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THEOREMS

I
There is a quantitative relationship between hydraulic conductivity and granu-
lar composition in the deeper layers of marire sandy soils, '
“This thesis”
I1. -
Leaching with diluted sea water is a promising technique in the work of re-
claiming sodic soils. A
: Reeve, R.C. and C. A. Bower. Soil Sci. Aug. 1960

IIL.

Before non-irrigated reclamation schemes are initiated in subhumid areas with
adequate natural drainage, an assessment should be made of the ground water
regimé after cultivation, ) .
Downes, R.G.
paper presented at a Unesco Symposium on salinity problems in Arid Zones
‘organized jointly with the government of Ivan. Teheran, Oct. 1958

Iv.

Porosity need not be taken into account in the evaluation of hydraulic conduc-
tivity of sandy marine subsoils containing some clay.
“This thesis”
V.

The economic integration of the United Arabic Republic is a successful ac-
complishment acting as a stimulant for further steps towards economic integra-
tion of all the Arab countries. ,
' Ei Mallagh R. Land Economics, T960

VI.

It is doubtful whether the “valence-dilution” is an important mechanismn in
the reclamation of Dutch soils flooded with sea water.
Reeve, R.C. and C. A. Bower. Sotl Sci. August 1960

VII.

The problem of obtaining food in sufficient quantities for the increasing world -
population is frequently somewhat exaggerated. It is likely that the quality
of the food which is, or can be made available will prove to be a far more critical
factor.

VIII.
An increase of live stock production in Egypt (U.A.R.) could be effected by
alterations in some of the prevailing educational systems.
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INTRODUCTION

For reclamation projects and also for normal agriculture, drainage is a very important
subject: wherever the ground water table is naturally high or high by reason of irriga-
tion, successful agriculture is only possible if a drainage system is installed. One of the
factors which determines the spacing of such a drainage system is the hydraulic
conductivity of the soil; in many formulas the drain-spacing is reckoned as being
proportional to the root of the hydraulic conductivity. Accordingly more knowledge
about the hydraulic conductivity of agricultural soils is of major interest for the
science of land reclamation and improvement, It is the aim of this study to give a
contribution to this subject.

The hydraulic conductivity of a soil depends on the number and size of the pores. Two
kinds of pores can be distinguished:

1. When the soil particles of which the soil consists are in one-grain structure, the
particles do not quite fit together and there are pores left between them (primary
pores). The size of these pores will depend on the size of the particles and thus on
the texture of the soil. The bigger the particles are, the larger will be the size of
the pores and consequently the higher will be the hydraulic conductivity. So
in one grain structured soils there is a relation between texture and hydraulic
conductivity.

2. However, it is also possible that the particles are in an aggregated form between
which secondary pores exist or in other words ‘structure pores’. In these soils there
does not need to be a correlation between the size of the grains and the size of the
pores. On the contrary, the largest structure pores exist mostly in clay soils which
consist of very small particles. So in soils with structure pores a correlation be-
tween texture and hydraulic conductivity is not to be expected.

For hydraulic problems and especially problems of drainage, the deeper layers
which lie under the ground water table, are the most important. In sandy soils, such
layers are usually in one grain structure, and it can therefore be expected that a
relationship exists between the hydraulic conductivity of those layers and the fineness
of the sand. This is important because the evaluation of soil texture is often easier
than that of hydraulic conductivity, and it would be very useful in practice, if an
estimation of the hydraulic conductivity could be derived from the texture. Because
of this, many investigaters studied the relationship between the fineness of the sand
and its transmission capacity for water. They succeeded to set up formulas by which
the hydraulic conductivity could be calculated when the texture is known. These
studies dealt mostly with pure sandy soils or with sandy soils with such a low clay con-
tent that it is not supposed to influence the hydraulic conductivity.

Up till now, the influence of the clay content on the hydraulic conductivity has
not been properly explored, in spite of the fact that most sandy soils contain a certain
amount of clay. It is easy to see that the clay content influences the hydraulic con-
ductivity of the soil. The clay particles are deposited in the pores between the sand
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particles, they block more or less these pores and thus reduce effectively the hydraulic
conductivity. Besides depending on the quantity of clay, the magnitude of this
reduction will depend on the fineness of the sand, the way the clay particles are
distributed in the sand and on the type of clay mineral. It is the aim of this work to
study the influence of these clay particles under different circumstances on the hy-
draulic conductivity of sands,

Hydraulic conductivity measurements are carried out on ‘disturbed’ and ‘undis-
turbed’ samples in the laboratory and by different field methods. The most valuable
conductivity measurements are obtained by field methods and those field measure-
ments consequently form a basis against which all other results should be examined.
‘There are, however, a number of reasons for including other methods of conductivity
measurements in this study. In the first place field determinations are often more
elaborate than laboratory ones. Therefore it is important to investigate if and in
which cases laboratory measurements yield the same values for the hydraulic con-
ductivity as field measurements.

A second, and even more important reason for laboratory measurements is that
the influence of certain factors, such as the addition of successive increments of clay
to sandy soils and the way the clay is distributed in the soil, can be studied the best
on artificial samples. For this reason the basis of th1s research is carried out in the
laboratary on artificial mixtures.

In the third place, certain combinations of sand-fineness and clay content are not
often met with in the field {at least not in layers sufficiently thick for investigations).
As there is a certain correlation between the hydraulic conductivity of artificial
mixtures and the hydraunlic conductivity of natural soils, it might be possible to use
lahoratory results to extend the picture obtained from the field determinations and
thus to arrive at a general idea of the influence of the clay content on the permeability
of sandy soils.

It will appear from this study, that the influence of the clay content wﬂl depend,
among other things, on the nature of the clay and the way it is distributed in the soil.
In different sediments these factors will differ and for that reason the results of this
investigation are, strictly speaking, only valid for the sediments with which the in-
vestigation took place: the marine sediments of the Zuiderzeepolders in the Nether-
lands. This does not alter the fact that the results obtained from this research can

contribute to a better understanding of the hydraulic conductivity problems of
" other soils.



L GENERAL REMARKSONHYDRAULICCONDUCTIVITY AND ON
THE METHODS FOR ITS DETERMINATION

THE MOVEMENT OF WATER IN THE SOIL

Water movement occurs both in saturated and unsaturated soils, but since this study
is primarily concerned with problems of drainage, in which saturated layers are natu-
rally the mest important, the discussion of the water mevement will be confined to
such circumstances.

Certain driving forces of various kinds act on soil water: gravitational and ad-
sorptive forces and pressure and osmotic gradient forces. In saturated soils, the osmotic
gradient and adsorptive forces normally do not play a réle in water movement
because they either tend to balance each other or the movement of water caused by
them is negligible; and it is therefore only necessary to consider the gravitational and
pressure gradient forces. In principle, accompanying forces of acceleration and decel-
eration should also be considered but the velocity of the water movement in the soil
is so small that these forces of inertia are relatively insignificant and can be neglécted.

The water movement in the soil caused by gravitational force and pressure gradient
force can be considered from one point of view by the introduction of the term
‘potential’, This is the energy possessed per unit volume in a certain position with
reference to the energy of this unit volume at a certain hypothetical level and at
atmospheric pressure: If one neglects the adsorptive and the osmotic gradient
potentials and the kinetic energy the total potential of a water unit volume will be the
net sum of the gravitational and pressure gradient potentials.

The potential energy of a unit volume of water, with the mass g, is p gz where z is
the vertical distance to the horizontal reference level. This potential is given in
erg/cm?® in the c.g.s. units. If the pressure in a certain position is p (dynes/cm?) in the
c.g.s. units, then the pressure gradient potential of the unit volume is likewise p, but is
now given in ergjcm? (dyne/ecm? = erg/cm?®). The total potential ¢ is thus:

L P
PRz hp=rpglz+ ") =sgH

where H represents the height of the piezometriclevel above the reference level.

Soil moisture moves when the total potential in one place is greater than in
another. The movement of water depends on the potential gradient in the direction
of flow:

o2

? 8 H
3 PBsg”

' . L o 3H .
where S designates the direction of flow for the point in consideration. 5g i the pie-
zometric gradient which determines the movement of water.
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DARCY'S LAW AND THE CONCEPT OF ‘CONDUCTIVITY'

The relationship between the water movement in the soil and the piezometric gradient
is given by Darcy’slaw. This lawis analogous to that of HAGEN-POISEUILLE which deals
with the flow of liquids through capillary tubes. HaGeN (1839) and PoiseuLie {1846)
showed that in the case of laminar flow, the quantity of liquid Q, passing through a
narrow {ube per unit time, is directly proportional to the piezometric or hydraulic
gradient (i), the fourth power of the radius of the tube (r}, and inversely proportional
to the dynamic viscosity of the liquid (n). At the same time, the water density and
the acceleration due {o gravity are also included in the formula (all terms in the C.g.s.
units):

C pg.Tin
Q= 4 13

In such a capillary tube the discharge is thus proportional to the hydraulic gradient
i. Also, in the case of soil pores having cross-sections which are other than circular, the
discharge in a laminar flow is proportional to the piezometric gradient. The pores in
the soil could be considered as a composite of capillaries of various shapes and cross
sections. Therefore, as long as the flow velocities are small enough for the forces of
inertia to be negligible, it is to be expected that this proportionality between discharge
and piezometric gradient is still valid in the soil; a concept, first stated by Dupurr
(1854). That such a relationship really exists in the soil was experimentally verified by
Darcy (1856). :
Further, in a homogeneous soil, the discharge is proportional to the cross section of
the soil profile. In analogy with Poisenille’s law, the following formula applies to the
water movement in soils: : : :

Q= p—f i F multiplied by a coeflicient which depends on the size, number and

shape of the pores, and which thus characterises the pore geometry and obviously |

13
. Tepresents the term r¢ 3 in Poiseuille’s law. This coefficient represents the magnitude

of the permeability of the soil and is usually designated as K’,

Besides depending on the type of the soil material, the discharge depends {accord
ing to this formula) on the density and viscosity of the liquid flowing through it.
However, as in soil research the liquid in question is water which shows little tem-

‘ perature variation, the viscosity and the density, and thus the term 28 will nearly
n

always have the same value. Therefore, in most cases, this term is not tnentioned
scparately in the formula but is included in the coefficient denoting the properties of

the soil porous material; the term PTg K’ is usually designa:ted as K. Accordingly,
the simple formula Q=KiF
is reached ; the formula originally given by Darcy.
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With a unit cross section and with a hydraulic gradient = 1, the proportionality
factor is equal to the discharge, so that the factor K is simply called the ‘permeability’.
This factor thus characterizes the geometry of the porous medium, but in addition to
this, it depends on the properties of the liquid involved. At first, this last concept was
not clearly understood, because some investigators got the impression that for in-
stance Darcy himself and Slichter (1899}, have had in mind this proportionality factor
ag simply a property of the geometry of the medium. Therefore in the older literature
{(and also in some of the more recent literature, see chapter I1I) some confusion may
be found regarding this factor. However, this confusion has been brought to an end
by the work of RicraRrDS {1952) and the ‘Subcommittee on permeability and infil-
tration, Committee in Terminology, Soil Science of America’, in which he acted as
chairman.

Reasoning by the analogy between Ony’s Iaw for the flow of electricity in metals
- in which case the proportionality factor is referred to as the electrical conductivity -
and Darcy’s law, the committee suggested that the ambiguous word permeability
should be avoided and that the proportionality factor of Darcy’s formula should be
termed ‘hydraulic conductivity’. The tenmn ‘intrinsic permeability’ is to be applied to
the factor K' which, as mentioned before, refers only to the structure of the porous
medinm. In this study, the terminology suggested by the committee is adopted and
Dagrcy’s proportionality factor is expressed as ‘hydraulic conductivity’, often abbre-
viated to ‘conductivity’.

The hydrauhc conductivity (K) thus depends on the viscosity and density of the
fluid medium, in this case water. Here, the density (with the exceptional case of very
saline soils, the problem of which is beyond the scope of this study) is fairly constant,
but the viscosity depends to some degree on temperature., However, in the deeper
layers of the soil, the temperature assumes a fairly constant character, so that this
dependency of viscosity on temperature is not a serious drawback. In the laboratory,
however, temperature variations are larger, Because of this, workers in soil research
have tended to standardize the hydraulic conductivity to the average soil temperature.
In the Netherlands, this average soil temperature is 10°C, and so the values of hy-
hydraulic conductivity given in the coming chapters are standardized to this tem-
perature, but in other countries other temperatures may be used. The following table
gives a list of the viscosity - to which the hydraulic conductivity is inversely propor-
tional - at different temperatures.

TasLe 1. Viscosity of water for different temperatures

Temperature Dynamic viscosity
(in C%) {in poise}
5 0.015
10 - 0.013-
15 0.011
20 0.010

25 0.009
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The values of the intrinsic permeability are usually given in the ¢.g.s. units. Sometimes
these unjts are also applied to the hydraulic conductivity. In this case the relationship

Between the two terms takes the expression K = -P—f K’. Apart from the difference
of nomenclature, the dimensions of the two terms are also different; K’ has the
dimension of L2 and K has that of LT

Values of the hydraulic conductivity, however, are more often given in cm/hour,
in inches/hour or in metres/day than in the c.g.s. units, and in this study hydraulic
conductivity is given in terms of metres/day. A comparison of the different values is
given in the following table:

“Taste 2. Intrinsic permeability and hydraulic conductivity in different units

. - . Intrinsic
Hydraulic conductivity at 10 G permeability
m/d cm/hr inch/hr cm/sec cm?
1 4.17 164 1.2 x 10-2 1.5 x 10-®.
0.24 1 0.39 2.8 x 10% 3.7 x 10-®
0.61 2.5¢4 - 1 7.17% 103 9.4 x 10-*
964 _ 3600 . 1420 : 1 1.3 x 10-3
6.5 x. 107 2.7 x 108 1.1 x 108 7.5 % 104 1
Briefly summarized the following formula is applied in this study:

¢ = KiTF where, _

Q) = dischargein m?/d, : o

K == hydraulic conductivity in m/d, sta.ndar(hzed to10°C,

i = piezometric gradient in m/m and ~ :

T = cross section of the soil colutnn perpendicular to the direction of flow in me,

. When the hydraulic conductivity is determined as in Fig. 1, the term Q(F gives
the thickness of the water layer, which is discharged in unit time; i.e. the velocity with
. which the water surface moves during water flow. This coefficient is often called the

apparent flow velocity (v in m?/m?/d). With the 1ntroduct10n of this term (v), the
formula becomes ‘ &
v = Kiwhere,
v == apparent flow velocity in m? fmﬁ/d
K = the previously defined hydraulic conductivity inm / dand
i = the piezometric gradient in m/m.

F16. 1. Theapparent flow velocity concept.
A = fall of the water table in unit time
= apparent flow velocity.
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The apparent flow velocity is in fact smaller than the actual velocity of the water
movement in the soil. In the first place the concept of apparent velocity assumes that
the whole cross-section is available for the passage of water, whereas in fact only a
part of the cross section of the soil through which the water passes consists of pores,
and thus the actual velocity in these pores must indeed be greater than the apparent
velocity. In the second place, the water, passing through the pores does not travel
directly, but follows a tortuous capillary course, so that the distance covered in a
certain time and therefore the velocity must indeed be greater than when the pore
. system contains straight capillaries, as supposed by the concept of the apparent
velocity.

VALIDITY OF DARCY’S LAW

Darcy’s law thus assumes that the discharge is proportional to the driving force. It is
interesting to trace the very much quoted, but obviously rarely read, publication of
Darcy and to see the paucity of the experimental data on which he founded his law.
This important research work has been carried out on measurements of only 5 sandy
samples, using only a few different hydraulic gradients. These hydraulic gradients
ranged approximately from 2 to 20, thus, as will be shown in table 3 some of them
might have been above the level at which the law can be applied. This might be one
of the reasons that his values were far from constant and in fact in the first experiment
they ranged from 2.7 to 3.3. Furthermore his data suggest that conductivity may also
be decreasing with time, a phenomenon which has caused considerable concern among
later workers, including the author.

- Nevertheless even from the meagre data of Darcy it is reasonable to deduce the
existence of a constant ratio between the discharge and the hydraulic gradient. Later
research has confirmed that Darcy’s law provides a very accurate picture of the
sitnation, at least up to a certain limit (RosE, 1945). The law even holds for very
small hydraulic gradients as 2-3/100,000 (ToLMAaN, 1937}

However, at high velocities Darcy’s law is not valid any more because the flow
changes from laminar to turbulent. In the soil the validaty even comes to an end at
lower velocities than in normal capillaries; either because of accelerating and deceler-
ating forces in the tortuous soil capillaries (HUBBURT, 1940}, or because these
tortuous capillaries promote turbulency (Muskat, 1946). However, both authors agree

dv
that when the Reynolds number R, = e (where v is the apparent flow velocity, d

the average particle diameter and ¢ the kinematic viscosity) is lower than 1, Darcy’s
law still holds. ‘

According to Darcy's law v is equal to K i and {see chaptér III} if it is supposed
that g

I I
K =47 x 10° p and §=d’thusd=47xm4K%

then it appears that Darcy’s law is still valid up to the following hydraulic gradients:
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Tasre 3, Relationship between hydraul:c conductmty of soils and hydraulic gradient below which
- Darcy’s law is valid : )

Hydraulic conductivity Permissible hydraulic gradient for
{(m/d) " validity Darcy’s law
1 _ a5
51 2 73
25 . 19

50 4 _ ps

These admissible hydraulic gradients are much higher than those found in practice
and also higher than those used in the experiments in this study. It is thus clear, that
DarcY’s law can be applied in the interpretation of the results reported in this thesis.

FACTORS AFFECTING THE HYDRAULIC CONDUCTIVITY OF SANDS

In the following chapters, deferent factors affecting the hydraulic conducthty will
~ be discussed in some detail. These factors can be briefly summarized as follows:

. 'the size of the sand particles,

. the porosity of the system,

. the shape of the sand particles,

. the sorting of the sand,

the homogeneity of the system, :

the clay content and the distribution of the clay particles,

."the air content of the system and

. the salt content of the water and the exchangeable cations on the a,dsorptlon
complex '

U S o

As the sand particles are more or less spherical, they do not fit together, and thus

‘the size of the resulting openings depends on the size of the particles. Consequently,

the coarser the sand particles, the wider the capillary pore system, According to

POISEUVILLE’S law, an increase in the capillary diameter causes considerable increases

in the discharge and therefore it is to be expected that a relation exists between the

diameter of the sand particles on one hand and the hydraulic conductivity on the

other hand. The hydraulic conductivity, however, is not proportional to the fourth

power of the pore diameter; as one would suppose from a superficial inspection of

"Poiseuille’s law, as an increase of pore size diameter means a decrease in the number
- of pores. With the sarie porosity and the same shape of pores, the number of pores pér
unit cross section is inversely proportional to the square of their diameter. {Suppose

that the separate pores have a square shape with a side length ‘a’, then the number of

“pores per cm? pore surface will be 1/a% By doubling the diameter of the pores, their
number per cm? will be 1/4 a® instead of 1/2 a%). Because of this, the hydraulic con-

-ductivity of a sand miust be, within the limits of the aforementioned restrictions,
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proportional to the second power of the pore diameter. In precisely ¢he same way a
correlation may be expected between the hydraulic conductivity and the particle
diameter.

It also follows from the relatlonslnp between P01seu1]1e s law and that of Darcy,
that with the same particle size, the hydraulic conductivity is greater, when the pores
between the particles are b1gger or in other words when the porosity is higher (point
b).

All sorts of theoretical derivations for the relationship between hydraulic conduc—
tivity and particle diameter are based on the assumption that the particles are spheri-
cal in shape. In fact, this is not the case, for under the microscope it appears that the
sand grains have all kind of shapes and even are often very angular. The particle
shape has an influence on the pore shape and consequently an influence on the peri-
meter-cross section ratio of the pores which is a determining factor for hydraulic
conductivity. The particle shape influences also the packing of the sand and thus the
porosity of the system and consequently the hydraulic conductivity (point c).

The influence of the sand sorting (point d) on conductivity can easily be seen. When

" the particles are of different dimensions, the smaller can fit between the bigger; a num-
ber of pores is thus blocked, and naturally the conductivity becomes smaller than
when all the particles have the same dimensions. The blockage of the blgger pores by
the smaller particles can also be indicated by a decrease in porosity.

The smaller particles not only can be distributed homogeneously between the
coarser ones, but they also can occur, more or less, in separate layers (point e). This
could be the case, in the first place, in artificial samples, when for example they are
poured in a permeameter for conductivity determinations, and segregation takes
place. More important is the occurrence of fine layers between coarser ones in nature
caused by the fact that the sedimentation circumstances, with the course of time,
change occasionally and consequently the coarseness of the sedimented material.

The influence of these finer layers on conductivity depends on their relative posi-
tion with respect to the water flow direction. If the finer layers are completely imper-
vious, this means that with a parallel sireaming water, the conducting area is limited;
the decrease of discharge and consequently of conductivity is proportional to the (in
most cases small) total thickness of these layers. If the flow direction is perpendicular
to the finer layers, these supposed impervious layers will entirely block the passage of
water, even if there is only one of them. Although the finer layers are rarely totally
impervious, vet it appears from this simple consideration that when the fine layers are
perpendicular to the streaming water, they have a more detrimental influence on
conductivity than when the layers lie parallel to the direction of flow.

With regard to the influence clay particles have on conductivity (point £}, one has
to consider the fact that they are very fine (average diameter 1000 times smaller than
sandy particles}, and that in nature {or at least in soils which are not homogeneous)

-they practically always occur in aggregates (flocs). These aggregates are deposited at
the same time with and between the sandy particles. Extremely fine sand particles
may be incorporated into these aggregates, but as the clay particles occur in much
greater numbers, the character of the system is dominated by them. The pores be-
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tween the clay particles are so very fine in comparison with those between the sand
particles (in the proportion of 1: 000} that in a sandy soil they practically play no role
in the movement of water (hydraulic conductivity being, as previously tnentioned,
proportional to the second power of the pore diameter). Therefore when clay aggrega-
tes do exist between a mass of sand, they could be considered as impervious.

These clay flocs are — contrary to the rigid sand particles — very plastic. With
sedimentation, their participation in the building up of the porous soil skeleton is
very much less than that of the sand particles. When the sedimentation process goes
on, they are partly pressed between the underlying sand particles; some of them may
have settled already primarily between them., Thus, the clay aggregates block, more
or less, the pores between the soil particles and consequently decrease the hydraulic
conductivity. The magnitude with which the clay particles decrease the hydraulic
conductivity depends on the number of these particles, the way they are aggregated
and on the clay type. Montmorillonite has a higher water holding capacity and a
greater specific volume than for example illite and consequently possesses a greater
blocking capacity relative to its weight.

