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Field Tests on Soils and Rocks

Considérations sur les essais en place dans les sols et dans les roches

by A. D v o r a k , Ing. Dr, G eological Research, Prague 

and

P. P e t e r , D o z . Ing ., T echnical U niversity , B ratislava,

Summary

The authors put forward a theory for non-linear and semi- 
infinite solids based on the results of field loading tests. They 
give values of plastic and elastic properties applicable to certain 
typical rocks and soils. Their theory has been confirmed by the 
direct measurement of surface displacement near the loaded area.

They discuss the influence of shear tests undertaken with 
blocks of reinforced concrete on rocks, and they analyse the 
results of shear tests in coarse grained soils using a steel frame. 
They consider the effect of grain size, correlation with labo­
ratory tests and decrease of shear strength as a result of repeated 
shear tests.

They also refer to the use of radioactive isotopes for measuring 
the subterranean flow of water through soils, giving equations for 
the loss of activity from various causes. They explain differences 
in absorption characteristics and other properties due to the 
mineralogical composition of soils, referring to some problems 
of field measurement techniques.

C zechoslovakia

Sommaire

Application de la théorie d’un semi espace indéfini non linéaire 
aux résultats des essais de chargement caractéristiques des pro­
priétés plastiques et élastiques de quelques roches et sols. Confir­
mation de la théorie des déformations aux environs d’une plaque 
chargée par des mesures directes.
Influence de la structure des roches sur les résultats des essais 
de cisaillement sur des blocs de béton armé dans les roches. 
Essais de cisaillement avec un cadre d’acier sur des sols graveleux.

Influence de la granulométrie sur l’essai de cisaillement. Diffé­
rence entre les essais de laboratoire et les essais en place. Abais­
sement de la résistance au cisaillement sous des essais répétés.

Application des méthodes radioactives à la mesure des courants 
d ’eaux souterrainnes. Equations donnant les pertes d’activité 
dues à des effets divers. Différences d’absorption en fonction de 
la composition minéralogique des sols et d’autres propriétés.

Problèmes de la technique des mesures en place.

In  this paper the authors* refer m ainly  to  rocks o r coarse­

grained soils and  soils w ith a struc tu re  where it is difficult 

to  ob ta in  und istu rbed  sam ples. C erta in  exceptional sam ples 

were tested to  facilitate corre la tion  between field and  lab o r­

a to ry  tests.

A. Examination of deformation properties

R esults were ob tained  from  field load ing  tests w ith plates 

ranging in area from  0-05 to  0-5 m 2 and  concrete blocks from  

0-25 to  2-0 m 2. W hereas in m ost cases there is a decrease o f 

com pressibility  w ith depth  in soils, in rocks the heterogenity  

o f the m edium  com es in to  question.

The au thors m ade a  special study o f the non-linearity  and  

plasticity  o f the m edium . F undam en ta l w ork in this m atter 

was done by K . H r u b a n  (1958) w ho solved som e cases of 

the stress and  deform ation  o f a physically  non-linear sem i­

infinite solid. W ithin  such a m edium  the relationsh ip  o f the 

stress in tensity  and  the deform ation  in tensity  et is expressed 

by the equation  :

M

where the deform ation  m odulus M  depends on  cr* and 

given by

( 1)

e-l, s 2> e3 are ^ e  stra ins in the principal directions and  ai 
is obtained  by a sim ilar relationsh ip  from  the principal stresses. 

T he solu tion  m ay  be simplified by considering th a t the weight 

o f the solid and  the residual stresses cause a  un iform  state  o f 

stress and  th a t the applied load  has a  rad ial d istribu tion . In  

this case the influence o f the load m ay be taken  in to  account 

separately.

F o r a vertical load and  horizon ta l boundary  o f the solid 

w ith cylinder coordinates R, <p this basic equation  is due to  

H ru b an  :

0 (<p) m(m  +  1 ) Cj cos o  m c2 

M R 2 R™ R m + 1
(3)

By using the m ethod  recom m ended by  the au thors, n o n ­

linear cases can be analysed by the follow ing :

, =  -M  or M  =
K n

(4)

w here m  >  1 for certa in  values o f n an d  m w hich fulfill equa­

tion  (3).

