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Abstract: A two-dimensional numerical model, BioClog, is used to estimate the leachate characteristics and leachate-induced clogging of
laboratory mesocosms permeated with real municipal solid waste landfill leachate. The model is used to examine mesocosms with 38-mm
(nominal diameter) gravel subjected to different durations of leachate permeation, mesocosms run-in series, and mesocosms with 19-mm
gravel. A comparison of the calculated and measured leachate concentrations indicates that the model provided reasonable predictions of
the effluent chemical oxygen demand (COD) and calcium concentrations. The calculated porosities within the saturated drainage layers are
general in encouraging agreement with the measured values from all experimental mesocosms. The calculated and measured hydraulic con-
ductivities are in reasonable agreement. The modeling results indicated that reducing the mass loading for the drainage layers and increasing
the particle size of granular media can be expected to extend the time before clogging of drainage layers, and therefore, to extend the service life
of landfill leachate collection systems. DOI: 10.1061/(ASCE)GT.1943-5606.0000834. © 2013 American Society of Civil Engineers.
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Introduction

Modern municipal solid waste (MSW) landfills are generally re-
quired to have a barrier system to minimize contaminant migration
into the surrounding environment (Rowe et al. 2004; Rowe 2005).
Two components are normally included in a barrier system: (1)
a high permeability leachate collection system (LCS), and (2) an
underlying low permeability liner. Although much has been written
on liner performance (Bacas et al. 2011; Chappel et al. 2012; Eid
2011; Fox et al. 2011; Gudina and Brachman 2011; Rayhani et al.
2011; Rowe 2011, 2012a, b; Rowe et al. 2012), much less has been
written on the other key component of the barrier system—the LCS.
The LCS in a landfill is intended to allow the leachate within the
granular drainage layer to freely drain to the perforated drainage
pipes and from the pipes to sumps where the leachate is removed
from the landfill for treatment. To reduce the potential impact on
human health and the environment by the leakage of leachate into
the groundwater and surface water, the leachate head on the bottom
liner is typically required to be less than the design thickness of the
granular drainage layer (0.3–0.5 m) (Rowe et al. 2004).

Field studies have shown that, when permeated with landfill
leachate, the drainage material within the LCSs is prone to the de-
velopment of a clog mass within the void spaces because of the bio-
geochemical processes that result in the growth of biomass, deposition

of suspended particles, and precipitation of minerals [Bass 1986;
Brune et al. 1991;Koerner et al. 1993, 1994;McBeanet al. 1993;Rowe
1998; Fleming et al. 1999; Craven et al. 1999; Maliva et al. 2000;
Bouchez et al. 2003; Levine et al. 2005 (EPA, Research Triangle Park,
NC, unpublished internal report, 1982)]. The accumulation of clog
mass, which reduces the porosity and hydraulic conductivity of
drainagematerial, causes the leachate head to buildupwithin theLCSs.

A numerical model, BioClog, was developed to model both lab-
oratorycolumntests (Cooke et al. 2005a) and LCSs (Cooke andRowe
2008a). Cooke et al. (2005b) and VanGulck and Rowe (2008) found
that, for columnexperiments, theBioClogmodel gave a good estimate
of the effluent leachate characteristics compared with the measured
data. It also gave a good estimate of the clog mass within the porous
media from the influent to the effluent end. Cooke and Rowe (2008b)
used BioClog to model two laboratory mesocosms reported by
McIsaac andRowe (2007). Themodeling results showed that the clog
mass at the upper regions of the saturated gravel layer estimated by
the numerical model agreed well with the measured values, whereas
themodel underestimated the clogging of gravel at lower regions. The
BioClogmodelwas enhanced byYuandRowe (2012a) to address this
limitation of the original BioClog model.

The objective of this paper is to evaluate the performance of the
enhanced BioClog model for predicting the changes in leachate
characteristics and clogging of saturated gravel drainage layers by
comparing the calculated performance with that observed in several
laboratory mesocosms (Fleming 1999; Fleming and Rowe 2004;
McIsaac 2007;McIsaac andRowe 2007). Considerationwill be given
to thecellsoriginallyexaminedbyCookeandRowe(2008b)with38-mm
gravel (C03, C04), mesocosms run-in series (C03-C23-C24-C25,
C04-C26), and mesocosms with 19-mm gravel (C19, C20).

BioClog Model (Summary)

BioClogmodels the fate and transport of key constituents in leachate
and the formation of clog mass within the porous media (Cooke and
Rowe2008a;Yu andRowe2012a). Three volatile fatty acids (acetate,
butyrate, and propionate) are modeled because they contribute most
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of chemical oxygen demand (COD) in normal MSW leachate, and
they are also relatively easily biodegraded, resulting, inter alia, in the
production of carbonic acid, which is the source of carbonate that is
a predominate contributor to clogging (Bennett et al. 2000; VanGulck
et al. 2003). Both the suspended organic biomass and inorganic solids
in leachate are modeled, where the suspended organic biomass
includes the suspended active biomass and inert biomass, and the
decay of the suspended active biomass is converted to the suspended
inert biomass. The dissolved calcium in leachate is also modeled.

The clog mass within the porous media is quantified in terms of
the thicknesses of five separate films attached to the surface of
porous media (three active biofilms, inert biofilm, and inorganic
solids film). The active biofilms (acetate, butyrate, and propionate
degraders) increase the mass from the deposition of suspended ac-
tive biomass and growth of active biofilms. They losemass by decay
and through detachment from the shear stress, as described in detail
by Rittmann (1982). The inert biofilm increases the mass by the
decay of active biofilms and from the deposition of suspended inert
biomass. The inert biofilm decreases the mass through detachment
from shearing. The inorganic solids film increases the mass from the
deposition of suspended inorganic solid particles and precipitation
of calcium carbonate and other minerals. In the enhanced BioClog
model (Yu and Rowe 2012a), the deposition of suspended particles
within the saturated porous media is modeled based on the at-
tachment of suspended particles using amodel proposed byTien and
Ramarao (2007), but is further modified to include a deposition
factor where the effect of particle size range (0.001–0.1 mm) of
sediment and microorganisms from real landfill leachate (Koerner
and Koerner 1992; McIsaac 2007) was taken into account.

