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Addendum (la/31) 

Contribution on the Physical Interpretation of Soil Properties 

L'Interpretation Physique des Proprietes des Sols 

by D. NASCIMENTO, Research Engineer, Laborat6rio Nacional de Engenharia Civil, Lisboa, Portugal 

Summary 

Physical laws and concepts are applied to the study and interpre
tation of soil properties, eight typical Lisbon soils being taken as an 
experimental basis. 

The chief analogies between chemical solutions and clay dispersions 
are pointed out, the analogy between osmotic pressure and capillary 
suction being specially analysed; from here the possibility exists of 
extending the vacuum desiccator method to determine pF below 4·5. 

The connections of wetting heat with specific surface and water
solid interfacial tension are obtained and through them a comparison 
is made of specific surface values as determined from wetting heat 
and grain size distribution: water-solid interfacial tension is also 
compared with water-air surface tension. 

The variation of suction at the water-solid contact film and at the 
voids of soils is theoretically analysed and its relations with cohesion 
and, through experimental results, with Atterberg limits are 
established. 

Terzaghi's equation (a = a + ,.,.) is tentatively generalized by sub
tracting suction from neutral pressure (a = a+ 1-' - w), and experi
mental results are presented that justify the continuance of these 
studies. 

Kozeny's formula for permeability is modified, taking into account 
compaction induced variations of the hydraulic gradient and decrease 
of the percolation section due to the motionless water film adsorbed 
to the grains. 

The study and physical interpretation of soil properties can 

be facilitated by the analogies that exist between clay dispersions 

and solutions (Table 1) as well as by the techniques and know

ledge accumulated on these subjects (NASCIMENTO, 1954). 
Some results of studies along these lines, which have been 

under way at the Laboratorio Nacional de Engenharia Civil for 

some years, are presented in this paper. 

Table 1 

Parallel between phenomena in solutions and clay dispersions 

Similarite des phenomenes qui se presentent dans les solutions et dans 
les dispersions d'argile 

Solutions 

Solution 
Precipitation 
Chemical double decomposition 
Electrolysis (ion displacement) 

Osmotic pressure 
Hydration heat 

Clay dispersions 

Dispersion 
: Flocculation 

I 

Ion exchange 

I 
Electrophoresis (displacement of 

clay particles) 
i Capillary suction 
1 Wetting heat 

Osmotic Pressure, Capillary Suction and Vapour Pressure 

When a substance is dissolved in water the cohesion energy 

given out by the substance is added to the cohesion energy of 

the water and the value of the respective internal pressure in

creases. This increase is the osmotic pressure (w0) that in a 

first approximation has to comply with the equation of Van't 

Hoff 

Sommaire 

Les concepts et lois de la physique sont appliques a !'etude ct 
interpretation des proprietcs des sols, en prenant pour base experi
mentale huit sols typiques de Lisbonne. 

On signale les analogies principales entre les solutions chimiques 
et les dispersions argileuses, analysant notamment celle de Ia pression 
osmotique avec Ia pression capillaire negative d'ou resulte la possi
bilite de generaliser Ia methode du dessiccateur de vide pour Ia 
determination du pF au dessous de 4·5. 

En obtenant les relations entre Ia chaleur de mouillage d'une part 
et la surface specifique et Ia tension interfaciale eau-solide d'autre 
part on compare les valeurs de Ia surface specifique deduites de Ia 
chaleur de mouillage avec celles deduites de Ia granulometrie et aussi 
Ia tension interfaciale eau-solide avec Ia tension superficielle eau-air. 

On analyse theoriquement Ia variation de Ia succion chez le film de 
contact eau-solide et chez les vides du sol et l'on obtient ses relations 
avec Ia cohesion et, au moyen de resultats experimentaux, avec les 
limites d'Atterberg. 

On cherche une generalisation de !'equation de Terzaghi 
(a = a + ,.,.) en retranchant Ia succion de la pression neutre 
(a = a+ ,.,. - w). Des resultats experimentaux sont presentes qui 
justifient que I' on poursuive ces etudes. 

