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Abstract: Rubber tire shreds are an attractive potential alternative to conventional gravel in the drainage layer of leach-
ate collection systems at the base of landfills, yet the clogging and thus the long-term performance of tire shreds in
this application is not known. This paper presents the results of an experimental investigation into the clogging poten-
tial of rubber tire shreds used as part of a leachate collection system at the base of a landfill when permeated with
leachate. Experimental columns filled with two different rubber tire shreds and a conventional gravel drainage material
were used to study the spatial and temporal variation of leachate characteristics and porosity changes within the drain-
age materials. It is shown that there are significant differences in the pore structures of the drainage materials and that
these differences affect clog development and the length of time it takes for the hydraulic conductivity to drop below a
threshold of 10–5 m/s. The gravel is found to have a service life at least three times greater than that of an equivalent
thickness of compressed (at 150 kPa) tire shred.
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Résumé : Les copeaux de pneus de caoutchouc offrent une alternative potentielle au gravier dans la couche conven-
tionnelle de drainage des systèmes de collecte des lixiviants à la base des enfouissements sanitaires; par contre, l’on ne
connaît pas le colmatage ni la performance à long terme des copeaux de caoutchouc à la base des enfouissements sani-
taires. Cet article présente les résultats d’une étude expérimentale sur le potentiel de colmatage des copeaux de pneus
de caoutchouc formant une composante du système de collecte du lixiviant à la base d’un enfouissement sanitaire
lorsque infiltré par du lixiviant. Des colonnes expérimentales remplies de deux différents copeaux de pneus de caout-
chouc et d’un matériau de drainage de gravier conventionnel ont été utilisées pour étudier la variation spatiale et tem-
porelle des caractéristiques de lixiviant et des changements de porosité dans les matériaux de drainage. On montre qu’il
y a des différences appréciables dans la structure des pores et que ces différences affectent le développement du colma-
tage et la longueur du temps requis pour que la conductivité hydraulique tombe sous un seuil de 10–5 m/s. On a
trouvé que le gravier a une durée de service au moins trois fois plus longue qu’une épaisseur équivalente de copeaux
de pneus comprimés (à 150 kPa).

Mots clés: copeaux de pneus, enfouissement sanitaire, colmatage, conductivité hydraulique, porosité, collecte de lixiviant.
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Introduction

A large number of used scrap tires are landfilled, stock-
piled, and illegally dumped every year in Canada. A more
productive, economically feasible, and environmentally
sound alternative for their disposal would be to find uses for
these scrap tires. One possible use that has been suggested is
as an alternative to conventional drainage gravel in the con-
struction of leachate drainage layers in sanitary landfill sites.
Modern landfills typically have a leachate collection system
that includes a system of perforated pipes in a continuous

“blanket” of granular material (gravel). This collection sys-
tem controls leachate mounding and collects and removes
contaminant that would otherwise be available for transport
to the environment. However, the chemical and biological
composition of the leachate that passes through the leachate
collection system combined with the presence of microbial
activity result in chemical and biological induced clogging
(Brune et al. 1994; Fleming et al. 1999; Maliva et al. 2000;
Bouchez et al. 2003). Voids within the drainage medium be-
come filled with clog material. The clog that develops de-
creases the pore space available to transmit leachate, reduces
the hydraulic conductivity of the drainage layer, and conse-
quently reduces the efficiency and period of effective func-
tioning of the leachate collection system. Since these
systems may be required to collect and remove leachate for
extended periods of time, it is important to design them with
optimum long-term performance and service life.

Tire shreds are a unique landfill construction material
with some similarities to the natural aggregates typically uti-
lized as drainage media. It has been suggested that rubber
tire shreds in the blanket drain of a leachate collection sys-
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tem will perform similar to conventional drainage material,
however, the clogging and thus the long-term performance
of the tire shreds at the base of a landfill is not known.

The primary objective of this study is to examine the pore
structure of the rubber shred and gravel drainage materials
and to discuss how the difference in the pore structures af-
fects clog development in tire shred and conventional gravel
drainage materials. A second objective is to design, con-
struct, and operate column experiments to simulate condi-
tions occurring at the base of a landfill in an attempt to
replicate reasonable worst-case conditions and to provide in-
sight into the relative performance of the two materials.

Experimental approach and analysis

Four experimental columns were constructed and filled
with full sized drainage material (rubber tire shred or con-
ventional gravel) and permeated with leachate for up to two
years. A testing program was implemented to monitor and
quantify the amount of clogging and changes in leachate
composition both temporally and spatially. Water quality
testing was performed on leachate samples collected from
sample ports located along the length of the columns, before
the influent valve, and after the effluent valve. These sam-
ples were tested immediately to obtain chemical oxygen
demand (COD), calcium (Ca2+), pH, total and volatile sus-
pended solids (TSS and VSS, respectively), and volatile fatty
acid (VFA) concentrations (specifically acetic, propionic, and
butyric acid concentrations). Tests were performed to follow
the change in drainable porosity (and hence the change in
void volume) with time as clogging developed. Drainable
porosity is measured by partially draining the columns and
measuring the volume of drained leachate and the change in
leachate level. It is calculated by dividing the volume of
drained leachate by the total volume of the drained interval.
The drainable porosity test will be lower than the actual po-
rosity as a result of incomplete draining of the water under
gravity due to fluid adhering to the drainage medium and
clog material. Sections (approximately 25 mm thick) cut
from compressed drainage material that had been impreg-
nated with fiberglass resin were used to perform a qualitative
assessment of the pore structure of the different drainage
materials used in the experimental study.

