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Abstract.

We develop a theory that explains the decrease in saturated hydraulic

conductivity K due to biological clogging of porous media. Experiments show that
discontinuous microcolonies in fine-textured soils decrease K; more severely than biofilms
do. However, most existing models for biological clogging assume that bacteria cells form
biofilms which uniformly cover pore walls. We propose a mathematical model for
biological clogging with a quantitative evaluation of the nonuniform microbial distribution
of colonies. A series of equations describing the relation between the biological clogging
and the saturated hydraulic conductivity are derived. The data of previous researchers are

used to validate the model.

1. Introduction

An increase in the amount of biomass decreases the satu-
rated hydraulic conductivity K, of porous media by clogging
pore spaces, i.e., blocking the pathway of water [Allison, 1947].
Biological clogging is observed in porous media ranging from
glass beads [Cunningham et al., 1991] and sand [Kristiansen,
1981; Vandevivere and Baveye, 1992a, 1992b] to natural soils
such as loamy sand [Rice, 1974], sandy soil, loamy soil and silty
clay [Chang et al., 1974], Andisols [Miyazaki, 1993; Seki et al.,
1996], podzol soil [de Vries, 1972], dairy waste pond soil [Davis
et al., 1973], and irrigation channel soil [Ragusa et al., 1994].
The clogging materials can be bacteria [Gupta and Swartzen-
druber, 1962], fungi [Seki et al., 1996, 1998], algae [Ragusa et al.,
1994], or microbial by-products such as polysaccharides
[Avnimelch and Nevo, 1964; Vandevivere and Baveye, 1992a].
Gas, such as methane produced by bacteria, also causes K
reduction by obstructing pore throats [Sanchez de Lozada et al.,
1994; Seki et al., 1998].

Cunningham et al. [1991] measured the biofilm thickness and
K, of quartz sand and glass beads of different particle diame-
ters. They analyzed their data using the Kozeny-Carman equa-
tion [Kozeny, 1927; Carman, 1937]. Jennings et al. [1995] also
used this equation for the estimation of the relation between
biofilm thickness and K.

Taylor et al. [1990] measured K, reduction with biofilm
growth and calculated biofilm thickness using the Kozeny-
Carman equation combined with a cut-and-random-rejoin-
type model. Vandevivere et al. [1995] evaluated the Kozeny-
Carman equation and other mathematical models using the
data of Cunningham et al. [1991] and Vandevivere and Baveye
[1992b]. A given bulk volume of biomass per unit pore volume
caused a larger K, decrease in fine-textured porous media than
in coarse-textured media (Figure 1). As a result, Kozeny-
Carman and other equations accurately predicted biological
clogging in 1-mm glass beads but were not able to model
clogging in the finer fractions. This discrepancy was associated
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with the tendency of biomass to “pile up,” i.e. to form biofilms
on the coarse-textured material, which has a larger specific
surface area than finer-textured material. Experimental obser-
vations confirmed this suspicion. It has been observed that
microcolonies are formed in fine-textured porous media, in-
cluding many natural soils [Harvey et al., 1984]. Vandevivere et
al. [1995] showed that the resulting decrease in K is larger for
microcolonies than for biofilms. They examined several exist-
ing models assuming that bacteria form uniform biofilms and
found that none could predict K reduction by biological clog-
ging of fine-textured porous media, where microcolonies are
likely predominant.

In a new model for estimating K reduction due to biological
clogging we consider the type of microorganism attachment on
the soil surface. In this paper, we describe the model and apply
the model to sets of experimental data obtained by Cunning-
ham et al. [1991] and Vandevivere and Baveye [1992b].

2. Theory

In the first stage of colony formation, bacteria attach to the
solid particle, first reversibly and then irreversibly with exopo-
lysaccharide polymers [Trulear and Characklis, 1982] or with
bacterial adhesion pili [Bullitt and Makowski, 1995]. Next, mi-
crocolonies begin to grow as bacteria adhere to the micro-
colony itself [Costerton et al., 1978]. As the colonized surface
area increases, discrete microcolonies begin to converge, form-
ing a biofilm. Microcolonies and biofilms are distinguished by
the ratio of the colonized surface area to total surface area of
the solid particle.