On modifie Ia formule de Kozeny qui donne la permeabilite, en 
tenant compte des variations du gradient hydraulique dues a Ia 
compacite et de Ia diminution de Ia section de filtration provoquee 
par le film d'eau immobile adsorbe aux grains. 

where Vis the volume of the solution containing one gram-mole

cule (M) of the dissolved substance. 

Assuming that the energy RTis absorbed only by the volume 

of water, that is, assuming that Vis not the total volume of the 

solution but only the volume of water in which one gram

molecule is dissolved, V can be expressed as a function of the 

moisture content ( W) by the formula 

WM 
V= 100 .... (2) 

and taking into account the value of RTat 20° C. (2·38 x JQIO 

erg/mol) the following expression is obtained for the osmotic 

pressure 

2·43 X ]Q9 
wo = WM gfcm2 (3) 

Measuring the osmotic pressure, just as the suction, by the 

height (h) in em of a water column, i.e. putting 

w 0 = h (em) .... (4) 

and denoting log 10 lz by pF, equation 3 becomes 

pF = 9·39- log M- log W .... (5) 

For sulphuric acid and saccharose this equation becomes 

Sulphuric acid: 

log (98/2) = 1·69; pF = 7·70 - log W .... (6) 

Saccharose: 

log 342 = 2·53; pF = 6·86- log W .... (7) 

woV= RT .... (I) These are shown in, Fig. 1 as straight lines. The moisture 
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1-----"'l-___:"""-:-+----+----+- Sulphuric 
acid Saccharose 

From Van't Hoff's law -,----=-,.-j 

o Reduction of vapour tension O'C 
• Osmotic press1.1re at 20'C 

o Osmotic pressure at 30°C 

2 

-I 0 3 8 

log W 

Fig. 1 Relation between pF and the logarithm of the moisture content ( W) of sulphuric acid and saccharose 
solutions as compared with some Lisbon soils 

Relation entre pF et le logarithme de Ia teneur en eau (W) de solutions d'acide sulfurique et de 
saccharose comparees avec quelques sols de Lisbonne 

content ( W) is obtained from the concentration ( C per cent) of 
the solution by the expression 

W = IOO ~ C X 100 .... (8) 

The relation between concentration and density of the solu
tion is obtained experimentally (International Critical Tables, 
Vol. III, p. 56) for the sulphuric acid. Experimental figures 
determined from the osmotic pressure (International Critical 
Tables, Vol. IV, p. 429) and from the decrease in vapour 
pressure of saccharose solutions (International Critical Tables, 
Vol. III, p. 293) are plotted in Fig. I. Experimental values 
obtained from the decrease in vapour pressure of sulphuric acid 
solutions (International Critical Tables, Vol. III, p. 303) are also 
shown. 

The conclusion can be drawn from Fig. 1 that there is in fact 
a parallel between osmotic pressure and capillary suction, and 
it opens up possibilities of using the desiccator method to 
determine values of pF below 4 · 5, a limit due to the experimental 
values of vapour pressure. Some tests are under way at the 
Laborat6rio Nacional de Engenharia Civil to investigate the 
possibility and range of application of the method. 

When the water is in equilibrium with its vapour, the Gibbs 
potential (G) is the same in both phases (GLASSTONE, 1953, 
p. 445). Assuming that the variations of the Gibbs potential 
in the water (dG1) are due only to variations of internal pressure 
(dp;) or of suction, and in its vapour (dGv) are due to variations 
of the external pressure (dp) we may write (NASCIMENTO, 1954, 
p. 19) that under constant temperature 

.... (9) 

From this equation together with the equation of perfect 

gases it is possible to derive the following expression for the 
suction of water in equilibrium with its vapour, with a relative 
pressure (H per cent): 

w = 1 ·08 X 104T log 1 ~ 0 .... (10) 

hence at zoo C. 

pF = 6·50 + log (log 1 ~) .... (II) 

To each value of the moisture content of a given soil there 
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corresponds a definite suction of the water it contains, thus the 
conclusion can be drawn from these equations that to each 
moisture content of a soil there exists a definite relative air 
humidity of equilibrium; and conversely for each relative air 
humidity there is a given moisture content of the soil that can 
be in equilibrium with it. 