In  a linear sem i-infinite solid is the rad ial displacem ent 

under the load P

1

V T  m +  1

m =  Po isson’s R atio. 

* A. Dvorak. Parts A and B.

V (ei ~  e2)2 +  (£2 -  £a)2 +  (s3 ~  £i )2

3 P cos tp 

2ti ER
(5)

(2) w hereas in a non-linear solid under the above m entioned 

conditions for m  =  4, n =  2
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for m =  4, n = 2-5

4R* \ 5 n K )
c o s  cp

(6)

(7)

I t is ev iden t th a t deform ations are decreasing in the opposite 

rela tionsh ip  to  R 3 o r R A and  therefore m ore rap id ly  than  in an 

elastic solid. This is very im p o rtan t for calculating settlem ent 

and  m ay explain  the well know n phenom enon o f the sm aller 

actual settlem ent ob ta ined  w hen oedom eter tests appear to  

indicate greater p robab le  settlem ent.

It is im portan t to  know  the deform ation  laws o f soils. F rom  

m any field loading tests certa in  new characteristics o f soil 

properties were derived. In  establishing the link betw een the 

load per un it a rea  and  the deform ation , as show n on  Fig. 1,

PP
we m ay take  as com pressibility  the a rea  y -  (triangle o p r). As

tests have different ranges o f load ing  p, u  is necessary to  

consider all d isplacem ents fo r the sam e value o f  p  o r sim ply 

fo r a load o f 1 kg/cm 2. The com pressibility  is then given by

C = -? -c0

T he values are, how ever, valid fo r a certa in  range o f load 

only  and  we m ust also com pare results ob tained  w ith one 

size o f loading plate. T he circu lar p la te  o f  0-1 m 2 (approx im ­

ate ly  1 sq. ft.) was chosen as a  stan d ard  and  results obtained  

by o ther plates were recalculated to  bring  them  in to  line w ith 

the tests on  the standard  plate.

a )

N on-linearity  N  is expressed by the relationsh ip  betw een 

the shaded areas in the diagram s on Fig. 1 and  the correspon­

ding triangles e.g. o p r  and  is given as a  percentage. M ost 

soils and rocks have a  sub-linear com pressibility  ( + )  w hich 

increases w ith stress, Fig. la . In equation  (4) is the coefficient 

n >  1. Som e rocks, how ever possess a super-linear com press­

ibility ( —) w hich decreases as the stress increases. A  sim ple 

rheologic m odel fo r sub-linear soils, Fig. 2a, consists o f an 

elastic e lem ent Z-j (spring), a plastic sam ple P  (friction) and 

a  viscous substance V (water). If  the spring L x is stronger 

than  Z,2 and  the force in Lx g reater than  the friction in P, a 

re tu rn  m ovem ent o f P  is possible after a  definite easing o f 

load. This explains the steep reduction  o f deform ation  in 

certain  curves, when the load is com pletely rem oved. The 

m odel show n in Fig. 2b has a  rigid elem ent R  w hich com es 

in to  p lay  after deform ation . I t provides sound in form ation  

ab o u t the behaviour o f rocks under the action  o f a com pres­

sive load on  the jo in ts and  cracks.

a

Fig. 2 Simple rheological models of a soil :
(a) sublinear ;
(b) superlinear.

Elements : elastic Lr L3, plastic P, rigid R, viscous V. 

Modèles rhéologiques simples de sols :
(a) sublinéaires ;
(b) superlinéaires.
Eléments : élastique L, plastique P, rigide R, vis­
queux V.

b )

Fig. 1 Elementary stress-strain diagrams for soils :
(a) with sublinear characteristic ;
(b) with superlinear characteristic.

Diagramme des relations élémentaires de la tension aux 
déformations des sols :
(a) caractéristique sublinéaire ;
(b) caractéristique superlinéaire.

