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Abstract: A numerical, multiple-species, reactive chemical transport model (BioClog) developed to predict clogging in
landfill leachate collection systems is used to interpret results from experiments conducted with gravel-packed columns
permeated with landfill leachate. The model predicts changes to the microbial community and leachate chemistry, in-
cluding the concentrations of volatile fatty acids, suspended biomass, dissolved calcium, and suspended inorganic sol-
ids. The calculated quantity and composition of the clog matter (biomass and mineral), along with the associated
decrease in porosity, are compared to the measured values. The modelled clogging is in reasonable agreement with that
observed in the gravel column experiments. By identifying and quantitatively linking many microbiological, chemical,
and transport mechanisms, the model helps elucidate the phenomena controlling the rate and extent of clogging.
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Résumé : Pour interpréter les résultats d’expériences conduites avec des colonnes remplies de gravier et infiltrées par un
lixiviat de dépôt sanitaire, on utilise un modèle numérique de transport chimique réactif à espèces multiples (BioClog)
afin de prédire le colmatage dans les systèmes de collecte des lixiviats des dépôts sanitaires. Le modèle prédit les
changements dans la population microbienne et dans la chimie du lixiviat, incluant les concentrations des acides gras-
ses volatiles, de la biomasse en suspension, du calcium dissout, et des solides inorganiques en suspension. La quantité
calculée et la composition des matériaux de colmatage (biomasse et minéraux) de même que la diminution associée de
la porosité sont comparées aux valeurs mesurées. Le colmatage modélisé est en concordance raisonnable avec celui ob-
servé dans les expériences sur des colonnes de gravier. En identifiant et reliant quantitativement plusieurs mécanismes
de transport chimique et microbiologique, le modèle aide à élucider les phénomènes contrôlant la vitesse et l’étendue
du colmatage.

Mots clés : colmatage, dépôt sanitaire, système de collecte de lixiviat, biofilms, précipitation minérale.

[Traduit par la Rédaction] Cooke et al. 1614

Introduction

The leachate collection system is an engineered, highly
permeable layer that typically consists of gravel or sand and
pipes placed below the waste. This drainage layer is crucial
for removal of landfill leachate from beneath the waste and
controlling the height of the leachate mound on the liner.
Long-term exposure to landfill leachate, however, can lead
to clogging, thereby impeding the performance of the collec-
tion system. Clogging of the leachate collection system oc-
curs as a result of the deposition of suspended solids, the
growth of biomass, and the precipitation of minerals (Bass
1986; Brune et al. 1991; McBean et al. 1993; Koerner et al.
1994; Rowe et al. 1995; Rowe 1998; Fleming et al. 1999;
Maliva et al. 2000; Bouchez et al. 2003).

A numerical model (named BioClog herein) was devel-
oped for predicting the rate at which clogging would occur
in porous media exposed to landfill leachate. The model was
developed in two-dimensions, but because of the complexity
of the problem, the presentation of our findings has been di-
vided between achievement of a preliminary objective: the
prediction of clogging in controlled environments, such as
column experiments (a one-dimensional (1D) problem), and
the final objective: the prediction of clogging under field
conditions (two-dimensional (2D)). An earlier version of the
model was described by Cooke et al. (1999). In Cooke et al.
(2001) this earlier version of BioClog was applied to the
clogging of columns permeated with synthetic leachate and
was successful in modeling chemical oxygen demand
(COD), a measurement of organic content, and Ca2+ removal
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as well as the decrease in porosity of the porous media
(glass beads). Subsequently, significant improvements were
made to the model, and the current model was described for
1D problems by Cooke et al. (2005) and calibrated in a
study by VanGulck (2003) using data derived from columns
of glass beads permeated with real and synthetic leachate.

The primary objective of the present study is to assess the
capability of the BioClog model to predict clogging (in
terms of porosity change) of gravel permeated with landfill
leachate in 1D column experiments. Secondary objectives
are to assess the model’s ability to predict changes in species
concentrations and to separately predict the build-up of or-
ganic and inorganic clog matter. The conditions are closer to
field conditions than in previous applications of earlier ver-
sions of BioClog, because a real leachate is used as the in-
fluent, providing a significant quantity of organic and
inorganic suspended solids along with variability in compo-
sition over time. Fluctuations in flow rate were not averaged,
but rather were matched by the model. Furthermore, this is
the first application of the model to tests conducted with
gravel (as opposed to idealized gravel in the form of glass
beads).

Model summary

A detailed description of the BioClog model may be
found in Cooke et al. (2005). A brief summary is included
here. It is a reactive chemical transport model that includes
biological growth, mineral precipitation, and attachment and
detachment of both organic and inorganic particles. Spheres
represent the grains of the porous media and the change in
porosity with time is geometrically modelled in response to
the deposition of both organic and inorganic clog material
on the surface of the grains. A diagram depicting the species
pathways and reactions modelled is shown in Fig. 1.

Transport
BioClog models the fate and transport of three volatile

fatty acids (VFAs), dissolved calcium, suspended inorganic
solids, and suspended biomass using the finite element
method, with the reactions incorporated in point sink terms.