Clay particles can occur, more or less, in layers between the sand just as in the
case of fine and coarse sand layers, the reason again being changes in sedimentation

 circumstances during the genesis of the soil. When these layers of clay do not contain
secondary pores, they are, in comparison with the adjacent sand mass, practically
impermeable. So the statements previously made about finer sandy layers situated
between coarser masses can be applied with even more force to the case of clay layers
between layers of sand. When the clay layers are orientated parallel to the direction
of the streaming water, they only limit the available conducting soil volume and their
detrimental influence is often not great. If, on the other hand, they lie perpendicular
to the water stream, they can practically block the water movement, However, their
effect in practice is usually less detrimental; the clay layers are rarely continuous
because either they are lying lenticularly between the sand or changing laterally into
sand. So the water passage is not totally impeded, but the detrimental effects consist
of both the constriction of the available conducting profile + a decrease in the hy-
draulic gradient because of the longer tortuous way the water has to follow,
" Soils, saturated with water, ought not to contain air. When water penetrates a
‘layer of soil, air can be trapped, but as air is lighter than water, it should gradually rise
up and vanish from the sojl. However, this ascent is impeded by the resistance caused
by forces of surface tension. Air occurs as bubbles in the pore system, and the form of
these air bubbles is such that they possess the smallest Ppossible surface and surface
tension is kept at a minimum, The ascent of the ajr bubbles via the capillary system
‘necessitates an enlargement of their surfaces. The force needed for this enlargement
is often greater than the available bouyancy. Consequently, air finds it difficult to
escape totally and so layers, ‘saturated with water’ can contain air (point g). These
air bubbles block the pores, in which they are present and thus reduce water move-
ment and hydraulic conductivity. . :

Two remaining factors which inﬂuence hydraulic conductivity are the exchange-

able cations on the adsorption complex of the soil through which water Passes and the
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salt content of the water (point h}. In normal cases, calcium is the dominant cation on
the adsorption complex. But when the latter contains a considerable amount of so-
dinm, the hydraulic conductivity is greatly decreased probably because sodium-soils
are easily peptised. Consequently, clay particles begin {o migrate and accumulate in
narrow spots in the capillary system where they block the water movement,

Besides the sodinm-content of the adsorption complex, the type of salt contained
in the streaming water and its concentration also influence conductivity. A high salt
concentration will repress the peptisation of the sodium-clay, while the type of salt
" influences the concentration at which peptisation is prevented. In addition to this the
salt content of the streaming water and the type of the salt have an influence on the
adsorbed cations and therefore in the long run also influence the conductivity. '

The exchangeable cations and the salt content have in particular influence on the
clay particles. Pure sandy soils are not influenced by high sodium-content, but in
sandy soils with considerable amounts of clay, a high sodium-content can strongly
reduce the conductivity. In this research however, the influence of high sodium-
content is not studied, as peptisation does not occur in the soils investigated.

METHODS OF DETERMINING THE HYDRAULIG CONDUCTIVITY OF SOILS
Conductivity measurements can be classified in several groups:

Measurements in disturbed

samples
Measurements in the

laboratory
Measurements in undisturb-

ed les
A. Direct measurements sample

(conductivity determined
by measuring waterflow)

Measurements in augerholes”

Measurements in the field

Measurements from drain-
: discharge

Calculated from granular composition

B. Indirect measurements
(conductivity determined
from other data)}

Calculated from pore size distribution

Deduced empirically from granular compo-
sition .
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HYDRAULIC CONDUCTIVITY DETERMINATION OF
DISTURBED SAMPLES IN THE LABORATORY

Conductivity determinations of disturbed samples are usually carried out with dried
and ground soils. A cylinder {permeameter) is partly filled with the sample and there-
after water is allowed to flow through it. From the hydraulic head, the permeameter
cross-section, the length of the soll column and the discharge, the conductivity is
easily calculated by using Darcy’s law. For practical purposes, in most cases the
knowledge of the average conductivity of a big area is required. This means, as con-
ductivity values usually vary from place to place and from one layer to another, that
a determination based on one sample is often Insufficient, and that more samples have
to be taken. ' '

Disturbed samples have the advantage of being easily obtained, transported and
filled in in the permeameters. A second advantage is that disturbed samples, when
dried and ground are very homogeneous in their pore distribution. Consequently, the
conductivity measurements. of these samples are more reproducible than those in
undisturbed samples which have a more individual pore size distribution and there-
{fore a rather greater variation in conductivity. Thus, dried and ground soils are most
snitable for systematic research where the object is to find a relationship between
conductivity and other properties (as for example the work cartied out by FIREMAN
(1944), studying the influence of salt content on the conductivity of different soils).

On the other hand, the fact that the natural pores are disturbed, is a great dis-
advantage of this method because it is not certain that the pore system and conse-
quently the conductivity in the disturbed samples will correspond with that in the
natural case. And especially the conductivities of natural cores are the point of
interest.

In special cases — as for example in sandy soils without secondary pores — the
pore distribution and consequently the conductivity of disturbed and undisturbed

-samples will only show a slight divergence. That this can happen, is evident, for exam-
ple, from the work of SLATER AND BYERS (1931) who showed that witl their samples
there was on the whole a good agreement between the conductivity of natural cores
and that of disturbed samples of the same soils, However, this is undoubtedly not
always the case and the evidence is sometimes conflicting. Thus, WESTERMANN
(1909 ref. SILLANPAA, 1956) showed that in the soils, investigated by him, undisturbed
cores were over I500 times more permeable than disturbed cores, but McCaLLa
(1944) found higher conductivity rates in disturbed than in undisturbed soils. $So for
each type of soil it has tobe investigated if the two methods agree with each other.

HYDRAULIC CONDUCTIVITY DETERMINATION OF
UNDISTURBED CORES IN THE LABORATORY

For conductivity investigations of undisturbed cores in the laboratory, cylinders with .
sharp edges at the bottom are pushed into the soil and then dug out. Thereafter
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conductivity measurements are carried out in the same way as with disturbed samples.
In these undisturbed cores, the natural pore system is still present and therefore it is
conceivable that these values of the hydraulic conductivity are more representative
for the actual condition in the field. '

A disadvantage of this method is that the pore distribution in the field and conse-
quently the conductivity can vary from place to place; so a rather large number of
cores is necessary to arrive at a representative conductivity value, Thus, an evaluation
of conductivity of a certain area by the undisturbed core method is rather laborious
and in addition to this includes the work of transporting the samples to the laboratory
and the extra precautions required for the preservation of the natural pore system
during this transportation.

This method sometimes has grave drawbacks where macro-pores exist (roots,

worm holes or cracks). As long as these macro-pores have only a limited length,
measurements of conductivity are not significantly affected, but if the pores cross
the soil column from top to bottom, exaggeratedly high conductivity values can
frequently be obtained. A well known example for such errors in thg Netherlands
is found in the research work done on a brackish ‘wad’ clay. In this soil, the actual
clay substance was very impermeable but it contained a number of vertical holes,
originating from a reedy vegetation, which had previously grown there. In these
measurements — where the cores were obtained by pushing the cylinders vertically in
the soil — rather high conductivity values were found which were not confirmed by
practical experience when this ‘wad’ clay was reclaimed.

HYDRAULIC CONDUCTIVITY DETERMINATION IN THE FIELD BY
THE AUGER HOLE METHOD

The most simple and rapid method for measuring the hydraulic conductivity of a seil
in situ is the auger hole method. This method was introduced by DisereNs (1934)
and later changed and improved by HooGHOUDT (1936), KIRKHAM AND VAN BAVEL
(1949} and ERNsT {1950). The determination is carried out by boring a hole into the
soil to a depth below the water table. After equilibrium is reached with the surround-
ing ground water, a part of the water in the hole is withdrawn, As the water seeps
again into the hole the rate at which it rises will depend among other things, on the
conductivity of the soil. .

Difierent formulas have been worked out for calculating the conductivity from
the velocity of the water uprise and in the Netherlands ERnsT’s formula is the one
usually applied (1950) (see also VAN BrERS, 1958). This formula, given below, is that
used in the case of a homogeneous soil; an impermeable layer at a certain minimum
depth (S = 1 H) below the bottom of the auger hole (see fig. 2): '

K =l 4000 . _1" . H where
y At

H
(< +20) (2— 3)

-
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measuring tape with float tiandard

Fic. 2. Diagram indicating the determination
of the hydraulic conductivity by the
W“iﬂ MW auger hole method.

T

hydraulic conductivity in m/24 hours,

depth of hole below the ground water table in cm,

distance in cm between the ground water level and the water surfacein
the hole after removal of water at the time of the first reading,

the same at the end of the measurement. Usually about 5 readings are
taken,

Z Ay, = ¥, — Yo therise of water in the hole during the time of measure-
ment in ¢, _

distance between the groundwater level and the average level of the water
in the hole during the time of measurement in cm,

Yn—V¥o
Y= T =y, — Ay
radius of auger hole in cm and
depth of the impermeable layer (ot of the layer which has a conductivity
of about r/Io or less of the conductivity of the layers above) below the
bottom of the hole in cm.

According to Emst, values of K have an accuracy of about 20Y%, if the following
conditions are met: :

3< <y, S>H,
20< H < 200,

Yo

2o,
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The advantage of this method, as already previously mentioned, lies in the fact
that measurements of conductivity are carried out in situ. Moreover the measurements,
unlike those from undisturbed cores, are representative of a large section, approxi-
mately extending between the ground water level and the bottom of the hole. Provided
that it remains technically a possibility, this hole can be made as deep as required and
may even be extended to cover the whole aquifer. Therefore, the number of measure-
ments needed is not so large as in the case of the undisturbed core method. In addition,
this type of measurement reflects the conductivity value for a dominant horizontal
flow which is the important one for drainage aspects. One disadvantage of this method
is that the conductivity values can only be obtained for layers beneath the ground
water table, while in some cases the hydraulic properties of the upper layers are also
required. ' )

However, the fact that the conductivity of a large part of the profile can be evalu-
ated turns out to be a disadvantage in this special case, where the relationship
‘between granular composition and conductivity is under investigation. The auger hole
method is only suitable for rather thick layers, and to interpret the conductivity
found, in terms of granular composition, the soils need to be at least moderately
homogeneous. Unfortunately this is rarely the case in marine deposited soils and thus
the applicability of the auger hole method {or this study is rather restricted.

HYDRAULIC CONDUCTIVITY MEASUREMENT IN
THE FIELD BY THE DRAIN DISCHARGE METHOD

Besides the specific methods established for conductivity measurements, it is also
possible to estimate conductivity in the field by measuring the discharge of drains.
A relationship exists namely between the ground water table midway between the
drains and the discharge of these drains and this relationship depends among other
things on the conductivity of the soil. The formulas which are given for this relation-
ship were originally developed for another purpose, namely to find out the proper
spacing of the drains when the soil conductivity is known. However, where drains
already have been installed these formulas can be used alsoin estimating conductivity.

As the flow of water to a drain is a very complicated process, some simplifications
are usually introduced when the relation between discharge, groundwatertable and
conductivity is sought. Several formulas exist depending on the different assumptions
made, such as those of HooGHOUDT {1940) and VAN DEEMTER (1g50). In HOGGHOUDT'S
equation, which is usually applied in this type of work in the Netherlands, one of the
assumptions made is that an impermeable layer exists in the profile at a certain
depth beneath which the flow of water does not take place. Another assumption made
in the formula is that a state of permanent flow exists which means that the outflow
equals the inflow; this point will be discussed in a later chapter. For other assump-
tions, made in the deriviation of the formula, see HooGHoUDT (1940).

The equation in its most complete form runs as follows (see fig. 3):
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Fic. 3. Dia.gram'indlcatmg the determination of the hydraulic conductivity by the drain
discharge method (the open drains in perspective).

8K, d (my 1) + 4 K, (m, 4 1) {m, — n)
= Te where,

= the discharge of water expressed in m/d,

the average hydraulic conductivity of the strata lying between the tile
drain level (or bottom of the ditch level) and the impermeable layer in the
‘ subsoil in m/d,

m, = theheight of the water table midway between the tile drains ot the d1tches
‘ above the level of the tile drains (or the bottom of the ditches) in m,

R
fl

‘the depth of the impermeable layer below the level of the tile drains {or the
bottom of the ditches) in m and

d = an equivalent depth, derived from H in which allowance is made for the
radial resistance and by which the assumption of the horizontal flow {a
fundamental assumption of the above formula) can be maintained.

“n - = the height of the water table above the tile drains {or in the ditches) in m,
K, = the hydraulic conductivity of the soil above the tile drains (or the bottom
" of the ditches) inm/d, '
L = thedistance between the tile drains or ditches in m,
H =

S

The ratio d/H depends on the diameter of the drains and the distance between
- them. An example of this relationship is shown in table 4 where values of d, are given
for a tile drain having a diameter of 12 cm and for different values of H and L. Further
details may be found in the relevant literature {(Hoocrounr, 1940).
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TasLE 4. Thickness of d {= equivalent layer) at different values of H (distance between the level of
the drains and the impermeable layer) and L (drain spacing) with a tile drain diameter
of 12 e (Hoocrounr 1940)

‘ Drain distance in m
Hinm

20 50 100 C200

2 1.3 1.6 1.8 1.9

5 1.7 2.8 " 36 4.2

10 ) 1.7 34 5.1 6.8

20 1.7 ) 3.5 6.1 9.4
50 1.7 3.5 6.3 11.3

It appears from the table that the greater the ratio of the distance between the
drains (L) to the depth of the actual impermeable layer (H), the smaller is the differ-
ence between H and d.

The advantages and disadvantages of this method can easily be seen: no other
method of determining conductivity is more closely connected with its most important
application in practice — that of estimating drain spacings. Furthermore, conductivity
values obtained in this way, represent a large area and the whole depth of the profile
in which water movement takes place.

- On the other hand, when a land is not yet drauned and the conductivity has to be
determined, then it is obvious that the method cannot be applied. In the present
investigation, one of the major disadvantages encountered, and one which applies to
this method even more than in the case of the anger hole method, is that the values
obtained represent the average conductivity of a considerable volume of soil. Such a
volume is rarely homogeneous and it is therefore difficult to relate conductivity meas-
urements made in this way to granular composition. Only in exceptional cases is a
large section in the field homogeneous in its granular compaosition.

APPLICABILITY OF THE DIFFERENT METHODS OF
HYDRAULIC CONDUCTIVITY MEASUREMENTS FOR THIS RESEARCH

From this survey of different methods of conductivity measurements, it can be
concluded that for present purposes, where the aim is to study the influence of the
clay content on the conductivity of sands of different fineness, no one method is
altogether suitable, When a method is more closely linked to the circumstances in the
field, and thus probably gives a better picture of the conductivity there, its appli-
cation is usually ligpited to specific cases, _

Certain combinations of fineness of sand and clay content can be investigated
only with methods which correspond less closely to natural circumstances, but in
order to get a more complete picture of the influence of the clay content on the con-
ductivity it is necessary to use also methods which are less closely linked to the cir-
cumstances in the field. Thereafter the results of these methods must be interpreted
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" in the light of those cases in which a comparison with methods which correspond
more closely with the practical circumstances, is indeed possible.,

In the present study, the determinations of the conductivity of disturbed samples
were of particular importance as only in disturbed samples the granular composition
could be varied as required and subjected to systematic research. For this reason, the
work of artificial mixtures of sand and clay formed an integral part of this study.

CALCULATION OF HYDRAULIC CONDUCTIVITY FROM
THE GRANULAR COMPOSITION

The conductivity of a sandy soil depends on the number and size of the pores which
in their turn, if the soil does not contain secondary pores, depend on the particle size
of the sand. Thus, for soils with only primary pores, a relationship between the particle
size of the sand and conductivity should exist. Several investigators have occupied
themselves with calculations of this relationship and an appraisal of some of their
formulas is made in a later chapter. The principle of the method is best illustrated by
the KozeEny/Carman formula (1939) and due to its lmportance the full dertvation is
shown below.

The formula is derived from Poiseuille's law for cylindrical tubes (all terms in the
€.g.5. units):

, gd'e Ap

v = pw ;I—: where (1)

-

= velocity of the water,
= acceleration due to gravity,
= water density, '
= diameter of the tube,
A p == hydraulic head,
L = length of the tube and
v = dynamic water viscosity.
When the diameter d is replaced by the hydrauhc radius m, which is
volumne of the tube

area of the wetted surface ’

oS ISR

™ ' d -
m:;d“L:ndL:—wz, and d® = 16 m?

Then, by substitution, formula (1) becomes
,_gmips Ap a
Vo= 2 7 L , (2)
The factor 2 in this formula can be considered as representing the relationship

between the hydraulic radius and the form of the tube in capillaryflowfor a cylindrical
tube. This factor varies with different shapes of tube from about 1.8 to 3.0. Kozeny/
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Carman agsumed a value of about 2.5 for the pores'in the soil. The formula now is:

, gm?p Ap
Vo= 2.5 'ﬂL (3)

When the formula is to be applied to the soil, one has to consider the fact that the
pores in the soil are channels of a rather involved shape, but that with complete
random arrangement the pore system is statistically the same for every cross section
of a certain soil. However the path of the water in this statistically constant pore sys-
tem is tortuous and thus must be longer than L; the actual length should be L.
Further, when one shifts from a capillary tube to the condition in the scil whereby
the velocity is defined as the apparent flow velocity (= v), the actual velocity of
the water (v’) is greater than this apparent velocity, because only a part of the total
cross section (the porous part, given the term e} is available for the water transmis-

L

I
sion. The actual velocity of the water is thus v. - . 1
£

With these considerations equation (3) takes the forms
v L, gmtp Ap
e L 2.5 7 L,

multiplying the numerator and denominator by L,

em?*p Apg L 2

V=s '71'—'(?.:) (4)
According to Darcy’s law, for the unit of cross section
_ P8 AP
v = . K I
in which K’ = the intrinsic permeability, thus
pgK’ Ap =em?p Apg ,L.? , sm* L2
7w "L 25 " aL (Le)'orK'_-z.s‘(Le) (s)

KOZENY./CARMAN assumed that the actual length which the water has to path
L. = +/z. L. Equation (5) becomes then

& m?
5

volume of the pore system £ here S is th 5 ¢
wetted area of the pore system S where 3 is the surface of the

soil particles per unit volume. Substituting, the equation is rendered, -

K =

(6)

The term m =

e? :
K'_ = g"§ _ {7)
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- . As the porous part of the soil is e, the soil particle volume per unit (sand 4 pore)
volume == 1 — &, The surface of the soil particles per unit volume soil particles

l(without the pores) = S, = - Equation {7} now takes the form

I —
& 1 g8 ' £ 3
| T R ©)
According to ZUNKER {1921) the following expression applies to sheprical grains:
So=6U '

where U isthe specific surface of the sand, with grains of 1T em dla.meter as base (see
also page 22) Formula 8 now becomes:

I c?d

TWev f—epr ..

In this formula the permeabmty is expressed as mtnnsm permeability. Expressed
as hydraulic conductivity the formula becomes:

¥ I
(1— &2 Us

This formula indicates that the conductivity can be calculated from the specific
surface of the sand and the porosity. The specific surface can be calculated from the
granulometric analysis (see page 23).

The advantages and disadvantages of this method { in estimating conduct1v1ty w111
be discussed in a separate section. Here it will suffice to mention a methodical draw-
back; i.e. the calculation of the conductivity is based on assumptions which are
certainly not completely right. For that reason the reliability of this method has to be
tested before it can be applied; in the first place for pure sands but over and above
that in cases when clay particles also occur.

~

K = 360 X 10°

CALCULATION OF HYDRAULIC CONDUCTIVITY FROM THE PORE SIZE
. o DISTRIBUTION

The pore size distribution can also be calculated from the pF curve, usiné the equation
|  r=23%/egh

where § and-p are respectively the surface tension and the density of water and g the
acceleration due to gravity. The symbol r corresponds to the upper limiting radius of
pores which are still holding water when a suction of h is applied to the water in wet
soil. When applying a greater suction pressure, the volume of water withdrawn
(between the two pressures) will represent the volume of pores with radii lying between
the two values calculated from the previous equation. The pore size distribution can
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be thusdetermined directly fromthe water content — suction curve for porous medinms.
By using one of the formulas given either by CriLps and CoLLIs-GRORGE (1950) or
MarsuaLL (1g58), which relate the permeability to the pore size distribution, the
conductivity can be calculated.

An advantage of this method is that the mea.surements can be carried out with
undisturbed cores so that it is also possible to make allowance for the effects of se-
condary pores. The disadvantage of the method lies in the long time of its duration,
longer than a direct conductivity measurement. which remains of course preferable.
Thus the method has a very lnmted practical value.

THE IMPORTANCE OF THE RELATIONSHIP BETWEEN GRANULAR
COMPOSITION AND HYDRAULIC CONDUCTIVITY

It has already been mentioned in a previous paragraph, that a relationship exists
between the granular composition of a sand and its conductivity. On this relationship
clay particles have an influence due to their presence in the pore space between the
sand grains. The clay particles block a part of the pores and consequently reduce the
conductivity.

For several reasons it is important to determine this relationship between the gran-
ular composition of sand and its conductivity and to determine to what extent in-
creasing amountsof clay affect the conductivity of sand in the different textures. In
‘the first place because the measurement of the granular composition in soil labora-
tories and institutes is a routine analysis and thus, if the above mentioned relationship
is known, conductivities could often be estimated from data which are already
available. Furthermore the granular composition holds an important place in map-
ping and describing fluviatile and marine sediments because it has a bearing on their
genesis and physiography. So if such an area has been surveyed and mapped, data
obtained from the sandy layers could be interpreted in terms of conductivity. It is
also a fact that the granular composition of sand (clay content and fineness) can
be fairly well guessed by the hand. Consequently it would be also possible to make a
tough estimate of the conductivity in the field.

Naturally the relationship between conductivity and granular composition hold only
for sandy soils without secondary pores, but fortunately, the majority of the deeper
layers of marine and fluviatile sands are of this type.



II. METHODS OF INVESTIGATION

It appeared from the last chapter that conductivity determinations can be carried
out in a number of different ways; several of this methods are employed in this study.
It is necessary to discuss in some detail the methods used, to show the difficulties
encountered and the way they have been tackled. As these considerations and inves-
tigations are only of methodical importance, anvone who is only interested in the
practical results can avoid reading this chapter, °

Every method has its own difficulties and drawbacks and the longer 2 method is
established the more is known about its advantages and disadvantages, Conductivity
measurements carried out by the auger hole- and the drain discharge method have
been put in use rather recently and as a consequence of this, not much is known about
their drawbacks and methodical difficulties. Laboratory investigation of sample took
place, however, since a very long time and workers through their accomulated ex-
periences, learned to be aware of a great number of faults and difficulties which might
take place. As a result, it will appear from hereon that the discussionsof the laboratory
determinations are rather long and those of the field are rather short.

THE DETERMINATION OF THE GRANULAR COMPOSITION

It is the aim of this study to investigate the relationship between granular composi-
tion and hydraulic conductivity of sandy soils. Thus some remarks have to be made
about the determination of the granular composition. This granular composition was
determined by the method of the INTERNATIONAL SOCIETY OF SOIL SCIENCE (1929).
The soil was treated with hydrogen peroxide in order to destroy the organic matter
-and then boiled with dilute hydrochloric acid to get rid of the calcium carbonate.
The excess of hydrochloric acid and the soluble salts formed were removed by repe-
ated decantations. The clay was peptised with a peptising agent (in this case pyro-
phosphate} and then the amounts of clay and silt in the suspension were determined
by the pipette method.

" The sand composition was determined by rinsing the peptised samples in Atter-
berg - cylinders after which the clay and silt fractions were removed by repeated
decantations. After drying, the remaining sand was separated into different grades of
- fineness by sieving through a set of 1o sieves. The sizes of the meshes of these sieves
are standardized and the ratio between successive sizes is 1:4/Z; only the finest sub-
fraction has a greater range (16-50 mu).

In studying the relationship between granular compos1t1on and conductivity it is
difficult to know how to deal with the 1o figures, resulting from the analysis of the
sand. It is necessary to calculate from them one meaningful figure, which has a bearing
on the conductivity. This can be done in several different ways but in the Netherlands
the so-called specific surface (U), originated by Zunker, is used. This is an expression
indicating the ratio between the total surface of all particles and the surface of an
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equal quantity by weight of particles of the same material with a diameter of T ¢m,
with the assumption of the sphericity of the particles. When the sand particles are
smaller, the surface is bigger in proportion to the weight and thus the U figure is a
parameter for the particle size.

