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MOISTURE RELATIONS IN THE UNSATURATED ZONE (Ir. W,C. Visser)

The missing link in the hydrological chain

For the correct management of the movement of water between the
atmosphere and the open watercourses, the transfer of water in the four

parts of the flow path must be well understood and must be predictable.

The four parts are:

a) The open watercourses. Already for a century this part of the water
transfer has been studied and it is an important subject in teaching. The use
in practical zroblems is entirely worked out and generally apovlied,

b) The groundwater range. The theory on groundwater flow was more
recently evolved and got its prover place in project planning at a later date.
The use of the knowledge on groundwater flow is not yet generally accepted,
as a subject in teaching it lags behind, compared with open channel hydrau-
lics, but it is rapidly obtaining the interest in project planning which it
deserves. .

c) The transfer of water through the atmosphere is still less generally
studied and is given an even more restricted position in teaching, Itis a
atill younger branch of hydrology that is gradually acquiring its position in
practical design,

d) Between the last two parts of the flow path the flow through the unsaturated
zone has to be fitted. The application of this part of hydrology lags behind
the application of the theory with respect to the three other parts, its
position in teaching is more that of specialized physics than that of practical
engineering., The development of the theory is recent, the theory itself is
not yet a consistent set of relations, With respect to the correct design of

water management practices it is more or less the missing link.

It cannot be denied that in the chain of hydrologic relations the flow of
water in the unsaturated zone cannot be missed, The chain is no stronger
than its weakest links. An insufficient hold upon the flow of moisture in an
important part of the flow path will invalidate much of the value of correct

application of the knowledge about the other parts,
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It is customary to brand any less generally accepted part of the
knowledge of project design as theoretical. The touchstone of such an
allegation is, that the errors due to omitting this knowledge are reason-
able and that the exertion, needed to take this less generally applied
knowledge into consideration is not matched by the savings in invest-
ment or the gains due to better designs, It is necessary to have a
correct eatimate of the kind and magnitude of the shortcomings of the
projects which can be overcome by applying the theory on moisture rela-
tions in the unsaturated soil, Knowledge of this theory may as well
serve to improve design work as to decide on the acceptability of

neglecting these effects.

Processes determined by unsaturated flow

The conditions in the unsaturated zone often concern the moisture
relations which constitute the link between processes, which are part
of different discirlines.

The agriculturalists and the drainage and irrigation specialists find
the point of connection between their szecialized knowledge in the unsa-
turated zone. The same holds for the climatologist and the river dis-
charge and flood routing engineer. The hydrologist, by using the storage
capacity in his formulae, apsleg a rrozerty of the unsaturated zone
in his considerations. The aims of many water management practices
are especially directed to the management of moisture conditions
in the unsaturated zone, This purpose stresses the more that a correct
water management design neceds the theory on unsaturated movement
as its keystone. The points for which the hydrology of the unsaturated

zone is of importance are the following:

Rain or artificially applied water may penetrate into the soil or may
run off along the surface. What will occur depends on the quantity of
water, the permeability and the >ressure gradient, This »ressure gra-
Gient is strongly degendent on the moisture potential in the unsaturated
zone. This moisture potential is related to the energy with which the

more or less unsaturated soil attracts the soil moisture. In 2 wet soil






this attraction is small, but it becomes larger the less water a soil
contains, The moisture stress - the consequence of this hygroscopic
property of the soil - is in reality a negative pressure, but is usually
expressed in positive units, in cm or bar, The rate of penetration

of the moisture in the soil depends on the gradient and the unsaturated
conductivity.

Slow penetration of water means ponding by high rain intensities,
This will concentrate far more water on low lying areas than compares
with the actual rainfall. In these lower spots the drainage requirements
will have to be taken much higher. The ponding will last longer and the
damage to the crop will be larger than on soils with a higher rate of
penetration.

If ponds become larger, surface runoff will take place. Surface
runoff delivers the water far quicker in the water courscs than subsur-
face runoff, The infiltration rate therefore will excert a large influcnce
on the discharge of open water courses. The capillary properties are
of considerable importance in the assessment of the design runoff of

rivers,

b} Groundwater flow

e e i P

The flow of groundwater in the saturated zone is governed by the
saturated conductivity of the soil, the saturated cross-sectional area
of flow and the storage capacity of the soil.

The saturated cross-secctional area is often assurncd to be defined
by the distance between an impervious layer and the groundwater table.
The saturated conductivity ie assumed to hold below the groundwater
table, the unsaturated conductivity above the groundwater planc.