The finite-element method (FEM) is used to solve the partial dif-
ferential equations for fluid flow and species transport (Istok 1989).
The surface of the leachate mound is found using an iterative method
(Cooke 2007). The increase in total thickness of films (the accu-
mulation of clog mass) reduces the void spaces within the porous
media. The porosity and specific surface of porous media are cal-
culated with a geometric model (Yu and Rowe 2012b). The decrease
in porosity causes a reduction in hydraulic conductivity of porous
media that changes the flow field within the saturated drainage layer
and results in leachate mounding into the previous unsaturated zone.

Laboratory Mesocosms

The laboratory mesocosms (Fig. 1) to be modeled were initiated by
Fleming (1999) and have been described by Fleming and Rowe
(2004) and McIsaac (2007). These mesocosms were designed to
mimic the flow conditions near the drainage pipes in the landfill and
to examine the clogging of LCSs subject to the permeation of real
landfill leachate in real time and real scale (Fleming and Rowe 2004;
McIsaac and Rowe 2006, 2007). This involved a great deal of pa-
tience because full-scale, real-time experiments take a considerable
time to establish results. Each cell was 565-mm long, 235-mmwide,
and 574-mm high. The base of each cell was filled by an approx-
imately 40-mm-thick sand layer overlaid by a nonwoven geotextile
with a slope of 1.5% to the effluent end. A 300-mm-thick layer of
crushed dolomitic limestone gravel was placed over the geotextile.
Above the gravel drainage layer was a layer of waste extracted from
a landfill after biodegradation had commenced. The leachate from
the Keele Valley landfill was introduced both above the waste (at
a rate of 0.2 m3/m2/a) and from the horizontal port at the upgradient
end of the mesocosm (with the average flow rate of 1.26 m3/a,
approximately simulating the same vertical infiltration rate over the
25-m drainage length to the perforated drainage pipe) (McIsaac and
Rowe 2007). Leachate flowed through the saturated gravel layer into
the perforations of drainage pipe and exited from the effluent port.
A U-tube was attached to the effluent port to maintain a constant
hydraulic head at the effluent end. All tests were operated under an-
aerobic conditions at 276 2�C. Eightmesocosms (McIsaac andRowe
2007) examining the effect of operation time,mass loading, and gravel
size on the clogging of saturated gravel layer aremodeled in this paper.
The essential details for each mesocosm, as developed by Fleming
andRowe (2004), andwhosemaintenanceover 12years involved three
generations of graduate students, are given in the following.

Mesocosms C03 and C04

Mesocosms C03 and C04 were essentially identical except for the
time theywere permeatedwith leachate. Both werefilled with 38-mm
gravel (D10 5 20mm, D60 5 27mm, D85 5 33mm). The bottom
100 mm of the gravel drainage layer was initially saturated, and the

Fig. 1. Schematic showing the experimental mesocosm cells [data from McIsaac and Rowe (2007)]
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rest of the drainage layer was unsaturated. Mesocosm C04 was ex-
humed after approximately 6 years, whereas mesocosm C03 was
exhumed after 12 years. Mesocosms C03 and C04 were previously
modeled byCooke andRowe (2008b) using the initial BioClogmodel
(Cooke and Rowe 2008a). These mesocosms are re-examined in this
paper using the enhanced BioClog model (Yu and Rowe 2012a).

Mesocosms Run-In Series C04-C26 and
C03-C23-C24-C25

Because each mesocosm was 0.565-m long, these mesocosms were
intended to examine clogging when leachate flows through a
1.13-m-long (C04-C26) and 2.26-m-long (C03-C23-C24-C25)
gravel system by connecting the mesocosms in series, such that
the leachate passing through the first mesocosm (C03 or C04) was
input as the horizontal influent to the next mesocosm in the series
(C23 or C26); for the second series, after flowing through this
mesocosm, it became the influent to the next mesocosm (C24),
whose outflow finally was the influent for the last mesocosm in the
series (C25). Allmesocosms received similar fresh [fromKeeleValley
Landfill (KVL)] leachate at a rate equivalent to approximately 0.2 m/
year introduced above the waste overlying the gravel. Each of these
mesocosms had a 300-mm thick layer of 38-mm gravel. Similar to
mesocsoms C03 and C04 (described previously), the bottom 100 mm
of gravel was saturated and the top 200mm of gravel was unsaturated.
After approximately 6 years of operation, mesocosms C23, C24, C25,
C04, and C26 were exhumed to examine the clogging.

Mesocosms C19 and C20

MesocosmC19 and its duplicate C20 both had a 300-mm-thick layer
of 19-mm gravel (D10 5 10mm, D60 5 16mm, D85 5 19mm).
Thesemesocosmswere similar toC03 andC04, except for the size of
the gravel used. The bottom 100mmof gravel drainage layer in each
mesocosm was initially saturated, and the remaining 200-mm-thick
gravel layer was initially unsaturated. These mesocosms (C19 and
C20) were exhumed after approximately 6 years.

Modeling

Modeling involved two stages at each time step: (1) modeling of
the flow region using the porosities and hydraulic conductivities
established based on the transport modeling in the previous time
step, and (2) transport modeling and assessment of the change in
porosities and hydraulic conductivities because of clogging in this
time step. The following subsections summarize the key aspects of
the modeling and the relevant parameters.

