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Air Permeability of Undisturbed Soils

Noboru NacaTa

1. Introduction

The Soil plays a very important role in storing up water and nutrients and supplying them to plants.
In addition, the soil also contributes to plant growth through exchange of gases between the air and it.
The exchange is mainly due to the increase of concentration of carbonic acid gas in soil accompanied
with decomposition of organic matters by soil microorganisms.

The researcher who studied firstly gas exchange in soil was Buckingham. He performed the study on
the basis of the Fick’s law and a theory of motion of molecules. Following him, many researchers (e.g.
Penman, and Taylor) have studied this problem. As a result, relationships between diffusion constant
and amont of air-filled pores in soil have been considerably made clear. On the other hand, many
researchers (e.g. Zunker, King, Slicher, Tamachi, Morishima and Kinoshita) have performed researches
about air permeability of soil from the viewpoint of air flow owing to difference of air pressures,
regarding soil as a porous medium. However, some problems related to air permeability of soil have
been remained.

The object of this study is to clarify relationships between air permeability and pore structure in
several soils and those between air and water permeabilities in the soils from the standpoint of air flow
induced by difference of air pressures, In the experiments, undisturbed samples of the soils were mainly
used. In addition, packed soil samples were also used as supplement.

2. Experimental Methods and Materials

2-1 Measurement of air permeability

Measurements of air permeability are divided into two main classes; measuring methods in field and
those in laboratory®. In this study, the following measuring method was used: Fig. 1 shows the
apparatus measuring aie permeability of soil. A in Fig. 1 is a metal cylinder in which a soil sample
exists. The cylinder is inserted into a thick rubber plate, B, in order to keep the apparatus airtight. Fis
a tank to prevent a sudden air pressure change in a glass vessel, C, when a vacuum pump or a sucker
connected with the pipe on the lefthand is working. The volume of the tank is about 10° cm?®.
According to setting up the tank, the change of air pressure in C can be regarded to be negligible. The
difference in air pressure between the both sides of the sample can be read to 0.1 mm (in water column).
In addition, the amount of air flow is measured by a gas flow meter, I, and the temperature in C is also

measured.

2-2 Investigation of validity of the Darcy law

When the Darcy law is applied to air low through a porous medium, the following equation is obtained

) i
v o= k“ax H

where v is the average velocity, . is the air conductivity, x is the coordinate taken along the direction of

Received October 30, 1987



36 Noboru NAGATA

Air

Air
6_..__

OD

]

To apparatus ; Gas meter
reducing L C
pressure
o
o B
53
BB o
==
A O 8 F E
Manometer

Fig.1 A shcematic representation of apparatus mesuring air coductivity.

the air flow, and P is the air pressure. Assuming that 1) gv (0 dinsity of the air) and v/(%l:j) are
constant and 2) the change of air flow is done under an isothermal condition, Eq.(1) is transformed into
Eq.(2).

7 (B—P
o=t L BE @

where P==p,RT (R: gas constant, T: temperature), m13=70'uR T, (Bq: the average density of the air), P
and P, are the air pressures at the inlet and outlet of the sample, respectively, and L is the length of the
sample.

Supposing that the sectional area of the sample is A and the mass of outflowing air per unit time is M,
Eq.(2) becomes

M= /Oa'UA = Apaka ”(“1?1“1])22 (3)

Writing ¢ for the average volume of outflowing air per unit time and AP for (P~ B), the {ollowing
equation is obtained

g = AkAE ™)

Consequently, &, can be obtained by knowing ¢, A, L and AP.

According to Lindquist¥, the Darcy law is applicable for a flow whose Reynolds number, Re, is smaller
than 4. Since a sand with a diameter of 1~2mm is commposed of the largest particles among the
materials used here, Re of air flow through it is considered to be the largest. The Re for the sand was
3.7 even if the maximum value of air velocity measured in the experiments for the sand was used for the
calculation of the Re. This means that the Darcy law is valid under the experimental conditions in this
study. In additon, after confirming that, in each measurement, a relationship between Ah/L and ¢/A
was linear as a function of Ah, the k, was obtained by measuring the gradient of the line. An example
of the results is shown in Fig. 2.

The relationship between air conduectivity, k,, and air content in a soil sample was measured by the
following procedure: 1) Firstly, the soil sample is saturated with water. 2) Then, the water is dried
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slowly (the air volume is slowly increased). 3) The air conductivities are measured at given air volumes
in the process of drying.