Species reactions
Each species has a source–sink term representing the rate

of loss or gain resulting from reaction of the species. Fig-
ure 1 depicts these reactions. The term may differ at each
node and is recalculated at each time step. The equations for
the reaction terms for each species are given in Cooke et al.
(2005). In brief, these terms represent the following:
(1) For the VFAs: the acetogenesis of propionate and butyr-

ate, and the methanogenesis of acetate by the substrate
degraders (both suspended and in the biofilm on the po-
rous media), and the production of acetate as a by-
product of acetogenesis. The utilization of acids by the
clog matter is modelled based on the non-steady-state
biofilm growth model of Rittmann and McCarty (1981),
while the removal by suspended degraders is predicted
using Monod kinetics.

(2) For the suspended substrate degraders: the rate of gain
from detachment of active biofilm and growth, and the
rate of loss caused by attachment to the porous media

and decay. The rate of detachment of the biomass from
the biofilm is computed using contributions from two
different mechanisms: a method attributing detachment
to shear stress (Rittmann 1982) and a method attributing
detachment to growth rate (Peyton and Characklis
1993). Growth is by Monod kinetics, and decay is based
on the cell decay rate for the species. Attachment is
based on a first-order rate coefficient for attachment,
KAtt, which may be calculated using either the particle
filtration method by Rajagopalan and Tien (Rajagopalan
and Tien 1976; Tien 1989), herein called the RT method,
or the network method by Reddi and Bonala (1997).

(3) For the suspended inert biomass: the rate of loss caused
by attachment to the porous media, and the rate of gain
caused by detachment of inert biofilm and conversion
from suspended active biomass to suspended inert bio-
mass through decay. The rates of detachment and at-
tachment are found similarly to those for the active
suspended biomass, while the rate of production of sus-
pended inert biomass is based on the concentrations of
suspended active biomass, the decay rate for the species,
and the fraction that is refractory.

(4) For the dissolved calcium: the rate of calcium removal
caused by the precipitation of calcium carbonate. The
rate is based on the carbonic acid yield coefficient (YH),
an empirically derived estimate of the average mass of
calcium removed per amount of net carbonic acid pro-
duced, and the net rate of production of carbonic acid,
which can be computed based on the rate of utilization
of the VFAs. More detail may be found in VanGulck et
al. (2003).

(5) For the suspended inorganic solids: the rate of gain of
material from detachment of inorganic solids film, and
the rate of loss caused by attachment of the inorganic
solids to the porous media. The rate of inorganic solids
film detachment is computed using the shear stress
model of Rittmann (1982), and attachment is based on
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Fig. 1. Diagram of species pathways and primary reactions in
the BioClog model. “Growth” represents the growth of substrate
degraders due to utilization of substrate. The figure does not in-
dicate production of acetate from degradation of other VFAs.



the attachment rate, computed similarly to that of the
suspended active biomass.

Film thickness
The clog matter consists of five separate films: a biofilm

for each of the three substrate degraders (propionate degrad-
ers, acetate degraders, and butyrate degraders), an inert
biofilm, and an inorganic solids film. The equations for cal-
culating film thickness are given in Cooke et al. (2005). The
change in film thickness depends primarily on the same pro-
cesses as those of the reaction terms (see Fig. 1):
(1) Substrate (VFA) degrader biofilms—film thickness is

gained by attachment of suspended active degraders and
growth and is lost because of detachment and decay.
Growth and decay are calculated according to the non-
steady-state biofilm growth model of Rittmann and
McCarty (1981).

(2) Inert biofilm—film thickness is gained by attachment of
suspended degraders and conversion of decayed active
biomass and is lost because of detachment.

(3) Inorganic solids film—film thickness is gained by at-
tachment of suspended inorganic solids, precipitation of
calcium carbonate, and production of “other” inorganic
solids and is lost because of detachment. Attachment
and detachment are as discussed previously. The mass
of precipitate is computed from the mass of calcium re-
moved from the leachate (according to the reaction
terms for calcium, see reaction term (4), above). The
production of “other” inorganic solids is calculated by
applying a user-defined multiplier to the rate of calcium
carbonate production, thereby allowing the model to
represent additional precipitates, assuming they accumu-
late at a rate proportional to that of calcium carbonate.
Since calcium carbonate has been found to be the domi-
nant precipitate in landfill clog matter (Fleming et al.
1999; Manning and Robinson 1999), the contribution of
“other” precipitates is expected to be relatively small.

Porosity
In each element, the quantity of active biofilm, inert

biofilm, and inorganic solids is computed in terms of layer
thickness. The porous media is represented geometrically by
identical spheres with a diameter representative of the real
media and packing properties that simulate the real media
porosity. This representation of the porous media allows for
the calculation of porosity and specific surface in each ele-
ment based on the total thickness of the clog matter film, us-
ing a sphere model originated by Taylor et al. (1990) with
corrections by Cooke and Rowe (1999).

Leachate–gravel clogging experiment

Experimental apparatus
Polyvinyl chloride pipe was used to build column reactors

with an average internal diameter of 5.08 cm and length of
41.8 cm. Sample ports (perforated tubing that extends hori-
zontally to the centre of the column) and piezometers were
installed at intervals along the column lengths, as shown in
Fig. 2. A Tedlar bag was attached to a port at the top of each
column and the piezometers to collect gas generated within
the column and prevent the ingress of oxygen into the reac-

tor, thereby maintaining anaerobic conditions. A stainless
steel screen separated the gravel from the influent port at the
base, creating an open space below (the reservoir). Peristalic
pumps were used to move the leachate from a distribution
manifold to the influent ports for upward flow through the
gravel and eventual exit through the effluent port at the top.
The leachate was maintained at 10 °C in a storage tank be-
fore being transported to the manifold.

