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Abstract 

As one of the most important aspects of urban development, waste management is 

gaining importance as a result of the dramatic increase in the total world population and 

consequently in the volume of generated waste during recent decades. Landfills have 

been most widely adapted as long-term containers for disposed waste worldwide, and 

the collection and effective removal of the leachate produced represents an important 

element in the efficient functioning of a landfill facility. For this purpose, leachate 

collection and removal systems are designed in landfills to remove and transport the 

generated leachate to leachate management facilities for treatment or another approved 

method of disposal. 

Geosynthetic drainage materials have been widely used in leachate collection systems 

for drainage purposes. To function efficiently in a leachate collection system, the in-

plane flow capacity of a geosynthetic material should be investigated appropriately over 

its service lifetime. Inaccurate estimation of the long-term flow capacity of the 

geosynthetic drains will result in inefficient or inappropriate performance of the system. 

The traditional approach to determine the long-term flow capacity of geosynthetic 

drainage materials is to perform a short-term index transmissivity test and then apply 

the reduction factors to consider the effects of the factors that influence drainage 

capacity. Recent studies have shown that the real decrease in the flow capacity of 

geosynthetic drainage materials can be much higher than that considered when applying 

reduction factors to the results of an index transmissivity test, as some factor boundaries 

that could significantly affect the hydraulic behaviour are not appropriately considered 

in this approach. These factors include the magnitude of the compressive stress that the 

drainage material experiences during its lifetime in a landfill, which is mainly 

influenced by the landfill size; the physical and geometrical properties of geosynthetic 

drains; and the characteristics of the materials that are placed atop and underneath the 

drainage layer. These deficiencies can lead to misestimating the drainage capacity of 

leachate collection systems and cause serious safety complications in landfills. 

In this study, a new approach was developed to more easily and accurately determine 

the in-plane flow capacity of the geosynthetic drains used in waste containment 

facilities. In this innovative method, for the first time, the effect of both creep and 

intrusion are systematically considered, and the deficiencies of the traditional methods 
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are resolved. This approach concentrates on the close relationship between thickness 

and in-plane flow capacity. For this purpose, new equipment was specifically designed 

and manufactured. 

In this study, the effect of the geometry and rib configuration of geosynthetic drains on 

the hydraulic behaviour was investigated by conducting transmissivity tests performed 

on different samples under the specified range of compressive stress and hydraulic 

gradients. In the next step, the theoretical relationships that quantify the effect of 

thickness reduction of drainage materials on the transmissivity reduction were derived 

based on the classical Kozeny–Carman equation for each type of drain, considering 

their geometrical characteristics. The equation was then modified to be used in various 

boundary conditions. Later, the accuracy of these modified equations was investigated 

by comparing the results of the two types of experiments, including transmissivity and 

intrusion tests. Finally, the effect of the non-rigid flow boundaries on the hydraulic 

capacity of the geosynthetic drains was quantified. For this purpose, a series of intrusion 

tests were performed and experimental equations were derived based on the results. 

The innovative approach proposed in this study can significantly contribute to enabling 

improved estimation of the long-term hydraulic behaviour of leachate collection and 

removal systems, which is an integral part of safely designing new waste disposal 

facilities and expanding the existing facilities. 
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Chapter 1: Introduction 

1.1 Background 

The present century is marked by a dramatic increase in the total world population, with 

people tending to concentrate in large urban and industrial areas. As a consequence, the 

volume of generated municipal and industrial waste has been increasing exponentially, 

thereby leading to serious environmental problems. For example, the volume of waste 

generated in Australia nearly doubled from 22.7 million tons in 1996 to 1997 to 43.8 

million tons in 2006 to 2007 (Australian Bureau of Statistics 2017). Despite substantial 

growth in resource recovery, recycling technology and new treatment methods, large 

amount of wastes still cannot be economically or technically converted, and the annual 

disposal rate has been broadly consistent over the last decade. Meanwhile, the average 

living standards are growing in most developed countries, and governments are 

establishing more strict regulations to protect the environment and isolate waste. In such 

a situation, the need for efficient waste management has increased more than ever. Over 

the past two decades, considerable attention has been focused on the management of 

waste in the environment (Bouazza, Zornberg & Adam 2002). The construction of new 

or expansion of old waste containment facilities is now an integral part of maintaining a 

healthy ecosystem and functional society. 

Generally, landfill sites of varying geometry and containment systems act as a long-

term container for disposed waste, and are used globally. Although there are various 

design philosophies and landfill management approaches in use today, preventing 

contamination and protecting public health and the local and global environment are the 

major goals of all landfills, particularly those containing hazardous waste (Rowe, 

Quigley & Booker 1995). 

Until the late 1970s, no considerable attention was devoted to the effect of landfilled 

waste on land and groundwater; thus, there was little engineering input into landfilling 

practice (Tammemagi 1999). By the end of the 1970s, problems in managing landfill 

sites had arisen from the contamination of soil and groundwater (with, for example, 

heavy metals, arsenic, pesticides, halogenated organic compounds and solvents) 

alongside potential risks to exposed populations (Bouazza & Kavazanjian 2001). From 

the 1970s to 1990s, landfill design philosophy moved towards the objective of 

containment and isolation of waste (Bouazza & Kavazanjian 2001). Today, most 
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developed countries have regulations controlling the location, design and operation of 

landfills. This typically involves limiting the type of waste that can be disposed in the 

landfill (e.g., not permitting landfill disposal of the liquid hazardous wastes that caused 

the most serious problems in the past) and requiring a barrier system to separate the 

waste and associated contaminants from the groundwater system. Nowadays, not only 

must new waste containment facilities meet stringent government requirements, but also 

many existing facilities must either be cleaned up and closed, or retrofitted with 

pollution-reduction/prevention systems and monitored to ensure that current legal 

requirements are met (Bouazza, Zornberg & Adam 2002).  

Depending on several site-specific details, there are four types of landfilled materials: 

municipal solid waste (MSW) landfills, which are often considered to consist of non-

hazardous domestic waste materials; industrial waste landfills, which are often 

considered to consist of hazardous industrial waste materials; inert waste landfills, 

which are often considered to be incinerator ash or construction demolition and debris; 

and abandoned landfills, which are mixtures of the above types or have a completely 

unknown nature of waste materials (Koerner & Soong 2000). 

1.2 Barrier System 

Waste decomposes and interacts with available substances. This decomposition cycle 

produces liquid and gaseous products, which can be particularly detrimental to the 

environment if not managed properly. Two main products of the decomposition process 

are methane gas and liquid leachate. Leachate is the contaminated water predominantly 

generated from the percolation of precipitation through waste and by the biodegradation 

of the waste. The leachate usually includes both dissolved material and suspended 

solids, which, if allowed to escape, may affect the surrounding environment and human 

health (Rowe et al. 2004). 

To limit contaminant migration to levels that will result in negligible effect on the 

environment, several types of barrier systems can be used for waste containment 

(Touze-Foltz, Lupo & Barroso 2008). A barrier system is one of the main components 

of contemporary landfills. The system is designed to control contaminant transport and 

ensure the prevention of long-term environmental effects for the contaminating lifespan 

of the landfill. A barrier system of a waste containment facility typically includes three 

lining components, as shown in Figure 1.1: bottom, side and cover liners. Liners are 

basically a combination of drainage components and impervious layers. The bottom 
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liner must reduce as much as possible the advective and diffusive contaminant 

migration towards the underlying vadose zone and/or aquifer. The performance of 

bottom liners is fundamentally governed by the field hydraulic permittivity and 

diffusivity, compatibility, sorption capacity and service life (Bouazza, Zornberg & 

Adam 2002). The side slope liner has the same function as the bottom liner. However, 

its drainage component is less demanding than for the bottom liner because of the 

generally higher hydraulic gradients along the side slopes. However, design of the side 

lining may be governed by stability considerations and the need to control biogas 

migration into the vadose zone. The cover liner system has numerous functions. It must 

control water and gas movement and should minimise odours, disease vectors and other 

nuisances. Cover systems are also used to meet erosion, aesthetic and other post-closure 

development criteria. Despite the numerous functions of cover systems, their design 

criteria are often less stringent than those used in the design of the other two liner 

components because they can be easily repaired, and monitoring of their performance is 

simpler. The components of liner systems will be discussed in detail in Section 1.4. 

 

Figure 1.1: Cross-section of Landfill Barrier System Components 

1.3 Application of Geosynthetic Materials in Landfill Facilities 

Geosynthetics are polymeric sheets that are used in civil, geotechnical and 

environmental projects. The polymeric nature of the products makes them suitable for 

use in the ground, where high levels of durability are required. The use of geosynthetics 

has been increasing rapidly during recent years because these products present some 

technical and economic advantages, including (Koerner 2012): 

 they are quality-control manufactured in a factory environment 
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 they can be installed rapidly 

 they generally replace raw material resources 

 they generally replace difficult design using soil or other construction materials 

 their use is required by regulations in many cases 

 they have made previously impossible designs and applications possible 

 they are being actively marketed and are widely available 

 their technical database (both design and testing) is nicely established 

 they are being integrated into the profession via generic specifications 

 they are invariably cost competitive against soils or other construction materials 

 their carbon footprint is much lower than traditional solutions. 

Geosynthetic products have a wide range of applications, as summarised below: 

 Separation/protection: The material is placed between two dissimilar materials 

so that the integrity and functioning of both materials can be maintained or 

improved, or the material provides a cushion above (or below) sensitive material 

to prevent damage by punctures during placement of overlying materials. 

 Reinforcement: The material provides tensile strength in materials or systems 

that lack sufficient tensile capacity. 

 Filtration: The material allows flow across its plane, while retaining the fine 

particles on its upstream side. 

 Drainage: The material transmits flow within the plane of its structure. 

 Hydraulic/gas barrier: The material is relatively impervious and its sole 

function is to contain liquids or gases. 

Following recognition of the problems of past waste disposal activities, waste disposal 

has changed significantly since the 1970s (Rowe 2005). This has resulted in a major 

upsurge in the development of engineered waste disposal systems by authorities such as 

the Environment Protection Authority (EPA), which includes extensive use of 

geosynthetics in landfill facilities. Geosynthetics are now an accepted and well-

established component of the waste containment industry. The materials play an 

important role in landfill design to contribute to minimising contaminant migration into 

the surrounding environment to levels that will result in negligible effect. Landfills 

employ geosynthetics to varying degrees, depending on the designer approach, site 

specifications and applicable regulatory requirements for different purposes. The main 

types of geosynthetics applied in contemporary landfills include the following. 



5 

Geotextiles: Geotextiles are indeed textile in the traditional sense, yet consist of 

synthetic fibres, rather than natural ones; thus, biodegradation is not a problem. These 

synthetic fibres are made into a flexible, porous fabric. The major point regarding 

geotextiles is that they are porous to water flow across their manufactured plane and 

within their plane, but to a widely varying degree. There are two main types of 

geotextiles: woven and nonwoven geotextiles. Woven geotextiles are manufactured by 

weaving. Individual threads, monofilaments, fibrillated yarns, slit films or other 

material are woven together to create one large, uniform piece, as shown in Figure 1.2a. 

This process gives woven geotextiles a high load capacity. Nonwoven geotextiles, as 

shown in Figure 1.2b, are manufactured by bonding materials together, either through 

chemical, heat, needle-punching or other methods. Geotextiles are widely used in 

landfills for separation and protection of different components of the lining system and 

for filtration purposes when needed. 

Geogrids: Geogrids are polymeric products formed by joining intersecting ribs, and 

have large open spaces, also known as apertures, as shown in Figure 1.2c. In landfills, 

geogrids are used to reinforce slopes beneath the waste and to reinforce the cover soils 

(Zornberg, Somasundaram & LaFountain 2001). 

Geocells: Geocells are three-dimensional, expandable panels made from high-density 

polyethylene (HDPE) or polyester strips, as shown in Figure 1.2d. Geocells are 

generally used to hold the infill material in place and prevent mass movements by 

providing tensile reinforcement. The applications of geocells in landfills include the 

protection and stabilisation of steep slope surfaces and reinforcement of the subbase of 

bottom liners (Zornberg, Somasundaram & LaFountain 2001). 

Geonets: Geonets, also called geospacers, are formed by a continuous extrusion of 

parallel sets of polymeric ribs at acute angles to one another. When the ribs are opened, 

relatively large apertures are formed into a netlike configuration. Their design function 

is completely within the drainage area, where they are used to convey liquids of all 

types. The application of geonets for drainage purposes in landfills will be discussed in 

detail in the following sections. 

Geomembranes: As shown in Figure 1.2e, geomembranes are relatively thin, 

impermeable polymeric sheets that form a liner. In landfills, geomembranes are 

employed to prevent leachate from leaving the landfill and entering the environment. 

This layer also helps prevent the escape of landfill gas. These liners are constructed 
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from various plastic materials, including polyvinyl chloride (PVC) and HDPE. The 

preferred material for use in MSW landfills is HDPE because it is resistant to most 

chemicals. It also worth mentioning that, to be used in a barrier system, the joints 

between geomembrane sheets must be permanently bonded with a suitable method 

considering the geomembrane type, such as heat bonding for HDPE geomembranes. 

Geosynthetic clay liners (GCL): GCLs are factory-manufactured hydraulic barriers 

consisting of a layer of bentonite clay supported by geotextiles or geomembranes, and 

held together by needle-punching, stitching or chemical adhesives, as shown in Figure 

1.2f. In landfill lining system, the GCL layer is located directly below the geomembrane 

and forms an additional barrier to prevent leachate and gas escaping and destructively 

affecting the environment. 

Geocomposites: Geocomposites consist of a combination of geotextiles, geogrids, 

geonets and/or geomembranes in a factory-fabricated unit. In addition, any of these four 

materials can be combined with another synthetic (such as deformed plastic sheets or 

steel cables) or with soil. 

Table 1.1 shows the identification of the usual primary function versus type of 

geosynthetics. 
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Figure 1.2: Different Types of Geosynthetics: (a) Woven Geotextile, (b) Nonwoven 

Geotextile, (c) Geogrid, (d) Geocell, (e) Geomembrane and (f) GCL 

Table 1.1: Identification of Usual Primary Function versus Type of Geosynthetic 

(Koerner 2012) 

Geosynthetic Type 
Primary Function 

Separation/Protection Reinforcement Filtration Drainage Barrier 

Geotextile * * *   

Geogrid  *    

Geocell  *    

Geonet    *  

Geomembrane     * 

GCL     * 

Geocomposite * * * * * 

1.4 Lining System in Landfills 

The protection of groundwater and surface water is now a major consideration in the 

design of waste containment facilities in many countries. For this purpose, lining 

systems are designed in landfills. Geosynthetics play an important role in this protective 

task because of their versatility, cost-effectiveness, ease of installation and good 
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characterisation of their mechanical and hydraulic properties (Bouazza, Zornberg & 

Adam 2002). Figure 1.3 shows the installation of geosynthetic products in a landfill 

lining system. 

 

Figure 1.3: Installation of Geosynthetic Products in Victorville MSW Landfill 

Lining System, United States, 2009 (www.deconst.net) 

There is a wide variety of possible lining systems in landfills (Rowe et al. 2004), yet 

most involve some combination of traditional soil materials (sand, gravel or clay) and 

geosynthetic materials. A lining system typically involves many different components, 

including filtration/separation layers, drainage layers and protection layers, as well as 

one or more low permeability liner. One possible lining system is shown schematically 

in Figure 1.4. 

 

Figure 1.4: Cross-section of a Landfill Liner System (Koerner 2012) 
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A typical liner system comprises the following components: 

 A filter: This is designed to separate the waste and underlying drainage system. 

A layer of geotextile material is usually used for this purpose. 

 A primary leachate collection system (LCS): This system is designed to control 

the leachate head on the underlying primary liner and to transport the generated 

leachate to the leachate management facilities for treatment or another approved 

method of disposal. The LCS typically incorporates a granular layer, geonet or 

geocomposite, and perforated collection pipes. This system will be discussed in 

detail in the following sections. 

 A protection layer: A geotextile layer is usually designed under the LCS to 

protect the underlying liner from puncture and other damage. This is often 

augmented with a sand protection layer—not shown in Figure 1.4. 

 A primary liner: A layer of geomembrane is used for this purpose. 

 An additional liner: A layer of GCL is often used to act as an extra barrier. 

At present, landfills have composite liners that can be single or double. In many 

countries, the EPA recommends using a double liner system, rather than a single one. 

By 2000, 24% of MSW landfills in the United States (US) and 14% of landfills 

worldwide had been designed using double liner systems (Koerner 2000) and the 

number was increasing. In a double lining system, as shown in Figure 1.4, the 

secondary system is a duplicate of the primary system and is directly placed upon it. 

The secondary LCS is usually called a leak detection system, and is designed to control 

the head on the secondary liner and to detect and collect leachate leakage through the 

primary liner. In addition, the GCL layer in the secondary barrier system is usually 

substituted by a compacted clay liner (CCL). A CCL is a seepage-free barrier 

constructed of a cohesive soil that is compacted to increase its bulk dry density and 

homogeneity and to reduce porosity and soil permeability. The native soil beneath the 

landfill also needs to be prepared prior to beginning landfill construction. The subbase 

material should have sufficient bearing capacity to support the waste material to be 

placed above it during the lifespan of the landfill facility. Material encountered in the 

subbase that does not meet the required bearing capacity should be excavated and 

replaced with appropriate structural fill material. 

The design of a landfill liner system can be generated on either a prescriptive basis or a 

performance basis (Manassero et al. 1998). In the first case, the requirements for a 
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minimum lining system profile are specified through regulations, while the second 

approach must consider numerous parameters—such as transport parameters, the 

service life of the mineral barriers, drainage layers, geosynthetics and the main 

characteristics of the waste—to evaluate the leachate quality and production during the 

landfill activity and after closure (Manassero, Benson & Bouazza 2000). Most 

regulations around the world follow the prescriptive design. Performance design has 

been used in some countries, such as Canada and the US (Touze-Foltz, Lupo & Barroso 

2008). 

It is also worth mentioning that components of the lining system are likely to fail at 

different times (Rowe 2005). Thus, one should not expect each component of the lining 

system to function for the entire contaminating lifespan (which, for a large landfill, can 

be expected to be hundreds of years) (Rowe et al. 2004); however, the system as a 

whole should provide the long-term protection that is required. 

1.5 Leachate Collection Systems 

The effective management of produced leachate represents an important element in the 

successful functioning of a waste containment facility. There are essentially three types 

of leachate management strategies in landfills: 

 Leachate recirculation: The capacity for landfilled waste to hold liquid is 

enormous. For example, in a typical MSW landfill cell, the storage capacity for 

additional leachate beyond typical placement conditions is 450*10
6
 litres per 

hectare in a landfill of 100 m height and 10% waste saturation. Since landfills 

are often 10 to 25 ha in surface area, the potential storage quantities are 

enormous (Koerner & Soong 2000). Therefore, use of leachate recirculation 

techniques can be considered a leachate management strategy option, especially 

when leachate generation is high. 

 No leachate strategy: In this approach, typically no leachate is removed. 

Depending on the site-specific hydrology, the leachate is probably dispersed and 

discontinuous for arid and semi-arid sites, and exists as a leachate head on the 

base of the landfill at humid sites. 

 On-demand removal: This strategy is by far the most commonly practised 

leachate removal scheme. In this situation, the leachate gravitationally flows 

through the waste mass, where it reaches a collection system at the base of the 
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landfill. Through this system, the leachate then flows to a sump for removal, 

followed by proper treatment and disposal facilities. 

LCSs represent a critical component of the landfills for which on-demand removal is 

selected as the leachate management strategy. Many landfill failures have been reported 

to occur because of inappropriate function of the LCS. The system should consist of 

drainage material of adequate long-term hydraulic conductivity to effectively collect the 

leachate being transmitted through the waste mass. The collected leachate is then 

transmitted within the system, where it is gravitationally drained to a low point in the 

landfill where a sump is located. The leachate is removed from the sump through piping 

extending to the ground surface. It is then treated and disposed in an environmentally 

acceptable manner. 

The primary function of LCSs is to control the head of leachate on the liner system to 

minimise the quantity of leachate leakage. The case of a continuous leachate head on 

the liner beneath a landfill is actually expected, but must be limited to an acceptable 

extent. Most regulations permit up to 300 mm as a maximum head on the liner system. 

The same regulations also give the corresponding hydraulic conductivity values for the 

LCS of 0.1 to 0.001 mm/sec. However, these are initial values and, after permeation of 

leachate, the hydraulic conductivity will surely decrease (Koerner & Soong 2000). The 

secondary function of LCSs is to remove leachate for treatment, disposal and/or 

recirculation into the landfill. 

Generally, the design objectives of a functional LCS are to ensure that it is appropriately 

sized to collect the estimated volume of leachate (predicted by water balance models) 

and able to drain leachate sufficiently well so that the leachate head above the liner is 

minimised; resistant to chemical attack and physical, chemical and biological clogging; 

able to withstand the weight of waste and the compaction equipment without crushing; 

able to be inspected and cleaned by readily available video inspection and pipe-cleaning 

equipment; and designed to be sufficiently robust to function and perform as required 

for the expected landfill lifecycle. 

The design of LCSs has evolved considerably over time, and there are many 

misconceptions about appropriate design and operation procedures (Rowe 2005). The 

earliest form of LCSs involved a toe drain and/or perimeter drain. These systems 

minimised surface water contamination by controlling leachate seeps through the 

landfill cover, yet were ineffective at controlling the height of the leachate mound 
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within the waste and the consequent contaminant escape into the underlying soil and 

groundwater. The next generation of LCSs involved the inclusion of granular material 

(French drains) in conjunction with perforated drainage pipes, typically located every 50 

to 200 m along the landfill base. These systems provided greater control of the leachate 

mound than did toe drains or perimeter drains, yet the confluence of flow through a 

limited surface area rendered the drains particularly prone to clogging. Clogging impairs 

the ability for leachate to enter the leachate collection pipe, thereby causing a build-up 

of a leachate mound between the drains (Reades et al. 1989). This mound induces some 

flow towards the pipes and increases outwards flow through the bottom of the landfill. 

Contemporary LCSs typically comprise a continuous blanket of drainage material, as 

shown in Figure 1.4, covering the landfill base liner and a regular pattern of leachate 

collection pipes at the base of the landfill. This drainage material could be natural 

granular material or geosynthetic drains. 

Although geosynthetic drains have been extensively applied in waste management 

facilities, few studies have focused on the long-term competency of these materials as 

one of the most critical components of these facilities. The objective of the present 

research is to concentrate on the application of geosynthetic drains in LCSs and 

contribute to enabling improved estimation of their drainage capacity during the 

lifespan of the landfill. This will contribute to safe and more efficient design of waste 

containment facilities. 

1.6 Overview of Geonet Materials 

Geosynthetic drains have been used effectively in civil and environmental works, 

including landfill, mining, landscaping and other types of construction that require the 

management of liquid or gas infiltration (Jang, Kim & Lee 2015). Geonets are quickly 

becoming one of the most commonly used drainage materials in landfills. For a variety 

of reasons, facility owners and their designers believe that geonets offer a suitable and 

attractive replacement to natural soils to be used for drainage purposes in landfills. In 

general, geonets offer the following advantages over natural soil in LCSs: 

 Geonets are manufactured products with excellent quality control. 

 Geonets have a low likelihood of puncture to the underlying and/or overlying 

geomembranes. 

 The side slope stability of a geonet is rarely a problem. 
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 Geonets present a lack of accumulated fines at the low end of the drainage 

system. 

 Geonets eliminate the need for a perforated pipe removal system. 

 Geonets offer a significant saving of air space. 

 Geonets are generally lower cost, especially when soil aggregate is unavailable 

in the proximity of the landfill site (Eith & Koerner 1992). 

 Geonets are easy to transport and install (da Silva & Palmeira 2013). 

 Geonets can also contribute to the bearing capacity of soft soils (Bazne, 

Vahedifard & Shahrokhabadi 2015). 

According to ASTM D4439, a geonet is defined as ‘a geosynthetic consisting of 

integrally connected parallel sets of ribs overlying similar sets at various angles for 

planar drainage of liquid or gases’. Geonets are usually formed by a continuous 

extrusion process into a netlike configuration of parallel sets of interconnected ribs. 

From the manufactural perspective, there are three types of geonets (Koerner 2012): 

geonets consisting of extruded solid ribs, which is by far the most common type of 

geonet; geonets consisting of extruded foamed ribs, which result in greater overall 

thickness and hence greater flow rate; and geonets made from drawn solid ribs, which 

allow for vertical rib intersections to be perpendicular, hence leading to higher normal 

stresses. 

All the abovementioned geonet types are from polyethylene in the specific gravity range 

of 0.930 to 0.933 gr/cc. The polyethylene is then mixed with 2.0 to 2.5% carbon black 

(usually in a concentrated form mixed with a carrier resin of the same type of 

polyethylene) and 0.25 to 0.75% additives, which serve as antioxidants and lubricants. 

With the carbon black and additives amounting to approximately 3%, the final density 

of the compound is at, or slightly above, 0.941 g/cc, which is the lower bound for 

HDPE. Thus, this material is referred to as HDPE in the industry (Koerner 2012). 

Although the main use of geonets is transmission or drainage, not all nets are suitable 

for all drainage applications. For example, the geometry of some geonets is such that 

both sets of polymer strands are in the same plane. This may not create sufficient flow 

channels required for significant transmission of liquid or gas. There are two common 

types of drainage geonets, based on their structures: bi-planar and tri-planar. A typical 

tri-planar geonet consists of two layers of parallel ribs with a small cross-section area 

separated by thick vertical ribs with a large cross-section area, which creates a wide 
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flow channel. Similarly, a typical bi-planar geonet consists of two sets of identical ribs 

on top of each other at different orientations. Figure 1.5 shows these two types of 

geonets. 

 
Figure 1.5: (a) Tri-planar Geonet and (b) Bi-planar Geonet 

In-plane flow capacity or hydraulic transmissivity is the most important design 

parameter of geosynthetics used for in-plane drainage applications (Bourges-Gastaud, 

Blond & Touze-Foltz 2013). Therefore, the development of drainage geonets has been 

aimed at achieving higher in-plane flow capacity. From this perspective, bi-planar 

geonets have certain limitations because of their structures. Increasing the thickness of 

the ribs may lead to an unstable structure, while increasing the in-planar porosity by 

enlarging the rib spacing can result in greater intrusion of adjacent material into the 

geonet. However, the tri-planar geonet eliminates the limitations of the bi-planar geonet. 

The tri-planar geonet incorporates vertical middle ribs constructed to be stronger than 

the inclined ribs of the bi-planar geonets. Therefore, the structure of the tri-planar 

geonet remains stable even under very high normal pressure with no inflection point 

(Koerner 2012). 

1.7 Geocomposite Drainage Material 

As a result of their open structure, geonets must be protected from becoming clogged by 

soil or adjacent material. In almost all cases in LCSs, geonets are used with geotextiles 

or geomembranes on one or both of their planar surfaces (Bouazza, Zornberg & Adam 

2002). Sometimes, this geotextile protection layer is adhered to the geonet before 

application, and comprises a geocomposite. A geocomposite drainage material consists 
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of a combination of a geonet and geotextile, where the geotextile is heat laminated to 

one or both sides of the geonet. A nonwoven geotextile is usually used for this purpose. 

Figure 1.6 shows a geocomposite comprising a bi-planar geonet and nonwoven 

geotextile. The primary purpose of the geotextile is to act as a filter and separator 

between the surrounding soil and geonet to prevent the intrusion of soil particles into 

the geonet structure. Another important function of a geotextile component is to 

improve the interface shear strength of the drainage system because a geonet–

geomembrane interface is typically significantly weaker than a geotextile–

geomembrane interface. The geonet core is the primary basis for the drainage function 

of a geocomposite. In other words, the geotextile component in a geocomposite acts as a 

non-rigid flow boundary, and the hydraulic design of geocomposites is similar to 

geonets. 

 

Figure 1.6: Typical Geocomposite Material 

1.8 In-plane Flow Capacity of Geonets 

1.8.1 Definition 

For a geonet material to function efficiently in drainage systems, the in-plane flow 

capacity should be investigated appropriately over its service lifetime. Inaccurate 

estimation of the long-term flow capacity of the geonet used in a LCS will result in 

inefficient or inappropriate performance of the system. 

The in-plane flow capacity of geosynthetic materials is usually defined by hydraulic 

transmissivity. According to ASTM D4716, transmissivity is defined as ‘the volumetric 

flow rate of water per unit width of specimen per unit gradient in a direction parallel to 

the plane of specimen’. Therefore, transmissivity is the product of hydraulic 

conductivity and thickness, as shown in Equation 1.1: 
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θ = ktD      (1.1) 

where θ (m
2
/s) is the hydraulic transmissivity of the geosynthetic, k (m/s) is the 

hydraulic conductivity of the geosynthetic and tD (m) is the thickness of the 

geosynthetic. 

The in-plane flow capacity of geonet materials is affected by various factors. The 

factors that affect the drainage capacity of a geonet applied in a LCS are basically 

divided into two main categories: environmental-associated and structural-associated 

factors. 

1.8.2 Environmental-associated Factors 

A series of environmentally-related issues affect the flow rate performance of 

geosynthetic drains (Koerner 2012). These factors mainly affect synthetic drains 

through clogging. Long-term clogging of drain openings can significantly affect the 

drainage capacity of geonets. Clogging is defined as a build-up of biofilm, chemical 

precipitates or small (e.g., silt and sand) particles that are deposited in drain apertures. 

This build-up progressively reduces the hydraulic conductivity of the system and 

subsequently reduces its ability to drain fluid. 

In landfills, clogging involves a combination of biological, chemical and physical 

processes (Rowe 2005). Physical clogging results from an accumulation of inorganic 

particles that were originally suspended in leachate. Chemical clogging occurs as the 

methanogenesis and acetogenesis of volatile fatty acids in the leachate cause an increase 

in the pH of the leachate and production of carbonate, which results in precipitation of 

inert materials, which is predominantly CaCO3. These materials accumulate on 

available solid surfaces and, in some cases, settle to the bottom of the drainage media. 

Biological clogging is usually initiated by forming a biological system, known as 

biofilm, where bacteria are organised into a coordinated community (Correia, Ehrlich & 

Mendonca 2017). As biofilms use available nutrients supplied by the leachate for cell 

growth and grow larger, they can combine with other neighbouring biofilms and create 

a natural biological filter that contributes to the reduction of pore space and 

consequently the hydraulic conductivity of the drain material (Mlynarek & Rollin 

1995). 

Numerous investigators have studied the clogging of geosynthetic drains permeated by 

MSW leachate. The magnitude of decrease in hydraulic conductivity in geosynthetic 
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drains because of clogging depends on the drain material (e.g., openness of the pore 

structure) and flow rate. Leachate contaminant mass loading also has a significant effect 

on the rate and extent of clogging (Rowe, Armstrong & Cullimore 2000). This is 

primarily a result of the increased mass of nutrients and inorganic material available for 

biological activity and precipitation. Temperature is another factor that has a significant 

effect on the rate of clogging because of the increased biological activity associated 

with increasing temperature (Armstrong 1998). However, the clogging processes are 

similar at all temperatures. Time is another effective factor, as the rate of clog 

development accelerates with time. Various studies have demonstrated that 

development of a biofilm occurs relatively quickly, and then, with time, changes from a 

soft slime to a slime with hard particles (sand-size solid material in a soft matrix), and 

then to a solid porous concretion of a coral-like structure, called bio-rock (VanGulck & 

Rowe 2004). During the early phases of clog development, the biofilm is relatively easy 

to clean. Once the biofilm becomes sufficiently established to cause significant 

precipitation of CaCO3, the inorganic film becomes firmly attached to the adjacent 

media and becomes very difficult to remove. Hence, the rate of inspection/cleaning 

required in LCSs increases with time. 