2-3 Drying apparatus for soil sample

The drying was performed using an apparatus shown in Fig. 3. The concentration of H,SO; solution
indicated in the figure is around 55%, and its equilibrium relative humidity is about 30%. Air is
circulated from the right side of the sample to the left side by a pump. That is, 1) air passes through the
H,SO, solution at the right side as bubles, 2) as a result, the relative humidity of the air is lowered, 3)
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Fig. 3 A schematic representation of apparatus drying sample.
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then, the air goes through the sample, 4) consequently, the sample is dried up, 5) the air wetted by going
through the sample again passes through the H,SO, solution at the left side. The degree of drying of
the sample with time is checked by measuring the weight of the sample at regular intervals. In addition,
the situation of the sample is inverted sometimes to ensure uniform drying in the sample. As a result,
distributions of water contents in soil samples were considerably uniform as shown in Table 1.

2-4 Materials

Undisturbed samples were taken in such a way that 1) holding a metal cylinder with a inside diameter
of 4.8 cm and a length of 15 cm vertically, the cylinder is inserted gently into a soil layer with care unitil
the soil surface just emerges from the cylinder and 2) the cylinder is dug out.

Table 2 shows the soil types, the soil textures, the average water contents at the sampling times, w,
and the average air conductivities, %q, of respective samples used here. In addition, %, is an average of
values estimated at 20°C by correcting results measured.

Table 1. Examples of distributions of water content in samples.

Position of sample Sand Loam Clay
Part of one third from one end 10.5 % 13.5 % 20.1 %
Part of one third around middle section 11.3 16.0 25.1
Part of one third from another end 10.8 14.0 18.7
Total 11.0 14.7 22.0

Table 2. Physical properties of undisturbed samples at sampling time.

Kinds of soil Soil layer Sampling depth Soil texture W ka
I 0~ 10 M| Silty loam 63 %) 1.10m/sec
iI 30~ 40 Silty clay loam 71 0.73
Nohdai 1 43~ 53 Silty clay 104 3.8
' 80~ 90 Silty clay 138 2.1
v 140~150 Silty clay loam 128 3.0
Volcanic .
ash soils 1 15~ 25 Clay loam 98 0.37
I 100~110 Silty clay 125 1.4
Udai 1 150~160 Silty clay 131 0.07
v 180~190 Clay loam 110 9.3
v 240~ 250 Sandy loam 151 0.40
v 300~310 Silty loam 113 0.70
Miedai 15~ 25 Sandy loam 12 3.6
. { 1I 40~ 50 Silty clay 76 0.80
Tsuruoka ..
I 65~ 75 Silty clay 67 3.2
Non-volcanic 1 5~ 15 Clay loam 30 2.0
ash soils . .
Shizudai I 40~ 50 Clay loam 30 1.7
1 80~ 90 Clay loam 28 0.21
I 40~ 50 Clay loam 72 2.1
Nobono
i 65~ 75 Clay 40 0.37
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3. Air conductivities and air-filled porosities of undisturbed samples at the sampling times

Generally, it has been considered that the magnitude of air conductivity in a soil greatly depends on
the air volume in it. The average values of %, and air-filled porosity, P, (ratio of the air volume to the
total volume) of undisturbed different soil samples at the sampling times are shown in Fig. 4. It can be
read from the figure that any relationship is not found between k, and P, in the different soils. In other
words, the air conductivity is defined not only by the air content, but by the spatial arrangement of
air-filled pores. That is, there exist isolated air-filled pores which do not take part in air movement.
Fig. 5 shows a schematic representation of soil pores by Rode®. The air in pore (a) shown in the figure
is not connected with that in the neighbouring pores because the paths existing between pore (a) and the
neighbouring pores are all blockaded by bond water (water strongly combined by a soil particle). The
air in pore (a) is able to be continuous to that in the neighbouring pore only after the bond water
blockading the path between the two pores evaporates by drying.

Air-filled pore
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Fig.4 Relationship between &, and P, at sampling time. Fig.5 A schematic representation of soil pores

(After Rode).

4. Differential air conductivity

Differential air conductivity is defined by Ak./AP, where Akg is the increment of air conductivity, kg,
corresponding to an increment of P, (air-filled porosity), AP, at a given Pa

Relationships between log k. and Fy in the respective undisturbed soil sampls are shown in Fig. 6.
These values were obtained using the apparatus described in 2-3. A fact that can be read easily from
the figure is: Relationships between log %, and F, in all the soils used are expressed by the following
experimental equation.

logke = a + P,+8 %)

where @ and £ are constants. Of course, for a soil in which the log k.~ P; relationship is represented by
two half lines with different gradients from each other, there exist two sets of « and £ corresponding to
the respective half lines. In many undisturbed soil samples, gaps were formed between soil sample and
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Fig.6 Relationships between £, and 7, for undisturbed samples.