This latter conductivity is genecrally considered too small to be of
impeortance,

For coarsc grained soils this assumption will approximatcly be
true. For fine soils a larger or smaller part of the capillary zone
ncarest to the groundwater planc, however, will be entirely saturated,
and irrespective of the tension of the groundwater being positive or
negative, the layers at both sides of the groundwater planc will convey

water in reclation to its saturated pecrmcability. Through the saturated
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capillary zone of fine textured soils a conciderable part of the water
flowing through the combined saturated and capillary zones, may be dis-
charged. The groadient is the same for the two zones. The cross-sectional
area of flow, however, may be considerably larger than the zone between
the groundwater level and the impervious zonec.

A certain part of the discharge will take place in the unsaturated
capillary zone. No large error is made, if this part of the discharge
is neglected. The unsaturated permeability decreases rapidly the more
air enters into the soil pores and blocks them for the flow of moisture.

The additional unsaturated flow will therefore be of limited importance.

The design runoff in drainage schemes depends on rainfall intensity
frequencies and on the storage capacity of the soil., Storage capacities
of a magnitude wellin excess of the seldomly occuring high rainfall
intensity will lower the runoff requirements virtually to the level of the
average rainfall excess,

The storage capacity in hydrologic formulac is often assumed to_
be constant, The magnitude of the storage per unit change in ground-
water depth, however, depends not only on the properties of the soil,
but also on the depth of the groundwater table, the intensity and direction
of the unsaturated flow and the earlier climatic conditions, detcrmining
the overall moisture content of the soil,

Insertion of thesc quantities in the flow cquations often prohibits
their solution, so the formulac available have been obtained by omnitting the
capillary effects on storage. With regardo agricultural problems,
where the description of the conditions of the unsaturated zone arc the
purpose for which the formulae are set up and used, the assumption that
these points can be neglected are clearly not valid, Ways have to be
found to deal with moisture flow with magnitudes of the storage capacity
which depend on the flow conditions instead of becing constant.

The design constant for the discharge capacity of a drainage system
will have to incorporate some aspect of the influence of the ims_a,tuz:atad
condition in the rate of penetration of the rainfall, in the cross-sectional
area of flow and in the influence of the storage capacity. The design

constant should be defined in accordance with the requirements of plant






growth instcad of with climatological conditions.

In this respect as 2 drainage criterion the rate of fall of the ground-
water leveal, cqual to the product of discharge in mm and the storage
capacity is a considerably bettcr design constant than the rate of dis-

charge itsclf,

c) Moisture extraction and evapotranspiration

The attention devoted to the transpiration has given more insight
into the potential- than into the actual magnitude. Often this actual
cvapotranspiration has been calculated for practical purposcs, by mul-
tiplying an accurately defined potential avapotranspiration by a rather
weakly founded rceduction factor. This reduction factor limits in thesc
cases the accuracy of the rcsults, and reduces considerably the valuc
of the highly rcliable formulae for the potential evaporation.

This rcduction factor depends on the slowing down of the extraction
of watcer from the root zone. This decrecase in availability of the soil
moisturc is dependent on the increcased flow resistance of water in the
soil layers around the root zone.

The cxtraction of soil moisturce by the roots has much in common
with the cxtraction of water by a well. There is, however, a difference.
For the well, the permeability of the soil is independent of the drawdown
of the well, but the cross-scctional arca of flow decreases with increasced
drawdown. For the plant root the arco of flow remains constant, but the
pcrmcability in the unsaturated zonc reduccs rapidly with increasing
depletion of the soil moisture content.

The gradicnt, lowering the flow potential in the direction of the root,
reduces the moisturc content which is linked to the moisturc potential,
In a thin cylinder of soil around the root, this depletion of the moisture
content brings about a layer of high flow recsistance at the soil-root
interface. The degree of flow resistance depends on the relation between
the unsaturatcd conductivity and the soil moisturc content, and further
on the rate of moisture extraction and the root density. A number of soil,
flow and plant factors work together. At lower soil moisturc contcent the
reduccd availability of the moisture may harm plant growth. At incrcas-

ing moisturc contents the availability of the moisture incrcascs rapidly
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and may cxcced the cvaporative capacity of the atmospherc. Under these
circumstances, cvapotranspiration is no longer limited by the soil
moisturc content, but by the atmospheric conditions. It is of importance

to know where the point of transition is situated,

The availability of the soil moisture in cach layer of the profile will
be related to the rate of extraction, the arca of the root-soil interiace
and the capillary conductivity, The plant can maintain its water con-
sumption on the required level by shifting its zone of extraction to the
layer, where this rclation is most favourable, whereby the extraction
may be assisted by the growth of extra roots. The thcory of unsaturated
flow can give a quantitative description of the reduction of the potential
to the actual cvapotranspiration under the influence of the soil moisture