A one-dimensional numerical model, BioClog, which was developed and extended to 

two dimensions (Cooke, Rowe & Rittmann 2005; Cooke & Rowe 2008; Rowe & Yu 

2013), allows modelling of the clogging of porous media. The model has a highly 

coupled nature and draws together microbiology, geochemistry, waste water 

engineering and geotechnical engineering, and can be used effectively to quantify the 

effect of clogging on the hydraulic capacity of the geosynthetic drains used in landfill 

systems. 

In addition to the effect of temperature on clogging phenomena, the factor influences 

the hydraulic behaviour of geonet materials in other ways too. In standardised 

laboratory test conditions, under a high temperature, flow rate increases as expected 

according to the theoretical effect of temperature on hydraulic conductivity. It has also 

been shown that geonet transmissivity can be substantially reduced by an increase in 

temperature when the geonet is in contact with a GCL because of the higher swelling 

potential of bentonite (Davies & Legge 2003). On the other hand,  geonets are 

polymeric materials and are subsequently viscoelastic in their compressive mechanical 

behaviour. The high value of environmental temperature can cause very active 

movement of the geonet’s molecular chain, which can result in weakening the geonet’s 
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compressive resistance (Jeon 2014). Therefore, ensuring realistic estimation of the 

performance temperate for the geonet drains used in landfills is necessary. Kopp (1993) 

investigated a landfill’s site-specific conditions, and the temperature range of the site 

was up to 50°C. In addition, Peggs, Lawrence and Thomas (2002) reported that the 

performance characteristics should be determined at 80°C or 85°C, which is the highest 

temperature that the average geosynthetic material will experience in its service time in 

the most aggressive bioreactor landfill. This severe site-specific condition may 

influence a geonet’s short- and long-term engineering properties, including 

transmissivity (Eith et al. 2008; Narejo 2005b, 2007; Yeo & Hsuan 2007). 

1.8.3 Structural-associated Factors 

For a particular geonet, the factors that mainly control the hydraulic capacity include the 

intensity and duration of applied stress and the potential of intrusion of adjacent 

materials into drain openings (Fannin & Choy 1995). Compressive stress affects geonet 

ribs’ dimensions and cause a decrease in the depth of geonet’s flow channels, as shown 

in Figure 1.7a. Consequently, the capacity of a geonet to pass flow in its plane 

decreases. In practice, a geosynthetic drain is almost always located between two 

materials, acting as boundaries for the flow (Giroud, Gourc & Kavazanjian 2012a). 

Non-rigid flow boundaries have the potential to intrude into geonet flow channels. 

When this intrusion occurs, a portion of the geonet’s pore volume is clogged, as shown 

in Figure 1.7b. In such a situation, only a proportion of the geonet thickness that is not 

blocked by the intrusion of the adjacent materials can effectively contribute to passing 

flow. A decrease in geosynthetic thickness causes a decrease in hydraulic transmissivity 

not only because of the presence of the term tD (on the right side of Equation 1.1), but 

also because the hydraulic conductivity of the geosynthetic decreases when the 

thickness decreases. 

 

Figure 1.7: Effect of (a) Compressive Stress and (b) Intrusion on Decrease of Flow 

Channel Depth in Geonet Material (Flow Direction is Perpendicular to Plane) 
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To quantify the effect of thickness reduction on hydraulic transmissivity, the thickness 

reduction of a geonet is assumed to occur in specific phases attributed to four 

phenomena: 

 compression: occurs because of compressive stress immediately after load 

application 

 creep: occurs because of constant compressive stress over time 

 compressive intrusion: occurs because of the intrusion of boundary materials 

into flow channels immediately after load application 

 creeping intrusion: occurs because of the intrusion of boundary materials into 

flow channels under constant compressive stress over time. 

1.9 Designing with Geonets in Leachate Collection Systems 

1.9.1 Overview 

To design a safe and appropriate LCS, the in-plane flow capacity of the geonet should 

be determined accurately over the lifetime of the landfill. The drainage capacity of the 

geonet should be more than the expected leachate flow in the LCS, with an acceptable 

safety factor. Therefore, the design safety factor is calculated using Equation 1.2: 

 F. S = θreq θall⁄       (1.2) 

where F.S is the global factor of safety (to handle unknown loading conditions, 

uncertainties in design method and so on); θreq is the required transmissivity, as obtained 

from performing water balance analysis for the facility; and θall is the allowable 

transmissivity. 

1.9.2 Required Transmissivity in Leachate Collection Systems 

The design of the leachate collection layer involves the calculation of percolation rate, 

which forms the basis of required transmissivity. The designer may decide to keep the 

complete liquid flow within the drainage layer, or allow the head to exceed the 

thickness, and then calculate a factor of safety against slope instability. Percolation 

refers to the flow of fluid (e.g., water, leachate or gas) into a drainage layer. It is 

generally prudent to minimise the infiltration liquid into the drainage layer by such 

measures as the use of a lower-permeability cover soil, shorter slope lengths or steeper 

slope angle. Operational controls, such as diverting the incoming flow away from the 
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drainage layer by using temporary and permanent grading and other structures, can also 

play a significant role in reducing the required capacity of the drainage layer. 

A series of factors influences the amount of impingement into the LCS, including site 

topography, storm characteristics, precipitation for the site, soil type, overlying waste 

depth and engineering design features. These parameters and control features often 

change during various stages of landfill development. The operational stage of a landfill 

can be conveniently broken down to three phases: initial operation stage, active 

operation stage and post-closure stage. Early in the landfill operation, surface water 

control may not be well established and may allow for a relatively large portion of 

surface water to infiltrate into the LCS. As filling progresses, the use of protective soil 

and improved grading techniques reduce the amount of infiltration into the waste, 

thereby decreasing the LCS flow rate. In the post-closure period, the application of the 

final cover system greatly reduces the amount of infiltration into the waste, thereby 

greatly reducing the amount of leachate entering the LCS. 

A number of computer models and manual methods are available for performing water 

balance analysis, including the Simplified Manual Method (Koerner & Daniel 1997), 

HELP Model (Schroeder et al. 1994) and UNSAT-H (Fayer 2000). 

1.9.3 Traditional Approach to Determine Allowable Transmissivity in Leachate 

Collection Systems 

Conducting a long-term transmissivity test is considered impractical; thus, the first 

design approach applied to find the long-term flow capacity is performing a short-term 

index test and applying reduction factors to consider the effect of the factors that 

influence the drainage capacity of geonets. This long-term transmissivity value is 

considered the allowable transmissivity to be used in Equation 1.2. This approach is still 

extensively used by many designers. 

In the traditional approach, to find the allowable transmissivity, a standard short-term 

transmissivity test is first performed. The test standard ASTM D4716/D4716M-14, 

titled ‘Standard Test Method for Determining the (In-plane) Flow Rate per Unit Width 

and Hydraulic Transmissivity of Geosynthetic Using a Constant Head’, is generally 

used for this purpose. Then, since this test cannot appropriately model the actual field 

system, some adjustments are made to the laboratory value before being used in 

Equation 1.2. Therefore, the partial factors of safety on each of the items not adequately 
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assessed in the laboratory test are assigned, and Equation 1.3 is used to calculate the 

allowable transmissivity: 

θall =
θult

RFCR∗RFIN∗RFCC∗RFBC
        (1.3) 

where θult is the transmissivity value determined from the short-term standard 

transmissivity test; RFCR is the reduction factor for creep deformation of the geonet; 

RFIN is the reduction factor for elastic deformation, or intrusion of the adjacent material 

into the geonet’s core space; RFCC is the reduction factor for chemical clogging and/or 

precipitation of chemicals in the geonet core space; and RFBC is the reduction factor for 

biological clogging in the geonet’s core space. Note the absence of the reduction factor 

for physical clogging, since this is unique to filtration material and is not particularly 

relevant to the drainage core. Other factors of safety could also have been included, 

such as installation damage, temperature effects and liquid turbidity. All the partial 

reduction factors can be grouped together as shown in Equation 1.4: 

θall =
θult

∑RFP
          (1.4) 

where ∑RFP is the product of all partial reduction factors for the site-specific 

conditions.  

Generally, the reduction factors are categorised based on the area of their application 

(e.g., sport fields, retaining walls, landfills or highways). Commentary on each of the 

reduction factors for different applications in landfills is summarised in Table 1.2. 

Table 1.2: Recommended Reduction Factors for Use in Equation 1.3 (Koerner 

2012) 

Application Area 
Range of Reduction Factor Values 

RFIN RFCR RFCC RFBC 

Infiltration water drainage for landfill covers 1.3 to 1.5 1.1 to 1.4 1.0 to 1.2 1.5 to 2.0 

Secondary leachate collection 1.5 to 2.0 1.4 to 2.0 1.5 to 2.0 1.5 to 2.0 

Primary leachate collection 1.5 to 2.0 1.4 to 2.0 1.5 to 2.0 1.5 to 2.0 

1.10 Deficiencies of Traditional Approach of Finding Allowable 

Transmissivity 

Landfills are one of the largest human-made structures and are considered a serious 

potential source of contamination. The collection and effective removal of leachate is an 
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essential element in the efficient operation of a waste containment facility. 

Overestimation of LCSs’ drainage capacity and consequently the build-up of leachate 

head on the liner system has been identified as the source of many stability issues in 

landfills, and can potentially lead to landfill failure. Landfill failures are often 

significantly detrimental for the environment, and can even cause loss of life in some 

cases. In contrast, underestimation of the drainage capacity leads to over-designing and 

imposition of unnecessary cost to waste facility projects. For this purpose, precise 

estimation of the allowable transmissivity of leachate collection and removal systems is 

considered necessary to design a safe and economical landfill. 

In the traditional approach, which is still the predominant method of designing with 

geosynthetic drains in LCSs, structural-associated reduction factors (i.e., creep and 

intrusion reduction factors) are mainly categorised based on the application shown in 

Table 1.2. Consequently, this approach does not appropriately consider some 

parameters that could significantly affect the hydraulic capacity of these drains. These 

factors mainly include the magnitude of the compressive stress that the drainage 

material experiences during its lifetime in a landfill, which is mainly influenced by the 

landfill size; the physical and geometrical properties of geosynthetic drains; and the 

characteristics of the materials that are placed atop and underneath the drainage layer, 

which play an important role in intrusion phenomenon. These shortcomings can lead to 

misestimating the drainage capacity of the LCS and cause serious safety complications 

in landfills. 

As will be discussed in the next chapter, recent studies confirmed that the traditional 

approach has not been successful in properly evaluating the long-term hydraulic 

capacity of geosynthetic drains in LCSs in many cases, and the real decrease in 

transmissivity has been shown to be much more than expected from reduction factors. 

Moreover, wide ranges of values are usually recommended for reduction factors, and 

choosing the appropriate value is another routine problem in applying the traditional 

method. 

Nowadays, the volume of generated waste, and consequently the number of waste 

disposal facilities, is increasing. In the same manner, the application of geosynthetic 

drainage material in landfills is rapidly improving. Therefore, now more than ever, it is 

necessary to present a new approach that contributes to a more accurate prediction of 

the hydraulic behaviour of these drainage materials in landfill facilities. 
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1.11 Importance of Accurate Evaluation of Drainage Capacity in 

Leachate Collection Systems 

Landfills are one of the largest human-made potential sources of contamination, and the 

collection and effective removal of leachate represents an important element in the 

successful functioning of a landfill facility. To efficiently design a leachate collection 

and removal system, the hydraulic behaviour of the used drainage materials must be 

investigated over the service lifetime. If the flow capacity of the drain is 

underestimated, the system design will be too conservative and subsequently lead to 

unnecessary costs. Landfill facilities are usually huge in size. Thousands of square 

metres of geosynthetic drains might be required in a leachate collection and removal 

system. The selection of a material with an unnecessarily higher in-plane flow capacity 

could result in the imposition of significant costs, and even lead to the project being 

assessed as economically non-justifiable. 

Conversely, overestimation of the flow capacity of LCSs might result in serious stability 

issues in landfills. The LCS is one of the most vulnerable components of landfill and is 

most likely to fail during the landfill lifetime because it is subjected to several chemical 

and biological conditions (Rowe 2005). Misrepresentation of drainage capacity can 

result in leachate build-up on the liner system and undesirable functioning of the LCS 

system. The serious nature of leachate head on the liner system is considered a potential 

stability issue (Koerner & Soong 2000). 

Excessive pore water pressure is the most emphasised failure reason in landfill stability 

(Bauer, Koelsch & Borgatto 2008; Blight 2008; Koelsch et al. 2005; Koerner & Soong 

2000; Merry, Kavazanjian & Fritz 2005). A practical way to calculate pore water 

pressure on the slip surface is the pore pressure ratio, Ru. Ru is calculated using Equation 

2.38 (Jahanfar 2014): 

Ru =
γwater∗hwater

γwaste∗hwaste
         (2.38) 

where γwater is the unit weight of water, hwater is the height of the water on the slip 

surface, γwaste is the unit weight of the waste and hwaste is the height of the waste from 

slip surface to the top of the landfill. The Ru value is approximately equal to 0.2 for 

stable slopes (Dewaele, Fleming & Ciardullo 2005). As concluded from Equation 2.38, 

elevating the water level will cause excessive pore water pressure, and consequently 
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reduce the effective stress and mobilised shear strength. In addition to heavy rainfall, 

leachate build-up because of drainage problems or inappropriate recirculation is the 

main cause of water level elevation (Jahanfar 2014). 

Many landfill failures have been reported to occur as a result of inappropriate function 

of their LCS. Figure 2.9 shows how leachate accumulation can affect the safety factor of 

landfill slope stability. Landfill failures often involve tremendous waste volumes 

(Koerner & Soong 1999). In addition to being significantly destructive for the 

environment, landfill failure is a potentially fatal phenomenon. For instance, 147 people 

and 300 people, respectively, were killed in the Bandung (2005) and Payatas (2000) 

dumpsite failures (Koelsch et al. 2005; Merry, Kavazanjian & Fritz 2005). 

Epidemiological studies have also reported the incidence of a wide range of possible 

illnesses after the occurrence of landfill failures (Giusti 2009). 

Moreover, efficient leachate management is an integral part of safely expanding existing 

waste disposal facilities. In recent years, siting a new landfill is becoming a major 

problem. Therefore, there is pressure on existing landfills to accommodate larger 

amounts of waste. Maximising the landfill capacity directly depends on the landfill 

geometry by increasing the height and slope inclination. The major concern in this 

regard is the landfill stability (Singh & Murphy 1990), which is mainly affected by the 

head of leachate on the lining system. 
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Figure 2.9: Effect on Slope Stability of Leachate Head on Liner Landfill Sites: (a) 

Geometry of Landfill and (b) Effect of Head on Factor of Safety Value (Koerner & 

Soong 2000) 

1.12 Objectives of This Study 

The present study aimed to develop a new method to predict the in-plane flow capacity 

of geosynthetic drainage materials used in the leachate collection and removal systems 

of waste containment facilities. This method can be considered a more accurate tool to 

predict the long-term hydraulic behaviour of geonet materials, in comparison with the 

approach of using reduction factors. 

The purpose of the research was to develop an innovative approach to find the allowable 

transmissivity, particularly for each geonet or geocomposite drain (GCD), considering 

the material’s physical characteristics (including geometry, manufactural method, 

polymer compound strength and so on), position in the leachate removal system (i.e., 

the properties of the underlying and overhead materials) and compressive stress 

experienced during its lifespan because of waste load. Unlike the approach of using 

reduction factors, in which a range of values for allowable transmissivity is acquired, in 

the recent method, the allowable flow capacity is precisely calculated. For this purpose, 

three main steps were taken: 
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1. Study of the behaviour of geonets under different compressive stresses to 

investigate the effect of the material’s geometry on the hydraulic capacity. 

2. Modification of a classical equation that expresses flow in porous mediums to be 

effectively applied in geosynthetic drainage materials. 

3. Quantification of the effect of the intrusion of adjacent materials on the 

hydraulic behaviour of these drains. 

Improved knowledge of the hydraulic behaviour of a geosynthetic drainage material in a 

leachate collection and removal system will help engineers to design waste management 

facilities more effectively. Considering the ever-increasing use of geosynthetic materials 

in waste containment facilities, such a method can be considered an appropriate 

contribution to the waste management industry. 

1.13 Organisation of the Thesis 

The first chapter of this thesis has provided a general introduction, emphasising the 

research background and purposes. Chapter 2 presents a literature review with a focus 

on the factors that affect the hydraulic capacity of geosynthetic drains and the methods 

to determine the value of transmissivity. This chapter also discusses the gap in the 

previous research and the significance of the current study. 

Chapter 3 describes the theoretical background and methodology of the research. This 

chapter first derives a theoretical relationship that quantifies the effect of the thickness 

reduction of drainage materials on the transmissivity reduction, based on the classical 

Kozeny–Carman equation. This equation is then modified exclusively for each type of 

geonet drain and to be used in various boundary conditions. The method of 

investigation of the accuracy of these equations is also discussed. The next section of 

the chapter explains the methodology of quantifying the effect of intrusion phenomenon 

on the hydraulic capacity of geonets. 

Chapter 4 deals with materials and testing methods. Two types of experiment—

including transmissivity and intrusion tests—are used in this study to achieve the 

research goals. This chapter describes the test details, including the equipment, 

procedure, calculations and testing materials. 

Chapter 5 compares the behaviour of the two main types of geonet material under a 

range of compressive stresses to investigate the effect of the geometry of the ribs on the 
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hydraulic capacity. For this purpose, this chapter presents and interprets the results of 

the transmissivity test performed on the bi-planar and tri-planar geonet samples under 

the specified range of compressive stress and hydraulic gradient. 

Chapter 6 investigates the accuracy of the modified Kozeny–Carman equations derived 

in Chapter 3. For this purpose, the reduction in allowable transmissivity is found using 

two methods, including theoretical equations and experiment results, for each type of 

geonet material. The two sets of values are then compared. Agreement between the 

theoretical and experimental values would confirm the competency of the modified 

Kozeny–Carman equations in predicting the hydraulic behaviour of geonet drains used 

in LCSs. 

Chapter 7 quantifies the effect of intrusion phenomenon on the hydraulic capacity of 

geonets by determining the experimental relationships. For this purpose, a series of 

intrusion tests are performed on both the tri-planar and bi-planar geonet samples, and 

the parameters that affect the intrusion are identified, weighted and formulated. 

Chapter 8 presents the discussion and conclusions. Some suggestions for future works 

are also included. 

In diagram format, Appendix 1 summarises the transmissivity test results, while 

Appendix 2 presents the creep curves form intrusion test results. 

Included in this thesis are papers in Chapters 5, 6 and 7. Following is the list of papers 

published in peer-reviewed journals and conference proceedings: 

 Yarahmadi, N, Gratchev, I, Jeng, D-S & Gibbs, D 2016, ‘Effects of thickness 

reduction on hydraulic transmissivity of geonets used in leachate collection 

systems in landfills’, in Proceedings of 19th Southeast Asian Geotechnical 

Conference & 2nd AGSSEA Conference, 31May-3June, Kuala Lumpur, 

Malaysia, pp. 777–782. 

 Yarahmadi, N, Gratchev, I, Jeng, D-S & Gibbs, D 2016, ‘A comparison between 

hydraulic behaviour of tri-planar and bi-planar geonets in landfills leachate 

collection and removal systems’, in Proceedings of International Conference on 

Geo-mechanics. Geo-energy and Geo-resources (IC3G), 28-29September, 

Melbourne, VIC, viewed www.ic3g.com 

http://www.ic3g.com/
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 Yarahmadi, N, Gratchev, I & Jeng, D-S 2017, ‘The effect of thickness reduction 

on hydraulic transmissivity of geonet drains using rigid and non-rigid flow 

boundaries’, Geotextiles and Geomembranes, vol. 45, pp. 48–57. (Chapter 6) 

 Yarahmadi, N, Gratchev, I & Jeng, D-S 2018, ‘The effect of structural 

configuration on hydraulic capacity of geonet drains used in landfills’, 

Electronic Journal of Geotechnical Engineering, vol. 23, no. 1, pp. 31–40. 

(Chapter 5) 

 Yarahmadi, N, Gratchev, I & Jeng, D-S 2018, ‘A new approach to evaluate the 

effect of non-rigid flow boundaries on hydraulic capacity of tri-planar and bi-

planar geonets’, under peer-review. (Chapter 7) 
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Chapter 2: Literature Review and Research Significance 

2.1 Literature Review 

The hydraulic behaviour of geosynthetic drainage materials has been investigated in 

many previous studies. Based on the focused areas, these studies can be divided into 

seven main categories, as explained below. This chapter also presents the results of the 

studies that concentrated on the range of compressive stresses imposed on the drainage 

materials in the leachate collection and removal systems of landfills. 

2.1.1 Factors that Affect In-plane Flow Capacity 

Several researchers have presented important contributions to the study of the hydraulic 

characteristics of geosynthetic drains. The primary studies mainly focused on 

investigating the factors that affect transmissivity in geosynthetics, with no attempt to 

quantify such effects. These factors were primarily confining stress, hydraulic 

boundaries and hydraulic gradients. Performing transmissivity tests was the major 

method of most of these studies, pioneered by the work of Gourc (1982); Gourc et al. 

(1982a, 1982b); Rollin, Masounave and Lafleur (1982); and Mc Gown, Kabir and 

Murray (1982). Raumann (1982) studied the transmissivity of geotextile materials. 

Geotextiles generally comprise more easily compressible material than geonets. 

Raumann experimentally determined the values of hydraulic conductivity as a function 

of the pressure exerted on the geotextile. In all cases, the transmissivity was reduced as 

the normal pressure increased. 

Williams, Giroud and Bonaparte (1984) aimed to provide practical information about 

the properties of plastic nets. For this purpose, transmissivity tests were conducted with 

a hydraulic gradient between 0.1 and 1.5, and normal stress from 10 to 500 kPa, on 

three different nets. The results showed that, in most of the tests, the transmissivity 

decreased with the hydraulic gradient, which indicated a turbulent flow regime in the 

test specimen; however, in a few tests, the hydraulic transmissivity did not vary with the 

hydraulic gradient, which showed the laminar flow. It was also found that, in all tests, 

the hydraulic transmissivity decreased with increasing normal stress. The hydraulic 

transmissivity of two of three tested specimens was about two to four times greater at 

10 kPa than at 200 kPa, and about 10 to 100 times greater at 10 kPa than at 500 kPa. 

The flexibility of the upper and lower boundary materials placed on the geonet, the type 
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of nets and the number of net layers were also found to govern the available flow 

capacity. It was also concluded that the hydraulic transmissivities of multiple layers of 

plastic nets were approximately additive under rigid boundary test conditions. Koerner 

and Bove (1983) and Gerry and Raymond (1983) also previously indicated that an 

increase in transmissivity because of multiple geosynthetic layers was approximately 

proportional to the thickness of the total number of layers. 

Lombard (1985) and Faure (1988) also examined the deformation and drainage capacity 

characteristics of the geosynthetics under confinement. Cancelli, Cazzuffi and Rimoldi 

(1987) sought to attract the attention of researchers to the properties of the whole 

geocomposite system, rather than single components. They investigated the mechanical 

and hydraulic behaviour six of different prefabricated geocomposites by performing 

tensile, compression creep and transmissivity tests. The transmissivity tests were 

conducted under four values of hydraulic gradient, ranging from 0.5 to 2, and eight 

values of compressive stress, ranging from 5 to 1000 kPa. The results obtained from the 

research program emphasised the great influence of the drainage core and structure of 

the geocomposite on the compression, creep and transmissivity behaviour of the whole 

geocomposite. 

Kalbasuk, Lydick and Reed (1992) stated that following ASTM D4716 to determine the 

transmissivity of geonets may not itself be adequate to generate reproducible numbers 

between laboratories. The transmissivity values may be misleading when considering 

them for design purposes because variables not specified in the test procedure (such as 

seating time, test temperature and aspect ratio) have significant effects on the test 

results. The researchers recommended that these parameters and other effective factors 

must be considered when creating a test program intended to provide design 

information. With more complex performance tests—such as transmissivity evaluations 

of profiles containing more than one component—consideration must also be given to 

the interaction of the components. The researchers also suggested that more research 

should be performed with a broader range of materials, and the results should be used to 

improve ASTM D4716. In 1998, Müller-Rochholz and Bronstein (1998) compared the 

transmissivity test results from three test procedures, including CEN (ISO 12958), 

ASTM D4716-87 standards and an old German method proposed by the Franzius 

Institute (DIN60500T7), and demonstrated that the test procedure recommended by the 

ASTM resulted in the lowest transmissivity. 
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For the first time, Eith and Koerner (1992) presented data from a full field test of a 

geonet placed between two geomembranes used as a leak detection system for a solid 

waste landfill. The landfill site was 1.54 ha in area, with the geonet covering 0.87 ha of 

the base of the cell. Approximately 2300 litres of water were injected at three different 

times at landfill waste height, corresponding to 12153 and 311 kPa of normal stresses. 

The measured percentages of recovered leachate within a 15-hour period were 93.9%, 

89.6% and 81.2%, respectively, which indicated that increasing normal stress, as 

anticipated, would lead to a decrease in transmissivity because of the elastic intrusion of 

the geomembrane into the geonet under the gradually increasing normal stress. The 

results also indicated that geonets are effective in their liquid transmissivity capabilities 

and are viable drainage materials under actual full-scale field conditions, and should 

certainly be considered a replacement for natural granular soil in drainage media. 

Choy (1993) and Fannin and Choy (1995) performed transmissivity tests on geonets 

confined between a pair of geomembranes under five increments of compressive stress, 

ranging from 25 to 400 kPa. Each successive increment of stress was applied for 24 

hours. The test program evaluated four geonets and seven geomembranes, resulting in 

28 geomembrane–geonet–geomembrane specimen combinations. Measurements of flow 

rate per unit width through the geonet were taken at five hydraulic gradients between 

the values of 0.02 and 0.10. Therefore, a total of 700 conditions of flow measurements 

were performed. The relationships between flow rate and time, hydraulic gradient and 

confining stress were then used to characterise the hydraulic behaviour of the geonet in 

different ways. In terms of flow regime, the relationship between flow rate and 

hydraulic gradient was found to be nonlinear even at low hydraulic gradients—that is, 

i < 0.1. Consequently, the flow regime in the geonet was concluded to be semi-

turbulent, rather than laminar. 

In terms of the compressibility, the results showed that the flow rate at constant 

hydraulic gradient and compressive stress was strongly influenced by the strength of the 

geonet, and the HDPE geonets had higher compressive strength and tended to compress 

less. Regarding intrusion, it was concluded that the stiffness of the adjacent construction 

material (such as a geomembrane liner) extensively affected transmissivity, and a stiffer 

geomembrane showed less tendency to intrude into the pore space of the geonet, while a 

geonet with narrower flow channels was less susceptible to intrusion. Extrapolation of 

the results showed that flow capacity would decrease by 30 to 67% after a period of 

28.5 years as a result of creep and intrusion; thus, a factor of safety for creep and 
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intrusion of 1.75 to 3 may be appropriate, depending on material properties, for a 

performance period of about 30 years. Interpretation of the data also addressed a 

comparison of flow behaviour in the geonet with that of fine gravel. In contrast to the 

behaviour of gravels, the stress dependency of the hydraulic capacity of geonets may be 

expected at magnitudes of confining stress that result in a compression of the geonet 

and/or intrusion of the geomembrane into the apertures of the geonet. 

Rad, Gokmen and Stalcup (1998) investigated the effects of various testing parameters 

on the hydraulic transmissivity of the GCDs that were commonly used in leak detection 

and LCSs of contemporary landfills. The researchers used four test specimen 

configurations, including a geonet, geomembrane, geotextile and GCL, as shown in 

Figure 2.1. Tests were performed using vertical stresses ranging from 24 to 766 kPa, a 

hydraulic gradient ranging from 0.1 to 0.5 and a test duration varying from several to 

120 days. The results showed that the lower the hydraulic gradient and lower the 

vertical load, the higher the transmissivity. The study also confirmed the considerable 

effect of the physical and mechanical properties of the materials used in the GCD on its 

overall transmissivity, and the reduction of the hydraulic transmissivity of a geonet 

because of possible penetration of the overlying geotextile into geonet channels. 

 

Figure 2.1: Schematic Diagram of Four Different Test Configurations (Rad, 

Gokmen & Stalcup 1998) 

Jaisi, Glawe and Bergado (2005) also performed extensive transmissivity tests on 

several profile configurations of geosynthetic drainage materials to evaluate the effects 

of boundary materials, hydraulic gradients and applied normal stresses on the flow rate 

behaviour of geosynthetic materials, and to assess their performance in primary and 

secondary leachate collection and removal systems in the Sa Kaeo hazardous landfill in 

Thailand. Nine different profile configurations were tested, each with a combination of 

geonet, geotextiles, geomembrane, GCL and CCL. Three different geonets were used in 
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each configuration. The short-term flow test was undertaken for each configuration at 

six normal stress levels, ranging from 50 to 800 kPa, and nine hydraulic gradients, 

ranging from 0.005 to 1.0. The results showed that the flow rate increased with 

increasing hydraulic gradient for all types of geonets and configurations tested, and the 

relationship between flow rate and hydraulic gradient was linear on log–log scale. It was 

also concluded that the flow rate successively reduced with the addition of geosynthetic 

layers in the drainage system and with increasing normal load, and the degree of flow 

rate reduction was found to be mostly dependent on the retained thickness of the 

transmissive core. 

2.1.2 Creep in Geosynthetic Drains 

Geosynthetics are susceptible to creep, which leads to time-dependent strains and 

potentially induces deformation of the structural systems. Creep of geosynthetics has 

been investigated since the 1980s, mostly in relation to tensile properties and 

reinforcement applications (Sawicki & Kazimierowicz-Frankowska 1998). Luciani 

(1985) studied the characteristics and behaviour of six geocomposites with high 

drainage capacity for up to approximately 300 hours. It was concluded that the creep 

behaviour of geocomposite drainage products was strongly dependent on the product’s 

manufacturing method (e.g., an entangled mat of compressible fibres of one type of 

geocomposite versus an extruded stiff, sheet-like waffle core of another). 

Smith and Kraemer (1987) concentrated on the tendency of GCDs to creep, and 

evaluated test methods to quantify creep behaviour. The study included compression 

tests, two types of creep tests and in-plane flow tests. They demonstrated that creep can 

potentially reduce in-plane flow capacity significantly, even to the point of collapse or 

closure of the drain. The greater compressive stress applied, the greater the creep rate 

and the shorter the time to failure. They also concluded that creep failure can occur 

under confining stresses as low as about one half of the compressive yield stress. 

Hwe, Koerner and Sprague (1990) examined the creep behaviour of geotextiles via 

1000 hours of tests, and demonstrated that, while the polyester geotextiles showed 

constant flow rates, the polypropylene geotextiles had a slight tendency to decrease in 

their flow capacity. In another attempt to investigate the effect of creep on the hydraulic 

behaviour of synthetic drains, Campbell and Wu (1994) found that flow rate decreased 

up to 50% in 100 hours from the 15-minute value because of the creep of the geonet 

core in GCDs. Therefore, they concluded that the minimum wait period of 15 minutes 
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specified in ASTM D4716 does not adequately account for the time-dependent 

reduction of the flow capacity of geosynthetic drains. Although the effect of creep on 

the drainage capacity of geosynthetics was confirmed by several studies, it was not until 

1994 that Koerner recommended considering compressive creep as one of the possible 

reduction factors affecting the long-term design of drainage geosynthetics, in addition to 

immediate compressive stress. 