Boundary Conditions for Modeling

The boundary conditions for the fluid flow involved a uniform in-
filtration rate of 0.2 m/year vertically into the saturated drainage
layer on the top surface (Fig. 1). A line source on the influent end
represented the leachate flux [Fig. 2(a)] from the horizontal influent
port into the saturated drainage layer. In the numerical simulation,
the location of this source was moved periodically for each mes-
ocosm to correspond to changes in the location of the lateral source
in each experiment (the location of the lateral source was changed
periodically because of local clogging that occurred around the
influent port) (McIsaac 2007). Details regarding the precise location
of the inlet for a given mesocosm and time are given in Yu (2012).
The remainder of the vertical boundary on the influent end and the
bottom boundary were modeled as no flow boundaries. A constant
specified head of 100 mm was applied over a zone from z5 0 to

z5 30mm (where the lower perforations in the pipe were located) at
the effluent end to correspond to the experiment conditions applied
to the leachate level in the receptor pipe. The U-tube attached at the
effluent port to keep the hydraulic head within the pipe to 100 mm
(Fig. 1) was not explicitly modeled, although the effect was mod-
eled. A no-flow boundary condition was applied to the remainder of
the vertical boundary.

For species transport, the vertical infiltration of leachate was
modeledasaCauchyboundary (Padilla et al. 1997)with a time-varying

Fig. 2. Influent flow rates at the horizontal influent port and influent
leachate concentrations: (a) influent flow rates; (b) volatile fatty acids
concentrations; and (c) calcium, fixed suspended solids (FSS) volatile
suspended solids (VSS) concentrations [Cooke and Rowe 2008b; Cooke,
A. J., and Rowe, R. K. “Modelling landfill leachate induced clogging of
field-scale test cells (mesocosms),” Canadian Geotechnical Journal, Vol.
45, Issue 11, 1497–1513, © 2008 Canadian Science Publishing or its
licensors. Reproduced with permission]
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specific species total flux selected to correspond to the experimental
data. The horizontal flow was modeled as a line source with a time-
varying concentration based on experimental data. The effect of the
waste and unsaturated gravel layer on the leachate characteristics
from the vertical influent ports were not considered because the
leachate causing the clogging of the saturated drainage layer was
mostly from the lateral influent port in this experiment, and hence,
the effect of the infiltration through the waste was minor in these
particular experiments. The location of the line source varied
somewhat depending on the mesocosm and time [because it had to
be moved periodically because of clogging near the inlet as noted
previously and as described by McIsaac (2007)]. The upstream
vertical boundary (apart from the line source) andbaseweremodeled as
zero flux boundaries. The downstream vertical boundary was modeled
as an open zone from z5 0 to z5 30mm with a nonprescribed dis-
persive flux [the free-exit condition; Frind (1988)] to model the
presence of the perforations in the drainage pipe at this location, and the
remainder of this boundary was zero flux because of symmetry.

Finite-Element Model Mesh

The saturated gravel drainage layer in mesocosms C03 and C04 was
modeled using 738 three-noded triangle elements and 420 nodes.
A mesh with total 1,660 nodes and 2,952 three-noded triangle ele-
ments was used for modeling each of the four mesocosms in series
C03(04), C23(26), C24, and C25. The mesh for modeling meso-
cosms C19 (20) was the same as that used for modeling mesocosms
C03(04).

Porosity of Granular Material and Relationship between
Hydraulic Conductivity and Porosity

The initial porosities of 38- and 19-mm gravel were 0.41 and 0.37,
respectively (McIsaac 2007). The D60 value from the grading curve
was used to represent the ideal grain size of granular material in
the BioClog modeling. The D60 values were 27 and 16 mm for the
38- and 19-mm gravel, respectively. Based on experimental data
(McIsaac 2007), the initial hydraulic conductivities were taken to be
0.12 and 0.03 m/s for the 38- and 19-mm gravel, respectively.

The accumulation of clog mass within the pore spaces decreases
both the porosity and hydraulic conductivity of porous media when
permeated with landfill leachate. An exponential relationship be-
tween the hydraulic conductivity and porosity was established for
porous media based on laboratory data over a range of porosity
(Armstrong 1998; Rowe et al. 2002; VanGulck 2003; VanGulck and
Rowe 2004a, b; Cooke et al. 2005b)

k ¼ Ake
bkn ð1Þ

where k 5 hydraulic conductivity of clogged porous media; n 5
porosity; and the coefficients Ak and bk were obtained from the
measured data with regression analysis. For the gravel modeled in
this paper, the adopted values of Ak and bk are given in Table 1
together with the applicable range in porosity.

Influent Flow Rates and Leachate Characteristics

The influent flow rates (Fig. 2) and leachate characteristics (Table 2
and Fig. 2) used as inputs for modeling mesocosms C03 (04) were
based on Cooke and Rowe (2008b), Fleming (1999), and McIsaac
(2007). The same influent flow rates and leachate characteristics for
the first 6.2 years were used as input to the first mesocosm in the
series C03-C23-C24-C25 and C04-C26, and to both mesocosms
C19 and C20. These parameters were assumed to be constant be-
tween every two times when the flow rate and concentrations were

measured. The same leachate was applied at both horizontal and
vertical influent ports.

Fatty Acids and Biomass-Related Coefficients

The degradation rate for each fatty acid and the growth and decay of
biomass are controlled by four kinetic rate coefficients (the maxi-
mum specific rate of substrate utilization, bq; the half-maximum rate
substrate concentration, Ks; the endogenous decay coefficient, bd;
and the maximum yield coefficient, Y). The values of these coef-
ficients are influenced by many factors (Cooke and Rowe 2008b),
and a large variation in values has been reported (Pavlostathis and
Giraldo-Gomez 1991). Two sets of values for the kinetic rate co-
efficients (Case 1 andCase 2 listed inTable 3)were used byCooke and
Rowe (2008b) for modeling mesocosms C03(04). The Case 1 kinetic
rate coefficients were values reported by Cooke et al. (2005b) using
data from the laboratory columns operated at 21�C, and the Case 2
kinetic rate coefficients were values reported by Babcock (2005) and
Rowe and Babcock (2007) using data from laboratory columns op-
erated at 27�C. Both Cases 1 and 2 are considered in this paper.