profilc and a description of change in root activity with increasc in depth,

d) Acration and plant growth

Land drainage has as an important purpose the rcegulation of the air
content of the soil. The plant roots breath and require oxygen. This
oxygcen has to penctrate into the soil and COZ has to bec removed. The
diffusion of gas in the soil moisture may be ncglected comparcd with
the gas transfer in the soil air. Drainage has not the ultimate purpose
to interferc with the soil moisturc, but to manage the soil air. Due to
the intcrrelation between moisturce and air content the management of
the soil air as objective is carried out by influencing the soil moisture

as mcecans,

The conductivity of the soil for air is rclated to the magnitudce of the
air filled pore space, irrespective of the soil texture, porc size or
other structural paramecter, It is assumeced that an air content of the soil,
surpassing 10% will be sufficient to afford the plant an unhampered
availability of oxygen or riddance of COZ' Also with respect to the flow
resistance of gas in the soil as function of the soil air content indications
arc becoming available. However, the knowledge of the influence of
the soil conditions on acration and of acration on crop growth lags behind
what is known with respect to the influence of soil conditions on

availability of soil moisturc.
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With respect to drainage the influcnce of soil moisturc availability
and ccration on crop growth has to be combined, Intcnsification of
acrations tends to cvoke drought, intensification of the availability of
watcr tends to evoke waterlogging.

The agricultural purpose of water management is to keep the soil
moisturc content between the transition point, above which the availabi-
lity of watcr is only 2 function of the atmospheric conditions, and the point
above which the acration is hampered.

The formulac expressing the yield as a function of the availability
of soil moisture and the transferability of soil air bring the agricultural
problems to the level of objective guantitative calculation. Thesc rela-
tions constitute the reliable basis for hydrologic measures, This kind
of calculations proves to be valuable duc to the knowledge with regards
to water and air transfer in the unsaturated zone,

e) Salinity problems

The problems of salinization and lcaching is a part of the theory
of soil moisturc flow in the unsaturated zone, to which the influence
of the behaviour of salt is added. The quantity of salt that is transported
by capillary action depends on the unsaturated flow and thc salt content
in the layer f{rom which the flow started. The problem of salinization
and leaching can be solved if the unsaturated flow can be described
accuratcly, No new transfer problems are created if the transicr of

salt is added to the transfer of water.

It should, however, be taken into account that one aspect of capilla-
ry flow shows up in another way with a freshwater-salt water front-as
with fresh water alone, The moisture velocity in thin capillaries is far
smaller than in coarse capillaries. Now one has to consider an unsatu-
rated flowby which the air containing pores are gradually filled with
water and air is expelled. The large pores convey the water with the
greatest velocity, but from the coarserporesthe adjacent finer pores
are filled. Due to ‘this deflection of the moisture flow to the finer pores
the moisture front moves at the same pace over 2ll the capillaries,

The other aspect is the transfer of moisture through capillaries,

filled over their full length without any expelling of moisture from air
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filled pores. Here no deflexion sideways takes place from the coarser
to the finer pores, because the finer ones are already filled with water.
The movement of water in the coarse pores is quick and the salt front
in the finer pores will lag behind. The influence of this movement on
salinity is that the first traces of rising salt water will reach the
surface of the soil in a short time through the coarser pores. The finest
pores, however, will contain fresh water even after a long time. With
leaching the same relation is found. The salt content at a certain level
will change only gradually. Leaching mainly causing flow in the coarse
capiliaries will have removed the salt water already for a long time,

at the time that the removal of the salt water in the fine pores has not
progressed much,

The coarser the soil pores the more water is wasted in flushing the
already cleansed pores, I'lushing therefore should be done with a small
quantity of moisture per unit time and no more water shall be used
than is needed to move water through the pores which contain water,
without filling the capillaries containing air.

The theory of unsaturated flow improves the insight in how to
counteract salinity and improves the possibility of finding the most

appropriate techniques for leaching.

. a) The required analyses

The determination of the properties of the unsaturated zone for
engineering projects is not nearly as generally accepted as the determi-
nation of flow resistances in open water courses or permeabilities of
thé soil layers., It should, however, be tried to make a number of pro-
perties available as basis for design decisions.

The analyses of the desorption curve is one of the first determinations
to be carried out. Often these analyses are restricted to field capacity
(f pF 2.5) and wilting point (pF 4.2). This is, however, insufficient.
The determinations should cover the whole range of moisture stresses
between pF 6.0 and 0.5, This enables to calculate any intermediate
pY -value by interpolation.