The tests were conducted at 21 °C, which falls within the
temperature ranges reported for landfill barrier systems by
researchers. Koerner et al. (1996), for example, reported 18–
23 °C in a Pennsylvania landfill, 10–30 °C in a California
landfill, and 20–30 °C in a Florida landfill. Barone et al.
(2000) reported 10–16 °C in newer (less than 8 years old)
areas with low leachate levels (less than 0.3 m) and as high
as 37 °C in older (14–15 years old) areas with leachate lev-
els of about 4.5 m to 6.5 m above the liner in a Toronto
landfill.

The porous medium was taken from source pea gravel that
was characterized as clean, very poorly graded, fine-crushed
gravel. Pea gravel was chosen because the grain size corre-
sponds well with previous column experiments conducted
with 6 mm glass beads, while providing surfaces that are
closer to that of the gravel used in landfill drainage systems.
The source material grain size distribution (ASTM1997a) is
shown in Fig. 3. One column, designated as PG-1, contained
pea gravel with a particle size range consisting of material
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Fig. 2. Column dimensions and port locations.



passing the 12.7 mm (1/2 in.) sieve and retained on the
2 mm (#10) sieve (coefficient of uniformity, Cu = 1.6). The
other column, designated as PG-2, contained pea gravel
from a more narrow range: the gravel passing the 9.5 mm
(3/8 in.) sieve and retained on the 4.75 mm (#4) sieve (Cu =
1.3). These ranges are shown in Fig. 3. The initial hydraulic
conductivities, based on a modified constant head test
(ASTM 1997b), were 9.8 × 10–2 and 1.1 × 10–1 m s–1 for the
PG-1 and PG-2 columns, respectively.

Leachate composition
Leachate was collected regularly from Keele Valley Land-

fill in Ontario, Canada and used as the influent for the exper-
iments. Since the composition of this real leachate varies
naturally, no attempt was made to keep its composition con-
sistent with time; rather the variation was monitored and in-
put to the model. The leachate contained relatively high
concentrations of suspended solids, both organic and inor-
ganic. Although the leachate in the storage tank was con-
stantly stirred to reduce settling of suspended solids, some
settling was observed. Clog matter was found to accumulate
in the piping and manifold because of growth, precipitation,
and (or) settling. Regular maintenance was required to keep
the system from clogging.

Volatile fatty acid concentrations (propionate, acetate, and
butyrate) were established by gas chromatography. Dis-
solved calcium concentrations (Ca2+) were measured using
an atomic absorption spectrometer. Total suspended solids
(TSS) concentrations were measured from the mass of resi-
due retained on 0.45 µm pore glass fibre filter paper dried at
105 °C. The sample was ignited at 550 °C and filtered again
to obtain the concentration of fixed suspended solids (FSS).

The volatile suspended solids (VSS) concentration was cal-
culated by subtracting the FSS from the TSS. The COD was
measured using a reactor digestion method and spectro-
photometer. The pH was measured using a water quality
monitor and probe. Testing was performed using methods and
instruments similar to those described by VanGulck and
Rowe (2004a, 2004b), where additional detail is presented.
Table 1 lists the average concentrations of the pertinent con-
stituents in the leachate during the period of experiment op-
eration.

Column experiment operation
The concentrations of propionate, acetate, butyrate, Ca2+,

and COD were measured from samples taken from the col-
umn sample ports on a weekly basis. The larger volume
samples required for measurement of TSS and VSS were
taken from before the influent and after the effluent valves.
These samples were also used to measure pH.

The columns were operated in an upflow direction.
Peristalic pumps were used to pump leachate at an intended
rate of 1.0 L day–1, a value chosen to reflect the velocity of
leachate flow (approx. 50 cm day–1) that might be found
near the drainage pipes of leachate collection systems (for a
study of the impact of flow rate on collection system clog-
ging, see Rowe et al. 2000a). The actual measured average
flow rates were 0.935 L day–1 (std. dev. = 0.330 L day–1,
count = 132) and 0.988 L day–1 (std. dev. = 0.280 L day–1,
count = 132) for PG-1 and PG-2 columns, respectively.
Leachate was pumped through the columns for 490 days.
Termination was prompted by repeated low measurements of
porosity.

Before beginning the experiment, porosity along the
length of the columns was measured both by filling and by
draining with water. The filled porosity was expected to be
closer to the actual initial total porosity of the gravel. The
“drainable” porosity underestimates the actual porosity,
since, when draining, some fluid adheres to surfaces within
the column or is trapped in voids. During experiment opera-
tion, however, only the drainable porosity can be measured.

