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SYNOPSIS
permeability anisotropy of undecomposed fibrous peat

Peat consisted of undecomposed vegetable fibers has a larg anisotropical characteristic. The

is discussed in this study. As the assumption that

both hydraulic gradient and discharge velocity are vectors, a relation governing the directional variation
of coefficient of permeability of anisotropic fibrous peat is represented as a function of maximum and

minimum coefficients of permeability and direction of resultant hydraulic gradient.

Mohr's circle for coefficient of permeability can be
From the circle, kp and k, can be referred to as the

cient of permeability along any direction can be obtained.
fibrous peats are measured by a laboratory constant head permeameter.

results show good agreement with the theoretical one
the peats used in this study.

1 INTRODUCTION

Permeability anisotropy of sedimentary soils is
caused by three facts:(l) Macro stratification; (2)

micro stratification; (3) orientation of flat parti-

cles[Witt et al,1983]. 1In cases of macro stratifi-
cation the overall factor of anisotropy can easily
be assessed, provided information on the thickness
and permeabilities of the soil layers are available.
It is very difficult, however, to quantify the an-
isotropy of a soil layer which shows micro strati-
fication. In such soils, in site pumping tests are
necessary to obtain information on the anisotropy
[Witt et al,1983]}. The third reason for permeabi-
lity anisotropy is the flatness of soil particles.

In the case of fibrous peat, the cause of permeabi-
lity anisotropy is the shape of undecomposed vege-
table fibers plus the orientation of fibers. It is
very difficult, however, to obtaine the information
on the shape and the orientation of the undecomposed
fibers. The physical characterization of the dis-
order system of void in fibrous peat is a problem

of considerable difficulty. However, the permeabi-
lity characteristic of peat is of vital importance
in many problems in construction at peatland.

Some experimental considerations of permeability
anisotropy of undecomposed fibrous peat have been
performed in order to obtain the basic data[Maeda,
19557.

In this study, according to the assumption that both
hydraulic gradient and discharge velocity are vec-—
tors, a relation governing the directional variation
of coefficient of permeability of fibrous peat is
represented. It is shown that Mohr's circle for

the coefficient of permeability can be using an an-
isotropic peat and two directions are defined as

the principal direction of flow. From the circle,
ky and k;, can be referred to as the principal coef-
ficient of permeability and the coefficient of per-
meability along any direction can be obtained.

The maximum, minimum and other permeability of an
undecomposed fibrous peats are measured by a labo-
ratory constant head permeameter. It is shown that
the measured coefficient of permeability along the
direction of 45° with the horizontal show good

It is shown that
drawn using the maximum and minimum coefficients.
principal coefficient of permeability and the coeffi-
The maximum, minimum and other permeability of
It is shown that the experimental
and the anisotropy factor kh/kv is 2.7 and 3.0 for

agreement with the theoretical and the anisotropy
factor ky/k, is 2.7 and 3.0 for the undecomposed
fibrous peats used in this study.

2 DIRECTIONAL VARIATION OF COEFFICIENT OF
PERMEABILITY

In an anisotropic medium the coefficient of permea-
bility varies with direction. The direction of the
resultant macroscopic hydraulic gradient and the
direction of the resultant discharge velocity are
collinear for flow through isotropic media, but for
flow through anisotropic soil, they are no longer
collinear. The directions of maximum and minimum
permeabilities are orthogonal, and this assumption
will be made for the purpose of analysis.

Consider the two dimensional flow through an aniso-
tropic medium with the directions of the resultant
hydraulic gradient and of the resultant discharge
velocity as shown in Figure 1. The coordinate
directions x and z are selected in the directions
of kpax and kpip- In the case of Figure 1,the gene-
ralized Darcy' law is represented as follows;
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Figure 1 Two dimensional flow through
anisotropic media
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where, vy, Vg, Vg and vV, are components of the dis-
charge velocity along the directions X, z, f and n
definitely oriented in the peat, h is the total

head existing at a point, and ky, k,, ky and kg are
the coefficient of permeability along %, z, f and n
directions respectively. Eq. (1) imply that the ve-
locity of flow along each of the two directions x
and z depends only on the hydraulic gradient in that
direction. These two perpendicular directions will
be called the principal directions of flow. ky and
k; will be referred to as the principal coefficients
of permeability ki and kp respectively. x and z axes
are the principal directions of flow.

