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ABSTRACT: This paper provides a summary of relevant field and laboratory studies 

pertaining to the long-term performance of filter and drainage materials used in leachate 

collection systems and agricultural drains.  It is shown that clogging rate is related to: the 

leachate strength and mass loading; grain size, grain size distribution, and initial pore volume of 

the granular drainage material; and the use of a granular or geotextile filter/separator between the 

waste and the drainage layer or around the drainage pipe.  The assessment of likely clog 

development within geotextiles and granular materials is discussed and techniques for estimating 

the service life of leachate collection systems due to biological, chemical, and physical clogging 

are summarized.  Recommendations are made regarding means of improving the field 

performance of leachate collection systems. However, it is concluded that there is no current 

predictive method to assess either the likely extent of clog formation within the geotextile or 

surrounding soil for agricultural drains, or the service life of these agricultural drains, and it is 

concluded that additional research is required in this area. 

Reference:  Rowe, R.K and VanGulck, J.F. (2004) “Filtering and drainage of contaminated water”, 
Keynote Lecture, 4th International Conference on GeoFilters, Stellenbosch, South Africa, 
October, University of Witswatersrand, A.Fourie (Ed), pp1-63. 

 



1. INTRODUCTION 

 

 Filtration and drainage play a key role in the successful performance of many 

geotechnical, geoevironmental and agricultural undertakings.  The importance of allowing the 

movement of water while controlling migration of soil particles and preventing particulate 

clogging is fundamental to the design of geofilters.  However in applications such as landfill 

leachate drainage and collection systems or agricultural field drains, chemical and biological 

processes can be extremely important and can control the effectiveness and service lives of these 

systems. This paper focuses on these latter issues.  It updates, elaborates, and in some parts 

draws directly from, an earlier paper by the authors (Rowe and VanGulck 2001) and the 

interested reader is referred to that paper and Rowe et al. (2004) for more information regarding 

factors affecting the performance of these systems. 

 

 The controlled removal of leachate from a landfill is critical to reduce the risk of 

groundwater and surface water.  Old dumps and early generation landfills were constructed with 

little to no leachate collection or control.  Some of the early generation landfills incorporated 

either a toe drain or perimeter drain (Figure 1).  These systems were useful for controlling 

leachate seeps through the landfill cover and therefore minimizing surface water contamination.  

However, these systems were ineffective at controlling the height of the leachate mound within 

the refuse, and therefore ineffective at controlling the contaminant escape into the underlying soil 

and groundwater. 

 



 
 

Figure 1: Schematic showing perimeter and toe drains at a landfill (not to scale, modified 

from Rowe 1999). 

 

 The second generation of leachate removal systems typically involved drains, comprised 

of a granular material surrounding a perforated drainage pipe, located every 50 to 200 meters 

along the landfill base (Figure 2).  Some designs involved the use of a geotextile wrapped around 

the perforated collection pipe and others have used a geotextile filter around the granular 

material.  These systems provided greater control of the leachate mound than toe drains or 

perimeter drains.  However, when leachate, that is generated over a large area of the landfill, is 

directed through a filter surrounding an isolated drain (Figure 2c), or even more problematic, a 

filter wrapped around the pipe itself (Figure 2b), there is confluence of flow across the filter.  As 

will be discuss below, clogging of filters and granular materials is dependant on the flow rate per 

unit area.  Thus, the confluence of flow through the filter, increases the mass loading of organics, 

inorganics, and suspended particles per unit time into the filter causing an increase in the rate of 

clogging of the geotextile filter and drainage gravel.  The confluence of flow across the 

geotextile positioned around the leachate pipe is even larger than in the case of a geotextile 

around the drainage gravel, thus, clogging would occur even faster in the former than the latter.  

Clogging impairs the ability for leachate to enter the leachate pipe causing a leachate mound to 

develop in the waste between the drains.  The development of a mound will provide some flow 

 



towards the pipe, but will also increase the flow out through the underlying liner.  Based on this, 

Rowe (1992) cautioned against designs such as that shown in Figure 2.  The field investigation 

discussed below confirms the soundness of this recommendation. 

c 
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Figure 2: Schematic showing examples of poor leachate collection system designs (a) no 

geotextile filter; (b) geotextile filter wrapped around collection pipe, and (c) geotextile 

filter positioned between the waste and gravel.  Schematic also shows a leachate mound 

developed once there is excessive clogging of the geotextile filter and/or the drainage 

gravel and/or the pipe.  For details regarding calculation of mound height see Rowe et al., 

2004.  Note: there would also be a mound to the left and to the right of the section shown 

and the mound would only be symmetric as a special case; generally, it would not be 

symmetric due to factors such as variability of clogging, hydraulic conductivity of waste 

etc. (modified from Rowe 1992). 

 

 



 The third generation leachate collection systems typically comprise a blanket of granular 

material covering the entire bottom of the landfill.  Earlier systems used sand, and as will be 

discussed more blow, this is particularly susceptible to clogging. More recently the collection 

systems have been multi-layered systems sometimes involving granular materials of various 

sizes and geotextile filters (Figure 3).  A geotextile between the waste and underlying drainage 

material serves to minimize the physical movement of waste into the drainage material and also 

may filter out suspended particles from the passing leachate.  The blanket drainage system 

design provides much greater control of leachate mounding on the base liner than first and 

second generation systems. 

Drainage Gravel 

Drainage Gravel 

 

Figure 3: Schematics show in examples of blanket leachate collection system designs 

including a geotextile filter layer and uniform (>25 mm nominal particle diameter) 

drainage gravel (e.g. crushed limestone or river gravel, modified from Rowe 1992). 

 

 In some cases, a geosynthetic drainage layer (geonet) may be substituted for granular 

layers in collection systems (U.S. EPA, 1989).  Geonets require less space than a gravel system 

and hence have the advantage of maximizing landfilling volume.  However, geonets require the 

use of a geotextile filter above them and can experience problems with creep and intrusion. U.S. 

 



EPA (1989) acknowledged that the long-term operating and performance experience of geonets 

was limited because the material is relatively new in this application.  Additionally, there are 

concerns regarding the effect of long-term loading and clogging on the long-term transmissivity 

of the geonet.  Giroud et al. (1998) discussed the potential for clogging of geonets due to a 

relatively small amount of fines in the overlying soil/waste.  Thus, the use of geonets as the 

primary drainage layer at the base of the landfill must be questioned.  See Rowe (1998) or Rowe 

et al. (2004) for a more detailed discussion on the use of geonets in leachate collection systems. 

 

 This paper will provide a summary of relevant field and laboratory studies pertaining to 

the long-term performance of filter and drainage materials used in leachate collection systems 

and agricultural field drains.  Methods and techniques to predict clog development within 

geotextiles and granular materials, and the service life of drainage and collection systems, due to 

biological, chemical, and physical clogging are provided. 

 

2. FIELD OBSERVATIONS OF LEACHATE COLLECTION SYSTEM CLOGGING 

 

2.1 FIELD STUDY 1 

 

Brune et al.’s (1991) study of numerous landfills in Germany concluded that the 

granular material within the LCS can become incrusted with material due to microbial 

activity and the transport of solids into the collection layer.  Biological and chemical 

incrustations can grow within the drainage layer causing clogging of the LCS, therefore 

limiting the ability of this system to transmit fluid to the collection pipes.  A study of two 

landfills led to the following conclusions: 

• The large concentrations of anaerobic microorganisms, 105 to 107 bacteria per 

millilitre, in leachate mediate the precipitation of minerals and incrustations within 

the drainage blanket. 

• The main constituents of the incrusted material were calcium and iron combined with 

carbonate and sulphur (mainly in the form of sulphide). 

 



• Site 1 with rapid filling, had a high leachate strength (COD: 50,000-80,000 mg/L, and 

Ca2+: 3,500 mg/L) and experienced extensive amounts of incrustations upon visual 

inspection of the leachate collection pipes. 

• Site 2, which was slowly filled with pre-composted waste, had lower leachate 

strength (COD: 1,000 mg/L and Ca2+: 130 mg/L) and showed practically no 

incrustations within the leachate collection pipes. 

Comparing these two sites it is evident: 

• High concentrations of organic and inorganic substances have an important role in the 

incrustation (clogging) process of a LCS. 

• The clog material contained high concentrations of Ca2+ and carbonate (CO3
2-) 

suggesting that Ca2+ precipitated out of solution as the leachate passed through the 

drainage layer as calcium carbonate (CaCO3), thus the clog contained about 55% 

CaCO3 (Table 1). 

• The clog material contained significant amounts of silicon (Si) and iron (Fe) and 

small amount of magnesium (Mg).  The Si content is likely a result of sand, used as 

waste cover material, being transported by the flowing leachate “settling out” in the 

collection system. 

 

 Brune et al. (1991) hypothesized that localized environments around anaerobic 

bacteria create gradients in sulfide, alkalinity and pH that result in the precipitation of 

sulfide and carbonate materials.  The study by these authors was largely descriptive and 

qualitative with no attempt to establish a rationally based quantitative model of the 

clogging process or to verify a number of hypotheses. 

 

2.2 FIELD STUDY 2 

 

Fleming et al. (1999) completed a field exhumation of a temporary header pipe at 

the Keele Valley Landfill (KVL) that had been exposed to municipal landfill leachate for 

4 years.  The average COD and BOD5 concentration was 14,800 mg/L and 10,000 mg/L, 

respectively, with an average pH of 6.3.  The collection system consisted of crushed 

dolomitic limestone (nominal 50 mm particle size and a relatively uniform grading) in the  

 



Table 1: Comparison of data from this study with some published compositions of 

material precipitated from landfill leachates (values reported are in percentages except for 

Ca/CO3). 

 Ca CO3 Si Mg Fe Ca/CO3
*German landfill  
Brune et al. (1991) 
 

21(25) 34(40) 16(-) 1(1) 8(10) 0.62(0.63) 

*Toronto landfill  
Fleming et al. (1999) 
 

20(25) 30(38) 21(-) 5(6) 2(3) 0.67(0.66) 

*KVL-Particle Size Series 
4 mm 
6 mm 
15 mm 
Rowe et al. (2000b) 
 

 
27(28) 
24(25) 
26(27) 

 
49(51) 
50(52) 
52(53) 

 
4(-) 
3(-) 
2(-) 

 
1(1) 
1(1) 
<1(<1) 

 
3(3) 
4(4) 
3(3) 

 
0.55(0.55) 
0.48(0.48) 
0.50(0.51) 

*KVL-Mass Loading Series 
0.51 m3/m2/d 
1.02 m3/m2/d 
2.04 m3/m2/d 
Rowe et al. (2000a) 
 

 
24(25) 
27(28) 
27(28) 

 
50(52) 
58(60) 
49(51) 

 
3(-) 
3(-) 
3(-) 

 
1(1) 
1(1) 
<1(1) 

 
4(4) 
4(4) 
4(4) 

 
0.48(0.48) 
0.47(0.47) 
0.55(0.55) 

*KVL-Temperature 
21 oC 
27 oC 
Armstrong (1998) 
 

 
30(31) 
24(25) 

 
47(48) 
50(52) 

 
2(-) 
3(-) 

 
<1(<1) 
1(1) 

 
2(2) 
4(3) 

 
0.64(0.65) 
0.48(0.48) 

Synthetic Leachate 
21oC, 6 mm beads 
Rowe et al. (2001) 
 

 
36 

 
51 

 
- 

 
<1 

 
<1 

 
0.71 

Synthetic Leachate 
21oC, 6 mm beads 
VanGulck and Rowe (2004a) 
 

 
37 

 
57 

 
<1 

 
<1 

 
<1 

 
0.66 

*KVL Leachate 
21oC, 6 mm beads 
VanGulck and Rowe (2004b) 

 
29(30) 

 
50(51) 

 
2(-) 

 
1(1) 

 
3(3) 

 
0.58(0.59) 

*bracket values indicate values excluding Si 

 

drainage blanket together with perforated leachate collection pipes (SDR 11 HDPE pipe, 

8 mm holes) that had never been cleaned.  This study related the leachate chemistry to the 

clogging of the drainage material in terms of the void volume occupancy (VVO) and 

chemical properties of the clogging medium at spatially different locations within the 

blanket- the unsaturated zone, the saturated zone, and at various locations away from the 

collection pipe. 

 

 



The drainage gravel contained significant quantities of soft black slime (biofilm), 

coating the 50 mm diameter gravel, and occupying the void space.  The degree of 

clogging or VVO of the drainage gravel was estimated to be 50 to100% in the lower 

saturated zone of the drainage layer and 30 to 60% in the upper unsaturated portion of the 

drainage layer.  A hydraulic conductivity of 10-4 m/s was measured on a disturbed sample 

of drainage gravel taken from site, indicating at least a two to three order of magnitude 

decrease in hydraulic conductivity.  All lower holes and the majority of the upper holes in 

the pipe were blocked.  The clog composition was analysed at various locations within 

the drainage layer.  The clog composition was similar to the German data, with CaCO3 

representing about 50% of the clog material (Table 1). 