A series of studies on the long-term performance of geosynthetic drains was performed 

in the early 2000s. They first revealed that the creep behaviour of the drainage core 

between the filter layers is the most important factor for the long-term discharge 

capacity, while the deformation of the filters seemed less important (Müller-Rochholz 

& Bronstein 2000; Müller-Rochholz et al. 2002; Müller-Rochholz, Heerten & von 

Maubeuge 2000). However, further intensive work on the creep of drainage materials 

and discharge capacity showed that the influence of the boundary materials is 

significant, and the effect of the deformation of the filter was underestimated. 

Müller-Rochholz et al. (2006) performed a new investigation to study the effect of filter 

creep on the long-term discharge capacity of different geodrains with soil contact. The 

tested samples with different soils as the boundary material were filled under load with 

epoxy resin, as shown in Figure 2.2, so that the deformations and shape of the different 

sags could be analysed. The results confirmed that the creep deformation of the filter 

decreased the volume and discharge capacity. Chai, Miura and Nomura (2004) 

conducted long-term (200-day) hydraulic tests under confinement stresses of up to 

50 kPa, and confirmed that long-term drainage capacities were better preserved by 

geocomposites using stiff filters and a stiff and resisting core. Jaisi, Glawe and Bergado 

(2005) demonstrated that a geonet with a higher immediate compression factor also 

showed a comparatively higher flow rate reduction in the creep test. 

 

Figure 2.2: Specimen Cross-section Filled with Epoxy Resin (Müller-Rochholz et 

al. 2006) 
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Jarousseau and Gallo (2004) tested four geocomposite drainage systems with different 

drainage core to creep, both for single compressive and compressive plus shear loading. 

The results showed that load had an immediate effect on the thickness of all products, 

and shear loading significantly affected thickness reduction. The most sensitive product 

to shear stress lost 15 to 30% more of its thickness under compressive and shear 

stresses, compared with when it just was subjected to compressive stress. Therefore, it 

was recommended that all geocomposite products should be systematically subjected to 

creep test, including shear load. 

Yeo (2007) used four creep test methods to evaluate the creep behaviour of geosynthetic 

materials, including time–temperature superposition (TTS), stepped isothermal method 

(SIM), time–temperature–stress superposition (TTSS) and a conventional method. TTS, 

SIM and TTTS are accelerated creep methods that shorten the long testing duration by 

using elevated temperatures. Different types of geosynthetics were tested in this 

research, including drainage components (HDPE bi-planar geonet, geocomposite and 

expanded polystyrene geofoam), polyethylene-terephthalate geogrids and HDPE 

geogrids. For the geonet and geocomposite, the tests were also performed under 

compressive loads at different inclined angles to simulate the application in the side 

slope of landfills. The results demonstrated that the creep behaviour of the 

geocomposite, showing only primary creep stage, was substantially different from that 

of the corresponding geonet, which its creep behaviour is divided into two stages. The 

absence of the secondary creep in geocomposite samples was due to the localised 

interface friction between the needle-punched nonwoven geotextile and the geonet ribs. 

It was also shown that the creep strains of the drainage components increased with 

inclined angles for both the geonet and geocomposite. 

2.1.3 Effect of Flow Boundaries 

2.1.3.1 General Research 

As mentioned in the previous chapter, in practice, a geosynthetic drain is almost always 

located between two materials, acting as boundaries for the flow. Flow boundaries are 

not necessarily smooth and rigid. When non-rigid flow boundaries intrude into drain 

openings, a portion of the pore volume is clogged and cannot effectively contribute to 

passing flow. Hwe, Koerner and Sprague’s (1990) study might have been the first 

attempt to investigate intrusion into geonets. The researchers investigated the intrusion 

of a wide variety of needle-punched nonwoven geotextiles (different geotextile weight, 
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type and post-treatment conditions) topped with different types of soils, on at least one 

side of a 5.1 mm bi-planar geonet, under varying compressive stresses. Figure 2.3 

shows the details of the cross-section of the test profile. The results indicated that the 

geotextile/soil intrusion results in the geonet flow rate decreased 39 to 88% of the 

maximum capacity measured when the geonet was tested between solid platens, and, as 

expected, increasing pressure increased intrusion, thereby decreasing the flow rate. It 

was also concluded that geotextile mass per unit area was not a very sensitive variable 

and did not affect the intrusion. Sand overlying the geotextile resulted in less intrusion, 

compared with clay. This was probably because of the ability of sand to arch from rib to 

rib, which is unlikely with saturated clay. Continuous filament geotextiles appeared to 

intrude less into the geonet, compared with the staple fibre geotextiles. Various types of 

fabrics stiffening generally resulted in an increased flow rate because of an increase in 

initial modulus, which helped reduce the intrusion, but only to modest extents. The use 

of a composite fabric (a needle-punched nonwoven over woven silt film) was shown to 

be greatly effective in increasing the flow rate because this composite fabric had both 

high modules to reduce intrusion and multiple fibres to reduce extrusion of the soil into 

the geonet. 

 
Figure 2.3: Details of Cross-section of Test Profile (Hwe, Koerner & Sprague 1990) 

Campbell and Wu (1994) investigated the effect of boundary material (including 

geomembrane, geotextile, sand, clay, two GCLs and foam rubber) on the in-plane flow 

behaviour of four geosynthetics, including three geonets and one geocomposite, for 

landfill drainage applications. They demonstrated that, when the boundary material 

intruded in the drainage core, the flow rate was lower in comparison with two 

geomembranes as the flow boundary. The type of soil did not indicate a large effect on 

the flow rate. Foam rubber was also deduced to be a suitable replacement for the soil as 

a boundary material for flow testing. 

Fannin and Choy (1995) also studied the influence of intrusion phenomenon on 

hydraulic behaviour. Transmissivity tests were performed on a geonet confined between 

a pair of geomembranes. Three different geonets and five geomembranes were 
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examined and the variation of flow rate with time was monitored at a constant hydraulic 

gradient and confining stress. It was demonstrated that the flow capacity of a geonet 

between two geomembranes decreased with time because of intrusion. Selection of the 

optimum combination of materials was found to be dependent on the stiffness and 

surface texture of the geomembrane and structure of the geonet. For a particular geonet, 

the reduction in flow capacity was relatively smaller for stiffer geomembranes. Müller-

Rochholz et al. (2004) later confirmed that a clear correspondence existed between the 

stiffness of the filter and the discharge capacity under different loads. Higher stiffness or 

higher initial modulus of the geotextile filter resulted in higher retained discharge 

capacity. 

Böttcher (2006) also underlined the importance of the support system in hydraulic tests. 

The researcher demonstrated that the real decrease in flow capacity is sometimes much 

higher than considered by short-term generated factors for geotextile intrusion. 

Robinson and Erak (2014) confirmed that published reduction factors for intrusion 

(RFin) are underestimated; therefore, laboratory testing should be performed to evaluate 

the flow performance of drainage geocomposites on a site-specific basis. Hard–hard 

platen tests are valid only if the geocomposite is between rigid and hard surfaces, such 

as concrete and/or a geomembrane lining. Using flow values that are unrepresentative of 

those to be used in site-specific situations could result in insufficient drainage capacity 

on site. Robinson and Erak also presented the results from slope stability calculations 

and suggested that this insufficient drainage capacity may lead to a significant reduction 

of the factor of safety on landfill slopes. 

Touze-Foltz, Hérault and Stoltz (2014) reviewed the French regulation on waste 

landfilling (French standard NF G38-061, dedicated to the design of geosynthetic 

drainage systems), which allows the use of drainage geocomposites to replace part of 

the granular drainage layer at the bottom of landfills. Water flow capacity tests were 

performed on four drainage geocomposites with different types of drainage cores, with 

two types of contact area, including a rigid plate and foam layer, and under the 

compressive stress of 200 kPa. The results demonstrated that the flow rate of the 

drainage geocomposites confined between two rigid plates was 134 to 202% of the 

corresponding flow rate measured between two foam layers after eight minutes (which 

is the seating time defined in EN ISO 12958). The researchers recommended that the 

influence of the intrusion phenomenon on the hydraulic performance of the geosynthetic 
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products should be identified and quantified to be introduced in the prediction of in-

plane flow capacity and the long-term design of drainage geocomposites. 

2.1.3.2 Quantification of Effect of Smooth and Rigid Flow Boundary 

As discussed, all general studies on the effect of flow boundary were mainly limited to 

identifying the factors that affect intrusion and reporting the range of transmissivity 

reduction as a result of this phenomenon. The only attempt to quantify the effect of flow 

boundaries on the hydraulic capacity of synthetic drains was performed by Giroud, 

Gourc and Kavazanjian (2012a). Since the method of quantification was modified and 

developed in the present study, it is presented in detail below. This research was purely 

theoretical, and future researchers were encouraged to perform tests to evaluate the 

theoretical results. 

It is well known that the hydraulic characteristics of a drainage material subject to 

laminar flow (i.e., its hydraulic conductivity and hydraulic transmissivity) are inversely 

proportional to the square of the specific surface area of the drainage material and 

proportional to the square of the average flow path diameter. Therefore, these two 

parameters have a significant influence on the hydraulic characteristics of geosynthetic 

drains. The researchers sought to quantify the effect of smooth and rigid flow 

boundaries on these two parameters. 

The specific surface area of a solid is defined as the ratio of the surface area and volume 

of the solid. To quantify the effect of flow boundaries, two different specific surface 

areas were considered in this research: the intrinsic specific surface area of the drainage 

material, which results only from the solid constituents of the porous drainage material, 

and the apparent specific surface area, which also includes the contribution of the 

smooth and rigid flow boundaries. It is assumed that the solid elements of a given 

geosynthetic drainage material can be represented by cylinders of great length and 

circular cross-section with a diameter of dG. As a result of the great length, the cross-

sectional area of the ends of the solid elements can be neglected. In this case, the 

intrinsic specific surface area is calculated using Equation 2.1: 

SSi =
As

Vs
=

L(πdG)

L(
πdG
2

4
)

=
4

dG
        (2.1) 

where SSi (m
-1

) is the intrinsic surface area, AS (m
2
) is the surface area of the solid 

elements of the geosynthetic, VS (m
3
) is the volume of the solid elements, L (m) is the 



39 

length of the solid elements and dG (m) is the diameter of the solid elements. Equation 

2.1 can be used for all geosynthetics, where the solid elements are all identical and have 

an approximately circular cross-section that is constant over the entire length of each 

solid element. For example, dG is the fibre diameter in the case of a nonwoven 

geotextile and the approximate diameter of the ribs in the case of a geonet. 

For a geosynthetic drain located between flow boundaries, the friction forces that slow 

down the flow occur not only at the surface of the solid constituents of the geosynthetic, 

but also at the surface of the flow boundaries. Therefore, the specific surface area of the 

geosynthetic drain to be considered in flow analyses results not only from the surface of 

the solid constituents, but also from the surface of the flow boundaries. Therefore, 

apparent surface area is calculated using Equation 2.2: 

Ssa = SSi + SSB         (2.2) 

where SSa (m
-1

) is the apparent surface area, and SSB (m
-1

) is the contribution of the flow 

boundaries to the specific surface area, defined by Equation 2.3: 

SSB =
AB

Vs
          (2.3) 

where AB (m
2
) is the surface area of the boundaries. In the case of flow boundaries that 

are both smooth and rigid (i.e., boundaries that are and remain planar), the surface area 

of the boundaries is given by Equation 2.4: 

AB = 2AG          (2.4) 

where AG (m
2
) is the surface area occupied by the considered geosynthetic drain. The 

following relationship exists between the surface area, the thickness of the geosynthetic 

(tD) and the volume occupied by the geosynthetic (V): 

V = tDAG          (2.5) 

Combining Equations 2.3, 2.4 and 2.5 gives: 

SSB =
2V

tDVs
          (2.6) 

Based on the classical definition of porosity (n): 

VS

V
= 1 − n          (2.7) 
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Combining Equations 2.6 and 2.7 gives: 

SSB =
2

tD(1−n)
          (2.8) 

The following relationship exists between the porosity of a geosynthetic and its 

thickness (Giroud & Perfetti 1977): 

n = 1 −
μ

ρp tD
          (2.9) 

where μ (kg/m
2
) is the mass per unit area of the geosynthetic, and ρp (kg/m

3
) is the 

density of the polymeric compound used to create the geosynthetic. Combining 

Equations 2.8 and 2.9 gives: 

SSB =
2ρp

μ
          (2.10) 

Combining Equations 2.1, 2.2 and 2.10 gives: 

SSa =
4

dG
+
2ρp

μ
          (2.11) 

Equation 2.11 shows that, for the case of boundaries that are both smooth and rigid, the 

apparent specific surface area is generally constant when the geosynthetic is compressed 

because µG and ρp do not vary when the geosynthetic thickness decreases, and dG can be 

considered constant as long as the solid elements of the geosynthetic drain are 

reorganised or reoriented, but not crushed, when the geosynthetic is compressed. This 

condition is met to an extremely high level of compressive stress in the case of needle-

punched, nonwoven geotextiles, and is met in the case of geonets to a level of 

compressive stress that depends on the structure of the geonet (because, for some 

geonets, the ribs can be crushed by high stresses within the range of stresses that exists 

in geotechnical structures). 

The average flow path diameter of a porous material is the average diameter of flow 

channels typically used in theoretical analyses of flow through the considered porous 

medium. Like specific surface area, two different average flow path diameters were 

defined in this research: the intrinsic and apparent specific flow path diameters. As 

indicated by Gourc (1982) and Gourc et al. (1982a, 1982b), the average flow path 

diameter can be taken as equal to the average hydraulic diameter defined by Kozeny 
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(1927a, 1927b), which is four times the ratio of the volume of voids and the surface area 

of the solid elements of the porous medium, as shown in Equation 2.12: 

dFPi =
4VV

AS
          (2.12) 

where dFPi (m) is the intrinsic average flow path diameters, and Vv (m
3
) is the volume of 

voids in a porous medium. The surface area of the particles, AS, is equal to the product 

of their volume, VS, and their specific surface area, SSi: 

AS = VSSSi          (2.13) 

Combining Equations 2.7 and 2.13 gives: 

AS = V(1 − n)SSi         (2.14) 

In a unit volume of porous material, the volume of voids is equal to the porosity. Hence, 

in a volume, V: 

VV = nV          (2.15) 

Combining Equations 2.12, 2.14 and 2.15 gives the following expression for the 

intrinsic average flow path diameter: 

dFPi =
4n

SSi(1−n)
          (2.16) 

Combining Equations 2.1, 2.9 and 2.16 gives: 

dFPi = (
ρp tD

μ
− 1) dG         (2.17) 

Equations 2.16 and 2.17 do not take into account the effect of the flow boundaries. In 

practice, the flow is somehow restricted, and the average flow path diameter is 

decreased by the presence of the flow boundaries. Therefore, an apparent average flow 

path diameter must be calculated. The apparent average flow path diameter of a 

geosynthetic drain is also calculated using Equation 2.12. The denominator of Equation 

2.12 is given by the following equation, which is Equation 2.14 with an additional term 

to account for the boundaries: 

AS = (1 − n)VSSi + 2AG        (2.18) 

Combining Equations 2.12, 2.15 and 2.18 gives: 
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dFPa =
4nV

(1−n)VSSi+2AG
         (2.19) 

Combining Equations 2.1, 2.5 and 2.19 gives the following expression for the apparent 

average flow path diameter for the case where the flow boundaries are both smooth and 

rigid: 

dFPa =
2n

2(1−n)

dG
+
1

tD

         (2.20) 

Combining Equations 2.9 and 2.20 gives: 

dFPa =
2(
ρp tD
μ
−1)

2

dG
+
ρp 

μ

         (2.21) 

Equation 2.21 shows that the only variable when the geosynthetic is being compressed 

is the geosynthetic thickness, assuming that the solid elements of the geosynthetic are 

not significantly crushed when the geosynthetic is compressed. This makes it possible to 

evaluate the influence of compression on the apparent average flow path diameter. 

In the case of needle-punched, nonwoven geotextiles, the diameter of solid elements is 

the fibre diameter. Hence, in a needle-punched, nonwoven geotextile: 

dG = dF           (2.22) 

Therefore, the intrinsic and apparent specific surface areas do not vary when the needle-

punched, nonwoven geotextile is compressed (assuming that the compressive stress 

does not crush the fibres), based on Equations 2.1 and 2.11. In contrast, the intrinsic and 

apparent average flow path diameters decrease significantly when the needle-punched, 

nonwoven geotextile is compressed because of the existence of the term tD in Equations 

2.17 and 2.21. Based on Equation 2.16, the apparent average flow path diameter of a 

needle-punched, nonwoven geotextile is nine times the fibre diameter when the porosity 

is 0.9, and almost twice the fibre diameter when the porosity is 0.7, which may occur 

under a compressive stress that is high, yet still much lower than the compressive stress 

that would crush typical fibres. As indicated by Giroud (1996), a needle-punched, 

nonwoven geotextile with an initial porosity of 0.9 has a porosity of 0.7 under a 

compressive stress of approximately 500 kPa. The contribution of flow boundaries that 

are both smooth and rigid to the specific surface area is negligible, as evidenced by the 

small difference between the intrinsic specific surface area and apparent specific surface 
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area, and the small difference between the intrinsic average flow path diameter and 

apparent average flow path diameter. In conclusion, for needle-punched, nonwoven 

geotextiles, the effect of flow boundaries that are both smooth and rigid on the hydraulic 

properties is negligible, and compressive stress has a negligible effect on the specific 

surface area and a significant effect on the average flow path diameter. 

Typical bi-planar geonets consist of two sets of identical ribs on top of each other. 

Therefore, bi-planar geonets can be approximately modelled by two sets of identical 

cylinders with a diameter equal to half the thickness of the geonet. Hence, in a bi-planar 

geonet: 

dG = tD /2          (2.23) 

Similarly, typical tri-planar geonets consist of one set of parallel ribs with a large cross-

section area located between two layers of ribs with a small cross-section area. With this 

type of tri-planar geonet, the flow is essentially governed by the ribs having a large 

cross-section area. Therefore, it is assumed that tri-planar geonets can be approximately 

modelled by one set of identical cylinders with a diameter equal to the geonet thickness. 

Hence, in a tri-planar geonet: 

dG = tD           (2.24) 

Substituting Equations 2.23 and 2.24 in Equations 2.1, 2.11, 2.17 and 2.21, it is 

concluded that both the specific surface area and average flow path diameter of a geonet 

are significantly affected by flow boundaries that are both smooth and rigid, as 

evidenced by the significant difference between intrinsic and apparent values, and they 

would probably be more affected by non-smooth and/or non-rigid boundaries, since the 

surface area of a non-smooth and/or deformed non-rigid boundary is greater than the 

surface area of a smooth boundary. Based on Equation 2.21, for the case where the flow 

boundaries are both smooth and rigid, the apparent average flow path diameter of a 

geonet is approximately equal to the thickness of the geonet. From a design standpoint, 

it should be noted that the hydraulic transmissivity of a geonet drain is governed more 

by the boundary conditions than by the geonet itself. Therefore, hydraulic transmissivity 

test results should always be given with a detailed description of the boundary 

conditions. 

For the sake of comparison, the methodology was also applied to granular drains, and it 

was shown that the effect of flow boundaries was generally negligible in the case of 
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granular (sand and gravel) drains. More generally, it was concluded that the effect of 

flow boundaries that were smooth and rigid was negligible when the drain thickness 

was at least 20 times the size of the solid constituents of the drainage material, such as 

the diameter of the granular particles, or the diameter of geotextile fibres and geonet 

ribs. 

2.1.3.3 Effect of Geosynthetic Clay Liner on In-plane Flow Capacity 

Some research on the influence of flow boundaries has specifically focused on GCLs as 

a common boundary material for geosynthetic drains in different applications. In 

landfills, GCLs may be used in conjunction with geomembranes and geonets as part of a 

double composite liner in a secondary LCS or leak detection layer, as shown in Figure 

2.4 (Dickinson, Brachman & Rowe 2010). Stresses that develop on these liners from the 

weight of the overlying waste could potentially cause the GCL to deform into the 

geonet.  

 

Figure 2.4: GCL Overlying a Geonet in Double Liner System (Dickinson, 

Brachman & Rowe 2010) 

Shaner and Menoff (1992) reported that the effect of bentonite geocomposite on the 

geonet drainage was severe when no geotextile separator was used between the geonet 

and geocomposite. Rad, Gokmen and Stalcup (1998) also confirmed that direct 

placement of a GCL on a geonet may strongly reduce its overall hydraulic 

transmissivity because of penetration of the GCL and possible migration of its bentonite 

component into geonet channels, and the presence of a layer of geotextile between the 

GCL and geonet reduces the GCL’s effect on the transmissivity of the geonet. Jaisi, 

Glawe and Bergado (2005) reported the flow test results for geonets with thicknesses 

between 5.0 and 6.3 mm and masses from 786 to 1219 g/m
2
 placed between a sodium 

bentonite GCL encapsulated between a woven and nonwoven geotextile with needle-

punching reinforcement and a geomembrane, and subject to overburden stress. It was 
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shown that, for an overburden stress of 200 kPa, the flow rate was reduced to between 

53 and 63% of the initial unloaded flow rate, depending on the type of geonet used, type 

of separating geotextile between the geonet and GCL, and hydraulic gradient across the 

geonet. 

When overlying a geonet and subjected to overburden pressures, the GCL deforms into 

the geonet and would be expected to experience a decrease in thickness. If this decrease 

in thickness is the result of the lateral extrusion of bentonite, as previously investigated 

by Koerner and Narejo (1995); Fox, DeBattista and Mast (2000); Stark, Choi and 

Akhtarshad (2004) and Dickinson and Brachman (2006, 2008), the bentonite 

experiences shear failure and moves laterally away from the points of contact with the 

geonet ribs into the adjacent voids in the geonet. This reduction in GCL thickness could 

adversely affect the performance of the GCL as a hydraulic barrier, since the hydraulic 

gradient across the GCL at these locations is magnified; hence, the leakage would 

increase because there would be no corresponding decrease in hydraulic conductivity. 

Dickinson, Brachman and Rowe (2010) examined the thickness and hydraulic 

performance of three GCLs overlying a geonet in the LCSs of MSW landfills subject to 

overburden stresses of 250 and 750 kPa. The results showed that the final GCL 

thickness was non-uniform, with thinner regions that were in direct contact with the 

geonet ribs, and thicker areas that occurred in between the geonet ribs. The amount of 

GCL intrusion into the geonet increased with increasing GCL water content, 

temperature, creep effects, the orientation of the geonet with respect to the flow 

direction and applied pressure. It was also found that the indentations in the GCL 

caused by intrusion into an underlying geonet did not negatively affect the hydraulic 

performance of GCL; however, the flow capacity of a geonet can be greatly reduced by 

GCL intrusion into the geonet. The lower geotextile of the GCL limited GCL intrusion 

into the geonet once it experienced sufficiently large deformations to overcome initial 

slack in its structure and mobilise some stiffness. 

2.1.4 Methods to Determine In-plane Flow Capacity of Geonets 

As described in the previous chapter, applying reduction factors to a short-term 

transmissivity test result was the first approach to determine the long-term flow capacity 

of geonets. However, recent studies have shown that real decrease in flow capacity can 

be much higher than considered by short-term generated reduction factors (Zanzinger, 

Sana & Dobart 2010). Several methods have been suggested by researchers to 
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determine the in-plane flow capacity of drainage materials. These methods generally 

concentrate on relationships between the hydraulic capacity and thickness of the 

drainage material. It is now well documented that increasing the compressive stress and 

creep effect both reduce thickness and hydraulic conductivity, thereby affecting the 

resulting transmissivity of geosynthetics.  

Gourc (1982) proposed the following relationship to determine the hydraulic 

conductivity of geotextiles under compression: 

k =
gπdf

2

2ϑ(1−n)REgCD
          (2.25) 

where g (m
2
/s) is the acceleration of gravity, df (m) is the geotextile fibre diameter, υ 

(m
2
/s) is the cinematic viscosity of the water, n is the porosity of the medium, CD is the 

drag coefficient and REg is the Reynolds number. Equation 2.25 was then modified 

based on the classical Kozeny–Carman (Carman 1937; Kozeny 1927a, 1927b) approach 

and the hypothesis of laminar flow in pipes by Giroud (1996), as shown in Equation 

2.26: 

k =
βρwgn

3df
2

16ηw(1−n)2
         (2.26) 

where β is a shape factor, ρw (kg/m
3
) is the density of the fluid and ŋw (kg/[m.s]) is the 

dynamic viscosity of the fluid. The dimensionless factor, β, is a function of the path 

tortuosity through the medium. The researcher suggested an average value of β = 0.11 

for nonwoven geotextiles. 

Palmeira and Gardoni (2000, 2002) investigated the accuracy of different theoretical 

expressions used to estimate the permeability of virgin and partially clogged nonwoven 

geotextiles. They concluded that the expression presented by Giroud (1996) 

demonstrated satisfactory accuracy for the prediction of the coefficient of permeability, 

and the equation could be applied as a useful tool to estimate the permeability of 

geotextiles under compression. 

Giroud, Zhao and Richardson (2000) presented a new theoretical relationship to 

quantify the reduction in hydraulic transmissivity resulting from a reduction in 

geosynthetic thickness based on the equation presented by Giroud (1996). Equation 2.26 

can be written as follows: 
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k =
𝜉n3

(1−n)2
          (2.27) 

where ξ (m/s) is a factor incorporating several parameters, including the characteristics 

of the fluid, such as density and viscosity, and the characteristics of the permeable 

medium, such as the shape and specific area of solid elements. Therefore, the 

relationship between the hydraulic conductivity, k1, of a geosynthetic when its porosity 

is n1, and its hydraulic conductivity, k2, when its porosity is n2, is given by the following 

equation derived from Equation 2.27: 

k2

k1
 = (

n2

n1
)
3

(
1−n1

1−n2
)
2

         (2.28) 

Combining Equations 2.9 and 2.28 gives: 

k2

k1
 = (

t1

t2
) (

t2−
μ
ρp ⁄

t1−
μ
ρp ⁄
)

3

         (2.29) 

The thickness of a geosynthetic is a function of both the compressive stress applied on 

the geosynthetic and the time duration in which the compressive stress is applied. 

Therefore, different thicknesses of a geosynthetic can be caused by either different 

compressive stresses or continued reduction in thickness under a constant compressive 

stress (creep). In particular, Equation 2.29 can be used to derive the hydraulic 

conductivity after compression from the hydraulic conductivity before compression, as 

a function of the geosynthetic thicknesses before and after compression. 

Equation 2.29 is the simplest relationship between k1, k2, t1 and t2. However, a 

relationship between k2/k1 and dt2/t1 can be derived from Equation 2.29 as follows: 

k2

k1
 = (

t1

t2
) (

t2/t1−
μ
(t1ρp)
⁄

1−
μ
(t1ρp )
⁄

)

3

= (
t1

t2
) (1 −

1−(t2/t1)

n1
)
3

     (2.30) 

From Equation 1.1, the relationship between the hydraulic transmissivity, θ1, of a 

geosynthetic when its thickness is t1, and its hydraulic transmissivity, θ2, when its 

thickness is t2, is given by the following equation: 

θ2

θ1
 = (

k2

k1
) (

t2

t1
)          (2.31) 

Combining Equations 2.30 and 2.31 gives Equation 2.32: 
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θ2

θ1
 = (1 −

1−(t2/t1)

n1
)
3

         (2.32) 

Equation 2.32 gives the ratio between the hydraulic transmissivity of a geosynthetic 

with a thickness of t2, and the hydraulic transmissivity of the same geosynthetic with a 

thickness of t1 as a function of the ratio of these two thicknesses and the porosity of the 

geosynthetic corresponding to thickness t1. In particular, Equation 2.32 can be used to 

derive the hydraulic transmissivity after compression, θ2, from the hydraulic 

transmissivity before compression, θ1, as a function of the thickness ratio after and 

before compression, t2/t1, and the porosity of the geosynthetic before compression, n1. 

The graph presented in Figure 2.5 presents numerical values of the θ2/θ1 ratio due to a 

thickness reduction from t1 to t2, as a function of the value of the porosity before 

thickness reduction, n1—that is, the porosity when the thickness is t1. It appears that the 

influence of thickness reduction on hydraulic transmissivity is very large, which is 

confirmed by experimental data. 

 

Figure 2.5: Value of Hydraulic Transmissivity Ratio as a Function of Thickness 

Ratio and Initial Porosity of the Geosynthetic (Giroud, Zhao & Richardson 2000) 

The researchers also compared experimental data and theoretical values calculated using 

Equation 2.32. The comparison result showed good agreement between the 

experimental data and theoretical calculations for both the geonet and geotextile 

samples. Therefore, Equation 2.32 can be considered a design tool, especially when the 

thickness reduction is due to creep, because it is impractical to conduct hydraulic 

transmissivity tests over a period that exceeds a few hundred hours, whereas the 

decrease of geosynthetic thickness during a very long period can be evaluated by using 
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compressive creep tests that are performed over a long time and/or accelerated using 

TTS. Figure 2.6 illustrates the comparison between the theoretical and experimental 

values of θ/θ0 (θ0 is the hydraulic transmissivity value that corresponds to the lowest 

compressive stress in a series of hydraulic transmissivity tests performed under various 

compressive stresses) at different hydraulic gradients for a HDPE geonet sample. 

 

Figure 2.6: Comparison between Theoretical and Experimental Values of θ/θ0 for 

a HDPE Geonet (Giroud, Zhao & Richardson 2000) 

Based on Equation 2.32, the hydraulic transmissivity reduction factor due to thickness 

reduction resulting from immediate compression, RFCO, can be expressed as follows: 

RFCO  =
1

(1−

1−(
tCO

tvirgin
)

nvirgin
)

3 = (
nvirgin

(
tCO

tvirgin
)−(1−nvirgin)

)

3

     (2.33) 

where tvirgin is the geosynthetic thickness before applying any compressive stress, tCO is 

the geosynthetic thickness immediately after applying the compressive stress, and nvirgin 

is the porosity of the geosynthetic before compression. 

Similarly, based on Equation 2.32, the hydraulic transmissivity reduction factor due to 

creep, RFCR, can be expressed as a function of tCO and tCR as follows: 

RFCR  =
1

(1−
1−(

tCR
tCO

)

nCO
)

3 = (
nCO

(
tCR
tCO

)−(1−nCO)
)

3

      (2.34) 
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where tCR is the geosynthetic thickness at the end of the period when the effect of creep 

is to be evaluated. To use Equation 2.34, it is necessary to know nCO, the value of the 

geosynthetic porosity that corresponds to the thickness, tCO—that is, the value of the 

geosynthetic porosity at the beginning of the period when the effect of creep is 

evaluated. It is preferable to replace nCO by its expression as a function of known 

parameters. From Equation 2.9: 

μ
ρp ⁄ = tvirgin(1 − nvirgin) = tCO(1 − nCO)      (2.35) 

Eliminating nCO between Equations 2.34 and 2.35 gives: 

RFCR = (
(

tCO
tvirgin

)−(1−nvirgin)

(
tCR

tvirgin
)−(1−nvirgin)

)

3

       (2.36) 

It is important to note that the creep reduction factor calculated using Equation 2.34 or 

2.36 corresponds only to the effect of creep that occurs between the thicknesses tCO and 

tCR—that is, during the period when the effect of creep is evaluated. Using the 

compression and creep reduction factors, the decrease in hydraulic transmissivity that 

results from a decrease in thickness of the considered geosynthetic can be predicted.  