As both hydraulic gradient and velocity are vectors,
the gradient in the f direction is

-%?—=%§~—coso(+ gz cos (90~ &)
=%—?{-costx+ g: sin & (2)

Substituting eq.(l) for 9h/3x and 3h/9z into eq. (2),
and as vy= Ve COSK , V,= Ve sing,

- —%; vE = - *%;-vf coszd‘— —%~ Ve sinzd
or : z (3)
1o cos’« . sinzo(
kg k k
X pA

Thus the generalization of Darcy's law requires that
the directional variation of the coefficient of per-
meability be governed by eq. (3) [Leonards,1962]

An example calculated from eq.(3) is shown as curve
in Figure 2, with ky= 2 x 10~3 and ky= 1 x 10~3
cm/s, that is, ky/k,=2.0.
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Figure 2 Directional variation of coefficient
of permeability k, (for kx/kz=2.0)

As hydraulic gradient and discharge velocity are
assumed to be vector, their resolution in the direc—
tion of the resultant hydraulic gradient should
lead to the same result as resolution in the direc-
tion of the resultant velocity. Therefore,

v =v_cos® + v_ sineg (4)
n x z
‘On the other hand,
5h _ 2h 3h _ 9n .
5% - - cos g, 3z = 3o sin @ (5)

Substituting eq. (1) for Vns Vg, Vz and eq.(6) for
oh/3x, 3h/dz into eq. (4),

dh _ . 3h 2 dh . 2
kean‘ kxancose —kz—an sin” 0 (6)

2 .2
kg = kx cos 8 + kz sin”@ (7

The relationship between kg and ky, ky is shown as
curve in Figure 3, with ky=2 x 10 ~3 and k,=1x10-3,
that is, ky/k,= 2.0.
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Figure 3 Directional variation of coefficient
of permeability kG (for kx/kz=2.0)

Eq.(3) will then give the value of kg in terms of
ky (= kpax) for any direction & of the resultant
discharge velocity with respect to kx(= kpay).
Eq.(7) will then give the value of kg in terms of kX
(= kpax) and ky (= kmin) for the direction 8 of
resultant hydraulic gradient with respect to ky
(= kmax)[Leonards,l962]. Scheidegger[1957] showed
that the discrepancy between eqs.(3) and (7) can
never exceed 25 per cent. Measurement results of
the directional permeability of rock samples is
shown that the discrepancy between eqs.(3) and (7)
is of little practical significance(Johnson et al,
19487.

3 MOHR'S CIRCLE FOR PERMEABILITY

As shown in eq.(l), the coefficient of permeability
kg normal to the equipotential line was defined by
V= —ke(ah/an). The value of kg represents the com-
ponent of the discharge velocity normal to the equi-
potential line when the resultant hydraulic gradient
is unity. That is, when 3h/an= 1, kg is equal to Vi
kx and k, represent the maximum and minimum coeffi-
clents of permeability respectively and ky and k,
will be reffered to as the principal coefficients

of permeability ki and ko respectively. From the
above considerations, eq.(7) can be written as
follow;

2 L2
k, = kl cos 8 + kz sin”§

]
- 1 .1 1 1
= kl(-i—-+ 5 cos 20) + kz( 5 5 Cos 28)
=30k v 1) + A2k - K )cos 28 (8)
2 1 2 2 1 2

The component ve of the velocity v along the equipo-
tential line is

v.=v_sin8 - v cos 8 9)
e x z

Substituting eq.(l) for Vy» Vy and eq.(5) for 3ah/a3x,
dh/3z into eq.(9),

v =-k dh sin 8 + k al—-l-(:cs [¢]
e X0X zdz
- . dh
== [ (ke - kz) sin 6 cos 8 | in (10)

Here, the coefficient of permeability K along the
equipotential line may be introduced by following
relation;

dh

ve = - K 5;‘ (11)
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K represents the component of the discharge veloci-
ty along the equipotential line when the maximum
hydraulic gradient is unity. With eq.(11), eq. (10)
is written as follow;

1 .
K = 5 ( kx - kz ) sin 26 (12)
Substituting k = kq and kZ= ky into eq.(12),
- 1 _ :
K= 3 ( kl k2 ) sin 26 (13)

Egs. (8), (12) and (13) show that the variation of
kg and K with respect to 8 is the same as the vari-
ation of mormal and shear stresses at a point as
given in mechanics of materials. Therefore, Mohr's
circle can be drawn for kg and K to show their var-
iation with respect to 8[{Yang,1953].

Mohr's circle for coefficient of permeability is
shown in Figure 4. As shown in Figure 4, OA is kg
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Figure 4 Mohr's circle for coefficient of
permeability

and OB is kp. The diameter of Mohr's circle is AB
(=% - ky ). For any direction n of the result-
ant hydraulic gradient making an angle 8 with the
x axis, draw the radius QD making an angle 28 with
the abscissa(k axis). Then the coordinates of D
represent kg and K. That is, 0C= kg, DC= K.

4 EXPERIMENTS

4.1 Index Properties of Peats

The laboratory permeability tests have been per-
formed with the undecomposed fibrous peats. The
peat samples were obtained by the thin-wall piston
sampler from the peatland in Hokkaido, Japan. The
peats was sedge peats and the major botanical con-
stituent is one or more species of sedge. The con-—
stituent is monwoody. According the descriptions
of peat categories by Radforth, the peat used in
this study falls within category 13. That is, the
peat consists of coarse fibers criss-crossing fine-
fibrous peat[Radforth,l969].

