
Hydrology. - An hgpathesis explaining same characteristics of dag. 
By Dr. J. VERSLUYS. 

(Communicated at the meeting of December 18. 1926). 

In 1916 I published an approximate calculation of the tensile streng th 
or resistance to tensile stress of ideal soil (1. pp. 77 -87). By ideal soil 
is understood that which consists of regularly piled up globules of the 
same size. 

Tensile strength was calculated from the surface tension of what I 
caII the pendular water (1. p. 14). An ideal soil in which water is found 

Fig. I. Fig. 2. 

in the pendular condition can be shown in diagram by fig . lor fig. 2. 
The smaII body of water. this is shown in grey. is found around the 

points of contact of the solid particles. those 
solid particles being shown in black. 

According as the pendu lar bodies become 
larger. the soil contains more water. The volume 
of this water can be deduced from the dimensions 
of the pendular bodies. while the calculation can 
also be made from these. concerning how much 
greater the liquid surface becomes when two 
solid particles are separated from each other by 
an infinitely smaII di stance. In fig. 3 e. g. the 
volume of th~ pendu lar body and the liquid surface 
may be expressed in the radius R. half the distance 
between two grains land the angle r. 

Prom this the proportion of water of the ideal 
soil may also be expressed in r. provided I is 
equal to O. 

Fig. 3. The tensile streng th at every percentage of 
water was calculated in this manner. This is shown in a diagram (fig. 4). 
should the diameter of the smaII particles be 1 mmo The proportion of 
water is given in percentages of the total volume. The widest arrangement 
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of the grains. as in fig. L gives a pore space of 47 1
/ 2 0 / 0' the closest 

(fig. 2) 26 Ofo of the total volume. 
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Fig. i . 
Dichtste pakking = Closest packing Ruimste pakking = Widest packing 

Watergehalte in percenten = Proportion of water in percentages 

According to the calculations the tensile streng th of ideal soit with 
the same proportion of water. in inverse ratio. would be in proportion 
to the size of the grains. 

In a treatise by S. J OHANSSON (11). published in 1913. diagrams of the 
tensile strength of different kinds of soil with various proportions of water 
are met with. determined experimentally. Those diagrams of experimental 
data exhibit a somewhat great resemblance to those computed by me. 
The units in which J OHANSSON expresses the tensile strength are other 
than those adduced by me. Hence the numbers cannot be compared with 
each other. though the diagrams can be so compared. they are given in 
figs 5. 6. 7 and 8. The simi\arity of the calcu\ated diagram is very great 
and this indicates that · the principle adopted by me. in 1916. possesses 
a great degree of probability. 
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That principle explains the tensile streng th of the various kinds of soil 
containing water. without being completely saturated. 

With the aid of the tensile strength. considered in this manner and 
the friction of the solid grains among themselves. the resistance of masses 
of sand to deformation by external forces can be explained. 
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Fig. 8. 

With clay other phenomena occur too. such as plasticity. expansion 
and contraction on change in the proportion of water. These can be 
partially accounted for by the contracting effect of the pendular and 
eventually of the funicular (I p. 14) water. for a full explanation of these 
phenomena. however. an expanding force is still required. 

As has been explained. clay can shrink on drying and expand on the 
absorption of water. Clay th at has become saturated with water can be 
compressed. provided the water is ab Ie to escape and the decline in 
volume is dependent up on the pressure. Clay compressed in this manner 
is again able to expand and by 50 doing to exert energy wh en it absorbs 
water. This has been proved by recent tests by K. TERZAGHI (111 p.p. 
82-87). According as the pressure becomes greater. the clay becomes 
more compressed and according as it again further expands. the pressure 
which it exercises declines. 

Besides the contracting force which can be deduced from the surface 
tension of the pendular water. there is thus a power of expansion. 
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If the liquid adsorbed by the solid partides be taken to account for 
the power of expansion. other phenomena can also be explained. e.g. 
that day is still more or less liquid while the surface tension of the 
water in it is al ready exercising the contracting force. With sand. as 
sooo as this contracting force becomes manifest the internal friction of 
the ma ss is extremely great. With day the process of drying must have 
progressed much further before the mass really becomes solid. 

It may be taken that the liquid adsorbed envelops the solid partides 
with a thin layer which cannot be removed without labour. The adsorbed 
molecules of the liquid have a smaller potential energy than those Iying 
in the midst of the liquid. 