wall of sampler in the processes of drying because of shrinkage accompanied to the processes. As a
result, the measurements of 4, became impossible. Consequently, the log k.~ P, relationships which are
represented by two half lines were recognized only for the soils in which the gaps were difficult to be
formed. These soils are Nohdai-30 em, Udai-240 cm and Miedai as shown in Fig. 6. Buckingham and
Penman have also found that linear relationships existed between logarithm of diffusion coefficient of
carbonic acid gas and effective air volume in soils,

Differentiating ko with respect to Pq, the following equation is obtained

“ﬁ% = g%i = 2,300k, (6)
The values of differential air conductivities of the soil samples at P,==0.2 are shown in Table 3. The
reasons why 0.2 is taken as a value of P, are: 1) The air permeability at P,==0.2 in most of soils plays an
important role in relation to plant growth, and 2) the air conductivity at the value of P, can be measured
easily.

It is obtained from the table that the differential air conductivities range widely from 2 to 300. In the
following, the relationships existing between differential air conductivity at P,=0.2 and soil structure in
the soils used will be discussed. The used soils are classfied roughly into three groups by considering
both the magnitude of the differential air conductivity and the soil structure of each soil.

The first group: The soils whose differential air conductivities at F,==0.2 are smaller than 10 belong to
this group. They are Nohdai I, Nohdai II, Nohdai I1I, Udai 1, Udai 11, Udai V and Nobono II. Only
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Table 3. Differential air conductivities clay contents and porosities of samples.

Kinds of soil Soil layer (Aka/APa)paco.2 Clay content Porosity
I 4 22 % 73 %
11 2 30 75
Nohdai il 7 43 81
v 60 50 83
v 80 36 79
Volcanic )
ash soils I 2 39 80
I 7 41 80
4 1
Udai i 80 3 8
v 30 30 79
v 2 13 82
Vi 30 21 79
Miedai 10 14 48
Tsuruoka II 300 42 70
Non-volcanic Shi?ud'li{ I 50 32 52
ash soils T 10 30 48
I 2 37 78
Nobono {
i 10 44 40

Nobono II is a non-volcanic ash soil among them. The clay contents of all soils except Udai V are high
and their pore volumes are also large. These soils may be considered to be well-aggregated and consist
of aggreates differing widely in size. This fact has been observed also by micro photographs for their
thin layers. In other words, in each of the soils, the distribution of diameters of pores formed between
the aggregates is continuous, and the pore volume as a function of pore size changes also smoothly.
Consequently, the small change of Py, AP, in the vicinity of FPs==0.2 does not induce the rapid change of
the air-filled pore structure in each of them. Moreover, since pores formed between aggregates have a
high tortuosity factor, the increase of pores available for air flow may not result in not so much increase
of the air conductivity. These are the reasons why the values of (Ake/AL)pw0: for the soils of this
group are small. In addition, the clay content of Udai V is only 13%. However, in addition to a high
porosity, this soil has been also confirmed to be as well-aggregated as the other soils belonging to the first
group by the observation of the micro photographs. Consequently, the small value of (Ake/A Pipawos for
this soil may be explained by the same reasons as those described above.

The second group: This group is characterized by the values of (A%y/APo)paeo more than 10. Nohdai
IV, Nohdai V, Udai II, Udai III, Udai IV and Udai VI belong to this group as volcanic ash soils. The
clay contents of these soils are high and the porosities considerably large, These characteristics are
similar to those of the soils classfied into the first group. However, the structures of the soils are very
different from those of the soils of the first group. According to the observation of the micro
photographs, the structures of the soils are massive and poor-aggregated. The pores are composed of
very fine pores within large soil blocks and comparatively large pores formed between the blocks. The
latter large pores are similer to fissures and their tortuosity factors are small. Consequently, the values
of (Ako/APry-02 are able to become very large.

Tsuruoka II and Shizudai I belong to this group as non-valcanic ash soils. These soils have also
massive and poor-aggregated structures. In addition, there exist many fissures and pores due to decayed
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Table 4. Classification of soil structure based

Differential

air conductivity Typical example

Volcanic ash soils Well-aggregated
10> (Surface layer)
Udai (240cm) Aggregated
=10 Miedai Poor-aggregated

Volcanic_ash soils
>10 {Subsoil layer) Massive

Shizudai (40cm)

roots. Shizudai IT and Nobono 1I, Which are both subsoils of non-volcanic diluvial soils, may be also
classfied into this group judging from their structures, though the values of (Ake/A Palpewo. are 10.