Experimental column and loading frame
fabrication and operation

Experimental column and loading frame fabrication
The columns were fabricated from polyvinyl chloride

(PVC) (schedule 80) plastic pipe that had an internal diame-
ter of 287 mm and a total length of 813 mm. In addition, a
loading frame was constructed to apply a vertical pressure to
the compressible rubber tire shred drainage material that
would simulate the weight of waste. The loading frame and
column are shown in Fig. 1.

The columns had a permanently sealed end cap and a re-
movable sealable lid to allow for the filling and emptying of
drainage material. A hole, with an o-ring seal, in the center
of the top caps allowed for the passage of the pneumatic
ram. The columns had four influent valves, equally spaced
around the perimeter of the base of the columns and one

large effluent port located above the top surface of the drain-
age media. Combination sample–piezometer ports (P1, P2,
P3, P4, P5, and P6) were equally spaced along the length of
the columns (starting at the top of the base grate; Fig. 1) at
100 mm intervals. Leachate collected from sample–
piezometer port 1 (P1) is representative of the leachate just
before entering the drainage material. Perforated tubular in-
serts (3.2 mm internal diameter) extending 150 mm into the
drainage material were used at each sample port to ensure
that a cavity remained open for leachate collection, to in-
crease the accuracy of leachate head measurements during
clogging, and to assist in the collection of a representative
leachate sample across the diameter of the column.

The loading frame consisted of two square steel plates
held apart using four threaded steel rods located in the cor-
ners of the plates. A pneumatic cylinder with a 152.4 mm
bore and 304.9 mm stroke was centered and hung from the
top steel plate. The pneumatic cylinder was connected to a
hand control valve to control the up and down movement of
the cylinder; a pressure regulator, which allowed for the ad-
justment of the applied stress; a pressure gauge to monitor
the applied pressure; and an air supply line.

Two stainless steel grates with fifty 19 mm perforations
were used as bearing surfaces to sandwich the shred material
and allow for the free flow of leachate during operation. The
top perforated stainless steel plate was attached to the end of
the pneumatic ram of the cylinder. The top surface of the
base perforated grate was located 51 mm above the base of
the column by eight equally spaced supports and created a
reservoir in the base of each column that allowed for a uni-
form distribution of leachate flow into the drainage materi-
als.

A side wall treatment that consisted of four layers of 6 mil
plastic sheet was placed between the rubber shreds and the
PVC pipe wall to reduce side wall friction and to increase
the load transmitted to the base of the columns so as to pro-
vide a reasonably uniform stress distribution throughout the
columns. Tests indicated that with this treatment approxi-
mately 80% of the applied load was transmitted to the base
of the columns.

Experimental setup and operation
The four columns, designated R1–R4, were constructed

and operated to establish clogging in the more critical re-
gions where flow is concentrated near the leachate collection
pipes (Fleming et al. 1999). Two duplicate columns (R1(P)
and R3(P)) were filled with a tire shred called “P shred.”
One column (R2(G)) was filled with tire shred called “G
shred” and the fourth column (R4(Gravel)) was filled with
conventional uniformly graded gravel. The drainage materi-
als were dumped loosely into the columns. The loading
frame and ram were used to simulate the weight of waste
and to compress the tire shreds at a stress of 150 kPa. The
compressed height of drainage material ranged between 550
and 610 mm. The dry density of the compressed shreds (at
150 kPa) ranged between 850 and 900 kg/m3 for the G
shreds and between 825 and 1000 kg/m3 for the P shreds.
The dry density of the gravel in R4 was 1370 kg/m3. The
columns were permeated under anaerobic conditions with an
upward flow of leachate that was collected regularly from
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Fig. 1. (a) Loading frame. (b) Photo. (c) Column.



the Keele Valley Landfill in Toronto, Canada at a design
flow rate of 0.4 m3/m2/d at 27 °C.

Description of drainage material

Figure 2 shows typical samples of the G and P shreds and
38 mm gravel used for the drainage medium in the study.

The P shreds were relatively flat, irregularly shaped
(125 mm × 40 mm × 10 mm) tire chunks from both the side-
wall and the tread portions of the tires with jagged edges
that appeared to be torn apart rather than cut into pieces.
Pieces of metal protruded from both the steel belt and bead
wire.

The G shreds were largely flat, irregularly shaped
(100 mm × 50 mm × 10 mm) tire chunks with clean-cut
edges from the sidewall of the tires, with the bead wire still
in place, and therefore relatively smooth and without any
deep grooves associated with the tread portion of the tires.
Compared to the P shreds, the G shreds had less exposed
steel wire (because of the clean cut) and the protruded wire
length was shorter but was of heavier gauge bead wire. The
size and shape of the G shreds were more uniform than the P
shreds.

Crushed dolomitic limestone with a nominal size of
38 mm was used for the drainage layer in column R4.

Characterization of pore structure

A qualitative assessment of the drainage material pore
structure can be obtained from the successive sections (10
section faces in the gravel and 6 in both the P and G shreds)
that were made in each drainage material. Typical sections
through the three materials are shown in Fig. 3.

The relatively uniform shape, size, and incompressible na-
ture of the gravel material resulted in large relatively uni-
form void sizes and generally an open pore structure. Compared
to tire shreds, the open pore structure of the gravel produces
an unobstructed flow environment where the leachate veloci-
ties will remain relatively uniform and low during operation.
This would give higher leachate retention times than the

shreds which have fewer, and much narrower, flow chan-
nels. As a result of the large, relatively uniform, void sizes
in the gravel, clog formation must bridge over longer dis-
tances and fill larger volumes before the clog material will
affect the flow of leachate through the gravel.