In calculating the U figure of a certain subfraction, it is assumed that the particles
are evenly distributed between the sizes of the two sieve meshes and that they are
spherical in shape. In this case the formula for the caleulaticn is:

0.4343 r i)
logd,— logd, 'da d;

where d, is the biggest and d; is the smallest diameter of the subfraction under
consideration. Log d; and log d, are the Briggsian logarithms of the diameter particles.
The U figure obtained of each fraction of the sand is then multiplied by the weight
of the fraction and the sum of all these products is divided by the total weight of the
subfractions of the sand to give the value of U for the sand as a whole.

Such calculations seem to be rather lengthy, but when the same sieves are used,
then the U figure for a given fraction is always the same and thus the calculation
simply consists of the appropriate multiplications, summations and divisions. In the
Netherlands the determination of the U figure is a normal routine analysis used in
classifying sandy soils.

In marine sand sediments near and below the ground water table the organic
matter is closely related to the clay content; the former amounts to about 10°/. of
the latter. A constant relationship also exists between the quantities of clay {0-2 y)
and silt (2-16 1), the clay content being approximately double that of the silt (Zuur,
1954)% Thus when the influence of clay content on conductivity is discussed this in-
cludes the influence of the silt and of small guantities of organic matter,

The soils under investigation contained calcium carbonate (0—109%). This calcium
carbonate is removed during the determination of the granular composition though
it contributes to the granular composition and thus affects the conductivity. This,
however, is not a serious drawback because the calcium carbonate content of the
investigated samples was not exceptionally high (0-10%,). Moreover all subfractions
contain calcium carbonate. Although its content might be higher in the finer frac-
tions than in the coarser ones, the resulting error is small so that the U figure is about
the same whether or not the calcium carbonate was involved in the determinations.

Vom =

THE APPARATUS USED FOR THE DETERMINATION OF THE HYDRAULIC
CONDUCTIVITY OF DISTURBED SAMPLES IN THE LABORATORY

Conductivity measurements in the laboratory are carried out (as already mentioned
in the previous chapter} in cylinders filled with soil through which water is allowed
to flow. This can be done in two different ways: In the first case a’ certain amount of

1 Some of the soils discussed in chapter IV contain relatively bigger quantities of silt but as the
total quantity was still very small this deviation was not sufficiently great to merit attention.
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water is poured on the soil and allowed to percolate through it naturally, but this
means that the hydraulic gradient is not kept constant. In the second case, the
hydraulic gradient is kept constant by replenishing the source of the percolating
water. According to ANDERSSON (1953) the first method is more suitable for soils
having low hydraulic conductivities and the second for more permeable soils. Because
most of the samples investigated in this study were rather permeable, the method with
the constant hydraulic head was favoured. Moreover, this system is more suitable
for carrying out series of determinations.

Another difference is the direction of the percolating water which can be allowed
to travel from top to bottom or vice versa. The disadvantage of the former is that
desintigration of the structure of the upper layer can easily take place; this difficulty
will be dealt with more fully later on. The latter method, which has the advantage of
needing only a relatively simple apparatus is also not without difficulties. Thus if an
upward hydraulic head is applied to the sample, the seepage force (which equals the
bouyancy p g i) may exceed the submerged weight of the soil particles and the sample
starts boiling (Taylor, 1948). It was therefore necessary in this investigation, where
determinations were made with an upward flow of water, to use a low hydraulic
head, ' :
The principle of the apparatus is shown in fig. 4. The type is about the same as has

been developed by ErxsT and his coworker WiT at the ‘Instituut voor Cultuur-
techniek en Waterhuishouding Wageningen’. One of the main parts of this apparatns
was the container A, made from transparant plastic with dimensions go x 17.5 x 2gcm,.
This container was filled with water up to a certain level and the permeameters were
then placed in it. Originally it was intended that the water should be kept at a
constant level by connecting the container with a Mariotte-system. It appeared,
however, that this system did not give so constant a level, as was necessary for the
low hydraulic head being used. It was thus necessary to install a buffer tank between
the Mariotte system and the container. The Mariotte system delivered the water to
the buffer tank and this buffer tank discharged the water to the container by a
regulating tap (1 in fig. 4). The excess water in the container ran out through a
movable outlet (8) that could be raised or lowered according to the required hydraulic
head. :

F1e. 4. Apparatus used for the determination of the hydraulic
conductivity of disturbed samples in the labaratory,

A permeameter container

B. permeameter .

1. liquid outlet from Mariotte system
manometer ’

soil

filter

glass wool

permeameter outlet

burette

changeable liquid outlet to waste
liquid outlet to waste.

bRl
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In the container a series of 10 permeameters (B) could be mounted. These permea-
meters were cylindrical and also constructed of transparent plastic for reasons which
are mentioned later, The diameter of such a permeameter was 6 cm and the length
21 cm. The bottom of the cylinder which could be screwed on so that it fitted tightly,
consisted of two plastic plates closely fitting into each other and perforated with small
holes of 2 mm diameter. A piece of nylon cloth was placed between the two plates
and another in top of it. It appeared from experiments that the hydraulic resistance
of these bottoms - nylon clothes can be neglected. The permeameter was suspended
from the side of the container by its plastic outlet tube. Leakage between the tube
and the wall was prevented by a rubber ring.

After the permeameters were filled with soil, they were placed in the container
where the level of the water was kept higher than the level in the permeameter.
This water flows out of the container from base to top of the permeameter (see fig. 4).
The effective hydraulic head for the water movement is the height b in fig. 4 (see
also page 31). The discharged water was received and measured in a burette attached
to the container. :

An electro-micrometric apparatus {not shown in the fig.) was moved about over
the tank on two strongly fixed bars, thus enabling the hydraulic heads of the whole
series of permeameters to be measured. The accuracy of the micrometer measurement
was one tenth of a millimeter. Before every set of measurements was carried out, the
electric micrometer was adjusted to o (for the free water surface). '

With this apparatus, the quantity of the discharged water from the permeameter
in a certain time was measured with the corresponding hydraulic head. In calculating
conductivity, it is also necessary to know the length of the soil column, the permea-
" meter cross section and the water temperature. The equation for the calculation of the
hydraulic conductivity is:

= hydraulic conductivity in m/24 hours,

== length of soil €olumn in cm,

== hydraulic head in cm,

= discharge in cm?/sec.,

= permeameter cross section in cm?,

m, = viscosity of the used water in poises and
e = viscosity of water at 10° C in poises.

o B R

It can thus be seen that in principle this type of measurement of conductivity in
disturbed samples in the laboratory is fairly simple. However, in practice, certain dif-
ficulties have been encountered which are discussed under the following headings.
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THE FILLING OF THE PERMEAMETER

When a permeameter is packed with air-dried soil, segregation of the components
into fine and coarse layers can easily take place. Should this segregation occur, it
would have a detrimental effect on conductivity (see page 14). This is the reason
that transparent permeameters are used. Thus lack of homogeneity of the soil
column can be seen and steps can be taken to prevent it by filling in a proper way.
Further, the way in which the permeameter is filed is important because it also in-
fluences the porosity of the sample which in its turn affects the conductivity. To have
reproducible results and reliable interpretations of the figures obtained, the packing
of the permeameter should always be carried out in the same manner. Thus in packing
a permeameter the principal requirements are that there should be a standardised
method of filling which also gives a homogeneous sample.

Various methods have been proposed by different investigators to satisfy these
requirements. CHU ¢f al (1954) applied the inverted tube method where the permea-
meter is set upside down and the sample is introduced in stages through a funnel.
Hewn (1g58) chose a method in which samples are gradually poured in, in such a
way that they are always covered by a layer of water. He states that the method is
effective in preventing segregation. REEVE AND BROOKS (1953) produced an equip-
ment with which the sample is thoroughly mixed in an above compartment and then
dumped in the permeameter. FIREMAN (1944), after trying several different methods
for obtaining uniformity of packing found that the most suitable method was to drop
the soil filled permeameter repeatedly upon a solid wooden block,

- In this study many attempts have been made to arrive at a satisfactory method of
packing disturbed samples. The one which gave the best results was as follows: a
500 gram z mm-sieved sample is thoroughly mixed and dumped on a wide open-
mouthed funnel with a long stem which is closed at the bottom by the finger. The
stem of the funnel is then inserted in the permeameter and the sample is allowed to
settle by removing the finger. The stem is raised slowly with the precaution that its
bottom should always touch the upper surface of the soil in the permeameter. During
this procedure the parts of the sample in the funnel and in the perineameter are’
continuously stirred with a metal rod. As the permeameter is filled with the sample, it
is allowed to drop 100 times from a height of about 2.5 cm onto a wooden block,

Different samples of sand and mixtures of sand and clay were so treated and the
homogeneity and reproducibility of porosity were found to be satisfactory. The former
was ascertained by examining the samples through the transparent walls of the per-
meameter where it could be seen that the degree of homogeneity was good and that
there was practically no segregation. The repreducibility of porosities is shown in
‘table 5, containing.the resulis of 5 replicates of sands with different U figures and
different percentages of added clay (for an explanation of the term U figure” see
page 22). The porosity was calculated from the length of the soil column, the cross
sectional area, and the oven dried weight of the sample, assuming a specific weight
of the soil of 2.65.
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Tasre 5. Reproducibility of porosity determined in some sands and artificial mixtures of sand and

clay.
U figure of Porosity of replicates
san dgan 4% (as part of total volume)
1]
clay - 2 3 4 5
43- 0 0.33 0.33 : 0.33 0.35 0.33
43- 5 0.39 0.39 0.40 0.39 - 0.39
120-10 0.46 0.46 0.46 0.46 047
170~ 0 0.38 0.39 0.3% 0.39 0.39
170-1¢ 0.46 0.46 0.46 0.46 0.46

DISPERSION AND MICROEROSION

In disturbed samples, measurements of long duration show a decreased conductivity
with time, a phenomenon which will be discussed in more detail later. Several different
explanations of this occurrence have been advanced; one of which is that soils
containing clay disperse with time. The dispersed clay migrates with the flow of
water and settles in very narrow pores. This leads to blockage of these pores and de-
crease of conductivity.

The dispersion and ercsion may be caused in two ways, one chemical, the other
physical. The chemical runs as follows: The soil solution has a certain salt content
which causes the flocculation of the clay. When the percolating water, used in the
measurements, contains a lower salt content, the soil solution changes and conse-
quently the clay may be peptised and transported. As for the physical cause, when
the percolating water happens to have a velocity greater than that occurring in na-
ture, erosion of the clay aggregates and clay transportation may take place. As not
much work has been done on dispersion and microerosion, it is unknown if they are of
much importance during permeability measurements. But in any case there was
naturally every reason to take precautions to prevent such phenomena, To prevent
peptisation the samples were not percolated with pure water but with a 0.004 n CaCl,
solution. This concentration is higher than that assumed by QUIRK AND SCHOFIELD
(1955) as being the threshold limit (0.00015 n CaCly) below which conductivity de-
creases as a result of dispersion.

For preventing microerosion, in the first place, the sa.mples were percolated in an
upward direction as previously mentioned. If the water streams in a downward
direction, turbulence can easily occur in the water layer on the surface. This can lead
to a whirling up of the clay particles which later on.can be deposited on the soil
surface as an impermeable film. The second measure to prevent erosion was to keep
the hydraulic gradient as low as was technically possible; as the hydraulic heads used
were about 1.5 cm and the soil column lengths were about ro cm, the hydrauhc
gradients were about 0.15.
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ENTRAPMENT OF AIR AND PRETREATMENT OF THE SAMPLES

As already has been mentioned in the introduction the so-called water saturated
samples still can contain air bubbles. These air bubbles are very resistant and they
cause a decrease in conductivity. Since in nature soils below the ground water table
have a low air content, it is necessary to deminish the air content of the samples in
laboratory determinations so far as possible.

The air content in the soil comes from two sources: firstly air which is present in
~ the presaturated soil and secondly air which evolves from the water percolating the
soil. This evolution happens when the water used is oversaturated with air, either as a
result of its prehistory or because the laboratory temperature is higher than the
original water temperature; this air is inclined to evolve on angular objects.

During the saturation of an air dried soil, the water advances very irregularly in
the column and so great quantities of air can be easily entrapped. Several methods of
saturating the samples have been studied by such workers as SLATER AND BYERs
{1931), ZIMMERMAN (1936) and CHRISTIANSEN (1944). Tt appears, however, from these
studies that some air is always entrapped whether water is mtmduced from above,
from below or under a head.

-The only two ways of fully saturating the soil are either by evacuating the air
prior to saturation or by replacing it by CO, (which then dissolves easily in the stream-
ing water) (CHRISTIANSEN, 1044 and CHRISTIANSEN et al. 1046). Saturation after
evacuation was found by Christiansen {o cause breakdown of structure and to result
in a much lower conductivity than when the soil is wetted in the normal manner.

Replacement of soil air by CO, is rather time consuming, while structure break-
down of the samples investigated in this study (sands, artificial mixtures of sands and
clay ot undisturbed sandy samples from the subsoil, which are considered to be more
or less structureless) is not likely to be a serious matter. Therefore, in this study the

samples were evacuated before saturation.

The method is to place permeameters with the packed samples in desiccators and
then to apply suction. After some minutes, during which time most of the air is
removed from the desiccator, water is introduced by opening a valve very slowly,
and the water penetrates the soil from beneath. The time required for saturating the
samples ranges from I to 3 hours according to the fineness of the sand and the clay
content.

Some preliminary trials showed that Wlth some samples espemally those con-
taining clay, distortion took place as the water front advanced in the soil columnns.
It seems possible that some air is however left in the soil, and as the water penetrates
the soil column, this air is compressed and this leads to the uplifting of the soil. A
perforated plastic disc was therefore placed on the top of the sample. This disc had 3
short stems which allow for supporting an aluminium weight of one kilogram. This
proved to be efficient in preventing the previous mentioned phenomenon.

After saturation, the permeameter was removed from the desiccator and aJlowed
to drop 50 times by a standarized procedure. This was done to ensure restoration of the
- inifial porosity if it had been altered during suction and saturation. Immediately
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after this, the permeameters were put in the container full of water and the measure-
ment of the conductivity was made.

Besides the air which was already in the sample, it is still necessary to deal with
the air which evolves from the water percolating the soil. The best way to prevent this
evolution is to use boiled water which is totally air-free. However, since this would be
very laborious work, hot water (70-80°C) from a boiler was used. This water was then
stored in 10 / bottles and left to cool overnight to 18-20°C. It was expected that in
this way most of the air in the water would be eliminated. It appears, however, from
experiments described later that it is doubtful whether this assumption is right.
Perhaps the water in the container, in which the permeameters were placed, adsorbed
also a new air. The volume of the container was large compared with the quantity of
-water used for a series of determinations; consequently the water in the container
was only slowly renewed and had ample time to adsorb air. In any case bubbles were
seen more than once through the walls of the container.

FLUCTUATIONS OF HYDRAULIC CONDUCTIVITY WITH TIME

Many investigators have pointed out that conductivity measurements in per-
meameters are not constant with time. The type of the soil probably plays a role in the
processes which lead to these changes and probably different investigators have not
used the same type.

CHRISTIANSEN {1944), FIREMAN AND BoDMAN (1939), ALLISON (1947} and others
showed that if the percolation of water through the permeameters takes pla.ce over
several weeks or months, three distinct phases can be recognized:

T. An initial period where the conductivity decreases, sometimes slightly but
usually to a small fraction of the original rate,

2. A second phase where conductivity increases,

3. A third phase where the conductivity again decreases, but now gradually and
steadily during the remainder of the test.

This behaviour is attributed by most investigators to the following factors: The
decrease of conductivity in the first phase is caused by the swelling of clay and the
dispersion of the soil as the electrolytes are leached by the percolating water. In
the second phase, the increase of hydraulic conductivity is attributed to the gradual
solution of entrapped air from the soil by the percolating water. The gradual decrease
of the third phase is supposed to be due to the clogging of soil pores by microbiological
products according to ALLISON (1947), to rearrangement of clay particles according
{0 BopMAN AND HARRADINE (1938), and to the migration and accumulation of fine
soil material (a kind of microerosion) according to SILLANPAA (1956).

It seems that differences in the shape of the conductivity curves are due to differ-
ences in methods of presaturation and the kind of water used. If, for example, the
air is taken out by wetting the soil under vacuum, CARISTIANSEN (1g44) and SILLAN-
PAA (1956) found that conductivity is at maximum in the beginning of the test and
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decreases gradually. Thus, the second phase in which the conductivity increases is
absent.

This variation in conductivity is a great Inconvenience in conductivity research.
Firstly, the values obtained will depend on the time at which the measurements are
made and it is unknown at which time the records represent the natural circumstan-
ces. Further, where different samples are to be compared, it is questionable whether
measurements made after a standard period of time will be at the same phase in the
conductivity curve because this curve depends on the type of soil.

That is why several Investigators are inclined to measure the conductivity in the
third phase when it is approximately constant (Sillanpa, 1956). The time at which the
third phase is reached will depend, ‘however, on the magnitude of swelling and dis-

in any case for recording the conductivity Measurements varies so much ; ARRONOVIGI
AND DONNAN (1946) 100-400 hours, AMER (1960) 72 hours, Regvg (1953) 85 hours
and Mc INTYRE (1958) 1 to 2 hours, ) ‘

Apart from the problem of determining the moment at which the third phase
begins, the value of the measurements made in that phase js somewhat questionable.

For these reasons, soils were saturated with water before measurements were
taken and thus further swelling during the measurements did not take place. In this
way also the natural degree of swelling was approached as the sites of the investigated
layers were close to the ground water table and thyg the soils were also at maximum
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Tasre 6. Hydraulic conductivity of disturbed samples, determined by the laboratory permeameter

method.
U figure of sand "Conductivity (m/d) after hours of starting the experiment
and %, clay
0 3 6 22
43-0 17.3 ‘ 13.9 9.5 2.7
170-0 . 1.54 1.40 1.18 1.18

It can be seen from this table that the decrease of conductivity is stronger when
the conductivity is higher. The extent of the decrease varied rather in different cases;
in the test shown the drop of conductivity was sharp, but in other cases it was fre-
quently not as marked.

Observation suggested that the pores of the nylon filter, on which the soil column
stood, had become blocked by sand particles during the measurement. Other filters
were therefore tested and glass wool was found to give more satisfactory results. Table
7 shows a comparison of conductivity values obtained with two types of filters; the
first filter consisting of two pieces of nylon cloth, one between the two perspex plates
and the other over the upper plate; the second filter consisting of one piece of nylon
cloth between the perspex plates and glass wool over the upper plate.

Tabre 7. Hydraulic conductivity of disturbed samples, determined by the laboratory permeameter
method using different filters.

Conductivity {m/d) after hours of starting the

U figure of sand o experiment
and 9%, clay
Used filter 0 2 22
430 2 nylon clothes 16.0 13.6 1.84
43-0 . | nylon cloth
with glass wool - 163 16.1 12.3

It is obvious from the figures shown above that the glass wool had prevented the
decrease of conductivity to a large extent though not completely. It seemed likely
from these data that the cause of the drop might be found in the lower part of the
permeameter. After testing all kinds of possibilities, it was decided to attach piezo-
meters 1.5 cm from the base of permeameters. This was done by connecting a perspex
tube through the side of the permeameter. Glass wool was inserted in the opemng of
the tube to prevent sand from entering it.

The conductivity was now measured for the part of the soil lying between the

-level of this opening and the top of the soil columnn ; the hydraulic head in this part of
the soil column is the difference in water level between the piezometer and the per-
meameter itself. Owing to the small adhesion between the perspex and the water and

. the wide bore of the piezometer, the capillary rise in the piezometer could be neglected.

With this modification some tests were made, the results of which are shown in

table 8.
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Taere 8 Hydraulic conductivity of disturbed samples determined by the laboratory permeameter
method in the whole soil column and in the upper 9 cm.

U figure of sand Conductivity (m/d) after hours starting the experiments

and % clay 0 3 7 )
i _ . In the whole soil column
430 16.8 16.8 12.0 10.8
43-10 6.4 5.9 5.2 4.6
100-0 32 3.1 2.8 2.8
170-0 1.53 1.51 1.46 1.46
170-10 0.86 0.82 0.80 0.80
In the upper 9 cm of the soil column
430 17.7 17.7 16.3 16.3
43-10 6.8 6.3 6.5 6.0
100-0 . 3.2 31 3.1 2.9
170-0 1.51 1.56 1.49 1.49
- 17010 ‘ 0.88 0.82 0.80 0.80

- The results cited in this table indicate in the first place that the decrease in con-
ductivity, calculated for the whole soil column, is greater when the conductivity is
higher; the decrease is not very sharp with the finest sample, but very pronounced
with the coarsest one. If these measurements, however, apply to the upper g cm, then
the conductivity, even with the coarsest sample, can be considered to be fairly con-
stant. Moreover the results prove, that the decrease in conductivity is due indeed to’
some alteration in the lower part of the permeameter.

The most important result of this serics of measurements ~ and many others
showed the same —is that as a result of the precautions taken {low hydraulic gradient,
upward flow of water, use of a dilute salt solution, desinfection of the streaming water,
measurement of the conductivity only in the upper g cm of the soil column and the
use of de-aired water®) it is possible to get constant values over a period of at least
15 hours, a period long enough not to worry about the difficulties in the conductivity-
time curve, met by other investigators.

Hence measurements of conductivity quoted in the coming chapters were obtained
and calculated in the manner described. The measurements took place at about 3
hours after the start of the experiment; this time was necessary for the water in the
piezometers to reach equilibrium when dealing with clayey samples. The experiment
lasted until sufficient percolate had been obtained (1—20 cc, according to the per-
meability of the sample).

With these precautions, values of conductivity were not only constant but also
very reproducible as seen from table g.

* It is very doubtful whether the de-airing yielded indeed air-free water {see page 34).
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TanLe 9. Reproducibility of the hydraulic conductivity of disturbed samples, determined by the
laboratory permeameter method.,

Clonductivity (m/qd) of replicates

U figure of sand
and % clay 1 : 2 3 ) 4
43-0 177 17.7 17.7 16.8
43-10 6.8 6.3 6.2 . 64
100-0 3.4 3.2 29 3.1
170-0 1.5 1.5t 1.5 - L3
170-10 . 0.79 0.77 0.84 0.84

THE CAUSE OF THE DECREASE IN HYDRAULIC CONDUCTIVITY

Although the direct purpose of thisresearch was not the study of methods of measuring
conductivity, nevertheless the very intrigning problem of the decrease of conductivity
for the lIower part of the soil column led to some other investigations. Further obser-
vations suggested that the original assumption that the pores of the nylon filter were
blocked with sand particles was unjustified and it was supposed that, in spite of ail
the precautions taken, the water used was not totally free {rom air*. This could
probably lead to evolution of air in the lower part of the soil column, thus blocking the
pores and hindering the passage of water. This in turn could lead to a decrease in
conductivity.

To test this assumption, the conductivity of a very permeable sa.mple {U 43) was
determined in three ways. In the first test, the measurement was made in the normal
way. In the second test the water was allowed to pass through a soil column so that
any remaining air could evolve in this column. Thereafter this water was led into the
permeameter proper by means of a closed circut. In a third test, the same de-aired
water was used but this time after air bubbles had been allowed to pass through,
resaturating the water with air. Also in this test the circuit of the water was closed to
prevent the results being influenced by any outside factors. The fo]lowmg results
were obtained.

Tager 10, Hydrauhc conductivity of disturbed samples determined by the Iaboratory permeameter
method, in the whole soil column using water with three different air contents,

C‘.onductlvuty‘ (m/d) after hours ol' startmg the

experiment
Type of water ' 1 2 4 7
Normal water (de-aired in the usual way) 17.3 —n 13.9 2.5
Water further de-aired by passage through
- s0il column i5.5 - 152 14.2 14.8
Above with air re-introduced 10.9%* 9.8 7.7 5.5

* Analyses, carried out after the completion of this research, indicted that the water, de—alted

in the way described above, contained indeed an appreciable guantity of air,
** Obviously in this test the decrease of conductivity had begun already after one hour.
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- Tt was clearly obvious from these results that the decrease of conductivity can be
mainly attributed to the influence of air in blocking the pores of the lower part of the
soil column. It is also obvious why the decrease was more conspicuous in the more
permeable sands as here the quantity of water — and for that reason also that of air —
passed during the measuarement was greater; hence more air could evolve in the lower
part of the permeameter. At the same time it was now possible to explain why the
decrease of conductivity for samples having the same permeability was not always the
same; the air content of the water may have differed from case to case. Similarly, the
superiority of glass wool as a filter was probably based on the fact that in the glass
wool considerable quantities of air can separate from the water before it hinders the
water passage.