Jaisi, Glawe and Bergado (2005) used Giroud et al.(2000)’s method and derived 

transmissivity reduction factors due to creep and compression for various geonets and 

geocomposites to investigate their hydraulic behaviour in the Sa Kaeo landfill in 

Thailand. RFCO was found to vary between 1.17 and 9.6, depending on the type of 

geosynthetic and level of normal stress. On the other hand, RFCR was notably smaller 

than RFCO and never greater than 1.28. 

Later, Giroud, Gourc and Kavazanjian (2012b) investigated the validity of the approach 

of determining transmissivity in geosynthetic drains using the Kozeny–Carman 

equation, and showed that, although the classical Hazen’s (1911) equation could have 

been used instead of the Kozeny–Carman equation to calculate the hydraulic 

conductivity of drain materials, it was preferable to use the approach with the Kozeny–

Carman equation because the demonstration was common to granular and needle-

punched, nonwoven geotextile drains. Moreover, the Reynolds number values obtained 

using the approach with Hazen’s equation were similar to the values obtained using the 

approach with the Kozeny–Carman equation. In fact, the two approaches are not 
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independent, as Hazen’s equation can be derived from the Kozeny–Carman equation, as 

noted by both Taylor (1948) and Giroud (1996). 

Jarousseau and Gallo (2004) introduced a new method to estimate the long-term flow 

capacity of drainage geocomposites based on an estimation of the thickness reduction 

factor, as flow capacity is closely related to the thickness. In this method, for each 

geosynthetic, compressive creep properties were first determined and the long-term 

thickness reduction factor was derived from this first test. The stress–strain curve of the 

geosynthetic was then used to evaluate the stress corresponding to the reduced long-

term thickness. This equivalent stress was finally applied to the short-term water flow 

capacity test. Four geocomposites drainage systems with different geospacers were 

tested to creep, both for single compressive and compressive plus shear loading. Creep 

reduction factors between 1.1 and 2.5 were obtained for in-compressible and semi-

compressible products. The value range was comparable to the reduction factors 

proposed by the literature, which range from 1.1 to 2.0. However, the reduction factors 

were revealed to be far greater, on order of twice, for compressible products. 

Duquennoi, Gallo and Thomas (2008) applied the same method (determination of long-

term thickness under compressive stress, determination of short-term stress 

corresponding to this long-term thickness and determination of water flow capacity 

under this stress) to five different families of geosynthetics, including: 

 compressible geocomposites with random monofilament array core and one or 

two thermobonded nonwoven filters 

 non-compressible geocomposites with V-shaped monofilament array cores and 

two thermobonded nonwoven filters 

 nonwoven, needle-punched compressible geotextiles 

 nonwoven, needle-punched compressible geotextiles reinforced with stitched 

cables. 

It was shown that a relationship exists between creep strain and the flow capacity 

reduction factor. The obtained long-term flow capacity reduction factors ranged 

between 1.13 and 1.70, and were consistent with the creep strain for each product. It 

was also shown that neglecting long-term deformation, whether of the drainage core or 

of the filter, can lead to overestimation of flow capacity of up to 70%. 

Böttcher (2006) compared two methods of determining long-term flow capacity. In the 

first method (the more common method), the residual thickness of a geocomposite after 
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x years is extrapolated based on a creep test. The water flow capacity is then determined 

in a flow tester at that thickness and at rigid/rigid support, and then the short-term 

generated reduction factor of intrusion is applied. In the second method, long-term (up 

to eight-year) tests were conducted on geocomposites under three different bedding 

conditions, including hard/hard, soft/soft and hard/soft conditions. The bedding 

conditions could be simultaneously simulated in the test box. The specimens were 

loaded by means of pressure bags that were placed on the top and bottom of the test 

box. The creep and intrusion safety factors (RFCR and RFIN) were then produced. The 

test methods were applied on seven geocomposite samples under compressive stresses 

ranging from 20 to 200 kPa. It was shown that the difference between the two methods 

was more than 40%, which could not be neglected. It was also concluded that a sudden 

acceleration of compression or collapse could occur in geosynthetic drains, resulting in 

tremendous decrease in flow capacity. Therefore, to generate a safe prediction of the 

long-term flow capacity of GCDs, the compression behaviour must be analysed to 

ensure that the collapse failure mode will not occur within the service life. 

Muller, Jakob and Tatzky-Gerth (2008) revealed that the consequences of creep and 

bedding conditions on water flow capacity should not be expressed by reduction factors. 

The researchers introduced a method known as indirect method to deduce long-term 

flow capacity from thickness reduction. In this method, residual long-term thickness is 

extrapolated and the pressure necessary to enforce this residual thickness in a short-term 

experiment is determined. Despite the approach of applying a reduction factor to 

consider the effect of intrusion, in this method, the flow capacities measured under this 

pressure at various bedding conditions are defined as the long-term flow capacity. This 

method was used to evaluate the long-term flow capacity of three different tested GCDs. 

It was shown that, even at compressive stress as low as 20 kPa for soft/hard bedding 

condition, the long-term flow capacity values of all GCDs were significantly lower than 

the laboratory values, yet were high enough to justify the use of geosynthetic drains for 

typical application in landfill capping systems within the BAM (German Federal 

Institute for Material Research and Testing) standard. The researchers also investigated 

the structural stability of the drain cores of the GCDs. It was revealed that stiff drain 

core structures can show instability when a certain critical residual thickness is reached 

by creep. The instability can be seen in high pressure creep testing or in long-term shear 

strength testing. However, under normal load, even after 100 years, the residual 

thickness would be outside the critical range. 



53 

Zanzinger, Sana and Dobart (2010) directly measured the water flow capacity of GCDs 

subjected to compressive creep by using a specifically designed compressive creep test 

box. The results were then extrapolated to 100 years to determine the long-term flow 

capacity. The results from this method were then compared with the results obtained 

from Muller’s indirect method. The accelerated compressive creep testing via SIM was 

applied in the indirect method to determine the residual thickness of GCDs after 100 

years. In this accelerated procedure, the testing was performed at several elevated 

temperatures and the resulting data were extrapolated to the ambient temperature 

through TTS. Four different GCDs were tested in the research, including drainage cores 

of a V-shaped monofilament geomat for two of the specimens, a random array of 

filament geomats and a bi-planer geonet. The specimens were subject to two values of 

compressive stress of 20 and 50 kPa. The comparison showed good agreement between 

the results from the two methods. The results also confirmed that GCDs with high 

compression resistance showed negligible change in the water flow capacity at the 

tested values of compressive stress, whereas drainage cores with low compression 

resistance showed a considerable decrease in the water flow capacity because of 

reduced core thickness over time. 

Mok et al. (2012) evaluated designing normal pressures for geonet drainage materials 

by using SIM method. In this study, the performance limit normal pressure, 

performance limit strain and designing normal pressure were defined. Two types of 

drainage materials were tested: a bi-planar and a tri-planar geonet. In this method, a 

transmissivity test was first performed to determine a performance limit normal 

pressure. Geonets are manufactured from polymer materials and have a specific 

geometry; thus, their in-plane flow behaviour at various normal pressures is very 

pressure relative. Like a yield point in the tensile or compressive strain–stress curves, 

there is a critical point in transmissivity versus normal stress curve, beyond which the 

flow capacity decreases dramatically. This yield point of the flow capacity is named the 

‘performance limit pressure’. A geonet will maintain its flow capacity up to 

performance limit normal pressure; however, beyond that point, a geonet cannot stand 

any longer and starts to fail because of its abrupt thickness decrease. Thus, the 

transmissivity of the sample decreases dramatically. The performance limit normal 

pressure value was defined as 500 and 1200 kPa for the bi-planar and tri-planar 

samples, respectively. 



54 

In the second step, to determine a performance limit strain, short-term compressive 

creep tests were conducted. The loading time of the transmissivity test was 15 minutes. 

Thus, to confirm exactly the same loading condition, short-term compressive creep tests 

were performed over 15 minutes, and a strain value at a 15-minute testing time was 

checked at the performance limit normal pressures The performance limit strain was 

18% in the bi-planar sample, as shown in Figure 2.7a, and 29% in the tri-planar sample. 

Following this, to evaluate the time at which the strain value reached the performance 

limit strain at normal pressures, detailed master creep curves were created. For the bi-

planar sample, the performance limit strain value was 18%, and the times to reach 18% 

were evaluated at normal pressures from 300 to 500 kPa, as shown in Figure 2.7b. 

Finally, from these compressive creep results, linear regression curves were constructed, 

as shown in Figure 2.7c, to evaluate the designing normal pressures at any given service 

lifetime. Considering that the service lifetime of the geonet materials used in certain 

landfill systems is 35 years, the designing normal pressure was determined as 170 kPa 

for the bi-planar and 890 kPa for the tri-planar samples. 
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Figure 2.7: Procedures to Evaluate Design Normal Pressure for Bi-planar Geonet 

Sample: (a) Short-term Compressive Creep Results, (b) Compressive Creep 

Master Curve and (c) Design Curve for Evaluating Designing Normal Pressure 

(Mok et al. 2012) 

2.1.5 Influence of Rib Geometry on Hydraulic Behaviour of Geonets 

As explained in Chapter 1, based on the rib geometry, there are two common types of 

drainage geonets: bi-planar and tri-planar. In bi-planar geonets, the sets of upper and 

lower ribs are not exactly perpendicular to one another at the intersection point. As a 

result of this non-perpendicularity, when the compressive loading is applied to this type 

of geonet, the initial response is quite stiff; however, it begins to deform above critical 

pressure. This roll-over effect can influence the flow rate capacity of the bi-planar 

geonet. The geonet can still transport liquid after roll-over, but at a somewhat 

diminished in rate. 
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The effect of rib structure on the performance of geonets was investigated for the first 

time in 1986 by Slocumb, Demeny and Christopher (1986), who studied the creep 

characteristics of drainage nets. They found that the compressive creep was not the 

only—and, in some cases, not even the major—source of the thickness loss and 

consequent reduction in the transmissivity of drainage nets. Three causes of thickness 

loss were identified: initial compression, compressive creep and strand layover. The 

strand layover was determined to be a significant potential source of performance loss. 

Jaisi, Glawe and Bergado (2005) demonstrated that the hydraulic behaviour of bi-planar 

geonets at stress levels higher than 400 kPa was significantly different than their 

hydraulic performance at lower stress levels. Therefore, the researchers suggested 

setting an optimum stress limit for a given geonet, above which the drainage capacity of 

the geonet may reduce to an unacceptable level. Yeo (2007) concluded that, for bi-

planar geonets, the creep behaviour was divided into two stages, and the secondary 

stage was found to coincide with the roll-over of upper ribs, thereby indicating that the 

geometry of the geonet had a strong influence on its creep behaviour. Allen (2007) also 

confirmed that the orientation of bi-planar geonets relates the ribs to an assigned plane 

that is positioned parallel to the intersection of the rib. This inclination of the ribs, 

especially in the lower rib that had a lower inclined angle, was closely connected with 

the roll-over phenomenon. 

Mok et al. (2008) investigated the relationship between the short-term compression 

strength and transmissivity properties of geonets, and its effect on the results of 

landfilling design. This study used two types of geonets that are commonly used for 

landfill cover and lining system drainage: a bi-planar and tri-planar HDPE geonet. The 

researchers concluded that the two samples indicated different behaviours. As shown in 

Figure 2.8, the lines of transmissivity versus normal pressure dropped rapidly for the bi-

planar geonet right after 500 kPa; however, for the tri-planar geonet, the transmissivity 

decreased gradually by increasing the normal pressure even up to 2000 kPa—an 

extremely high pressure. This difference was considered due to the different geometry 

and the occurrence of roll-over phenomenon, which induced a significant decrease in 

hydraulic properties. Thus, it was concluded that the hydraulic properties that affected 

the landfill design were different under low and high normal pressure conditions in the 

case of the bi-planar geonet, and a large difference between the expected value of 

allowable transmissivity (which comes from the linear regression curve) and the true 

value in high normal pressure condition is likely to be observed. Therefore, when 



57 

geonet drainage materials are designed to be used in landfills, the loading condition 

must be considered, and the true transmissivity value that comes from the hydraulic test 

performed under real compressive stress should be used, rather than the expected values 

deduced from extrapolation of the results. In another study, Mok et al. (2012) confirmed 

that the geometry of bi-planar geonets also usually affects the long-term compressive 

creep resistance capacity, and, as expected, this effect tends to decrease the 

transmissivity. In contrast, tri-planar geonets show more effective resistance to the long-

term thickness reduction. Consequently, a tri-planar geonet was recommended as the 

drainage material for installation in high normal pressure site-specific conditions. 

 

Figure 2.8: Changes of Transmissivity versus Normal Pressure: (a) Bi-planar 

Sample and (b) Tri-planar Sample (Mok et al. 2008) 

Castelo and Gutiérrez (2014) investigated the compressive resistance of different 

geosynthetic drains, including cuspated, monofilament and different types of geonets, 

and revealed that the only typology of drainage geocomposites that can bear high 

loadings (which is a requirement for applications such as horizontal drainage in airports, 

roads, railways and trams; drainage under high embankments; tailings dams in the 

mining industry; and new cells of landfills), while maintaining its drainage properties, is 

the tri-planar geonet, as a result of its structural design. 

Jeon (2014) studied the relationship between the manufacturing parameters, 

compressive behaviours, effects of various test conditions on the compression test 

results, and correlation between the normal pressure and transmissivity in traditional bi-

planar and tri-planar geonets. It was concluded that the compressive behaviour of the bi-

planar geonets was also divided into two regions—before and after compressive 

strength. In the before-compressive-strength region, all manufacturing parameters could 

affect the resulting value in a complex pattern, while, in the after-compressive-strength 

region, the strand inclination and strand cross-sectional shape mainly affected the roll-
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over behaviour. It was also shown that the reduction in flow capacity was dependent on 

the structure of the geonet, and was smaller for the tri-planar geonet with straight flow 

channels and larger strand thickness. No significant decrease was observed in the 

transmissivity for the tri-planar geonet, which did not roll-over. In contrast, for bi-planar 

geonets, a significant reduction in flow capacity was observed for normal pressures 

above 600 kPa, which was the beginning of the roll-over effect. This decrease was 

anticipated because of the abrupt thickness decrease in the geonet. Therefore, for the 

selection of a geonet to maximise flow capacity in the long-term, the results suggested 

that not only the thickness of the strands, but also the pattern of the liquid flow channel 

should be considered. The results also showed that compressive behaviour was affected 

by the temperature changes. For both the bi- and tri-planar geonets, the compressive 

strength decreased and the strain at the yield point increased gradually with temperature. 

The compressive strength decreases were up to 40% in the very critical temperature 

condition of 50°C, when compared with its value for 23°C, for both the bi-planar and 

tri-planar geonets. Therefore, the actual landfill condition in terms of temperature was 

suggested to be estimated in the designing process. 

2.1.6 Influence of Hydraulic Gradient 

To design synthetic drainage materials efficiently, in-plane flow capacity must be 

investigated at site-specific hydraulic gradients. Some researchers have focused on the 

effects of hydraulic gradient on hydraulic transmissivity. Measuring transmissivity 

values at very low gradients is very time consuming, and sometimes the test results are 

not sufficiently consistent. Therefore, Narejo (2005a) presented a method to calculate 

transmissivity at low gradients based on measured values at higher gradients. The 

method requires taking transmissivity readings at three or more higher gradients where 

the statistical variation is small. The resulting relationship can then be used to calculate 

transmissivity at any lower gradient. This approach can be very helpful in resolving 

product non-conformance issues when measured values at very low gradients are in 

question. 

Gourc, Giroud and Aubert (2012) presented a theoretical model for laminar and non-

laminar flow through porous media. In the Darcy–Forchheimer model, the relationship 

between hydraulic conductivity and hydraulic gradient is expressed by the shape of the 

curve of hydraulic conductivity or hydraulic transmissivity as a function of hydraulic 

gradient. This method provides a means to check the consistency of test results on the 



59 

hydraulic characteristics of porous media, and to rigorously extend test results on the 

hydraulic characteristics of porous media. The model was used to for interpolation and 

extrapolation of the results of hydraulic transmissivity tests on geonets, and showed 

good agreement with the experimental data. 

In classical hydrodynamics, the conditions for laminar flow are generally described in 

terms of a limiting Reynolds number. Giroud, Gourc and Kavazanjian (2012b) provided 

guidance for Reynolds number calculation in geosynthetic and granular drains, and 

presented a methodology to establish the conditions for laminar flow as a function of 

the Reynolds number. Numerical applications of the methodology showed that, for 

typical hydraulic gradients used in hydraulic transmissivity tests in the laboratory and 

encountered in drainage layers in the field, flow is generally laminar in needle-punched, 

nonwoven geotextiles and sand, and is generally non-laminar in geonets and gravel. 

However, in the case of geonets adjacent to non-rigid flow boundaries (such as in 

geocomposites), the flow moves closer to laminar conditions as the material 

progressively intrudes into the geonet channels under increasing values of the applied 

normal stresses. It was later confirmed by Giroud and Kavazanjian (2014) that, in 

geosynthetic drains, the degree of turbulence depends on the applied compressive stress 

and the material in contact with the drain. 

Many design equations for flow in porous media are derived from Darcy’s equation. 

Like Darcy’s equation, these design equations are valid only for laminar flow. However, 

these equations are extensively used for the design of applications where flow is not 

laminar, which is generally the case for drainage systems constructed with the most 

efficient drainage materials, such as gravel and geonets. Giroud, Gourc and Kavazanjian 

(2012b) also concluded that Darcy’s equation and equations derived from Darcy’s 

equation can be used safely in the case of non-laminar flow, if the two 

recommendations presented below are followed: 

 The use of the equations should be restricted to cases where the hydraulic 

gradient does not vary too much along the drainage layer. It should be noted that 

this condition is often met in practice. For example, the hydraulic gradient is 

approximately constant along a drainage layer located on a uniform slope 

(especially in the case of relatively thin drainage layers, such as geosynthetic 

drains—e.g., geonets and geocomposites). 
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 The hydraulic transmissivity (or hydraulic conductivity) should be measured in 

tests that simulate the hydraulic gradient and boundary conditions (e.g., adjacent 

materials and applied stresses) expected in the field. 

2.1.7 Prediction of the Range of Compressive Stress Imposed on Geonets in 

Leachate Collection and Removal Systems of Landfills 

To determine the range of compressive stress to be applied on the drainage material in 

transmissivity and intrusion tests, the real conditions to which the geonet is exposed in 

LCSs should be considered. 

The geonet used in landfill leachate collection and removal systems is generally located 

underneath layers of compacted soil (which are used in landfills’ cover liner system) 

and waste. Thus, there will be dead load over the geonet, which is the summation of the 

weight of each one of the layers on top of it, and is calculated using Equation 2.37: 

σDL = ∑γihi           (2.37) 

where σDL (kPa) is the dead load over the geonet, γi (kN/m
3
) is the specific weight of 

each one of the layers on top of the geonet material and hi (m) is the thickness of the 

layer. 

In typical landfills, the volume of waste is considerably greater than the compacted soil 

layers. Therefore, to calculate the dead load value, instead of the apparent waste unit 

weight (which is determined by dividing the waste total weight by the total landfill 

volume), the total waste unit weight is usually considered (Timmons et al. 2012). To 

calculate total waste unit weights, it is assumed that a definite percentage of the total 

landfill volume is occupied by cover soil, with a unit weight generally a few times 

greater than the apparent waste unit weight. By multiplying the total waste unit by waste 

height, the dead load over the geonet is obtained. 

Several studies have been conducted to determine the total unit weight of waste in 

landfills. Zornberg et al. (1999) used spectral surface wave analysis surveys in an effort 

to describe the total landfill density profile of a MSW landfill by direct field 

measurements, and found a range of 10 to 14.9 kN/m
3
 at depths between 7.9 and 50 m. 

Qian, Koerner and Gray (2002) reported that a typical total landfill waste unit weight is 

within the range of 8.6 to 11 kN/m
3
. Based on in-situ measurements, Zekkos et al. 

(2006) reported total unit weights ranging from approximately 11 to 18 kN/m
3
, 
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generally increasing with depth. Timmons et al. (2012) found a range of 7.3 to 

9.1 kN/m
3
 for apparent unit weight landfill wastes. Assuming the volume occupied by 

cover soil to be 15% of the total landfill volume, with a soil unit weight of 17.3 kN/m
3
, 

the estimated total unit weight was calculated to fall in a range of 9.9 to 11.7 kN/m
3
, 

with an average of 10.5 kN/m
3
. It is also important to note that, in some cases, the unit 

weight of waste can be considerably greater than the unit weight of common wastes, 

even up to 16 kN/m
3 

(Castelo & Gutiérrez 2014). Considering the ranges recommended 

for waste density and the height of MSW landfills, which is often between 25 and 

100 m (Koerner & Soong 2000), it can be concluded that, in a normal sized landfill, the 

dead load imposed over the drainage geonet generally falls in the range of 200 to 

700 kPa (Castelo & Gutiérrez 2014). 

In addition to dead load, there are also live loads imposed on drainage material, such as 

construction loads. If there are layers of compacted soil on top of the geonet, 

construction and compacting equipment will have to ride on top of the layer. This 

construction live load may even reach values of 500 kPa (Castelo & Gutiérrez 2014). 

2.1.8 Summary of Literature Review 

The results of the previous research performed on geosynthetic drains in different areas 

are summarised below: 

 The main factors that affect the in-plane flow capacity of synthetic drains 

include the compressive stress, hydraulic gradient, elasticity properties of the 

flow boundaries, physical and mechanical characteristics of the geosynthetic 

drain and time. 

 Geosynthetic drains are considerably susceptible to creep, and the creep 

behaviour of both the drainage core and filter (in the case of geocomposites) 

mainly affect the hydraulic capacity. 

 It is now well known that intrusion phenomenon considerably affect the in-plane 

flow capacity of geosynthetic drains. However, except for the theoretical 

research by Giroud, Gourc and Kavazanjian (2012a) to investigate the effect of 

smooth and rigid flow boundaries on specific surface area average flow path 

diameters, no studies have focused on quantifying the effect of the intrusion on 

the transmissivity of synthetic drains. 

 The inefficiency of the traditional approach of using reduction factors for 

appropriate prediction of the long-term drainage capacity of geosynthetic 
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materials has been revealed by several studies, and some substitutional methods 

have been suggested. These methods generally concentrate on the relationships 

between the hydraulic capacity and thickness of the drainage material. Some of 

the weaknesses of the traditional approach have been modified in these new 

methods; however, their effect on intrusion has still not been methodically 

considered in any of these approaches. 

 The behaviour of tri-planar and bi-planar geonets is usually different under 

higher compressive stresses because of the effect of the roll-over phenomenon 

that exclusively occurs in bi-planar geonets. 

 Although the flow regime is usually non-laminar in geonet drains, the flow 

equations that are generally valid in laminar flow can be used safely in the 

geosynthetic drains used in leachate collection and removal systems in landfills. 

 In a normal sized landfill, the dead load imposed over the drainage geonet 

generally falls in the range of 200 to 700 kPa, and the live load is usually less 

than 500 kPa. 

2.2 Research Significance and Benefits 

2.2.1 Gaps in Previous Research 

As discussed in previous sections, recent studies have shown that real decrease in the 

flow capacity of geonet material can be much higher than taken into account by 

applying reduction factors to the results of an index transmissivity test. In the traditional 

approach, which is still the most common method in designing with geonets in LCSs, 

reduction factors are mainly categorised based on the application area of the geonet, as 

shown in Table 1.2. Therefore, some factors that could significantly affect the hydraulic 

behaviour of geonets are not appropriately considered in this approach. These factors 

include the following. 

2.2.1.1 Magnitude of the Compressive Stress 

The reduction of the in-plane flow capacity of geonet materials because of creep and 

intrusion is significantly affected by the magnitude of the applied load. In the traditional 

approach of applying reduction factors, the effect of the magnitude of the applied load 

on intrusion and creep reduction factors is considered only through categorising the 

application area of the geonet (e.g., primary or secondary LCS or cover system) or 

dividing the compressive stress into high or low levels (Giroud, Gourc & Kavazanjian 
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2012b). However, studies show that the effect of compressive stress on intrusion and 

creep should be considered more specifically. 

For example, in regard to creep, the transmissivity of a bi-planar geonet (with thickness 

of 5.6 mm and polymer density of 937 Kg/m
3
) confined between two rigid plates after 

120 hours decreases to 90% and 55% of the 15-minute transmissivity value, 

respectively, under compressive stresses of 360 and 930 kPa in a hydraulic gradient of 1 

(Campbell & Wu 1994). Considering the waste density of 10.5 kN/m
2
 (Timmons et al. 

2012), the creep reduction factor applied to a geonet used in primary or secondary LCS 

in a landfill with expected 34 m waste height should be at least 1.6 times this factor for 

the same geonet aimed to be used in a larger landfill of 89 m waste height. It should be 

noted that this value is only to compensate the difference of transmissivity reduction 

rate due to creep under two different values of compressive stress after 120 hours, and 

would increase up to a considerably higher value, considering the landfill lifetime. 

In the same manner, increasing pressure increases intrusion, thereby decreasing the flow 

rate (Hwe, Koerner & Sprague 1990). For example, a flow rate reduction factor of a tri-

planar geonet (with thickness of 5.0 mm and polymer density of 930 Kg/m
3
) confined 

between a geotextile and geomembrane layer after 15 minutes is 1.26 and 2.67, 

respectively, at a compressive stress of 50 and 800 kPa at a hydraulic gradient of 1.0 

(Jaisi, Glawe & Bergado 2005). Therefore, the intrusion reduction factor applied to this 

geonet, if exposed to the compressive load of 800 kPa, should be at least two times the 

value when subjected to the load of 50 kPa. 

Recommended values for creep and intrusion reduction factors do not cover such a wide 

range—the ratio of the maximum and minimum recommended values is less than 1.5 

(Giroud, Zornberg & Zhao 2000). 

2.2.1.2 Structure of Geonet Ribs 

Although, in the traditional approach, the same values of creep and intrusion reduction 

factors are recommended for both tri-planar and bi-planar geonets, studies have shown 

that the geometry of the geonet has a considerable influence on both creep behaviour 

and the elastic deformation of the material. As explained in the previous section, the 

creep resistance capacity of a geonet is affected by its geometry (Mok et al. 2012). The 

strand inclination and strand cross-sectional shape also mainly affect the roll-over 

behaviour of bi-planar geonets (Jeon 2014). The ribs’ structure also affects the amount 
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of intrusion of non-rigid flow boundaries into flow channels. The greater the rib-to-rib 

distance of the geonet material, the higher the potential for intrusion of the adjacent 

material into flow channels. 

2.2.1.3 Characteristics of Flow Boundaries 

In practice, the geonet is rarely exposed to direct contact with soil. For almost all 

situations in geotechnical and geoenvironmental works, nonwoven geotextiles are used 

to act as a filter and support the soil over the apertures created by geonet ribs (Palmeira 

& Trejos Galvis 2017). Investigations on the creep of drainage materials have shown 

that the creep behaviour of GCDs is significantly affected by deformation of the filter, 

and there is clear correspondence between the stiffness of the filter and the discharge 

capacity under different loads. Higher stiffness or higher initial modulus of the 

geotextile filter result in higher retained discharge capacity (Müller-Rochholz et al. 

2004). The stiffness of the filter also affects the intrusion reduction factor. For a 

particular geonet, the reduction in flow capacity due to intrusion is relatively smaller for 

a stiffer filter (Fannin & Choy 1995). The compressibility and surface texture of the 

material over the filter also affect the value of the intrusion reduction factor. For 

example, sand overlying the geotextile results in less intrusion than clay because of the 

ability of sand to arch from rib to rib, which is unlikely with saturated clay (Hwe, 

Koerner & Sprague 1990). 

Some of the deficiencies of the approach of applying reduction factors have been 

modified in the new methods explained in Section 2.1.4. Generally, the effect of the 

aforementioned factors on the creep behaviour of the geosynthetic drain is considered in 

methods that concentrate on the relationship between hydraulic capacity and the 

thickness of drain material, such as indirect method. However, the effect of such 

parameters on intrusion has not been systematically considered in any of these methods. 

Indeed, although intrusion phenomenon is one of the key factors affecting the drainage 

capacity of geonet materials, its effect is not yet quantified. 

2.2.2 Creep Test in Geosynthetic Materials 

The purpose of the present research was to develop a new approach to more easily and 

accurately determine the in-plane flow capacity of the geosynthetic drains used in waste 

containment facilities. This approach concentrated on the close relationship between in-

plane flow capacity and thickness in geonets confirmed in previous studies. Using this 
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method, long-term transmissivity test can be substituted by creep test to determine the 

long-term flow capacity of geonet materials. Generally, the creep test offers the 

following advantages over the long-term transmissivity test: 

 It is impractical to conduct hydraulic transmissivity tests over a period that 

exceeds a few hundred hours (Giroud, Zhao & Richardson 2000). In contrast, 

applying accelerated creep methods that reduce the long testing duration by 

using elevated temperatures can reduce a creep test time to as short as one day. 

The short-term accelerated tests have shown high reliability to its real long-term 

creep test for geonets (Mok et al. 2012). 

 Simulation of service conditions (such as by placing the geonet specimen in an 

inclined position) is possible in creep tests, in contrast to transmissivity tests. 

 Subjecting the sample to a combination of loads (such as shear and compressive 

stress) is only practical in creep tests. It has been shown that some geosynthetic 

products lost 15 to 30% more of their thickness under compressive and shear 

stresses, compared with when just being subjected to compressive stress 

(Jarousseau & Gallo 2004). Therefore, the effect of shear stress should be able to 

be considered. 

 Performing transmissivity tests is not always possible because the apparatus is 

relatively expensive. Conversely, creep tests are a routine experiment, and a 

sample of the test results is usually included in the technical specifications of the 

product. 

The creep properties of polymeric materials can be predicted using three common creep 

tests: TTS, SIM and TTSS. TTS is based on the time–temperature superposition 

principle and uses elevated temperatures to accelerate the creep deformation. Creep 

curves obtained at elevated temperatures can then be shifted along the log-time scale to 

generate a creep master curve at a lower reference temperature. Over the last 10 years, 

SIM method has been developed and standardised to evaluate the creep behaviour of 

different types of geosynthetics as an alternative testing method. In SIM, a sequence of 

creep responses on a single test specimen under a constant load is generated using a 

series of elevated temperature steps. The resulting creep responses at elevated 

temperatures are shifted along the log-time scale to a lower reference temperature to 

generate a creep master curve. SIM uses a single specimen throughout all the test steps. 

Subsequently, a sequence of strain curves is generated under different elevated 

temperature steps. The total strain is the sum of all individual strain deformations. 
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Therefore, the main advantage of SIM over TTS is to avoid material variability by using 

a single test specimen (Thornton et al. 1998). Recently, the evaluation of the 

compressive creep behaviour of geonets using SIM has been investigated (Allen 2005; 

Narejo & Allen 2004; Thornton, Allen & Siebken 2000). In both tensile and 

compressive SIM tests, good agreement was observed with the results from the 

conventional test method (Yeo 2007). In addition, the TTSS method is also used to 

predict the creep behaviour of polymeric materials by adding a stress factor to TTS. 