We define “colony-enveloping space” as the hypothetical
space over which a film of uniform thickness L, would cover
the soil particle. L, is equal to the maximum colony thickness
(Figure 2). The colony-enveloping space is determined in the
same way for biofilms, microcolonies, and colonies with other
configurations [e.g., Vandevivere and Baveye, 1992b], meaning
no assumptions about colony shape need be made in order to
apply the model presented here.

According to the nonsimilar media concept [Miyazaki, 1996]
the characteristic width of the pore d (L) is obtained from the
transformation of (1) into (2);
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Figure 1. Relationship between the saturated hydraulic con-

ductivity ratio and the biovolume ratio for Pseudomonas
aeruginosa in 1-mm glass beads and in 0.70-, 0.54-, and
0.12-mm sand (data from Cunningham et al. [1991]) and for
Arthrobacter sp. strain AK19 in 0.09-mm sand (data from
Vandevivere and Baveye [1992b]) as summarized by Vandevivere
et al. [1995].

S 3
P = Tm(m) > (1)

where § is the characteristic length of solid phase (L), Tis the
shape factor of solid phase and is defined as the ratio of the
volume of solid phase to the volume S?, p, is particle density
(M L~3), and p,, is bulk density (M L ~?) (Figure 3). Accord-
ing to Miyazaki [1996] the characteristic length of solid phase is

Colony-enveloping space

Figure 2. Conceptual illustration of colony-enveloping space
around a soil particle. The thickness L, is the maximum colony
thickness. The colony-enveloping space concept is applicable
to any kind of colony shape, including biofilm and microcolony.
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Figure 3. Sketch of the characteristic length of solid phase
(S), the characteristic width of the pore (d), and the diameter
of pore throat (¢). In this model the S value is set equal to the
mean particle diameter, and d is assumed to be close to ¢.

not directly measurable, but it is representative of length. In
this model, where we deal with uniform porous media, we use
the mean particle diameter as the characteristic length of solid
phase. This is reasonable for uniform porous media but is not
reasonable for nonuniform porous media. By arranging (1), we

obtain
(1 F

where e is porosity.

The value of 7 is defined for a “clean” porous medium, that
is, a porous medium without any clogging materials on its
surface. Therefore (2) is valid only for clean porous media
before biomass accumulates.

After clogging by colonies the diameter of the pore throat ¢
decreases to ¢’ because the maximum colony thickness in-
creases. Dykaar and Kitanidis [1996] developed a physically
based model that suggests that the biomass nearest the pore
throat is more effective at consuming the solute than biomass
in the pore chamber. Deleo and Baveye [1997] showed that
bacteria grow more profusely in crevices between the sand
particles. Figure 2 suggests the following relationship

' = - 2L, 3)

According to Ewing and Gupta [1994] the flux of water
through a circular pore throat is proportional to the third
power of the tube diameter under the same pressure gradient.
Therefore we obtain

(b,/(b = (KS/KSO)1/37 (4)

where ¢ is the pore throat diameter of a clean porous medium
(L), ¢' is the pore throat diameter of clogged porous medium
(L), K, is the saturated hydraulic conductivity of the clogged
porous medium (L T~ '), and K, is the saturated hydraulic
conductivity of the clean porous medium (L 7~ '). We now
assume that the characteristic length of the pore phase is close
to the diameter of pore throat as d = ¢. This assumption will
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Table 1. Parameters Used for Calculation of Experimental Data Points in Figures 4 and 5

Mean Particle

Diameter Particle Density Bulk Density Shape
Sample S, mm Porosity e potgem 3 Py’ g cm > Factor 7°
Glass beads 14 0.48¢ 2.60 135 1
Glass beads 0.74 0.484 2.60 1.35 1
Glass beads 0.54¢ 0.35¢ 2.60 1.35 1
Glass beads 0.12¢ 0.48¢ 2.60 1.35 1
Sand 0.095¢ 0.39¢ 2.65 1.62 1
“Assumed.

Calculated from porosity and particle density.
‘From Miyazaki [1996].

9From Cunningham et al. [1991].

