Agricultural Sciences, 3 (1998} 9 - 18
©1998 Sultan Qaboos University

Modelling the Soil Surface Seal from a
Filtration Perspective

N.M. Somaratne' and K.R.J. Smettem?

'Ministry of Water Resources, P.O. Box 2573, Ruwi, PC 112, Sultanate of Oman
‘Department of Soil Science and Plant Nutrivion, University of Western Australia,
Nedlands, WA 6006, Australia

il jsiia (e Ay il gl plsa) Aadad
placf a5 g Gla g pl G

Lia 8 e Lh AuSlall Y dlad) Coipa 2y Agapla s e A e AlSaY mlgal ay 5 tAadld
g3 sall Cpanialy y Al e RS (Lo i 2 e G Lo (i AN S0l o el ey AL
A Al 8 ol el ulBaY Ay A el bl (b AT S pall b jlatal e 3 A e plSa) 24 5
slally Llia¥) o Lgi o Jia 45405 ) Lhalss b1 i Say Laa oag paldall LAl ol 375 & il 25101 Lalesdd
1ia o A g plSal die el il o3 (B il bl Ay jad 13 palal o5 Sy (Sl sl Jpea sl
SSlae oSy Vg sl A8 mall A el LN Gy B Go ol g Ll plSaYl Glae sy Sy (Bllakal

adl g A glay HSaS AJENT al )

ABSTRACT: A physically based model of soil surface sealing is proposed, The goverming equations are formulated on
the principle of conservation of mass gssuming Darcy’s law applies to a suspension Nowing through te soil surtace, The
masde] incorporates the physics of surface sealing by mechamsms that capture suspended particles mowving with infiltrating
water. As a result of particle retention in the soil system, the intrinsic porosity 15 reduced and bulk density is increased,
resulting in changes to soil hydraulic properties such as moisture retention and hydraulic conductivity, Empirical functions
are developed to describe the changes of these propertivs as the seal develops. With this approach, the seal can be
mathematically described by well defined miial and boundary conditions and transient seal properties can be simulated

i a physically realistic manner.

Mm‘liﬁcntinn to the soil surface by rainfall may be
mechanical or physico-chemical in  nature
(Romkens et al, 1990). These changes are dependent
on the physico-chemical characteristics of the soil and
chemical composition of the water, which alters the soil
structure, and its associated physical and hydraulic
properties. These alterations are commonly described
as seal formation.

The texture and structure of the surface seal have
been observed using microscopic and scanning electron
microscope techniques (Mclntyre, 1958 a.b; Tackeu
and Pearson, 1965; Farres, 1978; Chen et al, 1950,
Tarchitzky et al, 1984; Onofiok and Singer, 1984).

These studies showed that the seal generally consists of

a thin compact layer of reduced porosity gradually
extending to a more open underlying layer of uniform
pore and particle size distributions comparable to the
undisturbed soil.

During seal formation, the infiltration rate or
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saterated hydraulic conductivity is reduced and a
number of mathematical models have been proposed to
quantify this process. Most of these models are either
empirical (Seginer and Morin, 1970, Moore, 1981;
Maorin er af, 1981) or based on the well known Green
and Ampt infiltration model assuming a thin layer of
surface seal overlying an undisturbed soil (Hillel and
Gardner, 1970; Ahuja, 1983).

Mualem and Assouline {1989) modeled the seal as
4 non-uniform layer. Thev considered the seal as a
disturbed zone in which compaction by raindrops and
washed-in material caused an increased bulk density.
The increase in bulk density. Ap(z) at any depth, z, 15
related to the increase in bulk density at the soil
surface, Ap, by an exponential depth function of the
form:

Aplz) = Ape

(1)
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Where vy has been described as the characteristic
constant of soil-seal-rain system. [In order to determine
v, they considered that the non-uniformity of the seal is
limited to a finite upper layer of depth d. below which
the soil remains undisturbed. With this hypothetical
lower boundary of the seal, it was defined that:
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By combining Equations | and 2, they defined the
parameter ¥ in terms of the seal thickness d by:
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By using this increase i bulk density as a depth
function, they described soil hydraulic properties of the
seal as a function of depth.