The next point of importance is the determination of the air entry

point, This is the moisture tension at which the air just starts to enter
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into the soil sample, It marks the transition between saturated and un-
saturated conditions, It therefore defines the range of stresses for
which the saturated permeability is still valid.

In this respect the saturated permeability of the soil is of importance
as the upper limit of the unsaturated permeability. It will be valuable
to determine this saturated permeability for the same layers of the
profile as for which the desorption curve and air entry point are obtained.

It would alsc be of importance to determine the unsaturated permea-
bility at different levels of saturation but this determination is still of
such a difficulty that it does not seem probable that these values will be
obtainable for practical work, It will be discussed that the desorption
curve gives possibilities of determining the unsaturated conductivity
mathematically,

b) The way in which the analyses should be used

U e e W e e e el e R EE e e g e e e ek e e Wk P g = e b

The project plamner will need a2 number of formulae which-by insert-
ing the proper constants- enables him to calculate the moisture content,
the moisture stress or the velocity of meisture flow for a given unsatur-
ated soil layer under given boundary conditions. The complexity of the
phenomenon of unsaturated flow makes it necessary to simplify in a
rigorous way the principles, underlying these formulae. In general it
will be advisable to use steady formulae, because the unsteady state
flow conditions which may agrece better with the actual situation are
rather unwieldy and often cven not accessable for exact solutions,

A sccond simplification is the neglect of hysteresis effects, the
effect which is the causc that the moisture content, at which an
equilibrium is established, will depend on the direction from which the
equilibrium is approached. The water content of the soil may attain an
equilibrium by extraction orby suppletion of water, The equilibrium
moisture content in case of extraction will be lower than the content, in
equilibrium with the same moisture stress, but under influence of uptake
of water,

This hystercsis effect is not yet = sufficiently studied to be accounted
for in applied work. A first approximation could be to assume that

at the same moisture content the adsorption curve shows moisture
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stresses which are 2.5 times larger than the stresses which make
up the desorption curve. Because the larger part of the problems for
which the unsaturated moisture conditions are of importance deals with

extraction of water, the desorption curve is sufficiently accurate.

Basic principles of capillarity

In porous material one may distinguish a pore diameter dp,a.
particle diameter dy, a capillary suction W, an air entry stress ‘4
a saturated permeability ks’ an unsaturated permeability k, and
several pore space values P, (see fig. 5 page 23).

The shape of the capillaries is rather irregular in cross section
and ramified and not very accessable to a mathematical description.
Still everywhere in the world scientists are trying to solve the relation
between the conditions of moisture in straight circular capillaries of
constant dimensions and the system of pores and holes in a porous
soil (SCHEIDEGGER). Up to now the results of these studies have not
yet been very successful. Still this is the only way open to applied
science to use the desorption curve as an indication for the magnitude

of the unsaturated conductivity.

The capillary conditions in the soil are governed by three relations,

These relations are:

1) The relation between the pore size and the soil moisture stress,
This relation is given by the equation:

Vo= D4 SF:_P ¥ = s0il moisture stress
P

{

9<,1 = constant of capillary rise

Cp

Fp = cross-sectional area of pore

1}

wetted perimeter of pore

The description of the pore
by the parameters F and O can be used

for pores of any shape and size.

2) The relation between pore size and conductivity.

This relation is given by the equation:

3 K¢ = capillary conductivity
K = Tp -
c T2 20 ix = constant of capillary flow
%" Op

]

OP cross-sectional area of
bundle of capillaries
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The equation holds for a bundle of straight, not ramified pores of random
but constant shape. In the formula a factor FP/OP recalculates the amount
of flow through the cross sectional area of the pores to the cross-
sectional area of the bundle including the thickness of the walls of the
pores, The remaining factor {)(szz/sz represents the equation of
Poisseuille for the capillary conductivity for a capillary of random but

constant shape.

3) The relation between the soil moisture stress and the soil moisture
content,
This relation is given by the equation:

A= constant of capillary adsorp-

P n
W= A ( 8 vs) tion
v m P_= volume of pores allowing
a capillary flow

V = moisture content of these
pores

V_= content of adsorbed non
capillary moisture

The equation distinguishes between moisture subject to capillary
movement in the uninterrupted body of water in the capillary pores
indicated by Vs and the moisture absorbed of capillary bound in contact
rings of moisture between adjacent soil particles, indicated by Va.'