P lasticity  gives a clue to  the perm anen t vertical deform a- 

p  '

tion  p ' o r the relation  — . The degree o f  plasticity  w hich is 

p, 
p '

very inform ative P  =  — .
P

P"
E lasticity  is determ ined b y  the re la tion  — o r by  the

P" P
degree o f  elasticity  L  =  — .

P

In  o rder to  sim ulate accurately  practical conditions, a  soil 

m odel m ust have different elem ents so th a t deform ations are 

continuous. A fter unload ing , there are  elem ents P  in w hich 

the re tu rn  m ovem ent was im possible an d  residual stress 

rem ains in  the springs w hich has the effect o f strengthening 

the m aterial. W hen reloading, these stresses m ust be overcom e 

and  m ovem ents in  elem ents P  are possible on ly  w hen a greater 

force is applied th an  a t the in itial application . T he initial 

deform ations are  therefore sm aller and  a  curve o f hysteresis 

is ob tained.

Som e rep resen tative stress-strain  curves are  show n in 

Fig. 3 and  their characteristics have  been com piled in T able I. 

W hen considering the rheologic m odels, the relationsh ip  

betw een bends on  curves 8-8'  is o f spécial interest.

T he au tho rs studied  those soils hav ing  a parabo lic  type o f 

non-linearity  according to  equation  (4). I f  we convert the 

curves from  Fig. 3 in to  a logarithm ic scale, Fig. 4, then  we will 

ob ta in  stra igh t lines. T his ho ld  good fo r curves 1 to  8 w ith 

exponen t n varying from  1-23 to  3 (see T able I) whereas 

o ther curves follow  ano ther deform ation  law. Som e curves 

h ave  a superlinear character (n <  1).

This theo ry  o f  a  non-linear sem i-infinite solid  was confirm ed 

b y  a loading test on  plastic fissured clay w ith a p la te  o f 1 

square m etre area. T he stress-strain  cu rve O in logarithm ic 

scale in Fig. 4 gives n =  2-5. F o r  a p lane deform ation  w ith

4
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Plastic and elastic properties of soils and rocks 
Testing plate 0-1 m2

Table 1

No. Material P Co P L
N

per
cent

n

1 Fill (loam, sand) 0-1-5 0-94 0-86 0-14 +  50 2-35

2 Plastic clay 0-5 2-07 0-91 0-09 +  71 3-00

3 Eluvium (grey -
wacke) 0-4 0-39 +  34 2-20

4 Eluvium (grey -
wacke) 0-5 0-23 0-68 0-32 +  25 1-55

5 Semisolid clay 0-6 0-20 +  42 2-80

6 Compacted fill 0-5-8 0-19 0-72 0-28 +  42 1-94

7 Semisolid clay 0-11 0-12 0-49 0-51 +  35 2-20

8 Sandy gravel 1-10 0-046 0-76 0-24 +  5 1-23

9 Granite eluvium 0-9-5 0-067 0-72 0-28 — 2-6 —

10 Massive sandstone 0-12 0-021 0-75 0-25 — 16 —

11 Basalt 0-10 0014 0-53 0-47 — 21 —

12 Massive grey -
w acke. 2-11 0-007 0-64 0-36 — 15 --

p : Pressure kg/cm2.
Co : Compressibility cm3/kg.
P : Degree of plasticity (max 1). 
L : Degree of elasticity (max 1). 
N : Non linearity (per cent). 
n : Exponent (parabolic law).

p  kg/cm 2

Fig. 4 Some stress-strain curves from Fig. 3 which follow the 
parabolic law in logarithmic scale. Numbers correspond 
with Fig. 3 and table 1. Line 0 refers to fig. 5.

Courbes tension-déformation (Fig. 3) à l’échelle loga­
rithm ique lesquelles satisfont la loi parabolique. 
Numéros correspondant à la Fig. 3 et table 1. La droite 0 
se rapporte à la Fig. 5.

A rad ial d is tribu tion  o f load is possible for

p kg/cm2 

0  5 10

I

B  cos 9  C  cos cp
(8)

where H- =

n =  2-5 

n =  2-5

m =  2-5 

m  =  3-5

B = C =  0 

A = C =  0

Fig. 3 Stress-strain diagrams for a circular plate with an area 
of 0-1 sq.m and for different soils. Numbers correspond 
to Fig. 4 and table 1.

