The radiographic  

equipment used by Penner and Goodrich 
(1980) had proven u s e f u l  i n  l o c a t i n g  

segregated i c e  i n  t h e i r  laboratory f r o s t  
heaving experiments. The X-ray 
photographs were taken through t h e  
c y l i n d r i c a l  sample on a 20 x 25 cm f i l m  
placed behind t h e  sample mould. The 
exposure t i m e  was about 7 t o  8 minutes a t  
a d i s tance  of 1.5 m and a s e t t i n g  of 200 
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Figure 2. Volumetric water content  
versus  apparent d i e l e c t r i c  cons tan t  f o r  
s i l t y  c l ay  a t  22OC 
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Figure 3. Temperature e f f e c t  on a p p a  
r e n t  d i e l e c t r i c  constant  of s i l t y  c l ay  



Figure 4. TDR waveforms f o r  t h e  sand experiment sca le :  
v e r t i c a l  200 mpldiv; ho r i zon ta l  2 ns /d iv  

kV and 5 ma. A 1 cm2 lead  t a r g e t  was 
placed on t h e  f r o n t  of t h e  mould t o  a c t  
a s  l oca t ion  ind i ca to r  on t h e  radiograph 

and t o  provide information on t h e  maximm 

d i s to r t i on .  
The l ead  t a r g e t  and steel rods 

showed up very c l e a r l y  on t h e  

radiographs. I c e  s t r i n g e r s  o r  veins  
could be seen i n  the  frozen zone and 
formed t h e  c h a r a c t e r i s t i c  r e t i c u l a t e  
p a t t e r n  of f rozen clay.  The lowest i c e  
s t r i n g e r  o r  l e n s  occurr ing between t h e  
s t e e l  rods and/or wi th in  one rod spacing 
around t h e  rods was used t o  i n d i c a t e  t h e  
depth of i c e  i n  t h e  sample. This is 
r e f e r r e d  t o  i n  t h i s  paper a s  t h e  X-ray 

measurement. 

SAND EXPERIMENT 

Some TDR t r a c e s  from t h e  sand 
experiment a r e  shown i n  F igure  4. These 

t r a c e s  were made from photographs of t h e  

TDR scan  on t h e  CRT. The t i m e  i n  hours 
is  ind ica ted  i n  t h e  upper l e f t  corner  of 
each t r a c e  and i s  r e l a t i v e  t o  t h e  t i m e  of 
t h e  f i r s t  i nd i ca t i on  of t h e  f r eez ing  
f r o n t  on t h e  TDR t races .  The f i r s t  t r a c e  
at -20 hours shows t h e  sample t o  be 
completely unfrozen. The sample was 
allowed t o  f r e e z e  from t h e  t op  down and 
t h e  l o c a t i o n  of t h e  f r eez ing  f r o n t  a s  
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time progressed is  ind ica ted  i n  Figure 4 
by an arrow. A t  218 hours, t h e  sample 
was completely frozen and had reached an 
isothermal  temperature of about -5.6OC. 
The d i e l e c t r i c  constant  of t h e  f rozen  

sand was used t o  l o c a t e  t he  f reez ing  
f r o n t  from t h e  f rozen  s ide.  

Figure 5 shows TDR measurements i n  
comparison wi th  t h e  loca t ion  of t h e  zero  
degree isotherm in t e rpo la t ed  from the  

temperature measurements. Ver t i ca l  l i n e s  

on the  loca t ion  of t he  zero degree 

isotherm i n d i c a t e  e r r o r s  assoc ia ted  wi th  

shallow thermal grad ien ts  i n  t h e  v i c i n i t y  
of 0°C. In  t h e  e a r l y  s t ages  of t h e  

experiment, t he re  was almost an 

isothermal  condit ion wi th  depth a s  t h e  
sample approached 0 O C .  This condit ion 
remained f o r  t h e  f i r s t  30 hours before 
t he  bottom temperature was increased. 
I n  Figure 4, t h e  TDR t r a c e  a t  25 hours 
showed a d i s t i n c t  r e f l e c t i o n  which t h e  

authors  a t t r i b u t e d  t o  t h e  f r eez ing  f r o n t  
even though the  temperature da t a  
ind ica ted  an  isothermal  condit ion a s  

described above. A s  time progressed and 
t h e  thermal grad ien t  increased, t h e  TDR 

measurements and t h e  thermal measurements 

agreed more closely.  Between 120 and 150 
hours a s l i g h t  thaw-back of t h e  frozen 
l a y e r  was ind ica ted  by both t h e  TDR and 

-- 

temperature measurements. 