 

In one area of the exhumation a geotextile (woven, Ma=180 g/m2, AOS= 0.475 

mm tGT=0.6 mm, ψ = 0.04 s-1) separated the waste layer and drainage gravel.  There was 

significantly less clogging at this location (the upper 10 cm thickness of the drainage 

layer had a VVO of 0-20%) compared to locations without a separator.  This finding 

suggests that the geotextile effectively separated the waste from the drainage gravel 

reducing the level of clogging in the underdrain.  Additionally this separator assisted in 

reducing the migration of fines into the drainage layer compared to locations without a 

separator, thus clogging in the zone of the geotextile represents “true” mineral clog 

deposits (mineral deposit precipitated in place within the biofilm coating the solid 

surfaces). 

 

The drainage pipe had 8 mm (5/16 in.) diameter perforations that were mostly 

blocked by clog material, especially the lower row of holes.  Within the perforated pipes, 

large, loosely cemented pieces of solid material had accumulated.  Many of the clog 

samples removed from the inside pipes (that had not been cleaned) were substantially 

larger than the opening size of the perforated piping.  It is therefore evident that this solid 

clog material had formed inside the pipe by precipitation of leachate minerals. 

 

The authors concluded that the granular drainage blanket system behaves similar 

to an anaerobic biofilm reactor.  Thus, the raw leachate samples collected from the 

 



leachate pumping station actually represent partially treated effluent from an in situ 

treatment system. The authors also suggest that the same processes that caused the 

accumulation of mineral and biological solids within the LCS, could be used positively to 

design a system to naturally treat the leachate within the landfill to reduce leachate pre-

treatment cost prior to discharge to a sanitary sewer. 

 

2.3 FIELD STUDY 3 

 

Craven et al. (1999) completed a field investigation to characterize the physical 

and chemical nature of drainage media from a 6 year old collection system.  The LCS 

consisted of a saw tooth trench system with HDPE collection pipe wrapped (socked) 

directly with geotextile in the trenches.  The entire landfill bottom was overlain by 0.6 m 

of clean sand.  Due to time constraints during the exhumation, grab samples were 

primarily obtained for chemical and physical analysis.  Thus, the permeability test 

completed for the sands and gravels are disturbed in the structure compared to the field 

placement.  The clean sand hydraulic conductivity was reported to be 1.8 x 10-4 m/s.  The 

hydraulic conductivity of the sand collected after 6 years of landfilling ranged from 9.7 x 

10-5 to 1.8 x 10-4 m/s (average 1.2 x 10-4 m/s), a reduction of 1-47% (average 33% 

reduction).  The hydraulic conductivity of the undisturbed soil would likely be lower.  

None of the sand samples collected showed any visible clogging by biomass.  However, 

there was an increase in volatile solids content in the sand from 0.22% (clean sand) to 

0.44%, suggesting either growth of some biomass or there was soluble organic matter 

present from the leachate.  In some areas there was visible black discoloration indicative 

of iron or sulfate reduction by bacteria.  A metal analysis completed on clean sand 

contained Ca, Fe, Mg and K concentrations of 10.9, 142.7, 4.1 and 29.2 mg/kg, 

respectively.  The LCS sand had significantly higher concentrations of these metals with 

average concentrations of 881, 458.4, 101.9 and 96 mg/kg for Ca, Fe, Mg and K 

concentrations, respectively.  The LCS sand chemical analysis suggest that biomass and 

metals are accumulating within the media which is consistent with the previous two field 

studies and laboratory experiments described above. 

 

 



The geotextiles that wrapped the collection pipe had black slime and sand 

embedded in the woven material.  Relative to the clean geotextile permittivity there was a 

reduction of 2% to 75% (average 48% reduction). 

 

2.4 FIELD STUDY 4 

 

 Koerner and Koerner (1995) reported on three different field exhumations of 

leachate collection systems, denoted as 4a, 4b, and 4c for convenience.  Landfill 4a 

operated with leachate recycle and was filled with municipal solid waste, light industrial 

waste.  The landfill was 10 years old with reported leachate COD and BOD5 

concentrations of 31,000 and 27,000 mg/L, respectively, and a pH of 6.9.  Leachate 

collection was initially accomplished through toe drains consisting of a trench with 600 

mm of gravel (crushed stone 6 to 30 mm) with a geotextile (heat bonded nonwoven, MA= 

150 g/m2, AOS= 0.15 mm, tGT= 0.30 mm, ψ = 1.1 s-1) wrapped around a 100 mm SDR 41 

perforated PVC pipe.  This facility experienced a flow reduction after 1 year and a high 

leachate mound had developed in the landfill.  Upon exhumation, the toe drain had a 

crushed pipe (likely due to construction equipment), there was cementing within the void 

space of the gravel which reduced the hydraulic conductivity of the gravel from 2.5x10-1 

m/s to 2x10-7 m/s.  Additionally excessive clogging of the geotextile was measured (see 

Table 2, GT#1). 

 

 Landfill 4b was 6 years old, recycled leachate, and was filled with municipal solid 

waste, light industrial waste.  The leachate COD and BOD5 concentration were 10,000 

and 7,500 mg/L, respectively, with a pH of 7.5.  A perimeter drain was used to control 

leachate seeps and was functioning adequately.  The drain consisted of a geotextile 

(woven, MA= 170 g/m2, POA= 7%, AOS= 0.25 mm, tGT= 0.41 mm, ψ = 0.9 s-1) wrapped 

trench with 6 to 18 mm diameter gravel and 100 mm SDR 30 HDPE perforated pipe.  

Only a small reduction in hydraulic conductivity of the gravel from 5.3x10-1 m/s to 

2.8x10-1 m/s was measured.  However, excessive clogging of the geotextile was observed 

(see Table 2, GT#2). 

 

 



 Landfill 4c was 6 months old and filled with industrial solids and sludge which 

included slurry fines containing 70% finer than 150 um particles.  The leachate COD and 

BOD5 concentrations were 3,000 and 1,000 mg/L, respectively, and a pH of 9.9.  The 

landfill contained a blanket underdrain that no longer collected fluid and a high leachate 

mound had developed.  The underdrain consisted of a protection sand layer (0.075 to 4 

mm) over a geotextile (AOS= 0.19 mm) over pea gravel (1 to 20 mm) drainage layer, and 

a 100 mm diameter geotextile (needle punched nonwoven, MA= 330 g/m2, AOS= 0.19 

mm, tGT= 2.7 mm, ψ = 1.8 s-1) wrapped HDPE perforated pipe.  The upper geotextile was 

still functioning (see Table 2, GT#3), the pea gravel was relatively clean, the geotextile 

wrapping around perforated pipe had excessively clogged (see Table 2, GT#4).  The 

geotextile sock had clogged at location of perforations in the pipe and once the geotextile 

was removed, leachate flowed freely. 

 

Table 2: Summary of hydraulic conductivity (kn) and permittivity (Ψ) changes for 

geotextile exhumed from field application in landfills (based on Koerner et al., 1993 but 

as modified by G. Koerner, personal communication). 

GT#1 Leachate Geotextile 

 COD 

(mg/L) 

TS 

(mg/L) 

MA

(g/m2) 

AOS 

(mm) 

tGT 

(mm) 

Initial 

kn (m/s) 

Final 

kn (m/s) 

Initial 

Ψ (s-1) 

Final 

Ψ (s-1) 

GT#1 31,000 28,000 150 0.15 0.38 4.2x10-4 3.1x10-8 1.1 8.2x10-5

GT#2 10,000 3,000 170 0.25 0.41 3.7x10-4 1.4x10-4 0.9 3.3x10-1

GT#3 3,000 12,000 220 0.21 2.7 4.9x10-3 8.5x10-5 1.8 3.1x10-2

GT#4 3,000 12,000 220 0.21 2.7 4.9x10-3 4.4x10-8 1.8 1.6x10-5

1 Refer to text for geotextile properties 

 

2.4 OTHER FIELD CASES 

 

 As part of an examination of difffusion of contaminants through the compacted 

clay liner at the Keele Valley landfill after 4 years of operation at the location (King et 

al., 1993) found that the 0.3m thick sand layer above the liner had experienced sever 

clogging in the upper few centimetres with some evidence of clogging the underlying 

sand to a depth of about 15 cm and relatively clean sand for the lower 15 cm.  It appeared 

 



that the top of the sand had clogged and that there have been subsequently negligible 

flow in the sand.  In confirmation of this it was found that the diffusion profiles for both 

inorganic and organic contaminants began at the top of the sand.  While this is good in 

terms of liner performance it also shows how readily sand can clog.  Another unpublished 

example in Ontario involves a landfill with perforated drains located within a sand 

blanket where after about 20 years of operation a leachate mound in excess of 10 m has 

developed. 

 

3. LABORATORY CLOGGING STUDIES OF GRAVEL SIZE MATERIAL 

 

3.1 GERMAN CLOGGING STUDY 

 

Brune et al. (1991) completed column experiments using leachate high in organic 

and inorganic concentrations, and another with relatively lightly loaded organic and 

inorganic concentrations.  Various sizes of drainage material along with the presence and 

absence of a geotextile separator between the waste and drainage gravel were examined.  

A reduction in calcium and iron concentrations between the influent and effluent leachate 

was observed once microbial degradation process had started (indicated by the decrease 

in COD concentration) providing a clear indication of microbially induced incrustation 

process.  The authors observed that the calcium and iron concentrations followed the 

COD curve; an increase in influent organic burden was accompanied by an increase in 

the iron and calcium concentrations. 

 

Columns containing a well graded gravel filter with a grain size 1 to 32 mm, a 

fine gravel of grain size 2 to 4 mm, and another containing a geotextile over coarse gravel 

with a grain size 16 to 32 mm between the waste and underlying gravel all showed 

significant clogging after 12 months of operation with the strong leachate permeate.  All 

columns (except one) which were fed with the strong leachate and contained coarse 

drainage materials with a grain size 8 to 16 mm or 16 to 32 mm without a geotextile 

between the drainage material and the waste remained permeable but did experience a 

significant reduction in pore volume (a 5 to 10% reduction for the 16 to 32 mm gravel 

 



and a slightly greater reduction for the 8 to 16 mm gravel).  The columns fed with the 

weaker leachate showed virtually no reduction in pore volume.  The reduction in pore 

volume from the columns containing 2 to 4 mm gravel experience about 20% or 2 to 3 

times greater reduction compared to the 8 to16 mm gravel, and a 4 times greater 

reduction than the columns containing 16 to 32 mm gravel.  The column containing the 1 

to 32 mm particles had an initial porosity of 16% but after half a year of operation the 

porosity was reduced to 10% of the original value (i.e. 1.6%). 

 

Upon dismantling the columns, the pores of the drainage material were clogged 

with black, tar-like incrustation material.  It was observed that the small voids in the 

drainage media were filled with material and the larger pores had a reduced opening.  The 

top surface of the geotextile was completely sealed by a tar-like material and the waste 

was concreted together.  The gravel on the underside of the geotextile was quite loose and 

only covered with a thin, black, slimy film.  The geotextile also contained incrustations 

with gravel clinging to the underside.  It was concluded that a zone of reduced 

permeability formed above the geotextile.  The gravel in the columns without a geotextile 

was covered with a thicker film of material compared to columns with a geotextile.  The 

incrustation material consisted mainly of organic material, carbonate and calcium and 

significant amounts of iron and sulphur.  A similar clog composition and clog structure 

was observed to that in their field exhumations (described above), suggesting that the 

column experiments adequately simulated the conditions found in the landfill. 

 

Of practical significance to drainage layer design, these column experiments 

showed that: (a) coarse drainage material had less reduction in pore space compared to 

finer drainage material; (b) fine and well graded material had the largest decrease in 

permeability; and (c) geotextile separators between the waste and drainage gravel can 

clog. 

 

3.2 KVL LEACHATE MESOCOSM STUDY 

 

 



Rowe et al. (1995), Fleming (1999), and Fleming and Rowe (2004) described the 

findings of a mesocosm study which was designed to represent different materials and 

combinations of materials used in practice to construct leachate collection systems.  The 

mesocosms were full scale collection system designs that were fed KVL leachate at a rate 

representative of field conditions (vertical and horizontal flow through the test cell) under 

anaerobic conditions at 27oC.  The leachate chemistry was monitored before and after 

passing through the mesocosm.  Additionally, the drainable porosity was measured with 

time to assess the amount of clogging. 

 

The mesocosm collection system designs generally consisted of a waste layer 

overlying a drainage layer (19 mm or 38 mm crushed dolomitic limestone) overlying a 

geotextile/sand cushion.  Selected mesocosms also had a filter/separator layer between 

the waste and drainage gravel.  The various separator layers were 1) lightweight 

nonwoven needle punched polypropylene geotextile (Polyfelt TS650- denoted as 

lightweight), 2) heavyweight nonwoven needle punched polypropylene geotextile 

(Polyfelt TS900- denoted as heavyweight), 3) woven slit-film geotextile (Terratrack 24-

15), 4) and a “sacrificial” drainage layer of gravel placed between the upper 

“lightweight” nonwoven geotextile and waste and 5) graded filter consisting of pea gravel 

(6 mm diameter) and well-graded concrete sand.  The geotextile properties are listed in 

Table 3.  Fleming (1999) assessed the performance of these filters by comparing the 

drainable porosity of the base drainage gravel with time, the findings of which are 

described as follows for drainable porosities measured within the drainage gravel after 

3.75 years of operation.  Most of the mesocosms have recently been disassembled after 7 

years of operation and the results are being analysed (McIsaac, personal communication); 

one mesocosm is still operating after more than 10 years.  After 3.75 years, the woven 

geotextile was less effective in reducing clogging of the drainage layer than the 

nonwoven geotextile.  The granular filter reduced clogging of the drainage layer 

compared to no granular filter.  Mesocosms with a filter experienced less clogging and 

had about 20-40% higher porosity in the drainage layer than those without a filter (for 

similar drainage media and flow conditions).  The graded granular filter experienced 

 



significant clogging and the sand component was cemented together and was effectively 

weak concrete when removed. 