Diagrammes tension-déformation pour la plaque cir­
culaire 01  m2 dans des sols divers. Numéros corres­
pondant à la Fig. 4 et table 1.

radial d is tribu tion  o f stress H ruban  gives the following 

equation  in po lar coordinates.

F o r  a plastic clay  m =  2-5 is reasonable. D eform ations of 

the su rrounding  surface were m easured by  12 s tra in  gauges 

w ith an  accuracy o f 0-01 mm . R esults are show n in Fig. 5 

together w ith theoretical curves calculated  fo r a linear and  a 

non-linear sem i-infinite solid w ith ti — 2-5. I t is obv ious th a t 

the theory  o f non-linear deform ations agrees closely w ith 

the m easurem ents.

B. Shear tests

Field tests o f th is k ind  are  possible w ith concrete blocks 

for rock  s tra ta  and  steel fram es for soft rocks and  soils. The 

base is from  0-5 x  0-5 to  1 x  1 m 2. C en tra l action  o f the 

horizontal load is secured by using an inclined rear face o r 

a projecting  part, Fig. 6. The first arrangem ent has the 

disadvantage o f a  forced vertical m ovem ent o f the block, 

depending on the ho rizontal displacem ent as show n on Fig. 6a. 

T his m ay be elim inated by a cylindrical bearing for applying 

norm al load, Fig. 6b. The au thors suggest th a t C ou lom b’s 

equation  is the m ost suitable fo r com puting  shear strength . 

They have em ployed three different norm al loads w ith two 

tests for each.

1. Shear tests in rocks are influenced by the struc tu re  o f 

the rock as show n in Fig. 7 for a fissured granulite w ith a  com ­

pressive strength  R  o f ab o u t 1 800 kg/cm 2. W hen the load is 

applied a t right angles to  the fissures, the scattering  o f results 

m akes it difficult to  determ ine cp and  c. W e m ay only  estim ate 

the lower value for c >  15 kg/cm 2 and  shear streng th  incre­

asing d isp roportionate ly  w ith norm al stress. The sam e refers 

to w eathered gneiss w ith c >  6 kg/cm 2 and m assive dolom ite 

( c =  2 kg/cm 2). The au thors have obtained  close agree­

m ent w ith C oulom b’s equation  for granulite in the d irection  

o f  fissures (cp =  39°, c =  10 kg/cm 2), for g ranulite in th e  

zone o f d isturbance (cp =  35°, c =  7 kg /cm 2),

4 5 5



a)

1 1
p - 1,0 kg /cm2

b) p sLLLXrLU X i^

Fig. 5 Vertical displacement of the surface near the application 
of a test load on clay :
(a) scheme of measurement, dimensions in cm ;
(b) vertical displacement for unit load of 1 kg/cm2 ;
(c) dtto for unit load 1-5 kg/cm2.

1. measured deformations,
2. deformation decrease for a non-linear semi­

infinite solid,
3. dtto for a linear semi-infinite solid. 

Déformations verticales à la surface du sol aux environs
d’essai de charge sur de l'argile :
(a) schéma de mesure (dimensions en cm) ;
(b) déformations verticales pour la charge 1 kg/cm2 ;
(c) id. pour la charge 1-5 kg/cm2.

1. Déformations mesurées,
2. abaissement de déformation pour un semi-espace 

non-linéaire,
3. pour un semi-espace linéaire.

d
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Shear tests in situ :
(a) concrete block with inclined back face. Displace­

ment : u - horizontal ; v - vertical ;
Base : 1. before the test,

2. start of the disturbance,
3. final state.

(b) steel frame with a cylindrical bearing ;
(c) concrete block with a projecting portion ;
(d) steel frame with a special strut.

Essais de cisaillement en place :
(a) bloc en béton armé avec la face arrière oblique ; 

Base: 1. avant l’essai,
2. au commencement de la rupture,
3. l’état final.