Upon termination, each column was immediately cut open
and the gravel and accumulated clog matter were removed
for observation and compositional analysis. The mass of wa-
ter (H2O) in each sample was obtained from wet- and oven-
dried (105 °C) mass. The clog matter was scraped from the
gravel. It was then weighed, ignited in a furnace at 550 °C,
and weighed again, to find the mass of volatile solids (VS)
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Fig. 3. Sieve analysis of source pea gravel. Experimental porous
medium PG-1 passes #1/2 sieve (12.7 mm) and is retained on
#10 sieve (2 mm). PG-2 passes #3/8 sieve (9.53 mm) and is re-
tained on #4 sieve (4.75 mm).

PG-1 PG-2

Average
Std.
dev. Average

Std.
dev.

Propionate (mg COD L–1) 4 125 1652 4 475 1497
Acetate (mg COD L–1) 3 533 1699 4 010 1521
Butyrate (mg COD L–1) 598 458 738 558
Calcium (mg L–1) 388 202 391 196
TSS (mg L–1) 1 524 995 1 442 1045
VSS (mg L–1) 711 436 645 416
COD (mg L–1) 12 375 3768 12 379 3637
pH 6.61 0.65 6.65 0.65

Table 1. Average measured influent leachate composition.



and nonvolatile solids (NVS). Since the amount of clog mat-
ter that was removed and analyzed may not accurately repre-
sent the actual amount of clog material, the ratio of VS to
NVS was applied to the more accurate dry clog mass, which
was determined from the mass of the gravel after more thor-
ough cleaning. Samples were also sent to commercial labo-
ratories for chemical analysis.

Solution method

Initially, prior to modelling, a number of input parameters
were measured directly from the experimental data, and
these values were compared to known values when possible.
Other input parameters were obtained from external sources.
Finally, a corrective relationship was derived for estimating
the total porosity from the measured drainable porosity for
comparison to the predicted porosity. The model was then
applied to the PG-1 and PG-2 columns that operated for
490 days.

Measured model parameters

System dimensions and porous media properties
The lengths and diameters of the columns (as described in

the section entitled “Experimental apparatus”) were used as
inputs. The PG-1 and PG-2 columns were found to have
equivalent single particle sizes of 0.67 cm and 0.59 cm, re-
spectively, calculated using sieve analysis based on weight.
The initial porosities of the columns were measured by both
filling and draining. The average porosities by filling were
0.41 and 0.42 for the PG-1 and PG-2 columns, respectively,
and the porosity by draining for both PG-1 and PG-2 was
0.36. Since no significant variation in initial porosity was
observed along the column, the grain size and initial poros-
ity of the porous media was chosen to be constant with posi-
tion. Porosities obtained by filling, which are representative
of the total porosity, were used as the initial porosities in the
model.

Influent properties
The measured flow rates and the concentrations of influ-

ent propionate, acetate, butyrate, and calcium measured at
port 1 (all of which varied somewhat with time) were used
as inputs to the model. The influent concentrations of VSS
and FSS were deduced from the values measured at port 1
and modified using data from the columns terminated at
72 days and 122 days to estimate retention by the reservoir
(for details see Cooke2). The values were set as separate
constant influent concentrations for the time periods 0–
72 days and 72–490 days (see Table 2).

Clog matter properties
The masses of VS, evaporated water (H2O), and NVS

were measured as in previous analysis of clog material from
terminated column experiments (see Rowe et al. 2000a,
2000b, 2002; VanGulck and Rowe 2004a, 2004b). Since
biofilms consist primarily of water and volatile matter,
masses of either VS or H2O were used to estimate biofilm
quantities (as performed by Rittmann et al. 1986). The mass

of NVS was used to quantify the inorganic content of the
clog material.

In the previous tests that were examined, glass beads were
used as the porous media. Since the beads were essentially
spherical, an estimation of total surface area per sample
could be easily made, and by measuring the density of the
organic or inorganic portion of the clog, the film thicknesses
of each fraction could be calculated. The thicknesses were
then compared to the model predictions. In this research,
however, the porous media was relatively irregular-shaped
gravel; therefore, an estimation of surface area was not
readily available, and consequently the measured clog matter
properties could not be transformed to film thicknesses. In-
stead, masses of H2O, VS, and NVS were presented per unit
volume of column. This was done by first measuring the
masses of H2O, VS, and NVS for a sampled mass of gravel
and then normalizing this as masses of H2O, VS, and NVS
per unit mass of gravel. This quantity was then multiplied by
the initial mass of gravel per unit volume of the column to
give the masses of H2O, VS, and NVS per unit volume of
column. BioClog was modified to predict these masses per
volume as well as the usual film thickness (see section enti-
tled “Clog composition”).

The density of the organic and inorganic solids is required
as an input to the model. The organic solids densities were
required in units of mass of VS per cubic centimetre of
biofilm (mg VS cm–3). Assuming biofilms were 99% water
(Rittmann et al. 1986), the volume of biofilm per sample
could be found from the measured mass of H2O. Knowing
this volume and the mass of VS allowed estimation of
biofilm density (mg VS cm–3) using

[1] Xf
2

VS
H O

= 990

where VS and H2O are the measured masses per volume,
and 990 is the mass of water per cm3 of biofilm (assuming a
biofilm is 99% water). The average biofilm densities found
using this method were 96 mg VS cm–3 and 93 mg VS cm–3

for the PG-1 and PG-2 columns, respectively. The average
values were used for modelling both the inert and active
biofilms. These values were slightly less than the average
114 mg VS cm–3 found by VanGulck and Rowe (2004a) us-
ing leachate and beads, but within the range of values they
measured (within half of one standard deviation of the aver-
age).