TTSS uses both temperatures and stress to accelerate the creep, since both factors affect 

the creep deformation based on time–temperature and time–stress equivalences. The 

method can be very useful for materials that cannot be exposed to higher elevated 

temperatures because of an unexpectedly large amount or rate of creep induced by the 

nature of the material, such as low melting points (Bathgate, Wang & Pang 1997). 
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Chapter 3: Theoretical Background and Methodology 

3.1 Theoretical Background 

This section derives a theoretical relationship that quantifies the effect of the thickness 

reduction of drainage materials on the transmissivity reduction, based on the classical 

Kozeny–Carman equation for each type of geonet drain. The equation is then modified 

to be used in various boundary conditions. This section also investigates the consistency 

between the approach and the equation that defines the flow between parallel plates. 

3.1.1 Classical Kozeny–Carman Equation 

The hydraulic transmissivity of a porous medium for laminar flow can be calculated 

using the Kozeny–Carman equation (Carman 1937; Kozeny 1927a, 1927b). The 

relationship has been discussed by many authors, including Gourc (1982); Gourc and 

Faure (1990); Giroud (1996); and Giroud, Gourc and Kavazanjian (2012b). Although 

this relationship was demonstrated for laminar flow, it is also applicable in the case of 

non-laminar flow, as discussed by Giroud, Gourc and Kavazanjian (2012b), where the 

hydraulic gradient is approximately constant along the drainage layer. This condition is 

often met in practice in waste containment facilities because the hydraulic gradient is 

almost consistent along a drainage layer located on a uniform slope, especially in the 

case of relatively thin drainage layers, such as geosynthetic drains (e.g., geonets and 

geocomposites). 

The classical Kozeny–Carman equation expresses flow in a porous medium as having a 

thickness of tD and location between two plates that are rigid and smooth, as shown in 

Figure 3.1, by the following relationship: 

θ =
βρg

η
 

n3

(1−n)2 
tD

SS
2         (3.1) 

where β is the tortuosity factor, ρ (kg/m
3
) is the density of the fluid, g (m

2
/s) is the 

acceleration of gravity, 𝜂 (kg/[ms]) is the viscosity of the liquid, tD (m) is the thickness 

of the porous medium, n is the porosity of the porous medium and Ss (m
-1

) is the 

specific surface area of the porous medium. 
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Figure 3.1: Porous Medium between Two Flow Boundaries that are Smooth and 

Rigid 

3.1.2 Transmissivity Reduction Ratios 

In Equation 3.1, the tortuosity factor is the ratio of the average flow path length to the 

sample length. Recent research stated that any definition of tortuosity is a function of 

the pore geometry only, and is a tensorial property (Liu & Kitanidis 2013; Valdés-

Parada, Porter & Wood 2011), and the factor is independent of the porous medium 

thickness. Based on experimental data, Giroud (1996) recommended using β = 0.1 for 

all porous media. The density and viscosity of the fluid and acceleration gravity are also 

independent of porous medium characteristics. In contrast, the specific surface area, 

porosity and thickness are physical properties of a porous medium. Therefore, Equation 

3.1 can be used to calculate the transmissivity reduction ratio, which is the ratio of the 

hydraulic transmissivity of a geonet, θ1, when its thickness, porosity and specific 

surface area are tD1, n1 and Ss1, respectively, and its hydraulic transmissivity, θ2, when 

its thickness, porosity and specific surface area are tD2, n2 and Ss2, as shown in Equation 

3.2: 

Ө2

Ө1
 = (

tD2

tD1
) (

n2

n1
)
3

(
1−n1

1−n2
)
2

(
SS1

SS2
)
2

        (3.2) 

As mentioned in Chapter 2, the specific surface area of a solid is defined as the ratio of 

the surface area and volume of the solid. Since the equation expresses flow in a porous 

medium located between parallel plates, the effect of flow boundary should also be 

considered. Therefore, the apparent specific surface area—which includes the 

contribution of both solid constituents of the porous drainage material and the smooth 

and rigid flow boundaries—should be substituted in Equation 3.2. 
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3.1.2.1 Transmissivity Reduction Ratio in Tri-planar Geonets 

A typical tri-planar geonet consists of three sets of ribs. The first set is the major ribs, 

which run parallel to the direction of flow, and are sandwiched between a set of minor 

ribs bonded on the top and bottom of the major ribs, as shown in Figure 3.2. In tri-

planar geonets, the flow is essentially governed by the ribs having the large cross-

section area. Therefore, tri-planar geonets can be approximately modelled by one set of 

identical cylinders with diameters equal to the geonet thickness. Hence, in tri-planar 

geonets dG = tD. 

 

Figure 3.2: Typical Rib Geometry of a Tri-planar Geonet 

Substituting Equations 2.1 and 2.8 in Equation 2.2 gives the following definition for 

apparent surface area: 

SSa = SSi + SSB =
4

dG
+

2

tD(1−n)
       (3.3) 

Substituting Equation 2.24 in Equation 3.3 gives: 

SSaT =
4

tD
+

2

tD(1−n)
 =
2(3−2n)

tD(1−n)
        (3.4) 

where SSaT (m
-1

) is the apparent specific surface area in tri-planar geonets. 

Substituting Equation 3.4 in Equation 3.2 gives the transmissivity reduction ratio in tri-

planar geonets, which can be used to calculate the reduction of the in-plane flow 

capacity in a tri-planar geonet located between smooth and rigid flow boundaries when 

its thickness decreases from tD1 to tD2: 

(
Ө2

Ө1
)
T
= (

tD2

tD1
)
3

(
n2

n1
)
3

(
3−2n1

3−2n2
)
2

       (3.5) 

where (θ2/θ1)T is the transmissivity reduction ratio in tri-planar geonets. 
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3.1.2.2 Transmissivity Reduction Ratio in Bi-planar Geonets 

A typical bi-planar geonet consists of two equally-sized sets of extruded parallel ribs at 

various angles, as illustrated in Figure 3.3. Bi-planar geonets can be approximately 

modelled by two sets of identical cylinders with a diameter equal to half the thickness of 

the geonet. Hence, in bi-planar geonets dG = tD/2. 

 

Figure 3.3: Typical Rib Geometry of a Bi-planar Geonet 

Substituting Equation 2.23 in Equation 3.3 gives: 

SSaB =
8

tD
+

2

tD(1−n)
 =
2(5−4n)

tD(1−n)
        (3.6) 

where SSaB (m
-1

) is the apparent specific surface area in bi-planar geonets.  

Substituting Equation 3.6 in Equation 3.2 gives the transmissivity reduction ratio in bi-

planar geonets, which can be used to calculate the reduction of the in-plane flow 

capacity in a bi-planar geonet located between smooth and rigid flow boundaries when 

its thickness decreases from tD1 to tD2: 

(
Ө2

Ө1
)
B
= (

tD2

tD1
)
3

(
n2

n1
)
3

(
5−4n1

5−4n2
)
2

       (3.7) 

where (θ2/θ1)B is the transmissivity reduction ratio in tri-planar geonets. 

3.1.3 Consistency between Modified Kozeny–Carman Approach and Definition of 

Flow between Parallel Plates 

Equation 3.3 can be written as follows: 

SSa =
2h(n)

tD(1−n)
          (3.8) 

where: 

h(n) = 3 − 2n         (3.9) 
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for tri-planar geonets, and: 

h(n) = 5 − 4n         (3.10) 

for bi-planar geonets. 

Substituting Equation 3.8 in Equation 3.1 gives: 

θ =
βρg

4η
 
n3tD

3

(h(n))2 
         (3.11) 

If the porosity of the porous medium becomes equal to unity, this medium disappears, 

and only the two plates separated by a distance tD are left, as shown in Figure 3.4. When 

n = 1, h(n) = 1, according to Equations 3.9 and 3.10. Therefore, when the porous 

medium disappears, Equation 3.11 becomes: 

θ =
βρgtD

3

4η
           (3.12) 

 

Figure 3.4: Flow between Two Plates that are Smooth and Rigid in the Absence of 

Porous Medium 

On the other hand, the rate of laminar flow between two plates that are rigid and smooth 

is given by the following classical equation (Giroud, Gourc & Kavazanjian 2012a): 

Q

B
=
ρg tD 

3 i

12η
          (3.13) 

where Q (m
3
/s) is the flow rate, B (m) is the width of the plates in the direction 

perpendicular to the direction of the flow, Q/B is the flow rate per unit width and i is the 

hydraulic gradient. Therefore, the hydraulic transmissivity, θ, for laminar flow between 

two parallel plates separated by distance tD is given by Equation 3.14: 

θ =
Q/B

i
=
ρg tD 

3

12η
         (3.14) 
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Equations 3.12 and 3.14 are identical if β = 1/3. This is different from the value of β = 

0.1 recommended for porous media. However, this difference is logical because the 

tortuosity factor decreases when the tortuosity of the flow paths increases. Therefore, it 

is unsurprising to have a β value greater in the case of flow between two parallel plates 

than in the case of flow through a porous medium. Further, the value β = 1/3 is justified 

by the following demonstration of the Kozeny–Carman equation (Giroud, Gourc & 

Kavazanjian 2012a). 

Equation 3.13 can be written as follows: 

vavg = 
Q

BtD
=
ρg tD 

2 i

12η
         (3.15) 

where vavg (m/s) is the average flow velocity. 

To demonstrate the consistency of Equation 3.15 with the Kozeny–Carman equation, 

the geometric characteristic of the set of two plates (i.e., tD) should be substituted by a 

geometric characteristic of a porous medium. In fact, according to Equation 3.16, the 

distance between the two plates, tD, is related to the ratio between the volume of the 

void space (which favours the flow) and the surface area of the plates (which slows 

down the flow) (Giroud, Gourc & Kavazanjian 2012a): 

VV

AS
=
LBtD

2LB
=
tD

2
          (3.16) 

where VV (m
3
) is the volume of the void (volume between the two plates), AS (m

2
) is the 

surface area of solids (surface area of the plates) and L (m) is the length of the plates in 

the direction of the flow, as illustrated in Figure 3.4. Combining Equations 3.15 and 

3.16 gives: 

vavg = 
ρg i

3η
(
VV

AS
)
2

         (3.17) 

In a porous medium, the following classical relationships exist: 

AS = VSSS = (V − VV)SS = (1 − n)VSS      (3.18) 

where n is the porosity, V (m
3
) is the total volume, Vs (m

3
) is the volume of solids and 

Ss (m
2
) is the specific surface area of solids. Combining Equations 3.18 and 2.15 gives: 

VV

AS
=
nV

AS
= 

n

SS (1−n)
         (3.19) 
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Combining Equations 3.17 and 3.19 gives: 

vavg = 
ρg

3η
(
n

1−n
)
2 i

SS
2         (3.20) 

The following classical relationship exists between the apparent velocity, vapp, used in 

Darcy’s equation to define the hydraulic conductivity, k, and the average flow velocity 

in the flow channels of the porous medium: 

vapp = ki = nvavg         (3.21) 

Combining Equations 3.20 and 3.21 gives: 

k =  
ρg

3η

n3

(1−n)2
1

SS
2         (3.22) 

Hence: 

θ = ktD = 
ρg

3η

n3

(1−n)2
tD

SS
2        (3.23) 

Equation 3.23 is identical to Equation 3.1 if β = 1/3. This is consistent with the 

comment made after Equation 3.14. This confirms the consistency of the approach used 

in this paper with the classical laminar flow equation. 

3.2 Methodology 

This section presents the methodology of the research. As discussed previously, the 

research goal was to present a new approach to determine the in-plane flow capacity of 

geosynthetic drains, in which the effect of creep and intrusion are both considered 

systematically—that is, the effect of stress magnitude, drain geometry and flow 

boundaries are considered. For this purpose, the three following steps were taken. 

3.2.1 Investigation of Effect of Structural Geometry on Hydraulic Capacity of 

Geosynthetic Drains 

First, in this research, the effect of the geometry of a geonet rib on its hydraulic 

behaviour was investigated under the range of compressive stress to which leachate 

collection and removal systems in landfills are usually exposed. As discussed, in this 

study, modified Kozeny–Carman equations were used to determine transmissivity 

reduction ratios. To effectively apply these equations, the deformation pattern of the 
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geonet’s ribs should be known. It is generally known that the hydraulic behaviour of bi-

planar geonets at higher stress levels is sometimes significantly different than their 

hydraulic performance at lower stress levels. In contrast, tri-planar geonets show more 

effective resistance to thickness and transmissivity reduction. This is because bi-planar 

geonets usually roll-over at a specific value of compressive stress, while tri-planar 

geonets generally do not. To apply the approach used in this study to determine the 

hydraulic capacity of bi-planar geonets, it was necessary to first determine the potential 

of the occurrence of this phenomenon and the compressive strength of the sample, 

which is the start point of the roll-over. 

For this purpose, the results of the transmissivity test performed on bi-planar and tri-

planar geonet samples under the specified range of compressive stress and four values 

of hydraulic gradient are presented. Both flow boundaries were smooth and rigid in this 

set of tests. By interpreting the results, the possibility of the occurrence of roll-over 

phenomenon in each type of geonet sample is investigated, the effect of ribs’ 

reconfiguration on drainage capacity is quantified and the value of compressive stress at 

which the ribs roll-over is determined. The results of this set of tests will also be useful 

to attain a better understanding of the phenomenon mechanism. Learning about the 

changes that occur to rib structure will help appropriately modify Kozeny–Carman 

equations to be used in bi-planar geonets after the occurrence of roll-over phenomenon. 

3.2.2 Investigation of Effect of Thickness Reduction on Hydraulic Capacity of 

Geosynthetic Drains 

This section modifies the theoretical relationships derived in the previous section to 

relate transmissivity reduction ratios to thickness reduction ratios for smooth and rigid 

flow boundaries. These relationships are modified to be used in the case of non-rigid 

flow boundaries and in the case of the occurrence of roll-over phenomenon in bi-planar 

geonets. For this purpose, geonet thicknesses for different flow boundaries are first 

defined. Finally, an approach to investigate the accuracy of these modified equations is 

discussed. 

3.2.2.1 Geonet Thickness under Rigid and Non-rigid Flow Boundaries 

A geosynthetic drain is almost always located between two materials acting as 

boundaries for the flow (Giroud, Gourc & Kavazanjian 2012a). Geonet apparent 

thickness is defined as the perpendicular distance between the smooth and rigid upper 
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and lower boundaries under a specific compressive stress. When no or very low initial 

compressive stress is applied, the apparent thickness is known as virgin thickness. 

Geonet apparent thickness is a function of the compressibility characteristics of geonet 

material, including the rib geometry, rigidity of the polymer strand and manufacturing 

method. 

Flow boundaries are not necessarily smooth and rigid in practice. Non-smooth or non-

rigid flow boundaries can potentially intrude into geonet flow channels. When flow 

boundaries intrude into geonet openings, a portion of the pore volume is clogged and 

cannot contribute in passing flow. In such a situation, the apparent thickness should be 

substituted by the effective thickness in theoretical equations that relate geonet 

thickness to its transmissivity. Geonet effective thickness is defined as the proportion of 

the apparent thickness that is not blocked by the intrusion of the adjacent materials and 

can efficiently pass flow. Geonet effective thickness is a function of the compressibility 

characteristics of both the geonet material and the flow boundaries. Using the effective 

thickness definition, a geonet placed between non-rigid flow boundaries is modelled by 

the same geonet placed between rigid and smooth flow boundaries, yet with reduced 

apparent thickness. In other words, the effect of intrusion is considered by assuming a 

decreased flow channel depth in the geonet. Since non-rigid flow boundaries do not 

necessarily intrude into geonet flow channels uniformly, the effective thickness is 

defined as the arithmetic mean of the open flow depths measured at different points of 

the geonet sample. Figure 3.5 presents a schematic view of virgin thickness, apparent 

thickness and effective thickness in geonet materials placed between a smooth and rigid 

lower and a non-rigid upper flow boundary. 

 
Figure 3.5: Schematic View of Virgin, Apparent and Effective Thickness in a 

Geonet Material (Flow Direction is Perpendicular to Page) 



76 

For a particular geonet, the structurally-associated factors that largely control the 

hydraulic capacity by directly affecting the thickness include the intensity and duration 

of applied compressive stress and the potential of intrusion of flow boundaries. 

Thickness reduction in geosynthetic drains occurs during four phenomena: 

 compression: occurs because of compressive stress immediately after load 

application 

 creep: occurs because of constant compressive stress over time 

 compressive intrusion: occurs because of intrusion of boundary materials into 

flow channels immediately after load application 

 creeping intrusion: occurs because of intrusion of boundary materials into flow 

channels under constant compressive stress over time. 

To investigate the effect of the abovementioned factors, the following types of geonet 

thickness are defined in this study: 

 Virgin thickness (tvrg): Defined as the geonet original apparent thickness when 

no or low initial compressive stress is applied. 

 Post-compression thickness (tcmp): Defined as the geonet apparent thickness 

after applying a certain value of compressive stress immediately after load 

application, when both boundaries are rigid and smooth. 

 Post-creep thickness (tcrp): Defined as the geonet apparent thickness under 

constant compressive stress at a certain time after load application, when both 

boundaries are rigid and smooth. 

 Post-compressive intrusion thickness (tcmpi): Defined as the geonet effective 

thickness after applying a certain value of compressive stress immediately after 

load application, when one or both flow boundaries are not rigid or smooth. 

 Post-creeping intrusion thickness (tcrpi): Defined as the geonet effective 

thickness under constant compressive stress at a certain time after load 

application, when one or both flow boundaries are not rigid or smooth. 

In this study, tcmp and tcmpi were measured one minute after load application. 

3.2.2.2 Modification of Transmissivity Reduction Ratio Equations 

In technical specification of geonet products, the virgin thickness, tvrg, and 

corresponding hydraulic transmissivity values, θvrg, at different hydraulic gradients are 
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usually defined. Therefore, the specific transmissivity reduction ratio is defined as the 

ratio of transmissivity of a geonet subjected to only compression or to both compression 

and intrusion after applying a certain value of compressive stress at a certain time after 

load application to its virgin transmissivity. Therefore, Equation 3.2 can be rewritten as 

Equation 3.24: 
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3
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Combining Equations 2.9, 2.11 and 3.24 gives: 
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where dG is the diameter of the solid element, which is ribs in the case of geonets, and is 

not affected by intrusion, since intrusion of the adjacent material clogs the geonet pore 

space, yet does not affect the rib dimension. Therefore, when either geonet is subjected 

to only compression or to both compression and intrusion, dG is related to tcrp. 

Conversely, depending on the existence of the potential of intrusion of flow boundaries, 

t should be substituted by tcrp or tcpi in Equation 3.25. Table 3.1 is used to substitute the 

parameters of t and dG in Equation 3.25 for tri-planar and bi-planar geonets and for 

different boundary conditions. 

Table 3.1: Substituting Parameters for t and dG in Equation 3.25 for Tri-planar 

and Bi-planar Geonets and Different Boundary Conditions 

 Smooth and Rigid Flow Boundaries Non-smooth or Non-rigid Flow Boundaries 

 dGvrg dG t dGvrg dG t 

Tri-planar tvrg tcrp tcrp tvrg tcrp tcrpi 

Bi-planar tvrg/2 tcrp/2 tcrp tvrg/2 tcrp/2 tcrpi 

By substituting parameters in Table 3.1, the specific transmissivity reduction ratios for 

geonets subjected to both compression and intrusion are calculated using Equations 3.26 

and 3.27, respectively, for tri-planar and bi-planar geonets: 
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where θT/θvrg and θB/θvrg are the specific transmissivity reduction ratios, respectively, for 

tri-planar and bi-planar geonets. If the geonet is subjected to only compression (i.e., 

both flow boundaries are smooth and rigid), tcrpi should be substituted by tcrp in 

Equations 3.26 and 3.27, as shown in Table 3.1. 

As described in Chapter 2, previous studies indicated that, in high compressive stresses, 

the upper ribs roll-over phenomenon occurs in bi-planar geonets. That is, while the 

lower rib orientation remains almost unchanged, the upper rib orientation (which is 

almost vertical in low compressive stresses) changes to almost horizontal. This will be 

discussed more in detail in Chapter 5. In such a situation, the assumption of dG = tcrp/2 

might not be valid anymore, and should be replaced by a more realistic assumption of 

dG = tcrp. This new assumption only affects the denominator of the third component of 

Equation 3.27, while the numerator stays the same because it relates to the virgin 

condition at no or low compressive stress. Hence, the upper ribs do not roll-over. 

Therefore, for bi-planar geonets after the occurrence of roll-over phenomenon, Equation 

3.27 should be replaced by Equation 3.28: 
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        (3.28) 

3.2.2.3 Investigation of Accuracy of Modified Kozeny–Carman Equations 

The next step investigated the accuracy of modified Kozeny–Carman equations that are 

derived to link specific transmissivity reduction ratios and thickness reduction ratios in 

geonet materials. For this purpose, the results of two types of experiments—

transmissivity tests and intrusion tests—are compared.  

The intrusion test set measures the apparent thickness under smooth and rigid upper 

flow boundary and effective thickness under a non-rigid upper flow boundary (rubber 

foam) at different time increments and for different values of compressive stress for bi-

planar and tri-planar geonet samples. The values tcrp and tcrpi are then substituted in 
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modified Kozeny–Carman equations (Equation 3.26, 3.27 or 3.28) to find the theoretical 

values of the specific transmissivity reduction ratios (θT/θvrg and θB/θvrg). In the 

transmissivity test set, the experimental values of the specific transmissivity reduction 

ratios for two values of hydraulic gradient are found for the same geonet samples, 

boundary conditions, compressive stresses and time increments as intrusion tests. The 

theoretical and experimental values of specific transmissivity reduction ratios are then 

plotted against the thickness reduction ratios (tcrp/tvrg for rigid and tcrpi/tvrg for non-rigid 

upper flow boundaries) to compare the two sets of values. The agreement of theoretical 

and experimental values would confirm the competency of modified Kozeny–Carman 

equations in predicting the hydraulic behaviour of geonet drains, and confirm that the 

equations could be considered a useful tool to predict the long-term drainage capacity of 

geonets used for drainage purposes in LCSs. 

3.2.3 Investigation of Effect of Non-rigid Flow Boundaries on Hydraulic Capacity 

of Geosynthetic Drains 

As discussed in the previous section, when flow boundaries are non-smooth or non-

rigid, the apparent thickness should be substituted by the effective thickness in modified 

Kozeny–Carman equations to determine the transmissivity reduction ratios. In contrast, 

standard creep tests cannot be used to determine geonet effective thickness. The purpose 

of quantifying the effect of intrusion is to relate geonet effective thickness to its 

apparent thickness by experimental relationships. Using these equations, normal creep 

test results, performed with smooth and rigid flow boundaries, can be used to determine 

geonet effective thickness when flow boundaries have the potential of intrusion into the 

geonet. In other words, tcmpi and tcrpi can be determined when tcmp and tcrp are known. 

In this section, the effect of intrusion on geonet thickness is investigated in two separate 

mechanisms: (i) compressive intrusion, which relates to the amount of intrusion of 

adjacent material into geonet flow channels immediately after the application of 

compressive stress, and (ii) creeping intrusion, which relates to the gradual deformation 

of flow boundaries into geonet pore spaces under a constant compressive stress over 

time. The approach to investigate both of these mechanisms is also discussed. 

3.2.3.1 Effect of Compressive Intrusion 

The thickness reduction because of compressive intrusion is a function of the magnitude 

of compressive stress, compressibility characteristics of the flow boundaries and 
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physical properties of geonet material. Therefore, immediately after the application of 

compressive stress, the ratio of post-compressive intrusion thickness to post-

compression thickness can be described by Equation 3.29: 

tcmpi

tcmp
= f (P, α, δ)       (3.29) 

where P (kPa) is the compressive stress, α is the coefficient that depends on the 

compressibility characteristics of the flow boundaries and δ is the coefficient that 

depends on the physical properties of the geonet sample. Notably, if a filter exists 

between the drainage and overlying material, the physical properties of this filter—

including stiffness and friction characteristics—also affect intrusion. In other words, to 

be precise, the physical properties of the combination of the filter and overlying material 

(called the flow boundary in this study) determine the value of α coefficient. 

3.2.3.2 Effect of Creeping Intrusion 

Creep refers to a time-dependent deformation process at a stress less than the strength of 

the material (Findley 1960; Nielsen 1974). Unlike elastic behaviour, creep deformation 

does not occur suddenly under the application of stress. Instead, the strain accumulates 

as a result of sustained stress. Thus, creep is the time-dependent strain of the stressed 

material under evaluation. 

Geosynthetics are polymeric materials that consist of viscoelastic properties. Under 

constant loading, geosynthetics exhibit creep strain. At a constant temperature, the 

extent of the creep strain depends on the magnitude of the loading and the type of 

polymer and manufacturing process of the geosynthetics. The creep behaviour of 

polymeric materials has been predicted using constitutive models with time function. 

Such time-dependent models can be developed based on the empirical-based equation, 

the mechanical model using characterisation of springs and dashpots, the model using 

isochrones, the model using creep strain rate and the model using Weibull distribution 

(Yeo 2007). 

Depending on their applications, geosynthetics are subjected to either tensile or 

compressive load throughout their service life. Generally, geosynthetic drainage 

materials are exposed to compressive loading in the LCSs and cover systems. When 

both flow boundaries are smooth and rigid, a typical compressive creep curve in geonet 

materials appears as illustrated in Figure 3.6 (Yeo 2007). 



81 

 

Figure 3.6: Typical Compressive Creep Curve in Geonet Materials (Yeo 2007) 

If the inclination of the creep curve is considered to be φ, tcrp can be calculated using 

Equation 3.30: 

tcrp = tcmp − ln (
t

t1
) tanφ      (3.30) 

where t1 (min) is the time allocated to consider the effect of compression, and t (min) is 

the certain time after which the post-creep thickness is required. In this study, t1 was 

considered one minute. Therefore, Equation 3.30 can be rewritten as Equation 3.31: 

tcrp = tcmp − ln(t) tanφ      (3.31) 

Similarly, for non-rigid flow boundaries, if the inclination of the corresponding creep 

curve is considered to be φi, as presented in Figure 3.7, Equation 3.32 can be applied to 

calculate tcrpi: 

tcrpi = tcmpi − ln(t) tanφi      (3.32) 
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Figure 3.7: Creep Curves for Rigid and Non-rigid Flow Boundaries 

The thickness reduction due to creeping intrusion also depends on the magnitude of 

compressive stress, compressibility characteristics of flow boundaries and physical 

properties of the geonet sample. Therefore, under a constant compressive stress after the 

certain time of t, at which the post-creep thickness is required, the ratio of the 

inclination of creep curves for rigid and non-rigid flow boundaries can be described by 

Equation 3.33: 

tanφi

tanφ
= g (P, γ, , λ)      (3.33) 

where γ is the coefficient that depends on the compressibility characteristics of the flow 

boundaries, and λ is the coefficient that depends on the physical properties of the geonet 

sample. Combining Equations 3.29, 3.32 and 3.33 gives: 

tcrpi = f(P, α, δ) tcmp − g(P, γ, , λ) ln(t) tanφ      (3.34) 

Therefore, if f and g functions are found, the post-creeping intrusion thickness at each 

time can be determined by knowing tcmp and tanφ from a standard creep test. The value 

can then be substituted in modified Kozeny–Carman equations to find the transmissivity 

reduction ratios. In other words, if the effect of intrusion is quantified, and the hydraulic 

behaviour of a geonet placed between smooth and rigid flow boundaries is known, its 

behaviour in the case of non-rigid flow boundaries can be predicted. 

3.2.3.3 Method of Finding Intrusion Quantification Equations 

To quantify the effect of non-rigid flow boundaries, a series of intrusion tests were 

performed on both tri-planar and bi-planar geonet samples. The geonet samples’ 
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apparent thickness (for smooth and rigid flow boundaries) and effective thickness (for a 

number of different non-rigid upper flow boundaries) were measured at different time 

increments—including one minute to determine tcmp and tcmpi—and under different 

values of compressive stress. Therefore, the creep curves for rigid and non-rigid flow 

boundaries, as shown in Figure 3.7, were generated, and the values tanφ and tanφi (for 

each non-rigid flow boundary) under each value of compressive stress were determined. 

In the next step, the ratios of tcmpi/tcmp and tanφ/tanφi were calculated and then plotted 

against compressive stress for each type of non-rigid flow boundary and for each type of 

geonet to investigate the relationships between the ratios and compressive stress. The 

coefficients of these relationships were then linked to specific properties of either the 

geonet sample or non-rigid flow boundary. Graphs were used to find the f and g 

functions in Equations 3.29 and 3.33. The coefficients that were constant in each geonet 

sample for all tested non-rigid flow boundaries were deduced to be dependent on the 

geonet characteristics. Conversely, those that were mutual between all geonet samples 

and changed by shifting the flow boundary should be associated with the flow boundary 

properties. 

In combination, the relationships derived, modified and validated in this study propose a 

new approach to determine the long-term hydraulic capacity of geonet drains. This new 

approach can be considered a more appropriate tool to investigate the design flow 

capacity of geonet materials in comparison with applying reduction factors on short-

term transmissivity test results. In contrast to the approach of using identical reduction 

factors for all types of geonet materials and flow boundaries that is generally applied in 

designing with geonets used in leachate collection and removal systems in landfills, in 

this new method, the transmissivity reduction ratio is calculated specifically for each 

situation, based on the properties of the geonet material and the characteristics of the 

flow boundaries. 
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Chapter 4: Materials and Testing Methods 

A series of experiments were performed in this research for three purposes: 

 to investigate the effect of ribs’ configuration on the hydraulic capacity of 

geonet materials and compare the performance of two types of geonets in LCSs 

 to investigate the accuracy of modified Kozeny–Carman equations to predict the 

in-plane flow capacity of geonet materials 

 to quantify the effect of intrusion of non-rigid flow boundaries on the drainage 

capacity of these synthetic drains. 

Two main types of experiment—transmissivity and intrusion tests—were performed in 

this study. This chapter discusses in detail the testing methods, materials and equipment. 

4.1 Transmissivity Test 

Transmissivity tests were performed to investigate the effect of geonets’ structural 

configuration on their drainage performance and to find the experimental values of 

transmissivity reduction ratios. These values were then compared with the 

corresponding theoretical ratios calculated from modified Kozeny–Carman equations 

for two types of geonet materials placed under rigid and non-rigid upper flow 

boundaries.  

In a transmissivity test, the in-plane flow rate per unit width is determined by measuring 

the quantity of water that passes through a test specimen in a specific time interval 

under a specific normal stress and specific hydraulic gradient. 

4.1.1 Test Equipment 

Figure 4.1 presents a schematic diagram of the transmissivity test apparatus in 

longitudinal profile. The loading area was 305 × 305 mm. A hydraulic ram was used to 

apply compressive stress. A recirculation fluid system provided tap water by gravity 

feed from a water reservoir. The hydraulic gradient, i, imposed on a test specimen, was 

controlled through the use of a vertically adjustable standpipe within the reservoir. The 

difference in head height between the reservoir and weir (∆H in Figure 4.1) was 

determined through the use of digital transducers at the rear of the equipment. 
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To perform transmissivity tests, this research used the apparatus at the Geosynthetic 

Centre of Excellence at the Gold Coast, Queensland, Australia. Figure 4.2 illustrates the 

different components and technical specifications of the test apparatus. 