 

Table 3: Summary of Geotextile Properties (adapted from Fleming 1999) 

 “Lightweight” 
nonwoven geotextile 

“Heavyweight” 
nonwoven geotextile 

Woven geotextile 

Manufacturer Product Polyfelt 
TS 650 

Polyfelt 
TS 900 

Terrafix 
Terratrack 24-15 

Composition Needle-punched 
nonwoven 

polypropylene 

Needle-punched 
nonwoven 

polypropylene 

Woven 
polypropylene 

Mass (g/m2) 235 475 140 
Thickness (@ 2 kPa) 

mm 
2.3 3.8 0.5 

Filtration Opening 
Size (μm) 

110 80 700 

Grab Tensile Strength 
(N) 

755 1375 750 

Mullen Burst Strength 
(kPa) 

1795 2895 2200 

Permittivity (s-1) 1.6 0.7 0.04 
 

Selected mesocosms also were constructed to see the effect of using a 38 mm 

diameter drainage gravel versus a 19 mm diameter drainage gravel on the rate of 

clogging, the effect of saturated versus unsaturated conditions, and the effect of 

mesocosms operating in series.  Over a similar period of operation, the 19 mm diameter 

gravel showed more clogging than the 38 mm gravel, likely the result of a lower pore 

volume and increased surface area of the smaller gravel.  The saturated gravel layer 

showed substantially more clogging than the unsaturated gravel layer, likely a result of a 

longer retention time for the saturated gravel.  Finally, the mesocosms further in series 

from the fresh influent leachate location were less clogged compared to those earlier 

inline, likely the result of a lower organic and inorganic loading for the later series 

mesocosms. 

 

This study showed the benefits of using a filter/separator between the waste and 

drainage layer to reduce the ingress of waste and reduction of fines carried with leachate 

into this layer.  The filter/separator material can also reduce the organic and inorganic 

loading of constituents reaching the drainage layer.  Some filters/separators worked better 

 



than others.  The nonwoven geotextile was most effective in reducing the amount of 

clogging in the drainage layer.  Additionally, the larger diameter gravel (thus larger void 

volume) had a lower reduction in drainable porosity compared to smaller diameter gravel.  

Finally, maintaining the drainage systems as in an unsaturated condition (as compared to 

being fully saturated) resulted in less clogging.  Preliminary findings about the visual 

observations during the mesocosm disassembly are described by McIsaac et al. (2000).  

Interestingly, the use of a nonwoven geotextile with a “sacrificial” gravel layer above the 

geotextile seems to provide an environment conducive to biofilm formation within and on 

the geotextile itself. 

 

To understand the amount of leachate treatment that can occur within the drainage 

layer, the influent and effluent leachate composition from each mesocosm were 

measured.  Fleming (1999) showed that the drainage layer of the mesocosms could be 

modelled as an anaerobic fixed film reactor using techniques found in wastewater 

applications (described latter in this paper in the context of the numerical modeling of 

leachate collection systems).  Additionally, a key link was found between the reduction in 

COD concentrations due to microbial consumption of volatile fatty acids that resulted in 

an increase in leachate pH and decrease in calcium concentration.  Rittmann et al. (1996) 

showed that based on an examination of leachate chemistry study, the increase in pH is 

driven by the microbial conversion of volatile acids to CO2, which also increases the 

leachate carbonate concentration.  The increase in pH and carbonate allow or accelerate 

the chemical precipitation of CaCO3.  VanGulck et al. (2003) developed a method to 

predict the biogeochemical precipitation of calcium due to fermentation of volatile fatty 

acids (described below). 

 

In addition to the mesocosm experiments, Fleming (1999) and Fleming and Rowe 

(2004) studied the effect of temperature and surface area on the removal of nutrients and 

minerals from leachate due to microbial processes.  The results showed that at lower 

temperatures, the rate of COD consumption decreased relative to higher temperatures, but 

given enough time similar removal of COD occurred.  A similar effect was observed in 

tests with varying amounts of surface area available for microbial growth.  Tests with a 

 



lower surface area took a longer time to remove COD compared to higher surface area 

tests but similar overall treatment occurred given enough time. 

 

The laboratory study performed by Fleming (1999) and Fleming and Rowe (2004) 

did not answer all the questions regarding the clogging process, but it provided invaluable 

data on leachate characteristics and clog composition.  This work also provided the 

necessary framework to develop both a predictive model to assess the service life of 

collection systems (described below) and conduct further laboratory testing (flask and 

column experiments, discussed below) needed to gain further insight into the rate of 

clogging and leachate treatment. 

 

3.3 KVL LEACHATE PACKED FLASK TESTS 

 

To address an issue raised by Fleming (1999) concerning the disequilibria of CO2 

in the leachate and gas phase on the rate of calcium precipitation, packed flask tests were 

completed by VanGulck (1998) and reported by Fleming and Rowe (2004).  The 

objective of the study was to assess whether additional clogging occurs when the 

availability of carbonate increases.  The leachate carbonate concentration may increase 

with leachate mounding due to higher CO2 partial pressures.  Three pairs of flasks were 

filled with 15 mm diameter particles, saturated with KVL leachate and maintained with 

anaerobic conditions under three different back pressures, 25 mm, 300 mm, 600 mm 

H2O, using synthetic landfill gas (40% methane, 60% CO2) and gas generated within the 

flasks.  Fleming and Rowe (2004) concluded that there was not any significant difference 

in the behaviour of the carbonate equilibrium system under the range of backpressures 

applied (drainage systems operating under a low hydraulic head). 

 

3.4 KVL LEACHATE COLUMN LABORATORY STUDY 

 

Armstrong (1998) and Rowe et al. (2000a,b) completed three series of column 

experiments to study the effect of mass loading (in terms of flow rate), temperature and 

particle size on the rate of clogging and treatment of leachate; summarized in Table 4. 

 



Table 4: Summary of Laboratory Column Tests 

Series No. and 
Reference 

System 
Flow Type 

Leachate 
Type 

Porous 
Media 
Type 

Media 
Diameter 

(mm) 

Temp. 
(oC) 

Flow 
Rate 

(m3/m2/d) 

Sample 
Points1

VFA 
Samples2

Multiple 
Autopsies3

1: VanGulck and Rowe 
(2004a) 

Saturated Synthetic Beads 6 21 0.5 7 yes yes 

2: Rowe et al. (2001) Saturated Synthetic Beads 6 21 0.5 2 no no 

3: VanGulck and Rowe 
(2004b) 

Saturated KVL Beads 6 21 0.5 7 yes yes 

4: Rowe et al. (2000a) Saturated KVL Beads 6 27 0.5/1.0/2.0 2 no no 

5: Rowe et al. (2000b) Saturated KVL Beads 4/6/15 27 0.5 2 no no 

6: Armstrong (1998) Saturated KVL Beads 6 10/21/2
7 

0.5 2 no no 

7: VanGulck (2004, 
unpublished) 

Saturated KVL Pea/ 
Graded 
Gravel 

Variable 21 0.5 2/3/7 yes yes 

9: McIsaac (2004) Unsaturated KVL 50 mm Gravel 50 27 0.0055 2 yes yes 

10: McIsaac and Rowe 
(2002) 

Saturated KVL Tire shreds 75 x 75 27 0.4 8 yes no 

11: McIsaac and Rowe 
(2002) 

Saturated KVL 38 mm Gravel 38 27 0.4 7 yes no 

1The number of sample ports along flow path. 
2“yes” implies the VFA concentrations were determined frequently.  COD concentration was measured in all experiments  
3Identically operated columns were terminated at different times allowing progressive analysis of clog material. 

 



along with other column studies.  The columns consisted of a monitoring well pipe filled 

with glass beads permeated with KVL leachate under anaerobic conditions and constant 

flow rate  

 

The mass loading column series (three pairs of columns in total) had 6 mm bead 

diameter medium, operating at 27oC with three different flow rates (0.51, 1.02, 2.04 

m3/m2/day).  The results of this series showed that higher flow rates gave rise to less 

efficient bioreactors (smaller reduction in organic and inorganic loading per unit volume 

of leachate in a given time), but resulted in an increased mass loading of organic and 

inorganic material that caused greater amounts of clogging. 

 

The temperature column series (three pairs of columns in total) also had a 6 mm 

bead diameter, but operated at three different temperatures (10, 21 and 27oC) at a design 

flow rate of 0.51 m3/m2/d.  Increased biological activity was evident at higher 

temperatures, as indicated by the rate of COD removal and microbial activity detectors 

(Biological Activity Reaction Tests, BARTsTM).  Thus, the higher temperature columns 

were more efficient bioreactors compared to lower temperature columns.  Associated 

with this greater microbial activity (higher temperatures) was a higher rate of CaCO3 

precipitated and therefore clogging. 

 

The particle size column series (three pairs of columns in total) operated at a 

temperature of 27oC, design flow rate of 0.51 m3/m2/d and had three different bead 

diameters (4, 6, 15 mm).  The results show that larger particle diameters gave rise to 

bioreactors that were as efficient as smaller particle diameters.  Similar amounts of 

leachate treatment occurred because medium clogging was focused over a similar surface 

area for the large and small particle sizes; near the inlet for smaller diameter particles and 

over the entire bed volume for larger diameter particles.  However, the rate of clogging 

was quicker for smaller diameter particles compared to larger diameter particles, due to 

the lower initial void volume and localization of the clogging closer to the inlet.  This 

finding is consistent with that from the mesocosm tests incorporating 19 mm and 38 mm 

diameter gravel in the drainage layer.  A greater amount of clogging was observed in the 

 



smaller diameter gravel compared to the larger (Fleming and Rowe, 2004).  Using a 

simple mass balance approach, the particle size series experiments showed that the rate of 

clogging that occurred in the columns is generally consistent with that observed in a 

landfill with a French drain collection system design. 

 

In all the column experiments, the reduction in porosity was largest and quickest 

near the influent end of the column.  However, this would likely occur near the collection 

pipe in a landfill since this is the location of greatest mass loading of organics, 

inorganics, and suspended particles.  Clogging caused the hydraulic conductivity of the 

porous medium to decrease by 7-orders of magnitude.  Using measured values of 

hydraulic conductivity and calculated porosity (for the 6-mm diameter glass-beads, 0.51 

m3/m2/d, 21oC) values, based on measured clog composition and mass, an empirical 

correlation between hydraulic conductivity and porosity was derived, shown in Figure 4.  

The reduction in hydraulic conductivity and porosity is a result of biological, chemical, 

and physical clogging, and the empirical correlation does not account for the relative 

contribution from each “type” of clog material.  The clog composition in the column 

experiments showed calcium and carbonate were the dominant clog components (Table 

1).  Comparing the clog composition measured in field and column studies shows that the 

percentage of Ca2+ in the clog material differs.  The main difference between the field 

and laboratory clog composition is the Si content.  The Si content in the field studies is 

likely the result of sand and silt particles from the waste and cover material being 

deposited in the drainage layer (Rowe et al., 2000a).  In the laboratory, this material 

likely will have settled out before the leachate is passed through the column.  However, 

the KVL column studies by Armstrong (1998) and Rowe et al. (2000a,b) found Si within 

the laboratory clog samples.  The authors suggest that the Si content was due to the 

cutting procedure used to collect clog samples from within the column and not from the 

leachate itself.  A different cutting procedure was used by VanGulck and Rowe (2004a,b) 

which confirms this hypothesis.  If an adjustment is made to exclude Si in the clog 

material (bracket values shown in Table 1), the percentage of Ca2+ in the field studies 

(25%) is consistent with the column studies (25-31%). 
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Figure 4: Relationship between calculated porosity and hydraulic conductivity for 

6-mm glass beads operating at 0.51 m3/m2/d flow rate and 21oC.  VS and S 

represent columns operating with synthetic leachate.  VK and TK represent 

columns operating with real leachate.  Regression line forced through clean bead 

properties (k, ne = 0.333 m/s, 0.396) (modified from VanGulck and Rowe 2004b). 

 

The laboratory columns reported by Armstrong (1998) and Rowe et al. (2000a,b) 

were operated with KVL leachate with a high suspended solids loading, which varied in 

influent concentration with time, until significant clogging of the porous medium 

occurred.  To further understand the role of suspended solids on clog development, a 

series of column experiments were operated with a synthetic leachate, which had a 

known and relatively constant source concentration with time.  Rowe et al. (2002) 

reported that suspended solids significantly contributed to the development of clog 

material increasing the rate of clogging.  The measured removal of COD and Ca at the 

influent and effluent ends of the column were measured and correlated with the degree of 

clogging.  Data from these controlled column experiments were used by Cooke et al. 

 



(2001) to conduct an initial calibration of a numerical clogging model, called BIOCLOG 

(described below). 