This is the basis of a method to determine suction, namely 
the vacuum desiccator method (CRONEY, CoLMAN, and BRIDGE, 
1952, p. 5). 

A temperature increase, by lowering the relative pressure of 
the atmosphere, produces desiccation of the soils until the 
respective suction reaches the value given by equation 11. 
Thus, in order to dry a soil either its relative humidity is lowered 
by a temperature rise (that is what happens in ovens) or without 
increasing the temperature the soil is placed in an atmosphere 
where the relative humidity is controlled by a solution for which 
the relationship between concentration and relative humidity 
is known. Fig. 3 gives the relation between the density of sul
phuric acid solution and the corresponding relative humidity 
according to experimental data (International Critical Tables, 
Vol. III, p. 303) and by means of ratio HfpF (equation 11) the 
curve pFfdensity of H2S04 is obtained. For densities below 
1·05 the curve is extended by means of Van't Hoff's equation 
(Fig. 1, equation 6). 

Wetting Heat, Specific Surface and Water-Solid Interfacial 
Tension 

In a saturated soil the water fills the voids, wetting all the 
surface of the solid phase. Denoting by {!) the specific surface 
of the solid phase in cm2/g and (0) the interfacial energy 
(ergjcm2) given out by water on wetting 1 cm2 of interface, the 
wetting heat (qc) in cal/g is given by 

!0 
.... (12) 

qc = 4·18 X 107 

The internal pressure of water will consequently suffer an 
increase, called capillary suction, where the mean value wm, 

that is, assuming that the cohesion energy is uniformly distri
buted in the water volume, is given by 

- 100!0 2 
Wm - 980 W (gfcm ) .... (13) 



or taking expression 12 into account 

wm = 4·26 X 105tt (g/cm2) (14) 

and 
PmF= 5·63 + logqc -log W (15) 

The straight lines representing this equation for wetting heats 
qc equal to 0·1; 1; 10; 100 and 1000 cal/g are shown in Fig. 1. 

For W = 1 per cent the wetting heat and PmF are connected 
by 

.... (16) 

However experimental determination supplies the minimum 
not the mean suction, and the difference between them is 
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Fig. 2 Results of suction tests of typical Lisbon soil 

Resultats d'essais de succion des sols typiques de Lisbonne 

greater the wetter the soil is (NASCIMENTO, 1954, p. 107) as is 
clearly shown in Fig. 1 where experimentally determined pF 

curves for a sand and a clay are shown; the wetting heats of 
about 1 and 10 cal/g respectively are indicated in Table 2. 

The specific surface (/) of soils can be determined from the 
grain size distribution curve by means of the following formula 
(NASCIMENTO, 1954, p. 91) 

6K Lp. 
l = -- -' (cm2/g) 

lOOyg d; 
.... (17) 

where (P;) is the percentage of material corresponding to a dia
meter of the particles (d;) in the grain size distribution curve; 

and K is a coefficient of shape, ranging from I for spherical 
particles to 2 or more for irregular, long or flaky particles. 

Since the finest particles give the major contribution to the 
sum of equation 17 the grain size distribution curve has to be 
extended beyond 1 or 2tL-the extreme values obtained by the 
usual sedimentation method-and for this purpose the normal 
test was improved in the laboratory. On completion of the 
test, the time taken for clean water to appear at the upper 
portion of the dispersion is determined. LJH being the height 
in mm of clean water and t the time in days necessary for LJH 
to form, the application of Stokes's law supplies the following 
expression for the minimum diameter of particles in microns 
(NASCIMENTO, 1954, p. 79), the viscosity of water being 0·01 
dynefcm2 and Yc = 2·65 gfcm3. 

d= 0·113jLJ~ (microns) .... (18) 

In the grain size distribution curve this diameter corre-
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v· ...... ~-·' 
........... 

/. .,.. 
./· At 2o•c 

Density of Relative 6 

// 
~504 humidity pF 

H"/. 