For the approaching of two solid partides it is necessary that a part 
of the adsorbed liquid becomes transferred to non~adsorbed, for which 
purpose energy must be exercised. A force is thus required to get those 
partides to approach each other. Whether the layer of adsorbed liquid 
is mono~molecular or is built up from layers, each to the thickness of 
one oriented molecule, is a question that has only to be answered in 
the second place. Much might be said for taking it th at th ere are several 
layers, representing more potential energy per unit of volume, according 
as they are Iying doser to the solid matter. 

For simplicity' s sake, let us first take it that all layers of the adsorbed 
liquid are under the same .conditions. The expanding force may then be 
expressed as follows in the size of the grain D an unknown quantity. 
the potential energy a per unit of volume and the thickness h of the 
adsorbed stratum. 

If two globules. each having a radius Rare enveloped with a thin 
layer of adsorbed water having a thickness h, energy will have to be 
exerted so soon as the distance of the centres of the globules becomes 
smaller than 2 R + 2 h. 
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If the distance is 2 R + 2 h -).. the volume of the adsorbed layers 
becomes reduced by that of the body. the section of whïch (fig. 9) is the 
figure AC B D. The volume of this body is equal to the sum of two 
segments each having a height of t). and of globes with radii R + h. 

The volume of each segment is: 

t n (t).)2 (3 R + 3 h - t).) . (1) 

and the entire volume of the displaced adsorbed water is: 

t n).2 (3 R + 3 h - t).) (2) 

While if an energy a per unit of volume must be exerted. the total 
energy expended will be: 

A = i n).2 (3 R + 3 h - t ).) a (3) 

The force required for this. with each value of ). is: 

dA 
p=df=na). (R + h - t).) (i) 

1f h be very small in proportion to R. th en we have 

p=na).R (5) 

On the globules coming into contact. ). is equal to 2 hand the force 
thus increases from 0 to 2 na h R on the solid partic1es coming into 
contact. or na h D. if D is the diameter of the grains. The force is 
therefore proportionate to the diameter of the partic1es or grains of the 
soil. The number of forces in the section. however. is proportionate. in 
inverse ratio. to the second power of the diameter and the power of 
expansion is therefore proportionate. in inverse ratio. to the si ze of the grain. 
just as the contracting force. whïch is responsible for the tensile strength. 

If the adsorbed layers con sist of several mono~molecular layers. 
representing greater potential energy according as they are c10ser to the 
solid matter. the power of expansion increases according to another law 
every time wh en a succeeding layer has to be displaced. It is only 
necessary to make a calculation of these changes in the law of the 
augmentation of force. if one knows anything concerning the value of 
the energy a in a unit of volume for the several layers. Hence such 
calculations may be left out of consideration now. 

If the c1ay dries out. the contracting force increases from 0 to a 
certain amount and the force that is exercised on the adsorbed layer 
increases proportionately with this from 0 to a certain amount. according 
as the proportion of water becomes less. 

With the driving out of the adsorbed layers near the points of contact 
of the solid partic1es. the power of expansion will increase from 0 to a 
certain amount. according as the solid partic1es approach each other. 

Hence with c1ay that is drying out. two forces are at work. viz. 
the contracting. whïch becomes greater as the proportion of water 
dec1ines and the expanding force. whïch continually affects the equilibrium. 

Owing to the approaching of the partic1es to each other. the c1ay 
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then continually assumes a smaller volume. Only when the particles come 
into contact with each other there is friction of the solid bodies with 
each other set up with deformation. As long as that contact does not 
occur, with deformation there is only an internal friction of the 
fluid. It is conceivable that in adsorbed fluid, the internal friction is 
greate than in non~adsorbed, in any case, however, it is much less 
than that of solid substances with each other. It is upon this that is 
based the reducing of frictional resistance by lubrication with fluids 
suitable for that purpose. 

The point of contact of two solid particles in a mass of clay may 
be shown consecutively in diagram by 6gs. 10, 11 and 12. With the 

Fig. 10. 

Fig. 11. 

Fig. 12. 

condition shown in 6g. 10, the process of drying has progressed so far 
that the ma ss is still completely saturated with water, but in such manner 
that, on the outside of the mass curved liquid surfaces begin to form. 
The adsorbed waterlayers are shown by · means of radial lines. These 
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layers touch each other in the conditions represented by fig. 10. With 
the condition shown in fig. 11. the process of drying out has progressed 
so far that a pendular condition has al ready set in. The pendular body 
is still large and the contracting force is still small owing to this. The 
adsorbed layers are already partially penetrating into each other. As the 
drying process proceeds further. the pendular bodies th en become smaller. 
the contracting force greater and the solid particles then force a way 
through the adsorbed layers until they come into contact with each 
other. as is shown in fig. 12. 