The density of the inorganic solids film was taken from
measured values from previous experiments using real leach-
ate from the same landfill (VanGulck and Rowe 2004a). In
that work, the inorganic film density (obtained by specific
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PG-1 PG-2

VSS
(mg L–1)

FSS
(mg L–1)

VSS
(mg L–1)

FSS
(mg L–1)

0–72 days 118 134 180 438
72–490 days 340 321 134 386

Table 2. Estimated VSS and FSS after reservoir.

2 A.J. Cooke. Modelling of clogging in landfill leachate collection systems. Ph.D. thesis, The University of Western Ontario, Ont. In prepara-
tion.



gravity testing (ASTM 2002) of the clog material remaining
after volatilization) was 2750 mg cm–3.

The rate that calcium is removed and calcium carbonate is
precipitated in the model is based on the carbonic acid yield
rate, YH. As indicated in the section entitled “Leachate com-
position”, YH is the average mass of calcium removed per
net carbonic acid produced. The method of calculating YH is
described by VanGulck et al. (2003) and is only briefly dis-
cussed here. To compute YH, first the net mass of carbonic
acid produced is calculated from the measured change in
concentration (in terms of COD) of the VFAs using eq. [1]:

[2] net H2CO3 produced = 0.9684(acetate fermented)

+ 0.1384(propionate fermented)

– 0.1937(butyrate fermented)

The removal of calcium is calculated from the measured
change in calcium concentration over the same length and at
the same time. The pairs of values are computed using mea-
sured concentrations from port 1 to each subsequent port,
and at each measurement time, resulting in a range of values
representing the entire length of the column and the entire
operation time. Second, the values of net mass of carbonic
acid produced versus the mass of calcium removed are plot-
ted. The value of YH is equal to the slope found by linear re-
gression of the data. The plots are shown in Figs. 4 and 5,
and YH was found to be 0.050 and 0.058 for the PG-1 and
PG-2 columns, respectively. These values are significantly
lower than those found by VanGulck et al. (2003) for syn-

thetic leachate (YH = 0.169) and real leachate (YH = 0.116).
The lower yield is likely attributed to differences in the inor-
ganic leachate composition between this study and that of
VanGulck et al. (2003).

The model assumes that the primary mineral precipitate in
clog material is calcium carbonate, but other minerals may
be precipitated out of solution. Precipitated minerals other
than CaCO3 are modelled using a parameter, fOP, which is
calculated using

[3] fOP
3

mass of other" precipitated solids
mass of CaCO

= "

where both masses are for material precipitated directly on
the media. This ratio is difficult to measure from experi-
ments run using leachate containing suspended solids, since
any analysis of the clog material will contain solids that be-
came attached (from being in suspension) as well as those
that were precipitated locally (from a dissolved state). For
this reason, the parameter was obtained from the clog prop-
erties measured in runs performed using synthetic leachate
(VanGulck and Rowe 2004b), since this fluid contained sig-
nificantly less suspended solids, but was designed to other-
wise match the composition of real Keele Valley Landfill
leachate. The fOP applied in these model runs was 0.06. As
implied by this low number, precipitation was dominated by
CaCO3.
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Fig. 4. Amount of H2CO3 produced (calculated from measured
VFAs) versus measured Ca2+ removal and carbonic acid yield
coefficient (YH) derived from linear regression for the PG-1 col-
umn.

Fig. 5. Amount of H2CO3 produced (calculated from measured
VFAs) versus measured Ca2+ removal and carbonic acid yield
coefficient (YH) derived from linear regression for the PG-2 col-
umn.



Model parameters from external sources

Growth model parameters
For each of the three VFAs, the model requires four ki-

netic coefficients to model substrate degradation and de-
grader growth and loss. The coefficients are: the half
maximum rate substrate concentration, KS; the maximum
specific rate of substrate utilization, �q; the biomass decay co-
efficient, b; and the maximum yield coefficient, Y. Compli-
cations exist in determining these coefficients for these
complex systems, as noted below.

First, a large number of factors can affect the kinetic coef-
ficients, including: temperature, pH, inhibition by toxic sub-
stances, bacterial culture properties (i.e., mixed or pure species,
or acclimation to temperature or substrate), nutrient avail-
ability, and mass transfer resistance. The number of factors
has resulted in a large variation in reported values (Pavlostathis
and Giraldo-Gomez 1991).

Second, kinetic rates of anaerobic decomposition have
been mainly determined using wastewater treatment systems,
or systems that simulate them. Under these conditions, fac-
tors such as loading rate and temperature have been opti-
mized for treatment efficiency and often do not emulate
landfill or experimental conditions. In the present case, for
example, the columns were operated at 21 °C, a temperature
for which few kinetic coefficients have been reported, since
wastewater treatment is usually performed at temperatures
between 30 and 40 °C.