With this model it 15 no longer necessary to
consider an abrupt interface between the undisturbed
soil and the seal. However, their model is applicable
only to the case of a well-established surface seal and
not to the transient process of seal formation,

In this paper, we present a theoretical basis for the
process of surface sealing as filtration phenomenen and
we illustrate the link berween the theory of Mualen and
Assouline (1989} and a more generalised approach,
based on filtration theory and extended to  the
characterize transient seal properties,

Review of Filtration Process

When raindrops strike bare soil, practically all of
the kinetic energy dissipates as work done against the
soil surface.  The kinetic energy transferred contributes
towards physical disruption of soil aggregates.  As
s0ils containing silt and clay becomes wetter, then the
force required to breakdown the soil aggregates
becomes less resulting in greater destruction of soil
structures.  Commonly, silt and clay particles become
dispersed in the rain water during the aggregates
destruction and can infiltrate into the soil,

In a dispersed medium, if the infilirating
(percolating) water carries suspended sediments, the
final particles are deposited along the pathways of flow.
This filtration process increases the bulk density of the
solid martrix and as a result, porosity and intrinsic
hydraulic conductivity are decreased. Herzig et. al.,
(1970} described two types of deep filtration. They
defined mechanical filtration to be for particles with an
effective diameter >30 pm and physico-chemical
filtration to be for particles with an effective diameter

<]l pm. For intermediate sized particles, both

mechanical and physico-chemical filtration processes
are involved.

Several factors affect particle migration. It has
been recognized that mechanical bridging at pore
restrictions can occur if certain conditions such as
particle size and concentration are met (Muecke, 1979),
In addition to mechanical bridging, particles smaller
than the smallest distance between soil particles may be
retarded in the pores by the attraction between the
grains and by electro-chemical forces acting on their
surfaces,

There are four possible retention sites described
in the filtration literature; 1) surface sites: the particle
stops and 15 retained on the surface of a porous bed
grain: i) crevice sites:  the particle becomes wedged
between two convex surfaces of the grain (Figure 1);
i) constriction sites: the particle cannot penetrate into
a pore of a smaller size than its own; iv) cavern sites:
the particle is retained in a sheltered area, a small
pocket formed by several grains.

Herzig er. al, (1970) described the particle
capture  processes in deep bed  filtration  as; i)
sedimentation: if the particles have a mass density
different from that of the hguid. they are subjected to
gravity and their velocity is no longer that of the fluid.
Thus, by sedimentation they cian come in to contact
with the soil grain; 1) inertia forces: still owing to their
apparent weight, particles cannot follow the same
trajectories as the fluid. They deviate from the stream
lines and can be brought into contact with soil grain; i)
hvdrodynamic effects: owing to the non-uniform shear
field and the non-sphericity of particles, hydrodynamic
effects may occur.  These effects cause a lateral
migration of suspended particles which may be brought
into contact m this way with retention sites; vy direct
interception: even with exactly the same density as the
fluid, the particles would not be able, owing to their
size, to follow the smallest toruosities of the
streamlings of the carrier Auid and they will thus collide
with the walls of the convergent area of soil pores
(Figure 2y vy diffusion by Brownian motion: the
particles in suspension are subjected to random
hombardment by molecules of the suspending medium,
resulting in Brownian movement. The particles diETusL'l
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Figure 1. Particle retention i a crevice sile (Herzig er af,
[ 2700
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Figure 2. Particle capture by direct interception (Herzig et
al, 1970)