 

The previously mentioned column experiments only measured COD and the 

influent and effluent ends of the column (after passing through 66 cm of porous medium) 

and analyzing the composition of the clog material after significant clogging had 

occurred.  VanGulck and Rowe (20004a,b) conducted another series of laboratory 

columns permeated with synthetic and real (KVL) leachate to assess the spatial and 

temporal changes in acetate, butyrate, and propionate within the column.  The changes in 

VFAs were correlated with changes in calcium and a predictive technique was developed 

to calculate calcium precipitation based on VFA fermentation by suspended and attached 

(biofilm) biomass (VanGulck et al., 2003).  Additionally, since the leachate composition 

was measured along the length of the column, instead of the only the influent and effluent 

ends (as was the case for the above mentioned experiments), the degree of clogging and 

type of clog material was correlated with leachate treatment.  Finally, multiple columns 

were conducted and disassembled at various elapsed times to assess how the clog 

composition changed with time.  Using the data from these columns and the BIOCLOG 

numerical clogging model, VanGulck (2004) successfully modelled the spatial and 

temporal changes in leachate composition, degree of clogging, and clog material type. 

 

The preceding column experiments described the rate of clogging and leachate 

treatment in saturated porous medium, see Table 4 for operation details.  Experiments are 

currently being completed to assess the amount of leachate treatment that can occur in an 

unsaturated porous medium using 50 mm diameter gravel (McIsaac, personal 

communication).  These column experiments therefore represent the part of the drainage 

layer that remains unsaturated above the saturated portion.  Preliminary results (McIsaac, 

personal communication) show that this zone can treat leachate, resulting in a reduction 

in COD and Ca2+. 

 

A comparative study of the clogging of tire shreds and gravel has been reported 

by Rowe and McIsaac (2004) based on tests involving shreds and gravel permeated with 

 



landfill leachate for up to two years.  Two different types of tire shred (G shred: 100mm x 

50mm x 10mm; and P shred: 125mm x 40mm x 10mm with many exposed wires) and a 

uniformly graded 38mm gravel were examined.  The compressibility of the G and P 

shreds at 150kPa were found to be 48% and 44% respectively while the initial hydraulic 

conductivities were 0.007 m/s, 0.02 m/s respectively (compared to 0.8 m/s for the gravel).  

The gravel maintained a hydraulic conductivity greater than 10-5 m/s for about 3 times 

longer than a similar thickness of tire shreds.  Some metals (e.g., iron and zinc) were 

found to leach from both the P and G shreds when exposed to typical MSW leachate, 

however they were then taken up in the clog material and were not detected at elevated 

levels in the effluent leachate.  The highest concentration of metals was found in the P-

shed clog and this is attributed to the greater abundance of exposed steel in these shreds.  

It was inferred that that gravel should continue to be used in critical zones where there is 

a high leachate mass loading.  However the data suggests that an increased thickness of 

compressed tire shred may be used to give a service life similar to that of a given 

thickness of gravel in non-critical zones. 

 

3.5 UNITED KINGDOM COLUMN STUDY 

 

Laboratory studies completed by Paksy et al. (1998) and Peeling et al. (1999) 

examined the effect of various granular gradations, flow rates, leachate strengths and 

saturated/unsaturated conditions on clogging of granular aggregates permeated with 

synthetic leachate.  Laboratory columns were constructed to simulate a vertical section in 

a landfill drainage layer.  Various synthetic leachates were used which contained low 

concentrations of inorganics (Ca2+ at 200 mg/L and Fe at 100 mg/L) with different ratios 

of organic acids (acetate, propionate and butyrate).  The columns operating in saturated 

mode had the majority of the volatile acids removed near the inlet section.  There was 

also a decrease in drainable porosity in this section, suggesting that VFA degradation was 

due to VFA-utilising bacteria.  Analyses of the clog material indicated that most of the 

bacterial activity was within 10-20 cm from the inlet and that iron sulphide and high 

concentrations of calcium were detected. The reduction in effective porosity after 700 

days of operation was up to 7% (averaged over entire bed volume), however more 

 



clogging occurred at the inlet end compared to the effluent (the maximum decrease in 

drainable porosity was 12% at the inlet section).  The drainable porosities measured by 

these authors are considerably less that that measured in the column experiments by 

Brune et al. (1991), Armstrong (1998) and Rowe et al. (2000a,b, 2001), and VanGulck 

and Rowe (2004a,b), likely the result of a higher inorganic loading (Ca2+-800 to 1200 

mg/L) in the KVL leachate and the German strong leachate. 

 

The laboratory study by Paksy et al. (1998) and Peeling et al. (1999) showed that 

a change from saturated to unsaturated flow in the drainage layer results in a reduced 

efficiency for VFA removal and concluded that drainage blankets should be designed and 

operated as saturated anaerobic bioreactors to take advantage of the greater leachate 

treatment.  This practice and recommendation must be questioned, for the same processes 

that lead to greater drainage layer treatment efficiency, result in greater accumulation of 

mineral precipitate and therefore clogging.  These authors operated their column 

experiments with a low inorganic load for a relatively short period of time, thus the 

amount of clogging was limited to an acceptable level.  However it can be anticipated 

that had higher strength leachate (in terms of inorganic loading) been used the results and 

conclusions would have been quite different. 

 

4. STABILITY OF DRAINAGE AGGREGATE 

 

 Brune et al. (1991) hypothesised that carbonate drainage gravel was unsuitable for use in 

the drainage layer because they could dissolve and contribute to subsequent calcite crystallisation 

on alkaline biofilms covering drainage gravel and potentially add to the clogging process.  These 

authors claimed, without any supporting evidence, that limestone should not be used in drainage 

systems.  Additionally, the use of carbonate aggregate as a drainage material for landfill site is 

discouraged by the United Sates Environmental Protection Agency (Daniel and Koerner, 1993) 

and forbidden in some states (Niemann and Hatheway, 1997).  Niemann and Hatheway (1997) 

completed a laboratory study on the dissolution of carbonate aggregate as leachate of pH 3 and 

6-6.5 passed over the stone.  A negligible weight loss occurred in the pH 6-6.5 leaching tests, 

concluding that significant dissolution of these types of gravel would not occur in landfills.  

 



Manning and Robinson (1999) and Jefferis and Bath (1999) assessed the potential for carbonate 

dissolution by considering the leachate chemistry.  Both studies concluded that calcium 

carbonate was supersaturated in leachate if the landfill was in the methanogenic stage and that it 

is unlikely that dissolution would occur under these conditions.  Jefferis and Bath (1999) 

questioned whether calcium carbonate was supersaturated during the acetogenic phase of the 

landfill.  Owen and Manning’s (1997) showed that the United Kingdom leachate they examined 

was super saturated with respect to calcite, aragonite and dolomite, and undersaturated with 

respect to gypsum, and suggested that carbonate drainage gravel would not dissolve in the 

presence of such leachates.  Additionally, the United Kingdom leachate data strongly suggest 

that carbonate saturation is reached very early in landfilling (<1 year).  This may be the result of 

bicarbonate derived from dissolution of cover-soil carbonates and other carbonates present in the 

waste (Bennett et al., 2000), but mostly from the mineralization of organic carbon by microbes 

such as methanogens (Brune et al., 1991, Owen and Manning 1997, Bennett 1998). 

 

 Bennett et al. (2000) evaluated the suitability of dolomitic limestone commonly used in 

landfill leachate drainage systems in Southern Ontario, Canada.  Similar to the United Kingdom 

leachate study (Owen and Manning 1997), the leachate samples collected from southern Ontario 

MSW landfills showed that dolomite and other carbonates are thermodynamically stable, 

whereas gypsum is not.  However, to further address the concern of acetogenic leachate and the 

dissolution of dolomitic limestone, field exhumed drainage gravel was assessed (gravel collected 

from Field Study #2, Fleming et al. 1999).  Incipient dolomite dissolution is commonly 

characterised by the formation of small pits, which can be detected at high magnification on 

crystal surfaces (Herman and White 1985).  Bennett et al. (2000) showed that the surface of the 

dolomitic limestone exhumed from the KVL LCS was devoid of such pits.  Further studies of the 

dolomitic limestone retrieved from mesocosm study (described above) showed that after being 

exposed to leachate for 4 years with a pH from 6.2-8.0, a coating of calcite crystallised around 

the gravel.  The primary porosity was filled with calcite (within the gravel to about 100 μm 

below the surface).  A sharp grain boundary between the gravel and secondary calcite cement 

suggested that little, if any, dolomite dissolution occurred prior to or during formation of calcite.  

The authors concluded that despite the abundant presence of microbes, there is little evidence 

that microbial membrane effects caused significant dissolution of the dolomite.  This study 

 



showed that dolomitic limestone is quite suitable for use (contrary to claims made by some 

European authors).  Additionally, Bennett et al. (2000) found significant detrital fines (dolomite, 

quartz, feldspar) within the secondary calcite formed around the gravel that added to the 

clogging of the collection system.  It was suggested that a geotextile filter be used to separate the 

waste and drainage gravel to limit the ingress of fines and that careful unloading and spreading 

practices be employed during initial placement of drainage gravel to avoid deposition of fines 

segregated during transportation into parts of the collection system. 

 

5. CLOGGING OF GEOTEXTILES 

 

 Geotextiles have been used in the design of leachate collection systems to separate the 

waste from the underlying drainage gravel and, in some cases, to filter suspended particles out of 

the passing leachate thereby limiting the mobilization of fines from entering the drainage layer 

(Figures 2 and 3).  Both separation and filtration functions of the geotextile assist in reducing the 

amount of mass that can fill the void spaces of the drainage material, thus their use is 

advantageous to limit clogging in the drainage layer. 

 

 Most of the filter/separator design methods found in literature are based on a specified 

grain size of the separating material and an appropriate opening size of the geotextile (see Giroud 

1996 for an excellent description of design methods).  In an overview article by Bonala and 

Reddi (1998) on physicochemical and biological mechanisms of soil clogging, it was stated that 

“the type and the size of particles being transported in the pore fluid stream, and the pore fluid 

composition, affect the clogging potential of filters because of the physiochemical forces 

involved in filter-particle and pore fluid-particle interactions and gradual biofilm formation on 

the solid matrix of the media.  Conventional criteria, which do not account for chemical or 

biological factors, thus become inadequate”.  Koerner and Koerner (1994) also acknowledged 

the need for design criteria that “considers the amount, size, and type of microorganisms and 

sediment present in the leachate along with conventional issues such as hydraulic gradient and 

type of filter.” 

 

 



 In a review article by Giroud (1996), he tentatively recommends that sand and nonwoven 

geotextile filters should not be used as a filter in landfill, even for a low strength leachate.  It was 

recommended that a monofilament woven geotextile with a minimum filtration opening size 

(AOS) of 0.5 mm and a minimum relative open area (POA) of 15%, with a preference for a POA 

greater than 30% be used.  These recommendations are based on the premise that it is desirable 

to minimize clogging of the filter.  Compared to a nonwoven geotextile, the monofilament 

woven geotextile has 1) a much smaller specific surface area available biofilm growth, 2) allows 

more effective an rapid movement of leachate through the filter and less filtration of suspended 

material within the filter, and 3) are not as compressible and therefore sensitive to changes in 

filtration characteristics under the applied pressure.  Thus, the open structure of the 

monofilament geotextile will permit a greater mass loading of suspended particles into the 

underdrain system which will contribute to clogging this critical zone (i.e., near the collection 

pipes).  Based on published data (presented above), it appears unlikely that the hydraulic 

conductivity of the geotextile selected in accordance with Giroud's (1996) recommendations 

would be below 4×10-8 m/s for normal conditions and more likely it would be of the order of 

1×10-7 m/s or higher. 

 

 Although excessive clogging is undesirable, the processes that contribute to clog 

development also provide leachate treatment (Fleming et al., 1999).  Thus, it may be desirable to 

design the leachate collection systems to maximize leachate treatment without compromising its 

design function.  Treatment of the leachate before reaching the critical zones within the 

collection system (e.g. near collection pipes) may limit clogging within this area and reduce the 

level of leachate treatment once removed from the landfill.  Thus, a sand or nonwoven geotextile 

filter may provide greater degree of leachate treatment compared to a monofilament woven 

geotextile, and therefore may be desirable provided that excessive leachate perching does not 

induce side seeps. 

 

 Rowe (1992) recommended the use of a suitably selected geotextile over a blanket 

underdrain (Figure 3) to limit the degree of clogging within the underdrain compared to that in a 

system with no geotextile filter.  In this case, the geotextile functions to separate the overlying 

gravel and/or waste from moving into the underdrain material, which can cause clogging of the 

 



underdrain.  Additionally, a suitably selected geotextile filter may also function as a filter to 

retain suspended particles from passing into the underdrain where they may settle out and 

contribute to clogging.  Field (Rowe et al., 1995, Koerner and Koerner, 1995) and laboratory 

studies (Fleming et al., 1999, McIsaacc et al., 2000) provide evidence that a suitable blanket 

geotextile will function adequately in this design.  The geotextile filter will experience some 

clogging and may cause a perched leachate mound developed above the geotextile.  Since the 

leachate mound is not acting on the underlying liner, there will not be an increase in contaminant 

transport through the liner. 