Compared to the P shred, the shape, size, and lack of
frayed metal of the G shred resulted in a shred volume that
was more compressible under vertical loads and also re-
sulted in a more discontinuous distribution of pore volumes
that were not systematically connected to each other from
section to section. The smallest pore throat openings were
observed for the G shreds. The flow regime in the G shred
was more tortuous than that in the P shred, and the leachate
had to travel through many smaller constrictions and path-
ways that connect the relatively isolated larger pores. Thus
less clog formation would be required to bridge over the nar-
row constrictions and smaller void spaces in the G shred ma-
terial before it affects the flow of leachate.

Leachate quality results

The normalized COD and calcium concentrations along
with the pH shift between the influent and effluent leachate
are shown in Fig. 4. Normalized values of COD and calcium
were obtained by dividing the effluent and sample–
piezometer port concentrations by the concentrations mea-
sured at P1. The leachate COD and calcium concentrations
decreased between the influent and the effluent ends of the
columns as the leachate traveled through the compressed
shred (at 150 kPa) and gravel filled columns. Normalized
COD and calcium concentrations in the effluent leachate
continuously decreased with time until relatively steady state
conditions were reached. From approximately 70 days to test
completion, the average normalized effluent COD values for
R1(P), R3(P), R2(G), and R4(Gravel) were 0.43, 0.44, 0.52,
and 0.75, respectively. During steady state removal, average
normalized calcium concentrations in R1(P), R3(P), R2(G),
and R4(Gravel) were 0.31, 0.32, 0.45, and 0.65, respectively.
The G shreds in column R2(G) removed slightly less COD
and calcium from the leachate than the P shreds in columns
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Fig. 2. Photo of drainage material used for experimental study.



© 2005 NRC Canada

1177 Can. Geotech. J. Vol. 42, 2005

Fig. 3. Sections (287 mm in diameter and approximately 25 mm thick) taken through the various drainage materials illustrating differ-
ences in the pore structure. Included for each of the gravel, G shred, and P shred is (a) a photo of a typical section face, (b) a trace of
the drainage material, and (c) a transillumination of the section.



R1(P) and R3(P). All else being equal, it can be anticipated
that the level of clogging will be greater as more COD and
calcium are removed. By far the smallest amount of COD
and calcium removal occurred for the gravel column.

The pH of the leachate increased as it passed through the
drainage material from an average P1 influent pH of 7.0 to
an average effluent pH of 7.5, i.e., a shift in pH of about 0.5
pH units at steady state operation. The variations in the
leachate characteristics as it passed through the columns are
consistent with the findings of Rittmann et al. (1996). An
environment conducive to clog development or the precipita-
tion of CaCO3 is established within the leachate as it passes
through both the shred and gravel drainage materials.

Rittmann et al. (1996) showed that a reduction in COD con-
centration due to the biodegradation of VFAs resulted in an
increase in leachate pH and carbonate concentration in the
leachate, which allowed for the chemical precipitation of
CaCO3.

Once steady state conditions were established, the major-
ity of the removal of COD and calcium from the leachate en-
tering the drainage material occurred within the first
100 mm (section 1) in both the rubber shred and gravel col-
umns, with smaller amounts being removed in subsequent
sections as the leachate passed through the columns. For in-
stance, in the rubber shred columns, section 1 was removing
approximately 30–40% of the COD concentration, and sec-
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Fig. 4. Normalized COD and calcium concentrations and pH values with time.
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tions 2–6 accounted for a combined reduction generally of
less than 20% with less than 10% occurring in any individ-
ual section. Section 1 was removing 30–60% of the influent
calcium concentration, with less than 15% being removed in
section 2, less than 10% in sections 3 and 4, and less than
5% in sections 5 and 6. Significant removal of COD and cal-
cium concentrations also occurred in the base reservoir be-
fore the leachate entered the drainage material (discussed
later). For the rubber shred columns, large removal rates of
COD and calcium, together with high clog formation rates
were observed in the areas where the mass loading was the
greatest (e.g., section 1). This hindered the supply of nutri-
ents and calcium to the other sections of the columns where
lower clog formation rates were measured. A similar trend
in leachate treatment with column length and the resulting
distribution of hard inorganic clog material was observed by
Rowe et al. (2000a). However, in the gravel column, al-
though smaller amounts of COD and calcium were removed
as the leachate traveled through the column, the rate of clog
formation and the drainable porosity measurements (dis-
cussed later) for each section indicate that there was a rela-
tively uniform development of clog in each section, which
suggests that some mechanism other than direct precipitation
of calcium to form hard inorganic clog material on the fixed
drainage medium was affecting clog development in this
column.

In glass bead column experiments within the sections
closest to the influent end of the column where mass loading
was the greatest, VanGulck (2003) observed that as the
drainable porosity of the glass beads decreased the resulting
increase in seepage velocity and detachment of active bio-
mass resulted in decreased rates of VFA fermentation. A
similar effect was observed in the P shred and the gravel col-
umn after significant clog had developed within the lower
sections of the columns and subsequent sections became
more responsible for the reduction of COD and calcium
from the leachate (Fig. 5). In the gravel filled column, the
average amount of COD and calcium reduction in section 1
(0–10 cm) decreased from 21% and 32%, respectively, to
12% and 15%, respectively, after significant clogging. How-
ever, the amount of COD and calcium reduction in section 2
(10–20 cm) increased from 9% and 6%, respectively, to 16%
and 15%, respectively. In the P shred columns it was sec-
tions 3 and 4 (20–40 cm) that became responsible for re-
moving the majority of the COD and calcium concentration
from the leachate after significant clog had developed in sec-
tions 1 and 2 (by 230 days). When the G shred column was
disassembled the narrow constrictions, voids, and pathways
that connect the relatively isolated larger pores were oc-
cluded with clog material, but not the entire void volume.
High seepage velocities, short retention times, and thin ac-
tive film thicknesses occurred within the constrictions and
the smaller voids that were filled with clog material but not
within the large voids separated by the constrictions. This al-
lowed for the relatively uniform treatment of the leachate
throughout the columns length (especially from 0 to 40 cm).