In another experiment, piezometers were instalied at different levels of the per-
meameters, This test suggested that the decrease of conductivity, which begins from
the lower part of the permeameter, gradually penetrates further up the column. The
fact that the conductivity of the upper 9 cm of the coarsest sample (U 43) was not
totally constant, can probably be explained in this way. -

Sillanpda (1656) found that the decrease of conductivity can be removed at least
temporarily by reversing the direction of water flow. He attributed the decrease of
conductivity to dispersion followed by transport of soil particles during the time of
measurement. These transported soil particles might accumulate at narrow points and
block them. By reversing the direction of the water flow these particles are punctured
and thus could be freed; as a result conductivity increases. However, this increase is
only temporary because the clay particles again accumulate at other narrow points
and again block them, ,

Observations made in this study agreed closely with those of Sillanpia. When the
conductivity had decreased with the course of time, it could be increased directly by
the reversion of the direction of water flow whereby half of the conductivity decrease
was eliminated. However, this increase soon was followed by a rapid drop in conduc-
tivity and then further by a gradual decrease,

-But Sillanpia’s explanation can be applied also when air bubbles are supposed to
be the reason of the decrease in conductivity. The air bubbles evolving from the
water, might be pressed into narrower parts of the pore system by the influence of
both the hydraulic head and the buoyancy i.e. the air acts as a valve blocking the
flow. By reversing the direction of flow, the action of the hydraulic head comes to
work against that of the buoyancy and the air bubbles immediately lose in any case
part of their valve function. In the long run, however, they wilt eventually take up
new positions in which once again the pores are blocked.

HYDPRAVLIC CONDUCTIVITY DETERMINATIONS IN UNDISTURBED GORES BY
THE FIELD PERMEAMETER METHOD

As was said before, the variability of conductivity values for natural soils is much
greater than that of the homogeneized. This variability is even so great that it is



35

impossible, with a limited number of cores investigated, to get more than an approxi-
mate value of the mean conductivity of the soil. Therefore in this case it is meaning-
less to endeavour to search for a very accurate method, as a rather rough method,
provided it does not give fundamental faults, can offer even as useful data. For this
reason the undisturbed cores were investigated in a transportable apparatus which
could be used in the field and hence was not as accurate as the laboratory apparatus,
More important than the method of investigationis the selection of the sample spots
and the way in which the cores were taken. Major attention was paid to these points.

In the first place it was important to get samples which were free from holes (root
channels and animal holes) ; these pores have only little importance for the conducti-
vity of the natural soil but they influence the determination in the permeameter
rather strongly. Samples were therefore obtained from regions just above the ground
water table where these holes are seldom met with. This had the advantage too that
the samples originated from the deeper layers, which are the most important for the
flow of water. In this respect it is further important that the soil in these deeper
layers tends to be at maximum swelling and of a low air content,

The sites from which the samples had to be taken were firstly roughly surveyed
and then, provided it appeared that there was a layer as homogeneous as could be
possibly found, samples were taken from it. The pressing of the cylinders in the profile
was done without twisting or turning so that the cylinders were totally filled with the
soil in its natural state. All the investigated samples were rather wet and contained
some clay, thus allowing the cylinders to be pressed in easily and without great effort.
As far as could be felt, this process caused no compaction of the samples and effected
a tight connection between the cores and the walls of the permeameters.

Fic. 5. Apparatus used for the determination of the
hydraulic conductivity of undisturbed cores
in the field.

marictte system

permeaneter

50il

filter

funnel

collecting bottle

SN

The cylinders in this study had a length of 20 cm and a diameter of 7 cm and were
pressed in the soil with the help of a piece of wood. When they were dug out, the excess
of soil was cut away gradually and carefully so that the end was not smeared. The
cores were inspected carefully; abnormal cores were not analysed but replaced by
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other ones. For the determination of the conductivity first the bottom of the cylinder
was covered with a piece of filier paper and then a cap, which consisted of a ganze
sieve, was fitted over it. After this the cylinders were suspended on a rack and sup-
ported from beneath by funnels leading to bottles in which the percolating water was
canght. The measurement was made with tap water. As shown in fig. 5, the percolating
water was delivered by a Marictte system to keep the water at a constant level
{about 5 cm above the surface of the column). Thus hydraulic gradients were about
1,5 which was a much higher value than that used in the laboratory method.

The measurement took place as soon as the process of percolation seemed to have
attained equilibrinm. The experiment lasted till sufficient percolate had been obtained
{about 100 cc); the time needed ranging from 15 minuntes to 2 hours. This procedure
and apparatus was for the most part adapted from that used by KorECKY (1914) and
will be referred to as the field permeameter method.

Ten cores were taken from every spot investigated., If the conductivity of one or
more cylinders showed serious deviations from the average, the core was thoroughly
examined. In most cases it was possible to ascertain the cause e.g. poor connection
between the soil column and the wall of the permeameter, or holes extending in the
cylinder from top to bottom, In such cases the results were discarded. In a later stage
5 cylinders from the 10 were pushed vertically into the soil and the other 5 horizontally
As it appeared that the vertical conductivity differed from the horizontal, while the
horizontal is the most important, the results of the vertical cylinders were discarded.
Hence part of the data used in chapter I'V, are the mean of 5 cores,

As already mentioned, the conductivity of the different columns {taken from one
sample spot) varied to some extent. Table 11 gives some representative data about the
reproducibility of this method.

TasLe 11. Reproducibility of the hydraulic conductivity of undisturbed cores, determined by the
field permeameter method,

U figure of sand Conductivity of replicates {m/d})

- and % clay ) 2 3 4 5 6 7 8 9 10
56-0.5 721 66 62 74 66 12 64 74 64  —
121-1 107 113 140 130 145 115 101 092 119 —
207-76 002 001 012 012 042 011 041 013 0.08 —
0.14

340-5.7 - 012 0138 014 015 015 013 D12 016 0.15

%f RELIABILITY OF THE RESULTS OBTAINED BY
THE FIELD PERMEAMETER METHGD

Many precautions were taken in investigating the disturbed samples at the laboratory
to get results which were as reliable as possible. Such precautions were not taken in the
field measurements and the question can arise whether or not this could have led to
fundamental errors. To test this the laboratory apparatus was modified to fit for the
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determination of the conductivity in undisturbed cores. This was done by a methed,
applied by Wit (rgb1). The size of these cores was smaller than those of the field
apparatus, about 5 cm long and 5 cm wide.

Thus it was possible to investigate these samples in the same manner as the dis-
turbed ones: before the determination of the conductivity the cores were evacuated
and saturated with water and the measurements were made with a low hydraulic
head and with a dilute salt solution. Consequently primary present air did not influence
the results and microerosion, dispersion and transport of clay particles could not take
place, Thus the results of these experiments, as to these possible errors, can be fairly
considered as correct. One of the greatest difficulties accompanying the determinations
of the conductivity in disturbed samples in laboratory permeameters was the evolu-
tion of air from water at the lowest part of the permeameters which impeded the
passage of water. These difficulties were avoided in the disturbed samples by restricting
the measurements to the upper part of the permeameter. For the undisturbed cores
this was not possible so that an experiment to test whether also in this case there was
a change of conductivity with time seemed necessary. The results of this test are given
in table 12.

Tanrr 12, Hydraulic conductivity of undisturbed cores, deterﬁﬂncd by the laboratory permeameter
method.

U figure of sand Conductivity (m/d) after hours of starting the experiment

and % clay 3 6 9 18
72-1.8 55 | 5.6 4.6 1.3

249-3.5 0.52 . 0.55 0.55 0.55

225-3.3 0.26 : 0.26

From these results it appears that a decrease of conductivity also found place with
the undisturbed cores. Similar to the case of the disturbed samples, this decrease was
more rapid and conspicnous as the samples were more permeable. Because all other
known factors contributing to the fluctuation of conductivity were avoided, it is
probable that evolution of air is here also the reason of this decrease. This means that
the first reading of conductivity is the most fitting. Moreover it is clear from table 1z,

. that the conductivity remains constant - and thus correct ~ for a period long enough
for succesful determinations,

It can be concinded that in determining the conductivity of undisturbed cores
obtained by the way explained here above {evacuation of air and saturation with
water beforehand, percolation with a low hydraulic head and by a dilute salt solution)
all possible errors are avoided. The question now arises how will be the results of the
field method in comparison with that above. To investigate this, 5 layers were
investigated in 5 replicates and the resnlts are shown in table 13.
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Taere 13. Hydraulic conductivity of undisturbed cores, determined by the laboratory and field
permeameter method.

Conductivity (m/d)

U figure of sand and 9 clay

Laboratory permeameter Field permeameter
method method
72-1.8 4.1 ) 4.4
80-1.8 2.5 2.5
249-3.5 : 0.52 0.49
295-3.3 : 0.26 0.20
170-6.0 0.17 ' 0.18

From this table it appears that the field permeameter method gave about the
same results as the more accurate laboratory permeameter method. This is probably
thanks to the fact that the samples were obtained and the measurements were made
in such a way that certain drawbacks were avoided beforehand. In the first place the
clay content of the samples was low and they were taken close to the ground water
table; so the likelihood of much swelling was very slight. In the second place, in the
deeper layers from which these samples were chosen, air content is at a minimum so
that its influence on the measurement could be neglected. In the third place, the
conductivity was determined as soon as possible after starting the experiment and
the duration of the measurement was only short, so that air evolution is not expected
to influence ther esult. The rather high hydraulic gradient used, obviously did not
cause transport of clay particles and consequently blockage of pores did not take place.
Finally the shifting from a diluted salt solution (de-aired) to normal tap water has
had no influence on the percolation, probably due to the short duration of the
experiment.

It can be thus concluded that the field permeameter method is probably not sus-
ceptible to systematic errors in this type of soils (sandy soils at maximum swelling,
low air content) and that the results obtained are reliable.

) Y. HYDRAULIC CONDUCTIVITY MEASUREMENTS BY THE AUGER HOLE METHOD

The main disadvantage of this method is that it is even more difficult to get represen-
tative and homogeneous spots than when the field permeameter method is used. Also
in this case determinations were only carried out after surveying and accurately
inspecting the soil profile in order to obtain the required type of soil in a sufficiently
homogeneous condition, However the standards of homogene1ty conld not as strictly
be imposed as with the field permeameter method.

The upper dry layer of the profile was bored by a screw auger (d1a,meter 7 cm).
However, this method is not suitable for saturated sandy layers and as soon as such
layers were reached, a copper tube (7 cm wide) was lowered in the hole to this depth
and was pushed further in, the hole being deepened with the help of a bailer. With such



39

precautions disturbance of the profile and moving of sand in the hole was prevented.
Moreover in sandy soils, puddling of the walls of the hole caused by the friction of the
tube is not likely to occur. Because the copper tube had to remain in place during the
measurement it was made with perforations and also wrapped in a layer of jute tissue.
The resistance of this arrangement proved to be negligible.

Usnally measurements took place after at least one day had elapsed during which
time the ground water table was allowed to attain equilibrium. This period of time
was sufficient for the type of soil investigated in this study. The water in the hole was
rapidly pumped out with a bailer and the velocity of the water ascent was measured
as soon as possible, This was carried out by placing a float provided with a light weight
steel tape on the water surface in the hole. Thus, with the use of a standard, the time
was recorded to reach specific stages in the ascent of water. Tor most soils this distance
was I-2 ¢m but for very impermeable soils 0.5 cm and for very permeable ones 5 cm.

The time elapsing between measurements varied from 2 till 100 seconds according
to the soil conductivity ; measurements were continued until a quarter of the water
which had been pumped out had been replaced. The first time interval recorded was
always ignored. The results obtained were calculated from the formula mentioned
in chapter I, the conditions imposed by the formula being strictly applied.

The thickness of the layers, in which the conductivity was measured, was usually
about 50 cm. However, it was not always possible to find homogeneous layers of this
thickness. Thus sometimes the measurements had to be carried out in thinner layers,
but never thinner than about 30 cm. For every representative spot, the conductivity
was measured in 2 holes which in the rather homogeneous soils tested proved to be a
sufficient number. Table 14 gives some representative data on the reproducibility

of .this method.

TABLE 14. Reproducibility of the conductivity in natural soils, determined with the auger hole
method.

Conduetivity of replicates (m/d)

U figure of sand and % clay -

1 2

668-3 4.2 4.8

71-2 ‘ 2.3 ) 3.1

77-1 34 . 3.4

89-2 L5 1.4
290-4 C 0.24 0.20-
300-5 0.26 0.24

As to the reliability of the auger hole method for the determination of thehydraulic
conductivity, it can be assumed that Ernst’s formula is correct within the limits
given (see page 14). Also with model experiments it was found that the conductivities
determined were not affected by the diameter and the depth of the hole or by the
quantity of water pumped out (HooGHoUuDT, 1936).

Both the auger hole and the field permeameter method are based on the flow of
water in undisturbed soils. Thus it can be assumed that certain methodical difficulties,
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connecied with the laboratory permeameter method de not affect the auger hole
method any more then they proved to afiect the field permeameter method {e.g.
changes in the air content during the measurement and dispersion of the clay
particles).

Circumstances under which the neasurements are made in the field cannot be
varied as much as in the laboratory and thus this method cannot be as easily subjected
to methodical investigation. Apart from variations in diameter and depth of the hole
and of the quantity of water pumped out—which factors have been tested already by
HooGHOUDT - the only other possible variaticn is a repetition of the measurement in
" the same hole. Especially puddiing of the walls of the hole can be detected in this way
as a repeated waterflow from the soil to the hole would reopen more or less the smeared
surface of the hole. This repetition of the measurements was tned in several profiles
and the results are shown in the table below.

Taste 15. Repeated measurements of the hydraulic conductivity in natural soils, determined by the
auger hole method

Conductivity {(m/d) of repetitions

U figure of sand and % clay

Ist time 2nd time
68-3 . 4.1 4.2
71-2 ' 2.4 2.1
77-1 . 3.7 3.1
892 . 1.4 1.5
290-4 0.25 0.22
300-5 . 0.20° : 0.28

From these figures it can be seen that the conductivity of the successive measure-
ments was about constant. This may thus be taken as an indication that puddiing
of the walls of the holes in these soils did not take place.

I't is also possible to obtain some idea of the reliability of the method by comparing
the auger hole-conductivity values with those obtained by other methods. Within a
limited range this has been done by Kirknam Anp DE ZEEuw, (1952). In this study

- it has been possible to extend the range of comparison to other types of soils and it is
hoped that the results of these large scale comparisons may contribute to a better
understanding and assessement of the auger hole method,

¥ HYDRAULIC CONDUCTIVITY MEASUREMENTS BY THE DRAIN DISCHARGE METHOD

In principle the best evaluation of conductivity, as already mentioned in chapter I, is
obtained from the measurement of the drain discharge. The conductivity can be cal-
culated from this drain discharge and the connected ground water table by the formu-
la given in page 16. In practice, Lowever, it is difficult to find the cases in which this
principle could be applied; calculations are difficult or impossible if the soil is not
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fairly homogeneous and when it is not known — which is often the case — wether an
impermeable layer exists or not. ‘

For this study quite a number of measurements of drain discharges and ground
water table levels, carried out in the Zuiderzee polders, were available, but the above
mentioned conditions were only satisfied to a certain degree and in a few instances.
Indeed, it appeared that the results of no more than 13 of the 24 plots available were
suitable for this investigation.

The measurements of ground water table and discharge of drains were carried out
during the wet season (about 15 Nov. till 15 Febr.) in parcels of a length of 8oo m and a
width of 300 m, bordered on both sides by larger ditches T m deep and crossed hy
smaller ditches (field ditches). These field ditches were originally about 60 cm deep,
but had tended to fill up rather so that the effective depth in fact was somewhat less.
The distances between these field ditches ranged from 8 till 6o m depending on the soil
conductivity. Each field ditch was divided down the middle by a dam and for this
reason only half of the length of each plot (150 m) and half the length of the field
ditches entered into a given measurement, but for convenience’s sake the terms ‘the
plot’ and ‘the ditch’ are retained for the following discussions.

On every plot it was ustial to investigate a serie of 3 field ditches, piezometers being
placed midway between the field ditches on a distance of 110 m from the main ditch.
To record the waterlevel in the field ditches, gauges were placed in them. The piezo-
meters were constructed from 24 cm wide perforated iron tubes and wrapped in a
layer of jute tissue; such piezometers react very rapidly to the fluctuations of the
ground water table in this type of soil. Measurements of ground water table and water
level in the ditches were carried out once a day and related to the average plot level.
As the corresponding ground water tables and water levels in the field ditches varied
only slightly, values of both were averaged for every day over the whole plot.

The field ditches discharged into a series of tile drains, with alength of 10 m, running
under ‘the head of the plot, at the ends of which were installed gres-tubes of 1 m
length. The discharge of the ficld ditches was measuied with the help of a volumetric
can and a stopwatch once a day and was converted to mfz4 hours. The drain-tiles
were not quite watertight. Thus part of the water leaked through the subsoil of the
‘head to the main ditch; even from the field ditch itself some water may had seeped
away. Consequently, as the whole discharge was not measured, a correction for the
leakage had to be made (see page 43).

" The average discharge over the whole wet season usually varied only slightly from
field ditch to field ditch and for that reason the daily dxscharges of the different field
ditches were averaged.

There were, however, sometimes considerable discharge chfferences between some
of the corresponding field ditches on one day.

The average ground water table midway between the field ditches and the average
water level of the ditches were plotted every day against the average discharge and
fig. 6 gives a representative example in which it can be easily seen that a relationship
exists between the ground water table, the water level and the discharge. The points
ont the graph showing the relationship between discharge and water level in the field
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ditches lie very close to the line but on the graph relating ground water table and dis-
charge some points are rather scattered.

Such deviations tended to occur if observations had been made shortly after rain
had fallen and a numnber of reasons can be advanced to explain this. In general these
reasons all amount to the same fact, namely that immediately after rain has fallen a
number of abnormalities occur and the mutual relationship between ground water

table and discharge is disturbed. For all practical purposes such data can be ignored
and a line can be drawn through the rest of the points.

20 waterievel and groundwatertable in cm befow sollsurface
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F16. 6. Relationship between the discharge and the ground water table midway the field-ditches
' {a) and the waterl evel in the field-ditches (b).

Curves obtained in this manner all showed the same satisfactory degree of rela-
tionship between ground water table and discharge that is shown by the formula
mentioned on page 16. This is most obvious for these cases where there was an upper
homogeneous permeable layer of the soil of a considerable thickness. If it is assumed,
for the sake of simplification, that there is no water standing in the field ditches, and
K, = K, the formula in page 16 can thus be changed to
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. If the thickness of the permeable layer is big enough, m becomes small in compari-
son with 2 d, and the term 2 d -+ m is more or less constant and thus the relationship
between ground water table (m) and discharge (S) must be linear. That this indeed is
the case can be illustrated by the example shown in fig. 6. Deviations from this linear
relationship were found — and they were sometimes quite appreciable — only in the case
of very high ground water tables and discharges. One of the main reasons for this
phenomenon is that after heavy rainfall some of the water which is discharged into
the field ditches has simply run off the soil surface. Thus the discharge is greater than
corresponds with the ground water table and points lying on the right hand side of the
line can be heglected. ' *

The lines which are drawn through theclustered points give an average relationship
" between the ground water table and the discharge for all the observations and may
therefore be regarded as being fairly reliable as such. In some plots the observations
were carried out for two successive years during which new plezometers are installed.
The line, found in the second year, deviated in all the cases only slightly from that of
the first.

The lines for the ground water table and the water level in the field ditches should
meet at discharge = o, there is however a gap between them. Thisis due to the leakage
to the main ditch. This leakage can be found by extrapolating both lines till they
meet (see fig. 6). In calculating conductivities, the discharge measured has been in-
creased with the lost part.

Another difficulty met with was that ramfall in a parcel was not totally discharged
via the field ditches; part of it was directly drained by the main ditch. In consequence
of this extra discharge the ground water table near the main difch was lower than
further on the parcel and the ground water table on which the calculation of the con-
ductivity was based (110 m from the main ditch), was higher'than the average ground
water table in the parcel; this average ground water table, however, is the one which
has to be connected with the discharge.Consequently the conductivity calculated was
too low and had to be corrected. For soils with a low conductivity and thin aquifer,
this correction is negligible; but even for more permeable and bigger aquifers the
correction proved to be at most 15%,. Thus, an incorrect estimate of the correction
would not lead to a great error in the conductivity calculated.

. For the calculation of the conductivity proper an arbitrary point is chosen in the
ground water table-discharge curve and then the related discharge, ground water
table and water level in the ditches are inserted in the formula., =

The reliability of these curves for the calculation of conductivity seems, in particu-
lar, to be confirmed by the work of VAN DEEMTER (1950). From detailed studies of the
relationship between ground water table and discharge he reached the conclusion that
—in cases such as this and within the limits of the a.ssumptions made — HOOGHOUDT'S
formula expresses the rela.tlonshlp satisfactorily.

One of the assumptions in the derivation of this formula however, is that an
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equilibrinm state should exist between the inflow and outflow, in other words that
the intensity of rainfall should always be constant and that the height of the ground
water table midway between the field ditches should therefore attain a constant value.
These conditions are nearly never satisfied in nature as the rainfall occurs intermit-
tently and consequently the ground water table in question is rising and falling.

According to the calculations of Kra1jENHOFF VAN DE LEUR {1958), the dis-
charge of a rising ground water table is greater than that occurring in the equilibrium
state and similarly smaller in the case of a falling water table. He also states that the
relationship between the discharge and the ground water table in an equilibrium
state lies in between the relationship found for rising and falling ground water tables. .
So a certain degree of scatter can be expected and the average curve drawn through
the most clustered points very probably represents the equilibrium relationship and
is thus the best for the conductivity calculations.

Unfortunately, particularly in the lowest part of these graphs, there was no
systematic difference between the data obtained in cases where there was a rising or
falling water table. Thus the question of the meaning of this scatter and of its signi-
ficance in measurements of conductivity remains unanswered. On the other hand it is
reassuring to realize that the line drawn is the average relationship between the dis-
charge and the ground water table ; conductivity calculated from this line is in any case
the deciding factor in drainage itself,

A further difficulty in the conductivity calculations lies in the structure of the
profile. In all the investigated cases an not ripened layer of clay or humus-detritus was
found in the profile with at least 50 em thickness, and uvsually from 100-400 cm.
Enough is known about such sediments to assume that they are almost quite imper-
meable (ZUUur 1958} and that they totally prevent the downward passage of water.
These impermeable layers were deposited at the bottom of a lake and are therefore
expected to be found in the subsoil of the whole observation area. The top of this
impermeable layer — and of the transitional layer, discussed hereafter — was however
not always, as might be expected for a lake deposited sediment, quite flat because of
compaction which differed with its thickness. To determine the depth of the imper-
meable layer 2 borings were carried out; this depth varied sometimes as much as
15%, from one spot to another. Thus the calculated average thickness of the permeable -
section was burdened with a rather big error and therefore the calculation based on
such averages are also subject to a certain amount of error,

Between the impermeable layer and the usunally fairly homogeneous upper layer,
in which the conductivity had to be determined, a transitional layer was frequently
encountered. The U figure of this layer was at least 150 and the clay content 89,
From the results, discussed in chapter IV, it can be assumed that the conductivity of
such layers is at the utmost 0.1 m{d, probably much less,

For the calculation of the conductivity of the upper layer, a variant of the formula
discussed in chapter I was used, in which allowances are made for the existence of
two different conducting layers over the impermeable layer. With this formula the
conductivity of the upper layer was calculated in two ways: firstly assuming the
conductivity of the transitional layer to be 0.1 m/d, secondly to be o m/d. In all cases
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the relationship between thickness and conductivity of the upper layer on one hand
and thickness and conductivity of the transitional layer on the other was such that
both calculations yielded a difference of utmost 10% for the conductivity of the upper
layer. Thus an erronecus estimate of the conductivity of the transitiona} layer —
estimated at 0,1 m/d ~ has only a very limited influence. -

In general it can be concluded that although the determination of the conductivity
from the ground water table-discharge curve is fundamently the most fitting method,
many uncertainties can arise in the interpretation of the results.