 

 Recognizing that a perched leachate mound will develop above a clogged geotextile, it is 

advantageous to place gravel layer above the geotextile that is hydraulically connected to the 

leachate manhole.  This design provides some drainage and protection of the underdrain against 

clogging, while reducing the potential for a thick zone of clog material above the geotextile (due 

to the large void spaces in the overlying gravel) and provide a pathway for perched leachate 

above the geotextile to be removed from the landfill.  This design approach was adopted in the 

design of the Halton landfill in Ontario, Canada (Rowe et al., 2000c). 

 

 The level of leachate perching above the geotextile will depend on the leachate generated 

per unit area of the landfill and the hydraulic conductivity of the geotextile filter.  Field and 

laboratory studies of clogging in geotextiles provide evidence that the hydraulic conductivity 

may reduce to about 10-7 m/s.  Assuming an annual infiltration of 0.2 m/year, and a 3 mm thick 

geotextile with a clogged hydraulic conductivity of 10-7 m/s, a 16 mm perched leachate mound 

will develop (Rowe, 1993).  If a 150 mm thick zone clogs (geotextile and overlying material) to 

have a hydraulic conductivity of 10-7 and 10-8 m/s, assuming the same infiltration as above, the 

perched mound would be 0.8 m and 9.4 m, respectively.  Thus, while recognizing that geotextiles 

will clog, it appears that an appropriately selected geotextile used to protect the underdrain will 

improve the performance and the service life of the drainage gravel and not cause excessive 

perched leachate mounding. 

 

 

 



6. LABORATORY STUDIES OF GEOTEXTILE CLOGGING 

 

 Mlynarek and Rollin (1995) and Rollin (1996) recognized that landfill bacteria can 

adhere to and growth within geotextiles permeated with leachate.  Bacteria adhesion can result in 

the development of a fixed biofilm within the geotextile fiber agglomerations (Figure 5a), around 

the individual fibers (Figure 5b), and may also bridge or plug a pore throat between two fibers 

(Figure 5c).  Mlynarek and Rollin (1995) and Rollin (1996) microphotographs of biofilm 

development and biological clogging provided insights into where the biological clogging is 

occurring and its structure.  The authors described the clogging process as beginning with 

bacteria adhesion that result in the development of a fixed biofilm which grows in small micro 

communities.  Geotextiles (in particular nonwoven) provide a large surface area for biofilm 

development due to their large surface area available for bacteria attachment and growth.  The 

biomass utilizes available nutrients from the surrounding environment for cell growth and 

secretion of extracellular polysaccharides (ESP).  As the biofilms grow larger, they can combine 

with other neighbouring biofilms and engulf geotextile fibers, thereby creating a crust which acts 

as a natural biological filter.  The biofilm occupies voids within the geotextile and act to entrap 

additional bacteria, suspended solids, and organic matter from the passing leachate (Figure 6a).  

If the bacteria size are larger than the opening void of the geotextile, a biofilm may develop on 

the surface of the geotextile instead of within the fibers (Figure 6b).  The latter results in the 

development of a filter cake at the upstream side of the geotextile. 

 

It was stated by these authors that clogging is directly related to the type of leachate 

(types of microorganisms and their concentration and solids concentrations and their 

dimensions).  Similar to Giroud’s (1996) recommendations, Mlynarek and Rollin (1995) and 

Rollin (1996) suggest that a geotextile with a high porosity with low compressibility and large 

distance between fibers (to provide a sufficient volume of voids to reduce the potential for 

incrustation) be used in design.  However, as described above, this type of geotextile may not 

filter/strain suspended particles from the passing leachate and limit clogging of the underdrain.  

These authors also suggest that clogging of geotextiles in landfill collection systems are 

primarily the result of solid particle retention within the packed soil material upstream of the 

geotextile and bacteria growth within the pores of the geotextile. 
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Figure 5: Schematic of geotextiles fiber cross-section (a) biofilm formation within fi

agglomerations, (b) adhesion of bacteria (forming a biofilm around almost the whole 

fiber, (c) punctual adhesion of bacteria to a fiber (based on micrographs by Mlynarek and 

Rollin, 1995) 
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Figure 6: Schematic of biofilm development (a) biofilm growth within the geotextile and 

(b) at the interface of a geotextile forming a cake (based on microphotographs by 

Mlynarek and Rollin, 1995 and Rollin, 1996) 

 

 This issue of nutrient availability for biofilms in contact with geotextiles has given rise to 

concerns with regards to biological attack of the geotextile and the need for antimicrobial agents 

used in geotextiles.  Kossendey (1996) studied the antimicrobial effectiveness and the potential 

of degradation of the polymers of geotextiles due to microorganisms.  Numerous flow through 

cells were constructed with a layering system as follows: gravel drainage material at the base 

below a geotextile with a sand layer above the geotextile, no external load was applied to the 

geotextile.  The system had a synthetic leachate permeate through it, with selected cells operating 

with different synthetic leachates to see the effect of nutrient and ion concentration within 

leachate on clogging.  The results indicate that, because bacterial growth did not develop over a 

three month time period unless nutrients were supplied, microorganisms could not gain 

significant nourishment from the carbon content of the polymers.  The results also show that the 

difference of ion concentration in the leachate between similar cells had no significant influence 

 



on microbial growth.  However, the variation in nutrients caused an immediate response in the 

permeability of the system; the decrease in permeability of the system was directly related to the 

supply of carbon available for metabolism.  The hydraulic conductivity of the soil-geotextile 

system dropped to 10-7 m/s (initial sand k=2x10-4 m/s, initial geotextile k=2.2x10-2 m/s) and was 

independent of the type of nonwoven geotextile (geocomposite needle punched staple yarn or 

nonwoven continuous filament needle punched).  The density of the colony forming units was 

also a little higher near the top of the soil layer than near the bottom indicating straining/filtration 

of suspended biomass along the length of the flow path.  Kossendey claimed that the 

permeability of the soil-geotextile system will not decrease below 10-7 m/s, although their 

experiments use synthetic leachate that does not have the suspended solids or bacterial loading 

comparable to real leachate and the test duration was only 200 days. 

 

 Cancelli and Cazzuffi (1987) permeated leachate through various geotextiles and 

monitored the decrease in permeability with applied stress.  Their test showed that the 

permeability decreased with increased applied stress, but the rate of decrease was different 

between geotextiles and was a function of the nature of the fibers and the bonding process.  It 

was concluded that thermobonded geotextiles had only a slight decrease in permeability with 

increasing applied stress (σ) (σ =0: k=1.2x10-3 m/s to σ =0.2 MPa: k=7x10-4 m/s), as a 

consequence of lower porosity and higher cohesion, staple fiber products had a more rapid 

decrease in permeability with increasing applied stress (σ =0: k=1.5x10-2 m/s to σ =0.2 MPa: 

k=1.2x10-3-2x10-3 m/s).  Cancelli and Cazzuffi stated that monofilament and needlepunched 

products also decrease in permeability with applied stress (σ =0: k=5.5x10-2 m/s to σ =0.2 MPa: 

k=7x10-3 m/s).  The maximum applied stress was 0.2 MPa.  The opening size of the geotextiles 

was not measured under the applied stress but would likely follow the same trend as 

permeability.  The authors stated that the major obstacle to seepage was provided by the 

deposition of suspended material on the geotextile surface not to clogging of pores into the 

geotextile.  The leachate permeability tests (applied pressure of zero and no overlying material) 

showed that the thermobonded geotextiles reduced to about 2x10-8 m/s and the majority of the 

polypropylene needle punched staple fiber and continuous filament geotextiles reduced to 3x10-7 

m/s.  These authors suggested that the decrease in permeability was largely due to the deposition 

of solid material that is suspended in the leachate onto the geotextile surface and partly into the 

 



pores of the geotextile.  No attempt was made to distinguish between the two.  Due to the short 

duration of the tests (typically about 100 minutes), it is unlikely that significant microbial growth 

occurred on the surface of and within the geotextile.  Thus, the reduction in permeability is 

primarily due to the filtration/straining of suspended solids within and on the geotextile. 

 

 Koerner and Koerner (1989) completed a series of flow through experiments (similar to a 

permeameter) with a geotextile permeated with leachate.  The results showed that the flow rates 

through the geotextile to be dependant on the quality of the leachate, (i.e., amount of sediment 

and microorganisms present) and on the geotextiles’ degree of openness).  A second series of 

similar experiments, presented by Koerner and Koerner (1992), were conducted for a 20 month 

period (the previous series operated for a 12 month period) and different flow rates.  Leachate 

was tested for its particle size range and the results show that the size falls within a narrow band 

within the silt classification range (0.0002 cm to 0.0075 cm).  The authors concluded that the 

leachates with the highest total solids and biological oxygen demand (BOD5) concentrations had 

the lowest retained permeability (see Table 5).  Of the four geotextiles evaluated, the highest 

retained permeability (least clogged) was the lightweight needled nonwoven, with the 

heavyweight needled nonwoven and woven monofilament slightly behind.  The nonwoven heat-

bonded fabric had the lowest retained permeability.  The results also show that the columns with 

sand above the geotextiles clogged more than those with a geotextile alone.  No attempt was 

made in this study to measure the chemical composition of the clog material or distinguish the 

amount of soil and/or particulate clogging within the geotextile to the biologically induced 

clogging. 

 



Table 5: Reduction in hydraulic conductivity of four types of geotextiles permeated with six different types of leachates for a 

duration of 6 months under anaerobic conditions (modified from Koerner and Koerner, 1992) 

Geotextile Type Cover 
Condition 

Initial kn
(m/s) 

Final kn
(m/s) 

Final kn
(m/s) 

Final kn
(m/s) 

Final kn
(m/s) 

Final kn
(m/s) 

Final kn
(m/s) 

   Leachate 
1 

Leachate L2 Leachate L3 Leachate L4 Leachate L5 Leachate L6 

Sand 6.4x10-3 1.0x10-3 1.4x10-3 1.2x10-3 1.0x10-3 2.3x10-3 1.8x10-3Woven monofilament, 
non-calendered1 Water 1.3x10-2 1.3x10-2 6.3x10-3 6.3x10-3 9.8x10-4 2.5x10-3 6.4x10-3

         
Sand 6.4x10-3 1.2x10-3 1.5x10-3 1.1x10-3 8.2x10-4 1.7x10-3 1.6x10-3Nonwoven, heat 

bonded2 Water 1.3x10-2 3.2x10-3 1.6x10-4 1.2x10-4 5.3x10-5 3.6x10-4 9.9x10-5

         
Sand 6.4x10-3 1.6x10-3 1.5x10-3 1.3x10-3 6.5x10-4 2.0x10-3 2.3x10-3Nonwoven 1, needle 

punched3 Water 1.3x10-2 8.4x10-3 1.3x10-2 3.2x10-3 2.1x10-3 4.2x10-3 4.2x10-3

         
Sand 6.4x10-3 1.3x10-3 1.8x10-3 1.3x10-3 9.8x10-4 2.1x10-3 1.6x10-3Nonwoven 2, needle 

punched4 Water 1.3x10-2 8.4x10-3 1.3x10-2 4.2x10-3 6.4x10-3 6.4x10-3 6.4x10-3

Approximate leachate concentrations measured at experimental set-up: 
Leachate 1: COD= 15,000 mg/L, BOD5= 2,000 mg/L, TS= 8,000 mg/L, pH= 8.0 
Leachate 2: COD= 20,000 mg/L, BOD5= 5,000 mg/L, TS= 8,000 mg/L, pH= 5.5 
Leachate 3: COD= 40,000 mg/L, BOD5= 24,000 mg/L, TS= 17,000 mg/L, pH= 5.8 
Leachate 4: COD= 45,000 mg/L, BOD5= 25,000 mg/L, TS= 16,000 mg/L, pH= 7.4 
Leachate 5: COD= 1,000 mg/L, BOD5= 150 mg/L, TS= 100 mg/L, pH= 6.8 
Leachate 6: COD= 10,000 mg/L, BOD5= 2,500 mg/L, TS= 5,000 mg/L, pH= 6.5 
1tGT= 0.61 mm, MA= 240 g/m2, AOS= 0.21, k= 7.3x10-2 m/s, P= 1.2 s-1

2tGT= 0.41 mm, MA= 140 g/m2, AOS= 0.21-0.15, k= 2.5x10-2 m/s, P= 0.6 s-1

3tGT= 4.9 mm, MA= 540 g/m2, AOS= 0.21, k= 3.5x10-1 m/s, P= 0.7 s-1

4tGT= 2.4 mm, MA= 270 g/m2, AOS= 0.15, k= 3.3x10-1 m/s, P= 1.4 s-1

 

 



 Koerner et al. (1994) developed a performance-based test method to obtain the required 

hydraulic conductivity for geotextiles used as filters in leachate collection systems.  This method 

is based on the philosophy that a perched leachate mound should not build up in the refuse, but 

does recognize the need to adequately retain suspended particles within the filter layer to reduce 

the mass loading of these particles into the underdrain.  The test methodology links together the 

permeability and clogging criteria into an overall global factor of safety against excessive 

clogging of the filter.  Thus, this technique does not distinguish between the individual 

mechanisms responsible for clogging, nor the type of clog material that has formed (i.e. 

biological, chemical, or physical).  The factor of safety equation developed is a function of a 

drain coefficient factor (DCF) that varies depending on the geometry of the drainage system, and 

defined as the total cell area divided by the available filter flow area for the downstream drains 

of the leachate collection system.  A blanket filter design has a DCF of 1 and geotextile wrapped 

around a leachate pipe has a DCF as large as 24,000.  It was recognized there may not be an 

adequate filter that can accommodate large DCF values, thus wrapping geotextiles around pipes 

is not recommended.  By using the experiments similar to that described above, an extrapolation 

technique was employed to establish a long-term permeability of the geotextile filter from a short 

term permeability tests.  As will be discussed below, the rate of biological, chemical, and 

physical processes are interdependent and each occur at different rates.  The extrapolation of 

short-term permeability to long-term permeability may therefore not capture the actual long-term 

permeability.  It should be recognized that the flow rates used in the experiments may not be 

representative of a field situation and that the geotextile was not subjected to an applied stress.  