 
Figure 4.1: Schematic Diagram of Transmissivity Test Apparatus in Longitudinal 

Profile 

 
Figure 4.2: (a) Transmissivity Test Apparatus, (b) Technical Specifications, (c) 

Specimen Chamber and Hydraulic Ram, (d) Water Reservoir and (e) Weir 
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4.1.2 Test Procedure and Calculations 

Transmissivity tests were undertaken according to ASTM D4716M-14—‘American 

Society for Testing and Materials (ASTM): Standard Test Method for Determining the 

(In-plane) Flow Rate per Unit Width and Hydraulic Transmissivity of Geosynthetic 

Using a Constant Head’. The specimen was placed between substrate and superstrate, 

and the sides were sealed parallel to the direction of flow. Following this, the specified 

normal compressive stress and hydraulic gradients were applied. At least 0.5 litres of 

water were allowed to flow through the specimen, and then the flow was measured 

using flow rate measurement criteria specified in the standard as a guild for minimum 

collection volume and maximum collection time. At least three flow measurements had 

to be obtained. The volume of water and collection time were then recorded and used to 

calculate the measured flow rate. The test water needed to be maintained at 21 ± 2°C 

throughout the test duration.  

In this study, transmissivity tests were performed using four values of hydraulic 

gradient of 0.05, 0.1, 0.5 and 1.0. Considering the value range of dead and live loads, 

the maximum value of compressive stress of 1000 kPa was selected in this study, and 

transmissivity tests were performed under 13 values of compressive stress: 10, 20, 50, 

100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 kPa. 

In the transmissivity test, the value of transmissivity was calculated using Equation 4.1: 

Ө =
QtRt 

Wi
           (4.1) 

where Qt (m
3
/s) is the measured flow rate, W (m) is the width of the specimen (0.304 

m), Rt is the temperature correction factor for recorded temperatures lower or higher 

than 20°C and i is the hydraulic gradient. 

4.1.3 Test Material 

4.1.3.1 Geonet Material 

A tri-planar geonet, named T5, and a bi-planar geonet, named M5, were used in the 

transmissivity tests. The physical properties of these materials are summerised in Table 

4.1. 
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4.1.3.2 Boundary Material 

In all transmissivity tests, the lower flow boundary material was smooth and rigid metal 

plate. Two different materials—a thick metal plate and a layer of rubber foam—were 

used as the smooth and rigid and non-rigid upper flow boundary materials, respectively. 

The rubber foam was chosen because, according to ASTM D4716/D4716M-14 (2014), 

rubber sheets may be used to model soil adjacent to the geosynthetic on one or both 

sides of the specimen in a transmissivity test. Figure 4.3 shows the cross-section of the 

test specimen under rigid lower and non-rigid upper flow boundaries. 

 
Figure 4.3: Cross-section of Test Specimen under Rigid Lower and Non-rigid 

Upper Flow Boundaries in Transmissivity Test 

4.2 Intrusion Test 

Intrusion tests were introduced for the first time in this study to contribute to the first 

systematic analysis of the effect of intrusion on the hydraulic capacity of geonet drains. 

This test determined the geonet samples’ apparent thickness for smooth and rigid flow 

boundaries and effective thickness for lower rigid and different upper non-rigid flow 

boundaries. These values were used for two purposes in this study. 

The first set of tests measured the values of post-creep and post-compressive creep 

thicknesses for each value of compressive stress. The flow boundaries and time 

increments were exactly identical to those applied in the transmissivity tests to 

determine the experimental values of transmissivity reduction ratios. By substituting 

these thickness values in modified Kozeny–Carman equations, theoretical values of 

transmissivity reduction ratios were also acquired. As aforementioned, the two sets of 

values were then compared to investigate the accuracy of the derived equations. 

The second set of intrusion tests was conducted to quantify the effect of intrusion by 

determining the experimental relationships that linked a geonet’s effective thickness to 
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its apparent thickness. To derive such relationships, tcmp, tcmpi, tcrp and tcrpi were 

measured at different time increments and for different values of compressive stress and 

different non-rigid flow boundaries. Using these values, the creep curves for rigid and 

non-rigid flow boundaries were generated to find the inclination of the curves (tanφ and 

tanφi). The ratios of tcmpi/tcmp and tanφ/tanφi for each type of non-rigid flow boundary 

and for each value of compressive stress were then calculated. Finally, appropriate 

graphs were generated and interpreted to find the f and g functions described in Section 

3.3.  

4.2.1 Test Equipment 

To perform the intrusion tests, special equipment was designed and manufactured at 

Griffith University, Australia. The main application of the equipment was to measure 

apparent and effective thickness under different values of compressive stress. The 

equipment comprised a welded steel frame with an opening area of 250 × 250 mm, 

which accommodated the geonet sample and upper boundary, as shown in Figure 4.4. 

Two aluminium plates of 12 mm thickness were installed at the base of the box to act as 

the smooth and rigid lower boundary. Sixteen holes of 15 mm diameter were made in 

the upper plate. The lower plate had the same dimensions as the upper plate, with 16 

plugs to fill the upper plate’s holes. These two plates were attached together with four 

screws to create a rigid assembly base plate. A hydraulic actuator connected to a hand 

pump was used to apply compressive stress. Figure 4.4 shows the equipment details. 
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Figure 4.4: Intrusion Equipment Details: (a) Test Frame, (b) Sample Box, (c) 

Details of Base Plates, (d) Test Equipment, (e) Geonet Placed in Sample Box, (f) 

Load Cell Digital Monitor, (g) Upper Base Plate, (h) Lower Base Plate and (i) 

Geonet Sample View through Holes 

4.2.2 Test Procedure and Calculations 

The geonet sample was cut to the box dimensions and the specimen was placed into the 

intrusion box. The sheet corners were carefully adjusted to the frame corners. The 

sample needed to be evenly laid on the base plate and immovable. The upper boundary 

material was then placed on the geonet sample. The hydraulic actuator connected to the 

hand pump was used to lower the upper plate and apply the compressive stress until the 

desired value appeared on the load cell digital monitor. The valve was then fastened to 

keep the compressive stress constant during the test time. To measure the sample 
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thickness, the lower base plate was unattached and incremental measurements were 

performed at the bottom of the upper base plate through holes using a laser digital 

vernier caliper modified for the equipment to stay exactly perpendicular to the lower 

plate during measurements. After each measurement, the lower plate was reattached. 

Two types of upper flow boundaries were applied in the intrusion tests. Figures 4.5a and 

4.5b illustrate the geonet specimen placed in the sample box respectively when the 

upper flow boundary is rigid and non-rigid. When the upper boundary was smooth and 

rigid, the geonet apparent thickness measured at all 16 points of the sample was found 

to be equal, as illustrated in Figure 4.5a. In the case of non-rigid upper flow boundaries, 

as indicated in Figure 4.5b, the geonet effective thickness measured at each of the 16 

points was different, as these flow boundaries did not necessarily uniformly intrude into 

geonet openings. Therefore, as described in the definition of effective thickness, 

Equation 4.2 was used to calculate the effective thickness of the geonet samples in the 

intrusion test: 

ti =
∑ tia
16
a=1

16
           (4.2) 

where ti (m) is the effective thickness, which is called tcmpi if measured one minute after 

load application, and tcrpi if measured at any other time increment. 

Intrusion tests were also performed under 13 values of compressive stress: 10, 20, 50, 

100, 200, 300, 400, 500, 600, 700, 800, 900 and 1,000 kPa. 

 
Figure 4.5: Measurement of (a) Apparent and (b) Effective Thickness in Intrusion 

Test 

4.2.3 Test Material 

4.2.3.1 Geonet Material 

The same material as transmissivity test—T5 and M5—was used in the intrusion tests 

for the purpose of validating the modified Kozeny–Carman equations. The intrusion 

tests conducted for the purpose of deriving the intrusion quantification relationships 
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were performe on three geonet samples: T5, M5 and a third geonet sample named T7. 

The physical properties of geonet materials are summerised in Table 4.1. 

Table 4.1: Physical Properties of Drain Materials 

Property Unit T5 M5 T7 

Geonet type - Tri-planar Bi-planar Tri-planar 

Mass per unit area (μ) kg/m
2
 0.911 0.732 1.300 

Density of polymeric compound (𝜌𝑃) kg/m
3
 940 940 940 

Virgin thickness at 2 kPa (tvrg) mm 6.04 5.38 7.18 

Porosity (n) - 0.840 0.855 0.807 

4.2.3.2 Boundary Material 

For all intrusion tests performed in this study, the two assembly aluminium plates 

installed at the base of the intrusion box acted as the smooth and rigid lower flow 

boundary material. For comparison purposes, the intrusion test performed to determine 

the theoretical values of transmissivity reduction ratios had to be conducted using the 

exact same upper flow boundary materials as the transmissivity tests. Therefore, a thick 

metal plate of 20 mm thickness and the same rubber foam material as the transmissivity 

test, cut to the dimension of the intrusion box, were respectively used as the smooth and 

rigid and non-rigid upper flow boundary materials in the first set of intrusion tests. 

In the second set of intrusion tests, to quantify the effect of non-rigid flow boundary on 

the effective thickness of geonet materials, four different upper flow boundary materials 

were used, including a smooth and rigid metal plate to measure the apparent thickness, 

and three non-rigid materials. Therefore, the relationship between the apparent and 

effective thickness could be investigated for different upper flow boundaries. Non-rigid 

boundary materials were a layer of rubber foam, dry soil and the same soil with 

moisture. The tested soil was clean sand (SP), with the specific gravity of 2.68 and 

optimum water content of 12.5%. The coefficient of uniformity (CU) and the coefficient 

of curvature (CC) were 1.60 and 0.96 respectively. Grading curves of the soil is also 

illustrated in Figure 4.6. Details of upper flow boundary materials are summarised in 

Table 4.2. 
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Figure 4.6: Grading Curve of the Tested Soil in Intrusion Tests 

Table 4.2: Properties of Boundary Materials 

Name Type Material 

M 
Smooth and 

rigid 
Thick metal plate of 20 mm thickness 

F Non-rigid Rubber foam of 10 mm thickness 

DS Non-rigid Dry soil of 20 mm thickness before load application 

WS Non-rigid 
Wet soil of 20 mm thickness before load application and with water content 

of 10% 

4.2.3.3 Filter Material 

In practice, geonets are rarely exposed to direct contact with soil. For almost all 

situations in geotechnical and geoenvironmental works, geotextiles are used to support 

the soil over the apertures created by geonet ribs (Palmeira & Trejos Galvis 2017). This 

geotextile functions as a filter and separator, while the geonet is intended to transmit 

liquids or gases in the plane of the composite product. As described in Chapter 1, a 

geotextile is defined as a planar, polymeric textile material that may be woven or 

nonwoven (Rowe 2005). It can be assumed that a nonwoven geotextile is a set of 

parallel meshes with equal member spacing and with each member diameter equal to 

the geotextile fibre diameter (Palmeira & Gardoni 2000). In general, nonwoven 

geotextiles are very permeable and compressible materials made of polyester (Palmeira 

& Gardoni 2002). 

It has been shown that there is a clear correspondence between the stiffness of the filter 

and the discharge capacity under different loads (Müller-Rochholz et al. 2004). 
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Therefore, the filter properties affect the elastic deformation of geosynthetic drainage 

materials. In this study, to investigate the influence of the geotextile filter on the 

effective thickness, two types of geotextile (GT1 and GT2) were used as a separator in 

the case of applying soil as the non-rigid boundary material. The physical properties and 

the stress–strain behaviour of tested geotextile materials are illustrated in Table 4.3 and 

Figure 4.7. These geotextiles were heat laminated to one side of the tested geonets, 

thereby forming a single-sided geocomposite drainage material. So the flow boundary is 

considered as the material imposed on the geonet or geocomposite sample. Figure 4.8 

illustrates the geocomposite used in intrusion tests, comprising GT1 heat laminated to 

T5. 

Table 4.3: Physical Properties of Filter Materials 

Property Unit GT1 GT2 

Mass per unit area (μ) kg/m
2
 0.158 0.196 

Thickness at 2 kPa mm 1.25 1.60 

Strength at 5% kN/m 7.12 10.86 

Stiffness at 5% kN/m 142.4 217.2 

Ultimate strength kN/m 16.7 19.8 

 

 

Figure 4.7: Stress–Strain Behaviour of Geotextile Material 
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Figure 4.8: Geocomposite Drainage Material Used in Intrusion Test Comprising 

GT1 Heat Laminated to T5 

Using three geonet samples and six upper flow boundaries (rigid plate, foam, dry soil 

accompanied by GT1 and GT2, and moist soil accompanied by GT1 and GT2), 18 

layouts of test materials were tested in this study in the second set of intrusion tests to 

investigate the effect of non-rigid flow boundaries on the hydraulic capacity of 

geosynthetic drains, as shown in Table 4.4. Therefore, in the second set of intrusion 

tests, 234 tests (18 layouts × 13 values of compressive stress) were performed. 

Table 4.4: Layouts of Test Material in the Second Set of Intrusion Tests 

No Layout No Layout No Layout 

1 T5—Rigid plate 7 M5—Rigid plate 13 T7—Rigid plate 

2 T5—Foam 8 M5—Foam 14 T7—Foam 

3 T5—Dry soil–GT1 9 M5—Dry soil–GT1 15 T7—Dry soil–GT1 

4 T5—Dry soil–GT2 10 M5—Dry soil–GT2 16 T7—Dry soil–GT2 

5 T5—Moist soil–GT1 11 M5—Moist soil–GT1 17 T7—Moist soil–GT1 

6 T5—Moist soil–GT2 12 M5—Moist soil–GT2 18 T7—Moist soil–GT2 
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Hydraulic Capacity of Geosynthetic Drains 
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5.1 Abstract 

The collection and effective removal of leachate represents an important element in the 

successful functioning of a landfill facility. Geonets are quickly becoming one of the 

most commonly used drainage materials in leachate collection and removal systems of 

landfills. According to their geometry and structural configuration, geonets are 

classified to two main categories named tri-planar geonets and bi-planar geonets. In this 

research, the effect of ribs configuration on geonets drainage capacity is investigated 

under different values of compressive stress and hydraulic gradient. The results show 

that ribs geometry considerably impacts the geonet performance under the range of 

compressive stress that a drainage material in a leachate collection system is likely to 

experience during its lifetime. Therefore, the selection of a geonet to maximize flow 

capacity in the long-term must consider not only the thickness of the strands but also the 

pattern of the liquid flow channels. 

KEYWORDS: Tri-planar geonet, Bi -planar geonet, Drainage capacity, Landfills, 

Leachate collection systems  

5.2 Introduction 

Inappropriate disposal of Municipal Solid Waste (MSW) has been identified as the 

major part of environmental problems (Kaushik, Kumar & Bansal 2014). Despite great 

advances in resource recovery, landfill remains a critically important part of the waste 

management infrastructure. The technology and performance of MSW landfill facilities 

has progressively improved in order to address risks to human health, the environment, 

and operator health and safety. Today most developed countries have regulations 
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controlling the location, design and operation of landfills. This typically involves 

limiting the type of waste that can be disposed in the landfill and requiring a barrier 

system to separate the waste and the associated contaminants from the groundwater 

system. A barrier system is one of the main components of modern landfills. The 

system is designed to control contaminant transport and ensure negligible long-term 

environmental impact for the contaminating lifespan of the landfill. A barrier system 

typically involves many different components, including protection layers, 

filtration/separation layers, one or more low permeability liner and a Leachate 

Collection System (LCS) (Rowe et al. 2004). LCSs are designed in landfills to remove 

leachate for treatment, disposal, and/or recirculation and to control the head of leachate 

on the liner system to minimize the quantity of leachate leakage (Yarahmadi et al. 

2016).The system should consist of drainage material of adequate long-term hydraulic 

conductivity to effectively collect the leachate being transmitted through the waste 

mass. 

Geosynthetics are polymeric sheets which are used in civil, geotechnical and 

environmental projects. These materials are nowadays an accepted and well established 

component of the waste containment industry. Geosynthetic drainage materials are 

quickly becoming one of the most commonly used drainage materials in leachate 

collection and removal systems since they normally offer many advantages over natural 

soil such as easy quality control, low likelihood of puncture to the adjacent geosynthetic 

liner, easy placement, stability in slopes, limited space requirement, and generally lower 

cost (Eith & Koerner 1992; Niroumand et al. 2012). 

According to ASTM D4439: “Standard Terminology for Geosynthetics”, a geonet is 

defined as a geosynthetic consisting of integrally connected parallel sets of ribs 

overlying similar sets at various angles for planar drainage of liquid or gases. Geonets 

are usually formed by a continuous extrusion process into a netlike configuration of 

parallel sets of interconnected ribs (Koerner, 2012). In-plane flow capacity is the most 

important design parameter of geonets used for drainage applications (Bourges-Gastaud, 

Blond & Touze-Foltz 2013). The LCS is one of the most vulnerable components of 

landfills and most likely to fail during the landfill lifetime (Rowe 2005). To design an 

efficient LCS, the hydraulic capacity of the geonet used should be investigated over the 

service lifetime of the landfill which is typically extremely long. Misrepresentation of 

drainage capacity can result in leachate build-up on the liner system and undesirable 
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functioning of LCS. The serious nature of leachate head on the liner system is 

concerned as a potential stability issue (Koerner & Soong 2000). 

According to their geometry and structural configuration, geonets are classified to two 

main categories named tri-planar geonets and bi-planar geonets. A typical tri-planar 

geonet consists of three sets of ribs, the first set being the major ribs, which run parallel 

to the direction of flow, and is sandwiched between two sets of minor ribs bonded on 

the top and bottom of the major ribs as shown in Figure 1.5a. A bi-planar geonet, on the 

other hand, consists of two equally sized sets of extruded parallel ribs on top of each 

other at different orientations as illustrated in Figure 1.5b.  

In this study the effect of ribs geometry on hydraulic behavior of geonet materials is 

investigated. For this purpose, the range of compressive stress which geonet is likely to 

experience during its lifetime in LCSs is first discussed. Then the in-plane flow capacity 

of tri-planar and bi-planar geonet samples under these compressive stresses is found by 

performing transmissivity tests. Based on the results, the performance of these two 

types of geonet is compared in landfills leachate collection and removal systems. 

5.3 The Range of Compressive Stress Imposed on Geonets in Leachate 

Collection Systems 

The geonet used in a LCS is generally located underneath layers of compacted soil and 

waste. Thus, there will be dead load over the geonet which is the summation of the 

weight of each one of the layers on top of it and is calculated using Equation 5.1: 

σDL = ∑γihi          (5.1) 

where σDL (kPa) is the dead load over the geonet; γi (kN/m
3
) is the specific weight of 

each one of the layers on top of geonet material; and hi (m) is the thickness of the layer. 

In typical landfills the volume of waste is considerably more than compacted soil layers 

which are used in landfills’ cover systems to control water and gas movement and to 

minimize odors, disease vectors and other nuisances. Therefore, to calculate the dead 

load value, instead of apparent waste unit weight -which is determined by dividing 

waste total weight by the total landfill volume- usually total waste unit weight is 

considered (Timmons et al. 2012). To calculate total waste unit weights, it is assumed 

that a definite percentage of the total landfill volume is occupied by cover soil with a 

unit weigh generally a few times more than apparent waste unit weight. Multiplying 
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total waste unit in waste height the dead load over the geonet is obtained. Several 

studies are conducted to determine the total unit weight of waste in landfills. Zornberg 

et al. (1999) utilized spectral surface wave analysis surveys in an effort to describe the 

total landfill density profile of a MSW landfill by direct field measurements, and found 

a range of 10 to 14.9 kN/m
3
 at depths between 7.9 and 50 m. Qian, Koerner and Gray 

(2002) reported that a typical total landfill waste unit weight is within the range of 8.6 to 

11 kN/m
3
. Based on in situ measurements, Zekkos et al. (2006) reported total unit 

weights ranging from approximately 11 to 18 kN/m
3
, generally increasing with depth. 

Timmons et al. (2012) found a range of 7.3 to 9.1 kN/m
3
 for apparent unit weight 

landfill wastes. Assuming the volume occupied by cover soil to be 15% of the total 

landfill volume with a soil unit weight of 17.3 kN/m
3
, the estimated total unit weight 

was calculated to fall in a range of 9.9 to 11.7 kN/m
3
, with an average of 10.5 kN/m

3
. It 

is also important to note that in some cases, the unit weight of waste can be 

considerably more than the unit weight of common wastes even up to 16 kN/m
3
 

(Castelo & Gutiérrez 2014). Considering these ranges recommended for waste density 

and the height of MSW landfills which is often between 25 to 100 m (Koerner & Soong 

2000), it can be concluded that in a normal sized landfill, the dead load imposed over 

the drainage geonet generally falls in the range of 200 to 700 kPa (Castelo & Gutiérrez 

2014).  

In addition to dead load, there will also be live loads imposed on drainage material such 

as construction loads. If there are layers of compacted soil on top of the geonet, 

construction and compacting equipment will have to ride on top of the layer. This 

construction live load may even reach values of 500 kPa (Castelo & Gutiérrez 2014). 

Considering the value range of dead and live loads, the experiments were performed 

under compressive stresses ranging from 10 to 1000 kPa in this study. 

5.4 Materials and Method of Testing 

5.4.1 Test Material 

A tri-planar geonet (T5) and a bi-planar geonet (M5) sample were used in this research 

to investigate the effect of ribs configuration on geonets hydraulic performance under 

different values of compressive stress. The physical properties of the samples are 

summarized in Table 4.1. 
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5.4.2 Transmissivity Test 

Transmissivity tests were performed to investigate the effect of structural configuration 

of geonet materials on flow rate reduction. Figure 4.2 shows the transmissivity test 

equipment. Details of the test equipment, procedure and caculatins are explained in 

Section 4.1. 

In this study, Transmissivity tests were performed under four values of hydraulic 

gradient of 0.05, 0.1, 0.5 and 1.0 and thirteen values of compressive stress of 10, 20, 50, 

100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 kPa.  

5.5 Results and Discussion 

Figure 5.1 shows flow rate of tri-planar and bi-planar geonet samples versus 

compressive stress, fifteen minutes after load application under hydraulic gradient of 

0.05, 0.1, 0.5 and 1.0.  

As seen in the figure, tri-planar and bi-planar samples show almost similar hydraulic 

capacities under low values of compressive stress i.e. up to 200 kPa, however, at higher 

values of compressive stress, a sudden drop is evident in flow capacity of the bi-planar 

sample in all four tested values of hydraulic gradient. Figure 5.2 shows the ratio of in-

plane flow rate of the tri-planar sample to that of the bi-planar sample for different 

values of compressive stress and hydraulic gradient. The figure reveals that the drainage 

capacity of tri-planar geonet sample is 2.3-3.0 times of that of the bi-planar sample in 

compressive stresses higher than 200 kPa. 

Flow capacity of a geonet drain is closely related to its thickness (Jarousseau & Gallo 

2004). Figure 5.3 illustrates the thickness of the geonet samples versus compressive 

stress. As expected, the abrupt change is also detectable in the thickness of the bi-planar 

sample in compressive stresses higher than 200 kPa.  
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Figure 5.1: In-plane Flow Rate of Tri-planar and Bi-planar Geonet versus 

Compressive Stress 
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Figure 5.2: The Ratio of Drainage Capacity of the Tri-planar Geonet Sample to 

that of the Bi-planar Sample for Different Values of Compressive Stress and 

Hydraulic Gradient 

 

Figure 5.3: Thickness of Tri-planar and Bi-planar Geonet Samples versus 

Compressive Stress 

As the physical properties of two geonet samples including polymer density and 

porosity are almost similar, the sudden drop in flow capacity and thickness of the bi-

planar sample geonet is concluded to be attributed to configuration of the ribs. In other 

words, this behavior of the bi-planar geonet must have been caused by some level of 

collapse of the geonet structure for larger stress levels. Figure 5.4 shows the bi-planar 

and tri-planar geonet samples under compressive stress values of 100 and 1000 kPa. As 

seen in this figure, the drop in in-plane flow capacity and thickness of the bi-planar 

geonet is resulted from the ribs reorientation: in high compressive stresses, while the 
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lower ribs orientation remains almost unchanged, upper ribs slip over the lower ones 

and their orientation -which is almost vertical in low compressive stresses- changes to 

almost horizontal. This phenomenon is known as upper rib roll-over in bi-planar 

geonets (Yeo 2007). The sets of upper and lower ribs are not exactly perpendicular to 

one another at the intersection point and also each rib. Because of this non-

perpendicularity, when the compressive loading is applied to the bi-planar geonet, the 

initial response is quite stiff, however it begin to deform above critical pressure (Jeon 

2014). This roll-over effect can influence the flow rate capacity of the bi-planar geonet. 

After roll-over the geonet can still transport liquid, but somewhat diminished in rate. 

 

Figure 5.4: Bi-planar and Tri-planar Geonet Samples under Compressive Stress of 

100 and 1000 kPa 

Upper ribs roll-over phenomenon is exclusive to bi-planar geonets due to their 

particular ribs pattern. In tri-planar geonets, the flow is essentially governed by the ribs 

having a large cross section area. Therefore it is assumed that tri-planar geonets can be 

approximately modelled by one set of identical cylinders having a diameter equal to the 

geonet thickness (Giroud, Gourc & Kavazanjian 2012a). In other words, in tri-planar 

geonet the main ribs set acts like a single solid element under load and therefore the 

geonet thickness and consequently its drainage capacity decreases gradually by 

increasing compressive stress. Figure 5.5 shows a schematic view of ribs deformation 

pattern for tri-planar and bi-planar geonet materials. 
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Figure 5.5: Schematic View of Ribs Deformation Pattern for Bi-planar and Tri-

planar Geonets 

Therefore, to have a better understanding of the hydraulic behavior of bi-planar geonets, 

it is important to find the compressive strength which is the start point of the roll-over 

(Yarahmadi, Gratchev & Jeng 2017). The application of bi-planar geonets is not 

recommended if the material is supposed to be subjected to a stress level higher than the 

compressive strength during its lifetime as the hydraulic capacity decreases dramatically 

beyond this point.  

5.6 Conclusions 

Transmissivity tests were performed on a tri-planar and a bi-planar geonet samples 

under a range of compressive stresses to investigate the effect of ribs configuration on 

geonets drainage capacity and estimate their performance in landfills leachate collection 

and removal systems. The results showed that: 

 The hydraulic behaviour of the two types of geonet was almost similar in low 

compressive stresses up to 200 kPa regardless of their ribs geometry. However, 

the reduction in flow capacity was dependent on the structure of the geonet in 

compressive stress higher than 200 kPa, and was smaller for the tri-planar 

geonet in which flow is governed by the main ribs set. The drainage capacity of 

the tri-planar sample was 2.3-3.0 times of that of the bi-planar sample at all four 

values of hydraulic gradient. 

 In bi-planar geonets, the sudden drop in drainage capacity is attributed to ribs 

reorientation. Although the lower ribs orientation remains almost unchanged, 

upper ribs slip over the lower ones and their orientation changes from almost 

vertical in low compressive stresses to almost horizontal in high compressive 

stresses. This phenomenon is known as upper ribs roll-over in bi-planar geonets. 
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After roll-over, the bi-planar geonet can still drain liquid, but somewhat 

diminished in rate. 

 To have a realistic estimation of the hydraulic behaviour of bi-planar geonets, it 

is important to find the compressive strength. Extrapolation of the transmissivity 

test results performed under a lower compressive stress to find flow rate capacity 

at higher compressive stresses is not recommended in bi-planar geonets because 

of the potential of roll-over phenomenon 

 If the normal pressure resulting from dead loads land ive loads in leachate 

collection and removal systems in landfills usually exceeds the compressive 

strength of bi-planar geonets, tri-planar geonet are recommended for installation 

in these systems. However, the utilization of bi-planar geonets still could be 

considered in landfills wherever the compressive stress stays in non-roll-over 

region e.g. landfill cover systems. 
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6.1 Abstract 

In this paper, relationships between in-plane flow capacity reduction and thickness 

reduction are presented in tri-planar and bi-planar geonets for rigid and non-rigid flow 

boundaries. Using these equations, the long-term flow capacity of geonets can be 

determined using creep test results. To validate these relationships, geonet thickness 

was measured under different conditions and the theoretical values of the transmissivity 

reduction ratio were calculated by substituting the results in the equations. 

Transmissivity tests were then performed under the same conditions to obtain 

experimental values of the reduction ratios. A comparison showed that the theoretical 

and experimental values of the transmissivity reduction ratio were in agreement, and the 

relationships provide a useful tool to predict the drainage capacity of both tri-planar and 

bi-planar geonets influenced by loading pressure. However, special precautions must be 

taken when applying the equations to investigate the hydraulic capacity of other types of 

geosynthetic drains as well as when the geonet is covered by geotextile material acting 

as a filter between the geonet and adjacent soil, is overlain by GCL material where the 

swelling potential of the bentonite in the geonet exists, is placed in inclined positions or 

is subjected to complex combinations of load. 

KEYWORDS: Geosynthetics, Geonet, Hydraulic transmissivity, Thickness, Intrusion 

6.2 Introduction 

Geosynthetics have been effectively used as drains in civil and environmental works 

(Jang, Kim & Lee 2015) including landfill, mining, landscaping and any kind of 

construction that requires the management of liquid or gas infiltration. Geonets are 
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quickly becoming one of the most commonly used drainage materials because of their 

limited space requirements, factory-controlled properties and generally lower cost (Eith 

& Koerner 1992) ease of transport and installation (da Silva & Palmeira 2013), and also 

contributions to bearing capacity of soft soils (Bazne, Vahedifard & Shahrokhabadi 

2015). 

Hydraulic transmissivity is the most important design parameter of geocomposites used 

for in-plane drainage applications (Bourges-Gastaud, Blond & Touze-Foltz 2013). For a 

geonet to function efficiently in drainage systems, proper knowledge of the geonet’s 

hydraulic behaviour over the service lifetime is required. If the flow capacity of the 

geonet is underestimated, the system design will be too conservative and thus lead to 

unnecessary costs. Conversely, overestimation of a geonet’s flow capacity can result in 

undesirable functioning of the drainage system. 

The flow capacity of geonets is affected by various factors. A series of environmentally 

related issues can have an impact on the flow rate performance of geosynthetic drains 

(Koerner 2012). Long-term clogging of drain openings can significantly affect the 

drainage capacity of geonets. Clogging involves a combination of biological, chemical 

and physical processes (Rowe 2005). Physical clogging results from an accumulation of 

inorganic particles that were originally suspended in passing fluid. Chemical clogging 

usually occurs because of the production of substances such as calcium carbonate, 

which results in precipitation of inert material that accumulates on available solid 

surfaces and block voids. Biological clogging is usually initiated by forming a 

biological system known as biofilm where bacteria are organized into a coordinated 

community (Correia, Ehrlich & Mendonca 2017). As biofilms grow larger, they can 

combine with other neighbouring biofilms and create a natural biological filter that 

contributes to the reduction of pore space and the hydraulic conductivity of the material 

(Mlynarek & Rollin 1995). A one dimensional numerical model, Bioclog, which was 

developed extended to two dimensions (Cooke, Rowe & Rittmann 2005; Cooke & 

Rowe 2008; Rowe & Yu 2013) allow the modelling of the clogging of porous media 

and can be used effectively to quantify the effect of clogging on the hydraulic capacity. 