Table 1 Index properties of peat samples

sample A sample B
specific gravity 1.57 1.60
water content (%) 720 760
wet density (g/cm3) 1.03 1.07
dry density (g/cm3) 0.126 0.124
void ratio 11.5 11.9
ignition loss (%) 91 93
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were used in this study.
peat samples were shown

Two samples of fibrous peat
The index properties of the
in Table 1.

The samples for permeability tests were obtained
from the three directions as shwon in Figure 5.

TTRS 7.

..~ Fibers

e ——

V sample H sample 45° sample
Figure 5 Schematically diagram of peat samples

for permeability test

The arrows in Figure 5 indicate the direction of
flow of water in the permeability tests. The coef-
ficients of permeability obtained from the V and H
samples show ky and Kk, and the minimum and maximum
coefficients, respectively. ky, and k_ represent the
principal coefficients of permeability kq and ko
respectively.

4.2 Permeameter

The constant head permeameter was used in this
study. The schematic diagram of the cross section
of the permeameter was shown in Figure 6.
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Figure 6 Test setup for constant-head
permeability apparatus

The difference between the head and tail water
levels in the permeameter was given by h as shwon
in Figure 6. The constant head was kept due to the
Mariotte burette. The size of specimen was 75 mm
in diameter and 70 mm in length. Therefore, the
hydraulic gradient was given as h/70, where the
unit of h is cm.

4.3 Procedures of Experiments

The sample of fibrous peat was set in the permea-
meter. All the tests were conducted on completely
saturated specimens. The hydraulic gradient was
varied from 0.15 to 2.0. The quantities of flow
for different hydraulic gradient were measured by




the measuring cylinder for all specimens and the
average discharge velocity was calculated from the
corresponding quantities of flow.

5 RESULTS AND DISCUSSIONS

The log-log plots of the hydraulic gradient i versus
the average discharge velocity v were shown in
Figures 7 and 8. It is seen that the slopes of these
log-log plots are unity. The results show that the
average discharge velocity is propotional to the
hydraulic gradient and the flow of water through

the fibrous peat is laminar flow.
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Figure 8 A typical result of log~log plot of
hydraulic gradient i versus average
discharge velocity v ( Sample B )
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The values of kg, kh and k45 are shown in Figures 7
and 8, where, k45 shows the coefficient of permeabi-
lity of the 45° sample in Figure 5. The values of
the anisotropy factor kh/kv are also shown in
Figures 7 and 8, and are about 2.7 and 3.0 for the
samples A and B respectively.

For the sample A, thz values of ky and k, were 17.8
x 104 and 6.6 x 107" cm/s respectively. The vari-
ation of kg calculated by eq.(7) using ky and ky, was
shown in Figure 9 as curve. The measured values of
k,s were also plotted in Figure 9 and nearly agree
with the calculated one.
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Figure 9 Directional variation of kg and

experimental results for peat
sample A

For the sample B, the values of ky and k, were 10.8
x 1074 and 3.6 x 10-4 cm/s respectively. The vari-
ation of kg calculated by eq.(7) was shown in Figure
10 as curve. The plotted points in Figure 10 show
the values of k45 measured in the permeability test.
It is seen that the measured results show good
agreement with the calculated one.
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Figure 10 Directional variation of k6 and experimental
results for peat sample B

Mohr's circles for the coefficient of permeability

of the samples A and B were shown in Figures 11 and
12. The Mohr's circles in Figures 11 and 12 were
drawn using kp (= k= ke ) and k, (= ko= k, ) accord-
ing to eq.(8) and eq.(13).

The measured results of the coefficient of permeabi-
lity were plotted in Figures 11 an 12. It is seen
that the measured results show good agreement with
the theoretical and the coefficient of permeability
along any direction can be obtained from the Mohr's
circle.

6 CONCLUSIONS

The permeability anisotropy of the undecomposed
fibrous peats was discussed. It was shown that the
relation govening the directional variation of the
coefficient of permeability of fibrous peats



b

8r ( x 107

( cm/s )

K

0 4 1 8 "12 16
k

20,
10™
;12,2 % w0 | OF )

( em/s )

K =17.8 x 107
(kg 7oy
Figure 11 Mohr's circle for coefficient of

permeability and experimental results
for peat sample A
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is represented by a function of the two principal
coefficients of permeability and the Mohr's circle
for the coefficient of permeability can be drawn
using the two principal coefficients of permeabili-
ty. The coefficient of permeability along any di-
rection can be obtained from the Mohr's circle for
the coefficient of permeability. It was shown from
the results of the permeability tests that the
experimental results showed good agreement with the
theoretically calculated results.. The anisotropy
factors of permeability of the peats used in this
study were about 2.7 and 3.0. For the permeability
anisotropy of undecomposed fibrous peat, the effect
associated with the shape of undecomposed fibers
and these orientation will be investigated in the
next stage.
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Figure 12 Mohr's circle for coefficient of
permeability and experimental results
for peat sample B
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