The third group: Miedai (a sandy loam) belongs to this group. A soil classfied into this group has a
low clay content and is poor-aggregated. In addition, it has not large pores such as fissures. Conse-
quently, the values of (Ako/APope-os for soils belonging to this group may be considered to take
intermediate values between those of the first group and those of the second group.

Table 4 shows a classfication of soil structures based on the values of (Ake/APopg-o.

5. Tortuosities of pores available for air flow

k, depends on both the diameters of pores availabel for air flow and the tortuosities of the pores.
Here, tortuosities of pores available for air flow on the basis of a relationship between electric
conductivity of soil and tortuosities of pores available for water flow will be discussed.

5-1 Experimental method

Electric conductivity of a soil was measured by packing the soil in a hollow box made of acrylic resins
(2 em X6 cm X6 cm) in which two squares (6 cm X6 cm) of cupper polar plates are fixed 2 cm apart each
other. Connecting the terminals of polar plates to an impeadance bridge (1kc/sec), the electric
resistance, R, of the soil can be measured. Then, the electric conductivity of the soil, ke, using the
following equation can be obtained.

ke = C/R(85/cm) (7N

where C is the cell constant and, in this experiment, its value obtained by the standard solution of KCl
was 0.166 cm™". In addition, each measured value of ke was corrected to a value corresponding to 20°C.

Three kinds of samples whose pretreatments were different from each other were used; mixtures of
clay and sand, air-dried soils and undisturbed soils. For the former two groups (samples A, B, C, D and
E), not only electric conductivities as a function of degree of saturation, S, but also air conductivities as
a function of S,= V,/Vy{Ve=volume of air-filled pore; V,=pore volume) were measured. On the
measurements of air conductivities of the former two groups, samples packed in a glass cylinder with a
4.7 cm of inside diameter and a 15 cm of length were used, respectively.

Mixture of clay and sand: The size of the sand is 0.1~ 1.0 mm, and that of the clay is < 0.05 mm. The
three kinds of mixture ratio (sand/clay in weight %) were adopted. Sample A consisted of only sand.
For sample B, the ratio was 1.0, and it was 0.5 for sample C.

Disturbed materials: Two kinds of air-dried soil sample < 1.0 mm were used. Sample D is a paddy
field soil in Udai, and sample E is an uncultivated soil in Okunakayama. Both soils are volcanic ash
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on values of diffcrentiai air conductivities.
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Fig.7 Grain size accumulation curves for Udai paddy field soil and Okunakayama soil.

soils, and their grain size accumulation curves are shown in Fig. 7.
Undisturbed materials: The soil samples used were Nohdai II, Udai V, Miedai, Tsuruoka II and
Nobono 1L

5-2 Experimental results

5~2~1 Relationship between log £and S

The values of log ke for samples A, B, C, D and E are shown as a function of S (ratio of air-filled pore
volume to total pore volume) in Fig. 8, respectively. A relationship similar to those found before in
Miedai, Nohdai II and Udai V (Fig. 6) is recognized in each sample. Namely, the relationship for each
sample is represented by two half lines having different gradients from each other. In addition, Wyckoff
and Botest!® also have found that, in the experiment about the movement of mixed fluid of water and air
passing through a porous medium, the relationship between log ks and S, was expressed by two straight
lines as shown in Fig. 9. k¢ indicates the ratio of air conductivity at a given S, to that at S,=0.



44 Noboru NAGATA

kalcm/sec)

|
-
I
{
r
i
i
{

0.1

-
r
r
r
C
[

0

Fig. 8 Relationships between £, and S, for A~E samples.

5-2-2 Relationship between k. and Sy

Several examples of the experimental results about the relationships between k. and Sy are shown in
Figs. 10 and 11.  As can be read easily from the figures, the relationship for each sample is represented
by a smooth S-shaped curve. Reading values of (dk./dSy) from each curve, a (dke/dSw)— Sy curve
having one maximum is obtained. As a matter of fact, the value of Sy at the maximum is equal to that
of Sy at the point of inflection of each k.~ Sw curve. The values of Sy written into Figs. 10 and 11
denote those at the points of inflection of the respective ke— Sy curves.

6. Analysis based on a capillary model

Air in a soil flows through only air-filled pores. On the other hand, electric current in a soil may be
considered to flow through only water-filled pores but not through the soil solid.