III. THE HYDRAULIC CONDUCTIVITY OF PURE SANDS AND
THE INFLUENCE OF ADDED,CLAY PARTICLES ON IT

THE PURE SANDS INVESTIGATED %

1t has been repeatedly mentioned that in sandy soils there is a relationship between
the hydraulic conductivity and the coarseness of the sand and the clay content. These
relationships will be dealt with more fully in this and the following chapter. It is per-
haps easiest to consider first the case of pure sands which contain no clay, as here the
relationships between the particle size of the sand and the geometry of the pore
systemn is not complicated by the presence of clay aggregates blocking the pores.

As sandy soils without any clay do not exist in nature, 43 sandy samples of dif-
ferent textures were washed with water till the supernatant liquid was clear (i.e. 5 to
20 times). Even then some traces of clay still remained in the samples but the per-
centage was relatively small (0.4 till 1.8%{). The samples were then dried and allowed
to pass a 2 mm steve. Of the 43 samples 35 were of marine origin, 30 being from the
Zuiderzee polders and 5 from polders of Groningen. Because marine sediments seldom
contain coarse deposits also 8 samples were taken from fluviatile soils in Gelderland.’
All the samples were then investigated by the laboratory apparatus described in
chapter II1. - .

-

THE RELATIONSHIP BETWEEN GRANULAR COMPOSITION AND CONDUCTIVITY

‘There is no stronger proof of the need for estimating conductivity from the granular
composition than the number of efforts {often very old} which have been previously
made to establish this relationship by such workers as SEELHEIM (1880), HAZEN
(1895}, SLICHTER (1899), KRUGER (1918), TERZAGHI (1925), KOZENY (1927), ZUNKER
{1930), HOOGHOUDT (1934), CARMAN (1939), ROSE (1950) and Loupon (1953).

A study of all these formulas gives the impression that a great deal of confusion
existed regarding the concept of ‘permeability’. Thus each of the terms p, g and n
may or may not be present in the formulas. If not mentioned as such, they are in-
corporated in the ‘constant’ of the formuia, This certainly led to all kinds of difficul-
ties with respect to the dimension of the calculated conductivity; hence for sake of
comparison it is necessary to bring all these formulas to the same basis, which in this
study has been taken as the hydraulic conductivity expressed in m/d at 10°C.

A comparisen of the formulas on this basis shows that, as a matter of fact, in all
of them conductivity is dependent firstly on the size of particles but moreover on a
number of other factors. One of them is the porosity expressed as the part of the total
soil volume occupied by the pore space. In some (in particular older) formulas
(SEeLHEIM AND HAZEN) this factor is absent; but when present its influence is indi-

-P2

cated by various functions: —P {KRUGER revised by ZUNKER) T—pp
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(T —pp?
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—_— 2 3
(P———— __i?l_ (TerzacHI} and -
Yix—p)* (t —p)?
{Kozeny followed by Carman aAxD Hoocroupt). Loupon (1953) indicated the in-
fluence of porosity by an exponential term; according to him this function renders the
same results as the Kozeny formula and so this type of function is not discussed
further.

In order to get information on the influence of porosity on conductivity of marine
sands, 4 samples of different textures were investigated at different porosities. The
samples were firstly investigated in the normal way (as indicated in chapter IT), which
renders a very low porosity. In another test these samples were merely placed loosely
in the permeameters without dropping them before evacuation of air or after satura-
tion with water. The conductivities obtained in these two different ways are compared
in table 16. The letters A and B indicate high and low porosities respectively, while

p
(1—p)?

Tapre 16. Hydraulic conductivity, determined by the laboratory permeameter method, and porosity
factor of a number of pure sands at different porosities.

{SLICHTER revised hy ZUNKER and ZUNKER),

A indicates this factor at high porosity.

U figure of sand

43 90 170 205
Hydraulic conductivity A {(m/d) 22.1 5.1 2.4 - L78
Hydraulic conductivity B (m/d) 11.8 2.8 1.20 RR Y
Hydr. conductivity A: Hydr. conductivity B 1.87 1.82 2.00 1.52
Porosity A . 37.7 38.3 444 43.5
Porosity B - ’ 313 33.3 38.8 39.4
p/(l—p A : pf{1—p)* B 1.47 1.34 1.39 1.26
Pl —plrA:pH(1—p)'B ~ L7 1.54 1.59 1.39
(p—O013 ¥ —pPRA: (p—013FT—ppB 188 1.63 1.58 1.38
Pll—prA:pd /(1 —p)PB 1.91 1.76 1.82 1.54¢

- The porosity had an influence on the conductivity as clearly shown from the table
and it can be concluded that the formalas in which the porosity factor is absent can
be left out of consideration. The results of this investigation suggest that the function

ps

(r—p)? ,
CarMaN AND Loupox and it has therefore heen used in all subsequent calculations
in this chapter.

The different formulas also contain a factor in which the complete granular compo-
sition is expressed by one parameter. This parameter is either some representative
particle diameter or it is a measure for the total surface of the particles. The repre-
sentative particle diameter is the average particle diameter (e.g. SEELHEIM) or the
‘active particle diameter’ (ZUNKER). The manner of obtamlng these diameters is
frequently not given (e.g. SEELBEIM, SLICHTER). e

is most satisfactory, thus confirming the observations of Hooguouprt,
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The particle surface may be given as specific surface (U figure; see page 22)
(ZuNKER, 1930; HOOGHOUDT, 1934), as absolute particle surface per unit volume soil
(KRUGERY), or as absolute particle surface per unit volume particle or unit weight soil
{CarmaN). These surface parameters are easily interconvertible, though the pore
volume must be included when these formulas are converted to or derived from the
type of factor used by KRUGER.

In all these formulas it is assumed, either in the derivation of the formula, or in
the application, that the particles have a spherical shape {though sometimes a cor-
rection for the lack of sphericity is used). Thus in comparing the different formulas the
particles can be assumed to be spherical. With spherical grains the (representative)
particle diameter is proportional to the reciprocal value of the total particle surface per
unit soil weight {ZUNKER, 1930). Thus the parameters of the particle diameters can
be converted to surface measures. If the U figure is chosen as parameter for the sur-
face it appears that in all the formulas the conductivity 1s-1g,x/er§fy” proportional to
T B.l'ld so this factor is the one which will be employed.

Besides the factors expressing porosity and particle size all the formulas contain
a term (u) which indicates among other things the numerical relationship between
conductivity on the one hand and specific surface and pore volume on the other. In
some formulas, a further factor is employed to indicate the ‘tortuosity’ of the water
passage (e.g. KoZENY) and a factor for the combined influences of the particle shape,
the roughness of the particles and/or the sorting of the sand. For the time being it can
be accepted that for one type of sand (in this case marine sands) these factors are
about constant and thus can be included in the term . Thus it appears that the re-
lationship hetween the granular composition and the conductivity can be expressed
in the formula

P’ I
“E—pr U

The problem which then arises is that of determining w; this has eg. been ac-
complished by HooGgroUDT in Dutch soils using subfractions obtained as byproducts
of the granulometric analysis. The results which he obtained from several different
subfractions {16-50, 50-75, 75-105 1 etc.) indicated that the value of  did not differ
much from fraction to fraction and thus the average obtained value is commonly
used in the Netherlands.

In this investigation tests were made on the pure sands, mentioned above. They
had not been fractioned and thus they gave a more representative picture of the kind
of thing which might occur in practice. The resnlts obtained are shown graphically

b K(— '
in figure 7 in which I—ﬁand % of the 43 samples are plotted against each

K=

other, It appears from this graph that the relationship between particle size (given as

K{a—pp

pﬂ

I .
ﬁ) and conductivity (including the porosity) {given by the factor } for

the Dutch marine soils is very close. This relationship applies also to the investigated
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soils not originating from marine deposits. As can be seen from fig. 7 a fairly linear

) : I K {x - p)
proportion exists between OE and _—IT_—
specific surface and conductivity seems to be correctly given by the formula.

It can be concluded from fig. 7 that the average value of the coefficient pis 26 X 104,
HoocrounTt found a value of 25 X 10? and it is highly surprising — and stands for the
accuracy of at least part of the assumption given in the formula — that the p-value is
the same for pure fractions and for sands of mixed composition. The value of the coef-
ficient is in the same magnitude as that of Kozeny/CARMAN calcnlated on theoretical
grounds (CarMaN, 1939). However, that this is more or less accidental and certainly
not a proof for the intrinsic correctness of the formula can be concluded from the

results, discussed at the end of this chapter.

so that the relationship between

K (p? _
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F1a. 7. Relationship between —pr— and T for clay-free sands, K determined by the la-

boratory permeameter method.

‘ It is difficult to make a comparison between the p-value of this and that of other

formulas because those other formulas express the influence of porosity by another
factor. At a fixed porosity a comparison is however possible. Taking the porosity at
0.40 (which is about normal for marine sands in the field) the values of the propor-
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I
tionality factor between K and —:, or in other words, for the product KU?, are as

U
shown in table 17. .

Tasre 17. Values of the product KU? at a porosity of 0.4 according to several investigators.

(K in m/d at 10°,)

Investigator KLi# x 10-#
Seelheim determined 31
Slichter determined 33
Kriiger “determined 36
Terzaghi determined 40-71
Schiénwiilder determined 40
Zunker determined 3244
Hoeoghoudt determined 44
Fahmy determined 47
KozenyjCarman calculated 65

Although the values given in this table have about the same magnitude, the dif-
ferences hetween them are such that the special investigation, carried out for esti-
mating the p-values of the marine Dhutch soils seems to be justified.

As a result of this investigation, it can be stated that for homogeneous Dutch
marine sands, free from clay and air, the relationship between particle size and
conductivity can be satisfactorily expressed by the formula:

ppt I
— —(1 — e where
K = hydraulic conductivity in m/d,
@ = a term with the dimension of L t' and which has a numerical value of

.26 x 104,
== porosity, expressed as part of total volume of soil and
the ratio between the total surface of all particles and the surface of an
equal quantity by weight of particles of the same material with a diameter
of 1 cm, with the assumption of the sphericity of the particles.

o
i

HYDRAULIC CONDUCTIVITY OF ARTIFICIAL MIXTURES OF SAND AND CLAY

It has already been mentioned in the introduction that the influence of the clay on
the conductivity must depend on the way the clay particles occur in the sand. Since
in artificial mixtures their distribution differs considerably from that in the field, it is
not to be expected that the results obtained from studying these mixtures will be of
direct importance in practice. This research has in the first place a methodical value:
How do the clay particles tend to behave in the sand and what is the influence of the
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different manners by which the clay particles are distributed in the sand on the
conductivity.

In behalf of these investigations five sandy samples w1th different textures were
collected from sites in the Zuiderzeepolders. The samples were washed and decanted
with water a number of times {from 1o to 30 times, according to the fineness of sand
and the clay content) until the supernatant liquid was fairly free from clay. The
samples were then oven-dried and allowed to pass a 2 mm sieve.

The clay sample which was used in these experiments was an illite clay from Gro-
ningen and contained about 469, clay; the calcium carbonate content was about 109,
and the exchangeable cations consisted mainly of calcium. This clay was dried, ground
and then separated into two fractions of different aggregate size: one between 0.5 and
1 mm, the other between 0.0 and 0.5 mm. Though the size of the aggregates differed, '
the granular composition was of course the same in both fractions. For the investi-
gations these clay aggregates were mixed in different quantities with the sand. In the
tables discussed hereafter, an addition of ‘109, clay” means 109 of clay aggregates;
the actual addition was only about half of it.

The appropriate quantities of sand and clay were first thoroughly mixed on a
sheet of paper and then packed in the permeameters by the method described in
page 26. If the sample in the permeameter did not appear to be homogeneous (this
being easily observed through the transparant walls of the permeameters) the process
was repeated until a satisfactory homogeneous condition was attained.

In table 18 the resulting conductivities are given where the coarse fraction of the
illite-clay {0.5—1 mm) was used.

Tasre 18. Hydraulic conductivity {m/d} of artificial mixtures of sand and 1lhtc clay (0.5-1 mm),
determined by the lahoratory permeameter methed.

Percentage clay aggregates added

U figure of sand
0 3 6 9 12
43 . 17.7 17.7 17.1 16.5 15.3
90 35 . 34 31 3.0 2.8
120 2.7 2.4 2.4 2.3 S 21
172 i 1.54 1.56 1.43 - 1.26 1.16
205 1.21 1.21 1.13 1.05 0.96

It can be seen from this table that the coarse fraction of the clay particles had
little influence on conductivity. It is true that the conductivity of the samples with
the highest clay content is somewhat lower than that of the pure sands, but the
differences are obviously small in comparison with the influence of the finer fraction
on conductivity which is shown Jater in table rg. The fact that there is after all a
small decrease is probably due to a slight disintegration of the coarse fraction when
mixed with the sand.

Thus when clay particles exist in the sand as coarse aggregates it appears that they
have little influence on conductivity. The clay aggregates are too big to fit into the
primary pores between the sand particles and to bloc kthem. Consequently, in size and
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effect they do not differ greatly from sand particles and they contribute in the same
way to the building up of the porous skeleton as the sa.nd grains. As a result of this,
they have little influence on conductivity.

Further it appears from these results that the clay aggregates retain their granular
structure in moist soils. Had this not been the case they would have decreased the
conductivity to a greater extent (see the results with the finer clay fractions and with
the montmorillonite). Such coarse clay aggregates are thus neither disintegrated in
wet soils nor eroded by the streaming water. This applies probably to field conditions
as well.

The results of experiments carried out with the finer fraction are given in table 1g.

TasLe 19. Hydraulic conductivity (mfd) of artificial mixtures of sand and illice clay (0.0-0.5 mm),
determined by the laboratory permeameter method.

Percentage clay aggregates added

U figure of sand

0 ' 3 6 9 ' 12
43 17.7 10.24 £.93 2.45 . 133
90 3.5 2.31 1.39 0.90 0.55
120 2.73 1.98 1.23 0.84 0.52
172 1.54 1.19 1.00 0.73 0.46
205 1.2t 1.02 C 077 0.56 © 039

It is evident from this table, that the influence of the finer fractions on conductivity
is much greater. The conductivity decreased considerably with increase in clay con-
tent ; with the coarse sand the addition of 3%, clay aggregates caused the conductivity
to drop to about two thirds of the original value and the addition of 129, aggregates
reduced the value to about cone tenth of the original.

Also from these results it is evident, that the aggregates contribute to the building
up of the porous skeleton. The porosity of the samples containing clay (especially those
with the highest clay percentage) was greater than that of the pure sands. This can
only happen when at least part of the clay aggregates — which are porous in contrast
to the sand particles - contribute fo the building up of the skeleton. At the same time
it appears from the decrease of conductivity that a considerable part of the finer clay
aggregates occupies the primary pores of the sand skeleton and blocks them. Table zo
shows the porosities of the researched samples.

TasLE 20. Parosity {expressed as part of total velume) in artificial mixtures of sand and illite clay
(0.6-0.5 mm).
Percentage clay aggregates added

U figure of sand

0 3 6 9 12
a3 0.33 034 0.34 034 031
30 0.33 0.34 0.35 0.35 0.35
120 0.38 0.38 0.39 0.40 04
172 0.40 0.41 0.42 0.43 043

205 0.40 0.40 0.41 0.41 0.42
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With the same additions of clay aggregates, the decrease of conductivity is greater
in coarse sands than in fine ones. This is mainly due to the fact that the primary pores
in the coarse sand are bigger and thus not only the smaller, but also the bigger clay
aggregates can find their way into these primary pores. This difference between the
coarse and the fine sand is borne out by the fact that the increase of the porosity by
the addition of clay aggregates is greater in the finer sands than in the coarsest ones.
The second reason for the great influence of the clay aggregates on the coarse sand is
that the number of primary pores in the coarse sand is smaller and therefore, compara-
tively, the quantity of blocked pores is greater.

Further, it is apparent from table 1g that the influence of clay aggregates on the
conductivity with the finer sand is approximately proportional to the quantity of the
clay added while, with the coarse sand, the influence of a small quantity is compara-
tively speaking much greater than that of a big one. This phenomenon will be dis-
cussed in more detail later on in this chapter.

In these experiments the clay exists between the sand particles as granular aggre-
gates although sometimes those may be very fine ones. In nature, the clay aggregates
are deposited between the sand particles in very wet condition and therefore their
shape becomes highly adapted to that of the primary pores,

In an attempt to reproduce these conditions, some of the above mentioned sand-
clay mixtures are wetted to a point slightly above field capacity, thoroughly kneaded
with the hand and then placed in the permeameters, Table 21 shows the results.

Tapre 21. Hydraulic conductivity (m/d) of artificial mixtures of sand and illite clay (0.0-0.5 mm;
clay kneaded), determined by the laboratory permeameter method.

Percentage kneaded clay aggreates added

U figure of sand

G 3 6 12
43 17.0 6.5 2.7 0.19
120 2.1 0.44 0.14 0.05
205 112 0.28 .06 0.05

It is clearly indicated from this table, that the harmful influence of a certain clay
content on conductivity is very great when the clay aggregates have got the oppor-
tunity to adapt their shape to that of the primary pores, With the finest sand, the
addition of 3%, clay aggregates reduced the conductivity to about a quarter of its
initial value and the addition of 129, to one twentieth. In all clay classes of these
kneaded mixtures the influence of the texture of the sand is still recognizable; the
conductivity is the higher, the coarser the sand. ’ '

After all, surveying the whole series of experiments, it appears that the addition of
clay has a harmful influence on conductivity. The magnitude of this influence depends
on the way the clay is mixed with the sand and is particularly great when the form of
the clay aggregates is well adapted to the shape of the primary pores, which case re-
sembles natural conditions, Bur even in the last case, additions up to 12 percent clay
aggregates are not able to offset the influence of the coarseness of the sand on the
conductivity. ' :
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RESULTS OF SOME EXPERIMENTS WITH MONTMORILLONITE CLAY

The dominant type of clay of the soil in the Netherlands is the illite. Nevertheless,
some determinations of conductivity with montmorillonite have been carried out;
this was done mainly to stress the fact that the results of the investigations in this
thesis, especially those concerning the natural samples, can only be applied to sedi-
ments that are completely comparable with the ones under study.

‘The sample of montmorillonite used in the investigations was a Wyoming clay
with an exchange capacity of 98 m.e./100 gram; the exchangeable cations consisted
mainly of calcium. The clay contained practically no calcium sulphate and the calcium
carbonate content was less than 0.1%,. Once again the clay sample was dried, ground
and separated into two fractions; in table 22 the results obtained with the coarse
fraction are shown.

Tasre 22. Hydraulic conductivity (m/d) of artificial mixtures of sand and montmorillenite clay
(0.5-1 mm), determined by the laboratory permeameter method.

Percentage clay aggregates added

U figure ) Permeameter
of sand Permeameter tapped not tapped
¥ 3 6 9 12 12
43 17.7 7.8 4.0 0.80 0.29 0.76
120 2.7 0.78 0.56 0.42 0.16 —
205 1.21 0.70 - 0.50 - 029 0.21 0.00

In contrast with the illite clay, the coarse fraction of the montmorillonite clay had
a very harmful influence on conductivity. Adding 129 clay aggregates to the coarse
sand effected a decrease of conductivity to about 1/60 of its initial value. This is caused
by the particular properties of the montmorillonite clay which, when it is brought in
wet conditions, absorbs a lot of water, swells and reaches the upper limit of plasticity.
The swelling effects an enlargement of the volume of the soil column: for example
adding 3% montmorillonite clay aggregates to the U 205 sample caused an increase of

59, in the volume of the soil column, while with the same percentage of illite clay,
practically no increase of the soil volume took place.

From the considerable decrease of conductivity it appears that the swelling of the
clay aggregates not only pushed the sand up, but that also the clay was pressed or
puddled inte the primary pores of the sand. It is, however, possible that this process
was affected by the practice of dropping the soil columns repeatedly to attain a stan-
dardized packing (see page 28} For this reason an experiment was carried out in
which dry mixtures of sand and clay were simply saturated with water and then placed
in the permeameters. The results of this experiment are also shown in table 22,

‘This experiment indicates that also without mechanical influence the coarse mont-
morillonite clay has a very harmful effect on conductivity. This suggests that in
natural conditions montmorillonite, when it swells by the rainfall, can penetrate the
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primary pores of the sand skeleton whereas illite particles, as was proven by the
experiment of table 16, keep stable.

The influence of the fine fraction of the montmorillenite clay was also investigated
and the results are given in table 23.

Tarre 23. Hydraulic conductivity (m/d} of artificial mixtures of sand and montmorillonite clay
(0.0-0.5 mmn), determined by the laboratory permeameter method.

_ Percentage clay aggregates added

U figure of sand

0 1 2 3
43 SERTRE 6.4 1.90 0.23
120 2.7 1.30 0.39 0.04
205 1.21 0.62 ‘ 0.27 0.03

The remarkable result is that a very small addition of the fine fraction of mont-
morillonite has already a fatal influence on the conductivity. An addition of only 39,
clay aggregates reduced the conductivity to a small percentage of that of pure sands,
It is not possible to compare these results with those of the illite clay because it is not
known whether the fineness of the clay aggregates of the illite and montmorillonite

clays were of the same order,

X MICROSCOPIC EXAMINATION
OF SOME ARTIFICIAL MIXTURES OF SAND AND CLAY

In order to obtain supplementary evidence concerning the influence of clay aggregates
(illite) on conductivity of artificial sand and cla.y mixtures, slides were made of 12
selected samples.

After the filling of permeameters with the different mixtures by the method men-
tioned in page 26, the samples were wetted and allowed to slip from the permeameters
(unscrewing the bottom cover) on a cardboard box*. They were then air-dried and
impregnated with a mixture of cellulose varnish and acetone (1:1) for two weeks, in
order to stabilize more or less the loose samples. The samples were then impregnated
with fluid plastic {Vestopal-H} in vacuum for one day and then leit for about six
weeks in a fume-chamber after which time they were obviously jellied. Thereafter
they were oven dried at 40°C for a few days until they were hardened enough to be cut
into thin slides (15 u).

In these slides the percentages of different pore sizes were counted. By using a spe-
cial ocular (Zeiss integration ocular 1), 25 points appeared in the field under the micro-
scope with a certain distribution pattern. According to the magnification used, the
distance between each two points amounts to a certain length in microns. This faci]i-

* The detailed method of making slides will be pubhshed in 1961 by Dr. jongerius, head of the
Micropedological Department of the Institute of Soil Survey-Wageningen.
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tates the measuring of the pore sizes. To cover the whole slide, one has to count many
times; in each slide 2000 points were counted and the sizes of the pores were deter-
mined.