Given these complexities, the kinetic rates used for acetate
and butyrate were those found by calibration of the model to
similar experiments using a similar leachate (VanGulck
2003). In that work, propionate was present, but did not de-
grade significantly and was therefore not included in the
calibration. In the experiments herein, some propionate deg-
radation occurred, although significantly less than acetate or
butyrate, and it only occurred late in the period of operation.
Had operation of the experiments modelled by VanGulck
(2003) and described by VanGulck and Rowe (2004a) con-
tinued longer, propionate might have eventually begun to
degrade. Fortunately, because of the long lag time until deg-
radation and corresponding degrader growth, the model is
relatively insensitive to the choice of coefficients for propio-
nate, over a reasonable ranges of values. In the event that
propionate degraders dominate a landfill leachate collection
system, more data may be required to establish the most ap-
propriate kinetic coefficients for this acid.

The kinetic coefficients used in the modelling are listed in
Table 3. The molecular diffusion coefficients for each sub-
strate in free water and biofilm and the thickness of the ef-
fective diffusion layer (a stagnant layer of liquid on the film
surface) are also required by the biofilm growth model. The

molecular diffusion coefficients used here were experimen-
tally determined by Yu and Pinder (1994) and are presented
in Table 3. The effective diffusion layer thickness is calcu-
lated using a relationship by Skelland (1974) and is recalcu-
lated at each time step.

Detachment and attachment model
The “shear stress” model of detachment by Rittmann (1982)

was assumed to provide 100% of the detachment process for
each film. The fraction of the organic film degradable by de-
cay was taken to be 0.8 (Rittmann and Snoeyink 1984).
Attachment is modelled using the RT method (see section
entitled “Species reactions”), and the required parameters
have been discussed in other sections. The viscosity and
density of the leachate was assumed to be the same as water
at 21 °C.

Suspended solids properties
In the model, VSS is separated into active and inert por-

tions. Following the work of VanGulck (2003), using a simi-
lar leachate, 70% of the influent VSS was assumed active
and equally distributed among the propionate, acetate, and
butyrate degraders. The RT model selected for predicting at-
tachment requires the effective particle diameter and density
for the organic and inorganic suspended solids. The particle
diameter for the organic suspended solids was taken to be
0.0001 cm, based on the size of a bacterium (Metcalf &
Eddy, Inc. 1991), and the density was taken to be
1030 mg cm–3 based on the modelling of similar leachate by
VanGulck (2003). The particle diameter for the inorganic
suspended solids was 0.0002 cm, within the range reported
by Koerner and Koerner (1992) for landfill leachate. The
density of the suspended inorganic solids was 1065 mg cm–3

based on VanGulck (2003).

Other parameters
The model was run using time steps of 0.001 days and el-

ements 1.0 cm long. Dispersion was based on pore-water ve-
locity and a longitudinal dispersivity of 1.0 cm, which was
considered a reasonable value for laboratory scale transport
based on Sun (1996), MacKay et al. (1996), and Grolimund
et al. (1998). The time varying inlet node concentration was
specified as a boundary condition. The outlet node was an
“open” or “free” boundary, which has a nonprescribed
dispersive flux allowing it to act as an infinite length model
(Frind 1988; Cooke2).

Correction of drainable porosity
The model computes total porosities. However, during the

experiment only the drainable porosity is measured. Thus, to
allow a comparison between the predicted and observed val-
ues, a correlation is required between the drainable and total
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Propionate Acetate Butyrate

Half-maximum rate concentration (mg COD L–1) 4700 4700 4056
Maximum specific rate of substrate utilization (mg COD mg VS–1 day–1) 1 1.767 5.195
Biofilm decay coefficient (day–1) 0.02 0.0183 0.0204
True yield coefficient (mg VS mg COD–1) 0.02 0.0397 0.0256
Diffusion coefficient of substrate in free water (cm2 day–1) 1.26 1.5 1.11
Diffusion coefficient of substrate in biofilm (cm2 day–1) 0.52 0.47 0.31

Table 3. Kinetic parameters.



porosities. Initial porosity measurements obtained by filling
provide an estimate of total porosity, while draining it again
gives the drainable porosity at the start of the experiment
(0 days). At termination both the drainable porosity and total
porosity based on the mass and density of the clog matter
(see section entitled “Clog matter properties”), can be estab-
lished. A plot of total porosity against drainable porosity at
these times is shown in Fig. 6 together with a linear regres-
sion relationship for total porosity as a function of drainable
porosity for PG-1 and PG-2.

Results and discussion

Clog composition
After 490 days of operation, the PG-1 and PG-2 columns

were opened and sampled to evaluate clog composition. The
clog material coating the gravel in both cases was primarily
a soft black slime with a gritty texture (likely precipitates).
Open void space was visible in places, and filled in others.
The slime at the influent end of the column appeared more
moist and gritty. Figures 7a–7c and 8a–8c illustrate
themeasured amounts of (i) evaporated water, (ii) VS, and
(iii) NVS for the PG-1 and PG-2 columns, respectively. The
model predictions are also plotted. The final measured
masses for the PG-1 and PG-2 columns were remarkably
similar. At test termination (490 days), the amounts of evap-
orated water and VS were relatively uniform with respect to
height, and the amount of NVS was found to increase
slightly with distance from the bottom of the column for
both cases.

The model performed well predicting the organic indica-
tors (water and VS). For the inorganic clog matter, the NVS,
the model predicted the centre of the column (10–25 cm)
very well, while somewhat underestimating the influent end
and overestimating the effluent end.