Drainable porosity results

Drainable porosity measurements were performed to as-
sess the decrease of the open void spaces within the drainage

medium with time and to estimate the amount of clog devel-
opment within the voids with time.

The initial average drainable porosity (Fig. 6) measured
over the entire length of drainage material was 0.25 for both
R1(P) and R3(P), 0.22 for R2(G), and 0.45 for R4(Gravel).
Since the gravel column had a much higher initial drainable
porosity than the rubber shred columns, much more clog
material had to be deposited in the gravel pore space than in
the shreds before clogging hindered the ability of the mate-
rial to transmit leachate. The slight decrease in the initial
drainable porosity towards the top of the rubber shred col-
umns is due to the stress being higher at the top of the col-
umn relative to the base (because of sidewall friction). The
drainable porosity distribution is relatively constant with
height in the gravel column.

The development of clog with time was not uniform over
the length of any of the rubber shred columns (Fig. 6). Ini-
tially, within the rubber shred columns there was a lower
drainable porosity at the top of the column than at the bot-
tom (because of higher stress at the top), but after approxi-
mately 254 days the opposite trend was observed; i.e., there
were lower drainable porosities at the base of the columns.
This indicates higher clogging rates at the base of the rubber
shred columns. For the gravel column, clog development re-
mained relatively uniform over the entire length of the col-
umn. A similar trend in porosity reduction was observed in
column experiments conducted by Rowe et al. (2000b) that
were filled with 4, 6, and 15 mm beads. Severe clogging was
observed at the influent end of the columns with the smaller
particles but the change in porosity for the larger particles
(15 mm) was far more uniform along the entire column. This
was attributed to surface area effects. Since clogging is re-
lated to the surface area available for biofilm growth, a
greater length of column is required for larger particles to at-
tain the same surface area and hence biofilm area than for
smaller particles. Although not as distinct here as in the test
by Rowe et al. (2000b), a similar effect was evident.

The porosity reduction with time (Fig. 7) is a measure of
the amount of clog development over time within the voids.
This porosity reduction (vf) (defined by Rowe and Fleming
1998) represents the porosity that is occupied by clog mate-
rial at some time t. Porosity reduction can be measured by
subtracting the drainable porosity at some time, t, from the
initial drainable porosity, or similarly, by dividing the vol-
ume of clog in each interval at some time, t, by the total vol-
ume of the interval. The rate of change of vf per year, or the
slope of the lines in Fig. 7, gives an indication of the rate of
clogging within the columns and is provided, in parentheses,
for each section in each column in Fig. 7.

Generally, in the shred columns, section 1 had the highest
clog formation rates (Fig. 7) with lower measured rates in
the top sections. This is likely due to a combination of re-
duced nutrients and calcium supply needed for clog forma-
tion in these upper sections (as discussed earlier) and to the
compressed–confined pore structure and tortuous flow re-
gime in the shred columns.

The highest rates of clog formation were measured in the
P shred columns with similar rates measured in correspond-
ing sections in the duplicate columns (R1 and R3). In all
sections column R2(G) had slightly lower clog formation
rates than columns R1(P) and R3(P). Column R2(G) was



© 2005 NRC Canada

McIsaac and Rowe 1180

Fig. 5. COD and calcium consumption in the columns after significant clog has developed. The hatched area illustrates the sections
responsible for the majority of the removal of COD and calcium in the columns after significant clog has developed in the lower sections.



also the least efficient at removing COD and calcium from
the leachate. The difference in void structure and flow re-
gime between the two shred types likely caused the differ-
ence in clog rates. Constricted–confined pathways that
connect relatively isolated larger pores were abundant in the
compressed G shred material. This created a more tortuous
flow regime than in the P shred and the least exposed sur-
face area in void spaces for unconfined–unrestricted clog de-
position and active biofilm growth. The development of clog
and the lower observed clog formation rates in R2(G) was
thus likely substantially influenced by the high velocity of
leachate flow that resulted in lower retention times in the
constrictions, higher shear stresses, and thus thinner active
biofilm covered surfaces for most of the operation period for
this column.

For column R4(Gravel), the rate of clog formation was
relatively uniform in all sections, and there was a distinct
change in behaviour after about 1.3 years. Clog development
occurred at a much faster rate during the first 1.3 years of
operation. While maintaining a relatively high porosity and
an open pore structure over the first 1.3 years of operation, it
is considered that TSS retention and the precipitation of cal-
cium onto fixed suspended solids (FSS) is an important
clogging mechanism that contributes significantly to the re-
duction of the void volume. This results in a uniformly dis-
tributed clog throughout the drainage material but may
initially develop a clog structure that is not solidly fixed to

the gravel drainage medium. Once the majority of the pore
volume becomes filled with clog material at a drainable po-
rosity of about 0.05 (after approximately 1.3 years), the po-
tential for this clogging mechanism to form additional clog
material is reduced. Although drainable porosities indicate
that significant clog formation has occurred by 1.3 years, the
clog that has developed does not appear to be able to with-
stand the shear forces resulting from the higher velocity of
the leachate through the occluded pores that occurs after
1.3 years. After 1.3 years, the development of a hard ce-
mented inorganic clog that can resist the steadily increasing
shear forces (due to the prescribed flow rate) occurs at a
much slower rate.