The latter moisture conatitutes an interrupted body of water, not subject
to frece capillary flow and partly moving in the vapour phase, It should
be born in mind that the total pore space P is equal to the capillary pore
space Ps plus the pore space of the adsorbed water Pa.' Also is the
capillary moisture content Vs Plus the porec spacc of the adsorbed

water Pa. equal to the total moisture content V or
P, -V, =(P +P)-(V_+P)=P.V

The moisture content VS may be equated with the total moisture content V.,

The relation between the desorption equation and the conductivity equation
has to be situated in the coherent space as far as cccupied by the

moisture indicated with VS.

The principle behind the three formulae will first be explained for
the simplest case of soil particles of constant size without much regard

for the curved and ramified shape of the pores,






-12 -

a. The relation betwcen wetted perimeter of the pore and ‘the moisture
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In general the moisture stress depends on the size and shape of the

pore as given in the expression:
wetted perimeter
= - 1
W 0'075cross-sectlona1 area (1)

For circular tubes the generally accepted relation between suction and

pore diameter is:

d: = pore size
\,’J — 4 TCOS © _1_ (2) p p ‘ . . .
Fe dp T = surface tension on liquid air
and for 20° C - interface
® = angle of contact between
0.30 liquid and solid

\.}J = i = -
% 4, (3) density of liquid

= acceleration of gravity

nm"w
n

= constant, combining the four

values given above for 20° C

ar ¢
The value_.i/dp clearly comes from T d/T » the wetted perimeter
and cross-sectional area of formula 1.
The pore size dp ig with regard to the intricate shape of the pore

rather undefined and a direct measurement is not carried out easily.
For a soil, consisting of uniform particies and a pore space of about

40%, the relation was found:

W= Tii = 93_23 dy = grain size 4}

T e s D s e e e S e M = e =

The geometry of the soil pores may be calculated for an arrangement
of 8 spheres in a prismatic arrangement with 6 side planes as depicted
in fig. 1. The sharp angle has for all side planes the valuecX , This angle
can be varied between 90 and 60 degrces. In fig, 1 number of gecometric
length are given. The volume I of the prism can be calculated as:
I=ADx BE x FI,

3 - 2 L
1=dk{sinu g . 2co8cX

1+ cosex |






-, G
AB= AD=dy ﬂg 1
BE= dic sinex

AE= dy cosx

EF=dg Sino. Cos o
T+coset

AC=dy V201 +coso)
BO=dy \/2(t 2tos o)

\V 1
GH=d —_——
H=di 2(1+cosm) 2
cosl o=\ }'141’.05“

5|n1 o= /1 COSDC

191 xz SN
T+ cose

0’(5'
I N
7
/
/
/
/
/
F N
(N
|
|
|
|
|
(@]

K fig 1?

Al=dyg

AC=di \f2(1+cosx)
AF = dk 25052
\/ 1+co5 &
2
Zdu\ f1_ 2cosfe
IF zgi\ /1 1+cos o

K=V3(1+2cos e}

[C=\3(1_2cos =)

fig 1¢

BD=dx V2(1.cosac)
BM=zdg V3.2cos0c
OR=dg V3.2 cosu:._%

2
3 ls; - 2cos"x
[=df {smm 1 1+c05m}

P \f 2cos§u ins
V-dk{smrx 1‘— ot o ——6-}
=
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The pore volume v is obtained by subtracting the volume of the sphercs

within the prism, equal to the volume of one sphere from the volume of

the prism. The pore space in percentage is equal to 100v/I or:

P=1 - G‘T—-—-/b =
sin cx\ﬁ - 2 cos?X
1+ cosX

The following values are calculated.

Table 1

&£ = 90 85 80 75 70 65 60

P = 0.476 0.471 0.454 0.427 0.387 0.332 0,260
0.707

I = 1,000 0,989 0.959 0.913 0.854 0,784

The ratio of wetted perimeter over cross-sectional arca of the pore

depends on the position of the cross section,

cl“‘

. . . _ F
II]. flg. ia this ratio is: fdk - m: (5)
‘ qr
In fig, 1b this ratio is: fdy = P (6)
\/2(1 + cos# - 2 cos“)) -4V 4
In fig. 1c this ratio is: fdy = i1 —
V2t “cosy - /4 (7)
The following values for £(dx) are obtained:
Table 2
] 90 85 80 75 70 65 60
Fig. 1a formula 5 14,64 14,90 15.75 47.39 20.37 25.97 38.91
Fig. 1b formula 6 2,59 2.44 2,38 2.35 2.38 2.46 2,59
Fig, 1c formula 7 2.59 2,79 3.04 3.36 3.85 4,28 5,00