(b) cadre d’acier avec appui à rouleaux ;
(c) bloc en béton armé avec une partie saillante ;
(d) cadre d’acier avec contrefiche spéciale.

and  for desintegrated gneiss (<p =  27°, c =  1 kg/cm 2), which 

has properties sim ilar to  those o f  m icaceous slightly 

cem ented sand.

0 5  10 15 
<3 kg/cm2

' Fig. 7 Shear tests in rocks :
Granulite : a-b-c (c-zone of disturbance) ; 
Gneiss : d-e ; Dolomite : f.

Essais de cisaillement dans les roches :
Granulite : a-b-c ; (c-zone de broyage) ;
Gneiss : d-e ; Dolomite : f.

2. Shear tests in coarse grained soils were perform ed w ith 

the aid o f  square steel fram es w ith an area o f 0-25-1-0 m 2 

and  a height 0-15-0-20 m. All tests were o f the rap id  conso­

lidation  type. T his refers also  to  so ft rocks.

The effect o f g rain  size on  the results was investigated. 

As far as grain  size is concerned  C o e s f e ld  (1958) refers to  

1/40 o f the shear box dim ension as m axim um  fo r gravel. 

S c h u l t z e  (1955) gives 1/5 as a  lim it fo r single grains. The 

au thors tests were m ade in stony  residual soils derived from  

slates and  shales an d  in  coarse debris. M axim um  size of 

stones was 50 m m  w ith iso lated  stones o f  100-150 mm . 

Results in  Fig. 8 show  th a t w ith increasing shear a rea  there 

was no  reduction  o f  shear s tre n g th ; the reverse effect to o k  

place. T he au tho rs  agree w ith Schultze b u t they  exam ined 

different types o f soils from  those investigated by  Coesfeld. 

Influence o f  m oisture con ten t on  shear strength  m ay  be 

observed in Fig. 8 by  com paring  lines a an d  b.
T he au tho rs studied  the difference betw een shear tests in 

situ and  labo ra to ry  tests on  und istu rbed  sam ples. T heir 

w ork was restricted to  residual soils derived from  gneiss 

and  debris consisting o f loam  and  stones w ith grains up  to 

a d iam eter o f  100-150 mm . In  the last ones the particles 

larger than  40 m m  were elim inated  and  the rem aining m ate­

rial was tested for n a tu ra l m oisture con ten t and  bulk  density. 

L abo ra to ry  tests were carried  ou t in  a triax ial app ara tu s 

on  sam ples w ith a  d iam eter o f 160 m m . R esults in Fig. 9 

show  th a t in  labo ra to ry  tests, the cohesion is generally  low er 

th an  th a t m easured in situ, w hereas there is on ly  a slight 

change in the angle cp. T he decrease o f shear streng th  in 

the zone o f d isturbance, w hich represen ts p rob ab ly  an  

ancien t landslide, is obvious.

The reduction o f  shear strength along the shear plane was 

exam ined on  com pacted  slope debris, form ed by clay  and  

basa lt stones w ith a m axim um  size o f 50-100 mm . The area 

o f the steel fram e was 0-5 X 0-5 m, tests in situ being m ade 

w ith n a tu ra l m oisture co n ten t and  sa tu ra ted  w ith water. 

A fter the first shear test the soil was reloaded, consolidated 

and  a  new -shear test was perform ed on  the sam e m aterial. 

Fig. 10 shows the reduction  o f  shear strength  on  the shear 

plane. S atu ra tion  w ith w ater did no t result in  reduced strength  

ow ing to  perfect com paction . F o r correlation , sam ples were

4 5 6
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Shear test with steel frame on soils.
Area 0-5 m2 : (a) phyllitic eluvium (residual soil) ;

(b) dtto saturated with water w =  17 % 
Area 0-25 m2 : (c) desintegrated shales ;

(e) phyllitic eluvium (residual soil) ; 
Area 1-0 m2 : (d) desintegrated shales.
Tests a-c-d-e are with natural moisture content, 

w =  12 %.
Essais de cisaillement avec cadre d’acier dans l ’éluvium 

(produits d ’altération):
Surface 0-5 m2 : (a) des phyllades ;

(b) id., saturé de l’eau, w = 17 % ; 
Surface 0-25 m2 : (c) des schistes ;

(e) des phyllades ;
(d) des schistes ;

•e avaient une teneur en eau naturelle

Fig. 10

15 20 25  30 35’
<̂3 °

Fig. 9 Shear tests in situ with a steel frame (F ) and in labora­
tory (L) :
1. decomposed gneiss ;
2. slope debris (loam and stones) ;
3. zone of disturbance in gneiss.

