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putting K = KTKSKPKV 9), and finally rewrit-
ing Darcy's formula in the following manner:

V = KI = Kp Kg Kp B (T 4 Jcapillary)'

SUMMARY

1) There are two main schools with regard to
the classification of capillary water: 1)
that of Jurin, relegating it to moleculary
water; 2) that of Laplace, relegating it to
gravitational water,

Which is preferable?
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2) The static conditions are of comsiderable
inf%uence in any cese of ground-water move-
ment,

3) There are basic misconceptions introduced
by Slichter into the theory of the movement
of ground-waters,

4) Piezometric gradient, determined by observ-
ation on W,Ls of wells lowered to any arbit-
rary level does not represent the curve of
depression,

5) Ground-water movement, even in case of a
phreatic surface proceeds under conditions
of compulsion, which are identical with the
flow of water under pressure in pipes.
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ON THE PERMEABILITY OF HOMOGENOUS ANISOTROPIC SOILS
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SYNOPSIS

The permeability characteristics of homogenous anisotropic soils are discussed
in this paper. It is shown that as a consequence of Darcy's law, the variation with
respect to direction of the coefficients of permeability normal and tangentiel to
an equipotential line can be represented by a circle similar to Mohr's eircle of

stress.

1, INTRUDUCTION.

For two-dimensional problems of flow of
water through homogenous anisotropic soils,
suppose that the governing equations can be
expressed by the following generalized form
of Darcy's Law:

Vi=Ky— (1)

Vx"‘Kl"T‘
Ox

where vy and vy are components of the dis-
charge velocitg of water along two perpendic-

uler directions x and y definitely oriented
in the soil, h is the total head existing at
a point, and kj and k, are the coefficients
of permeability along the x and y directions
respectively,

Equations (1) imply that the velocity of
flow along each of the two directions x and y
depends only on the hydraulic gradient in
that direction. These two perpendicular di-
rections will be called the principal direc-
tions of flow, k; and k, will be referred to
as the principal coefficient of permeability.
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2, COBFFICIENTS OF PERMEABTLITY NORMAL ARD
TANGENTIAL TO AN EQUIPOTENTIAL LINE.

In Figure 1, O represents a point in a
mass of homogeneous snisotropic soll; x and y
are axes along the principal directions of
flow., The direction of the maximum hydraulic
gradient is indicated by n making an angle
with the x-axis. The equipotential line e is
perpendicular to the direction n. The result-
ant velocity v is directed along a direction
s making an angle § with n,

FIG.1

Along the direction n, the hydraulic gra-

dient is a maximum and
oh dh oh dh .
—=—(05d —=—s5ina
ox dn oy dn (2)

The component Vo of the velocity v along n is
V,=VCos b == y COS O + Vy Sin i

Using Equations (1) and (2) one obtains

dh oh
Vm-K,— cosat — K,— stna
(Land 10’l 209

{ : %) dh

=-lKcosor + Kysin'ey) d_n (3)
The coefficient of permeability k normal to
the equipotential line e will be defined by
the following equation

Vp=-K —
dn (#)

k thus represents the component of the dis-
charge velocity normal to the equipotential
line when the maximum hydraulic gradient is
unity. With this definition, Equation (3)
yields the following result:

K= Keoda + K,sinox

- 7 (0 5 (k-Klcostan S

where o« is the angle the direction n makes
with the x-exis along which k = kj.

The component v of the velocity v along
the equipotential line is

Vem v5INdm v 51N QX —VyCOS X

oh oh
=—l —sina + Ky— cosa
ox Jy

__[(lq—l(,)smucosu]—;%- ()

The coefficient of permeabilityA , along
the equipotential line e may be defined by
the following equation:

dh

em-Ao— (?)