Supposing that the difference in electric potential at the both ends of a soil column, whose length is L
and cross sectional area is 4, is Eand the apparent current intensity through the soil is I, according to the
Ohm’s law, the following equation is obtained

dl = A+ dk, ()

Nextly, a capillary model for the above soil column, which satisfies the following assumptions will be

established. 1) Each capillary in the column is continuous from an end of the column to the other end, 2)
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the total number of capillaries filled with water is N and 3) the number of capillaries with a radius r and
a length [p in dN,  Then, the following relation is obtained

N = dN,+ dN,++ver A+ ANy vevee

On the other hand, the electric current i which flows through a capillary with a radius 7, is expressed by

1= kew* 7[7'31 ‘ "E- &)
In
where keyw is the electric conductivity of the soil water.

Assuming that every capillary with a same radius is filled with water at a same time (a same suction),
infinitesimal changes of I and Sy, dI and dS., induced when dN, pieces of capillaries with a radius , are
filled with water at a given suction are given by

dl = idNy = dlewy * 17 - —f‘idN,, (10)
n
nril,

where P is the porosity.
Substituting Eq. (10) into Eq.(8), the following equation is obtained
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L

2
e kewt T+ dN, (12)

dk L,

Consequently, Eq. (13) is obtained from Eqgs. (11) and (12).

dke _

: C
= pr: G 13)

oo =

where Ci=/key P and Tp=10,/L. Clearly, C, is a constant for an identical sample, and 7} indicates the
tortuosity of the capillary. Eq.(13) means that (dke/dSy) is not dependent on 7, and varies inversely as
only 7% On the other hand, if the increment of the amount of air flow passing through a soil column,
dg, depends on only the change of %4, according to the Darcy law, the following relation is obtained

AP

T * dka (14)

dg = A
Assuming that dN, pieces of capillaries with a radius r, and a length /n are filled with air at a same time
and applying the Hagen-Poiseuille law to the air flow in the capillaries, we obtain

mradP

EYA dN, (15)

dg =

where 1, is the coefficient of viscosity of air.
According to the same procedure as that used to introduce Eq. (11), the following equation is obtained

wraln
dS, = PAL dNy, (16)
where S, is the degree of air saturation.
From Eqgs. (15) and (16), Eq. (17) is gotten.
dka . b
dSa e Cz T;{g (17)

where Cy,=P/8u, and Ty=In/L.
Eq. (17) indicates that (dko/dSq) is proportional to 7% and varies inversely as 7% Thus, we can have
(dke/dSw) and (dky/dSs) as a function of Ty, and 7.

7. Transition point of pores

As described before, the relationship of log %q and S, in a soil are represented by two half lines. Here,
the intersection of the two half lines will be named “transition point of pores.” Then, the equations for the
two half lines are given, respectively, by

(ka)T > ky or (Sa)T > Sa (18)
logke = a8+ 8,
ke > (ka)T or Sa > (Sz)'r (18’)

logk, = a8+ 5,

where (kq)r and (So)r denote the values of &g and S, at the transition point, respectively.

Table 5 shows the values of (Sa)y and (Sw)r=1—{(S)r and the values of Sy, at the points of inflection in
ke— Sy curves for the samples used. From this tabel, it can be found easily in each sample, that S, at
the transition point is approximately equal to Sy at the point of inflection. In the following, the physical
meaning of “transition point” based on the above fact will be discussed.

Diffentiating Eq.(18) and (18") with respect to S, the following relation is obtained
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Table 5. Values of § and S at transition point and inflection point.

Transition point of pores Inflection point of electric
Sample conductivity

Sa Sw Sw
@Sand 0.66 0.34 0.30
®Sand 1: Clay 1 0.58 0.42 0.38
©Sand 1: Clay 2 0.43 0.57 0.41
®Udai - air-dried 0.35 0.65 0.63
(®Okunakayama » air-dried 0.41 0.59 0.60
Nohdai (30cm) 0.44 0.56 0.64
Udai (240cm) 0.44 0.56 0.51
Miedai 0.61 0.39 0.33
Tsuruoka (40cm) — — 0.68
Nobono (40cm) — — 0.66

%‘3 =230mka (k> kd) (19)

ha g B0arke (ke (k) 19)

dS(}, . 2Rka Q. alT,

Eqgs. (19) and (19") indicate that the dko/dSa~ Sa curve is discontinuous at the transition point (Fig. 12).
In addition, from Figs. (6) and (8) the relation @,>> a; can be obtained easily.