and can thus reach areas which are not normally
irrigated by the suspension and they are retained there:
v1) straining in the contact zones of adjacent pores: a
major particle capture mechanism at the soil surface is
that of particles wedging at constrictions.  Straining
takes place when a particle in suspension flowing
through pore, is larger than the pore opening. This
may occur as a result of the simultaneous arrival of a
number of particles, or by successive blockage of
particles in a crevice (Figure 3). Theoretically, a
particle of any diameter may wedge in a void between
two grains, however if the ratio of suspended particle to
grain diameter is small it can be then assumed that the
particle lies on a surface site rather than in a crevice,
Maroudas and Eisenklam (1965) and Maroudas
(1965) studied the particle deposition and clogging
development process.  According to them. particles
may settle by gravity on the graintops or on the
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Figure 3. Particle capture by direct interception (Herzig of
al. 1970)
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horizontal pore surfaces and thus block the channels.
Theyv found that an important parameter was the ratio of
the particle diameter, d_ to the grain diameter, d,. For
d,/d, =0.15, the porous medium is irreversibly blocked
and a filter cake is formed. For d/d, <0.065 the
retention alwavs remains low and for intermediate
values a partial blocking of the porous medium may
occur.

While straiming  mechamsm 15 frequently
mentioned as the cause of suspended particle removal,
lile  guantitative  analysis  has  been  attempted
{(McDowell-Bover er al, 1986). The most critical factor
determining straining within the porous medium is the
ratio of particle diameter to media grain diameter
(d/d)). Kovac (1981) used the capillary wbe model to
characterize the maximum and mimimum diameter of
the pores between the grains and used this model to
determine maximum particle diameter (d ) entering the
pores as a function of initial porosity (<) and the grain
diameter of the medium by:

d, (4)

Once larger particles are strained at or near the
surface, the concentration of the suspension entering
into the underlying soil profile is smaller than that of

applied suspension at the soil surface (c,). This is
approximated by (Kovac, 1981):
S(d ) i
ey (3]
1400

Where Sid, ) is the percentage by weight of the particles
in the suspension having a smaller diameter than the
lower limit of strained particle diameter, d .

Herzig et. al. (1970) explained that for a particle
to remain wedged in such a site, the fluid must bring it
o the site with a sufficient kinetic energy. They
estimated the significance of this effect on particle
retention assuming all available sies are occupied on
the surface and therefore:

Where o is the volume of particle retention per unit
volume of soil and C is the coordination number. The
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coordination number C, indicates the interconnect-
edness in the network of a porous medium. Haughey
and Beveridge (1966) indicate that the network of a
porous medium.  Haughey and Beveridge (1966)
indicate that the value for the coordination number C
for closed random packing of equal sized spheres is
between 8 and 9.

At a macroscopic level, the theoretical description
of the process of clogging is based on the analysis of
the change in concentration of the suspension in
position and time. The aim of the formulation is to
define the quantity of fine materials deposited on the
soil matrix and therefore to obtain an expression for the
reduction in soil porosity.

In this case, a basic distinction has 1o be made
between two extreme types of fine particle transport
with infiltrating water. There may be soil systems with
large cracks and fissures which are continuous, and
therefore much of the suspension may be transported
with infiltrating water to the deeper layvers. On the
other hand, water carrying fine particles may flow on
the soil surface, and only some of the particles may
enter into the soil system with infiltrating water,

In practice, particle capture takes place with more
than one particular mechanism dominating the filtration
process. However, while treatment of all the processes
is theoretically rigorous, experimental parameterisation
is not possible and therefore, only the dominant
processes are considered in this study.

Theory

A differential expression can be developed to
describe water and particle movement in a soil by
accounting for the mass balance of water and particles
passing through a soil volume. Consider a flow of
suspension in vertical downward direction, and assume
that the flow obeys Darcy’s law. A unit volume of
suspension contains a volume of ¢ particles and a
volume of (1-¢) of water. For a negligible
concentration change, the moisture balance equation
can be written (Somaratne, 1994):

l «
['.Elgh ‘ﬂl"l'l. i"}

g )] ot

av, 5

—(1-¢) = [ cly)+
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Where ¢ is the volume concentration of the particles in
the suspension, v, is the flow rate, 8 is the volumetric
maoisture content, £ is the porosity, s, 15 the specific
yield, t is the time, P is the matrix pressure potential,
and c{¥) is the specific moisture capacity. The
hydraulic potential head ¢ is constituted of pressure
head ¥ and gravitational head =z, which is the vertical
distance from the soil surface downwards (i.e. depth).