°From Vandevivere and Baveye [1992b].

be addressed in section 3. Using this assumption, (3) and (4)
yield the following equation:

d
Ly=5 11— (K/Ko)"). 5)

From (2) and (5) we can calculate the maximum biofilm
thickness L,, using S, e, 7, and K,/K,,. The characteristic
length of the solid phase of the clogged porous medium S’ (L)
is

S' =8+ 2L, (6)

Here we define the enveloping factor 8, where 0 < B = 1,
as the bulk volume of biomass per unit volume of colony-
enveloping space. When the value of B is much smaller than 1,
the biomass is known as a “microcolony.” When B is close to 1,
it is called a “biofilm.” The process of colony growth includes
the gradual increase of both L, and B. The distinction between
microcolony and biofilm is loose because the critical value of 8
separating biofilms from microcolonies is not defined.

The outline of the colony-enveloping space parallels the
surface of the clean particle. Therefore the following relation is
obtained:

Vo4V, S”
v, s ™

where V is the volume of a clean particle (L*) and V, is the
volume of a colony-enveloping space (L?). From the defini-
tion of B and (6) and (7) we obtain

Ve BV, 2L,\°
L (TR A

where V, is the volume of the biomass (L?).
An alternative expression for the biomass volume to clean
particle ratio is

Vb ae

V., 1-e’ ©)

where « is biovolume ratio, the bulk volume of biomass per
unit pore volume of clean porous medium. Combining (8) and
(9), B can be calculated by

Bi“fg{(u%)}—l}ﬂ. (10)

We can calculate d, L,, and B by using (2), (5), and (10).

3. Results and Discussion

Vandevivere et al. [1995] compared three types of mathemat-
ical models based on Ives [Ives, 1965], Maulem [Maulem,
1976], and Kozeny-Carman equations proposed by Taylor et al.
[1990] with the data of Cunningham et al. [1991] and Vandevi-
vere and Baveye [1992b]. The three models assume uniform
biofilm formation, which corresponds to 8 = 1 in the current
study. Substituting B = 1 into (10), we obtain

_1—6‘ 1 2Lb3 1
o= . +T — .

By rearranging (5) and (11), substituting expressions for d
(equation (2)) and L, (equation (11)) into (5), and solving for
KS/KSO’ we ﬁnd

o L [P AT S Y [
) [ ] )

Equation (12) was used to calculate the relationship be-
tween « and K,/K,, when B = 1, 7 = 1, and e = 0.48.
(Other parameter values are listed in Table 1.) The resulting
curve fits well with that of Mualem (Figure 4). Like the models
of Kozeny-Carman, Ives, and Mualem, when B = 1, (12) over-
estimates the extent of clogging of 1-mm beads and underes-
timates the extent of clogging of 0.12-mm sand. Vandevivere et
al. [1995] attributed underestimation of the extent of clogging
of fine-textured porous media to the continuous biofilm as-
sumption.

For each pair of a and K/K, values in Figure 1 we used (2),
(5), and (10), with appropriate parameter values from Table 1,
to calculate d, L, and B. This procedure was used to estimate
the relationship between L, and B (Figure 5). The values of 8
are especially small for the finest material (0.09-mm sand).
Vandevivere and Baveye [1992b] observed a three-dimensional
loose assemblage of colonies by scanning electron microscopy
(SEM). According to their SEM photograph, values of 8
around 0.2 are plausible. Although the value of B is limited to
the range of 0 < B = 1 by definition, some of the calculated
values of B are >1. In particular, the values of B for 1-mm
beads exceed 1 in the entire range of L,. This may be a result
of the inaccuracy of the assumption that the colony is either
thickest at the pore throat or of uniform thickness throughout

(11)

(12)
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Figure 4. Comparison of K,/K,, versus « predicted by this
study (Seki), Ives, Mualem, and Kozeny-Carman with the ex-
perimental data of Cunningham et al. [1991] (after Vandevivere
et al. [1995]).

0.5

the pore. Wanner and Gujer [1986] observed that microbial
colonies at the pore throat tend to be dislodged from the pore
throats by moving water in 1-mm glass beads.

The empirical relationships between L, and S listed in Table
2 for each size fraction were obtained by regressing the data in
Figure 5. Figure 6 demonstrates the relationship between «
and K /K, given various values of L,, calculated using (11)
and (12). The model results match closely the data for all five
samples. The curve for 0.09-mm sand is especially important,
as the mathematical models of Ives, Maulem, and Kozeny-
Carman were not able to explain this sharply decreasing curve.