The discontinuity of (dko/dSy) at (So)r should be considered to be due to the discontinuity of 7, at the
transition point. (dk./dSs) varies proportionally as 74 and inversely as T3 as shown in Eq. (17).
Consequently, if 7, and Ty are both continuous at the point, (dke/dS.) must be not discontinuous. On

ke

Fig. 12 Schematic representations of relationships between 4. and S. and between
(dka/dSs) and Sa.
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the other hand, the discontinuity of (dk./dSw) at (Sw)r is not found in each ke~ S, curve in Fig. 11, while
{dk./dSy) is in inverse proportion to 7% indicated in Eq. (13). This means that 75 changes continuously
at (Sw)r.  Therefore, 7, has to be discontinuous at the transition point. In other words, though the value
of m decreases gradually as S, increases except the vicinity of the transition point, 7, decreases
discontinuously with slight increase of .S, in the vicinity of the transition point.

Nextly, S will be divided into two regions-Region (', T") where (Sg)r> S, and Region (%, T*%) where
Se>>(Se)r—, and characteristics are considered in changes of Ty and /7Ty with S, in the respective
regions. Region (', T"™): As a matter of fact, »" decreases as S, increases. Namely, 7> ri¥,, >
Generally, the number of large pores is less than that of small pores. Therefor, a large capillary whxch is
formed by connection of many large pores may be considered to be very twisty. This means that the
larger 7' is, the larger T becomes. That is, T%W> TW.,> TW... This inclination coincides with the
conclusion obtained from Eq. (13) and Figs. (10) and (11). According to Eq. (19), the value of (dk./dS,)
increase with Sq since &, increases with Sa.  This indicates that (r/75)" in Eq. (17) increases with Se.
Namely,

ﬂ A1)

i1
Ty 7'124»2

i <A -
Iﬂm T(l} T%’”

As described before, (dko/dSs) becomes discontinuous at Se=(Sa)r (the transition point) because of the
discontinuity of 7. After crossing the transition point, (dko/dSa) is expressed by Eq.(19"). As stated
before, a. is Eq. (19°) is smaller than @, in Eq. (19). On the contrary, (dke/dSw) is continous at Sa=(Sa)r
as shown in Fig. 13.  Since (dk./dS.) shows the maximum value at the point, the tortuosity of capillary
as path of water, Ty, becomes the minimum value near the point as understood easily from Eq. (13).
Region (##, T%): % clearly decreases with S, in the same manner as in Region r&>7%,> 72,
According to Eq. (19"), the value of (d%./dSs) increases with S.. Consequently, considering Eq. (17), we
obtain that

Mk,

Fia

Sw

Fig. 13 Schematic representations of relationships between k. and S, and between
(dke/dS:w) and Sy
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However, since a;>> @y, the degree of increase of (r%/ T%) is smaller than that of (»4'/ T%). On the other
hand, as described before, the tortuosity of capillary as path of water shows the minimum value at the
transition point, and, after that, it increases with S (refer to Eq. (13) and Fig. (13)). This may be due to
a fact that electric current has to flow through a roundabout path because water-filled pores are scattered
in Region (#%, T").

The characteristics in changes of Ty and m/7T» with S, described above are not infered on the basis of
enough experimental results. Further studies are needed.

8. Estimation of amount of immobile water

8~1 Introduction

It has been known well that the Darcy law is valid for flow of fluid such as air and water. However,
even when water flows through a saturated soil, all of water in the pore does not take part in the flow.
Bydagoffskii® has pointed out that a part of water in soil pores is immobile and the amount of immobile
water should be substracted from the total amount of the pores on the calculation of water permeability.
Rode™ also has eraphasized that there are pores occupied by inactive water in a clayey soil. Though the
existence of immobile water, which can not take part in saturated water flow, has been recognized
widely, a method to determine the amount of immobile water has not yet been established.

In this capter, the author will propose a method to estimate the amount of the immobile water based on
an analogy between soil pore structure governing water flow and that governing air flow, and discuss
some physical properties of immobile water on the basis of results obtained using the proposed method.

8-2 Theoretial consideration

Many researches about factors determining the conductivity of a fluid flow through a porous medium
such as hydraulic conductivity and air conductivity have been performed in the past. Zunker has
introduced the following equation expressing hydraulic conductivity of a soil, 4.,

C (w])oz

2
by = — (= P) (20)

where C is the coefficient related to the shape of soil particles, ty is the coefficient of viscosity of water,
U is the specific surface area of soil particles, Py, is the effective porosity for water flow, and Pis the total
porosity.

According to the Kozeny-Carman equation, 4y is given by

! P
_ ) 21
ko= 0T =P =

where &, is the coefficient related to the shape of the capillaries, and T is the tortuosity of the capillaries.
Bydagoffskii also has proposed the following equation
C(o(P“‘ Wn)a
by = 7 (22)
where a, is the constant, and W) is the amount of inactive water.