Therefore, from Darcy’'s law, the seepage velocity can
be wrilten as:

|,::'I_|'
v = —kiy}—-1)
2 o0z [S}
combining Equations 7 and 8
ol v, [ dy | ( B ] g
(1-¢)—| kiyl=—=-1}] —|u[1r]-—.~.\.’— (9)
vl o7 ] | g ") ot

If the volume occupied by particles is negligible with
respect (o the bulk volume of water, then (1-¢) = 1,
and Equation 9 reduces to:

' Vo
----- | cly) -Euj|l_—w (10)
07 ] | g ") ot
The numerical solution of Equation L), the saturated -
unsaturated flow equation, to obtain the unknown ‘¥
and v, is well documented (Newman, 1973; Neuman ef
al, 1975; Hyuarkon and Pinder, 1983; Ross, 1990.
Details are not given here.

The process of particle deposition can be
conveniently divided inte two sequential steps: transport
and artachment.  In the transport step, the particles are
transported from the bulk of the selution to the vicinity
of a soil grain surface.  The transport of Brownian (sub
micron) particles 15 dominated by convection and
diffusion while that of larger (non-Brownian) particles
15 controlled by gravity, fluid drag and interception due
to the finite size of the particle (Elimelech and
O'Mellia, 1990). In deriving the mathematical
expression  for the particle capure process, the
combined nfluence of unretarded London-van der
Waals forces and diffuse double layer interaction
(Spielman and Cukor, 1972; Spielman and Firzpatrick,
1973; and Spielman and Friedlander, 1974) is not
considered n this analysis.

The general mass balance equation for particles in
suspension in the z-direction can be written as:

o . 2 ac
—{a+ic) = [
ot

(1)

1
[

In principle, Equation 1 is simply a statement
that particles removed from suspension are deposited in
the soil mateix.  The first term in the right hand side of
Equation 11 is the particle transported by diffusional
fluxes. The dispersion term D represents the combined

effects  of molecular diffusion and mechanical
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dispersion. The second term represents particle
transport by convection. In order to obtain a
mathematically amenable form of Equation 11, the
following approximations are made, Firstly, particle
diffusion is negligible when the size of a particle is
larger than 1.m and for ultra-fine particles, convective
flow is always the most significant term. Therefore,
the diffusion term in Equation 11 may be neglected.
Secondly, as is often assumed, all moving particles are
neglected with respect to the retained particles (Herzig
et. al, 1970). This is only reasonable if Oc is small
compared with o, and may be invalid at the start of
clogging.

These approximations enable the use of the
simplified and already accepted form of the particle
balance Equation (Herzig e, al, 1970; lves, 1975; Tien

and Pavatakes, 1979; Adin and Rebhun., 1977;
Rajagopalan and Tien, 1979):
d dc
a0 Via, 12)
o't dl::.f. { )

The macroscopic conservation Eguation 12
involves two dependent variable ¢ and . In order to
obtain a solution for ¢ and o as function z and 1, a
second expression is required relating ¢ and o, The
rate equation proposed by Twasaki in 1937 is a widely
used and commonly accepled form of the expression for
the filtration rate (Rajagopalan and Tien, 1979):

Il

= v i (13)

-

o't

Where A is the filtration coefficient. Equations 12 and
13 can be solved in two steps to obtain o with the
initial and boundary conditions of;

Z=1,

Where ¢, is the volume concentration of the particles at
the soil surface and t is the time. The initial conditions
14, imply that at the beginming of the infiltration
process, the soil system is free from clogging or seal
development. Boundary condition 15 suggests that for
all t >0, a suspension of concentration ¢, exists at the
soil surface.  Substituting Equation 13 into Equation 12
vields;
de

AL (16}

Integrating Equation 16 with the boundary condition 15
yields:

| =

o v (17)

Substituting the value of ¢ in Equation 17 mto Equation
13 and integrating using the initial conditions 14 yields:

(18)

Here, A and v, are taken as constants at solution time t,
but they have different values at different times.
Similarly, retention at the sol surtace, z=10, is given
by

G, = v, Cyht

(19)

For a steady state flow condition for a finite seal depth
7, v, = v,. By dividing Equation 18 by Equation 19 we
nhtain;