The growth of each active biofilm (Rittmann and Brunner 1984)
was evaluated from the flux of substrate into the biofilm through the
effective diffusion layer (Rittmann and McCarty 1981). The coef-
ficients of molecular diffusion of substrates in the free solution, Do

and within the biofilm Df (Table 3), were based on measured values
reported by Yu and Pinder (1994) at 35�C. The thickness of the ef-
fective diffusion layerwas calculated by amethod proposed byYu and
Rowe (2012a) that was modified fromWilson and Geankoplis (1966).
The fraction of active biomass degradable by decaywas taken to be 0.8
(Rittmann and Snoeyink 1984). The mass from decay of active bio-
mass that was not degraded was converted to the inert biomass.

Clog Mass Parameters

Provided that therewas sufficient calcium available in the leachate to
precipitate, the amount of clog mass from the precipitation of cal-
cium carbonate was based primarily on the production of carbonic
acid generated by the biodegradation of the volatile fatty acids in the

Table 1. Gravel Properties

Particle size Hydraulic conductivity coefficient

dg 5D60 (mm) Ak (m/s) bk Applicable range in porosity (n)

27a 9:83 10�6 22.9 0:21# n# 0:41
2:43 10�8 51.0 0, n, 0:21

16 3:53 10�7 30.9 0:21# n# 0:37
2:03 10�8 44.3 0, n, 0:21

aCooke and Rowe (2008b).

Table 2. Influent Leachate Characteristics [data from Cooke and Rowe
(2008b)]

Parameters Time period (years) Value

fPAB 0–9.7 0.905
fPAB 9.7–12.6 0.6
VFA ratio (Pr:Ac:Bu) 0–9.7 0.38:0.58:0.04
VFA ratio (Pr:Ac:Bu) 9.7–12.6 0.59:0.32:0.09
VFAs, Ca, VSS, FSS (mg/L) 0–12.6 Variable (see Fig. 2)
VSS % active 0–12.6 70
VSS ratio Pr:Ac:Bu 0–12.6 1:1:1

Note: Ca 5 calcium; FSS 5 fixed suspended solids; fPAB 5 fraction of
chemical oxygen demand (COD) that is from propionate (Pr), acetate (Ac),
and butyrate (Bu); VFA 5 volatile fatty acid; VSS 5 volatile suspended
solids.
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leachate multiplied by the carbonic acid yield coefficient (VanGulck
et al. 2003). The maximum value of carbonic acid yield coefficient
YH,Max was set to 0.05 based on experimental data (Cooke et al.
2005b). The availability of calciumwasmodeled, and as the calcium
concentration approached zero, the precipitationwas reduced to zero
as described in Yu (2012). The ratio of the volume of mineral
precipitation (other than calcium carbonate) to the volume of cal-
cium carbonate precipitated [fOP; Cooke et al. (2005a)] was set to
0.06 as measured in column experiments by VanGulck and Rowe
(2004b). Based on experimental data from McIsaac (2007), the
formation of clogmass in the unsaturated zone just above the surface
of the leachate mound was modeled as described by Yu and Rowe
(2012a) using parameters given in Table 4 (ALf 5 0:0025 and
BLf 5 4:4). The density of biofilm was evaluated using parameters
(AX and BX) given in Table 4, which are based on experimental data
(Cooke et al. 2005a). The inorganic film density was taken to be
2,750 mg/cm3 as measured by VanGulck et al. (2003).

Suspended Particles–Related Parameters

The deposition of suspended particles on the surface of porous
media was modeled based on Tien and Ramarao (2007) and a de-
position factor as described in Yu and Rowe (2012a). The organic
and inorganic particle densities (Table 4) were based on VanGulck
(2003) and VanGulck and Rowe (2008). The effective diameter for
the organic particles was taken to be 0.0001 cm (Metcalf and Eddy,
Inc. 1991). The inorganic particles had an effective diameter of
0.0002 cm, which was within the range of particle sizes found in
landfill leachate (Koerner and Koerner 1992). The deposition factor
parameters ASP and BSP were taken to be 40 and 5, respectively
(Table 4). The shear stress (Rittmann 1982) was considered for
modeling the detachment of biofilms. It was assumed that there was
no detachment for inorganic film. The inert biofilm detachment was
limited by the protection coefficient P5 0:00104 cm (Cooke et al.
2005a; Cooke and Rowe 2008b).

Other Parameters

The same time step was used for modeling the fluid flow and for
modeling the species transport. The time step was 0.025 day from
0 to 3.5 years, 0.01 day from 3.5 to 8.6 years, and 0.0025 day from
8.6 to 12.6 years for mesocosms C03(04), C23(26), C24, and C25.

The time step was 0.0025 day for mesocosms C19(20). The longi-
tudinal dispersivity of saturated gravel was increased as the porosity
reduced because of the clogging of porous media (Table 5) based on
an equation (Cooke and Rowe 2008a) modified from Taylor and
Jaffe (1990). The transverse dispersivity was assumed to be the same
as the longitudinal dispersivity because of the relatively uniform
nature of the media and small scale modeled.

Results and Discussion

Effluent Chemical Oxygen Demand

The measured and calculated effluent CODs for mesocosms C03
(from 0 to 12.6 years) andC04 (from 0 to 6 years)with 38-mmgravel
are shown in Fig. 3. Over the first 6 years, mesocosms C03 and C04
were nominally identical, and hence, the variation in experimental
data shown in Fig. 3 indicates the experimental variability that can
occur in these systems. The effluent CODs calculated for Case 1 were
higher than those for Case 2 because of the lower microbial activity

Table 3. FattyAcid andBiomassRelated Parameters [data fromCooke and
Rowe 2008b)

Parameters Propionate Acetate Butyrate

Kinetic constants
Ks (case 1) (mg COD/L) 4700 4700 4060
bqMax (case 1) (mg COD/mg VS/d) 1.0 1.76 5.2
Ks (case 2) (mg COD/L) 1600 1790 1230
bqMax (case 2) (mg COD/mg VS/d) 2.0 3.0 2.0
Aq 80 80 80
Bq 4 4 4
Y (mg VS/mg COD) 0.02 0.04 0.025
bd (d21) 0.02 0.018 0.02
Diffusion parameters
D0 (substrate in fluid) (cm2/d) 1.27 1.50 1.11
Df (substrate in film) (cm2/d) 0.52 0.47 0.31

Note: Aq and Bq 5 parameters for the dynamic specific rate of substrate
utilization; bd 5 endogenous decay rate; D0 and Df 5 coefficients of
molecular diffusion in the free solution and within the biofilm, respectively;
Ks5 half-maximum rate substrate concentration; bqMax5maximum value of
the specific rate of substrate utilization; VS5 volatile solids; Y 5maximum
yield coefficient.