With the experimental data, a plot of permeability versus flow rate was generated for each of the 

geotextiles tested.  Using the design chart (permeability versus flow rate) and an estimate of the 

expected quantity of leachate generation, the allowable hydraulic conductivity of the geotextile 

can be deduced.  With the deduced allowable hydraulic conductivity, DCF, and an appropriately 

selected factor of safety, the required hydraulic conductivity clean geotextile can be calculated.  

The test method of analysis for deducing the allowable hydraulic conductivity has been 

standardized by ASTM Committee D-35 as D1987-91. 

 

 Despite the uncertainty in designing a filter/separator with geotextiles, some of which is 

associated with granular soil filters, geotextile filters provide additional space for placement of 

 



waste and are easily placed.  However, the aforementioned papers show that clogging in the filter 

layer occurs, but there is not much research into establishing a link between microbial growth to 

inorganic precipitation and/or waste, soil and fines trapped within the geotextile or the overlying 

soil layer.  Also, it was shown that applied pressure as well as the type of overlying material can 

influence the initial permeability of the filter; both of these factors should be incorporated into a 

clogging study of filters in leachate collection systems. 

 

7. IMPLICATIONS OF CLOGGING 

 

 Clogging of the leachate collection systems will usually result in the development of a 

leachate mound acting on the base of the landfill.  As the mound increases in height, the 

advective transport of contaminants through the liner systems increases increasing the potential 

for groundwater and soil contamination.  The concentration of contaminants in leachate tends to 

decrease with time (Armstrong and Rowe 1998, Rowe et al., 2004,).  To reduce the potential for 

environmental contamination, the collection system should be designed to perform adequately 

long enough for the leachate concentrations to reduce to levels that will have a negligible impact 

on the environment.  Rowe and Booker (1998, 1999) developed a technique that can be used to 

model the time history of a landfill operation including the effect of the operation and failure of 

leachate collection systems on contaminant migration to adjacent aquifers. 

 

 Field measurements indicate that the development of a leachate mound is accompanied 

by increases in temperatures at the base of the landfill, shown in Figure 7.  The increase in 

temperature has the potential to increase the diffusion and advection of contaminants through 

clay liner since both the diffusion coefficient and hydraulic conductivity are temperature 

dependent (see Table 6).  Additionally, an increase in temperature can have significant 

implications on the service life of composition liners (Rowe 1998).  Sangam and Rowe (2002) 

examined the service life of HDPE geomembranes exposed to various environmental conditions.  

For the particular type of geomembrane examined, they concluded that provided the 

geomembrane temperature is not higher than 15oC, the primary geomembrane would last at least 

200 years.  However, if the geomembrane temperature was 33oC (a result of leachate mounding), 

the service life is estimated to drop to about 70 years. 

 



 

Figure 7: Variation in temperature at landfill base with leachate head for a number of 

landfills (modified from Barone et al., 2000). 

 

Table 6: Effect of temperature on diffusion coefficient, DT, and hydraulic conductivity, 

kT, in a liner at temperature T relative to values at 10oC (after Rowe 1998) 

Temperature 
oC 

DT / D10 kBT / k10

10 1.0 1.0 
20  1.4 1.4 1.3 1.3 
25 25 1.6 1.6 1.5 1.5 
35 35 2.0 2.0 1.8 1.8 
50 50 2.7 2.7 2.4 2.4 
65 65 3.5 3.5 2.9 2.9 

 

8. ROWE AND FLEMING PREDICTIVE MODEL 

 

The leachate characteristic and clog composition data from the mesocosm experiments 

(Fleming 1999) and field investigations (Brune et al., 1991 and Fleming et al., 1999) were 

integrated to develop a practical engineering technique for estimating the service life of LCS 

assuming relatively uniform gravel material is used for the drainage blanket (Rowe and Fleming 

1998).  The model can be used to compare the potential performance of different LCS designs.  

The model uses the finding that CaCO3 is the dominant fraction in the clog formation and uses 

calcium as a surrogate to other clog materials that may deposit within the drainage layer (i.e. 

magnesium, iron, silicon).  The model assumes that all calcium entering the drainage layer 

 



becomes deposited in the granular layer instantaneously.  The time to clog (tc) is calculated 

through 
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where a [m] is the length of the zone where clogging is likely to develop through the full 

thickness of the blanket drain (Rowe and Fleming 1998 used a=5 m in their example 

calculations- but this may need to be selected on a site specific basis); L [m] is the length of the 

maximum flow path to the leachate collection pipe being considered; B [m] is the thickness of 

the drainage blanket near the leachate collection pipes that, when clogged, would effectively 

prevent leachate from percolating into the perforated pipe; ρc [Mg/m3] is density of clog 

material; fCa [-] is the mass fraction of calcium in the clog material; vf [-] is the porosity 

reduction required to cause clogging and is equal to the difference between no and nb; no is the 

initial porosity [-]; nb [-] is the clogged porosity; qo [m3/m2/a] is the average vertical infiltration 

into the drainage blanket drain;  cL1 [mg/m3] is the average calcium concentration in the leachate 

for time t ≤ T1 [a]; see Figure 8.  After time T1, the concentration of calcium is assumed to 

reduce linearly to a steady value cL2 [mg/m3] at time T2. 

 

 Predictions of the time to clog a blanket drainage system with 50 mm uniform gravel and 

a cubic packing arrangement for various pipe spacings, drainage layer thickness and infiltration 

into the collection system are provided in Table 7.  The time to clog was defined by Rowe and 

Fleming (1998) as the time when the onset of significant reduction in hydraulic conductivity.  

Measured values of clog bulk density and fraction of calcium in clog material are summarized in 

Table 8.  The bulk density of the clog material is a combination of volatile (or biomass 

generated) and inorganic materials (chemical and retained inorganic suspended particles).  The 

proportion of each clog type is not consistent for each of the field and laboratory measured 

values.  The range of bulk density is 1.2 to 2.1 Mg/m3.  The calcium fraction within the clog 

material is partially dependent on the type of leachate (VanGulck et al., 2003), in particular the 

concentration of silicon (or sand particles), iron, magnesium, and calcium.  As shown in Table 1, 

the silicon fraction in the field studies was significantly larger than the laboratory studies due to 

sand  
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Figure 8: Schematic of drainage layer configuration and clog development within the 

underdrain (modified from Rowe and Fleming 1998). 

 

particles settling out of the leachate either in the holding tank at the landfill or the laboratory 

before permeating through the columns.  Comparing the calcium fraction obtained in the field 

(20%) to the column experiments permeated with KVL leachate (25-31%) provides some 

guidance on the selection of this value in predicting the service life of collection systems with 

 



and without a filter/separator that is capable of filtering/straining out sand particles of the 

leachate before entering the underdrain, respectively (VanGulck and Rowe 2000b).  Using the 

Rowe and Fleming (1998) method, the time to significant clogging (vf = 0.39) and complete pore 

occlusion (vf=0.45) were calculated for two cases (Table 7).  Case 1 has no geotextile separator 

between the underdrain and the waste (fCa=0.20), and case 2 has a geotextile that is capable of 

straining/filtering sand size particles out of the leachate before entering the underdrain 

(fCa=0.25).  The results indicate that the time to clog increases with smaller pipe spacings, larger 

drainage layer thickness, and lower infiltration rate into the collection system.  Additionally, the 

time to clog an underdrain with an appropriately selected geotextile (case 2) is longer than 

without the geotextile (case 1).  These calculations highlight the beneficial impact that 

appropriately selected geotextile filters can have on the long-term performance of the underdrain. 

 

9. SUMMARY OF CLOGGING MECHANISMS 

 The simple clogging model above provides a practical technique to assess the time to 

clo le

Numerous field and laboratory studies (described above) showed that a combination of 

biologi

by adhering to, and accumulating on, the surfaces of the porous media (granular or geosynthetic).   

 

g achate collection system.  However, this technique does not consider the rates of microbial 

and chemical processes, attachment of suspended particles, and relies on limited field data to 

assess the location of clogging within the underdrain system.  To address these concerns a 

sophisticated numerical model, called BIOCLOG, was developed to predict clogging in leachate 

collection systems (Rowe et al., 1997; Cooke 1997; Cooke et al., 1999, 2001, 2004).  The 

ultimate objective is that this model will be used to predict the rate of clogging for landfills, to 

optimise collection system design, and examine the effect of operational changes (e.g. leachate 

re-circulation).  An example of some model features is provided below.  First, some details with 

regards to the mechanisms responsible for clog development are summarized. 

 

cal, chemical, and physical processes cause granular and geotextile materials permeated 

with leachate to clog.  Leachate contains waste-derived chemical constituents and bacteria, in 

addition to suspended inorganic particles, that are transported through the filtration and drainage 

materials with leachate.  Suspended particles can be filtered or strained from the passing leachate 

 



Table 7: Time to clog drainage gravel using a distributed clog formation* (adapted from Rowe and Fleming 1998) 

    Case 1 Case 1 Case 2 Case 2 
    Constant Concentration 

with Timex, fCa= 0.20 
Variable Concentration 
with Timey, fCa= 0.20 

Constant Concentration 
with Timex, fCa= 0.25 

Variable Concen
with Timey, fCa= 

tration 
0.25 

L B qo az vf=0.391 vf=0.452 vf=0.391 vf=0.452 vf=0.391 vf=0.452 vf=0.391 vf=0.452

(m) (m) (m/a) (m) (years) (years) (years) (years) (years) (years) (years) (
100 0.5 0.2 5 70 80 360 443 88 100 504 6

years) 
08 

100 0.5 0.15 5 93 107 553 663 117 133 745 8
100 0.3 0.2 5 45 51 129 179 56 64 216 2
100 0.3 0.15 5 59 68 245 311 74 85 360 4
75 0.5 0.2 5 72 82 378 463 90 103 526 6
75 0.5 0.15 5 96 110 576 689 120 137 774 9
75 0.3 0.2 5 47 53 140 191 58 67 229 2
75 0.3 0.15 5 62 71 259 327 78 89 378 4
50 0.5 0.2 5 76 87 413 503 95 109 570 6
50 0.5 0.15 5 102 116 623 743 127 145 833 9
50 0.3 0.2 5 51 58 161 215 64 73 255 3
50 0.3 0.15 5 68 78 287 359 85 97 413 5
25 0.5 0.2 5 89 102 518 623 111 127 701 8
25 0.5 0.15 5 119 136 763 903 148 170 1008 1
25 0.3 0.2 5 64 73 224 287 80 91 334 4
25 0.3 0.15 5 85 97 371 455 106 121 518 6

83 
78 
43 
33 
16 
93 
63 
83 
83 
23 
03 
33 
183 
13 
23 

*Analysis completed using a bulk density of 1.5 Mg/cm3 for the clog material, initial porosity of 0.48.  xCalcium conce

constant with time at 1650 mg/L.  yCalcium concentration at 1650 mg/L for 10 years, then reduced linearly to 200 mg

years, and then remains constant at this concentration.  za is the distance from the pipe where there is uniform clog for  
1vf=0.39 is the decrease in porosity corresponding to a significant (34 fold) decrease in hydraulic conductivity as calcu

the Kozeny-Carmen relationship.  2vf=0.45 corresponds to a complete occlusion of pore space of the medium and a 1

decrease in hydraulic conductivity as calculated by the Kozeny-Carmen relationship. 
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Tabl : Selected clog material properties from field and laboratory studies 
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9.1 S ATTACHMENT 

  three filtration mechanisms for suspended particles migrating through 

porous en the suspended particle is larger than the opening size of the porous media 

particle n can form a cake (also term  filtration) at the s ace of the matrix.  

If the s  smaller than the opening size of the porous me , then the particle 

can mi nto and may become trapped within trix, this filtration mechanism is called 

mechanical straining.  Finally, if the suspended particle is very small compared to the opening 

size of , retention of suspended p  can only occur i e attractive forces 

(discus minant during particle collis  the soil particle   There has been a 

vast am in the wastewater literature, on the physical-chemical filtration 

of suspended particles (e.g. Tien and Payatakes, 1979; Yao  

1988).  These studies indicate that the suspende

particle, size of pore opening, fluid velocity, and electrostatic and chemical forces are among the 

portant parameters that contribute to suspended particle entrapment within a porous media.  

Physical-chem

hate to pass through the materials and enter the collection pipe where it ca

l. 