Once there was significant clogging in a section of the
column, the drainable porosity test used to measure void vol-
umes became impractical. Thus, when the drainable porosity
dropped much below a value of 0.05, vf could not be mea-
sured. Although not measurable, the change in vf with time
must be lower after a drainable porosity of 0.05 has been
reached. This conclusion came from the fact that if clogging
continued at the same rate, total occlusion of the voids
would have occurred and the test would have terminated ear-
lier than was indeed the case. Flow rates were maintained
long after the rate of clog formation would have predicted
total occlusion. This suggests that some combination of
shearing of biofilm caused by the higher velocities and the
lower retention times results in lower clogging rates after
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Fig. 6. Drainable porosity profiles in the columns with time.
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Fig. 7. Porosity reduction (vf) versus elapsed time.



substantial clogging has occurred. Clogging did not stop
however, as is evident from the increasing gradient required
to maintain the flow in the bottom sections of the columns
after a drainable porosity of 0.05 was reached.

Figure 7 gives a prediction of the clogging rate for these
experiments only. The columns were designed to conserva-
tively represent a volume or element of a leachate collection
system that would likely experience the greatest potential for
clog formation due to the mass loading from the large vol-
ume of leachate flowing through it at any given time. This
location is adjacent to the leachate collection pipe of the
leachate collection system. However, the column experi-
ments provide data that can be used to calibrate predictive
models (Rowe et al. 1997; Cooke 1997; Cooke et al. 1999).
With the model calibrated for the prediction of the experi-
mental columns, it can further be used to predict the perfor-
mance and service life of leachate collection systems under
similar conditions.

TSS–VSS results

VanGulck and Rowe (2002) demonstrated that TSS re-
moval from leachate can significantly reduce the space avail-
able for leachate transmission. VanGulck (2003) also
demonstrated that, in addition to precipitated minerals, the
filtration and straining of suspended particles (retention of
FSS) from the leachate onto the drainage media surface, es-
pecially in a partially clogged medium of low porosity and
small pore sizes, can contribute to inert clog mass. The mea-
sured TSS and VSS concentrations from P1 (leachate col-
lected just before entering the drainage material) averaged
over the operational life of the rubber shred columns were
281 mg/L and 147 mg/L, respectively, and for the gravel col-
umn were 574 mg/L and 321 mg/L, respectively. On aver-
age, the influent TSS and VSS concentrations in the gravel
column were twice those of the shred columns (as discussed
later). Average effluent TSS and VSS concentrations over
the operational life of the rubber shred columns were
176 mg/L and 123 mg/L, respectively, and for the gravel col-
umn were 205 mg/L and 142 mg/L, respectively. Both the
rubber shred and gravel columns had similar averaged efflu-
ent TSS, VSS, and FSS concentrations.

The amount of FSS is calculated as the difference be-
tween the TSS and VSS concentrations in the leachate. The
influent P1 TSS, VSS, and FSS concentrations were reduced
by approximately 37%, 16%, and 60% in the rubber shred
columns and 64%, 56%, and 75% in the gravel column —
indicating that although TSS removal is significant in all
columns the gravel column was the most efficient at remov-
ing TSS from the leachate as it passed through the column.
Considering the higher removal efficiencies combined with
higher influent TSS concentrations in the gravel column,

more FSS will be retained in the gravel column relative to
the shred columns. The retained FSS portion of the total
clog mass was calculated based on the decrease in FSS con-
centrations as the leachate passed through the columns (Ta-
ble 1). Table1 does not account for the increase in mass due
to the precipitation of calcium onto FSS flocs and will there-
fore underestimate the actual FSS clog mass in the columns.
The G and P shreds had approximately 1/4 and 1/2, respec-
tively, as much retained FSS as the gravel column. The high
velocity of the leachate in the confined pore structure of the
shred columns and thinner active biomass thicknesses, espe-
cially once significant clog developed in the void volume,
kept the TSS in solution and resulted in a less efficient
filtration–straining of TSS from the leachate. Also, lower re-
tention times of the leachate under such conditions would
result in less time for calcium to precipitate onto FSS flocs,
which would further reduce removal efficiencies of TSS in
the shred columns. Both the P and G shreds had similar ini-
tial porosities, yet the more confined pore structure and
more tortuous flow environment of the G shred resulted in
less FSS accumulation, indicating that again the differences
in pore structure (in shred material of similar initial poros-
ity) likely had an effect on the amount of FSS clog that ac-
cumulated in the material.