& (207

The proportionality factor in the Iwasaki (1937) relation
between rate of particle removal and concentration, A,
in  Eguation 13 described  as  the  filtration
coefficient.  The filtration coefficient can be computed
[rom Equation 17 if ¢/c, values are obtained at various
depths.  Alternatively, it can be estimate by:

WS

[ d |
L (21}

d, |

d,

Ay

Determination of the hydraulic properties of the
flow field as influenced by clogging is necessary in
order to predict the properties of the surface seal. After
determining the amount of particle deposition resulting
from settling of the fine particles into the solid matrix,
changes to the soil physical and hydraulic properties
within the clogging field (sealing layer) can be
calculated (Somararne, 1994) and the vertical porosity
profile produced by clogging can be described.

I'OTAL PORDSITY: Once the particle deposition with the
soil system 1s known, the instantaneous porosity can be
written {Ives, 1975):

(22)

E=E, - O

VOLUMETRIC MOISTURE CONTENT AT SATURATION:
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Since &,=0,, the instantanous saturated volumetric
moisture content of the sealing layer is:

(23)

BULK DENSITY: It is expected that as the clogging of
s0il pores increases, Its mechanical resistance and
filtering ability also increases. Multiplying both sides
of Equation 18 by p, we have:

ap, = v, Acpe L (24)

Where op, is the increase in mass due to particle
deposition at any depth z in the sealing layer. Since
the bulk wvolume does not change due to particle
deposition Equation 24 can be written as:

Ap = v icpe (23)

Where Ap is the increase in bulk density at any depth
z in the sealing layer. Similarly, for the steady state
condition, Equation 20 yields:

&p A

Apge (26)

Equation 26 is of the same form as the Mualem and
Assouline (1989) hypothetical model described by
Equation 1, where the characteristic constant of the
soil-seal-rain system, vy is now replaced by a well-
defined parameter, the filtration coefficient A.

SOIL WATER RETENTION CURVE: For ¥<%Y_, the
water retention curve may he described hy the function
(Campbell, 1985):

Nl
: (27

Vo= oy —
6,)

Where b is the slope of In ¥ vs In 6. A small
correction could be made to b in Equation 27 (o account
for an increase in the seal bulk density. The effect of
an increase in bulk density is to favour an increase in
moisture retention, therefore:
b, o 1+2
|

| [

i,

(28)

14

EFFECT OF AIR ENTRY POTENTIAL: With the
development of clogging, the mean pore size also
decreases. Therefore, one can expect W, 1o decrease
{become more negative) with seal development. This
relation is expressed in an empirical Equation of the
form:

| m

| o

(29)

‘Il .|

w. 'q.rLJ [ +
|

Where m is an empirical constant. If the pore size
distribution function is to be the same throughout the
porous body, then the pore radii are related to water
content, The effect of clogging is (o reduce the pore
radn in the seal, and theretore the numerical value for
m is taken equal to b, provided that due consideration
is given o account for the value of b in clogged zone
{seal). according to Equation 28,

RESIIMIAL MOISTURE COMTENT:  Another property
affected by clogging development is the residual
molsture content.  Mualem and Assouline (1989)
assumed that 0, is mainly a function of the surface area
of the soil particles, so that, on a weight basis, it
remains unchanged as a result of the soil compaction.
This reasoning leads to:

(30)

EFFECT ON SATURATED HYDRAULIC CONDUCTIVITY:
The saturated hydraulic conductivity of a soil depends
on the size and distribution of pores in the soul and
therefore on bulk density and texture (Campbell, 1985).
The clogging of pores by clay migration can markedly
reduce the saturated hydraulic conductivity.,  Perhaps
the soil parameter most affected by seal development is
the saturated hydraulic conductivity, The seal hydraulic
conductivity k_, is expressed by an empirical relation;

[o "

1
i ki 0| (31

Substituting Equation 23 into Equation 31 yields:
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Where n is an empirical constant taken equal to 2b+3,
with an appropriate correction for the b in the seal
Equation 28. When 0=0, k,_ = k_ If the total pore
volume is occupied by retained particles, then o=¢,
and k,, = 0.