Table 4. Parameters for Suspended Particles and Formation of Clog Mass

Parameters Value

Clog matter parameters
Maximum carbonic acid yield coefficient, YH,Max 0.05a

Carbonic acid yield coefficient parameter, AYH 80
Carbonic acid yield coefficient parameter, BYH 4
Film thickness parameter for unsaturated zone, ALf 0.0025
Film thickness parameter for unsaturated zone, BLf 4.4
Initial film thickness coefficient, fInit 0.8
Variable biofilm density parameter, AX 247b

Variable biofilm density parameter, BX (mg VS/cm3) 72b

Inorganic film density, Xf ,IS (mg NVS/cm3) 2,750c

Precipitate ratio, fOP 0.06d

Fraction degradable by decay, fd 0.8e

Suspended solids parameters
Active and inert diameter (cm) 0.0001f

Active and inert density (mg VS/cm3) 1,030g

Inorganic particles diameter (cm) 0.0002h

Inorganic particles density (mg NVS/cm3) 1,065g

Filter-separator coefficient, fFS,SD 1.0
Filter-separator coefficient, fFS,IB 1.0
Filter-separator coefficient, fFS,IB 1.0
Deposition factor parameter, ASP 40
Deposition factor parameter, BSP 5
Attachment and detachment
Single spherical collector efficiency, hg Tien and

Ramarao (2007)
Collision efficiency for spherical collector, cg 0.8
Shear detachment modifier 1.0i

Protection parameter, P (cm) 0.00104b

Growth detachment modifier 1.0i

Note: VS, volatile solids;Xf,IS, mass of nonvolatile solids (NVS) per volume
of inorganic solids.
aCooke et al. (2005b).
bCooke et al. (2005a).
cVanGulck et al. (2003).
dVanGulck and Rowe (2004b).
eRittmann and Snoeyink (1984).
fMetcalf and Eddy, Inc. (1991).
gVanGulck and Rowe (2008).
hKoerner and Koerner (1992).
iCooke and Rowe (2008a).
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associated with the Case 1 parameters, resulting in the lower utili-
zation of fatty acids. For the first 0.2 years, therewas limited reduction
in effluent COD (compared with the influent values), because during
this period the biofilm was becoming established on the saturated
gravel. After 0.2 years, the ratio of effluent to influent COD started to
decrease because of the consumption of fatty acids by the established
biofilm, and at approximately 1 year, the normalized CODwas below
0.4 for Case 1 and below 0.2 for Case 2. Between 3.1 and 3.5 years,
influent fatty acid concentrations (and hence, COD) were greatly
elevated [Fig. 2(b)], which resulted in correspondingly relatively high
calculated effluent CODs. However, there was still a significant re-
duction in concentration, with a ratio of effluent to influent COD
between 0.2 and 0.8 for Case 1 and between 0 and 0.4 for Case 2
during this period as a result of leachate treatment within the mes-
ocosms. When the leachate flow rate increased at approximately 8.8
years [Fig. 2(a)], there was an increase in the calculated effluent
CODs [Fig. 3(b)] because of the shorter residency time for the leachate
in the mesocosm, resulting in less consumption of fatty acids, and
hence, COD.Allmeasured CODs from the effluent ofmesocosmC04
were bracketed by the calculated values for Cases 1 and 2. This was
also generally true for mesocosm C03, but with exceptions at ap-
proximately 2.1 years, three points between 5 and 6 years, and one
point at approximately 8.1 years. However, given a set of parameters
based on column tests (Cases 1 and 2), the effluent CODs calculated
using BioClog were in encouraging agreement with the observed
values, and the kinetic rate coefficients for Cases 1 and 2 generally
bracketed the scatter of the observed behavior.

Fig. 4 shows the measured and calculated effluent CODs for
mesocosms C23(26), C24, and C25. The leachate from the effluent
of mesocosms C03(04) was the source leachate for mesocosms C23
(26). Except for a few stray experimental data points (that were not
consistent between the two duplicate mesocosms C23 and C26), the
calculated effluent CODs from these mesocosms for Cases 1 and 2
were generally bracketing the observed values [Fig. 4(a)] and in en-
couraging agreement, allowing for the variability of biological sys-
tems. A similar conclusion can be reached for the third [C24; Fig.
4(b)] and fourth [C25; Fig. 4(c)] mesocosms in the series.

The measured effluent CODs for duplicate mesocosms C19 and
C20 with nominal 19-mm gravel (Fig. 5) were generally consistent,
with a few data points for the two mesocosms differing significantly
at a few times, again highlighting the variability of biological systems
as previously noted for the mesocosms with 38-mm gravel. The

calculated effluent CODs for Cases 1 and 2 again generally provided
a good bracketing of the measured effluent COD values.

Effluent Calcium

The calculated and measured effluent calcium concentrations for
mesocosms C03 and C04 (38-mm gravel) are shown in Fig. 6 up to
12.6 years. The depletion of calcium concentration from leachate
calculated by the model was associated with the production rate of
carbonic acid and a carbonic acid yield coefficient (VanGulck et al.
2003). The calculated effluent calcium concentrations obtained for
Case 2were lower than those for Case 1 because the greater microbial
activity associated with Case 2 parameters resulted in greater gen-
eration of carbonic acid in leachate, and hence, greater precipitation of
calcium carbonate. The calculated effluent calcium concentrations
for Case 2 were generally closer to the measured values than those
from Case 1; however, in general, the model gave the calculated
calcium concentrations encouraging general agreement with the
observed values.