Some difficulties naturally arose in the application of this new and comparatively
untried method, the most important of which was that the magnification used for the
first measurements was not sufficient to detect all the pores of the finer samples and
particularly not if the clay content was high. This error was revealed by the very low
values obtained for the porosities counted under {he microscope as compared with
those calenlated from the apparent density. Therefore the magnification used was
shifted to 400 (& X 50).

From the results of these measurements, shown in table 24, it is seen that in the
samples without clay or with little clay, the measured porosities under the microscope
are in good agreement with the actual ones. When the samples contain more clay,
however, the porosity as determined by microscopic examination is rather lower,
the reascn being that the clay aggregates contain submicroscopic pores which could
not be counted. This, however, may be no disadvantage in practice as the submicro-
-scopic pores in the clay aggregates do not appreciably affect water movement.

It appears from the results given in table 24, that with the coarsest sand the added
clay aggregates mainly filled up the big pores. Because these pores are very important
for conductivity (the water movement per cm?is directly proportional to the square of
the pore diameter), it can be understood now why the addition of clay aggregates
caused such an enormous decrease in conductivity of the coarser sands. Since an in-
‘crease in the percentage of the smaller pores {< 50u) has taken place, it is probable
that the big pores were not totally blocked but were only reduced in their conducting
area. The table also indicates that even an addition of as little as 69 clay aggregates
resulted in the disappearance of practically all the big pores. This is in agreement with
the previous statement that the influence of ciay on conductwlty becomes relatively
smaller as the quantity added becomes greater.

The reduction in the number of the biggest pores (50-30p) in the finest sand did
not take place at the same rate as in the coarse sand, apparently because the clay
aggregates were too big to fit into these pores. As the biggest pores here were blocked
less than those in the coarser sand, it can be understood now why the clay addition
had a less harmful influence on conductivity on the finer than on the coarser sand.

Thus a good-qualitative agreement was found between the results obtained with

- the microscopic counts and those from conductivity determinations, and it is of inter-
est to consider whether a qua.nhtatlve relationship can exist between the results of the
two methods.

With a _certain hydraulic gradient, the quantity of water flowing through a pore is
proportional to the fourth power of the pore diameter (d}. Further, when a cross sec-
tion of 1 em?® is considered, the contribution of all the pores of a certain class to the
water movement is proportional to the number of these pores {n}. The contribution of
every pore class to the total water movement is thus proportional to nd* or to nd*® x d*

- where nd?® is proportional to the surface per em? cross section of a certain pore class
(= 0). The total water movement is thus proportional to the sum of the products
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TasLe 24, Distribution of pore sizes in some artificial mixtures of sand and clay, hydraulic conductivity, hydraulic
cross section and porosity, .

Total Total

U figure of » " Pores - Pores Pores Pores Pores Pores 3 Hydranlic
sand and 300-200 H 200-100 & 100-30 4 50-50 B jo0-15 4 < 1sft Pomsny _porosity cross
ooy . M LGol 9% invel %  invol %  invel % invel% inwvol g icroseoplc computed .o
v . invol. % inval %"
43-0 17.7 2.86 9.40 14.40 3.40 3.20 - 3326 3270 443000
43-3 ... 10.2 1.15 525 . 8.75 8.20 9.40 33.75 34.00 260078
43-6 49 0.04 3.20 7.00 . 10.70 10.50 31.44 33.70 133000
43-12 -~ 1.33 - — 090 6.30 9.10 ' 13.20 ’ 29.50 34.00 73000
120-0 2.7 — 0.60 590 15.50 12.60 } 34.60 38.00 74600
120-3 1.98 — — 2.10 11.50 22.70 36.30 38.10 34319
120-6 1.23 —_ — 1.40 8,70 27.20 37.30 38.60 27800
120-12 0.52 — — 0.60 7.10 28.80 36.50 40.10 19800
205-0 1.21 —_ . —_ 0.50 7.60 13.90 16.90 38.94 39.60 25060
205-3 1.02 — —_ 0.30 6.70 10,90 2040 38.30 40.10 17798
205-6 0.77 — — —_ 5.20 9.70 21.90 36.80 41.20 14200
205-12 0.39 —_ - — 3.20 8.70 26.40 38.30 42.20 5300

042 for all pore size classes (— X 0d?). This total water movement is again proportional
to the conductivity. So, a relationship most probably exists between the conductivity
and this factor 2 Od?, which may be called the ‘hydraulic cross section’.
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Fic. 8. Relationship between hydraulic cross section and hydrawlic conductivity of artificial
mixtures of sand and clay, with varying U figures and clay contents.

Fig. 8 shows the relationship found for the different samples between the deter-
mined microscopic hydraulic cross section and the conductivity. It can be seen from .
the figure that there is a close quantitative relationship between the conductivity and
the number and size of pores which are counted under the microscope. It also appears
from a comparison of the conductivity of e.g. sample 205~-0 (K = 1.2 m/d} with that
of 120-6 (K = 1.2 m/d) or of the sample 120~-12 (K = 0.52 m/d) with that of 205-6
(K = o0.77 m/d), ({these samples having a similar hydraulic cross section aswellasa
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similar conductivity) that the clay aggregates have no specific influence on conduc-
tivity beyond that of their effect on pore size.

As it appeared now that a quantitative relationship exists between the conductivi-
ty and the pore size distribution determined under the microscope, the question arises
whether the conductivity could be also calculated from this pore distribution on the
basis of Poiseuille’s law. Such a. calculation has been made but the values obtained
were very high. It is probable that the friction in soil capillaries is much greater than
in smoother cylindrical capillaries having the same cross section. Further it is also
probable that the “tortuosity’ of the water flow is much greater than 4/2, the value
given by Carman,



w IV. THE CONDUCTIVITY OF NATURAL SOILS

SOME REMARKS ON THE SOILS INVESTIGATED

Most of the samples and profiles investigated in this study criginated from the Zuider-
zee polders; these soils were deposited under water and are from marine or brackish-
lacustrine origin. Some mention of the relative proportions of clay, silt, organic matter
and calcium carbonate in these soils has already been made in chapter II. These
Zuiderzee polders exhibit the greatest variation of all Dutch marine soils in their
ratios of clay content to sand fineness and therefore they offer representative examples
for this study.

The Zuiderzee polders were drained only 30 years ago and the effects of soil for-
mation processess in the classical sense {e.g. podsolization or cementation) are still of
no importance. The evidence that the deposits have undergone very little change

- since they were drained is particularly clear in the deeper layers, This is also the case
in all Dutch marine soils. It is therefore likely that the conductivity of other Dutch
marine soils which tend to have a similar granular composition does not differ to any
large extent from that of the Zuiderzee polders.

Because the Zuiderzee polders were deposited in brackish water, their adsorption
complex contained about 159%, exchangeable sodium at the time of draining. Gypsum
was formed afterwards in the soil {by oxidation of sulphides and reaction with calcinm
carbonate) and it can be accepted that the exchangeable sodium at the time of this
study would already have been replaced by calcium or at least would not be present
in sufficient quantities to exercise a harmful influence on conductivity.

THE GRANULAR COMPOSITION

In the last chapter it appeared that the conductivity of sandy soils depends on the
composition of the sand fraction, the porosity and the clay content. All possible com-
binations of ¢lay content, porosity and sand composition can be made with artificial
samples but in nature these factors are interrelated with each other to a greater or
lesser extent. To interpret the data obtained from natural soils, it is desirable to deal
beforehand with these interrelations,

- Marine soils are transported and deposited by streammg water and the stronger
the stream the bigger the particles transported. Thus every stream of water carries
with it a whole assortment of particles of different sizes, the maximum size of which
is determined by the velocity of the current. As soon as the velocity decreases the
coarse particles settle down. :

Sedimentation circumstances Vary in the course of time and so the size of the
particles deposited in any one place differs accordingly. Conditions for sedimentation
can change so much and so irregularly that the particle composition becomes very
unpredictable. Usunally, however, this is not the case in marine and similar sediments;
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sedimentation circumstances tend to fluctuate around a certain equilibrium state.
This is seen from the fact that the composition of most sands is of a Gaussian type:
one of the subfractions being the most frequently met with and the coarser and the
finer subfractivns decreasing in lmportance as they diverge more from this size of
grains.

Thus if one sand is finer than another it does not necessarily mean that a certain
fine fraction appears more in the one case than in the other or that the other subfrac-
tions are distributed evenly or arbitrarily, but it does mean that the whole granular
composition is shifted to the finer side. Table 25 shows the granular composition of
6 sands of increasing fineness. These sands which belong to the series discussed in
chapter III were obtained from natural sandy soils from which the clay had been
washed out. Some of the finest subfractions were naturally lost in this washing but
this loss was not sufficient to cause radical changes in the sand composition. The
Gaussian distribution of the sand composition of all samples and the gradual progres-
sive shifting of the main subfraction to the left hand as the whole composition becomes
finer can be easily seen from this table.

TaepLe 25. Composition of six marine sands increasing in fineness.

% subfraction (in mu)

No. - ) . Uu-
of + figure
I ! 1 ! ! — <=
d ho dn ) bo do do & e oo = o f sand
= g% BE ES BE £§ 58 8% 8§ Bz g I ™
oo L= ] o0 oo oo =0 oo o0 == = (=] —
1 0.1 0.6 0.6 1.0 1.9 13.5 45.2 29.6 5.8 1.4 0.3 29
2 0.1 0.2 0.3 2.5 50.5 42,0 3.8 0.5 0.1 0 0 49
3 3.9 89 24.9 45.53 10.4 2.2 1.7 1.3 0.6 0.2 0.1 102
4 9.0 22.7 36.5 25.1 3.5 0.8 0.7 0.7 0.6 0.3 0.1 136
5 17.5 36.3 35.7 8.5 0.9 0.6 0.2 0.2 0.1 0 0 175
6 56.4 39.9 1.6 0.6 0.8 0.5 0.1 0.1 0 0 0 278

Further analysis of this Gaussian-distribution reveals that the composition of
most marine and similar sands obeys certain laws. In fig. g the ‘median’ value (the
particle diameter which occurs halfway along the accumnlative distribution curve) is
plotted against both quartile values (particle diameters which occur respectively at
quarter and three quarters along the accumulative distribution curve) for the 43
sands which are discussed in chaper I1I. The quartlle values of all sands are very
narrowly clustered around the lines drawn.

Clay can also be dep051ted by the strearmng water and, as was already mentmned
several times, this clay is not found in separate particles but in aggregates. Their
‘hydraulic value’ is such that their chances of being deposited are of the same order as
those of the finest subfractions of sand. Thus as the current velocity decreases clay
aggregates become deposited together with the finer sand. This means that there
exists a correlation between the clay content and the sand composition, For certain
types of sediments this correlation is very strong as appears from fig. ro which gives
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Fic. 9. Relationship between quartue values and medmn

the relationship between the clay content and the U figure (this as a measure of the
fineness of sand) of a number of samples deposited in the ‘Dollard’.

The relationship between the sand composition and the clay content is unfortu-
nately not always the same. Perhaps the sizes of the clay aggregates and consequently
the opportunities for sedimentation differ from place to place and a different aggregate
size results naturally in a different relationship between clay content and sand com-
position. Furthermore, the sedimentation circumstances can alter in the course of
time. If these alterations are large, at high velocities of the current, coarse sand can be
brought down and settle afterwards; this leads to another relationship between clay
content and composition of the sand,

The main factor in the variations in this relationship between clay content and
sand composition in connection with the marine deposits under study is, however,
the size of the sand particles available for sedimentation, If the water by means of
which sedimentation takes place contains only very fine sand, then the relationship
between clay content and sand composition will shift more towards a higher propor-
tion of the fine sand than if coarser sand particles were also available for sedimentation.
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Fic. 10. Relationship between U figure and clay content for ‘Dollard’ soils.

Regional differences in particle size of the sand present in the streaming water are
indeed found in the Dutch marine sedimentation milieu. This, together with the other
reasons, leads to the fact that the relationship between clay content and sand com-
position is not always found to be the same. Of course, it is impossible to find in
coarser sands a high clay content (at least if the circumstances remained about the
same during the sedimentation process), but it is possible to find both high and low
clay contents in fine sands. ' ' '

THE POROSITY

In considering the relationship between porosity and granular composition the sand
composition and the clay content have to be dealt with separately. To begin with, it
can be stated that porosity could be independent to a certain degree of the particle
size of the sand. If one starts with n spherical particles of the same size (radius r) and
array (for exemple cubical) then the volume of the particles themselves is n 4/3 = 1
and the total volume occupied by the system is n 8 r’. The porosity is then:

4
n8r*—n-xnr*

I
—y =1 and thus independent of the particle size. This applies

also to other packings. Even with sands of varied composition in which part of the
smaller particles cccur in the spaces between the bigger ones, the porosity could be
independent from the size of the grains, provided the distribution curves of the sands
are similar.



63

Cn the other hand, the number of contact points between the particles per unit
volume is greater for the finer particles than for the coarger, and thus the friction is
increased and also the resistance against close packing. In conductivity determina-
tions carried out for disturbed sands without clay, it appears that other circumstances
being equal, the porosity increases as the fineness of the sand increases. Hooghoudt’s
tesults which were obtained ‘in the previously mentioned investigation are very
flluminating as can be seen in table 26. :

Tabre 26. U figure of sand subfractions and porosity by standardized packing in a permeameter

Diameter of sand U figure of sand Porosity (as part of
subfraction (in mu) subfraction total volume)

16— 43 397 N 0.432
43— T4 : i80 0.426
74-104 115 ©0.403
104-147 ' 81 0.378

147-208 57 0.368 .
208-295 : 41 0.364
295-417 ’ 27 0.361

As to the relationship between clay content and porosity, the clay particles are
found in aggregates and these aggregates are, in contrast to the sand particles, not
massive but porous. Increase of clay content means to a certain extent replacement
of sand grains by clay aggregates and thus an increase of porosity.

75 porosity
/
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Fi1G. 11. Relationship between porosity (as part of total volume) and clay content of recehtly
drained Zuiderzee soils. - . : .

The magnitude by which the porosity increases due to addition of clay depends on
two factors: first the amount of clay aggregates stored in the pore spaces present
between the sand particles (especially this is the case in sandy soils) and second the
porosity of the clay aggregates themselves. If the clay aggregates are recently depo-
sited, their structure is very loose and their porosity is very high. Consequently, the
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porosity of marine sediments recently deposited increases highly with the increase
of clay content (see fig. 11). Affer bringing the soil under cultivation, however, forces
of capillary tension appear, and this leads to loss of water and shrinkage of the loose
structure of the clay aggregates. Thus the porosity of the clay aggregates decreasesand
also their influence on the total porosity of the soil. This process is of great importance
to the upper Iayers but much less to layers lying just above or beneath the ground
water table.

At the same time the undisturbed cores were taken, other rings were also placed
in the field for porosity determinations, A summary of the results obtained is shown'
in table 27 where the porosity of 3¢ samples is classified according to clay content and
U figure.

TabLE 27. Porosity of 39 natural marine sandy soils, lying just above the ground water table, classified
according to ¢lay content and U figure. (Porosity as part of total volume).

U figure class
o clay class - -
30-60 60-100 100-200 ) > 200

> 5 0.53, 0.54, 0.49, 0.50,
0.54, 0.59, . 0,52, 0.53, 0.54

2.5-5 0.44, 046 0.40, 0.40, 0.42, 042,
0.41, 041, 0.45, 0.45,

_ 0.41, 0.51
0.0-2.5 0.37, 0.37, 0.38, 0.44, 0.35, 0.37, 0.42, 0.43.
: 0.38, 0.38, 0.42, 0.42, 0.39, 042, 0.46
0.40, 041 0.45

The porosity of sandy samples appears to increase with the increase of clay
content. Even in sands having very low clay content the clay aggregates are not
totally stored in the pore spaces existing between the sand particles. It appears from
comparing the samples of clay class of 0-2.5%, with those of 2.5-59,, that the average
clay content and the porosity are respectively 1.4% and o.019 higher in the latter
than in the former. From all the data in this table, it can be generally accepted that
the porosity increases with 0.015 per 19, clay.

Tasie 28. Frequency of porosity in natural marine sandy soils, just above the ground water table
calculated on z clay-free basis. '

Porosity as part : U figure class

of total volume 30-60 60-100 100-200 - 200
0.32-0.34 i

" 0.34-0.36 1 3

0.36-0.38 2 5 2
0.38-0.40 2 3 i 2
0,40-0.42 . 1 )
0.42-0.44 ' _ o o
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The influence of sand fineness on porosity is small compared with that of cla.y
content. In table 28 the porosities of samples with clay content less than 5% are given
whereby per 1%, clay the porosity was reduced by c.015.

The porosity is chiefly important because in pure sands it is p051t1Ve1y correlated
with conductivity. However, it is likely that the increase in porosity caused by in-
crease in clay content does not affect conductivity; the pores in the clay aggregates
are so small that they contribute practically nothing to the water movement. There-
fore, it is certainly not permissible te calculate the conductivity of natural soils
containing some clay from the U figure by the formula given on page 50. !

From the figures in table 28 it seems that no definite correlation exists between
porosity and U figure. While the average porosity of sands (calculated on clay- free
basts) for all the U figure classes is 0.38, it is obvious that some of them rather deviate

_from this average. These variations could be partly attributed to the different waysin
which sedimentation took place. However, judging from the considerable differences
which existed in the porosities of duplicate samples taken at very short distances apart,
it could be that these differences were to a large extent accidental.

The following table shows the correlation between porosity and the factor

p8
(x — p)*

or in other words between porosity and conductivity (calculated},

3

Tanre 29, Values of the factor (Ti—-ISF with different porosities.
Porosity . pt | 7 i l}clatwe value of
(as part of total volume) . U—pr (l—pF s p 0,38 = 100
' —-Pp
0.34 0.09 64
0.36 0.11 . 79
0.38 . ) 0.14 160
0.40 . 0.18 _ . 128
0.42 : 0.22 _ _ 157
0.44 0.27 : 193

It appears from these figures that the porosities of three quarters of the sandy
samples, calculated on a clay-free basis, deviated from the average value of 0.38 by
less than o.0z. This difference of 0.0z amounts to a deviation of about 252 in conduc-
tivity terms and is of the same order of magnitude as the random deviation. Since it
appeared to bear no relationship to any property of the profile or the composition
of the soil, it can probably be accepted as being within the limits of experimental error.*

* After completion of this research some measurements were carried out to estimate the
conductivity of older soils of diluvial origin. Though the porosity was rather lower in these soils
{somewhat more than o.30, calculated on.a clay-free basis) the conductivity was, with the same
U figure and clay content, about the same. In a later paragraph it will be shown that the formula
of page 50 is not applicable to natural soils and the reason may be that the influence of porosity on
conductivity of natural soils is less than for pure disturbed sands. In any case, the results support

the supposition that the porosity can be consniered asa fa.ctor pla.ymg only a minor ro]e ih the
conductivity of natural marine sands. . .
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THE SIGNIFICANCE OF PATTERNS OF POROSITY AND OF DISTRIBUTION OF GRANULAR
COMPOSITION IN CONDUCTIVITY INVESTIGATIONS .

It appears from the last sections that the composition of marine sands follows a
certain law and thus one parameter is sufficient to characterize the whole sand compo-
sition. This parameter can be, as stated earlier, the median or the U figure and indeed
a rather close relationship exists between the two parameters as seen in fig. 12. Thus
it might indeed be possible to develop also a formula for the relationship between
conductivity and median. Similarly, a correlation exists between the conductivity and
Hazen’s effective size and it can be understood now why such a parameter, which is in
itself of little significance, can be useful in a conductivity formula.

median and effective tize (In mu)
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Fi1c. 1z. Relationship between median, Hazen'’s effective size and U figure.

Perhaps the most important fact regarding the relationship between particle size
of sand and the clay content is that the number of possible combinations of the two is
limited and that in natural homogeneous marine soils, coarse sand is never assouated
with high clay content. :

- It appeared from the last section. that the porosity, on a clay—free basis, is approxi-
matély constant for the sandy soils and the value can be taken as being about 0.38.
Thus it is a little higher than HooGHOUDT’s value on which he based his calculations
(HoocHOUDT, 1934). With the increase of clay content the porosity increases, but
this increase is of no importance in questions of conductivity. For this investigation
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where g relationshlp between the particle size and clay content is sought, the porosity
does not play a role as a separate factor.

It is also obvious that the formulas, which gwe the rela.t10nsh1p between particle
size and conductivity and in which the porosity is not 1nc1uded separately, can give

good results for certain sands free from cla.y

- THE AIR CONTENT
Artificial samples investigated in the laboratory were freed from air and thus the

influence of air on conductivity was eliminated. Natural soils, however, can contain

air. :
IrMAY (1054) developed a formula in which he expressed the effect of air on

conductivity as follows:

K, (S—S)°
K (1—8p

K = conductivity of saturated soil,

K, = conductivity of soil containing air, -~

S = the part of the pores occupied by water and

S, = the part of the pores occupied by water not contributing to the ﬂow

If the air content is not high, the influence of the term S, will be negligible. 'Assurning
this, the effect of air content present in the soil is as given in table 30 (the calcu]ahon

is based on a porosity of o. 40)

TaBie 30. Relationship between air content and hydraulic conductivity (according to 1RMAY).

Air content Relative hydraulic conductivity
(in vol. %) (K at air content 0 = 100)
0 100
2 86
4 73
6 61
8 53
10 - 42

From this table it appears that even a small quantity of air can cause effective
reduction in conductivity. Probably, this is analogous to the phenomenon, whereby
a small addition of clay in artificial samples of clay and sand effected a great decrease
in conductivity (see table 19); the clay aggregates (or in this case air bubbles) find
their place mainly in the bigger pores which contribute most to the water movement,
In analogy with the case of clay additions, it might be concluded that air content does
‘not exercise the same influence on conductivity for all sa.nds but has a greater effect

in coarser sands,
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In the samples, dealt with in the previous section, the air content was determined
in addition to porosity. It is worthwhile to remember that these samples were taken
mainly from just above the ground water table except in a few instances where the
required sand composition could not be obtained in this region.

From the 43 spots investigated, 35 of them were either totally or practically free
from air (less than 2.59%, air; the determination is not very accurate). At least 3 of the
other 8 were most probably taken at considerable height above the ground water table
(the ground water table iiself was not recorded at the sampling), while the other 4
(the eighth sample will be discussed later) were very low in their U figure (thus with
little capillary fise) and were taken zo cm h),gher than the air-free samples with the
same U figure. :

These results tend to indicate that the air is most proba.bly a.bsent in the in-
vestigated soils just above — and also beneath = the ground water table. Thus in the
deeper layers which are the most important for water movement, air should not be
considered as an important factor. Some restrictions, however, have to be added.
The investigated soils were at most about 20 years old. The possibility exists that in
older soils air content could be higher either through evolution from the penetrating
water or if the ground water table had at any time sunk to a very low level, through
replacement of water in the deeper layers by air which remained entrapped. This
might be indicated by the somewhat higheraircontent {4%,) foundin a spot originating
from a 30 years old polder, though this sample was taken near the ground water
table.

In spite of the tendency indicated by these results that air should not be viewed as
an important factor for the water movement in the field, the fact remains that eight
of the undisturbed cores in the investigated spots contained air; experiments indicated
that this air was not expelled during the measurements. The air content of five out of
those eight samples ranged from 4-6%,; in two cases it amounted to 8%, which, ac-
cording to table 30, means an approximate reduction of one thJ.rd to one half of the
conductivity.