1·8340 

• 1·8144 0·03 7·05 

I 1·7786 0 ·15 6 ·95 

l/ 1·7272 0·48 6·87 

1·6692 1·62 6·75 

/ 1·6105 ~ ·12 6·64 

I 1·5533 9·18 6·52 

'Q.s 

' 1 · ~983 16·37 6·40 I 

I 1 · ~453 25-26 6-28 
I 1·3951 35·36 6·16 I 
• 1·3476 46·19 6·03 I 
I 1·3028 56 ·74 5 ·89 
I 

1·2599 67-29 5 ·74 

' 1·2185 75·75 5·59 I 

~ 
1-1783 81·55 5·~5 

1·139~ 87·82 5·25 

1·0661 9~-67 ~·87 

1·0250 ~ ·0 0 

1·0050 3·~0 

J 3 
I 1·1 1-2 1·4 

1·0010 3·00 

1·5 1·6 1·7 1·8 
Density of H2 S04 

Fig. 3 pF of sulphuric acid solutions as a function of the correspond
ing density at 20° C. Below pF = 4·86 the dashed curve 
is based on Van't Hoff's law 

pF de solutions d'acide sulfurique en fonction de Ia densite 
correspondante a 20° C. Pour les valeurs inferieures a 
pF = 4·86, Ia courbe pointilh!e est basee sur Ia loi de 
Van't Hoff 

sponds practically to a percentage P = 0 and thus the curve 
should pass through this point. By interpolation the final por
tion of the curve is obtained concerning minimum dimensions 
of an order of magnitude of 0·01 (NASCIMENTO, 1954, p. 88). 

From the results thus obtained the surfaces shown in Table 2 
were calculated. 

By means of equation 12 the product f(} can be obtained as a 
function of the wetting heat, and if the value of the specific 
surface determined from the grain size distribution is deemed 
reliable the value of interfacial energy () can also be determined. 
Table 2 shows values thus calculated, which are much higher 
than the surface tension of free water in the presence of air 
(- 80 dyne/em). 

Although admittedly interfacial water-solid tension is higher 
than water-air tension it seems nevertheless that other reasons 
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can be responsible for this difference. One reason is that the 
wetting heat would be summed to the hydration heat of ad
sorbed cation; a simple estimate based on the cation exchange 
capacity (see Table 2) shows however that the respective 
hydration heat is not enough to explain the difference. Addi
tionally, in powdered minerals there can be no influence of the 
hydration heat of adsorbed ions, as the test was carried out 
after grinding and no fixation of ions of any kind was possible. 
Another explanation that we believe to be quite reasonable is 
that the specific surface measured from the grain size distri
bution is not the same as the one determined from the wetting 
heat given out but another, much lower, involving soil 
particles with all their porous and cavernous surface covered by 
an adsorbed water film with a high suction and consequently 
with so high a viscosity that during sedimentation it will behave 
as if solid with the particle (NASCIMENTO, 1954, p. 130). If this 
is so and if interfacial tension equals surface tension (6 = 80 
dyne/em), the specific surfaces (/0) derived from the wetting 
heat by means of equation 12 are those indicated in Table 2. 

Cohesion, Consistency and Effective Stress 

The connections between soil particles from which cohesion 
results can be grouped into two types and can be called solid 

Water Solid 

(a) 

(b) 

------t'-_,.____. __ 1..-__ 

I· 
Fig. 4 Variation of internal pressure (p;) and capillary weight (jiw) 

of water and solid (jig) at the liquid-solid interface. Inter
facial energy (II) is shown by the dashed curve 

Variation de Ia pression interne (p;) et du poids capillaire (jiw) 
de l'eau et du solide (jig) sur !'interface liquide/solide. 
L'energie interfacial (II) est representee par la courbe 
pointillee 

bonds and fluid bonds. The former include the direct bonds 
between the molecules of the particles themselves or the bonds 
by means of solid binders (silicates, carbonates, oxides, etc.), 
the latter, the liquid-induced (water, bitumen) and gas-induced 
bonds (air, water vapour) between particles. Solid bonds differ 
from fluid bonds in their ability to resist permanently non
hydrostatic stresses below failure stresses. On the other hand, 
fluid bonds, water-induced in the most usual case, yield to 
even low non-hydrostatic stresses, producing viscous deforma
tions. 