A thus represents the component of the dis~

charge velocity along the equipotential line
when the maximum hydraulic gradient is unity.
With this definition, Equation (6) leads to:

A-Q'—(K,_—K,)sm?o( (8)

Equations (5) and (8) show that the va-
riation of k and A with respect too. is the
same as the variation of normal and shearing
stresses at a polnt as given in mechanics of
materials 1), Mohr's circle can therefore
be drdwn for k and A to show their variation
with respect toux,

n K{
/

(k1K) Lk -K)

N~

FIG.2

As shown in Figure 2, lay off OA = kj,
OB = ks, With AB as a diameter construct a
circle. For any direction n of the maximum
hydraulic gradient making an angle o with the
x-axis, draw the radius CD making an angle
2x with the abscissa, Then the coordinates
of D represent k andA , That is, OE = k, DE =
A, Similar to the circle for stress, for each
circle there is a pole, 2). In Figure 2, B
is the pole of the circle, For any direction
N, one can simply draw a line through the
pole B parallel to n to intersect the circle
at D. The coordinates of D are the corres~
ponding values of k andA .

The quantity k as defined here agrees
with the coefficient of permeability for iso-
tropic soils defined conventionally as the
factor by which the gradient in a given di-
rection is to be multiplied in order to get
the velocity in that direction. The quantity
N, however, has a different meaning. It is
the factor by which the maximum gradient is
to be multiplied in order to give the veloc-
ity component in a direction perpendicular
to the maximum gradient, The physical signi-
ficance of k and N can be visualized in the
following way. If a maximum gradient of unity
occurs in an arbitrarity directiona, the
corresponding values of k and N obtained
from the circle of Fig. 2 represent respect-
ively, the velocity component along the di-
rection o and the velocity component perpen-
dicular to that direction,



3. COEFFICIENTS OF PERMEABILITY TANGENTIAL
AND NORMAL TO A FIOW LINE.

Denoting by p the reciprocal of the co-
efficient permeebility, one can write Eque-
tions (1) as follows:

{ oh { oh
-——— e — 9
where R o fo
{ {
- - 10
=7 R ” (10)
Y

FIG.3

In Figure 3, the direction of the flow
line s is assumed to be at an arbitrary
engle y with the x-direction, The direction
of the maximum hydraulic gradient is repre-
sented by n, making an angle©® with the flow
line.The hydraulic gradient along the flow
line is

= — (ﬁ cos’y ) Sin’}/) v (11)

The coefficient of permeability % along the
flow line will be defined by
1 dh
[V S —
Pds (12)

Thus (¢ represents the hydraulic gradient
along the flow line when the resultant velo-
city is unity. Equation (11) then gives

= cos'y + ﬁsin'y

- oe8) o5 le-g coser (13)

Along the direction t normal to the flow line,
the hydraulic gradient is

= -[(ﬁ—g)smycosylv (14)

The coefficient of permeability %o along the
direction t will be defined by
1 dh
W= = 1
0 df (15
Thus 0 represents the hydraulic gradient nor-
mal to the flow line when the resultant velo-
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city is unity, Equation (14) gives therefore

W (ﬁ_ﬁ} siny cosy

-zl(ﬂ-e)sin Ly (16)

As shown by Equations (13)and (16), the
variation of p andw with respect toy can
also be represented by a circle, similar to
the circle for k and A, It is interesting to
note that Equation (13) has been demonstrated
experimentally by R, Dachler 3) as to be
valid for stratified soils.

The quantities!p and % introduced in
this section are factors relating to a flow
line. They are different from the quantities
k end N which are related to an equipotential
line. It is true only for the two principal
directions that /o becomes equal to k whilew
and N are equal to zero, If a resultant ve-
locity of unity occurs along an arbitrary di-
rection y , the corresponding velues of ¢ and
wdetermined from a circle represent respect-
ively, the gradient along the direction y
:gd the gradient perpendicular to that direc-

ion,

4, DETERMINATION OF PRINCIPAL DIRECTIONS AND
PRINCIPAL COEFFICIENTS.