In all the above equations, 4y is expressed as a function of P On the other hand, as described before,
kqis given as a function of P, as shown in Eq.(5). Consequently, it may be reasonable to consider that P
or P, is the most important factor detemining water flow or air flow. However, there seems to be a great
difference between P for water flow and P, for air flow. Since immobile water exists certainly for water
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flow as seen in Eqgs. (20) and (22), P can not be used as an exact index of pores which water passes
through. On the contrary, because the existence o f immobile air may be not considered, P, seems to be
used as an exact index of pores which air flows through., Paying attention to the difference, a method to
evaluate the amount of immobile water on the basis of the following assumptions is introduced: 1) The
factors defining £y, such as U and Cfound in the above equations except Pand i, are quite same to those
defining k. That is, the conductivity of any fluid flowing through a porous medium is determined by
only the coefficient of viscosity of the fluid, z, and the ratio of pore volume available for the saturated
fluid flow to the total volume of the medium, P 2) As stated before, all of air-filled pores is available
for air flow. In other words, air in the porous medium is all mobile.
Intrinsic perpeability, K¥, is given by

K= fﬁ; (darcy) (23)

where g, is the density of water, and g is the acceleration of gravity. The word of darcy shown in the
parenthesis denotes an unit of K. When the amount of flow is 1 cm?*/sec under a condition where the
pressure gradient is 1 atm/cm?, the cross-sectional area of the medium is 1 em?® and the coefficient of
viscosity of fluid is 0.01 poise, K becomes equal to 1.0 darcy.

As being well known, K is defined only by the pore structure of a porous medium. Namely, it is not
dependent on kinds of fluid. If a porous medium has not immobile water under the saturated water
condition, Pis equal to Py, and Pis also equal to P, at Sp=0. Therefore, the following relation can be
expected

Klat Sp=0) = Kylat Sp==1) (darcy) (24)

where K, and Ky are intrinsic permeabilities for air and water, respectively. The validity of Eq.(24) has
been confirmed using porous media having inactive particle surfaces (having not immobile water) such as
a sandstone. Table 6 shows the results obtained by Muskat”. The agreement of K, and Ky is very
good.

Table 6. Intrinsic permeabiiities of sands and sandstones.

Intrinsic permeability (darcys)

Samples K, K,
40~45 mesh sand 139.13 139.40 (1.0)
80~100 mesh sand 24.90 22.00 (H:0)
No.l sandstone(Woodbime) 1.18 1.20 (CCly)
No.2 sandstone(Woodbine) 1.56 1.57 (H:0)
No.3 sandstone(Woodbine) 1.63 1.63 (H.0}
No.4 sandstone(Berea) 1.54 1.50 (H.0)

However, as, in a case of soil, immobile water exists in the pores, the total porosity, P, is larger than
Prn.  This means that K, at S,,=0 is larger than Ky at Sp=1. That is, Pz becomes equal to P, at a given
degree of saturation, (Sylpe-rs>0. Then, the following relation may be expected

K-'a(at (Sw)}‘am}’m) = Kw(ﬂt Sw= 1)

Inversely, if the value of Sw where Ko= K, at Sw=1, can be found it will be expected that the value is
approximately equal to the amount of immobile water. This is the principle of the method proposed
here to estimate the amount of immobile water.
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8-3 Experimental method and results

8-3-1 Measuring methods

The measurement of air conductivity, Kq, as a function of Pu(S.) was done using the same aparatus and
by the same procedure described in Chapter 2. Saturated hydraulic conductivities, kv, were measured
using a constant head permeameter. Sample tubes of glass with a 4.7 em of inside diameter and a 15 cm
of length were used for sands and disturbed soils, and those of brass with a 4.8 cm of inside diameter and
a 15 cm of length were used for undisturbed soils. Before measuring kg, each sample was saturaded
with deaired water under a reduced pressure. After measuring A, 4« was measured as a function of P,
The values of K, and K, were calculated from the measured values of 4, and %, using Eq. (23). The
water characteristic curve of each sample was obtained by using a suction plate method (<pF2.0) and a
centrifugal method (> pF2.0).

8-3-2 Materials
Sands: 2~1 mm, 1~0.5 mm and 0.5~0.25 mm
Disturbed soils: Udai paddy field soil, and Okunakayama uncultivated subsoil. Both soils were air-dried
and sifted through a screen with a 1.0 mm of hole.
Undisturbed soils: 17 soils used in the previous experiment.

8-3-3 Results :

The results for the sands are shown in Table 7. K, in the table means K, at S,=0. In each sample,
the value of K, agrees well with that of K., This fact indicates that there does not exist immobile water
in each sand. That is, it can be regarded that P=PF, in sands. Table 8 shows the results for the
disturbed soils.