Table 5. Two-DimensionalNumerical Parameters andRelationship between
Dispersivity and Porosity for Gravel (from Cooke and Rowe 2008b)

Parameters Value

Numerical settings
Time step, Dt (d) Variable (see text)
Relaxation factor, v 1.0
Substrate convergence tolerance, ɛ 0.001
Surface convergence tolerance, ɛHZ, ɛZZ 0.05
Surface extrapolation multiplier, Ef 1.0
Limit surface node movement No
Element orientation All right oriented
Limits
Minimum hydraulic conductivity, kMin (m/s) 13 1028

Minimum saturated thickness, gMin (cm) 0.3
Dispersivity
Longitudinal dispersivity, aL (cm) aL 5aL;0

� n

n0

�ba
Initial longitudinal dispersivity, aL;0 (cm) 1.0
Equation parameter, ba 21.74
Transverse dispersivity, aT (cm) aT 5 caaL

Equation parameter, ca 1.0

Fig. 3. Effluent CODs for mesocosms C03(04) filled by the 38-mm
gravel: (a) 0–6 years; and (b) 6–12.6 years [measured COD values from
Fleming (1999) and McIsaac (2007)]
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As was the case for mesocosms C03 and C04, for the mesocosms
in the series behind thesemesocosms [C23(26),C24, andC25; Fig. 7],
the predictions for Case 2 kinetic parameters were closer to the ob-
served values. Generally, the model captures the effluent concen-
trations from the various mesocosms reasonably well, but with
a tendency to overestimate the calcium concentration (and hence, the
clogging). However, it should be remembered that these are genuine
predictions with the kinetic parameters being based on independent
column tests (theywere not adjusted tofit the experimental data from
the mesocosms). Better fits could have been obtained by calibrating
the parameters to fit the data.

The calculated and measured effluent calcium concentrations for
mesocosms C19(20) with 19-mm gravel (Fig. 8) followed similar
trends to those noted previously for the 38-mm gravel, with the
calculated effluent calcium concentrations from Case 2 being closer

to the measured data than for Case 1, with the calculated concen-
trations slightly overestimating the measured values.

Porosity of Clogged Gravel

The average observed porosities within the saturated zone for
mesocosms C03 and C04 (38-mm gravel) after exhumation of the
mesocosms at 6 [Fig. 9(a)] and 12.6 years [Fig. 9(b)], respectively,
are presented for six zones (an influent zone, middle zone, and ef-
fluent zone with the upper and lower region for each zone). Com-
parison of the observed porosities with the calculated porosities
shown in Figs 9(a and b) indicates that in both cases the porosity was
(1) lower in the bottom half of the saturated zone than in the upper
half at both times, (2) lowest near the influent end (where the highest
leachate strengthwas present) at both times and near the perforations
in the pipe at the effluent end (where the flow, and hence, mass
loading was greatest) after 12.6 years, and (3) lower (implying more
clogging) after 12.6 years than after 6 years. Fig. 9(b) also showed
that because of clogging of the lower gravel layer, after 12.6 years,
the leachate had risen into the previous unsaturated zone, which
resulted in a relatively high porosity zone near the surface.

For mesocosms C03(04) at 6 years [Fig. 9(a)], the clogging of
gravel at the influent zone was slightly overestimated by the model,
with the calculated average porosities of 0.13 and 0.05 at the upper
and lower regions, respectively, compared with measured average
porosities of 0.18 at the upper region and 0.12 at the lower region. In
the middle zone, the average porosity of gravel was well calculated
in the upper region by the model, with a measured value of 0.25
compared with a calculated one of 0.24, whereas it was slightly
underestimated in the lower region, where the measured and cal-
culated values were 0.09 and 0.15, respectively. In the effluent zone,
the measured average porosity of 0.30 in the upper region agreed
well with the calculated average porosity of 0.31, whereas themodel
slightly overestimated the average porosity measured (0.12) in the
lower region (the calculated value was 0.19).

For mesocosms C03(04) at 12.6 years [Fig. 9(b)], the measured
and calculated average porosities, which were generally in good
agreement in the upper regions of the saturated drainage layer from
the influent, middle, and effluent zones, were 0.11 and 0.13, 0.17 and
0.18, and 0.20 and 0.22, respectively. The clogging of gravel in the
lower region of the influent zone was so severe that the measured
average porosity was close to zero compared with the calculated

Fig. 4. Effluent CODs for mesocosms C23(26)-C24-C25 run-in series
filled by the 38-mm gravel: (a) C23(26); (b) C24; and (c) C25 [measured
COD values from Fleming (1999) and McIsaac (2007)]

Fig. 5. Effluent CODs for mesocosms C19(20) filled by the 19-mm
gravel [measured COD values from Fleming (1999) and McIsaac
(2007)]
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average value of 0.04 [Fig. 9(b)]. In the lower region of the middle
zone, the measured and calculated average porosities were in good
agreement (0.09 versus 0.11). In the lower region of the effluent
zone, the calculated average porosity of 0.11 was higher than the
measured 0.02 indicated, which the model underestimated in the
clogging of gravel in this region.

Fig. 10 shows the porosity of 38-mm gravel within the saturated
drainage layer at 6.2 years for the mesocosms C23(26), C24, C25
run-in series. The results from both the measured and calculated
porosities showed that the clogging of gravel within the saturated
drainage layer from the first to the last mesocosm in the series was
reduced because of the reduced leachate strength along theflowpath.
For mesocosms C23(26), as shown in Fig. 10(a), the measured av-
erage porosities of 0.35, 0.36, and 0.36 at the upper regions from the
influent, middle, and effluent zones, respectively, were estimatedwell
by the model, where the calculated average porosities from the in-
fluent, middle, and effluent zones were 0.34, 0.36, and 0.38, re-
spectively. The calculated average porosity (0.23) in the lower region
of the influent zone slightly overestimated the measured value (0.19).