The values according formula 5 have to be inserted in formula 1 in case

of moisture extraction, to which a shape facto%as to be added., This

shape factor { allows for the discrepancy between the actual situation

and the calculation for uniform spherical soil particles in 2 homogencous



- ot - Lo R Lo Lot : st BN T . RN A
' Do LR . P s . . L. .
: it - - ;
. : . it o .
. ‘ . . : . . . . n
' - » Lo ' + o .
. . . - . B N . - CRN
. A . . . . e S e .
. B . : e . F T : R . .
. Lot R A . s B ' i\ -
- . . A
: . U R . F. - . . : PR
. .o LU T ; . L M . N
' . e . . : : P . ¢ . o .
. - . - Lot .o . . .
: L . Ca o
.. - . o . . . .- RS
. . . R . X . . ) o L
. . S R . . e . L
) . v
: - . . . ) .- n i
X : . o ; 1 : . . .o
" o Sl e P : - .




- 14 .

pile, Therefore the formula has to be written as:

Vo= 0,075 £ (dy) % | (8)
For P = 40% we obtain: Y = 0.075% 19,47 3:3 = 1468
Compared with formula 4, the value of & must be of the order of 0.57.
This means that in a normal soil the wetted perimeter is smaller or the
cross-sectional area of the pore is larger than in a geometrical arrange-
ment of soil particles, The formula becomes therefore:

with for dj the values of table 2 according
to formula 5,

o= 0,043 f(dy) 31_12
The meniscus of the largest size is calculated accoerding to formula

6. ¥or a cubicle arrangement the largest meniscus is 5,66 times as
large as the smallest, In the tetrahedronal arrangement this ratio is
1 to 15. The calculation of formula 6 does not however describe a real
pore in its longitudinal direction, but more at right angles, The largest
pore size will be morc near the solution of formula 7, and this formula
shows that the largest pore ig 5.66 to 7,78 times as large as the

smallest.

The propertics of a geometric arrangement differ from the proper-
ties. of an actual soil because of irrcgularities in the shape of the
particles and in the arrangement, The pore spaces above 47.6% or

below 26% have no simple comparison in the geometrical arrangement.

Problem 1. A s0il has a pore space of 45% and is compacted to 38%,
The particle size is uniform, the diameter is 80p.

Determinc the size of the smallest and largest pores before com-
paction, Determine the reduction in percentage for the largest and

smallest pore due to compaction.

Example 2, Make an estimate of the difference in the height of capil-
lary risc between a medium consolidated soil of 40% pore space and a
soil at maximum consolidation. The particle size is 100y,

The difference in height of capillary rise for maximum and normal

consolidation is:






Example 3,
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_
207527 (38.91 - 1940)

83.5 e¢cm

A plastic drain tube of 5 ¢m diameter and 5 gram weight per cm

length has slits of 3 cm length and 0.6 mm width. The capillary force of the

meniscus in these gits is able to exclude water from the tube in case this is

dry. Will the drain tube float on the water in the trench or will it sink? What

width should a rectangular hole of 1 cm length be given to make sure that

water will not be excluded and floating will be prevented?

A cvlinder of radius r, floating in water with its axis of rotation
parallel to the water surface, will per ¢m length displace a volume
of water, dependant on the ratio of immersion h/r or F/rz, F

being the circle segment in cm? and h the depth of immersion

{sce fig. 2)
O R ———

fig. 2

Table 3 on circular dimensions, to be taken from any mathematical

table,shows the following relation between h/i' and F‘/rz.

Table 3

h/r 0.40 0.20 0.30 0.40 0.50 0.60 0.70 0.80
F/r% 0.06 0.16 0.30 0.44 0.61 0.79 0.98 1.17

The depth of immersion h depends on the equilibrium between dis-
placed water and weight, The displacement of a tube of 5 gr, equal

to 5 cc of water, is calculated as:



L '
L =y
. P
R -

Y

a’ . - .

i .
- . s ., . '



d2(£)= 52(_5"_) - Boc L = 2_ =0.,20 %::4_::0.20:0,80
r

The corresponding value for F/r2 = 0.80 is according table 3 h/r =

0.60. The drain therefore will float with a depth of immersion of
0.60x2.5¢cm =1.5 cm.
The slits in the tube with a length 1 = 3 cm and a width

w = 0,06 cm can resist a capillary tension of

= 0.15{1+1) =0,15 x 17
1w

2{(1+w)

W =0.075

The menisci can hold the pressure head of 1.5 ¢m and then has
still 4 cm in reserve. The drain tube will float in the trench.
For a rectangular slit of 1 cm length and a width w, which cannot

hold more than 1.5 cm of pressure the width is calculated as:

_ 1 1 _ 0.451 _0.45 _
N/ _0.15(1_+-&} w = 1\V-015W‘i.s-o.is”o'“i"m'

A slit of 10 mm long and 1,11 mm wide at every few meters is

sufficient to keep this drain tube from floating.,

5. a) The conductivity of porous material of uniform particle size

The conductivity of a straight, circular, not ramified capillary of
uniform cross-section is expressed by the formula of Poisseuille,

This formula shows a clear similarity with the flow formula of Darcy.