Geochemical modeling studies (Owen and Manning 1997;
Bennett et al. 2000) have identified numerous calcium bear-
ing minerals that can potentially form as a result of the pre-
cipitation of calcium from supersaturated landfill leachates.
Gounaris et al. (1993) and Jensen and Christensen (1999)
have shown that calcium in landfill leachates was present in
both a dissolved and a suspended solid (colloidal) phase.
Samples from the influent, effluent, and along the length of
all of the columns were obtained and analyzed for total cal-
cium concentrations before and after filtration to determine
what portion of the total calcium was dissolved in the leach-
ate and what portion was undissolved or part of the solid
phase FSS. The percentage of undissolved calcium (calcium
fixed to the FSS) to the total mass of FSS in the sample in
the source leachate was approximately 18%. In the columns
it was approximately 36% (average of 16 measures) and is
substantially higher than the source leachate, indicating that
calcium is precipitating onto the FSS flocs as the leachate
flows through the columns. Once appreciable amounts of
precipitation have formed on a floc of FSS, the mass of the
floc likely becomes too large to be carried by the flow of
leachate through the drainage material – and the floc, abun-
dant in calcium carbonate precipitate, will drop out of solu-
tion and become part of the soft clog developing on the
drainage material (or potentially, could also settle to the bot-
tom of the column if there is an unrestricted path). The accu-
mulation of clog material having the consistency and size of
saturated sand was observed during the disassembly of the
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Column
Measured total dry
clog mass (kg)

Calculated FSS
retained mass (kg)

Ratio of precipitated mass
to FSS retained mass

R1(P) 5.2 0.73 6.2
R3(P) 6.6 0.84 6.9
R2(G) 4.7 0.43 10.0
R4(Gravel) 9.9 2.10 3.7

Table 1. Amount of cemented hard inorganic clog and FSS retained mass in the columns.



columns. Samples of this clog material were collected and
dried and mixed with epoxy and made into thin sections for
scanning electron microscope (SEM) imaging (Fig. 8) and
also energy dispersive X-ray (EDX) analysis to obtain a
semiquantitative analysis of the composition of the clog ma-
terial. As seen in Fig. 8 the size of the individual grains typi-
cally ranges from 0.1 to 0.6 mm in diameter, which
corresponds to the size of fine to medium sand. The individ-
ual clog particulates were not cemented to each other. The
particles appeared to be primarily uniform and homogeneous
throughout with no apparent structure (no layering was ob-
served on the cross-sectional plane of the particles). As indi-
cated by the EDX mapping, most of the particles were
predominantly composed of calcium, carbon, and oxygen,
likely in the form of calcium carbonate. Magnesium, iron,
and sulfur were also encountered but in much smaller
amounts, along with traces of aluminum and silicon.

The accumulation of this type of clog material was more
abundant in the gravel than in the shred columns and was
observed within the larger voids in sections 4, 5, and 6 of
the P shred material; within a few of the largest voids in the
G shred material; and throughout R4(Gravel). The highly
compressible nature of the rubber shreds and the resulting
confined pore structure and more tortuous flow conditions
(than those of the gravel column) combined with the exten-
sive clog development created an environment or conditions
in which dissolved calcium cannot as readily or does not
have enough time to precipitate onto the FSS flocs in the
rubber shred columns and shortened the time in which this
clogging mechanism occurred or decreased its effectiveness
as a clogging mechanism. In addition, the less abundant sup-
ply of calcium in the upper sections of the columns may re-
sult in less calcium being available to precipitate onto the
suspended flocs. The less aggressive flow environment re-
sulting from the open pore structure allowed the precipita-
tion of calcium onto FSS to occur for longer periods of time
within the gravel column than in the rubber columns.

During the majority of the operating life of the gravel col-
umn, soft clog was forming because of a clogging mecha-
nism that involved the precipitation of calcium onto the FSS
within the gravel. This coincides with the observed nonlinear
clog formation rates in the gravel column and the uniform
development of clog within all sections of the gravel column
(even though the treatment of leachate throughout the col-
umn is not uniform). It also relates to the fact that even
when the drainable porosities for the gravel filled column in-
dicated significant clog formation had occurred, no signifi-
cant increase in leachate head was required to maintain flow
in the gravel. This is in contrast to the rubber shred columns,
where for the same corresponding drainable porosity value,
there was mostly hard inorganic clog and little active biofilm
at the base of the columns when they were terminated as a
result of significant clog development and the consequent
need to develop high heads to maintain leachate flow.

Clog material accumulated in the base reservoir of every
column. Drainable porosity results indicated that the initially
empty reservoir volume of 2.5 L had reduced to less than
0.5 L after approximately 200 days of operation in all of the
columns. Also, significant removal of COD and calcium was
occurring in the reservoir of each column (Table 2) before
the leachate entered the drainage material. The difference in

leachate characteristics at P1 relative to the supplied influent
characteristics in each column was due to the biological pro-
cesses occurring in each column. The leachate passing
through the base reservoir of R4(Gravel) experienced the
greatest reductions. Concentrations of TSS in the leachate at
P1 in all columns were substantially higher than in the
source leachate, and on average the TSS and VSS concentra-
tions from P1 in the gravel column were twice those of the
shred columns. An EDX analysis of the material removed
from the reservoir chamber after disassembly confirmed that
the material in the reservoir, which had a form similar in
size and shape to sand particles, was mainly composed of
calcium, carbon, and oxygen. The difference in the leachate
characteristics and the clog development process within each
column is a consequence of the nature of the material in that
column (the source leachate for all columns being the same)
and thus is reflected in the hydraulic conductivity and
drainable porosity results.

Unlike the very tortuous flow through the rubber shred
filled columns, the settling out of FSS flocs from the leach-
ate in the relatively open structure of the gravel drainage ma-
terial would have a more direct route and could potentially
result in a localized increase in TSS concentrations at the
base of the gravel column relative to the rubber shred col-
umns and also result in higher leachate treatment in the
gravel reservoir than in the shreds. The tortuous pore struc-
ture of the rubber shred filled columns would limit this ef-
fect. In a field case scenario this sand sized clog material
would settle out and accumulate at the bottom of a gravel
drainage layer. As a result of the tortuous flow path in a tire
shred drainage layer, this clog material would likely accu-
mulate at the top of the tire shred layer.