Fig. 15 is a schematic representation of immobile water. It can be recognized from the table that K,
becomes equal to Ky at a considerably high value of Sy, (57% and 65%). I n other words, the amount of
immobile water in the each soil can be regarded to be considerably large. In addition, the pF values
correspondig to the amounts of immobile water for Udai soil and Okunakayama soil are 1.9 and 1.6,
respectively. The results for the undisturbed soils are represented in Table 9. It can be read also from
the table that most of soils has a considrable amounst of immobile water. The average amount of
immobile water for the valcanic ash soils except Udai V is 55 % in volume basis and 68% in degree of
saturation. The pF value corresponding to the Sy is 3.0. On the other hand, the average amount of
immobile water for the non-volcanic ash soils except Miedai (Sandy soil) is 39 % in volume basis and 64%
in dedegree of saturation. The pF value corresponding to the Sy is 2.6.

Table 7. Intrinsic permeabilities of sands

(darcys).

Sample Ka K
2~1mm 9.5%107 9,2710"
1~0.5mm 5.6 5.7
0.5~0.25mm 2.5 2.5

Table 8. Amounts of immobile water in air-dried disturbed soils.

Sampl Kw P, corresponding | Water content Degree of Water content
ampie {darcys) to K, =Ky {volume basis) saturation (weight basis)
Udai 2.2 33 % 3 % 57 % 6o %

Okunakayama 3.9 27 49 65 81
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8~4 Discussion

(1) The values of Sy at the inflection points and the transition points, and the amount of immobile
water for the typical seven soils among the soils used are shown in Table 10. The facts read from the
table are: 1) The three values of Sy in each volcanic ash soil except a sandy one (Udai) take a same value
approximately, respectively. 2) In each non-volcanic ash soil except a sandy one (Miedai) the value of
Sw at the inflection point is roughly equal to the amount of immobile water. 3} In sandy soils, since the
amounts of immobile water are vary small, the values of S, at the inflection points and the transition
points do not coincide with the amount of immobile water.

The above facts suggest that 1) in the soils except the sandy soils, water in pores drained in Region
(", T") is mobile and water held by pores in Region (¥, T™) is immobile because the radii of the pores
are very small and the water in the pores has a strong interaction with the soil particles, and 2) since, in
the sandy soils, the clay contents are very low and the numbers of pores with very small radii are a few,
the amounts of immobile water may become extremely low.

(2) As described in the previous clause, both the average amount of immobile water and the pF value
corresponding to it in the volcanic ash soils are larger than those in the non-volcanic ash soils,
respectively. This fact may be considered to reflect the structural characteristics of the volcanic ash
soils. In addition, the pF value corresponding to the average amount of immobile water coincides with
that corresponding to the moisture content of rupture of capillary bond of Kanto loam obtained by
Shiina®. The moisture content of rupture of capillary bond indicates the water content when water in
capillaries in a soil become discontinuous each other. This concept has been proposed by Rode. Rode
has showed that water existing below the water content is poor in mobility and difficult to move in the
liquid state. Consequently, it may be considered that the amounts of immobile water in the volcanic ash
aoils obtained here are corresponding to the moisture contents of rupture of capillary bond in the
respective soils.

In order to obtain more detailed and more physical knowldges about the structural characteristics of
volcanic ash soils, further studies are needed.

9. Conclusions

The following conclutions were obtained from the measured values of air conductivities, k4 as a
function of the ratio of air volume to the total pore volume, P, in various soils.
(1) The Darcy law was valid for not only water flow but also air flow in soil.
(2) The relationship between log k. and Py in each soil was expressed by two half lines with different
gradients from each other.
(3) The differential air conductivity obtained by differentiating %, with respect to P, in a soil is a physical
quantity reflecting the soil structure. It can be used as a good index classifying the soil structure.
(4) The intersection of the two half lines in the log ko~ P, relationship of a soil was named “transition
point of pores.” In most of soils used, the values of degree of saturation, Sy, at the transition points were
approximately equal to those at the inflection points in respective Sy~ electric conductivity curves. The
physical meaning of “transition point” was clarified using a capillary model. That is, the magnitude of
radius of capillary pores available for air flow becomes greatly discontinuous at the transition point.
(5} The amounts of immobile water in all the soils used were obtained by measuring the respective air
and water intrinsic permeabilities. The pF values corresponding to the average amounts of immobile
water for the volcanic ash soils and the non-volcanic ash solis are 3.0 and 2.6, repectively.
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