Essais de cisaillement avec cadre d’acier en place (F) 
et examens de laboratoire (L) :
1. gneiss décomposé ;
2. débris ;
3. zone de broyage.

exam ined in a large triaxial test appara tu s after e lim ination  

o f all grains over 40 mm. These tests revealed a low er shear 

strength p robably  owing to inadequate com paction .

The au thors to o k  into accoun t also  the area o f soil 

involved in a shear test in situ. The influence o f shear load 

on rock was observed to  a  distance equal to  double the 

dim ension o f the concrete b lock used for testing. In  a  

coarse deposit, this influence was traced to  a distance 

approxim ately  the sam e as the dim ension o f the steel testing 

frame. In  clay this was less than  50 per cent o f the fram e 

dim ension. Fig. 11 clearly shows the local effect o f a shear 

test in clay.

Fig.

<J kglcm1
Shear test with a steel frame in compacted clay with 

stones.
N atural moisture content w = 14 %
1. undisturbed ;
2. on the shear surface.
Saturated with water w = 22 %
3. undisturbed ;
4. on the shear plane ;
5. laboratory test with finer grains.

Essais de cisaillement dans le sol compacté (argile avec 
des pierres) avec cadre d ’acier.
Teneur en eau naturelle w = 14 %
1. dans le sol intact ;
2. sur le plan de cisaillement ;
Après saturation w = 22 %
3. dans le sol intact ;
4. sur le plan de cisaillement ;
5. examens de laboratoire avec la fraction fine.

11 Surface disturbance near a shear test in fissured clay 
with a steel frame :
(a) at the beginning ;
(b) at the end of the test.
The pattern has a size 100 x 100 mm.

Rupture de la surface du sol aux environs de l’essai 
de cisaillement :
(a) au commencement ;
(b) à la fin de l'essai.
Dimensions du réseau 100 x 100 mm.
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C. Investigation of water flow in soils by radioactive tracers 

(by P. Peter)

D ecreasing o f the specific activ ity  c (Fig. 12) is given 

by the equation

dc

dt

A p
=  ^ A c - k ^ A

A l  8[i M  p 

b EA ¿¡c -  — _____
h e  A l D bt bt

(2)

w hich expresses :

1. Loss o f  activ ity  by radioactive désin tégration  o f  an  

isotope (Xc).

2. The average velocity w ith which the concentrate  w ith a  

specific ac tiv ity  c is b rought ou t from  the borehole by the

A p
ground  w ater flow w ith a g radient — , effective radius r0 

an d  w ater viscosity ¡x.

3. Effect o f  diffusion (kü is a  constan t depending upon  

the k ind  o f  the isotope, y.t is the viscosity o f the tracer, M  the 

m olecular weight, p m olecular density, Ac  concentration  

grad ien t o f the tracer).

4. D ispersion ( — is the ratio  o f pore volum e filled w ith
«E

adsorbed  w ater to  the effective pore volum e, ^  is the
A l

pressure g radient, § is the coefficient depending on  the specific 

surface, and  D  is the specific dispersion energy).

5. A ctiv ity  used by characteristic effects, especially on 

exchange o f ions

(k ' is the exchange capacity  o f soil m inerals, a  a ,  a s  activ ity  

o f  cations in an  equilibrium  state o f  the tracer in the soil, 

¿>i, b2 —  constan ts o f the abso rp tion  energy).

6. Loss o f energy by rad iation .

D ifferent values o f the abovem entioned  equation  (9) were 

confirm ed by theoretical and  practical exam ination  o f the 

tracer’s specific activ ity  in relation  to  tim e, place and  different 

p roperties o f  soils, w hich are characterised  on  Fig. 12.