In the lower region of themiddle zone, the calculated average porosity
(0.28) agreedwell with themeasured value (0.26). In the lower region
of the effluent zone, the clogging of gravel was slightly under-
estimated, with a calculated average porosity of 0.33 compared with
the measured 0.27. For the third mesocosm in the series [C24; Fig. 10
(b)], the clogging of gravel was estimated well by the model, with the
greatest discrepancy being in the lower region of the effluent zone
where the measured average porosity was 0.33 compared with
a calculated value of 0.36. For the last mesocosm in the series [C25;
Fig. 10(c)], the model provided good predications of the porosities in
all six regions.

Fig. 11 shows the measured and calculated porosities of 19-mm
gravel in mesocosms C19(20). The measured average porosity of

Fig. 6. Effluent calcium concentrations for mesocosms C03(04) filled
by the 38-mm gravel: (a) 0–6 years; and (b) 6–12.6 years [measured Ca
values from Fleming (1999) and McIsaac (2007)]

Fig. 7. Effluent calcium concentrations for mesocosms C23(26)-C24-
C25 run-in series filled by the 38-mm gravel: (a) C23(26); (b) C24; and
(c) C25 [measured Ca values from Fleming (1999) andMcIsaac (2007)]
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0.12 in the upper region of the influent zone was generally estimated
well by themodel with a calculated value of 0.10. In the lower region
of themiddle zone, the clogging of gravel was slightly overestimated,
where the calculated average porosity was 0.12 compared with the
measured 0.15. In the effluent zone, the model generally estimated
well the clogging of gravel in the upper region (with the measured
average porosity of 0.23 compared with the calculated value of 0.25),
whereas it slightly underestimated the measured average porosity of
0.19 in the lower region (the calculated value was 0.16).

Hydraulic Conductivity of Clogged Gravel

The calculated hydraulic conductivities within the saturated drain-
age layer for mesocosms C03 and C04 with 38-mm gravel at 6
[Fig. 12(a)] and 12.6 years [Fig. 12(b)] generally increased from the

influent to effluent end because of the reduction in clog mass ac-
cumulating within the drainage material along the flow path, except
where the flow, and therefore, mass loading was concentrated near
the open zone at the effluent boundary (from z5 0 to 0.03 m). After
6 years, the calculated minimum hydraulic conductivity of gravel in
the lower region of the influent zone [Fig. 12(a)] had dropped to less
than 13 1027 m=s, a six-order magnitude reduction from the initial
value of 0.12 m/s. In the lower region of the effluent zone, the
hydraulic conductivity of gravel near the effluent open zone was less
than 13 1024 m=s, a reduction by three orders of magnitude. After
12.6 years [Fig. 12(b)], the reduction in the drainage ability of gravel
had caused leachate to build up into the previous unsaturated zone,
and the hydraulic conductivity of gravel near the effluent open zone
was reduced by five orders of magnitude to less than 13 1026 m/s.
The measured hydraulic conductivities over the full saturated
thickness at 0.1-m intervals (the first five sections with a length of
0.1 m and the last section with a length of 0.065 m) (McIsaac 2007)
of 23 1025 to 83 1025 m=s (section 1), 43 1025 to 23 1024 m=s
(section 2), 93 10�5 to 33 10�4 m=s (section 3), 33 1024 to 43
1023 m=s (section 4), 13 1024 to 93 1024 m=s (section 5), and
13 1024 to 43 1024 m=s (section 6) were reasonably consistent
with the calculated geometric means of 33 1026, 23 1025,
73 1025, 13 1024, 23 1024, and 93 1025 m=s from the first
section to the last section along the flow path [Fig. 12(b)]. Fig. 12
also shows that the difference in the hydraulic conductivity of gravel
within the saturated drainage layer was more than five orders of
magnitude, with the lowest hydraulic conductivity in the lower
region of the influent zone caused by the highest mass loading
received in this region and the highest hydraulic conductivity in the
upper region of effluent zone caused by the lowest mass loading.

For mesocosms C19(20) with 19-mm gravel (Fig. 13), the cal-
culated minimum hydraulic conductivity of gravel was reduced by
more than 5 orders of magnitude from the initial value of 0.03 m/s to
less than 13 1027 m=s in the lower region of the influent zone. Near
the effluent open zone, the reduction in hydraulic conductivity was
more than four orders of magnitude, and the hydraulic conductivity
had dropped to less than 13 10�6 m=s at 6.2 years. The modeling

Fig. 8. Effluent calcium concentrations for mesocosms C19(20) filled
by the 19-mm gravel [measured Ca values from Fleming (1999) and
McIsaac (2007)]

Fig. 9. Calculated porosities within the saturated drainage layer for mesocosms C03(04) with 38-mm gravel at (a) 6 years; (b) 12.6 years [measured
values shown in boxes from McIsaac (2007)]
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results also showed that the difference in hydraulic conductivity of
19-mmgravel within the saturated drainage layer wasmore than four
orders of magnitude, and the clogging of 19-mm gravel caused the
leachate to mound into the previous unsaturated zone within 6.2
years. McIsaac and Rowe (2007) reported that near the influent end,
the measured average hydraulic conductivity of 19-mm gravel was
approximately 2:73 10�5 m=s through the first 0.12-m section after
6 years, whichwas lower than that of 38-mmgravel (5:23 10�5 m=s
through the first 0.1-m section) after approximately 12.6 years. The
modeling results showed that after a similar time period of leachate

permeation, the calculated hydraulic conductivities of 19-mmgravel
(Fig. 13) were lower than those of 38-mm gravel [Fig. 12(a)],
therefore causing a lower drainage capacity of 19-mm gravel than
38-mm gravel.