SUSPENDED SOLID

 

Figure 9 depicts

media.  Wh

 accumulatio surface urf

uspended particle is dia

gra e it  the ma

 the porous media articles f th

sed below) are do ion with s.

ount of research, largely 

et al., 1971; Tobiason and O’Melia,

d particle concentration, size of suspended 

im

ical filtration is likely largely responsible for suspended solid attachment from 

leachate onto granular size materials (in particular course gravel) commonly used in modern 

landfills.  This is due to the relatively small suspended particle size (silt size range) for leachate 

suspended particles compared to the large pore opening size of granular materials.  As will be 

described below, a combination of surface or cake formation and straining may be the dominant 

filtration mechanism for suspended particles in geotextiles. 

 

 



 
 

Figure 9: Schematic of suspended particle filtration mechanisms (modified from 

McDowell-Boyer et al., 1986) 

 

 Rajagopalan and Tien (1976) built upon the work of Yao et al. (1971) and provide 

a model to simulate filtration of suspended particles.  This filtration model requires 

calculation of a single collector efficiency, which expresses the fraction of suspended 

particles that collide with a collector (i.e. filter material).  The single collector efficiency 

is then utilized to calculate an attachment rate coefficient (see Clement et al., 1997; 

Hornberger et al., 1992; Tien et al., 1979).  A single suspended particle size and density 

and a single size filter material are two limitations of this model.  However, it may be 

reasonable to expect a range in size and density of suspended particles in landfill leachate 

and size of filter material.  The Rajagopalan and Tien (1976) filtration model accounts for 

the processes of diffusion, interception, sedimentation, hydrodynamic retardation, and 

London van der Waals attraction in the assessment of particle entrapment (see Tien, 1989 

for details). 

 

 Reddi and Bonala (1997) built upon the work by Rege and Fogler (1988) to 

develop an analytical method to calculate particle deposition rate coefficient that 

accounts for gravitation, inertial, hydrodynamic, electric double layer, and van der Waals 

forces within a single lumped parameter.  This probability based method requires input of 

the range and size of the suspended particles and pore radius of the filter media.  Reddi 

and Bonala (1997) modelled particle deposition within a porous media by idealizing the 

Surface (Cake) Straining Physical-
Chemical

 



porous media as an assemblage of capillary tubes.  Figure 10 schematically depicts the 

movement of a suspended particle through a capillary tube and the accumulation of 

suspended particles of various sizes on the wall of the tube.  Representing the porous 

media as an assemblage of capillary tubes differs from that used by Rajagopalan and Tien 

(1976) who idealize the porous media as spherical particles. 

 a short duration of time due to the build up of clog material. 

Particle 
Deposition 

 
 

Figure 10: Idealized Capillary Tube.  ro: initial pore radii; r1 clogged pore radii (modified 

from Reddi et al., 2000) 

 

 Both the Rajagopalan and Tien (1976) and Reddi and Bonala (1997) methods to 

calculate particle deposition are based on a “clean” porous media with limited 

accumulation of suspended particles on the surface of the media.  For granular drainage 

material exposed to leachate, which may have a large suspended particle concentration 

(of various sizes), it may be expected that the surfaces of the porous media are no longer 

“clean” after

 

 Leachate contains both suspended biomass and suspended inorganic particles that 

are transported into and can deposit within any filters and drainage materials used in the 

landfill (Gounaris et al., 1993; Jensen and Christensen, 1998).  Thus, over time there will 

be an accumulation of suspended particles that contribute to a reduction in pore space 

available for fluid flow within the filter and drainage materials contributing to a reduction 

ro

r1
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Velocity D
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in porosity and hydraulic conductivity of the material and impairing the transport of 

leachate to the collection pipe. 

 

BIOFILM DEVELOPMENT 

 

9.2 

 The suspended biomass that is entrained within the filter and drainage materials 

can develop and grow on the porous media surfaces as a biofilm (i.e. attached biomass).  

A biofilm consists of a consortium of microbes and consist of water, microbial cells, and 

extra cellular polymeric substances (Characklis and Marshall, 1990; Rittmann and 

McCarty, 2001).  The attached biomass excretes EPS which contribute further to the 

reduction in pore space and hydraulic conductivity of the material.  Leachate contains 

waste derived chemical constituents that provide organic acids and nutrients that are 

conducive for biofilm development.  In particular, young leachate contain a large 

proportion of short-chain carbon acids, like volatile fatty acids or VFAs (i.e. acetate, 

ropionate, and butyrate), that can be consumed by suspended and attached biomass 

e microorganisms, substrate concentration, attachment of 

icroorganisms from the leachate onto the drainage gravel surface, and the detachment 

f mic

9.3 

The chemical composition of clog material in the field and laboratory studies has 

een m

VanGulck et al., 2003).  VanGulck et al. (2003) developed a technique to predict the 

p

within the filter and drainage material.  The development of the biofilm is a function of 

the growth rate of th

m

o roorganisms from the biofilm into the passing leachate. Biofilms develop 

continuously over the media surface in heavily loaded environments (Rittmann and 

McCarty, 2001), which may occur within the filter and drainage materials. 

 

BIOGEOCHEMICAL PRECIPITATION 

 

 

b easured to be largely comprised of carbonate and sulphide materials (discussed 

below).  Field studies have shown that more than 50% of the inorganic clog composition 

is comprised of calcium and carbonate.  The consumption of VFAs by actively degrading 

VFA-degraders in leachate has been shown to induce, or accelerate, the biogeochemical 

precipitation of carbonate bearing minerals (Rittmann et al., 1997; Rittmann et al., 2003; 

 



biogeochemical precipitation of inorganic particles resulting from the fermentation of 

VFAs by suspended and attached (biofilm) biomass with the leachate collection system.  

he consumption of VFAs causes the carbonic acid concentration in the leachate to 

 week acid (acetic acid with pKa~4.7) to a weaker acid 

arbonic acid with pKa~6.3) causes the pH of the leachate to increase.  The increase in 

10. 
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carbonic acid shifts the carbonic equilibrium to carbonate, which can combine with 

metals to precipitate carbonate bearing minerals. 

 

MODELLING CLOG DEVELOPMENT WITHIN GRANULAR MATERIALS 

To model clog development within granular materials, Cooke et al. (1999, 2001) 

d the formation of clog development on the surface of the drainage material to occur as 

tinct films the completely cover the surface of the granular material.  Idealizing clog 

ment in this manner allows the specific surface and porosity of the media to be calculated 

eometric relationships (see Cooke and Rowe 1999 for details).  Figure 11 schematically 

 the reduction in a pore throat due to the development of a biofilm on the surfaces of 

 (idealized drainage gravel) arranged in a known packing arrangement.  When the biofilm 

ss is small, the pore throat remains relatively open for fluid flow compared to the case 

the biofilm thickness is large.  With the geometrically calculated specific surface and 

y of the clogged media, the attachment of suspended particles from the leachate onto the 

s of the drainage gravel can be calculated using the Rajagopalan and Tien (

an equivalent capillary tube using the hydraulic radiu

 

R t al. (1997), Cooke (1997) and Cooke et al. (1999, 2001, 2004) described the 

ment and application of a numerical model (BIOCOG) that links the build-up of mineral 

tate (inert material-primarily CaCO3) and the anaerobic activity of biofilms (volatile 

l-biomass) that may accumulate in granular material permeated with leachate and lead to 

g.  The model represents the porous medium as a fixed-film reactor.  Biofilm growth is 

ed by microorganisms carrying out acetogenesis of propionate and butyrate and the  

 

 



 
Figure 11: Schematic representation of uniform clog formation on the surfaces of an 

idealized porous media (as spheres) in a cubic packing arrangement.  As the clog 

thickness increases there is a reduction in the cross-sectional area for fluid flow (modified 

from Cooke and Rowe, 1999). 

 

methanogenesis of acetate in anaerobic biofilms.  Substrate utilization, biomass growth and 

 

losses (bacterial detachment and respiration decay) are modelled using a modified algorithm 

outlined by Rittmann and McCarty (1981) and Rittmann and Brunner (1984).  Additionally, the 

model links substrate utilization to mineral precipitation through calcium yield coefficient 

(VanGulck et al., 2003) and calculates the porosity of the medium in time and space through a 

geometric porosity model (Cooke and Rowe 1999).  The model is capable of simulating the 1-D 

laboratory column experiments and 2-D mesocosm tests described above. 
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 The model has been calibrated to well-controlled laboratory experiments permeated with 

synthetic (Cooke et al., 2001, VanGulck 2003) and real (VanGulck 2003) leachate.  The results 

indicate that the processes simulated in the model are largely responsible for the biologically 

induced clogging of landfill LCSs.  The model is also being refined and tested against column 

test conducted under unsaturated conditions and against 2-D full-scale mesocosm tests (that 

incorporates both saturated and unsaturated components, described above). 

 

 A hypothetical 1-D flow column experiment will be used to demonstrate some of the 

model features and the dynamics of the system.  The column flow path length is 36 cm, filled 

with 6 mm diameter glass beads, with an initial porosity of 0.4.  The column operated under 

anaerobic conditions at 21oC and an average flow rate of 0.5 m3/m2/d.  Based on column 

experiments permeated with real leachate (VanGulck and Rowe, 2004b), the influent leachate 

properties over the 250 day column operation time are: 7,000 mg COD/L, 6,000 mg COD/L, 

1,500 mg COD/L, and 750 mg/L for acetate, propionate, butyrate, and calcium, respectively.  

The influent leachate VSS and FSS concentration are each 300 mg/L.  The influent VSS is 

assumed to be comprised of 70% active biomass with equal proportions of acetate, butyrate, and 

propionate-degraders.  A calcium yield coefficient of 0.17 mg H2CO3/mg Ca2+, as presented in 

VanGulck et al. (2003) link the fermentation of VFAs to e precipitation of minerals (comprised 

of 78%

or bac

(VanGu

12.  Th d model features and findings. 

 

e reduction in 

th

 calcium carbonate).  Monod kinetic constants of each VFA were obtained from literature 

k-calculated from similar column experiments permeated with synthetic leachate 

lck and Rowe, 2004a, VanGulck 2003).  Selected model outputs are provided in Figure 

e following will describe selecte

 As observed in the laboratory experiments, the fermentation of VFAs, precipitation of 

inorganic constituents (primarily calcium), and the retention of suspended particles each 

contribute to the clogging of porous medium permeated with leachate.  The reduction in porosity 

along the length of the column for each 50 day interval is provided in Figure 12a.  The reduction 

in porosity is a result of accumulation of inorganic (Figure 12b) and volatile (Figure 12c) films 

on the surface of the porous medium.  The processes contributing to the development of the 

inorganic and volatile films are described below.  At early elapsed times, th
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Figure 12:  Simulation results from BIOCLOG for selected model output along the length 

of the column at 50 days intervals, a) porosity, b) inorganic film thickness, c) volatile 

film thickness, d) acetate concentration, e) butyrate concentration, f) calcium 

concentration, g) VSS concentration, and h) FSS concentration. 

 

 



porosity was small.  However, with time, the porosity reduced from an initial value of 0.4 to 

<0.05 at the influent end of the column where the loading of VFAs, calcium, and suspended 

solids was largest, and <0.2 at the effluent end of the column.  Thus, clogging was less at the top 

of the column because the leachate had been treated before reaching this location.  Looking more 

closely at the contributing films responsible for the decrease in porosity indicates that the volatile 

film was as thick as or thicker than the inorganic film up to about 150-200 days.  After this time, 

the inorganic film thickness was larger than the volatile film.  However, they both still largely 

contributed to the reduction in medium porosity.  These results are consistent with the measured 

trends by VanGulck and Rowe (2004a,b).  The 250 day volatile film was smaller than the 200 

day volatile film the thickness in the lower half of the column.  This reduction in volatile mass is 

largely a result of increased biofilm detachment from the medium surface at this late elapsed 

time, and reduced treatment time for leachate in this zone; both processes are a result of the low 

porosity of the medium.  Thus, as the porosity decreases, biomass detachment increases due to 

larger fluid shear stresses imposed on the biofilm (Rittman 1982) and the seepage velocity in the 

column increases.  The inorganic film does not undergo detachment.  Although not an issue in 

this example, due to the constant concentration of input VFAs and suspended particles, a varying 

source concentration of organics and suspended biomass can have a significant impact on the 

accumulation of volatile films. 

 

 The development of volatile film on the porous medium surface is due to the net growth 

of 1) active VFA-degrading biofilms, specifically acetate-, butyrate-, and propionate-degraders, 

and 2) non-active or non-substrate consuming biomass.  The net growth of each VFA-degraders 

is a function of biomass growth and decay for each degrader (modelled using a unique 

combination of Monod kinetic parameters for each degrader), the substrate concentration, and 

the attachment and detachment of each degrader to and from the medium surface.  As can be 

seen in Figures 12d and 12e, the removals of acetate and butyrate are not the same within 

column

concen

occur w

acetate removal occurred within 

the first 50 days with only minor removals of acetate during this time.  The degradation of 

the 

 due to the different Monod kinetic constants employed (note: for this example, the input 

tration of each VFA-degrader type is identical).  Propionate removal (not shown) did not 

ithin the column due to the slow net growth rate of propionate-degraders compared to 

- and butyrate-degraders.  In this example, significant butyrate 

 



butyrate produces acetate as a fermentation by-product.  During this time, only minor removals 

of calcium occurred (Figure 12f).  At 100 days, significant acetate and butyrate removal 

occurred.  Also, at this time there was a large removal of calcium.  This example shows that 

calcium precipitation is largely controlled by acetate fermentation not butyrate fermentation 

(VanGulck et al., 2003).  At late elapsed times, as the porosity of the medium decreased, the 

amount of acetate and butyrate fermentation that occurred was less than that compared to earlier 

elapsed times.  As described above, this is a result of biofilm detaching from the medium surface 

into the leachate and potentially transported out of the column, in addition to, a smaller treatment 

time within the column.  Although not shown, the model predicts the thickness of each VFA-

degrader type on the porous medium. 