Materials and Methods

In order to address the fundamental question of
how the flow rate decreases due to particle deposition
on saturated packed beds, a series of experiments were
conducted using packed glass bead columns of uniform
bulk density and dispersed kaolinite suspension.

The packed columns were acrylic (plexiglass)
cylinders with internal diameters of 0.08 m and lengths
of 0.10 m (Experiment 2}, (.14 m (Experiment 3), 0.15
m (Experiment 4) and one with a square cross section
of 0.056 m* having a length of 0.29 m (experiment 1).
A teflon screen of 454m mesh opening, covered with a
nylon gauze, was used to support the uniform size of 40
sm glass beads in the columns.  The density of glass
beads was 2.66 kg-m”. Columns were packed to a
uniform density of 1.5 kg'm” thus having a clean bed
porosity of 0.423. The packing procedure used in the
experiments was to weigh the glass beads required 1o
fill 0.02 m column intervals to the required bulk density
and slowly filling with a vibrating action on a vibration
table.

For Experiment 1, a suspension was prepared by
adding 10 g of kaolinite clay to a litre of clean water
and thoroughly mixing with a mechanical stirrer. The
suspension was chemically dispersed with 0.05 N
sodium hexameta phosphate. The particle density of
kaolinite was 2.65 kg m~. The particle size distribution
of the suspension prepared for experiment 1 was
determined using a laser beam sub-micron particle size
analyzer and is given in Figure 4.

It can be seen in Figure 4 that some large particles
of up to 50 pm were present.  Therefore, for
Experiments 2, 3 and 4, the original suspension was
allowed to settle for 19 hours in measuring cylinders,
and the top 0.3 m of the suspension was decanted to
remove larger particles. The largest particle remaining
in this suspension was determined by Stoke’s law to be
approximately 2.2 um. Before each experiment, 10 ml
of suspension was pipetted out to determine the mass
concentration by oven drying at 105°C for 24 hours.
This was 0.0180 g-cm” for Experiment 1. 0.0035
gem” for Experiment 2 and 0.0041 grem” for Experi-
ments 3 and 4.

The saturated hydraulic conductivity of each
column prior to addition of the clay suspension was
determined using de-aired water under a constant head.
Thereafter, the suspension was added to the reservoir
flask in which a set of magnetic stirrers mantained

1o
a0 |

0.5 1 3 10 30 100 500 000

PARTICLE DIAMETER { um)

Figure 4, Particle size distribution of clay suspension

uniform dispersion of the suspension entering the
column. A schematic disgram of the experimental
setup is given in Figure 5.

The outflow from the botoem of each column was
collected in measuring cylinders at regular intervals
until steady-state flow was observed. This flow data
was used to determine the hydraulic conductivity of
clogged columns.  The mass concentration of kaolinite
in the effluent was determined by oven drying and by
measurements of turbidity.  The column then was
allowed to drain for 48 h and sectioned into 0.01 m
lengths. The mass of ¢lay present in each section was
determined on a suspension made by adding 200 ml of
clean water,

Results and Discussion

In Experiment 1, the saturated hydraulic conduct-
ivity reduced from 24.4 mm-h' to 2.2 mmh'. During
the initial stage of filtration, the large particles in the
suspension  settled  on the  column  surface,
followed by smaller particles settling into the voids

Cvarflow —
\\Mcgrrefi: stirrar
Fa¥
P S P '.III__
? ' Gloss beads
[
Yaolumatric container

Figure 5. Schemartic diagram of experimental set up
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berween the large particles.  This type of surface mat
formation is generally referred 1o as a filter cake. With
continued filtration, the thickness of the filter cake
increased causing a further reduction in hydraulic
conductivity. Clay was not observed in the effluent
from Experiment [.

In Experiments 2, 3 and 4, the reduction in
hydraulic conductivity was small compared to
Experiment 1. In these experiments, formation of a
surface mat was not observed and clay appeared in the
column effluent.