The porosity at termination was very low (0.06–0.12, as
discussed in more detail later), and, consequently, the pore
water velocities and detachment were high. As new material
attaches and grows, there is competition between the inor-
ganic and organic material for space. This explains why the
predicted curves for the organic (volatile) solids appear in-
verse to the curve for the NVS. The lowest nonvolatile
masses, for example, occur at the influent (bottom) end,
which corresponds to the location of the highest organic
masses.

Figure 9 shows the film thicknesses predicted by the
model for each of the films for 163, 327, and 490 days for
the PG-1 column. The model predicts uniform thicknesses
along the length of the column at early times (163 days).
This is followed by (at 327 days) rapid growth and attach-
ment of biofilm at the influent end. As the pores become
clogged at the influent end, greater distribution of biofilm
and inorganic solids to the effluent end results in a relatively
uniform thickness at column termination (490 days). It is
clear that, in this case, the acetate degrader film and inert
biofilm dominate the clog matter at 327 and 490 days. While
the biofilm kinetics favour acetate and butyrate degrader
growth, the average concentration of acetate is considerably
higher than that of butyrate, thus leading to acetate degrader
dominance.

VFA and calcium
The measured propionate, acetate, butyrate, and calcium

are plotted (using open circles) in Fig. 10 for the PG-1 col-
umn and Fig. 11 for the PG-2 column. For each species, fig-
ure (a) is the concentration at port 3 (12.0 cm from screen at
the influent end), figure (b) is at port 5 (24.0 cm from
screen), and figure (c) is at port 7 (the effluent port, 36.0 cm
from the screen). All VFA concentrations have been con-
verted to units of mg COD L–1. The great variability of the
influent concentrations of these species with time can be
seen at port 3. Comparison of data at port 3 with that at port
7 indicates that acetate and butyrate are being degraded
along the length of the column from a relatively early time
until test termination. Propionate appears to only undergo
degradation over the final 50 days.

Solid lines on the figures indicate the model prediction of
the VFA and Ca2+ concentrations at each port. Acetate was
well predicted at port 3 in both columns. At port 5 the model
performed generally well (exceptions are between 300 and
372 days (PG-1) and 296 and 302 days (PG-2), where it
overestimated the concentration). At port 7 the modelling
underestimated the acetate concentration from 200 to
250 days and overestimated the acetate from 300 to
372 days. Butyrate is well predicted in both columns at ports
3 and 5 with just a few concentration spikes being underesti-
mated. This is likely due to the butyrate degraders not being
adapted to high concentrations, and so the actual degradation
is minimal at these high concentrations, whereas the model
assumes that same rate of utilization applies at all concentra-
tions, thereby causing the underestimation. The last
200 days of operation illustrate a very good fit of butyrate
concentrations for both columns while undergoing signifi-
cant degradation, without significant concentration spikes.
Propionate has been well predicted at all ports for both col-
umns, except for a few points around 300 days that are un-

© 2005 NRC Canada

Cooke et al. 1607

Fig. 6. Drainable porosity and corresponding total porosity for
pea gravel. Lines represent linear regression used to derive cor-
rective equations for PG-1 and PG-2.



derestimated in the PG-2 column. Since propionate
experiences little degradation, it should be expected that this
species be well predicted. In both columns, the model seems
to have performed very well predicting the Ca2+ concentra-
tions at all ports, with the exception of the concentration
spike at 296 days, which depleted with distance at a far
greater rate then predicted by the model. This is in contrast
to a similar spike at 268 days, which did not deplete at all.
When consideration is given to the average response to these
spikes, the model performed well.

Porosity
Figures 12 and 13 show the porosities measured at various

times during operation of column PG-1 and PG-2, respec-
tively. In both cases figure (a) shows the drainable porosity
while figure (b) shows the total porosity deduced from the

drainable-total porosity and the relationship established in
Fig. 6. Also shown is the total porosity calculated based on
the mass and density of the clog material at test termination
(490 days). The symbols represent the porosity of a zone,
with the approximate bounds of the zone (relative to the
screen at the bottom of the column) being indicated in the
legend. The porosity in the zone nearest to the influent end
(1–6 cm range: open squares) experienced the most rapid
clogging since this zone is subjected to the highest loading
of biomass substrates (VFAs), dissolved calcium, and sus-
pended solids. The porosity measured at the top of the col-
umns (filled circles) decreases at a considerably slower rate
in both columns, remaining above 0.20 until about 300 days.
The slower rate of porosity decrease occurs because the sub-
strates and calcium have been depleted and suspended solids
attached to the gravel, at earlier zones in the columns. After
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Fig. 7. Measured and predicted (a) evaporated water, (b) VS, and (c) NVS for PG-1 column at 490 days (units are mass per unit vol-
ume of column).

Fig. 8. Measured and predicted (a) evaporated water, (b) VS, and (c) NVS for PG-2 column at 490 days (units are mass per unit vol-
ume of column).



300 days the porosity in this zone begins to decreases rap-
idly.

At any point in time, the porosity generally increases with
height. This is less evident at the end of operation, as the po-
rosity becomes increasingly uniform with respect to height.
In addition, as porosity decreases, it becomes more difficult
to drain zones of the column because of the lower hydraulic
conductivity associated with the increase in occluded pore
space. The difference between the measured drainable po-
rosity and the deduced total porosity can be appreciated by
comparing figures (a) and (b) in Figs. 12 and 13. It can be
seen that there is quite good agreement between the mea-
sured and predicted final total porosities.