A ssum ing th a t the original volum e o f  w ater in a borehole 

is V0 and  the flow o f w ater th rough  the borehole section Q ,

c
the  loss o f the tracer is given by  Q —  dt. O ther effects

’'o

have as a  result an  activ ity  decreasing by the follow ing fac­

to rs : désin tégration  (chdt), diffusion (xt c dt), d ispersion 

(x2 c dt), exchange o f ions and  o ther chem ical phenom ena 

(x3 c dt), therm ic and  o ther effects (x4 cdt). The equation  

fo r the reduced activ ity  m ay be w ritten  thus :

dc = — X c dt —
cQ

dt — x1 c  dt — x2 c dt — x 3 c  dt — x4 cdt

(10)

dc

- [
=  -  x +  . V- l  I X  2 i x 3 —  X 4 dt

from  w hich

c =  K  exp -  X +  —  +  x j +  x2 +  x3 - f x 4

(11)

( 12)

k'

Mp

k 1 a a

1 “t- a a  o b

I f  we p u t in  tim e t =  0 a tracer w ith the specific activ ity  

c =  c0 in to  the borehole, equation  (4) takes the form

(13)

c =  c0 exp -  X +  —  +  +  x2

Fig. 12 Course of activity and retardation of the tracer.
A. Axis of the borehole.
1. theoretical ;
2. measured curve.

Courbe de l’activité et de la rétardation du traceur radioactif. 
A. Axe de forage.
1. théorique ;
2. réel.
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Fig. 13

c0 exp

[-(■+*>]

c — cQ exp

- i  h M

In this expression all losses o f  activ ity  as well as reduction  

due to  radioactive désin tégration  during the tim e t are included 

in x.

If  the flow takes place along a p lane o r w ithin a space, the 

velocity vector does no t agree w ith the d irection o f diffusion 

and  dispersion. F o r this reason it is no t possible to  give the 

velocity by a  simple fo rm ula and  by values ob tained  by m ea­

suring in a single borehole, but a contro l m easurem ent m ust 

be carried out. In the case o f flow along a plane, the following 

equation  applies :

Grain-size curves of applied soils.
Sand : c : coarse, m : medium, f  : fine, vf : very fine. 

Courbes granulométriques dans les sols éprouvés. 
Sable : c : à grain grossiers, m : moyens, f  : fins, 
vf : très fins.

I f  Xj  x1; x2, x3, x4, are constan ts, it m ay  be w ritten  X +  xj 

+  x2 +  x3 +  x4 =  x and  equation  (4) takes the form

(17)

(14)

I f  we express the w ater flow as Q =  Av  where A is the 

discharge a rea  and  v the average velocity o f  g round  w ater 

flow, we have :

(15)

I f  the equation  fo r the value o f specific c fo r an  a rb itra ry  

tim e t is ad justed  to  this form , we are able to  com pute, ass­

um ing a  con tinuous g round  w ater flow, the average velocity 

o f  the flow as

(16)

where c '0 is a  reduced activ ity  (after deduction  o f losses) x  is 

the distance from  the borehole in to  w hich the tracer is poured , 

and  a  is a  param eter determ ined by experim ent.

W ith the equation  (16) o r (17) it is possible to  trace the 

g round  w ater flow w ith sufficient accuracy only  w hen we have 

previously determ ined accurately  the loss o f activ ity  o f the 

used isotope for the soil in  question. The au tho rs’ results 

(Fig. 14) show th a t losses o f  activ ity  in  soils o f various granul­

om etric and  m ineralogical com positions are substantially  

different.

As com pared w ith the classical m ethod  o f tracing  g round­

w ater flow in soils, this m ethod has a great advantage in  its 

variety  o f applications. T he au thors follow ed the intensive 

flow in loess-loams influenced by  the roots o f p lants. By car­

eful exam ination  o f this soil, vertical drains w ith a diam eter

3-8 m m  were identified. U nder no rm al circum stances the 

m ethod  described is approx im ately  equivalent to  a test using 

coloured liquids.