Current design practices implemented to reduce the reten-
tion time of leachate in the saturated portion of a leachate
collection system (through increased slopes of base con-
tours) and to reduce the amount of FSS entering the leachate
collection system (such as the use of a filter layer between
the drainage material and the waste) will also likely reduce
the effectiveness of this clogging mechanism and result in a
smaller mass of clog material hence lowering occlude void
space in time.

Hydraulic conductivity – drainable porosity
relationship

The hydraulic conductivity drops with decreasing
drainable porosity, as shown in Fig. 9. Rowe et al. (2000a)
have suggested an empirical relationship between the hy-
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Column Average reduction

COD Calcium

%
Absolute
(mg/L) %

Absolute
(mg/L)

R1(P) 26 2511 23 111
R3(P) 26 2628 23 142
R2(G) 23 2172 17 95
R4(Gravel) 45 3691 38 196

Table 2. Reduction in COD and calcium concentrations within
the reservoir chamber.
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Fig. 8. SEM image (top) and EDX map of elements from sand sized clog material removed from R4(Gravel) at termination.
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draulic conductivity (k, measured in m/s) and the drainable
porosity (n) as follows:

[1] k = Aebn

The rubber shred experiments resulted in coefficients of A =
5.26 × 10–6 m/s and b = 32.1 (r2 = 0.92).

Hydraulic conductivity was calculated from the measured
flow rate and the head differences between adjacent piezo-
meters. The highest hydraulic conductivity that could be
measured during normal operation of the column experi-
ments at the prescribed flow rate of 0.4 m3/m2/d was approx-
imately 10–4 m/s. With an average initial vertical hydraulic
conductivity in the gravel column (0.78 m/s) over three or-
ders of magnitude greater than this, there is a large gap in
the available data with respect to measured hydraulic con-
ductivities and their associated drainable porosities above
hydraulic conductivities of 10–4 m/s. Sufficient measure-
ments were not attainable from this experimental program to
fully define the relationship between hydraulic conductivity
and drainable porosity for the gravel column, however, if an
exponential relationship is assumed, then the data suggest
that A = 1.19 × 10–5 m/s, b = 24.6, and r2 = 0.92.

Conclusions

Changes in leachate characteristics and drainable porosity
caused by clogging were monitored over a period of up to

two years in four experimental test columns filled with full
sized drainage material (rubber tire shred or conventional
gravel) permeated with real municipal solid waste leachate.
Prior to the study, it was not known how the compressed
pore structure of the rubber tire shred differed from conven-
tional gravel or what its affect would be on the extent of
clog development within the tire shreds. This work has
shown the following:

(1) The shape and size of the rubber shreds, along with
their relatively high compressibility, resulted in a pore
structure that differed significantly from the gravel ma-
terial. The compressible nature of the rubber shred ma-
terial under vertical loads resulted in numerous narrow
constricted–confined pathways and voids that connected
relatively isolated larger pores. The gravel drainage ma-
terial had large relatively uniform void sizes and gener-
ally an open void structure.

(2) Direct precipitation of calcium to form hard inorganic
clog material on the fixed drainage medium formed an
important part of the clogging process; especially for
the shreds. However, there was also a significant com-
ponent of clog material (especially for the gravel col-
umn) that arose from precipitation of calcium onto FSS
that caused flocs to drop out of suspension in the leach-
ate and accumulate as relatively loose sand sized clog
material in the pore spaces of the drainage materials.

(3) Differences in the pore structure in the rubber tire shred

Fig. 9. Relationship between drainable porosity and hydraulic conductivity.



and gravel drainage materials affected the relative im-
portance of this clog mechanism in each of the drainage
materials. The high initial porosity and resulting open
void structure and less tortuous flow environment al-
lowed the gravel column to operate for an extensive
time wherein clog development caused by precipitation
of calcium onto the FSS and TSS retention contributed
significantly to occluding the gravel void volume (dur-
ing this time clog development was fast and uniform).
However, once the majority of the pore volume became
filled with clog material, the potential for this clogging
mechanism to form additional clog material was re-
duced and the development of a hard inorganic clog ma-
terial resulting from direct precipitation of calcium
occurred at a much slower rate. The clogging rate be-
came nonlinear within the gravel column.

(4) The tortuous flow regime in the shred material was sub-
stantially influenced by high velocity leachate flow,
short leachate retention times, and high imposed leach-
ate shear stresses in constricted openings between larger
pores. Thus the structure also resulted in a nonuniform
leachate flow during column operation. The clog mate-
rial removed from the tire shred columns had less re-
tained FSS clog mass than that from the gravel column,
and the clogging was predominantly due to the direct
precipitation of calcium, which formed hard inorganic
clog material.

(5) Clogging is affected by more than the total void space
available to be clogged and is in fact a function of the
critical opening sizes, which were substantially smaller
for the tire shreds than for the gravel. More clog forma-
tion was required to bridge over the longer distances
and to fill the larger volumes in the gravel versus the
narrow constrictions and smaller pore throats in the
shred material (before the clog material affected the
flow of leachate through the drainage materials). During
the disassembly of the G shred column only the narrow
constrictions, voids, and pathways that connect the rela-
tively isolated larger pores were occluded with clog ma-
terial and not the entire void volume.

(6) The compressible nature of the rubber shreds resulted in
a lower percentage of the total exposed surface area in
open void spaces where unconfined–unrestricted growth
of active biofilm and inactive clog deposition could oc-
cur.