: 2
4 | 2
qz"ﬂ’r dwv _ 1 (“ r \ C}TI_Z —d\f—-(‘)) compare with g =k f i

84 Al 27 \29r di
f= 97 rz = cross-sectional r = radius of tube
area of capillary 1 = viscosity of fluid in p g units
i=dwy = gradient k = r“/84 = conductivity constant
1 2\ f = specific gravity
cﬁ‘ - — - .
k = 1 fur7is conductivity constant g = acceleration of gravity
2"2 2%Tr

This formula is adapted to non-circular cross-sections of pores by
expressing the conductivity constant in terms of the wetted perimeter
Cd,. and the cross -sectional area of flow Fdzk. Further for soils the

intensity of flow should be expressed in terms of the area taken



o

X i
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in by the capillaries - pore plus soil Odzk - instead of by the pore alone.

The formula for the conductivity of a unit area of soil k expressed
in the area of flow and the wetted perimeter of a single capillary now
becomes:

2 (mean area of ﬂow)3 -2 ¥3 de (10}

k = :
—2-7  (mean wetted perimeter)®(soil area) 2T CR0

% = shape factor
The cross-~sectional area of the tube in this case, however, differs
from that of the capillary suction., In this case an average value for F

and C should be taken instead of the largest or the smallest,

~ In this case F is obtained by dividing the total pore volume
(I -9/6)dx3 by the pore length dk or

2 cos® o( a i

F = dzk{sm“}\] - Treesx "6 (1)
The wetted perimeter is found by dividing the surface of the spheres
°'ifd2k by the length d) of the pore, so that:

C = clT djc
The area of soil particles plus pore area is:
O = sind dzk
For k is obtained the expression:
H 2 coséy _ AT }3
k'—-"?;—— {Slnu’x" 1 -i+coso< b d2x (12)
27 “Me sin & '
For the successive values of the term comprising this variable
becomes:
Tabel 4
o : g0 85 80 75 70 65 60
f ()xi0-6 1095 1026 850 620 388 198 73
2';1__ i (d)x10_6 464 435 360 263 165 84 31
"
For % is used: 49050 for k and dy in cm. sec
|
i

or: 0,424 for k in m/24 hours and dk in micron



.
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Experimentally the relation between k and dzl_i for a pore space
of 40% and the rather homogeneous particle size of graded samples

of sand was found as
kg = 0,000370 a%

From pore space geometry is derived:

k_ = 0.000197 d%

The factor ﬁ in formula 12, accounting for the variations in shape
of the capillary cross scctions, the divergence from the geometrical
arrangement of the particles and of the spherical form has apparently
the value of 370/197 or 1. 88.

The saturated conductivity of an arrangement of spheres of uni-
form diameter becomes

3
k

0.4905 x 1,88 x (£f) a4,
0.92 f (&) a2y {13)

1l

b) The indicative value of the capillary tension for capillary conductivity

- M e o m— e e e WA e e e et e e e L A S A S S MR g S W GG e MR M A S

The capillary tension was described by O<'_F The capillary
conductivity was given by ( ol )2 . -(—F) One may assume that the
factor F/O will not be influenced very much by the irregularities of-
the shape and size of the soil particles, The discrepancy between
calculated and observed capillary tension and conductivity are accounted
for by the shape factors ({ and fi

The possibility to calculate the capillary conductivity from the
capillary tension is based on the fact, that the value ( )2 should

be ecqual to f3 (-C)Z

, =83

3,08=1,73x4,83=14,73 P

1l Q{,_;,

. 1 1
In reality -, ==—=_>
0(2 0.57
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This means that the shape factors, which were not accounted for as
tortuosity and ramification decrease the conductivity by a factor of
1.73 . As long as no values, originating from direct observations
concerning this factor can be made available the value of 4.7 may be

the best estimate for practical use.