Should the clay contain more water than is shown in fig. 10. there 
is then not only adsorbed water but also non-adsorbed water between 
the particles. The clay is purely then a suspension. The power of 
resistance to deformation is proportionate to the velocity with which 
this deformation takes place. If drying out has progressed so far that 
the condition as shown in fig. 10 arises. then on deformation. friction 
of the adsorbed layers sets in and the mass becomes much tougher. its 
viscosity augments. If this process goes on still further. so that air must 
force its way into the pores. friction on deformation becomes still 
greater. With the condition as in fig. 11. however. there is only liquid 
friction going on still but of adsorbed water. 

Wh en the mass has progressed so far as is shown in fig. 12. so th at 
the solid particles are in contact with each other. th ere is then . a 
friction of solid bodies and then other forces are at work with the 
deformations. 

I have deduced that the power of expansion is proportionate. in inverse 
ratio. to the si ze of the particles or grains. If the grains are large. the 
weight of these particles themselves is sufficient to eject the adsorbed 
layer at the points of contact. With sand th ere is always friction of 
the solid parts over each other. except in the state of quicksand. which 
will be referred to presently. 

If quartz particles. ho wever. are so small as to have dimensions at 
which particles of clay already possess the characteristic qualities. quartz 
powder mixed with water th en still conducts itself as an ordinary 
granular substance such as sand. 

It must therefore be taken that adsorption with quartz only takes 
place to an extremely small degree. The weight of a grain is sufficient 
to cause the adsorbed layer to disappear at the points of contact of 
the grains even wh en these are extremely smalI. 

With sand another phenomenon occurs. which we might call the 
quicksand phenomenon. A mass of sand saturated with water. owing to 
shock may pass into a liquid suspension. without enlarging the space 
occupied. Such a suspension. ho wever. soon settles and is th en firm again. 

This phenomenon (IV) can be shown in diagram in figs. 13. 14. 15 
and 16. The grains are first deposited with a great volume of pores. 
fig. 13. they rest. however. upon each other and on deformation there 
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is great friction as long as external pressure is exercised on the grains. 
If e.g. a horizontal force is being effected on the upper surface. in the 
figure from left to right. which is sufficiently great to overcome the 
friction. then the conditions shown in fig . 14 will arise. If a vibration 
reduces that pressure and thus the friction of the solid partides for a 
moment. a smaller force will then be sufficient to effect a change in this 
manner of the mutual position of the grains. The grains are held in 
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Pig. 15. Fig. 16. 

suspension only as long as the mass is stirred or in any way deformed 
by external forces. If no such influence is intervening, the grains soon 
settle. But as long as the grains are held in suspension and also at the 
beginning of the settling the grains occupy in the water the position 
shown in fig. 15. In th is diagram the volume of free space between the 
grains which represents water is just as great as in figs. 13 and 14. In 
condition of fig . 15 the mass is liquid. The grains th en again sink and 
form a doser deposit as shown in fig. 16. The condition shown in 
diagram by fig. 13 in which the sand has a great pore space occurs i.a. 
with quicksand on the coasts which is firm but on vibration occurring 
it becomes liquid. Sand in the condition of fig. 13 and in that of fig. 15 
both is generally called quicksand, the fact that two conditions occur 
not being understood. 

This phenomenon that with the same volume and the same content 
of water the sand may be either in solid condition (fig. 12) or in that 
of a suspension (fig. 14), though in this latter state only for a short 



112 

period, also occurs with fine quartz powder and with some other powders. 
If A. ATTERBERG' s works (V) are read carefully one acquires the 

impression that th is authority also observed with loam this phenomenon 
that with the same content of water and the same volume two conditions 
are capable of prevailing side by side. ATTERBERG speaks of .. Pliesslehtn" 
and of a .. Stossfliess~grenze". 

I therefore consider that it is not beyond the region of possibility th at 
the difference between day and loam will have to be sought in the 
adsorption. The prevalence of two conditions, the one of which may 
make way for the other owing to vibration in the same manner as with 
quicksand might be a characteristic of loam distinguishing it from day. 
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