420 

XXX 
"<1"<'">00 

S£.8 

"'"'"' I I I 
000 
~~~ 

X 

"' 

XXX X 
t-"<tlr\ N 

EEEEE I I I I 
coaoooooc:o 
I I I I I 
00000 -----

----------+----------------

~~V1C7'-[ "'"' -::::::: 11 E ~ E 
~~ o~ II ~ 
"" .., "'-co t..l ..><: 
~ 'e- '-'..><: '-' 

--~----------~--------------------

16~~ 
--------~------------------ -

j I ~~ II I I 
- 1-- ~ ~ -~-~--1 -~--;::-. -~-.,.,-.:..-~--:---1 ·-~-~-~---~~ 

I 

~ ! 

] ~----Q::-~:~1 I I 
~ 

I I I I I I I 

I I I I 
--------~-------------------

-·IC:') f:"l 0 0 
-NNN- 1 I I I .:; I -<:>-~ t;5 !:::~~ 

------+--------------

~ ~ II I I 
-------+----------·-------

~ II I I 

888 
000 

oo"o 
"'0\ t-

..... "'"' 

~88°~8888 
(f')-\C80o\Otnoo 

.n ...:~V)~-n-MNv:r 
~ 

"<t<'l\00\0\00t-<'"> 
00\00r--Voo::tNOO 

~N..;..o0:!6666 

~fej~~~~~8~ 
NNNNNNNMN 

-.:::t'OOO\t
NOOt-r
o-oo-
~~ ~ 

I I I I 



Water-induced bonds between particles, the only kind dealt 
with here, require tensile strength in the water and moreover 
adherence between water and the solid phase. 

Tensile strength of water results from its internal pressure 
(p;) just as its tendency to expand comes from its external 
pressure which is the respective vapour pressure (p). 

The former is the result of the cohesion energy of water or 
negative energy that increases in absolute value when the 
volume decreases; the latter is a result of its expansion energy 
or positive energy that diminishes when the volume increases. 
The sum of both energies, the product of the pressure by the 
volume of the gram-molecule ( V), is given with sufficient ac
curacy by the van der Waals equation. 

Adherence between water and the particles results from the 
interfacial tension between both phases. 

Consider, in Fig. 4a, the water-solid interface and let (p1) 

and (P;g) denote the respective internal pressures. The dif
ference of energy level (p; - P;g) is overcome at the contact 
film thickness (Ec) in the liquid phase and (Ecg) in the solid phase 
(Fig. 4b). 

A pressure gradient is thus created in the contact films 
from which body forces result of the type of capillary weight 

Fig. 5 Suction (w) and cohesion (wg) in the water-filled space be
tween two solid faces 

Succion (w) et cohesion (wg) dans l'espace rempli d'eau entre 
deux faces solides 

C'Yw) for water and I'? g) for the solid. These forces that are in 
equilibrium are merely the mutual attractions between the 
molecules of both phases (NASCIMENTO, 1953). At the distance 
(E) of the interface the internal pressure of water is diminished 
to the value of suction w (Fig. 4b): that is, the solid phase 
behaves in relation to the liquid of the contact film as the earth 
surface in relation to gravitational water. While weight can be 
considered constant for all heights of gravitational water, the 
capillary weight decreases rapidly with distance from the inter
face according to a law of which the general aspect can be 
obtained from the suction curves (pFfW). 

The integral of capillary weights of water in the contact film 
is equal to the maximum water suction or capillary pressure 
(NASCIMENTO, 1953) (pc) (Fig. 4b) just as in the solid phase 
its value is CPcg). 

Obviously the difference of internal pressure is the sum 

Pig - p, = Pc +Peg .... (19) 

The energy given out by the water at the interface is the 
interfacial energy or interfacial tension or surface tension (8) 

and is given by the hatched area in Fig. 4b. 

Consider now the water between two solid phases at a 
distance 2E(€ < Ec) (Fig. 5). 

The internal pressure of water will vary between (P; - w) and 
(pc) as shown in Fig. Sb. In relation to the external free 
water the minimum pressure difference is the suction (w) that 
will exist in the locus of points equidistant from both faces. 
If the system freely contacts the external free water, this will 
tend to penetrate between the faces pushing them apart, and 