In order to estimate the value of K, from the value of « the
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Figure 5. Change in L, and B with bacterial growth, calcu-
lated from biovolume ratios and saturated hydraulic conduc-
tivities of Figure 1 (data from Cunningham et al. [1991] and
Vandevivere and Baveye [1992b]). Note that the right axis ap-
plies to 1-mm beads. Equations for fitted curves in Figure 5 are
shown in Table 2.
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Table 2. Equations Used to Fit the Experimental Data in

Figure 5

Sample

Fitted Equation

1-mm beads
0.7-mm beads
0.54-mm beads

11.383L, 0-3566
.0004L% — 0.0377L, + 1.3160

0
0.0005L2 — 0.0343L, + 0.9190
0.0009L2 — 0.0462L, + 0.8748
—0.0044L, + 0.1945

0.12-mm beads
0.09-mm sand

D™
LI | R |

relationship between L, and B must be known or estimated.
There are two ways to estimate this relationship. The first is to
use calculations described in section 2. The second is to di-
rectly observe the shape of colonies. The kinetics of biofilm
growth have been studied extensively [Wanner and Gujer, 1986;
Csikor et al., 1995]. However, these studies are based on the
assumption that a uniform biofilm is formed, that is, that B =
1 throughout the biofilm growth process. This study demon-
strated that the B8 = 1 assumption is inadequate for fine-
textured porous media. Massol-deya et al. [1995] demonstrated
that the shape of thick biofilms is also nonuniform. For such
materials, colony growth must be studied as changes both the-
oretically and experimentally for varying L, and . Estimation
of B by direct observation is left for future research.

The merits of this model are as follows: (1) There is no
assumption that a biofilm of uniform thickness is formed on
the soil surface. (2) Assuming uniform colony distribution in
the colony-enveloping space (i.e., B = 1), the curve of satu-
rated hydraulic conductivity versus biovolume ratio resembles
existing mathematical models on microbial clogging.

Limitations of this model include the following: (1) Mea-
surement of colony thickness and colony shape factor are not
presented. (2) Our model could not predict growth on 1-mm
glass beads, yielding an unrealistic value of B.

In deriving (5), we assumed that the characteristic pore
width d was equal the throat diameter ¢. In the calculation of
(2) the value of d is 0.154-0.243 times the value of §. Assum-
ing cubic packing of circular grains, the diameter of the circle
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0 (.7-mm sand
A 0.54-mm sand
M ().12-mm sand
| A0.095-mm sand
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Figure 6. Relationship between the saturated hydraulic con-
ductivity ratio and the biovolume ratio calculated by this model
to the experimental data of Figure 1.
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internally touching the four grains is 0.41 times the grain di-
ameter. Assuming rhombohedral packing, the diameter of the
internally touching circle is 0.077 times the diameter of the
grains. The value of ¢ is supposed to be some value between
these two values, i.e., 0.077 and 0.41, and the values obtained
from (2) are in this range.

4. Conclusions

A mathematical model was developed for estimating satu-
rated hydraulic conductivity decrease due to biological clog-
ging of porous media having uniform particle size. The extent
of biological clogging depends on the distribution of the col-
ony. We defined the concept of “colony-enveloping space” and
expressed nonuniform colony shape mathematically. The
mathematical expressions of the colony shape were combined
with the nonsimilar media concept [Miyazaki, 1996], and a
series of equations describing the relationship between soil
texture, microbial distribution, and saturated hydraulic con-
ductivity were derived.

The relationship between biovolume ratios and saturated
hydraulic conductivities of glass beads and sand was applied to
our model [Cunningham et al., 1991; Vandevivere and Baveye,
1992b]. When we assume the formation of colonies as a uni-
form biofilm, our model yields results similar to previous math-
ematical models, particularly to the Mualem model. The un-
derestimation of the extent of clogging of fine-textured
materials is attributed to the assumption of uniform biofilm
formation. The relationship between the maximum colony
thickness and the colonial shape factor was then calculated.
Finally, empirical curves relating biovolume ratio and the sat-
urated hydraulic conductivity were determined.

Further research for estimating the enveloping factor is re-
quired for utilizing this model for prediction of the extent of
clogging. The role of this paper is to give a new concept of an
enveloping factor, which serves as a step toward the under-
standing of the growing process of colonies and the ensuing
decrease in saturated hydraulic conductivity.
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