Differences in the pore structure of the rubber tire shred
and gravel drainage materials had a significant impact on the
extent of clogging and relative performance of the different
drainage materials. The lower initial porosity combined with
the more complex pore structure resulted in substantially
faster (i.e., three times) clogging in the tire shreds than in
the gravel.

Acknowledgements

The research reported in this paper was funded by
Laflèche Environmental Inc. The authors are grateful to An-
dre Laflèche and Martin Zimmer for making it possible to
perform this study. The significant contributions and assis-

tance of Jamie VanGulck, Jon Southen, and Gary Lusk are
gratefully acknowledged.

References

Bennett, P.J., Longstaffe, F.J., and Rowe, R.K. 2000. The stability
of dolomite in landfill leachate collection systems. Canadian
Geotechnical Journal, 37: 371–378.

Bouchez, T., Munoz, M.-L., Vessigaud, S., Bordier, C., Aran, C.,
and Duquennoi, C. 2003. Clogging of MSW landfill leachate
collection systems: prediction methods and in situ diagnosis. In
Proceedings, Sardinia 2003, 9th International Waste Manage-
ment and Landfill Symposium, S. Margherita di Pula, Cagliari,
Italy, 6–10 October 2004. Edited by T.H. Christensen, R. Cossu,
and R. Stegmann. CISA, Environmental Sanitary Engineering
Centre, Cagliari, Italy.

Brune, M., Ramke, H.G., Collins, H.J., and Hanert, H.H. 1994. In-
crustation problems in landfill drainage systems, landfilling of
waste: barriers. E&FN Spon, London, pp. 569–605.

Cooke, A.J. 1997. Modelling of clogging in laboratory column ex-
periments conducted with synthetic landfill leachate. M.E.Sc.
thesis, Department of Civil and Environmental Engineering, The
University of Western Ontario, London, Ont.

Cooke, A.J., Rowe, R.K., Rittmann, B.E., and Fleming, I.R. 1999.
Modeling biochemically driven mineral precipitation in anaero-
bic biofilms. Water Science and Technology, 39(7): 57–64.

Fleming, I.R., Rowe, R.K., and Cullimore, D.R. 1999. Field obser-
vations of clogging in a landfill leachate collection system. Ca-
nadian Geotechnical Journal, 36(4): 685–707.

Gounaris, V., Anderson, P.R., and Holsen, T.M. 1993. Characteris-
tics and environmental significance of colloids in landfill leach-
ate. Environmental Science Technology, 27: 1381–1387.

Jensen, D.L., and Christensen, T.H. 1999. Colloidal and dissolved
metals in leachates from four Danish landfills. Water Research,
33(9): 2139–2147.

Maliva, R.G., Missimer, T.M., Leo, K.C., Statom, R.A., Dupraz,
C., Lynn, M., and Dickson, J.A.D. 2000. Unusual calcite
stromatolites and pisoids from a landfill leachate collection sys-
tem. Geology, 28(10): 931–934.

Owen, J.A., and Manning, D.A.C. 1997. Silica in landfill
leachates: implications for clay mineral stabilities. Applied Geo-
chemistry, 12: 267–280.

Rittmann, B.E., Fleming, I.R., and Rowe, R.K. 1996. Leachate
chemistry: its implications for clogging. In Proceedings of the
North American Water and Environment Congress ‘96, 22–28
June 1996. Anaheim, Calif. Edited by C.T. Bathala. American
Society of Civil Engineers, New York (CD-ROM).

Rowe, R.K., and Fleming, I.R. 1998. In Estimating the time for
clogging of leachate collection systems. In Environmental
Geotechniques: Proceedings of the 3rd International Congress,
Lisbon, Portugal, 7–11 September 1998. Edited by P. Seco e
Pinto. A.A. Balkema, Rotterdam, The Netherlands. Vol. 1,
pp. 23–28.

Rowe, R.K., Cooke, A.J., Rittmann, B.E., and Fleming, I. 1997.
Some considerations in numerical modeling of leachate collec-
tion system clogging. In Proceedings of the 6th International
Symposium on Numerical Models in Geomechanics, NUMOG
VI, Montreal, Que., 2–4 July 1997. Edited by S. Pietruszczak
and G.N. Pande. A.A. Balkema, Rotterdam, The Netherlands.
pp. 277–282.

Rowe, R.K., Armstrong, M.D., and Cullimore, D.R. 2000a. Mass
loading and the rate of clogging due to municipal solid waste
leachate. Canadian Geotechnical Journal, 37: 355–370.

© 2005 NRC Canada

1187 Can. Geotech. J. Vol. 42, 2005



Rowe, R.K., Armstrong, M.D., and Cullimore, D.R. 2000b. Particle
size and clogging of granular media permeated with leachate.
Journal of Geotechnical and Geoenvironmental Engineering,
ASCE, 126(9): 775–786.

VanGulck, J.F. 2003. Biologically induced clogging of granular
media and leachate collection systems. Ph.D. thesis, Department
of Civil Engineering, Queen’s University, Kingston, Ont.

VanGulck, J.F., and Rowe, R.K. 2002. Experimental results and pa-
rameters obtained from leachate column clogging studies. In
Proceedings of the 4th International Congress on Environmental
Geotechnics, Rio de Janeiro, Brazil, 11–15 August 2002. Edited
by L.G. de Mello and M. Almeida. A.A. Balkema, Rotterdam,
The Netherlands. pp. 33–38.

© 2005 NRC Canada

McIsaac and Rowe 1188