Many statements regarding stresses or
strains and obtainable from Mohr's circle
apply equally well in the present cases, For
example, along any two perpendicular direc-
tions the sum of the coefficients of permea-
bility k is a constant,

Ku*“qo{“‘(("‘(? (17)

Similarly, alopg any two perpendicular direc-
tions y and y-y , one has
{- ., o
.. = + —— + —_—
P'+Pr ’ Pl PZ K1 KZ (18)

Whenever the values of k (or of p ) along three
arbitrary directions are kmown, it is imme-
diately possible to comstruct the k-A circle

(or the p-w circle) and the principal co-
efficients of permeability kj and ko togetber
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with the orientation of the principal direc-
tions are determined, The method of construc-
tion is illustrated below for the k-Xx circle.
The procedure was suggested by G, Murphy &)
in connection with the determination of prin-
cipal strains from normal strains,

Suppose that kg, » and k, along three
directions as shown in Figure 4 are known,
¢ and ¢ are known angles. On a line ed, lay
off ea = ky, €b = kp, ec = k¢. Draw perpen-
dicular lines ee', aa', bb', cc', From any
point B on line bb' draw lines making ¢ and
Y respectively with bb' to intersect aa' at
A and cc' at C, Determine the point of inter-
section D of the perpendicular bisectors of
BC and BA, With D as center, draw a circle
passing through A, B, and C. This is the k-2
circle desired. Through D draw a line paral-
lel to ed to intersect eet at O, Then O is
the origin and OD is the k-axis, The princip-

alL coefflcients of permeability are given by
OF = k1, OF = « The principal direction
along which k -2k mekes an angle o with the
direction of k,. %hs angle ot is given by
angle AEF,
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NOTES ON GROUND WATER LOWERING BY MEANS OF FILTER WELLS

R, GLOSSOP and V,H, COLLINGRIDGE

Ground water lowering, or the method of
draining an excavation with bored wells, has
long been known and used in the sandy coastal
regions of north-western Europe, but it is on-
ly in the last 10 or 15 years that is has been
adopted in the United States and in Britain.
This is surprising for it is in many ways sup-
erior to direct pumping from the excavation
itself, chiefly because the flow of water is
away from the excavation and towerds the wells,
end thus piping cannot occur.

Two advances in technique have led to its
increased use, they are the development of sub-
mersible electric pumps in Germany, these sim-
plify the problem of pumping from deep wells;
and the invention of the jetted "well poiant"
in the United States, which by standardising
plant gives an easy, but by no means fool
proof method for the installation of a shallow
well system.

Both these advances have provoked the
study of the theory of groups of wells, for
in estimating for deep well installations it
is essential to know the number and depth of
the wells that will be needed, and in plenning
excavation by well points it is at least ne-
cessary to know whether they will be success-
ful or not. The subject has a voluminous lit-
erature to which the comparatively recent con-
tributions of Sichardt end Weber are perhaps
the most important. The present need is to
check their theories azainst practice and thus
to sort out non-essential factors and establish
the formulae necessary to plan installations
with sufficient accuracy to ensure their suc-
cess. In Table I are listed details of twelve
ground water lowering contracts carried out by
the authors and their colleagues and it is
hoped that the following notes on them may
contribute to thie end.

THE CAPACITY OF GROUPS OF #ELLS

Given the following simplifying assump-
tions; that flow in the gzround is laminar,that

the water bearing stratum is of unlimited ho-
rizontal extent and is homogeneous, that there
is uniform inflow from all directions and that
the aquifer is underlain by an impermesble
stratum to which the wells are sunk, then the
following formula can be derived for the yleld
of a group of wells.

mK(H-h?)

loge R/Nr .o, (&
for free water table conditionma,or
for artesian conditions,where
_ mwK{H-h)2m
B log e R/Vr‘,.r‘z.... Pn (2)

Q is the yield of the well

K is the coefficient of permeability of the

ground ’

H the depth from normal water level to the im-

permeable stratum

h the depth from the depressed water table to
the impermeable layer

R the range, or distance from the centre of
the area of depression to points at whichno
appreciable lowering of the water table has
occurred

n is the number of wells

m the thickness of the aquifar for artesian
conditions

r] etc., the distance from the centre of the
area of depression to a well.

ro is radius of a well

ho is head of water outside the well.

kyp coefficient of permeability in ¢m per sec-
ond

ke coefficient of permeability in ft per secoml,

\ [ r, can be written as A and is the

radius of the circle equivalent in area to the
well layout.
The depth hy at any point on the depres-

sed water table can be obtained by substituting