Temperature is another environmental factor that influences the hydraulic behaviour of 

geonet materials. In standardized laboratory test conditions, under a high temperature, 

flow rate increases as expected according to the theoretical effect of temperature on 

hydraulic conductivity. Temperature also has a significant effect on the rate of clogging 

because of the increased biological activity associated with increasing temperature 
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(Armstrong 1998). It has also been shown that geonet transmissivity can be 

substantially reduced by an increase in temperature when the geonet is in contact with a 

GCL because of the higher swelling potential of bentonite (Davies & Legge 2003). 

Other factors such as placement on a side slope where a combination of normal and 

shear stress acts on the drainage material (Yeo 2007), dynamic loading, and lateral 

displacement can also affect the in-plane flow capacity of geonets. 

Disregarding the above-mentioned factors, the parameters that mainly control the 

geonet hydraulic capacity include the intensity and duration of applied stress, the 

physical and structural characteristics of the geonet and the properties of adjacent 

construction materials (Fannin & Choy 1995). 

Although the hydraulic transmissivity test is the most common method to investigate 

geonet flow capacity, conducting the test over a long period to obtain the long-term 

flow capacity of a geonet is too time consuming and is typically considered impractical. 

Conducting a short-term transmissivity test and using reduction factors to consider the 

impact of local deformations and compressive creep behaviour was the first design 

recommendation to calculate long-term flow capacity; however, later studies showed 

that real decrease in water flow capacity can be much higher than is taken into account 

by short-term generated reduction factors (Zanzinger, Sana & Dobart 2010). Moreover, 

recommended reduction factors are not categorised based on geonet physical properties. 

In other words, the same values of reduction factors are recommended for all types of 

geonets. Further, wide ranges of values are usually recommended for reduction factors, 

and choosing the appropriate value is another routine problem. However, by performing 

creep tests, a geonet’s long-term thickness can be reached easily and reliably. Applying 

methods such as the stepped isothermal method can reduce the creep test time to within 

a day. The results of this short-term accelerated test have shown it has high reliability to 

its real long-term creep tests for geonets (Mok et al 2012), and it is approved and 

explained by standards, for example, ASTM D7361–07 (2012): Standard Test Method 

for Accelerated Compressive Creep of Geosynthetic Materials Based on Time-

Temperature Superposition Using the Stepped Isothermal Method. Simulation of 

service conditions—for example, by putting the geonet specimen in an inclined position 

or between different materials—is also more practical in a creep test than in a 

transmissivity test. Therefore, theoretical relationships that relate geonet in-plane flow 

capacity to its thickness can contribute considerably to better estimation of long-term 

hydraulic behaviour and consequently the efficient and safe design of geonets. Using 
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such equations, the long-term flow capacity of geonets can be determined using creep 

test results. 

In this study, theoretical relationships that quantify the effect of thickness reduction on 

transmissivity reduction in low hydraulic gradients were first derived for two different 

types of geonets. Geonet thickness was then measured under different conditions and 

the results were substituted in the equations to find the theoretical values of the 

transmissivity reduction ratio. Transmissivity tests were also conducted under the same 

conditions to acquire corresponding experimental values of the reduction ratio. Finally, 

the theoretical and the experimental values were compared to validate the proposed 

relationships. 

6.3 Background 

6.3.1 Previous Research 

The relationship between hydraulic behaviour and the physical properties of 

geosynthetic material and flow boundaries has been discussed previously in the 

literature. Giroud, Zornberg and Zhao (2000) concentrated on the parameters that affect 

both the short- and the long-term thickness of geosynthetics and proposed a relationship 

between thickness and hydraulic transmissivity reduction, using Kozeny–Carman’s law, 

which relates porosity to hydraulic conductivity. Palmeira and Gardoni (2000, 2002) 

showed that Giroud’s equations can accurately estimate the permeability in non-woven 

geotextiles based on physical properties such as porosity and fibre density. Jarousseau 

and Gallo (2004) investigated long-term flow capacity in relation to the long-term 

thickness of four types of drainage geocomposites, demonstrating that flow capacity is 

closely related to thickness, and calculated transmissivity reduction factors based on the 

estimation of thickness reduction factors. Jaisi, Glawe and Bergado (2005) also used 

Giroud’s equation and derived transmissivity reduction factors due to creep and 

compression for various geonets and geocomposites to investigate their hydraulic 

behaviour in the Sa Kaeo landfill in Thailand. Müller, Jakob and Tatzky-Gerth (2008) 

introduced another method to deduce long-term flow capacity from thickness reduction. 

In their method, residual long-term thickness is extrapolated and the pressure necessary 

to enforce this residual thickness in a short-term experiment is determined. The flow 

capacities measured under this pressure at various bedding conditions is defined as 

long-term flow capacity. Giroud, Gourc and Kavazanjian (2012a) concentrated on the 

impact of flow boundaries on hydraulic behaviour and quantified the effect of rigid and 
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smooth flow boundaries on two physical characteristics of geosynthetic drains as a 

function of the thickness and the size of the solid constituents of the geosynthetic. The 

authors showed that although the effect of flow boundaries on needle-punched, non-

woven geotextiles is negligible, this effect on geonets can be significant; however, the 

research was purely theoretical and researchers were encouraged to perform tests to 

evaluate the theoretical results. It was also shown that in geosynthetic drains, the degree 

of turbulence depends on the applied compressive stress and the material in contact with 

the drain (Giroud & Kavazanjian 2014). Jeon (2014) investigated the correlation 

between the normal pressure and the transmissivity of bi- and tri-planar geonets and 

showed that a significant reduction in flow capacity was observed for the traditional bi-

planar geonet. This decrease was anticipated owing to the abrupt thickness decrease in 

the geonet caused by roll-over. On the other hand, no significant decrease was observed 

in the transmissivity for the tri-planar geonet, which did not roll over. 

6.3.2 Theoretical Model 

The in-plane flow capacity of geosynthetic materials is usually defined by hydraulic 

transmissivity, the product of hydraulic conductivity and thickness: 

Ө = k. t           (6.1) 

where θ (m
2
/s) is the hydraulic transmissivity of the geosynthetic, k (m/s) is the 

hydraulic conductivity of the geosynthetic and t (m) is the thickness of the geosynthetic. 

In the case of laminar flow, the hydraulic transmissivity of a porous medium can be 

expressed using the classical Kozeny–Carman equation (Carman, 1937; Kozeny 1927a, 

b): 

Ө =
βρgn3tD

η(1−n)2Ss
2           (6.2) 

where β is the tortuosity factor, n is the porosity of the porous medium, Ss (m
−1

) is the 

specific surface area of the porous medium, ρ (kg/m
3
) is the density of the fluid, g (m

2
/s) 

is the acceleration of gravity, ŋ (kg/ (m.s)) is the viscosity of the fluid and tD is the 

porous medium thickness. 

In Equation 6.2, specific surface area, porosity and thickness are physical properties of a 

porous medium. Knowing these factors, Equation 6.3 can be used to calculate the 

relationship between the hydraulic transmissivity of a geonet, θ1, when its thickness, 
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porosity and specific surface area are t1, n1 and Ss1 respectively, and its hydraulic 

transmissivity, θ2, when its thickness, porosity and specific surface area are t2, n2 and 

Ss2 in the case of laminar flow, which corresponds to hydraulic gradients equal and less 

than 0.1 in both tri-planar and bi-planar geonets (Giroud, Gourc & Kavazanjian 2012b): 

Ө2

Ө1
 = (

tD2

tD1
) (

n2

n1
)
3

(
1−n1

1−n2
)
2

(
SS1

SS2
)
2

        (6.3) 

6.3.2.1 Thickness 

A geonet is always located between two materials acting as boundaries of the flow 

(Giroud, Gourc & Kavazanjian 2012a). Geonet thickness is usually defined as the 

perpendicular distance between the smooth and rigid upper and lower boundaries under 

a specific pressure; however, flow boundaries are not necessarily smooth and rigid in 

practice. In this study, two flow boundary conditions are discussed: (1) both the upper 

and lower flow boundaries are smooth and rigid, and (2) the lower boundary is smooth 

and rigid but the upper flow boundary of the geonet is non-rigid and has the potential to 

intrude into the geonet flow channels. In investigating these two flow boundary 

conditions, two types of geonet thickness have been defined: 

Post-creep thickness (tcrp): tcrp is defined as the geonet residual thickness after applying 

a certain value of compressive stress at a certain time when both boundaries are rigid 

and smooth. At a particular temperature, the difference between tvrg (geonet initial 

thickness) and tcrp represents the single effect of the compressibility phenomenon. 

Post-creeping intrusion thickness (tcrpi): tcrpi is defined as the geonet residual thickness 

after applying a certain value of compressive stress at a certain time when the upper 

flow boundary is not rigid. At a particular temperature, the difference between tvrg and 

tcrpi represents the effect of both compressibility and intrusion phenomena. Figure 6.1 

shows a schematic view of tvrg, tcrp and tcrpi. As can be seen in Figure 6.1, tcrpi measured 

at different points of the sample might be different. Therefore, tcrpi is defined as the 

mean of residual thicknesses measured at different points of the geonet sample. 
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Figure 6.1: Schematic View of tvrg, tcrp and tcrpi 

In this study, using the tcrpi definition, a geonet under a non-rigid upper flow boundary 

was modelled by the same geonet under a rigid and smooth upper boundary but with 

reduced thickness. In other words, the impact of intrusion was taken into account by 

assuming a decreased flow channel depth in the geonet. Although the upper boundary 

does not necessarily intrude into geonet flow channels uniformly, since the values of 

intrusions measured at different points of the sample do not show considerable 

difference, the assumption seems realistic. 

It is worth mentioning that the impact of intrusion caused exclusively by the non-

rigidity of flow boundaries is discussed in this study. In other words, the intrusion that 

occurs as a result of swelling of the adjacent material is not considered here. Legge and 

Davies (2002) examined the issue and showed that when the geonet was overlain by a 

GCL, the flow rate dropped to zero under a unit gradient and applied pressure of 400 

kPa after 14 hours owing to the swelling of the bentonite into the geonet. Therefore, the 

proposed equations in the following sections are not applicable when the geonet is in 

contact with a GCL, unless a geosynthetic is used to prevent the potential internal 

erosion of the bentonite into the geonet (Rowe & Orsini, 2003). 

6.3.2.2 Porosity 

The following relationship exists between the porosity of a geosynthetic and its 

thickness (Giroud & Perfetti 1977): 

n = 1 −
μ

ρp tD
           (6.4) 
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where tD (m) is the thickness of the geosynthetic, μ (kg/m
2
) is the mass per unit area of 

the geosynthetic and ρp (kg/m
3
) is the density of the polymeric compound used to make 

the geosynthetic. It is important to note that μ/ρp is a constant for a given geosynthetic, 

that is, μ/ρp is not affected by any change in the geosynthetic thickness (Giroud, Zhao & 

Richardson 2000). 

6.3.2.3 Specific Surface Area 

The specific surface area of a solid is defined as the ratio of the surface area to the 

volume of the solid. For a geonet located between flow boundaries, the friction forces 

that slow the flow down occur not only at the surface of the solid constituents of the 

geonet, but also at the surface of the flow boundaries. Therefore, the specific surface 

area of the geonets to be considered in flow analyses, called the apparent specific 

surface area, SSa, results from both the surface of the solid constituents of the geonet 

called the instinct specific surface area, SSi, and the surface of the flow boundaries, 

called the boundary specific surface area, SSB. 

To calculate the instinct specific surface area, it is assumed that the geonet ribs can be 

represented by cylinders of great length and circular cross-section with a diameter of dG. 

To calculate the boundary specific surface area in the case of smooth and rigid flow 

boundaries, the surface area of the boundaries is defined by 2AG, which is the surface 

area occupied by the geonet. The geonet volume, V, is also defined by the product of the 

thickness, tD, and the surface area, AG. Using the classical definition of porosity (the 

ratio of the volume of voids to the total volume) and Equation 6.4, Equation 6.5 was 

derived to calculate the apparent surface area in geonets: 

Ssa = SSi + SSB =
As

Vs
+
2AG

Vs
=

L(πdG)

L(
πdG
2

4
)

+
2V

tDVs
=

4

dG
+

2

(1−n)tD
=

4

dG
+
2ρp

μ
   (6.5) 

where dG (m) is the diameter of the geonet ribs. 

6.4 Theoretical Relationships in Geonets 

6.4.1 Transmissivity Reduction Ratio 

In technical specification of geonet products, virgin thickness, tvrg, and the 

corresponding hydraulic transmissivity values, θvrg, at different hydraulic gradients are 

usually defined. Therefore, at a specific hydraulic gradient, the specific transmissivity 
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reduction ratio is defined as the ratio of transmissivity of a geonet subjected to only 

compression or both compression and intrusion after applying a certain value of 

compressive stress and at a certain time after load application to its virgin 

transmissivity. The purpose of the theoretical relationships proposed in this section is to 

calculate specific transmissivity reduction ratios.  

6.4.2 Tri-planar Geonets 

As shown in Figure 6.2a, a tri-planar geonet consists of two layers of parallel ribs with a 

small cross-section area separated by thick vertical ribs with a large cross-section area, 

which creates a wide flow channel. In tri-planar geonets, the flow is essentially 

governed by the ribs having the large cross-section area. Therefore, tri-planar geonets 

can be approximately modelled by one set of identical cylinders with diameters equal to 

the geonet thickness Giroud, Gourc & Kavazanjian 2012a). Hence, in a tri-planar 

geonet: 

dG = tcrp           (6.6) 

Combining Equations 6.3, 6.4, 6.5 and 6.6 gives the specific transmissivity reduction 

ratios for a tri-planar geonet subjected to only compression, θTC/θvrg, and subjected to 

both compression and intrusion, θTCI/θvrg, when its thicknesses under rigid and non-rigid 

upper flow boundaries are tcrp and tcrpi respectively, based on its virgin thickness, tvrg, 

and the corresponding hydraulic transmissivity, θvrg: 

ӨTC

Өvrg
 = (

tcrp

tvrg
)
3

(
1−

μ

ρptcrp

1−
μ

ρptvrg

)

3

(
1+

2μ

ρptvrg

1+
2μ

ρptcrp

)

2

         (6.7) 

ӨTCI

Өvrg
 = (

tcrpi

tvrg
)
3

(
1−

μ

ρptcrpi

1−
μ

ρptvrg

)

3

(
1+

2μ

ρptvrg

1+
2μ

ρptcrp

)

2

         (6.8) 

6.4.3 Bi-planar Geonet 

As shown in Figure 6.2b, a typical bi-planar geonet consists of two sets of identical ribs 

on top of each other at different orientations. Bi-planar geonets can be approximately 

modelled by two sets of identical cylinders with a diameter equal to half the thickness of 

the geonet (Giroud, Gourc and Kavazanjian 2012a). Hence in bi-planar geonets: 

dG =
tCrp

2
           (6.9) 
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Combining Equations 6.3, 6.4, 6.5 and 6.9 gives the specific transmissivity reduction 

ratios for a bi-planar geonet subjected to only compression, θBC/θvrg, and subjected to 

both compression and intrusion, θBCI/θvrg, when its thicknesses under rigid and non-rigid 

upper flow boundaries are tcrp and tcrpi respectively, based on its virgin thickness, tvrg, 

and the corresponding hydraulic transmissivity, θvrg: 

ӨBC

Өvrg
 = (

tcrp

tvrg
)
3

(
1−

μ

ρptcrp

1−
μ

ρptvrg

)

3

(
1+

4μ

ρptvrg

1+
4μ

ρptcrp

)

2

         (6.10) 

ӨBCI

Өvrg
 = (

tcrpi

tvrg
)
3

(
1−

μ

ρptcrpi

1−
μ

ρptvrg

)

3

(
1+

4μ

ρptvrg

1+
4μ

ρptcrp

)

2

         (6.11) 

 
Figure 6.2: (a) Tri-planar Geonet and (b) Bi-planar Geonet 

6.5 Testing Methods and Materials 

6.5.1 Test Material 

A tri-planar geonet (T50 and a bi-planar geonet (M5) were used in this study to verify 

the theoretical relationships explained in Section 6.4 and also to compare the behavior 

of these two types of geonets. The physical properties of test materials are summarized 

in Table 4.1. 

The virgin thickness and the corresponding transmissivity values in hydraulic gradients 

of 0.1 and 0.05 (θi = 0.1 and θi = 0.05) were definite for the samples as shown in Table 6.1. 

In both of these hydraulic gradient values, flow is laminar.  
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Table 6.1: Physical Properties of Test Materials 

 Unit T5 M5 

Virgin transmissivity at i= 0.05  L/(m.s) 7.16 6.88 

Virgin transmissivity at i= 0.1  L/(m.s) 5.56 5.47 

6.5.2 Test Procedure 

Two series of tests were performed in this research. In the first test series, called the 

intrusion test, the geonet thickness values (tcrp and tcrpi) under different compressive 

stresses and after certain time increments were measured. Substituting tcrp and tcrpi 

values in Equations 6.7, 6.8, 6.10 and 6.11, theoretical values of θC/θvrg and θCI/θvrg were 

calculated. The second test series was the transmissivity test. In this test, θC and θCI 

values were measured under the same values of compressive stress and at the same time 

increments as in the intrusion test, and experimental values of θC/θvrg and θCI/θvrg were 

then calculated. Theoretical and experimental values of transmissivity reduction ratios 

were then compared to validate the theoretical relationships proposed in Section 6.4. 

6.5.3 Intrusion Test 

To perform the intrusion tests, special equipment was designed and manufactured at 

Griffith University, Australia as shown in Figure 4.4. The main application of the 

equipment is to measure tcrp and tcrpi under different values of compressive stress. The 

test equipment, procedure and calculations are explained in Section 4.2. 

Intrusion tests were performed under compressive stress values of 10, 20, 50, 100, 200, 

300, 400, 500, 600, 700, 800, 900 and 1000 kPa. Results were recorded after 0.25, 1, 6 

and 24 hours. 

6.5.4 Transmissivity Test 

Details of transmissivity tests are explainened in Section 4.1. In this study, 

Transmissivity tests were performed using flow boundaries, range of compressive stress 

values and time increments similar to the intrusion tests. Tests were performed using 

two values of hydraulic gradient: 0.1 and 0.05. 
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6.6 Results and Discussion 

The test results are summarized in Tables 6.2, 6.3 and Appendix 1. Table 6.2 shows the 

transmissivity values for rigid and non-rigid upper flow boundaries (θC and θCI), and 

Table 6.3 shows the thickness values for rigid and non-rigid upper flow boundaries (tcrp 

and tcrpi) for different values of compressive stress and time increments in the tri-planar 

and the bi-planar geonet.  

Figure 6.3 shows the values of tcrp and tcrpi in both samples after 24 hours versus 

compressive stress. A drop in the bi-planar geonet thickness is apparent for compressive 

stresses greater than 200 kPa. 
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Table 6.2: Transmissivity (L/(m.s)) of T5 and M5 

Compressive stress 

 

 

 

 

(kPa) 

Time (hours) T5 M5 
θTC θTCI θBC θBCI 

i=0.05 i=0.1 i=0.05 i=0.1 i=0.05 i=0.1 i=0.05 i=0.1 

10 

0.25 7.12 5.49 6.98 5.39 6.82 5.40 6.58 5.15 
1 7.10 5.47 6.88 5.33 6.80 5.39 6.56 5.12 
6 7.08 5.46 6.78 5.23 6.78 5.37 6.56 5.10 
24 7.04 5.43 6.70 5.19 6.76 5.35 6.52 5.09 

20 

0.25 7.04 5.42 6.70 5.06 6.72 5.35 6.32 4.95 
1 7.00 5.39 6.48 5.01 6.68 5.31 6.28 4.91 

6 6.96 5.36 6.40 4.84 6.64 5.25 6.24 4.90 
24 6.90 5.31 6.32 4.77 6.60 5.23 6.22 4.86 

50 

0.25 6.90 5.35 6.28 4.76 6.58 5.21 5.90 4.73 
1 6.84 5.30 6.10 4.62 6.52 5.18 5.80 4.70 

6 6.80 5.25 5.94 4.42 6.46 5.12 5.76 4.66 

24 6.76 5.23 5.72 4.29 6.40 5.03 5.66 4.60 

100 

0.25 6.36 4.93 5.38 4.22 6.30 5.04 5.30 4.46 

1 6.30 4.86 5.20 4.01 6.22 4.95 5.24 4.40 
6 6.22 4.78 4.88 3.82 6.14 4.84 5.16 4.34 

24 6.14 4.65 4.70 3.59 6.04 4.80 4.98 4.24 

200 

0.25 5.60 4.33 4.60 3.52 5.94 4.59 4.44 3.59 

1 5.52 4.22 4.42 3.38 5.84 4.44 4.24 3.44 

6 5.44 4.13 4.10 3.09 5.66 4.30 4.18 3.37 
24 5.34 4.05 3.82 2.85 5.54 4.24 4.00 3.22 

300 

0.25 5.18 4.09 4.14 3.13 2.04 1.60 1.56 1.23 
1 5.02 3.96 3.76 2.89 1.96 1.53 1.38 1.10 

6 4.92 3.82 3.44 2.62 1.86 1.40 1.26 1.02 

24 4.80 3.75 3.18 2.38 1.78 1.30 1.12 0.90 

400 

0.25 4.76 3.80 3.52 2.76 1.90 1.43 1.30 1.02 
1 4.64 3.63 3.16 2.45 1.84 1.29 1.14 0.88 

6 4.48 3.54 2.82 2.19 1.72 1.17 0.96 0.75 
24 4.40 3.40 2.56 1.96 1.62 1.10 0.82 0.64 

500 

0.25 4.50 3.63 3.02 2.32 1.76 1.30 1.06 0.80 
1 4.36 3.49 2.78 2.08 1.64 1.19 0.90 0.74 
6 4.16 3.30 2.32 1.77 1.52 1.07 0.72 0.55 
24 4.06 3.21 2.08 1.55 1.36 0.98 0.58 0.45 

600 

0.25 4.04 3.34 2.74 2.07 1.62 1.20 0.88 0.69 
1 3.90 3.19 2.32 1.76 1.46 1.07 0.70 0.56 
6 3.68 2.97 2.00 1.51 1.32 0.97 0.56 0.41 
24 3.54 2.87 1.72 1.25 1.20 0.87 0.42 0.34 

700 

0.25 3.70 3.04 2.42 1.82 1.46 1.11 0.72 0.58 
1 3.58 2.92 2.04 1.50 1.32 0.99 0.58 0.45 

6 3.36 2.70 1.66 1.21 1.18 0.91 0.44 0.34 
24 3.18 2.55 1.36 0.99 1.04 0.79 0.32 0.25 

800 

0.25 3.54 2.81 2.14 1.61 1.36 1.06 0.60 0.50 
1 3.30 2.67 1.70 1.29 1.22 0.91 0.42 0.34 
6 3.06 2.46 1.36 0.99 1.08 0.80 0.32 0.25 
24 2.92 2.31 1.02 0.80 0.92 0.73 0.24 0.19 

900 

0.25 3.30 2.57 1.86 1.43 1.22 1.02 0.50 0.41 
1 3.00 2.38 1.52 1.15 1.10 0.84 0.36 0.29 
6 2.84 2.22 1.14 0.89 0.96 0.75 0.24 0.18 
24 2.62 2.08 0.78 0.61 0.80 0.65 0.18 0.14 

1000 

0.25 3.16 2.39 1.68 1.26 1.12 0.90 0.42 0.32 
1 2.88 2.23 1.36 1.00 0.96 0.77 0.28 0.22 

6 2.66 2.07 0.98 0.66 0.80 0.65 0.20 0.16 
24 2.46 1.88 0.60 0.47 0.70 0.54 0.14 0.10 
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Table 6.3: Thickness (mm) of T5 and M5 

Compressive stress 

(kPa) 

(kPa) 

 T5 M5  
Time (hours) tcrp tcrpi tcrp tcrpi 

10 

0.25 6.02 5.95 5.36 5.29 
1 6.01 5.93 5.36 5.29 
6 6.00 5.91 5.35 5.27 
24 5.97 5.86 5.34 5.26 

20 

0.25 5.99 5.86 5.34 5.23 
1 5.98 5.83 5.33 5.21 
6 5.97 5.80 5.32 5.2 
24 5.94 5.78 5.3 5.17 

50 

0.25 5.92 5.75 5.27 5.14 
1 5.90 5.73 5.25 5.12 
6 5.88 5.70 5.23 5.08 
24 5.84 5.67 5.2 5.05 

100 

0.25 5.79 5.59 5.22 5.08 
1 5.76 5.54 5.2 5.02 
6 5.72 5.47 5.18 4.96 
24 5.68 5.44 5.13 4.92 

200 

0.25 5.60 5.37 5.16 4.85 
1 5.53 5.28 5.11 4.78 
6 5.52 5.17 5.04 4.65 
24 5.46 5.08 5.01 4.58 

300 

0.25 5.50 5.12 3.63 3.32 
1 5.45 5.03 3.59 3.21 
6 5.40 4.96 3.56 3.18 
24 5.37 4.88 3.52 3.06 

400 

0.25 5.41 4.93 3.54 3.23 
1 5.32 4.79 3.53 3.06 
6 5.28 4.66 3.47 2.95 
24 5.23 4.54 3.42 2.84 

500 

0.25 5.30 4.73 3.45 3.04 
1 5.26 4.65 3.42 2.94 
6 5.20 4.42 3.36 2.76 
24 5.15 4.36 3.28 2.64 

600 

0.25 5.22 4.63 3.41 2.88 
1 5.11 4.43 3.31 2.76 
6 5.06 4.28 3.24 2.62 
24 5.00 4.17 3.22 2.48 

700 

0.25 5.15 4.49 3.3 2.77 
1 5.08 4.27 3.27 2.62 
6 5.02 4.09 3.21 2.59 
24 4.98 3.99 3.16 2.4 

800 

0.25 5.12 4.32 3.25 2.69 
1 4.97 4.15 3.19 2.48 
6 4.92 3.99 3.13 2.33 
24 4.88 3.80 3.09 2.26 

900 

0.25 5.07 4.18 3.23 2.56 
1 4.94 4.09 3.14 2.4 
6 4.89 3.90 3.1 2.22 
24 4.85 3.54 2.97 2.12 

1000 

0.25 5.00 4.08 3.13 2.49 
1 4.91 3.96 3.07 2.31 
6 4.86 3.63 3.00 2.18 
24 4.75 3.35 2.92 2.00 
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Figure 6.3: tcrp and tcrpi of M5 and T5 versus Compressive Stress after 24 Hours 

To calculate the theoretical values of θTC/θvrg and θTCI/θvrg in the tri-planar geonet, 

values of tcrp and tcrpi (in Table 6.3) were substituted in Equations 6.7 and 6.8 

respectively. Experimental values of specific transmissivity reduction ratios were also 

calculated by dividing the values of θTC and θTCI (in Table 6.2) by the virgin values of 

hydraulic transmissivity (in Table 6.1). Figure 6.4 shows the theoretical and 

experimental values of the specific transmissivity ratio versus the thickness ratio for 

rigid and non-rigid upper flow boundaries. The comparison shows that in the tri-planar 

geonet, the theoretical values of both θTC/θvrg and θTCI/θvrg are in agreement with the 

experimental values. Figure 6.5 presents a quantitative comparison between the 

experimental and the theoretical values of specific transmissivity ratios in the tri-planar 

geonet. As shown in Figure 6.5, in 90% of the data, the difference between the 

theoretical and the experimental values of specific transmissivity reduction ratios is less 

than 10%. 
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Figure 6.4: Theoretical and Experimental Values of θTC/θvrg and θTCI/θvrg versus 

tcrp/tvrg and tcrpi/tvrg 
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Figure 6.5: Quantitative Comparison between Experimental and Theoretical 

Values of θC/θvrg and θCI/θvrg for T5 

Equations 6.10 and 6.11 were used respectively to calculate the theoretical values of 

θBC/θvrg and θBCI/θvrg in the bi-planar geonet. The comparison of the experimental and 

the theoretical values in the bi-planar geonet shows that the agreement between the two 

series of the ratio is limited to compressive stresses equal to and less than 200 kPa. In 

other words, while in 90% of the data, the difference between the theoretical and the 

experimental values of specific transmissivity reduction ratios stays less than 8% in 

compressive stresses equal to and less than 200 kPa, the difference increases to 45–50% 

in 95% of the data in higher compressive stresses. 

This abrupt change can be a result of the sudden thickness reduction in the bi-planar 

geonet in high compressive stresses, as is seen in Figure 6.3. The thickness reduction 

can also be attributed to the geonet ribs’ reconfiguration. In high compressive stresses, 

while the lower ribs orientation remains almost unchanged, the upper ribs’ orientation—

which is almost vertical in low compressive stresses—changes to almost horizontal. 

This phenomenon is known as the upper rib roll-over phenomenon in bi-planar geonets 

(Yeo, 2007). In such a situation, the assumption of dG = tcrp/2, which was made to 

derive Equations 6.10 and 6.11, is no longer valid, and the assumption of dG = tcrp 

seems more realistic. Therefore, Equation 6.10 and 6.11 were rewritten for the bi-planar 

geonet after the occurrence of the upper rib roll-over phenomenon as Equations 6.14 

and 6.15: 
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Өvrg
 = (

tcrp

tvrg
)
3

(
1−

μ

ρptcrp

1−
μ

ρptvrg

)

3

(
1+

4μ

ρptvrg

1+
2μ

ρptcrp

)

2

         (6.14) 
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         (6.15) 

Figure 6.6 shows the theoretical values of specific transmissivity ratios with and without 

considering the roll-over phenomenon and the corresponding experimental values 

versus the thickness ratio for rigid and non-rigid upper flow boundaries. As seen in 

Figure 6.6, the experimental values are in agreement with the theoretical values 

calculated with the assumption of the roll-over phenomenon occurrence. Figure 6.7 

presents a quantitative comparison between the experimental and the theoretical values 

of specific transmissivity ratios in the bi-planar geonet considering the roll-over 

phenomenon. The figure shows that using Equations 6.14 and 6.15 as the governing 

theoretical equations for compressive stresses greater than 200 kPa, in 90% of the data, 

the difference between the theoretical and the experimental values of the transmissivity 

reduction ratios is less than 11%. 

The agreement of the theoretical and the experimental values of specific transmissivity 

reduction ratios shows that the derived equations can be used to calculate long-term 

hydraulic transmissivity from compressive creep data, as shown in the following 

example. 
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Figure 6.6: Theoretical and Experimental Values of θBC/θvrg and θBCI/θvrg versus 

tcrp/tvrg and tcrpi/tvrg 
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Figure 6.7: Quantitative Comparison between Experimental and Theoretical 

Values of θBC/θvrg and θBCI/θvrg 

Example: In the technical specifications of a tri-planar geonet, the virgin thickness and 

hydraulic transmissivity at a hydraulic gradient of 0.05 are respectively defined to be 7 

mm and 8.0 L/ (m.s) at compressive stress of 10 kPa. The geonet will be placed in the 

secondary leachate collection system of a landfill between two layers of geomembrane 

with very low potential of intrusion into the geonet drain. The geonet will be subjected 

to compressive stress of 700 kPa and the landfill lifetime is considered to be 30 years. 

Based on a creep test performed in accordance with ASTM D7361–07 (2012), the 

geonet thickness under compressive stress of 700 kPa would be 4mm after 30 years. 

The mass per unit area and polymer density are respectively 0.920 kg/m
2
 and 950 

kg/m
3
. Calculate the ultimate drainage capacity of the geonet at a hydraulic gradient of 

0.05. 