The predicted porosities at six different locations, chosen
from elements near the centre of each zone, are represented
by lines in each figure. Comparing Fig. 12 with Fig. 13, it
can be seen that the predicted porosities for the PG-1 col-
umn decrease less rapidly than that predicted for the PG-2
column. With influent properties that are nearly equal, the
difference is due to the difference in porous media grain size
used by the model. The PG-1 grain size is 0.67 cm, while
the PG-2 grain size is 0.59 cm. In the porosity model, which
computes changes in porosity and specific surface from film
thickness (see “Porosity” section under “Model Summary”),
a smaller grain size corresponds to a smaller porosity for
equal film thickness. In the PG-1 case, the predictions corre-
spond to the upper range of the measured values, while in
the PG-2 case, the predictions lie in between the upper and
lower measured values, except at the beginning and end,
where they are overestimates. Generally the deduced total
porosities are in encouraging agreement with the predicted
values during the tests, although the model does tend to have

a narrower banding of the porosities between the bottom and
top zones than that deduced based on the measured drainable
porosities.

Estimation of hydraulic conductivity
Future application of the model to 2D flow and mounding

will require estimation of hydraulic conductivity, K. Cur-
rently, the model estimates K based on total porosity, nTot, by
employing an exponential growth equation:

[4] K A b n= Ke K Tot

where AK and bK are parameters determined by regression
analysis of the measured data. The measured hydraulic con-
ductivity and corresponding total porosity are presented in
Fig. 14, along with a regression line with AK = 2.31 ×
10–7 m s–1 and bK = 31.6 (R2 = 0.98). Hydraulic conductivity
was measured in the columns before operation, and between
322 and 490 days.

Discussion
The predictions are in general agreement with the experi-

mental data given that they depend on such a large number
of separate model components and parameters from a wide
range of sources. It also needs to be recognized that there
are experimental uncertainties associated with some of the
results, such as the actual porosity (since, except at the be-
ginning and end of the test, only drainable porosity can be
measured). Three key assumptions were found to be reason-
able for modelling this complicated system: (i) a porous me-
dium consisting of spheres with a single effective grain size
could adequately represent the examined gravel with its, ad-
mittedly narrow, range of grain sizes; (ii) the carbonic acid
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Fig. 9. Predicted cumulative film thicknesses at 163, 327, and 490 days for the PG-1 column. Lines indicate the location of each sur-
face assuming the films form in the order given in the legend. The figure is for visualization only; model processes (in this case) are
not dependent on film location.
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Fig. 10. Measured and predicted acetate (Ac), propionate (Pr), butyrate (Bu), and calcium (Ca) concentrations at (a) port P3 (12.0 cm),
(b) port P5 (24.0 cm), and (c) port P7 (36.0 cm) versus time for column PG-1.
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Fig. 11. Measured and predicted acetate (Ac), propionate (Pr), butyrate (Bu), and calcium (Ca) concentrations at (a) port P3 (12.0 cm),
(b) port P5 (24.0 cm), and (c) port P7 (36.0 cm) versus time for column PG-2.
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Fig. 12. Comparison of predicted porosity with (a) measured drainable porosity and (b) deduced total porosity with time for the PG-1
column.

Fig. 13. Comparison of predicted porosity with (a) measured drainable porosity and (b) deduced total porosity with time for the PG-2
column.



yield coefficient (YH) allowed a reasonable prediction of in-
organic masses; and (iii) kinetic coefficients for the biofilms
derived from independent calibration experiments reported
by VanGulck (2003) provided a reasonable prediction of
biofilm growth and acid degradation in the current experi-
ments.

Conclusions

The changes in key leachate characteristics and porosity
of gravel have been predicted using a numerical model
(BioClog) that considers the reactive fate and transport of
multiple leachate constituents, the accumulation of associ-
ated clog material, and the associated change in porosity.
Comparison has been made between the predicted and ob-
served behaviour for two column tests, both using similar
landfill leachate, flow rates, and temperatures, but differing
in particle size distribution. The BioClog model made it pos-
sible to identify the following as critical to predicting the
course of clogging: (i) acetate degradation controls clogging
because acetate degraders make up one of the largest por-
tions of the biofilm, and they also contribute the most to the
production of calcium carbonate; (ii) inert biomass produc-
tion is a significant process leading to large increases in or-
ganic mass; (iii) the distribution of biofilm quantity and
composition changes with space and time; and (iv) the po-
rosity continually decreases, but clogging is most rapid at

the substrate source because acetate degradation is most ac-
tive at this location.

The primary objective of predicting clogging in terms of
porosity was met. The secondary objective was to predict
VFA and calcium concentrations and to differentiate be-
tween organic and inorganic clog matter. These concentra-
tions were both reasonably well predicted, and the predicted
clog quantities agreed very well with those measured at the
end of the experiments. By meeting the objective of model-
ling porosity change in gravel permeated by real landfill
leachate, this paper represents a further step towards the ulti-
mate goal of modelling the clogging of landfill leachate
drainage systems.
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