HYDRAULIC CONDUCTIVITY OF UNDISTURBED CORES IN VERTICAL AND HORIZONTAL
) DIRECTION

In the auger hole and drain-discharge methods the determination of conductivity
is mainly carried out in a horizontal direction, but in the field permeameter method it
can be also determined vertically. Therefore to find whether differences in values
exist in both directions, in some layers investigated by the field permeameter method
half of the samples was taken horizontally while the other half was taken vertically.
The results of the measurements in two directions are compared in table 31 and it is
worthwhile to mention thai although the spots were chosen with the utmost care,
completely satisfactory spots could not always be found. Therefore, after the meas-
urements, soil cylinders were dried and soil cores were cut in different directions to
get an idea of the extent to which homogenity was lacking or the occurrence of other
irregularities.
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Tazpre 31, Ratio of horizontal 1o vertical hydraulic conductivity of undisturbed cores, determined by
the field permeameter method. '

K hor. : K vert.

< 038 - 0.8-1.1 1.1-1.4 1.4-1.7 - > 1.7

Number of spots for every class 3 .4 5 7 4

The horizontal conductivity from 3 sites out of the 23 was considerably less than
the vertical Ky, @ Ko, = 0.6 till 0.7); in 2 cases this could be attributed to the
occurence of channels of old roots in the vertical cores. On the other hand, there were
four cases in which K., was remarkably less than K,, .. In one case (Kpo,. @ Koy ==
1.8) the cores contained some shells lying horizontally in the ground. In 2 cases,
(Kior. * Kierr, = 5.0 till 6.3) the sand contained one or more very thin but rather
pronounced clay layers; this was already known before placing the cylinders.

In the biggest group, with ratios Ky, : K, = I.4-1.7, the impression got while
inserting the cylinders in the profile, was that the soil was fairly homogeneous.
However after drying the samples, when the structure of the soil can be better as-
certained some layering was also observed in the cores of this group; both finer and
coarser layers as well as layers containing somewhat more organic matter occurred.

In the group with K, : K, = 0.8-1.4 channels of roots and layers were both
absent or their presence was so little that they hardly excercised any influence on
conductivity.

Tt appears from this study that even the soils considered as liomogeneous at first
sight are often layered and in such cases the horizontal conductivity is greater than
the vertical. The horizontal conductivity, however, is more important than the vertical
because the water movement in the soil is mainly horizontal and the clayey layers are
not sufficiently impermeable or continuous to impede totally water movement or to
require a high pressure head. Fortunately with the auger hole and the drain discharge
methods the conductivity is determined in horizontal direction. As a consequence
of the results of this investigation, the data of the field permeameter method,
determined in vertical direction, have been discarded and discussions in the later
sections are based entirely on conductivity obtained in a horizontal direction.

CAI.CULATIO‘N OF HYDRAULIC CONDUCTIVITY OF NATURAL SANDY SOILS FROM THE
U FIGURE

The conductivity of natural soils, even when the clay content is verylow, is much less
than that calculated by the formula on page 50, as will be shown [ater on in this sec-
‘tion. A possible explanation could be that in undisturbed cores the particle arrange--
ment is more unfavourable than in disturbed and to test this the conductivity of some
sandy soils was determined by the Iaboratory permea.meter method in several dlf- '
ferent ways: -
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A. the samples were first homogeneized and then placed in the permeameters in their
natural wet condition. Thereafter they were handled in the normal way (see
page 28};

B. the same except that the samples were firstly dried;

C. the same except that the samples were freed from clay by washing and then dried.

Usnally the samples are placed in the permeameters in a dry condition and then
evacuated and saturated. It was doubtful whether air could be eliminated from sam-
ples filled in the natural wet condition, but it appeared from checks made after con-
ductivity measurements that in fact all the samples were air-free, The results of the
investigation are shown in table 32. Because the porosity of the samples differed and
the U figure was lowered a bit by washing, the conductivity is not given in the table
but the p-factor, calculated from the conductivity, is given instead. (The porosity and
air content of the coarsest sample were not determined. In analogy with the results of
other samples it could be accepted that this sample was also free from.air after
saturation. The porosity was guessed but an error in this estimate would not have
much influence on the results).

TasLe 32. - Valueof the factor (¢ in disturbed samples pretreated in different ways and investigated by
the laboratory permeameter method,

U figure of sand and % clay

Way of pretreatment and filling

65-2.6 136-2.3 163-2.5
A. Soil homogeneized and filled in field wet condition 6 x ¢ 6 x 104 9 x 10¢
B. Soil dried, homogencized and filled in a dry condition 13 x 104 18 x 104 17 x 10¢
C. Soil washed, dried, homogcmzed and filled in a dry )

cendition . 183 104 - 19 x 10 20 x 10#

From this table it can be seen that the p-factor is much higher in sands freed from
clay than in the original soils containing their natural low clay content. If other condi-
tions are the -same; the conductivity of sands freed from clay is about two times as
much as that of natural sands, even when their clay content is very low. It is remark-
able that drying of the soil has about the same effect as removing the clay.

The interpretation of these results for the study of the relationship between clay
content and conductivity will be dealt with in another section; here the discussion will
be limited to the methodical consequences of this investigation. The determination
of the factor p in washed sands or in pure subfractions may be of importance for
calculations and considerations of the relationship between particle size and conduc-
tivity. Such a factor, however, cannot be applied in the calculation of the conductivity,
,of natural sands, which always;contain at least some clay. This conclusion is in op-
pposition to HooGHOUDT's, -who stated that the factor p, determined with pure sub-

- fractions, also holds for the calculation of the conductivity in natural sands containing
low clay percentages:(HooGHOUDT, 1934). -

From table 3z it can be seen - how HooGHoUDT: mistakenly arrived at his conclu-
sion. The factor x was determined in pure subfractions and he calculated the conduc-
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tivity of natural sandy soils containing low clay content with this {too high) p-factor
“and at the same time he determined the conductivity of these samples to check his

calculations. These determinations, however, were carried out, as is usually the case

in laboratory investigations, in dried soils, but the conductivity under such conditions
" is higher than that of natural soils at some depth below the soil surface, which. never
dry out completely. Consequently both calculated and determined conductivities were
too high but the figures relatively fitted each other because both types have the same
p-factor,

HYDRAULIC CONDUCTIVITY OF MARINE SOILS, DETERMINED BY THE FIELD PERMEA-
METER METHOD '

The results of these conductivity determinations are plotted in figure 13. The clay
content is given for every site and a downward dotted line indicates that the conduc-
tivity could have been higher had the cores not contained air; for the samples with
less than 5% clay an upward or downward dotted line can also mean that the conduc-
tivity could have been higher or lower had the porosity approached the normal value.
Finally, for one sample with an abnormally low clay-silt ratio the clay content was
raised somewhat. Fig. 13 shows in the first place a line indicating the relationship
between conductivity and U figure for sands free from clay at 0.38 porosity; this line
being calculated from the formula on page 30.

If the relationship between conductivity on the one hand and U figure and clay
content on the other has to be studied, the fact that the range of variations of clay
content is very limited in the coarser sands must be born in mind; rather wide range
- of variation in clay content can only be found in fine sands. The clay conient ranged

from about } till 29, in the coarser sands. Within this very limited range of clay
content, it seems to make little difference for conductivity whether this content was
"% or 2%. On the other hand the conductivity of the group as a whole (even of the
samples with a very low clay percentage) lies far below that of sands free from clay
{(thoroughly washed). .

With high conductivities (K > 7 m/d) -the determmatmn of conduct1v1ty is
rather unreliable. In the range K = 1 to 7 m/d most observation points are rather
closely clustered around the line drawn; two observations (with 2. 4 and 3.8% clay)
have a too low conductivity. This may be due to their somewhat higher clay content;
one of the samples was moreover an abnormal one {very high K; . 1 K ., value).

The clay content is higher in finer sands; from the results of these sands it is very
obvious, that a relationship exists between clay content and conductivity. In the
group with about 8-15%, clay the conductivity is only a fraction of that in the spots
with about 2§—34% clay. In both groups the observations are clustered rather closely
around the line drawn. : :

Furthermore it is easy to see that the curve of the relatmnshlp between conductl-
vity and U figure will flatten out as the clay content becomes higher. At 10%, clay the
coarseness of the sand skeleton hardly exercises any more influence on conductivity. It
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Fi16. 13. Relationship between U figure, clay content and hydraulic conductivity in natural soils,
determined by the field permeameter method.
1. clay-free sand {por. 0.38)}

coarse sand, 1—2 % clay

fine sand, 23—34 % clay

finesand, 4-7% clay

fine sand, > 89 clay

kR

should be stressed, however, that the field permeameter method is not suitable for the
determination of very low conductivities; at these low canductivities leakage between
the core and the cylinder wall undoubtedly is relatively important. Thus the conduc-
tivity results given in this class have to be considered as maximum values.
The. conductivities of a number of soils having clay contents between 4 and 7%,
-lie unmistakebly between both other groups. The variation of conductivity in this
“group is small in m/d terms but, taken relatively, is rather large. The figures deviate
so much from those in the other two that it seems ]ustxﬁable to draw a further line
through the points. '
. Figure 13 does not, however, offer a direct quantltatlve insight into the relation-
. ship between conductivity, U figure and clay content, because the axes are not linear.
Figure 14 which is better in this respect, shows the relationship between clay content
and conductivity for different U figures. The conductivity is expressed in a percentage
of the conductivity had the soil been free from clay. The reliability of this figure is
" rather questionable and it can only give some qualitative indications of the actual
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relationship. It seems from this figure that the influence of the coarseness of the sand
on the relationship -between clay content and conductivity is relatively small; one
curve might be drawn through the points. Fig. 14 isthe most simiple one to demonstrate
that the clay content has a great influence in reducing conductivity at all U figures;
at about 10Y; clay all the pores are obviously blocked by the clay particles.
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Fig. 14. Relationship between relative hydranlic conductivity (K clay-free sand = 100), 1J figure
and clay content in natural soils, ’
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F1g. 15. Relationship between relative hydraulic conductivity (K clay-free sand = Ioo), U figure
and clay content in natural soils.

sand U 120, mixed in a dry condition with coarse clay aggregates (3—1 mm)

sand U 43, mixed in a dry condition with fine clay aggregates (o—} mmy)

sand U 205, mixed in a dry condition with fine clay aggregates (o-} mm)

sand U 43~205, kiieaded in a wet condition with fine clay aggregates {o—} mm)

natural soils, '
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It is of importance to see fig. 14 in the light of the experiments carried out with
artificial samples. Therefore the curve of fig. 14 is shown in fig. 15 together with those
of some artificial soils, whereby the clay was mixed with sand in different ways.
Comparison, however, is only possible on a limited scale because the specific volume
of the clay aggregates in natural soils is much greater than that of artificial mixtures
and consequently also their influence on conductivity. Some conclusions, however,
can be drawn from these figures. The difference between line 1 (sand mixed with
coarse clay aggregates in a dry condition}and line 5 (natural soils) again supports the
conclusion already mentioned that the clay particles in natural soils do not contribute
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much to the building up of the porous soil skeleton as in the case with coarse clay
aggregates, but that they indeed block the pores between the sand. This blockage is
net the maximum possible; when the clay is kneaded with the sand, the detrimental
influence on conductivily is much stronger. Line 4 shows that very small quantities
of clay can already give a great decrease in conductivity.

When the sand particles are mixed in a dry condition with fine clay aggregates, the
U figure has a great influence on the magnitude of the decrease of conductivity caused
by the clay. With the coarse sand the shape of the curve is concave, indicating that
the biggest pores {which are the most important ones for water movement) are blocked
first; with the finest sand the pores are more equally blocked. 1t seems that the in-
fluence of the clay on conductivity in natural soils is more or less similar to that in
the coarse sand ; the influence of the presence of clay in small amounts is proportional-
ly greater than when it is present in larger quantities. '

The question arises how to extrapolate line 5 (natural soils) in fig. 15. The curve
could reach the Y-axis at K, = 100, but the shape suggests also that this is more
likely to happen at a lower value. The latter would mean that an essential difference
exists between natural soils and washed sands, a supposition also borne out by the
fact, that a significant difference could not be detected between samples with § or
2%, clay. If this is so -- but the reliability of figure 15 is far too small for a definitive
conclusion — it could be supposed that natural sands are covered with a voluminous
crust of clay and organic matter (dead and alive), wh ch tendsto increase the ronghness
of the particles and thus the friction, The fact that conductivity of dried natural
samples approached that of the washed samples, is also an indication in this direction;
this phenomenon, however, can also be explained in another way (irreversible shrink-
age of the clay particles).

HYDRAULIC CONDUCTIVITY OF MARINE SOILS, DETERMINED BY THE AUGER HOLE
. AND DRAIN DISCHARGE METHOD

As has been already mentioned in chapter II it was not possible to investigate a wide
variation of U figure and clay content combinations by these methods; it is therefore
meaningless to classify the results obtained according to U figures and clay contents.
It seems better to see whether these results fit into the scheme of the field permeameter
results. The results, obtained by the auger hole and drain discharge method, are given
in figure 16 and 17; in these figures also the lines of figure 13 are shown. A comparison
between the resuits of both methods with those of the field permeameter method is
- only possible for two groups of soils, namely soils with U figures ranging from about
55 to go and having low clay content, and with U figures ranging from 200 to 300 and

" richer in clay. : : :
As to the first group, the conductivities of the auger hole as well as those of the
drain-discharge method are — for the same U figure 4nd clay content — in the same
order of magnitude as those of the field permeameter method. The values of the auger
hole methed are narrowly clustered. They seem to be lower than those of the field
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I G. 16. Values of U figure, clay content and hydraulic conductivity, determined by auger hole
method. . .
1,2, 3, 4 and 5 relationship determined by field permeameter method (see fig. 13).

permeameter method. The average clay content is indeed somewhat higher (about
2.5%); but it is not out of the question that the two methods yield a slight different
picture of conductivity. The average value of the drain discharge method is about
the same as that of the field permeameter method. The points show a big variation,
possibly due to the many assumptions and corrections necessary for the calculation
of the conductivity. : S

In the finer group the resuits of the three methods are also of the same order of
magnitude. In m/d the differences are often very small; relatively speaking the con-
ductivity, determined by the auger hole and drain discharge methods, is in only some
cases rather higher than that obtained with the same clay content by the field permea-
meter method. This might be partly due to the fact, that with these methods the
layers investigated were less homogencous than with the field permeameter method.
The horizontal conductivity of a combination of more and less permeable layers is
higher than that of a mixture of both, as the relationship between conductivity on the.
one hand and both U figure and clay content on the other is concave in fig. 16 and 17.
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F1c. 17. Values of U figure, clay content and hydraulic conductivity, determined by drain dis-
charge method.
1, 2, 3, 4 and 5 relationship determined by field permeameter method (see fig. 13).

THE RESULTS OF THE FIELD PERMEAMETER, AUGER HOLE AND DRAIN DISCHARGE
METHOD, CONSIDERED TOGETHER

It appears from figures 16 and 17 that, generally speaking,' there is reasonable agree-
ment between the results of the field permeameter, the anger hole and the drain
discharge method. From this it can be concluded that all three methods are able to
offer at least a fairly reliable impression on the conductivity of marine sandy soils,
Each method has its advantages and limitations and the best view on the conductivity
of sandy soils can be got, when the results of the three methods are combined. The
broadest picture is given by the field permeameter method, but it is likely that the
values of the two other methods, obtained at some points of the whole range, are
somewhat more reliable. Thus it seemns appropriate to start from the curves, obtained
with the field permeameter method, and to gauge them with the results of the a.uger
" hole and drain discharge method. The result is shown in table 33.

As scen from the table a relationship exists between the conductivity and the U
figure in natural soils, as well as in pure sands, and it is obvious that the clay content
excercises a great influence on this relationship. One of the important results of this
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- TastE 33. Hydraulic conductivity of homogenecus natural marine sandy soils lymg under or near
the ground water table. (Conductivity in m/d at 10° Q).

o % clay
U-figure o) -
: . clay-free -2 3 5 - >8
50 14 ’ 9
60/ 9 6
80. 5 3
100, S35 ) 2.0
125 2.6 (1.4} . {1.0)
150 20 07
200 1.2 0.5 012 < 0.02
300 0.40 0.20 0.08 < 0,02

study is that the relationship between conductivity, U figure and clay content is
quantitatively fixed. As the table is based on extensive and interrelated data it
probably gives a reliable picture of the influence of clay content on conductivity.

This does not alter the fact that with the application of this table rather big de-
viations may be expected, although it is unlikely that they will be as great as the
deviations of the separate points in fig. 16 and 17 suggest. Every point in these figures
relates only to one observation. In practice a certain area is always considered and its
average conductivity has to be estimated; this average will be closer to the curves,
drawn in fig. 16 and 17 than the single observations. However, if this table is used for
estimating conductivity from granular composition, the deviation between the
guessed and the actual conductivity may be about one third or even on occasions one
half,

These deviations may seem big, bat it has to be born in mind that the conducti-
vity in this type of soil ranges from about 0.015 till 15 m/d; the maximum is about
1000 times bigger than the minimum. In the light of this fact it is certain that the
conductivity can be estimated from U figure and clay content with an accuracy,
sufficiently high to assist in the solution of a number of problems encountered in the
field, particularly problems of drainage.

Different factors were already mentioned as possible reasons for the deviation in
the individual cases: a porosity deviating from the average value and in certain — but
net numerous — cases the presence of some air. Furthermore the assumption, held till
now, that the clay always occurs between the sand particles in the same way, is cer-
tainly not quite true. A part of the clay in marine sandy deposits is present e.g. as
pellets of excrements and the quantity can differ from one case to another. Such
pellets contribute more to the building up of the porous skeleton than to the blockage
of existing pores.

Finally it appears from a comparison of the conductivity results in vertical and
horizontal directions that the so-called homogeneous- soils are often more or less

layered. As previously stated, the horizontal conductivity of a layered soil is higher
than the conductivity of a homogencous layer having the same average composition;
the degree to which the ‘homogeneous’ soil is layered will accordingly influence the
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conductivity. Particularly in the case of clay layers in a sandy envelop the tendency
will be for the actual conductivity to be higher than that estimated from the average
composition. : _

This last consideration gives-a warning in applying table 33 , the table is explicitly
applicable to marine soils which are more or less homogeneous. If alternating layers of
varying coarseness orfand clay content are found in the soil, and mixed during the
process of boring, it will not be possible to estimate the conductivity of the profile
{rom the average composition. A second warning is that this table is not applicable to
sandy soils having secondary pores which, if present in considerable quantities, disturb
the relationship between conductivity and granular compesition.

HYDRAULIC CONDUCTIVITY OF MARINE SOILS IN DISTURBED
AND DRIED CONDITION, DETERMINED BY
THE LABORATORY PERMEAMETER METHOD

In table 34 the data of 20 soils, investigated in two ways, are recorded: A, results of
undisturbed cores carried out by the field permeameter method; B, results of samples
in dried and disturbed condition by the lJaboratory permeameter method.

TasLe 34. Hydraulic conductivity {m/d) of samples, investigated as undisturbed cores by the field
permeameter method (A) and in dried and disturbed condition by the laboratory permea-
meter method (B.)

% clay class
U figure class
<2 25 . - 57} © > 7}
A B A B A B A B
< 80 106 11.8
68 8.1
04 - 38
80-120 . 14 18
120-170 12 23 Ll L7 03 05 003 03
04 0.7 08 13 0.1 03 <001 0.2
>.170 0.14 05 0.3 0.5 0.04 0.35 0.01 0.08
‘ . 01 07 . 011 06 003 0.4

< 0.01 0.15

It is obvious from this table, that the conductivity of practically all the samples is
higher in disturbed condition. With the coarsest samples, which have also a lower
clay content, the difference is small, but with the finer-and more clayey ones, the
conductivity of the disturbed samples is often 10 times higher than that of the
natural soils. Especially with the more clayey soils, aggregates of sand. and clay
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particles are formed when the sample is ground after drying; these aggregates are
much bigger than the clay aggregates originally present in the natural soil. Conse-
quently they do not block the pores, but contribute to the building up of the porous
skeleton. Table 34 is a proof, that even for sandy marine soils the determination of the
conductivity in dried and disturbed condition yields erroneous resuits.
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SUMMARY

Hydraulic conductivity is an important property of the soil because, among other
things, it determines the proper spacing of drains. Tt depends on the size and number
of pores existing in the soil. In the deeper layers of marine sandy sediments which
occur in one grain structure and do not contain big holes (e.g. cracks or channels made
by roots or soil organisms) these pores arise simply because the sand particles do not
fit together precisely. The coarser the sand particles the bigger the pores and hence
a relationship exists between the particle size and conductivity.

Clay particles occur mainly as small porous aggregates in marine sandy soils, but
the pores are so small that these aggregates can be considered to be impermeable.
The clay aggregates are situated, to some extent at least, between the sand particles;
thus they block the pores and reduce the conductivity. The extent to which these
pores are blocked therefore depends, among other things, on the clay content. Thus
it is reasonabie to expect a relationship between the conductivity on the one hand and
size of the sand particles and clay content on the other. It is important to come to a
better understanding of this relationship because it is easier to determine the granular
composition than conductivity and furthermore such data are often already available.
Thus, once the relationship is known, conductivity could be deduced from the granular
composition.

Several types of methods can be used in the measurement of conductivity and in
this study determinations were carried out in four different ways:

1. on disturbed samples in the laboratory {fig. 4),

2. on undisturbed cores in the field (fig. 5),

3. by the auger hole method in the field (fig. 2} and
4. by the drain discharge method in the field (fig. 3).

Much attention has been paid to the manner of determining conductivity in
disturbed samples and although the basic method is very simple, numerous difficulties
have been encountered. A method has been developed in which it was possible to
obtain values of conductivity which remained constant for a considerable time
{table 8) ; at the same time this method allowed a measurement under conditions which
corresponded as closely as possible to those in the field. In this method samples were
freed from air and fully saturated with water before investigations commenced, and
the measurements themselves were made using a disinfected dilute salt solution which
was allowed to pass through the soil column from bottom to top under a low hydraulic
head.

One of the chief obstacles in obtaining values which remained constant with time
was the evolution of air from the flowing water which blocked the pores of the lowest
part of the soil colummn. It seems highly probable that this - in any case in sandy soils —
is really the.major factor in the decrease of conductivity with time, often more im-
portant than the factors advanced by numerous other workers. In practice this
problem was satisfactorily overcome by measuring only the conductivity of the upper
part of the soil column.
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The conductivity determinations which were made using undisturbed samples,
were carried out with a simple field apparatus and without taking any of the above
precautions. Nevertheless, it appeared from comparison with values obtained when
these precautions were taken indeed, that the results could be regarded as being
fairly reliable {table 13). This resulted from the fact that the soils investigated were
sands, virtually air-free, practically at the maximum point of swelling and contained
no large holes. A decrease in conductivity with time was again detected in this case,
probably also due to the evolution of air; this difficulty was overcome by making the
determinations as quickly as possible.

The auger hole method and the drain discharge methoed lend themselves less
readily to methodical investigations, and assessements of their reliability can only
be made by comparing the results with those obtained by other methods. It appeared
that calculations of conductivity based on drain discharge measurements involve the
making of several assumptions and the introduction of a number of corrections so that
the reliability was lower than expected.

Particle diameter of the sand and conductnnty are related to each other in a
number of different formulas which can be converted to the same basis, the most
suitable formula being chosen according to the results of investigation (p. 50).
Within this formula, in which the conductivity depends on the sand particle diameter
given as specific surface (U, see page 26) and the porosity, an empirical coefficient (i)
is involved, which has been determined by Hooghoudt for Dutch soils. As Hooghoudt
did not determine this coefficient for sands of mixed composition but only for homo-
geneous subfractions, it was thought desirable to redetermine this coefficient for some
soils of marine origin, but in fact the same value was obtained (p. 40). Both Hooghoudt
and the author determined this coefficient for sands which had been freed from clay.

The influence which the clay exercises on the relation between particle size of sand
and conductivity was firstly investigated in artificial mixtures. The influence of the
clay content on conductivity depends on the type of clay and the form in which it
occurs, for example montmorillonite decreases conductivity more strongly than illite.
Coarse clay aggregates of illite have little influence on conductivity; they are too big
to block the pores and thus they contribute to the bulldmg up of the porous soil
skeleton.