thus the pressure separating the faces will be the suction (w). 

Therefore on a volume element of water equidistant from the 
solid phases there acts a tensile force parallel to the interface 
equal to the suction (Fig. Sa) whilst normally to the interface acts 
a cohesion wg due to attraction between liquid and solid phases. 

3·00 
2 

1022 
Cc=0·080 

I 

~ - --- f= = 1 

0 
0·01 0·1 10 

3·00 
2~::::::;::=::::;===:::!l 

1023 
Cc=G-156 

0 G~.Q;;;-I-~O--;-I --':----~10 

2 .----,l==~=:::::::!:j 

0 
001 0·1 

2 

"'I 

0 
0·01 0·1 

1024 
Cc=0-370 

I 
2·31 

1025 
C~=0·112 

(]' 

10 

10 

238 
2 

1026 
Ct:=0·55 

I 

~ 19 - "'-' 

0 
0·01 0-1 I 

2·35 
2 .---J::;;:::=:::::::;====l 

10 

1177 

2 

~ 
"'I 

Cc=0·515 

0 
0-GI 0·1 10 

(]' 

Fig. 6 Results of consolidation tests on typical Lisbon soils 
Resultats d'essais de consolidation sur des sols typiques de 

Lis bonne 

Thus two opposing tendencies are present: the water acted 
upon by suction w tends to enter the voids and push apart the 
solid faces while on the other hand cohesion (wg) induced by 
water between the same faces tends to bring them together. In 
the case of a fluid, equilibrium is obtained when w = wg, that 
is when a volume element at the plane of symmetry is subjected 
to a hydrostatic pressure. 

It seems therefore that if a saturated soil in equilibrium is 
subjected to a tensile force its resistance is at every moment 
equal to cohesion, hence to suction (NASCIMENTO, 1953, p. 10). 
If, however, water can freely penetrate the soil, suction and, 
consequently, cohesion will decrease as moisture content rises. 

Table 2 presents Atterberg limits for Lisbon soils as well as 
the corresponding values of suction. It can be seen that values 
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of pF from 1·5 to 2·5 correspond to the liquid limit, values from 
2·8 to 3·4 to the plastic limit, and values ranging from 0·5 for 
sands up to 5 for clay to the shrinkage limit. Thus it seems that 
relations exist between soil cohesion and consistency and the 
suction of the corresponding moisture. Studies are in progress 
at the Laborat6rio Nacional de Engenharia Civil with a view to 
investigating relations which are deemed of fundamental 
importance. 

Terzaghi's equation connecting total stress (a) with the effec
tive stress (a) and the neutral stress (/L) 

a = a + f-L .. .. (20) 

can be: extended (NASCIMENTO, 1953) by taking into account 

in the liquid phase not only the external pressure but also the 
excess internal pressure, that is suction (w) 

a = a + f-£ - w .... (21) 

In an oedometer, once the final equilibrium is reached, the 
neutral stress may be neglected in comparison with the total 
stress and equation 21 becomes 

a=a-w .. .. (22) 

To the difference a - w a more general concept of effective 
stress may correspond which will include not only contact 
stress of grains (a) but also expansive stress of the soil due to the 
tendency of water to penetrate the soil with a suction ( w): this 
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Resultats d'essais de retrait au sechage sur des sols typiques de Lisbonne 



latter helps the recovery of the soil after the load is removed. 
In fact effective contact stress in a clay colloidal dispersion is 
equal to zero, nevertheless it can remain in equilibrium without 
settling. Equation 22 becomes then 

a= -w 0 0 0 0 (23) 

It seems thus that the soil is subject to a consolidation by 
drying in which suction plays the role of consolidation stress. 
The contact pressure of grains would then be exclusively due to 
suction and isotropic, like suction, instead of uni-directional as 
in the case of consolidation by overloading. Fig. 7 shows dry
ing curves for typical Lisbon soils, putting the voids ratio (e) 

as a function of the volume moisture content (ew) which is no 