Example 4, Calculate the percentage of change in permeability, due

to maximum consolidation of a soil as compared with average consoli-

dation. i
Assuming average consolidation at P = 40% and maximum consol-

idation at P = 26%, the percentage ratio is expressed by:

2
100 k48 ) . 0.92 . 0.000031 d%c_,qo 391_7 = 15.6%
“k"4' o 0.92 . 0,000197 A2

The percentage of reduction of the permeability does not depend
on the pore size. By sonsolidation the permecability is redueecd

considerably.

Example 5. A soil is covered with a thin film of water, kept at con-
stant level, The soil is of uniform pore size, no sealing occurs, no
capillary suction is assumed in the soil, The particle size is 1004,
the pore space is 40%. How much water will infiltrate under these
steady conditions ? Also determine the rate of infiltration, assuming that
2 thin layer of fine material with a particle size of 10u, due to sealing,
covers the soil, The pore space is 35%.

Using the formula kg = 0,00037 a2y the rate of infiltration

is calculated as kg = 3.70 m/24 hours

For the pore space of 35% the formula to be used reads

kg = 0, 00041 d2y

kg = 0.014 m/24 hours
The decrease in particle size due to separation of the coarse
and fine fraction has a larger influence on permeability than

the decrease inpore space due to compaction,

6. The moisture retaining capacity

The capacity of a soil to retain moisture against suction depends

on the negative pressure, exercised by capillary forces. When they
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balance against the suction forces, no pressure gradient is present
and no moisture flow will appear. The capillary forces depend on the
wetted perimeter and the area of the meniscus.

By increasing the moisture stress first the meniscus in the
smallest pore, described by formula 5, will give way and only the
moisture, present in the circular wedges at the contact points of two -
spheres will remain in the soil, In this case the capillary force in the
moisture of the circular wedges is higher than the suction force
described by formula 5, which emptied the pore. The moisture content
will decrease to a small extent by increasing moigture stress from
zero to a first small value due to the larger capillaries, for which the
tension necessary to empty them, is described by formula 6 and 7.
The decrease in moisture content, however, cannot be large because
these larger pores are only interconnected by the pores of formula 5,
Is the moisture stress according to fo:;u# 5 reached, then a con-
siderable part of the volume of the pores is emptied.

A further increase of the tension will extract the moisture of the
circular wedges, see fig. 3, which withdraw to a position more and
more near to the contact point,

Fig., 4 shows the type of relation that may be expected between ‘+/
and the moisture content v, The range AB depicts the tension at which
all pores still can hold their water. The part BC is the range of emp-
tying of the larger pores, Between C and D the small pores loose their
moisture and beyond point D the wedges of different contact points are
no longer in mutual contact, In the range between points D and E the _
moisture withdraws to the narrowest part of the slit between the parti~
cles.

In case of particles of different size, the properties of the pore
arrangement becomes less distinct, However, certain general aspects
may show up as the presence of a saturated capillary zone (fig, 4,
range AB) or the large variation in v at small variation of % (fig 4,
range CD), In fig, 5 the general shape of the moisture retention curve
or desorption curve is given, It is hahitual to plot these curves as

log ¥/ against v,
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The origin of the desorption curve explains that the range ABC will
depend strongly on both particle size and arrangement, the range DE
depends on the size of the wedge between any two particles and there-
fore on the particle size only. In this part the influence of the arrange-
ment is small, The part of low moisture content is mainly dependent
on the soil texture. The range of the high moisture contents is miainly

dependent on the soil structure,

e e e e e e e e o e Y e mm e et e T e e me e M m A e v o G e oy Em

The two aspects of the desorption curve, the influence of adsorption
processes and the influence of soil structure have to be incorporated
in the formula for the stress-volume relation,

Giving the moisture tension influenced by adsorption by \?’a and
the zero point of this scale by‘f’ao then adsorption processes are

rendered by: ~

Yr -m i
\}—,:c-) = v orlog\i’rulog‘#’ro = «m log v

The influence of the soil structure is more difficult to describe. It 3
will be of the nature of a skew probability distribution for which no for-
mula is clearly indicated. The wet end of the desorption curve, however,
determines the unsaturated permeability and the curve for this property
enables to draw conclusions with respect to the pF - curve.

From the formula for the unsaturated permeability ( 8 9) for the
wet end of the desorption curve an equation may be derived, The part of
the moisture stress influenced by soil structure is indicated by V¥ g,
the zero point by ¥ so+ The structure indication in the desorption curve

{for the derivation see formula 23) can be described by:

Ve = 3 (x® W 20y +2)e (14)
The formula v - of importance for the calculation of the unsaturated
flow - is rather unwieldly for other purposes. It was found that the '
formula may quite satisfactory be used as 2 apart of a formula with wider

applicability:
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