 

 Leachate is comprised of both volatile (VSS) and inorganic suspended particles (FSS), 

where each suspended species is assigned a unique size and density.  The VSS are comprised of 

active-degraders and non-active-degraders and contribute to the volatile film thickness.  The FSS 

may be comprised of inert biomass, mineral precipitate, and soil particles and contribute to the 

inorganic film thickness.  Suspended particles entering the column may attach to the porous 

medium surface (described above); however, only VSS are allowed to undergo detachment from 

the medium surface into the leachate.  The VSS concentration in the leachate decreased along the 

ngth of the column during the 150 days (Figure 12g).  At 200 days, the VSS concentration at a 

olumn

le

c  elevation of 10 cm was larger than the influent due to biofilm detachment events.  The 

detach biomass then attached to the medium at higher column positions.  Biofilm detachment 

was larger at 250 day than 200 days (reasons described above) resulting in a slightly larger 

effluent VSS concentration compared to the influent concentration.  FSS were not allowed to 

detach within the column.  The particle size and density of FSS were larger than VSS.  As a 

result, the removal of FSS (Figure 12h) within the column was larger than the VSS removal 

(Figure 12g); indicating that FSS experienced greater filtration/straining compared to VSS.  

There is not a constant removal of FSS within the column at different time periods due to the 

changing porous media properties, specifically, a decreasing porosity, and therefore pore throat 

size, and increasing seepage velocity. 

 

 



11. CLOGGING IN AGRICULTURAL DRAINS 

 

 In many agricultural fields around the world, drainage tile is installed within the top 

several meters of a field to assist in surface water drainage and, in some applications, maintain 

groundwater table elevations.  Proper soil drainage has the potential to effectively provide 

adequate soil moisture to produce high yielding crops.  For example, in southwestern Ontario, 

Canada, drainage tile is commonly used on many tobacco farms to drain the sandy soils in the 

area, and in southern Manitoba tile drains are used in potato fields to drain sandy and silty soils.  

The collected water is either discharged to the local water course or stored in reservoirs for future 

irrigation. 

 

 Typically, the drainage tile is comprised of a perforated pipe wrapped with a geotextile.  

The drainage tiles are installed at a spacing of 20 to 50 m and each line is connected to a 

common manifold to transmit water to a discharge location.  Older tile drains were constructed 

from clay or concrete pipes wrapped in a nylon or fiber material, installed in a trench, and 

backfilled with the native soil after installation.  Newer tile drains are commonly constructed of 

plastic pipes (e.g. PVC, HDPE) with slits (1.2 to 1.5 mm) or perforated holes, wrapped with a 

geotextile, and installed using a trenchless plow.  The geotextile wrap acts a filter and separator 

to retain the surrounding soil from intruding into the perforations and migrating into the drainage 

pipe. 

 

 For this system to effectively drain water from the field, it is critical that the permeability 

of the soil surrounding the pipe and the geotextile not be reduced to the point where impedes 

water from entering the pipe.  Additionally, the pipe and perforations in the pipe should remain 

open to effectively transmit the water.  Since many of the pipe installations are constructed 

without cleanout locations, the geotextile wrap around the pipe is critical to minimize the amount 

of fines entering the pipe, where they may settle and block fluid flow in the pipe. 

 

 In many parts of the world (USA- Ford, 1979; Canada- Ivarson and Sojak, 1978; Israel- 

beliovich, 1985; England and Wales- Ap Dewi et al., 1987b; The Netherlands- Stuyt and 

Oosten, 1987; Scotland- Vaughan and Ord, 1994) there have been reports of clog material 

A

 



form g within the drainage pipe, the geotextile (Rollinin  and Lombard, 1988; de Mendonca et al., 

003), and the surrounding soil resulting in reduced drainage flow capacity, and in some cases, 

mple

hre can form along the length of the tile drain and may be observed at the discharge 

cation.  Figure 13 shows an outlet of a drainage pipe adjacent to a reservoir containing 

  Each of these parameters can be affected by farming practices.  For 

xample, manure application can increase the organic matter in the draining water, fertilizing can 

: 

• Dissolved iron, as Fe2+ and organic-metallic complexes (Fe2+ or Fe3+) are transported 

2

co te failure of the system.  A clogged drain can alter the direction of flow and increased 

potential for piping in certain applications.  The clog material formed in field drains has 

generally been termed “iron ochre”.  Iron ochre is a yellow or red jelly-like substance that when 

wet is slimy and upon drying it shrinks and becomes flakey.  Kuntze (1982) described ochre as 

an amorphous, gelatinous substance, largely comprised of organic mater (bacterial slimes) and 

iron oxides.  Due to its large swelling capacity, Vaughan and Ord (1994a) stated that the slimes, 

rather than the deposited iron, give the bulk to the ochre material and therefore clogging of 

drains.  Oc

lo

drainage water from the neighbouring fields.  Note the characteristic redish-colour ochre slimes 

developing near the drainage pipe and the hair-like green slimes thriving adjacent to the pipe 

outlet. 

 

 The formation of ochre is a result of microbial processes developing a biofilm comprised 

of bacteria that contribute to the iron complexation (Ford 1979).  In addition to Fe2+ availability, 

the composition of the draining fluid, pH, soil type, soil temperature, and oxygen availability can 

also influence the amount of ochre formation and the interactions between the biological and 

chemical reaction rates.

e

lower the pH, irrigation can alter oxygen and water content in the soil; all of which can affect the 

soil chemistry and cause iron to become more mobile.  Thus, even in fields where ochre 

formation has not been problematic, a change in farming practices can quickly give rise to 

clogging problems. 

 

 de Mendonca et al. (2003) summarized ochre formation process as follows

towards the drainage pipe with the flowing groundwater. 

 

 

 



Drainage pipe Rust colour slime deposit 

 
Figure 13: Agricultural drain outlet showing evidence of iron ochre clog development.  

Photo courtesy of Ray Globa, Agriculture and Agri-Food Canada. 

 

• Conditions suitable for the chemical oxidation of iron (abotic process) occur at the 

aerobic-anaerobic interface located near or at the drain (i.e. within the filtering zone).  

This environment is also conducive for the colonization of iron chemotrophic 

bacteria.  Additionally, the soil and geotextile provide a large surface area suitable for 

bacteria attachment. 

• Iron chem

Hair-like green 
slime deposit 

otrophic bacteria catalyze Fe2+ oxidation to obtain energy for metabolism 

(biotic process). 

 around the 

 may precipitate as a result of 

chemical or biological oxidation processes. 

 

• Heterotrophic bacteria can grow and stick on the soil and geotextile

drainage pipe and within the pipe.  These bacteria can assimilate the organic part of 

organo-iron complexes, releasing Fe2+ and Fe3+ that
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erous studies have been conducted in the past the have research the bacteria types 

contributing to ochre formation including bacteria capable of oxidizing Fe2+ an

responsible for releasing iron from organo-iron complexes (Abeliovich, 1985; Ap Dewi, 

1987a,b; Ford, 1979; Ivarson and Sojak, 1978).  Several researchers have characterized the

ical composition and rates of ochre formation based on various environm

n concentration, ochre availability, fluid composition, and pH (Vaughan and Ord, 

1994a,b; Ap Dewi, 1987a,b; Ford, 1979; Ivarson and Sojak, 1978).  However, there is no 

available technique to stop the formation of ochre. 

There is a need for additional research into the biological, chemical, and

clogging of ochre in agricultural drains.  A large investment is required to install dr

ere is no available technique to assess with confidence if ochre form

Kuntze (1982) provided a means of estimating clogging risk based on the Fe2+ concentra

the drainage fluid, however, as noted above, there are numerous other factors that contribute to 

mation of ochre.  There is also no available technique to assess the tim

for ochre to clog a drain, geotextile, and surrounding soil to the degree that drain perfor

mised.  Literature has reported clogging to occur over time periods of as little as a couple 

ks to several years.  Yet many drains do not experience clogging,

fi

uct on in hydraulic conductivity and porosity of these materials due to ochre formation is 

 Thus, these drains are being installed without an understanding of their service life.  

dfill drainage systems, many agriculture field drains are accessible with a backhoe and 

ssed without the risk to human health, albeit at an expense. 

CONCLUSIONS 

Field and laboratory studies have shown that clogging rate is related to the leachate 

d mass loading, grain size and grain size distribution, initial pore volume, and the use 

eparator between the waste and the drainage layer. 



The accumulation of material, due to physical, biological or chemical processes, within 

the drainage gravel and geotextiles used in the design of collection systems can result in a 

decrease in media porosity and hydraulic conductivity, thereby reducing the ability of the system 

to transmit leachate effectively to the collection pipes.  When the design leachate level in the 

collection system can no longer be maintained (typically this height is equal to the height of the 

drainage layer), the system is deemed to have exceeded it service life and failed.  An increase in 

the leachate level acting on any underlying liners results in an increase in advective transport of 

contaminants out of the landfill, and hence, greater potential for leachate seeps out of the landfill 

de slopes and an increase in temperature near the base of the landfill.  The increase in 

mper

 loading of organics and 

organics entering a single collection pipe decreases.  Also important is the placement of 

uction.  Efforts should be made to minimize the amount of fines 

itially present in the gravel and to use of construction practices that will minimize the 

al and the waste can reduce the 

hysical ingress of waste and soil into the drainage material (due to compaction and settlement 

of waste), and also reduce the mobilization of sand and silt particles into the drainage layer by 

si

te ature acting on any liners may significantly reduce the long term effectiveness of 

composite liners. 

 

For design purposes it is advantageous to use a drainage material with a large initial void 

volume, thus 1) maximizing the amount of clog that can accumulate in the pores before the 

hydraulic conductivity of the clog medium reduces to a point when leachate mounding occurs, 

and 2) reduce the initial specific surface area available for microorganisms to attach and grow, 

thereby reducing the rate of organic acid treatment and chemical precipitation of minerals 

relative to material with a larger surface area (i.e. material with a smaller particle size).  

Additionally, the time to clog will be reduced as the leachate travel time within the drainage 

layer decreases.  Thus, it is advantageous to maximize the flow velocity in the drain by 

increasing the gradient (e.g. increasing the slope of the landfill base) and/or increasing the 

hydraulic conductivity of the granular layer (Rowe et al., 2004).  The rate of clogging of the 

drain will also be reduced with smaller pipe spacings since the mass

in

drainage layers during constr

in

generation of fines by rock crushing and shearing (Bennett et al., 2000). 

 

A filter/separator used between the drainage materi

p

 



leachat

ubsequently been developed that accounts for microbial kinetics of organic 

acids and precipitation of calcium carbonate from leachate as it passes through drainage medium.  

This m

 reduction in hydraulic 

conductivity and porosity of drainage materials and geotextiles in leachate collection systems 

due to 

e.  The use and effectiveness of geotextiles as a filter/separator is a function of the 

overlying material and the geotextile properties.  To limit the height of a perched leachate mound 

over the geotextile, thereby reduce side seeps; it is advantageous to use a large diameter gravel 

layer that is hydraulically connected to a sump or manholes to remove leachate from the landfill. 

 

A simple model that can be used by practitioners to estimate the service life of various 

collection system designs was developed based on the findings from laboratory (mesocosm) and 

field exhumation studies (Rowe and Fleming 1998).  This model linked the decrease in Ca2+ 

concentration in leachate as it passes through drainage medium to the decrease in medium 

porosity.  A more sophisticated theoretical model (BIOCLOG: Rowe et al., 1997c, Cooke et al., 

1999, 2001) has s

odel has the potential to be used to predict the decrease in porosity and hydraulic 

conductivity within collection system with time and position.  An example model analysis was 

provided which described some the model features and results.  The model has been calibrated to 

well controlled laboratory experiments (Cooke et al., 2001; VanGulck 2004) permeated with 

synthetic and KVL leachate.  The model has been developed to predict clogging in leachate 

collection systems and is being used to develop improved design methodologies. 

 

Biological, chemical, and physical clogging of agricultural field drains has been reported 

around the world.  The type of bacteria and the inorganic precipitate in this application is 

different than in landfill collection systems, but clogging of the soil and geotextile surrounding 

the pipe can occur and degrade the capacity of the drain to remove fluid, similar to the effect of 

clogging in leachate collection systems.  A summary of past research on clogging in agricultural 

drains has provided an understanding of the mechanisms and processes involved in the formation 

of iron ochre.  However, there is no current method to assess the service life these drains or the 

extent of clog formation within the geotextile or surrounding soil.  The

biological, chemical, and physical clogging may provide some guidance on the reduction 

in these material properties in agricultural drains.  Additional research is required in this area. 
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