- 

SILTY CLAY EXPERIMENT 

* r r  

- 

Some TDR t r a c e s  from t h e  s i l t y  c l ay  
experiment a r e  shown i n  Figure 6. The 

f i r s t  t r a c e  a t  -25 hours shows t h e  sample 
completely unfrozen a t  22OC. The sample 

was allowed t o  f r e e z e  from t h e  top  darn, 
s imi l a r  t o  t h e  sand experiment. The 

f reez ing  f r o n t  i s  ind ica ted  on each of 

t h e  TDR t r a c e s  i n  Figure 6 by an arrow. 

Ref lec t ions  from t h e  f r eez ing  f r o n t  a r e  

not  a s  d i s t i n c t  a s  those i n  t h e  sand 
experiment (Fig. 4). A l l  TDR t r a c e s  were 

simultaneously produced on the  x-y 

p l o t t e r  where t h e  l a r g e r  s c a l e  made t h e  
r e f l e c t i o n s  from t h e  f reez ing  f r o n t  much 
more d i s t i n c t  than  shown i n  F igure  6. 
Travel times i n  t h e  unfrozen zone were 
used t o  l o c a t e  t h e  pos i t i on  of t h e  
f r eez ing  f r o n t  from t h e  unfrozen s ide .  

A t  336 hours (Fig. 8) ,  t h e  sample had 
s t a b i l i z e d  a t  an isothermal temperature 
of -5.7OC. For t h e  t imes 240 hours and 

336 hours,  r e f l e c t i o n s  a r e  noted a t  a 
l oca t ion  s i m i l a r  t o  t h a t  previously 

a t t r i b u t e d  t o  t h e  f reez ing  f ron t .  The 

temperature d a t a  i nd ica t ed  t h a t  t h e  
sample had been completely lowered w e l l  
below O°C and t h a t  some i c e  should e x i s t  



Figure 6. TDR waveforms f o r  t h e  s i l t y  c l ay  experiment sca le :  
v e r t i c a l  200 mp/div; ho r i zon ta l  2 n s l d i v  

along the  e n t i r e  length  of t h e  sample. 
Figure 7 presen ts  d a t a  from t h e  

s i l t y  c lay  experiment. During t h e  
i n i t i a l  f r eez ing  s t age ,  t h e  TDR 

measurements remained a t  a  shallower 
depth than t h e  zero  degree isotherm. I n  
t he  second ha l f  of t h e  experiment, t h e  
high bottom temperature produced a  thaw- 
back of t he  frozen zone and the  TDR 
measurements and zero  degree isotherm a r e  

coincident.  X-ray measurements were made 
during t h e  experiment and they showed i c e  
s t r i n g e r s  occurr ing about 1.5 t o  2 c m  
deeper than  t h e  TDR measurements. A t  173 

hours, t he  TDR measurements and the  X-ray 
measurements coincide. Three radiographs 

taken a t  7.5, 79 and 173 hours,  
respec t ive ly ,  a r e  presented i n  F igure  8. 
A t  7.5 hours,  t h e  r e t i c u l a t e  ice 
s t r u c t u r e  i n d i c a t e s  t h e  ex t en t  of t h e  

f rozen  zone down t o  a  depth of about 12 

cm. By 79 hours,  t h e  f rozen  zone extends 

down t o  about t h e  same depth a s  t h e  lead  

t a rge t .  The i c e  s t r i n g e r s  appear t o  have 
grown i n  s i z e  from t h e  previous 
photograph. A t  173 hours, t h e  f rozen  

zone has  thawed back t o  between 10 and 11  
cm i n  depth and a  segrega t ion  of i c e  ( i c e  
l e n s )  is c l e a r l y  v i s ib l e .  It is  f e l t  
t h a t  t h e  i c e  l e n s  was formed during t h e  

cool ing t rend  i n i t i a t e d  by t h e  lowering 
of t h e  bottom temperature a t  144 hours. 



The growing i c e  l e n s  would account f o r  
the  r e f l e c t i o n s  on the  TDR t r a c e s  i n  
F igure  6 a t  144 and 336 hours. 

CONCLUSIONS 

Time-domain ref lectometry has been 
used t o  d i s t i n g u i s h  t h e  f r eez ing  f r o n t  i n  
labora tory  experiments involving t h e  

un iax ia l  f reez ing  of Ottawa sand and a 
s i l t y  clay. Measurements of t h e  apparent 
d i e l e c t r i c  constants  have been used t o  

c a l c u l a t e  t h e  th ickness  of t h e  f rozen  
zone. These measurements have been 
compared wi th  t h e  s tandard temperature 

method of loca t ing  the  pos i t i on  of t h e  
ze ro  degree isotherm and showed exce l l en t  

co r r e l a t i ons  i n  t h e  sand experiment. 