Practical Implications

The model correctly predicted the change in clogging of the 38-mm
gravel after both 6 and 12 years of permeation of landfill leachate and

Fig. 10.Calculated porosities within the saturated drainage layer for mesocosms with 38-mm gravel run in series at 6.2 years (a) mesocosms C23(26);
(b) mesocosm C24; (c) mesocosm C25 [measured values shown in boxes from McIsaac (2007)]

Fig. 11. Calculated porosities within the saturated drainage layer for mesocosms C19(20) with 19-mm gravel at 6.2 years [measured values shown
in boxes from McIsaac (2007)]
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also correctly predicted the increase in the leachate level into the
previous unsaturated zone at approximately 12 years because of
clogging of the lower saturated drainage material. It confirmed that
clogging is greatest where the mass loading is greatest (in this case
near the influent port and near the perforations of the leachate col-
lection pipe). These results show that clogging of even coarse (38-
mm) gravel can be expected in a LCS, but bymaintaining a relatively
low saturated leachate level, the clogging of a coarse gravel layer by
normal MSW leachate will take a long time. In this case, after 12
years, the leachate level had only risen approximately 1.4 cm and
with approximately 18.6 cm of high permeability gravel remaining
to be clogged before the leachate level had reached a height of 30 cm
(i.e., to the top of the gravel layer). However, it is also evident from
these results that the leachate level would ultimately have been
controlled by the clogging near the perforations in the pipe.

The model also correctly predicted the effect of particle size and
confirmed empirical experience that for a relatively uniform gran-
ular media, the coarser the particle size, the slower will be the
clogging and the longer the service life. The effect of clogging for
the 19-mm gravel after 6.2 years was more than that for the 38-mm
gravel after 12.6 years. This supports the Ontario Ministry of

Environment (OntarioRegulation 1998) requirement of using coarse
gravel in drainage layers for MSW landfills with a D85 of gravel not
less than 37 mm and a D10 of gravel not less than 19 mm.

The model confirmed the experimental findings that the leachate
characteristics could change substantially after flowing through just
a 0.57-m length of gravel layer and even more so after flowing
through a 2.26-m length of gravel (mesocosms in series) because of
biologically induced treatment in the gravel drainage layer. Thus,
the leachate collected in a LCS (except at a very early time before
the biofilm is established) does not represent the leachate entering
the system for degradable compounds [volatile fatty acids (VFAs)] or
species that may precipitate (e.g., calcium). Although this has advan-
tages for leachate treatment, it also means that laboratory clogging
studies conducted using leachate from a LCS in a landfill may un-
derestimate the amount of clogging that could occur in the field.
Likewise, the modeling studies (e.g., using BioClog) that were based
on the leachate characteristics at the collection sumpmay significantly
underestimate the clogging that would actually occur. It implies that to
obtain a realistic estimate of clogging in the LCS of theMSW landfill,
the characteristics of the leachate need to be selected to represent that
entering the LCS and should not generally be that observed at sumps.

Fig. 12. Calculated hydraulic conductivities within the saturated drainage layer for mesocosms C03(04) with 38-mm gravel at (a) 6 years;
(b) 12.6 years

Fig. 13. Calculated hydraulic conductivities within the saturated drainage layer for mesocosms C19(20) with 19-mm gravel at 6.2 years
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Conclusions

The original numerical model (BioClog) was enhanced to allow the
modeling of the deposition of suspended particles within the satu-
rated gravel drainage layers by the attachment of suspended particles
(modeling suspended organic biomass with a diameter of 0.001 mm
and suspended inorganic solids with a diameter of 0.002 mm) and
by a deposition factor (considering the particle size range of
suspended solids in real landfill leachate from 0.001 to 0.1 mm).
This enhanced BioClog model was used to calculate the leachate
characteristics and leachate-induced clogging of gravel within the
saturated drainage layer of laboratory mesocosms. These meso-
cosms were run in full scale and permeated with real MSW landfill
leachate (McIsaac 2007). Modeling was performed on mesocosms
with 38- and 19-mm gravel, and for mesocosms with 38-mm
gravel run-in series. Two sets of microbial kinetic rates were
considered based on values calibrated for two independent sets of
column tests (Case 1 for columns at 21�C and Case 2 for columns
at 27�C).

Based on the predictive modeling of the mesocosm (using
parameters established from others sources and not adjusted to fit the
experimental data), the following conclusions were reached:
1. Allowing for the variability in the observed results for nom-

inally identical mesocosms, the two sets of kinetic parameters
generally bracketed the observed COD in the effluent over
a 12-year period when experimental data were available. A lag
period was initially predicted while the biofilm was develop-
ing, followed by a substantial decrease in COD values (based
on reduced VFA concentrations).

2. Likewise, the model generally captured the changes in the
calcium concentrations, although to the extent that it erred, it
tended to overestimate the calcium concentrations in the ef-
fluent (i.e., underestimate the loss of calcium in the system).

3. There was substantial reduction in both COD and calcium
concentrations after the leachate permeated a 0.56-m length of
drainage gravel and a very substantial reduction after perme-
ation through a 2.26-m length of drainage gravel in both the
experimental observations and model predictions.

4. The calculated average porosities at both 6 and 12.6 yearswere
in encouraging agreement with the measured values both for
single mesocosms and up to four mesocosm in series. The
predictions for the porosity of 38-mm gravel within meso-
cosms C03(04) from this paper were better than those from
Cooke and Rowe (2008b) compared with the measured data,
especially in the lower saturated drainage layer.

5. Themodel correctly predicted that the saturated drainage layer
with 38-mm gravel at 12.6 years was more severely clogged
than that at 6 years because of the increased mass loading over
the extended period of permeation with leachate, and also
correctly predicted a rise in leachate level into the initially
unsaturated zone of the gravel as a result of clogging between
6 and 12.6 years.

6. Themodel correctly predicted that the drainage layerwith 19-mm
gravel would clog faster than that with 38-mm gravel, and that
the clogging would cause a rise in leachate level in the 19-mm
gravel layer but not in the 38-mm gravel layer after approxi-
mately 6 years, when both sets of mesocosms were permeated
with same leachate.

7. The calculated geometric means of hydraulic conductivity
over full saturated thickness from the influent end to the
effluent end were in encouraging agreement with the mea-
sured values for the 38-mm gravel after 12 years of leachate
permeation.
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