O therw ise th is m ethod  is ex trao rd inary  pretentious as far 

as the theoretical p repara tions are concerned, particularly  

where quan tita tive  results are required. G enerally  it is insuffi­

cient to  consider only  those losses obtained  from  the Ver- 

m eulen —  H iesler law because the chem ical com position  is 

n o t the only factor influencing the losses o f an  iso tope in a 

soil. In support o f this the au tho rs give the results o f tests on 

the flow o f w ater th rough  sandy  gravel and  m edium -sized 

sands (Fig. 14) w ith only  slight differences o f m ineral com ­

position.

a) b)

\15J\ —  t  (ft)

Fig. 14 Activity losses of a radioactive tracer during its passage through soil.
(a) 1. gravel, 2. sand ;
(b) 3. loam, 4. sand, 5. clay.

Perte de l’activité du traceur radioisotopique pendant le passage à travers du sol.
(a) 1. gravier, 2. sable ;
(b) 3. terre glaise, 4. sable, 5. argile.
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SOIL CLASS GRAVEL
SAND

SILT CLAY
C M r - v F

PERM.COEF K >1 ~10~2 -1 0 -3 ~K )~5 cm/s
g r a in  s ize: >7 7 - 2 2 ~ 0 r5 0 ,5 -0 ,0 5 <0,05 mm

mm i

t r ac ez
J

2mC /  Jm 300m 3mC /  Jm 5  m v7w 0 mC/fm

o r
7,5 mC/ 1m - 400  m 2,5mC / 1m - /OO

Na
ImC/  1m -  600 m

¿ m i

Fig. 15 Activities and suitable range of applications for radio­
active isotopes. Applicability :
1. possible ;
2. suitable for tracing and on grounds of safety. 

Activités et étendue d’application des isotopes radio­
actifs. Applicabilité :
1. possible ;
2. convenable eu égard au tracé et à la sécurité.

D uring  the m ovem ent o f an isotope th rough  the soil fo r a 

tim e equivalent to  the half d isin tegration  tim e, the loss o f a 

tracer’s activ ity  in gravel was 5-18 per cent and  in sand 20-75 

per cent. Since the am oun t o f allum ino-silicates which are ap t 

to  take cations from  radioisotopes to  their lattice shows only 

slight difference, the au thors concluded th a t the loss o f  ac t­

iv ity  is influenced by the grain size o f soils (specific surface) 

and  the d iam eter o f pores as expressed by  the fou rth  m em ber 

in equation  (9). Inexplicable differences in  the m ovem ent 

velocities o f rad ioactive tracers w ith different chem ical 

com position  m ay be solved by  the relationsh ip  betw een the 

tracer and  the soil. D ispersion, ion exchange and  o ther effects

connected  w ith the flow o f radioactive liquid th rough  the 

soil cause n o t only  the activ ity  to  decrease bu t also slow dow n 

the m axim um  flow o f the concen tra te  (Fig. 12). D iffusion m ay 

even accelerate progress. Influence o f dispersion m ay  be 

observed in the borehole on ly  during the first tw o h o u r s ; 

diffusion will end  after ten  hours, o ther effects being co n t­

inuous and  approx im ately  constan t. This m ust be considered 

in a labo ra to ry  test as well as in  field m easurem ents. In terf­

erences can be elim inated by  app rop ria te  choice o f isotope 

according to  local conditions. T he au thors were successful 

w ith isotopes N a 24, B r82, J 131 and  w ith n a tu ra l w aters having 

R n con ten t in accordance w ith Fig. 15.

In  spite o f the fact th a t m any problem s concerning prac­

tical m easurem ent were solved, m any o thers are now  em er­

ging and  the au tho rs are  on the brink  o f system atic research. 

It was found , for exam ple, th a t m easured activ ity  is influenced 

by the tendency o f  the isotope to  sink to  the bo tto m  o f the 

borehole where, du ring  m easurem ent, an  activ ity  40 times 

greater was determ ined than  a t the surface. F o r this reason 

it is necessary to  m ix the liquid o r to  m easure a t different 

depths.
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