I n  t h e  s i l t y  c l ay  experiment, t h e  
th ree  measurement techniques depended 
upon t h r e e  d i f f e r e n t  p rope r t i e s  of water 

associated with f reez ing  s o i l s .  The 
technique using time-domain ref lectometry 
was dependent upon the  change i n  
e l e c t r i c a l  p rope r t i e s  of water when i t  

changed from a l i q u i d  t o  s o l i d  s t a t e .  
Location of t h e  zero  degree isotherm from 

temperature measurements was not a 
p r ec i s e  i nd i ca to r  of t h e  change of s t a t e  

of water i n  fine-grained s o i l s  due t o  a 
f r eez ing  poin t  depression. The X-ray 
technique provided a q u a l i t a t i v e  
i nd i ca t i on  of t h e  presence of segregated 
i c e  i n  t h e  frozen s o i l .  The uncer ta in ty  
between t h e  TDR and X-ray measurements 

was i n  the  order  of 2 cm. This 

d i f f e r ence  may be a t t r i b u t e d  t o  t h e  
reso lu t ion  of t he  TDR measurements o r  t h e  
dependence on t h e  volume and th ickness  of 

i c e  required t o  produce r e f l e c t i o n s  on 
t h e  TDR t race .  

The TDR measurements alone may not  

i n  themselves provide enough information 
t o  t o t a l l y  de l inea t e  t he  ex ten t  of t h e  
f rozen  zone, but should be used i n  
conjunction with o ther  methods now being 
applied. 

REFERENCES 

Annan, A.P. and J.L. Davis. 1978. High 

frequency e l e c t r i c a l  method f o r  t h e  
de t ec t i on  of freeze-thaw in t e r f aces .  
Proc. Third I n t .  Permafrost Conf., 

Edmonton, Alberta,  Vol. 1, pp. 496-500. 

Baker, T.H.W., J.L. Davis, H.N. Hayhoe 

and G.C. Topp. 1982. Locating t h e  
f rozen/unfrozen i n t e r f  ace i n  s o i l s  us ing  

time-domain reflectometry.  Can. Geot. 

Jour. ( i n  press) .  

Davis, J.L., G.C. Topp and A.P. Annan. 

1976. Electromagnetic de t ec t i on  of s o i l  
water content.  Proc. of Workshop on 
Remote Seesing of S o i l  Moisture and 

Ground Water, Toronto, 13 p. 

Pa t te rson ,  D.E. and M.W. Smith. 1981. 

The measurement of unfrozen water 
content  by time-domain ref lectometry:  
r e s u l t s  from laboratory tests. Can. 
Geot. Jour., Vol. 18, No. 1, pp. 131- 

144. 

Penner, E. and L.E. Goodrich. 1981. 
Location of segregated i c e  i n  f ro s t -  

su scep t ib l e  s o i l .  Engineering Geology, 
Vol. 18, pp. 231-244. 

Topp, G.C., J.L. Davis and A.P. Annan. 
1980. Electromagnetic determination of 
s o i l  water  content: measurements i n  

coaxia l  t ransmission l i ne s .  Water 

Resources Research, Vol. 16, No. 3, pp. 
574-582. 

This  paper i s  a cont r ibu t ion  from 

the  Division of Building Research, 
National Research Council of Canada, and 

is  published wi th  t h e  permission of t h e  
Di rec tor  of t h e  Division. 



I + Z E R O  

0 
0 

I S O T H E R M  A N D  

00 

*I3 A 

*4, n 

A S S O C I A T E D  E R R O R  

5t  T O R  M E A S U R E M E N T  ( U N F R O Z E N  S I D E )  

n X - R A Y  M E A S U R E M E N T  O F  I C E  B O U N D A R Y  

o I l j l l l l l t l l ' l l l r l l l ' l l r ' l l l l [ l l l l l l l J  
0 2 U  4 0  6 0  8 0  1 0 0  1 2 0  140 1 6 0  1 8 0  

T I M E ,  h 

S U R F A C E  T E M P F R A T U R E  p t 

' [ 1 1 1 1 ' 1 1 1 1 [ ~ 1 1 1 ~ 1 1 [ 1 ~ 1 ~ 1 1 1 1 ~ 1 1 1 1  

r 

0  2  0  4  0  6 0  8 0  1 0 0  1 2 0  1 4 0  1 6 0  1 8 0  

T I M E ,  h 

Figure 7. Data from the  s i l t y  c lay  experiment 

Figure 8. Radiographs from the  s i l t y  c lay  experiment, 

(a) 7.5 hours (b)  79 hours ( c )  1 7 3  hours 
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