The addition of fine clay aggregates causes a drop in conductivity which is much
less marked in finer sands than in coarser sands. The curve indicating the relationship
between conductivity and clay content has a definite concave form in the case of
coarser sand but not in the case of the finer sand (fig. 15). Kneading the clay with
sand has a very considerable influence in decreasing conductivity. -

A possible method of elucidating the behaviour of fine clay aggregates in coarser
and finer sand is to make microscope slides of different samples’ It appeared that in
the coarser sand, the bigger pores which occur in relatively small numbers but which
are the most important for water movement, are firstly blocked, and that this
blockage can take place even with small amounts.of clay. With further additions of
clay a general filling up of the pores takes place; moreover the clay aggregates con-
tribute to the building up of the porous skeleton. Hence the effect of greater amounts
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of clay on conductivity is relatively much less. In finer sands, big pores are rare or
absent ; herein, the last process dominates from the beginning.

1t appeared that there is a quantitative relationship between the number a.nd size
of pores which can be counted under the microscope on the one hand and conductivity
on the other (fig. 8). The conductivity values calculated from these counts were, how-
ever, found to be much too high and this indicates that various assumptions made in
the well known Kozeny/Carman formula (p. 20) cannot be regarded as totally correct.

‘Through these investigations it has been possible to shed more light on the effect
of clay content on conductivity. At the same time it has been found that the clay
aggregates have no specific influence on conductivity other than that of blocking the
pores.

In the study of the relatwnshlp between granular composition and conductivity of
natural soils it is of interest to note that a number of correlations exists between
different properties of the soil. The granular composition of sand obeys a certain dis-
tribution. pattern and consequently the U figure, the median and Hazen's effective
size are-closely linked (ﬁg 12). It is therefore clear why a parameter such as Hazen's
effective size, which is in itself of little significance, can be useful in a conductivity
formula. .

In nature, the clay content and the sand fineness are correlated in the sense that
coarser sand rarely has a high clay content. In finer sand, however, both low and high
clay contents occnr.,

The importance of porosity lies in the fact that conductivity is positively corre-
lated with porosity. Porosity itself increases in the soil with clay content on account
of the fact that the clay aggregates themselves are porous, but this is in fact of no
importance in connection with conductivity because the pores in the clay aggregates
are much too small to influence water movement. Thus, conductivity depends only
on the porosity of the sand, after the influence of the clay has been subtracted. This
porosity appeared to be practically constant and thus in field investigations it is not
necessary to take porosity into account.

‘ Alir is rarely encountered with, in a,ppreuable amounts, in the deeper layers which
play the most important role in drainage, and in the soils investigated it can be
accepted that this factor had no effect on conductivity.

- It appeared that there is a large difference between the conductivity of samples
from which the clay had been removed and that of samples from natural subsoils
with a low clay content, so that the previously determined coefficient p should not be
used in calculations for natural soils, although this in fact is the present practice in the
Netherlands. It seems that this mistake has not been noticed largely because most of
the samples which had a low clay content were studied in a dried condition, and that
in this case the samples behave more or less as pure sands. :

Evenin the apparently fairly homogeneous marine sands, it frequently appeared
that there was a difference between. the conductivity in the vertical and horizontal
direction, but as the horizontal conductivity is the most important in questions of

" water movement, no further reference will be made to vertical conductivity.

In the subsoil of natural marine sands with a low clay content, there isalso a corre-
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lation between conductivity and U figure (fig. 13); this correlation being similar to,
but at a lower level as that for clay-free sands. The influence of clay in reducing
conductivity is of the same relative order for all U figures. Small amounts of clay
appeared, comparatively spealing, to reduce conductivity considerably more than
larger amounts (fig. 14). The reason is probably the same as in the case of additions
of fine clay aggregates to coarse sand.

All the results as far mentioned in this summary were obtained with undisturbed
samples. A comparison was possible with the results of other methods — viz, the auger
hole method and the drain discharge method — at some points in the spectrum of clay
content and U figure. This comparison which has not been so far carried out on a large
scale appeared on the whole to show satisfactory agreement between the different
methods {fig. 76 and 17).

The relationship between conductivity, clay content and U figure obtamed from
data collected with the help of all these three methods is shown in table 33.

Finally it must be pointed out that determinations of conductivity madeon disturb-

ed and dried samples give inaccurate results even in the case of sands contammg

relatively little clay (table 34).
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SAMENVATTING

De doorlatendheid van de grond is een belangrijke eigenschap, o.a. omdat bij drainage
de drainafstand in hoge mate afthangt van deze doorlatendheid. De doorlatendheid
wordt bepaald door grootte en aantal van de porién, die in de grond voorkomen. In de
ondergrond van zandige mariene afzettingen, die in éénkorrelstructuur verkeren en
waarin grotere holten (scheuren, gangen van plantaardige en dierlijke ocorsprong)
ontbreken, bestaan deze porign uitsluitend uit de ruimten, die ontstaan doordat de
zandkorrels niet geheel aan elkaar sluiten. Naarmate de zandkorrels grover zijn, zijn
ook de tussengelegen ruimten groter en er bestaat dus een verband tussen de korrel-
grootte van het zand en de doorlatendheid.

In mariene zandgronden komt de klei voornamelijk voor als kleine poreuze
aggregaten; de porién hierin zijn echier zo klein, dat deze aggregaten als ondoor-
latend kunnen worden beschouwd. De klelaggregaten liggen althans gedeeltelijk tussen
de zandkorrels; zij blokkeren dus porién en verlagen daardoor de doorlatendheid. De
mate, waarin de porién tussen de zandkorrels worden geblokkeerd, hangt o.a. af van
het kleigehalte. Er moet dus een verband bestaan tussen doorfatendheid enerzijds en’
korrelgrootte van het zand en kleigehalte anderzijds. Kennis van dit verband is be-
langrijk, omdat gegevens over de granulaire samenstelling vaker beschikbaar zijn of
gemakkeliiker verkregen kunnen worden dan die over de doorlatendheid zelf. Bij ken-
nis van dit verband kan uit de granulaire samenstelling de doorlatendheid van de
grond worden afgeleid. :

De doorlatendheid van de grond kan op verschillende manieren worden bepaald.
In deze studie zijn de volgende methoden toegepast:

1. in het laboratorium in geroerde monsters (fig. 4);

2. te velde in ongeroerde monsters (fig. 5);

3. te velde met behulp van de boorgatmethode (fig. 2) ;

4. te velde met behulp van afvoermetingen van drainages (fig. 3).

Aan de methodiek van de bepaling van de doorlatendheid in gercerde monsters
werd veel aandacht geschonken. De foutenbronnen bij deze, op zich zelf zeer eenvou-
dige bepalingswijze zijn nl. talrijk. Er werd een methode ontwikkeld, waarbij het
mogelijk was om de doorlatendheid gedurende geruime tijd constant te houden
(tabel 8) en de meting tevens te verrichten onder omstandigheden, die, voor zover
mogelijk, aansluiten aan die te velde. De monsters werden daartoe voér de eigenlijke
bepaling ontlucht en verzadigd met water, er werd gewerkt met een kleine hydrau-
lische gradient en de percolatie geschiedde van beneden naar boven, terwijl voor deze
percolatie zwak zouthoudend gedesinfecteerd water werd gebruikt.

Eén van de grote moeilijkheden voor het verkrijgen van waarden, die geruime tijd
constant blijven, bleek de lucht te zijn, die zich uit het percolerende water in het
onderste deel van de permeameters afscheidt en die de porién in het onderste deel
van de grondkolom blokkeert. Deze luchtafscheiding is vermoedelijk meer dan ifets
anders verantwoordelijk voor het teruglopen van de doorlatendheid in verloop van
tijd, die talrijke onderzoekers hebben geconstateerd en aan andere factoren geweten.
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Voor dit probleem van de luchtafscheiding werd een bevredigende oplossing gevon-
dexn, en wel door de deorlatendheid alleen in het bovenste deel van de grondkolom te
meten.

De bepaling van de doorlatendheid in ongeroerde monsters geschiedde met een
eenvoudig veldapparaat, waarbij geen van de hierboven genoemde voorzorgen waren
genomen. Door de hiermede verkregen resultaten te vergelijken met uitkomsten,
waarbij deze voorzorgsmaatregelen wel waren genomen, bleek dat bij de onderzochte
gronden ook deze resuitaten betrouwbaar geacht kunnen worden (tabel 13). Dit was
mede te danken aan het feit, dat de onderzochte gronden zandig waren, in vrijwel
maximale zwellingstoestand verkeerden, luchtvrij waren en geen grotere holten be-
vatten. Qok bij deze bepalingsmethodiek trad op de duur een daling van de door-
latendheid op, vermoedelijk eveneens door afscheiding van lucht; het bezwaar hiervan
werd voorkomen, door de meting zo vlug mogelijk na het aanzetten te verrichten.

Boorgatmethode en drainafvoermethode lenen zich minder voor methodisch
onderzoek; pas uit de onderlinge vergelijking van de resultaten der verschillende
methoden kan hun al dan niet betrouwbaarheid blijken. Wel maakte een bespreking
van de drainafveermethode het duidelijk, dat voor de berekening van de doorlatend-
heid uit grondwaterstand en afvoer veel veronderstellingen moeten worden gedaan en
veel correcties aangebracht, heigeen de betrouwbaarheid der verkregen uitkomsten
niet verhoogt.

Formules, die het verband aangeven tussen de korrelgrootte van het zand en de
doorlatendheid, zijn er vele. Al deze formules kunnen echter tot enkele typen worden
teruggebracht, waarvan aan de hand van enkele onderzockingen de meest waarschijn-
lijke werd uitgekozen (blz. 50). In deze formule, waarin de doorlatendheid afhangt
van de korrelgrootte van het zand, uitgedrukt als specifiek opperviak (U, zie blz. 26
en van de porositeit, komt een empirisch vast te stellen coéfficient (u) voor, die voor
Nederlandse gronden al door HooGHOUDT is bepaald. Daar HooGHOUDT deze coéffi-
cient bepaald had in homogene subfracties, en niet in zanden van gemengde samenstel-
ling, werd het gewenst geacht de grootte van deze cotfficient voor de betrokken
gronden opnieuw te bepalen. Er werd echter ongeveer dezelfde waarde gevonden
{blz. 40}. Het is van belang op te merken, dat zowel HooGHOUDT als de schrijver deze
coéfficient bepaalden in kleiloos gemaakte zanden.

De invloed, die klei uitoefent op het in bovengenoemde formule aangegeven ver-
band, werd in eerste instantie onderzocht in kunstmatige mengsels van klei en zand.
Deinvloed vanhetkleigehalte opde doorlatendheid bleck af tehangen vandeaardvande
kleien van de vorm, waarin deze voorkomt. Montmorilloniet verlaagt de doorlatendheid
veel sterker dan illiet. Grove klelaggregaten van illiet — op welke kleisoort alle verdere
proeven betrekking hadden — hebben op de doorlatendheid nanwelijks invioed; zij
zijn te groot om de porién te blokkeren, en doen daardoor mee aan de opbouw van het
poreuze bodemskelet. Fijne kleiaggregaten verlaagden de doorlatendheid van fijner
zand-veel minder dan van grover zand; bij grover zand was de curve, die het verband
tussen doorlatendheid éen kleigehalte aangeeft, uitgesproken concaaf, bij fijner zand -
niet (fig. 15). Wanneer de klei door hét za.nd wordt gekneed heeft 21] de grootste in-
vloed op de doorlatendheid. :
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Het bleek mogelijk het verschillend gedrag van fijne kleiaggregaten in grover en in
fijner zand te verklaren met behulp van de van monsters gemaakte slijpplaatjes. Bij
het grovere zand worden in de eerste plaats de grotere porién, die betrekkelijk gering
in aantal zijn, doch voor de waterbeweging zeer belangrijk, opgevuld; voor deze op-
vulling is maar weinig klei nodig. Bij toenemend kleigehalte vindt een algemene
opvulling van de resterende porién plaats, terwijl de kleiaggregaten daarnevens mee-
werken aan de opbouw van het poreuze bodemskelet en dan de doorlatendheid minder
verlagen. Bij het fijnere zand, waar grove porién veel minder voorkomen, is dit proces
reeds bij een geringe kleitoevoeging overheersend. :

Er bleek een quantitatief verband te bestaan tussen het door de microscoop waar-
genomen poriénbeeld en de doorlatendheid (fig. 8}. Berekening van de doorlatendheid
uit dit microscopische poriénbeeld leverde echter te hoge waarden; dit is een bewijs,
dat verschillende aannamen in de bekende formule van Kozeny-CarMaN (blz 20)
voor de berekening van de doorlatendheid uit de korrelgrootte onjuist moeten zijn.

Door deze proeven werd het inzicht in de betekenis van het kleigehalte voor de
doorlatendheid verhoogd; tevens werd gevonden, dat de kleiaggregaten geen speci-
fieke invloed op de doorlatendheid hebben, doch alleen doordat zij porién blokkeren.

Wanneer men het verband tussen granulaire samenstelling en doorlatendheid bij
natuurlijke gronden nagaat, heeft men in de eerste plaats te maken met het feit dat
er een aantal correlaties tussen de verschillende eigenschappen van de grond bestaat.
Zo vertoont de granulaire samenstelling van het zand een grote wetmatigheid ; als ge-
volg daarvan hangen U-cijfer, mediaan en effective size volgens Hazen nauw samen
(fig. 12) en het js daardoor duidelijk, waarom een op zich zelf weinig zinvolle para-
meter als Hazen's effective size bruikbaar kan zijn voor een doorlatendheidsformule.

Kleigehalte en zandgrofheid zijn in die zin gecorreleerd, dat bij grove zanden geen
hoog kleigehalte voorkomt; bij fijn zand is zowel een hoog als een laag klelgehalte
mogelijk.

De porositeit is voor de doorlatendheid van belang, omdat de doorlatendheid
positief gecorreleerd is met de porositeit. In de grond neemt de porositeit toe met het
kleigehalte, omdat de klelaggregaten in de grond zelf poreus zijn. Deze toename van
de porositeit bij hoger kleigehalte is voor de doorlatendheid echter van geen belang,
omdat de porién in de kleiaggregaten veel te klein zijn om invloed te hebben op de
waterbeweging. Men heeft voor de waterbeweging uitsluitend te maken- met het
poriéngehalte van het kleiloos gedachte zand. Dit bleek nagenceg constant te zijn;
de porositeit is dus geen factor, waarmee men bij het onderzoek te velde rekening
behoeft te houden.

Lucht bleek in de diepere lagen, die voor de waterbeweging bij drainage de be-
langrijkste zijn, niet voor te komen; bij de onderzochte gronden speelt deze, de door-
Iatendheid verlagende, factor dus geen rol.

Er bleek een groot verschil te bestaan tussen de doorlatendheid van kleﬂoos ge-
maakte monsters en die van natuurlijke gronden uit de ondergrond met een laag klei-
gehalte. De hiervddr bepaalde cogfficient w voor de berekening van de doorlatendheid
geldt dus niet voor natuurlijke gronden, hoewel deze daarvoor in Nederland algemeen
wordt gebruikt., Dat op deze fout tot nu toe nooit de aandacht is gevallen bleek te
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berusten op het feit, dat de meeste kleiarme monsters onderzocht worden in ge-
droogde toestand; gedroogde kleiarme grond gedraagt zich in dit opzmht min of meer
als zuiver zand.

Zelfs in de toch op het eerste gezicht ta.meh]k homogene mariene zanden bleek
herhaaldelijk verschil te bestaan tussen de doorlatendheid in verticale en in horizon-
tale richting. Daar voor de waterbeweging de horizontale doorlatendheid de belang-
rijkste is, hebben de hierna volgende beschouwingen daarop betrekking.

Ook bij natuurlijke kleiarme mariene zanden uit de ondergrond bestaat er een
verband tussen doorfatendheid en U-cijfer (fig. 13). Dit verband vertoont verwant-
schap met dat van kleiloze zanden, doch ligt lager. Met het toenemen van het kleige-
‘halte neemt de deorlatendheid af; de relatieve invlced van het kleigehalte op de
doorlatendheid is bij alle U-cijfers ongeveer van dezelfde orde. Kleine hoeveelheden
klei bleken de doorlatendheid verhoudingsgewijs sterker te verlagen dan grote {fig. 14);
hiervoor moet wel dezelfde verklaring gelden als voor de invloed, die toegevoegde
fijne kleiaggregaten op grover zand hebhen,

Alle tot nu toe besproken resultaten werden verkregen bij het onderzoek van on-
geroerde monsters. Op bepaalde plaatsen van het spectrum van kleigehalte en U-cijfer
konden deze resultaten vergeleken worden met die van de boorgat- en de drainafvoer-
methode ; een vergelijking, die tot nu toe niet op grote schaal was uitgevoerd. De over-
eenstemming tussen de verschillende methoden bleek in 't algemeen bevredigend
(fig. 16 en 17).

Met behulp van het met deze drie methoden verzamelde cijfermateriaal werd een
tabel ontworpen, die het verband tussen doorlatendheid, kleigehalte en U-m]fer aan-
geeft (tabel 33).

Ten slotte werd aangetoond, dat zelfs voor tamelijk kleiarme zanden bepaling van
de doorlatendheid in geroerde, gedroogde monsters onjuiste resultaten geeft.



88

REFERENCES

Arvison, L. E., 1947 Soil Sci. 63: 430—450.

AMER, F. 1660 Soil Sci. 89: 45-49.

ANDERSSON, 5., 1953 Grundftrbittering 6: 28—45.

ARrroNovIcl, V. 5., and W. W. DoNRaN, 1946: Trans. Amer. Geophys. Un. 27: g5-101

Bopuman, G. B, and F. F. HARRADINE, 1938: Soil Sci. Soc. Amer. Proc. 3:44-51

Carman, P. C,, 1939: The ]bumal of Agricultural Science, zg, 262~273.

CuiLps, E. C,, and N. CoLL1s-GEORGE, 1950: Proc. Roy. Soc. A. 201: 392—-405.

CHr1sTIANSEN, J. E., 1944: Soil Sci. 58: 355-365.

CuRISTIANSEN, J. E.,, M. FirEmMaN and 1.. E, ALL1SON, 1946: Soil Sci. 61: 355—360.

Cuu, T. Y., D. T. Davipson and A. E. WicKksTrOM, 1645: ASTM special Technical publication .
No. 163. Symposium on permeability of soils. )

Darcy, H., 1856: Les fontaines publiques de la ville de Dyon. Dalmont, Paris.

DiserEnNs, E., 1934: Schweiz. Landw. Menatshefte 12: 188-198, 204212,

Durvurr, JuLes, 1854: Traites theorique et pratique de la conduite et de la distribution des eaux;
Paris,

Ernst, L. F,, 1950: Rap. Landbouwproefsta. en Bodemkundig Inst. T.N.O., Groningen {mimco).

Fireman, M., 1944 : Soil Sci. 58: 337-353.

Fireman, M, and G. B. Bopman: Soil Sci. Soc, Amer. Proc. 4, pp. 71-77.

HaGeN, G., 1839: Annalen Physik u. Chemie 46: 423—442, Leipzig.

HazeN, A., 1892: Annual report of the state board of health of Massachussets for 1892, New York,
1895, - .

Henin, S., 1958 Personal communications,

HoocHouDT, 8. B, 1934: Bijdragen tot de kennis van eenige natuurkundige grootheden van den
grond, 's-Gravenhage - Algemeene Landsdrulkkertj. '

HoosroupTt, S. B, 1036: Ibid.

HoocrouprT, S. B, 1940: Ibid.

HuspurT, M. K., 1940: The Journal of Geology 819-823.

INTERNATIONAL society of Scil Science 1929: vol. IT 217—218. 1930: vol. V 17.

IrMay, 5., 1954: Trans. Amer. Union 35: 463468,

KirkRaM, D,, and J. W. pE ZEEUW, 1952 Soil Sci. Soc. Amer. Proc. 16: 286—293.

Kirxnaum, D, and C. H. M. vaN BavEL, 1949: Soil Sci, Soc. Amer. Proc. 13: 73-82.

KoPECxY, ]., 1914: Intern. Mitt. Bodenk. 4: 138-198.

Kozeny, J. 5., 1927 Sitzgsber. Akad. Wiss Wien 136-271.

KRAITENHOFF VAN DE LEUR, D. A.: De Ingenieur, 1958: 70 No. 19, 87-94.

Krucer, E., 1918: Die Grundwasserbewegung. Internat. Mitt. Bodenkunde 8, 105.

Loupon, A. ., 1953: Geotechnique, vol. III, 163-183 (1952/53)

Marsuarr, T. [., 1058: Journal of Soil Sei., vol. g no. 1, 1-8.

McCarra, T, M., 1944 : Soil Sci. Soc. Amer. Proc. 9: 12—-16.

McIxtYrE, D). S, 1958: Seil Sci. 85, 185-180.

MuskaT, M., 1946: The flow of homogeneous fluids through porous media p. 62. J. W. Edwards
Inc. ANN arber, Michigan. .

Porseuiiig, J. L. M., 1846: Royal Acad. Sci. Inst. France Math. phys. Sci. Mem. 9: 433-543
{(Trans. W. H. Herschel in Rheo. Mem. 1: 1-I0, 1940).

Quirkg, J. P, and R; K. ScHOFIELD, 1955: Journal of Soil Sci. vol. 6, No. 2, pp, 163-178.

REeEvVE, R. C,, 1953: Soil Sci. Soc. Amer, Proc. 17, 324-3209.

REeve, R. C,, and R. H. Brooks, 1953 : Proc. Soil S¢i. Soc. Amer, 17, 333-336.

RicuARDS, L. E. 1952: Report of the subcommittee on terminology, Soil Sci. Soc. of America.
Soil Sci. Soc. Amer. Proc. 16: 85-88.

Rosg, H. E., 1945: Proc. Inst. mech. Engrs, vol. 153 pp. 141-148.

Rosz, H, E., 1950: Proc. Conf. Intern. Phys., 136.

SeeLHEIM, 1., 1880: Z. Anal. Chem. 19, 387.

" SILLANPAA, M., 1956 Acta Agralia Fennica 87, 1-119.



89

SLATER, L. 8., and H. P. Byers, 1931: U.S.D.A. Techn. Bul. 232, 1-23.

SLICHTER, C. 5., 18g9: U.5. Geol. Surv., 19th Ann. Rep. part 2, 2035—384.

TavrLor, D. W, 1048: Fundamental of soil mechanics, 132. New York. John Wiley and sons.

TERrzacHuI, K. V., 1925: Erdbaumechanik, S r1g, Wien.

ToLman, C. F., 1937: Groundwater. McCraw-Hill, New York,

Vax Begrs, W, B, ] 1958 : Intermational institute for land reclamation and improvement. Bulle-
tin 1. .

VaN DEEMTER, ]. ]., 1950: Bijdragen tot de kennis van enige natuurkundige grootheden van de

. grond, 11. Theoretische en numerieke behandeling van ontwaterings- en infiltratie stromings-
problemen, Versl. Landb. Ond. 56, No. 7. Staatsdrukkerij, The Hague.

Wrir, K. E., 1¢61: Rapport I.C.W. Wageningen (under press).

ZIMMERMAN, B. G., 1936: Eng. News Rec. 117: 186-187.

ZunkeER, F,, 1921 Ha.ndbuch der Bodenlehre Dr. E. Blanch-Berlin.

ZUNKER, F., 1930: Ibid.

ZUUR, A. J., 1954 Bodemkunde der Nederlandse bediikingen en droogmakerqen Directie van de

- Wieringermeer (N.O.P.) La.ndbouwhogeschool (Afd. Natte Ontgmnmg)

Zuur, A. J., 1958 Ihid.