In all experiments, most of the particles were
deposited in the top 0.01 m of the column, but some
were deposited further down. Particle removal was
negligible at depths greater than 0.01 m. This
retention of clay particles in the column surface caused
the reduction of flow rate. In Experiment |, particle
deposition was greatest as the suspension contained a
range of particle sizes up to 50 um. In Experiments 2,
3 and 4 the deposited volumes and reductions of flow
rate were of the same order and considerably smaller
than Experiment 1 (Figure 6).

~ In Experiments 2, 3 and 4 the relative flow rate
declined slowly throughout the runs, The relative
concentrations of the outflow, ¢/c, also reached constant
values after a number of pore volumes of effluent had
been collected.

Approximate curvilinear dependence of In (o/o))
with depth was observed (Figure 6). The accumulation
of particles in the first 1 cm of column was much

16

greater than Equation 19 predicted. Below this depth,
a reasonably good linear fit exists.  This suggests that
large particles are removed at and near the surface by
straining, while below this, small particle deposition
occurs according to the first order kinetic model as
given by Vinten er al, (1983).  The finest particles are
removed from the suspension by physico-chemical
absorption, because they have a stronger tendency to be
adsorbed when they approach the media grains.

Particle deposition at the top layer of columns
were predicted using Equations 6 and 19, The
coordination number in Equation 6 was taken as 8 for
randomly packed spheres.  The grain diameter of glass
heads, d . was 40 «m. According to Equation 4, the
maximum diameter of particles that can enter into the
medium is 29 sm.  In order to retain particles in
crevice sites the particle diameter, d_, should be greater
than 3 um, according to d /d, =0.082 (Herzig et al,
1970,

The only unknown parameter in Equation 19 is
the initial fileration coefficient of the medium, which
wis obtained from Equation 21, The proportionality
constant in Equation 21 was determined by plotting 1 n
{cic,) vs z for Experiments 2. 3 and 4. This was found
to be 0.05 (Somaratne, 1994). The prediction of
particle retention at the column surfaces using
Equations & (straining in crevices) and 19 {adsorption)
against the observed values are given in Table .
Comparison of predicted particle retention  at the
column surface was lower than the experimentally
obrained values given in Figure 6. Correlation of
reduced hydraulic conductivity due to particle retention
was made using Equation 32. The parameter b, used to
obtain nin Equation 32, was taken as the slope of the
maoisture retention curve on a log-log plot. For glass
beads, b=1.5, givingn = 6

For comparison,  the  observed  hydraulic
conductivity of the clogged-columns and predicted
saturated hydraulic conductivity using experimentally
obtained o and predicted o (from Table 1) are given in
Table 2. Data in Table 2 suggest that the markedly
reduced hvdraulic conductivity of the clogged column
{Experiment 1) is primarily due to the blocking of pore
channels by straining of particles. This process occurs
at and near the soil surface as ohserved by Onofiok and
Singer (1984), leading (0 a non-uniform sealing layer.

TABLE |

Predicted particle retention af column surface

Exp. d/d, Straining A Ahsorption  Total
N, o o a
cmem e om’ em e’ cm?
| 01350 (1,130 ih 62 b (M5 1141
2 L0525 LU V) {15 b D 07
3 00525 (AN N 15 AR 0.009
4 0525 (2 ML LR (0.(N8
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TABLE 2

Comparison of observed and predicted conducrivity of
clogged columns with clogged-free k_

Exp.  Clogged-free bed
Na, K, {mmnhr') Clogged hed k, (mm- hr')
Lsing Using
Obszerved  Experimental  predicted
o i
1 4.4 22 35 21
2 2B.5 21.0 24.0 5.7
3 29,7 24.1 2.8 259
4 270 2.2 20.2 24.0
Conclusions

The proposed model describes the filtration
component of the soil surface sealing process. The seal
properties are obtained by applying the principle of
conservation of mass and Darcy’s law, not only for the
undisturbed soil but also for the seal layer.

The outcome of seal formation is represented
through particle retention by various capture mech-
anisms. This is related to the seal hydraulic properties.
With this approach to modeling the soil surface sealing,
the seal can be described by well defined initial and
boundary conditions and transient seal properties can be
simulated. These properties provide moere insight on
the physical aspects of seal. formation and give a better
understanding of its effect on infiltration and soil water
movement.
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