more than the product of the usual moisture content ( W) by the 
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Fig. 8 Results of drying shrinkage tests on Lisbon soils at the left 
side of diagrams and of consolidation by overloading at 
the right 

Resultats d'essais de retrait au sechage sur des sols de 
Lisbonne (a gauche des diagrammes) et d'essais de consoli
dation par surcharge (a droite) 

specific gravity of grains (yg). Thus, for all saturated soils the 
shrinkage curve is the same, namely a straight line at 45 degrees. 

In Fig. 8, at the left side of each consolidation diagram for 
typical Lisbon soils, ejlog a, that is ejpF, diagrams are presented 
in order to facilitate the comparison of both curves and thus to 
verify the correctness of the proposed generalization. The 
values of ( pF) corresponding to each (e) are obtained from 
Fig. 7 which supplies (ejW) and Fig. 2 which givespFjW. 

As can be seen in Fig. 8, shrinkage curves (at left) are similar 
to the consolidation curves (at right). Differences exist how
ever due to the three-dimensional drying consolidation and the 

uni-directional consolidation, besides other reasons to be dealt 
with in future studies. 

Permeability 

From the definition of viscosity given by Newt@n's law, 
Kozeny's formula of the coefficient of permeability (k) can be 

obtained 

Fig. 9 

g n3 
k= --·--

Ktp.U (I - n)2 

" _, 

0 0 0 0 (24) 

(b) 

Schematic representation emphasizing the influence of soil 
compaction on its permeability 

Representation schematique cherchant a accentuer !'influence 
de Ia compacite du sol sur sa permeabilite 

where (L = ygl) is the volumetric specific surface (cm2jcm3), (n) 
the porosity and K1 a coefficient of shape equal to 5 for spheres. 

The experimental results obtained on Lisbon clays show that 
permeability decreases faster with porosity than the values 
computed by Kozeny's formula. This may be due to an 

Fig. 10 

e 

Comparison between the results of permeability tests and 
the family of curves representing equation 20 

Comparaison entre les resultats des essais de permeabilite et 
Ia famille de courbes representant !'equation 20 

increase of the percolation path in the soil voids when com
paction increases. On account of this increase the hydraulic 
gradient that effectively produces water movements is smaller, 
although the apparent hydraulic gradient remains constant. 
Fig. 9 shows a schematic interpretation of this effect. In the 
same apparent unit path (I = 1) the effective path is shorter 
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when compaction is low (Fig. 9a) than when it is high 
(Fig. 9b). 

Assuming that in equation 24 the coefficient K~o instead of 
being constant, is proportional to a compaction factor (I - n), 

being equal to 5 for n = 50 per cent and putting f.L = 0·01 
dynejcm2 the following is obtained (NASCIMENTO, 1954, p. 118). 

3 

k = 104_fz 0 0 0 0 (25) 

For very high compactions and clayey soils, permeability 
decreases still faster than in equation 25. This effect can be 
ascribed to an immobilization of the water film near the solid 
phase due to the high viscosity resulting from the high pF. As
suming as motionless a water film 100 A (0·01 f.L) thick (about 
25 water molecules) equation 25 can be corrected by a coefficient 

ck 

where 
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e3 
k = JQ4Ck

L2 
0 0 0 0 (26) 

0 0 0 .(27) 

This expression is less than one only for large values of (L) and 
very small values of (e). 

Fig. 10 presents, in a logarithmic diagram, the experimental 
values of k in function of e. Equation 26 is represented by 
straight lines when Ck = 1; only for L < 104 cm-1 is Ck < 1 
and the straight lines begin to bend. 

Table 1 presents the upper and lower limits of k. 
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