For a tri-planar geonet confined between two smooth and rigid boundaries, Equation 6.7 

is used: 

ӨTC

Өvrg
 = (

tcrp

tvrg
)
3

(
1−

μ

ρptcrp

1−
μ

ρptvrg

)

3

(
1+

2μ

ρptvrg

1+
2μ

ρptcrp

)

2

    

ӨTC

8
 = (

4

7
)
3

(
1−

0.920

950∗0.004

1−
0.920

950∗0.007

)

3

(
1+

2∗0.920

950∗0.007

1+
2∗0.920

950∗0.004

)

2

  = 0.094  

ӨTC = 0.7515 L/ (m. s)  
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6.7 Conclusions 

New theoretical relationships between hydraulic transmissivity reduction and thickness 

reduction in bi-planar and tri-planar geonets were derived based on the classical 

Kozeny–Carman equation in the condition of laminar flow. Geonet thickness was then 

measured under different conditions. Substituting these values in the proposed 

equations, the theoretical values of the transmissivity reduction ratios were calculated. 

Transmissivity tests were also performed to obtain experimental values of the reduction 

ratios. Finally, theoretical and experimental values were compared to validate the 

theoretical relationships in order to predict the in-plane flow capacity of geonets. The 

results showed that: 

 In the tri-planar geonet, the theoretical values of specific transmissivity 

reduction ratios were in agreement with the experimental values. It can be 

concluded that Equations 6.7 and 6.8 can be considered useful tools to predict 

the long-term drainage capacity of tri-planar geonets when the flow is laminar if 

the long-term thickness of the geonet is known. 

 In the bi-planar geonet, the experimental values of specific transmissivity 

reduction ratios were in agreement with the theoretical values under the 

condition of low compressive stress. To retain the agreement in high 

compressive stresses, when the upper ribs’ roll-over phenomenon occurs, the 

assumption of dG = tcrp/2 should be replaced by the assumption of dG = tcrp. 

Therefore, Equations 6.10 and 6.11 were rewritten as Equations 6.14 and 6.15. It 

is concluded that the theoretical equations can also be used to predict 

transmissivity in bi-planar geonets in low hydraulic gradients if they are 

correctly modified based on realistic assumptions. 

 The agreement of the experimental and the recalculated theoretical values 

assuming dG = tcrp in the bi-planar geonet proves that the roll-over phenomenon 

occurs in the upper ribs under high compressive stresses. This means that the 

upper ribs slip over the lower ones and their orientation changes from vertical to 

almost horizontal while the lower ribs’ orientation remains almost unchanged. 

Therefore, to have a better understanding of the hydraulic behavior of bi-planar 

geonets, it is important to find the corresponding stress value at which this roll-

over phenomenon occurs. 

 The agreement of the experimental and the theoretical values of θCI/θvrg in both 

the tri-planar and the bi-planar geonet shows that modelling a geonet under a 
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non-rigid flow boundary by the same geonet under a rigid flow boundary and 

with reduced thickness will lead to realistic results. In other words, the effect of 

intrusion in geonets can be taken into account by decreasing the thickness. 

 Although the relationships showed agreement with the experimental data for 

both tri-planar and bi-planar geonets, precautions should be applied when 

investigating the hydraulic capacity of other types of geosynthetic drains as the 

definition of thickness, porosity and specific surface area might be different in 

other synthetic drainage materials. It also should be noted that, although 

according to ASTM D4716/D4716M–14 (2014), rubber sheets cut to fit the base 

may be used to model soil adjacent to the geosynthetic on one or both sides of 

the specimen in a transmissivity test, in certain cases, the values of tcrpi might 

differ from the measured values in this study. Examples of such cases are when 

the is overlain by GCL material where the swelling potential of the bentonite 

into the geonet exists, is placed in inclined positions or is subjected to complex 

combinations of load.  
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Chapter 7: Effect of Non-rigid Flow Boundaries on Hydraulic 

Capacity of Geosynthetic Drains 

This chapter has been submitted and under peer review to be published as follows: 

Yarahmadi, N., Gratchev, I. & Jeng, D. –S. (2018). A new approach to evaluate the 

effect of non-rigid flow boundaries on hydraulic capacity of tri-planar and bi-planar 

geonets.  

7.1 Abstract 

A series of tests were conducted to quantify the effect of intrusion on hydraulic 

behaviour of tri-planar and bi-planar geonet materials by relating geonet effective 

thickness to its apparent thickness using experimental relationships. On ascertaining 

geonet effective thickness, transmissivity reduction ratios can be determined by using 

modified Kozeny–Carman equations. This method would be more useful in predicting 

long-term drainage capacity of geonet materials in comparison with the conventional 

method of applying safety factors. The results showed that geonet thickness reduction 

resulting from immediate intrusion only relates to the magnitude of compressive stress 

and the void area of the geonet material and is independent of compressibility 

characteristics of the adjacent material. Conversely, the magnitude of intrusion over 

time under constant load depends on three main factors: flow boundary compressibility, 

compressive stress magnitude and geonet porosity. 

KEYWORDS: Geosynthetic; Geonet; Intrusion; Transmissivity; Flow boundaries 

7.2 Introduction 

Geosynthetics have been used extensively in drainage and filtration systems in 

geotechnical and environmental protection works (Palmeira & Gardoni 2000). With 

their high flow rates, chemical inertness, limited space requirement and ease of transport 

and installation as well as contributions to bearing capacity of soft soils (Bazne, 

Vahedifard & Shahrokhabadi 2015; da Silva & Palmeira 2013), geonets have become 

widely accepted as drainage material in all types of construction that require 

management of liquid or gas infiltration in various conditions (Koerner 2012). 
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Geonets is a planar, polymeric structure consisting of a regular, dense network of 

integrally connected overlapping ribs (Rowe 2005). Hydraulic transmissivity is the most 

important design parameter of geocomposites used for in-plane drainage applications 

(Bourges-Gastaud, Blond & Touze-Foltz 2013). To design an efficient drainage system, 

the hydraulic behaviour of the geonet used should be investigated over the service 

lifetime. Inaccurate estimation of the long-term flow capacity of the geonet in a 

drainage system will result in imposing unnecessary costs or unsatisfactory system 

performance. 

Performing short-term transmissivity tests and applying reduction factors to consider 

the impact of the factors which influence drainage capacity of geonets was the first 

design approach to determine the long-term flow capacity. However, recent studies have 

shown that real decrease in flow capacity can be much higher than that taken into 

account by short-term generated reduction factors (Zanzinger, Sana & Dobart 2010). 

Moreover, these reduction factors were not categorised based on the geonet and the flow 

boundary physical properties and the same values have been recommended for all types 

of geonet and boundary materials. Further, a wide range of values have been usually 

recommended for reduction factors, and choosing the appropriate value is another 

routine problem (Yarahmadi, Gratchev & Jeng 2017). 

A series of environmentally related issues affect the flow rate performance of 

geosynthetic drains. These factors mainly result in physical, chemical and biological 

clogging of these drains (Armstrong 1998; Koerner 2012) and compromise their 

operation efficiency (Correia, Ehrlich & Mendonca 2017). Assuming that the impact of 

environmentally associated parameters is considered, geonet in-plane flow capacity was 

found to be closely related to its thickness (Jarousseau & Gallo, 2004). Theoretical 

relationships that quantify the effect of thickness reduction on transmissivity reduction 

were derived for different types of geonets and have shown high reliability in 

experimental results (Yarahmadi, Gratchev & Jeng 2017). Therefore, if the geonet 

thickness under different conditions were known, using these theoretical relationships 

would be an easy, reliable method to determine the long-term drainage capacity of 

geonets. 

In practice, a geosynthetic drain is almost always located between two materials acting 

as boundaries for the flow (Giroud, Gource & Kavazanjian 2012a). Geonet apparent 

thickness is defined as the perpendicular distance between smooth and rigid upper and 
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lower boundaries under a specific pressure. When flow boundaries are smooth and rigid, 

by performing creep tests, geonet long-term apparent thickness can be determined easily 

and reliably. Methods such as the stepped isothermal method can reduce the creep test 

time to one day. These short-term accelerated tests have shown high reliability to its real 

long-term creep test for geonets (Mok et al. 2012) and are approved and standardised—

for example, see ASTM D7361–07 (2012). 

Flow boundaries are not necessarily smooth and rigid in practice. In the case of non-

smooth or non-rigid flow boundaries, standard creep tests cannot be used anymore to 

determine apparent geonet thickness because of the potential of intrusion of these 

boundaries into geonet flow channels. When flow boundaries intrude into geonet 

openings, a part of pore volume is clogged. In such cases, effective geonet thickness 

should be defined and used in place of apparent thickness in theoretical equations that 

relate geonet thickness to its transmissivity. Such effective thickness is the proportion of 

the apparent thickness not blocked by the intrusion of adjacent materials and can 

effectively contribute to passing flow. 

Although intrusion is a key factor affecting drainage capacity of geonet materials, only a 

few studies have attempted to quantify this effect. Hwe, Koerner and Sprague (1990) 

probably made the first such attempt. They evaluated the flow behaviour of a geonet 

under a wide range of geotextile/soil profiles as flow boundaries. The results indicated a 

flow rate decrease between 39% and 88% of the maximum capacity measured when the 

geonet is tested between solid platens because of intrusion. Since then, many 

researchers have investigated the effects of intrusion of different boundary materials on 

different types of geosynthetic drains in various loading conditions and hydraulic 

gradients, such as Fannin and Choy (1995); Fannin, Choy and Atwater (1998); Jaisi, 

Glawe and Bergado (2005); Müller, Jakob and Tatzky-Gerth (2008); Zanzinger, Sana 

and Dobart (2010) and Touze-Foltz, Hérault and Stoltz (2014). However, these studies 

were mainly limited to the comparison of flow boundaries in terms of the intrusion 

potential, and the investigation of quantitative effects of intrusion was limited to the 

reported percentage of transmissivity reduction as a result of this phenomenon. 

The purpose of this study is to quantify the effect of intrusion on the hydraulic 

behaviour of different geonet materials. To this end, geonet effective thickness is 

defined through experimental relationships as a function of physical properties of the 

boundary materials and geonet. Using these equations, results of normal creep tests, 
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performed with smooth and rigid flow boundaries, can be used to find geonet long-term 

thickness when flow boundaries might intrude into the geonet. This effective thickness 

can then be substituted in modified Kozeny–Carman equations—described later in the 

paper—to find the long-term drainage capacity of geonets. This new approach to 

investigate design flow capacity of geonet materials can be considered a more 

appropriate tool than applying reduction factors on short-term transmissivity test results. 

Notably, the effect of intrusion caused exclusively by the non-rigidity of flow 

boundaries is discussed in this study. GCLs have become a common replacement for 

compacted clays because of their ability to maintain very low hydraulic conductivity at 

a relatively high strain and high self-healing capacity (Rowe et al. 2017). Therefore, 

GCLs are placed on geonet drains in many geoenviromental works. The bentonite layer 

that is the main constituent of GCLs has the potential of swelling in to drainage material 

(Ali et al. 2016). The proposed equations in the following sections are not applicable 

when the geonet is in contact with a GCL, unless a geosynthetic is used to prevent 

potential internal erosion of the bentonite into the geonet (Rowe & Orsini 2003). 

7.3 Theoretical Model 

7.3.1 Geonet Thickness under Rigid and Non-rigid Flow Boundaries 

For a particular geonet, factors that mainly control hydraulic capacity by directly 

affecting thickness include the intensity and duration of applied stress and the potential 

of intrusion of adjacent materials (Fannin & Choy 1995). Thickness reduction of geonet 

occurs owing to four phenomena: 

 compression: occurs due to compressive stress immediately after load 

application 

 creep: occurs due to constant compressive stress over time 

 compressive intrusion: occurs due to intrusion of boundary materials into flow 

channels immediately after load application 

 creeping intrusion: occurs due to intrusion of boundary materials into flow 

channels under constant compressive stress over time. 

To investigate the effect of the above factors, the following types of geonet thickness 

are defined in this study: 
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 virgin thickness (tvrg): the original apparent thickness of the geonet when no or 

low initial compressive stress is applied 

 post-compression thickness (tcmp): the geonet apparent thickness after applying a 

certain value of compressive stress immediately after load application when both 

boundaries are rigid and smooth 

 post-creep thickness (tcrp): the geonet apparent thickness under constant 

compressive stress at a certain time after load application when both boundaries 

are rigid and smooth 

 post-compressive intrusion thickness (tcmpi): the geonet effective thickness after 

applying a certain value of compressive stress immediately after load application 

when one or both boundaries are not rigid or smooth 

 post-creeping intrusion thickness (tcrpi): the geonet effective thickness under 

constant compressive stress at a certain time after load application when one or 

both boundaries are not rigid or smooth. 

In this study, tcmp and tcmpi are measured one minute after load application. The purpose 

of this study is to determine tcmpi and tcrpi knowing tcmp and tcrp. In other words, this 

study assumes that geonet behaviour under compressive stress is known over time when 

both boundaries are smooth and rigid. With this assumption, the behaviour of the same 

geonet under non-rigid flow boundaries is investigated. 

7.3.2 The Effect of Compressive Intrusion 

Thickness reduction owing to intrusion is a function of different factors, including the 

magnitude of compressive stress and the physical properties of the geonet sample and 

the flow boundaries. Under immediate compressive stress, the ratio of geonet thickness 

for rigid and for non-rigid flow boundaries can be described by Equation 7.1: 

tcmpi

tcmp
= f (P, α, δ)          (7.1) 

where P is compressive stress, α is the coefficient that depends on physical 

characteristics of flow boundaries and δ is the coefficient that depends on the physical 

properties of the geonet sample. Notably, if a filter exists between the drainage and the 

overlying material, physical properties of this filter, including stiffness and friction 

characteristics, also affect intrusion. In other words, to be precise, the physical 
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properties of the combination of the filter and the overlying material -which is called 

flow boundary in this study- determine the value of α coefficient.  

7.3.3 The Effect of Creeping Intrusion 

Creep refers to a time-dependent deformation process at a stress less than the strength of 

the material (Findley1960; Nielsen 1974). Geosynthetics are polymeric materials that 

have viscoelastic properties. Under constant loading, geosynthetics exhibit creep strain. 

The extent of such strain depends on the magnitude of the loading as well as the type of 

polymer used and manufacturing process of the geosynthetics (Yeo 2007). A typical 

creep curve in geonet materials is presented in Figure 3.6. In this study, t1 is considered 

one minute as shown in Figure 3.7. Therefore, if the inclination of the creep curve is 

considered φ, tcrp can be calculated using Equation: 

tcrp = tcmp − ln(t) tanφ        (7.2) 

Similarly, for a non-rigid flow boundary, if the inclination of the corresponding creep 

curve is considered φi, as presented in Figure 3.7, Equation 7.2 can be rewritten as 

Equation 7.3 to calculate tcrpi: 

tcrpi = tcmpi − ln(t) tanφi        (7.3) 

Thickness reduction owing to creeping intrusion also depends on the magnitude of 

compressive stress, physical characteristics of flow boundaries (γ) and physical 

properties of the geonet sample (λ). Therefore, the ratio of tanφi to tanφ can be 

described as in Equation 7.4: 

tanφi

tanφ
= g(P, γ, λ)         (7.4) 

If f and g functions in Eqsuations 7.1 and 7.4 are known, the results of a standard creep 

test performed on a geonet sample can be used to find the long-term effective thickness 

of the same sample in the case of non-rigid flow boundaries. 

7.4 Testing Materials and Methods 

7.4.1 Test Equipment 

Intrusion test equipment, procedure and calculations are explained in Section 4.2. In this 

study, using the effective thickness definition, a geonet under non-rigid upper flow 
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boundary was modelled by the same geonet under rigid and smooth upper boundary but 

with reduced thickness. In other words, the effect of intrusion was accounted for by 

assuming decreased flow channel depth in the geonet (Yarahmadi, Gratchev & Jeng 

2017). Intrusion tests were performed under compressive stress values of 10, 20, 50, 

100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 kPa. 

7.4.2 Test Materials 

7.4.2.1 Geonet Material 

In this study, both tri-planar and bi-planar geonets were used to find experimental 

relationships to quantify the effect of intrusion on synthetic drains. Two tri-planar (T5 

and T7) and one bi-planar (M5) geonet samples were used in this study. The physical 

properties of tested geonet materials are summarised in Table 4.1. 

7.4.2.2 Boundary Materials 

In all intrusion tests performed in this study, the two assembled aluminium plates 

installed at the base of the intrusion box acted as the smooth and rigid lower flow 

boundary. Four different materials were used as the upper boundary material, that is, a 

smooth and rigid plate and three non-rigid materials to measure apparent and effective 

thickness, respectively. The detailed properties of boundary materials are explained in 

Section 4.2.3.2 and Table 4.2. 

7.4.2.3 Geotextile Materials 

In this study, to investigate the influence of the geotextile filter on effective thickness, 

two types of nonwoven geotextiles (GT1 and GT2) were used as a separator in the case 

in which soil was the non-rigid boundary material. These geotextiles were heat 

laminated to one side of the tested geonets forming a single-sided geocomposite 

drainage material. The physical properties and the stress–strain behaviour of tested 

geotextile materials are illustrated in Table 4.3 and Figure 4.7. 

 Using 3 geonet samples and 6 flow boundaries, 18 combinations of test materials were 

tested in this study as shown in Table 4.4. 
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7.5 Results 

7.5.1 Test Results 

Intrusion tests were performed for each of the values of compressive stress on the 18 

combinations of test materials. In each test, the values of effective or apparent thickness 

were measured at seven time increments, including one minute, to find tcmp and tcmpi. 

The intrusion tests were first performed at time increments of 15, 60, 360, 1440, 2880 

and 10,080 minutes for combinations 1, 2, 7 and 8. Because 234 (18 material 

combinations × 13 compressive stress values) situations had to be tested and retaining 

each value of compressive stress for a week was too time consuming, it was decided to 

perform tests on the other 14 combinations in shorter time increments, including 15,60, 

120, 240, 480 and 1440 minutes. A comparison of the creep curves drawn using both 

sets of time increments confirmed that the two sets show high conformity. Table 7.1 

shows values of tcmp and tcmpi for the tested material combinations for each value of 

compressive stress. Then, creep curves were generated for each of the 234 situations as 

the regression line that fits the data the best. Figure 7.1 illustrates the creep curve for 

each geonet sample under different flow boundaries for the compressive stress of 

1000 kPa. Similar curves were generated for each compressive stress value as shown in 

Appendix 2. The values for tanφ and tanφi were extracted from creep curves and are 

summarised in Table 7.2.  

Figure 7.2 shows the apparent and the effective thickness for each flow boundary versus 

compressive stress after 24 hours for each tested geonet sample. A drop in the bi-planar 

geonet thickness is evident for compressive stress greater than 200 kPa. This abrupt 

change can be attributed to the geonet rib reconfiguration. In high compressive stresses, 

while the lower ribs’ orientation remains almost unchanged, that of upper ribs, which is 

almost vertical under low compressive stress, changes to almost horizontal. This 

rollover phenomenon can influence the flow rate capacity of bi-planar geonets (Jeon, 

2014). 
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Table 7.1: Post-compression and Post-compressive Intrusion Thicknesses Values (mm) 

st
re

ss
 (

k
P

a)
 T5 M5 T7 

tcmp tcmpi tcmp tcmpi tcmp tcmpi 

M F 
DS-

GT1 

DS-

GT2 

WS-

GT1 

WS-

GT2 
M F 

DS-

GT1 

DS-

GT2 

WS-

GT1 

WS-

GT2 
M F 

DS-

GT1 

DS-

GT2 

WS-

GT1 

WS-

GT2 

10 6.03 5.97 6.00 6.01 5.99 5.98 5.37 5.32 5.35 5.34 5.36 5.36 7.16 7.08 7.07 7.04 7.09 7.14 

20 6.02 5.93 5.96 5.98 5.94 5.92 5.35 5.27 5.30 5.31 5.30 5.29 7.14 7.05 7.03 7.00 7.06 7.11 

50 5.95 5.85 5.88 5.83 5.85 5.87 5.30 5.22 5.21 5.24 5.21 5.19 7.09 6.98 6.99 6.95 7.03 7.05 

100 5.85 5.74 5.79 5.81 5.76 5.78 5.27 5.18 5.18 5.16 5.19 5.18 7.01 6.86 6.87 6.88 6.98 7.00 

200 5.70 5.54 5.60 5.63 5.56 5.55 5.22 5.02 5.06 5.09 5.08 5.09 6.93 6.77 6.79 6.78 6.83 6.83 

300 5.59 5.34 5.39 5.35 5.36 5.40 3.73 3.52 3.56 3.52 3.54 3.57 6.85 6.66 6.64 6.60 6.73 6.70 

400 5.49 5.15 5.21 5.23 5.18 5.17 3.65 3.43 3.46 3.46 3.44 3.42 6.77 6.52 6.53 6.50 6.65 6.61 

500 5.40 4.99 5.11 5.14 5.09 5.08 3.56 3.29 3.35 3.31 3.38 3.33 6.69 6.44 6.46 6.43 6.55 6.53 

600 5.32 4.89 4.95 4.94 4.92 4.89 3.50 3.15 3.20 3.22 3.21 3.20 6.60 6.31 6.33 6.29 6.42 6.44 

700 5.27 4.77 4.83 4.82 4.80 4.77 3.42 3.05 3.11 3.14 3.08 3.12 6.52 6.20 6.18 6.14 6.26 6.32 

800 5.23 4.67 4.72 4.69 4.69 4.71 3.38 2.95 2.99 2.97 2.97 2.93 6.43 6.09 6.11 6.05 6.16 6.14 

900 5.20 4.60 4.66 4.63 4.62 4.64 3.34 2.88 2.88 2.85 2.87 2.91 6.35 5.99 6.00 5.99 6.07 6.02 

1000 5.18 4.52 4.60 4.58 4.55 4.52 3.25 2.79 2.77 2.72 2.79 2.76 6.30 5.92 5.91 5.88 5.95 5.93 
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Figure 7.1: Generated Creep Curves for (a) T5, (b) M5 and (c) T7 Samples at 

Compressive Stress of 1000 kPa 
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Table 7.2: The Values of Creep Curve Inclination 
S

tr
es

s 
(k

P
a)

 T5 M5 T7 

tanφ tanφi tanφ tanφi tanφ tanφi 

M F 
DS-

GT1 

DS-

GT2 

WS-

GT1 

WS-

GT2 
M F 

DS-

GT1 

DS-

GT2 

WS-

GT1 

WS-

GT2 
M F 

DS-

GT1 

DS-

GT2 

WS-

GT1 

WS-

GT2 

10 93 168 158 123 174 138 47 78 81 65 90 73 107 188 185 149 206 162 

20 122 223 217 175 242 197 85 147 145 120 169 137 140 251 251 201 277 225 

50 167 310 325 252 363 281 132 266 268 200 294 217 196 382 379 298 422 328 

100 236 483 479 405 554 415 181 380 378 303 426 325 263 536 524 422 586 455 

200 291 623 636 504 716 528 283 629 637 503 706 544 335 707 693 552 775 610 

300 314 708 714 564 757 610 307 686 698 533 783 601 362 788 771 623 864 678 

400 369 846 840 663 948 735 343 786 786 655 887 694 417 946 925 747 1010 815 

500 381 876 891 684 964 758 376 878 885 704 989 774 435 994 971 778 1080 867 

600 436 1037 1010 791 1137 891 399 940 952 758 1061 828 493 1186 1157 902 1261 989 

700 447 1104 1101 836 1224 917 402 963 976 767 1111 875 545 1332 1299 1028 1448 1132 

800 497 1252 1150 955 1350 1070 434 1053 1045 840 1236 965 572 1421 1441 1096 1551 1203 

900 526 1357 1287 1056 1431 1177 461 1150 1159 913 1292 1040 624 1561 1531 1269 1735 1374 

1000 586 1542 1542 1222 1679 1348 470 1172 1208 983 1335 1067 675 1694 1724 1414 1956 1572 
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Figure 7.2: Apparent and Effective Thickness versus Compressive Stress after 24 

Hours for (a) T5, (b) M5 and (c) T7 Samples 
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7.5.2 The Relationship between tcmp and tcmpi 

To find the relationship between geonet thickness under rigid and non-rigid flow 

boundaries immediately after load application, the ratios of tcmpi to tcmp (in Table 7.1) 

were calculated. Figures 7.3, 7.4 and 7.5 present the value of tcmpi/tcmp versus 

compressive stress for foam, dry soil along with GT1 and GT2 and wet soil along with 

GT1 and GT2, respectively, as flow boundaries in each of the T5, M5 and T7 samples. 

In Figures 7.3, 7.4 and 7.5, a same exponential equation fits the experimental data the 

best as R
2 

coefficient is higher than 0.94 in all cases. Therefore Equation 7.5 is 

suggested to define compressive intrusion in typical bi-planar or tri-planar geonet 

materials and corresponding one-sided geocomposites:  

 
tcmpi

tcmp
= αe−pδ          (7.5) 

δ coefficient is constant in each geonet for all five tested non-rigid flow boundaries. 

Therefore, it could be deduced that the coefficient is dependent on physical properties of 

the geonet sample and independent of compressibility characteristics of the flow 

boundary. The values of δ are 0.0001, 0.0002 and 0.00005 for the T5, M5 and T7 

samples, respectively. As regards rib structure, the potential of intrusion is mainly 

affected by the distance between the ribs of the geonet sample which constrain 

intrusion. Figure 7.6 shows the trace of geonet ribs on the rubber foam material as the 

flow boundary in the T7 sample just after an intrusion test. The figure reveals that two 

upper sets confine intrusion. Therefore, the void area of a geonet sample could be 

defined as the area of the quadrilateral made by the intersection of the sets of ribs that 

confine the intrusion; for example, in tri-planar geonets, the lower set of ribs should not 

be considered, because it is not in contact with the upper boundary material. Figure 7.7 

shows the dimension of the void area of the geonet samples used in this study. The void 

areas of the samples are 0.000050, 0.000099 and 0.000027 m
2
 for the T5, M5 and T7 

samples, respectively, which is consistent with one half of the values deduced for δ 

from experimental data. Therefore, it can be interpreted that the physical property of the 

geonet which could be used in place of δ in Equation 7.5 is twice of the void area value. 
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Figure 7.3: tcmpi/tcmp versus Compressive Stress for Foam as the Flow Boundary in 

Geonet Samples 
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Figure 7.4: tcmpi/tcmp versus Compressive Stress for Dry Soil along with Two 

Geotextiles as the Flow Boundary in Geonet Samples 
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Figure 7.5: tcmpi/tcmp versus Compressive Stress for Wet Soil along with Two 

Geotextiles as the Flow Boundary in Geonet Samples 

 
Figure 7.6: Intrusion of Foam as Flow Boundary into T7 Geonet Sample 
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Figure 7.7: Void Area of the Tested Geonet Samples 

As illustrated in Figures 7.3, 7.4 and 7.5, all fifteen curves showed a similar value for α 

coefficient. No change was detected in the value of this coefficient by shifting the upper 

flow boundary and α was same for all of the five tested non-rigid flow boundaries in 

three geonet samples. The value was almost one. Therefore, it can be concluded that 

compressive intrusion may be independent of the compressibility characteristics of the 

adjacent material. In other words, tested non-rigid flow boundaries intrude almost 

equally into the same geonet immediately after load application. Therefore, for 

conventional tri-planar and bi-planar geonet materials and corresponding single-sided 

geocomposites, Equation 7.6 is suggested to find post-compressive intrusion thickness: 

tcmpi

tcmp
= e−2pA          (7.6) 

where A (m
2
) is the void area of the geonet sample and P (kPa) is compressive stress. 

7.5.3 The Relationship between tcrp and tcrpi 

To find an experimental equation that relates geonet thickness under rigid and non-rigid 

flow boundaries for a constant load over time, the ratios of tanφi to tanφ (in Table 7.2) 

were calculated. Figures 7.8, 7.93 and 7.10 present the values of tanφi/tanφ versus 

compressive stress for foam, dry soil along with GT1 and GT2 and wet soil along with 

GT1 and GT2, respectively, as flow boundaries in each of the T5, M5 and T7 samples.  

In Figures 7.8, 7.9 and 7.10, a same power equation fits the experimental data the best 

as R
2
 coefficient is higher than 0.93 in all cases. Therefore Equation 7.7 is suggested to 

define creeping intrusion in typical bi-planar or tri-planar geonet materials and 

corresponding one-sided geocomposites: 
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tanφi

tanφ
 = γpλ          (7.7) 

γ coefficient is constant for each non-rigid flow boundary in all three geonet samples. 

Therefore, the coefficient was deduced to be dependent on compressibility 

characteristics of flow boundaries and independent of physical properties of geonet 

samples. The values of γ are summarised in Table 7.3. As shown in this table, the value 

of γ in the case of application of GT1 is approximately 30% more than that for GT2 for 

both dry and wet soils, which means the same material intrudes more into the same 

drainage core when GT1 is used as the filter rather than GT2. This is consistent with the 

fact that GT2 is stiffer than GT1, as shown in Table 4.3. The value is also 

approximately 10–15% higher for wet soil in comparison with dry soil for both 

geotextiles, which shows the higher potential of intrusion of moist soil compared with 

dry soil. This can be attributed to the easier movement of soil particles over each other 

to readjust their positions owing to the presence of moisture that lubricates this 

movement. Therefore, soil would be compacted to a greater extent and would 

consequently intrude further into pore spaces as long as the water content remains under 

the optimum level. The optimum water content of the soil was 12.5%. It is expected that 

when the water content is optimum, the soil compressibility is highest. 
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Figure 7.8: tanφi/tanφ versus Compressive Stress for Foam as the Flow Boundary 

in Geonet Samples 
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Figure 7.9: tanφi/tanφ versus Compressive Stress for Dry Soil along with Two 

Geotextiles as the Flow Boundary in Geonet Samples 
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Figure 7.10: tanφi/tanφ versus Compressive Stress for Wet Soil along with Two 

Geotextiles as the Flow Boundary in Geonet Samples 

Table 7.3: The Values of γ Coefficient for Different Flow Boundaries 

Flow Boundary Combination γ Coefficient 

F 1.4 

DS–GT1 1.4 

DS–GT2 1.1 

WS–GT1 1.6 

WS–GT2 1.2 

λ coefficient is constant in each geonet for all tested non-rigid flow boundaries. 

Therefore, the coefficient was deduced to be dependent on physical properties of geonet 

samples and independent of compressibility characteristics of flow boundaries. As 

shown in Figsures 7.8, 7.9 and 7.10, the value of λ coefficient is 0.084, 0.085 and 0.081 
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respectively for T5, M5 and T7 geonet samples. As Table 7.1 reveals, the values of λ 

are similar to that of a property of geonet drain material, namely, porosity. In a porous 

medium, porosity is the ratio of the volume of voids to the total volume. In geosynthetic 

materials, the following relationship exists between porosity and thickness (Giroud & 

Perfetti 1977): 

n = 1 −
μ

ρp tD
          (7.8) 

where n is porosity of the geonet material, tD (m) is the thickness of the geosynthetic, μ 

(kg/m
2
) is mass per unit area of the geosynthetic and ρp (kg/m

3
) is density of the 

polymeric compound used to make the geosynthetic. Notably, μ/ρp is a constant for a 

given geosynthetic (i.e., μ/ρp is unaffected by any change in the geosynthetic thickness) 

(Giroud, Zornberg & Zhao 2000). 

The porosity of T5, M5 and T7 samples are 0.84, 0.85 and 0.81 respectively, which is 

consistent with λ values if divided by 10. In other words, it can be interpreted that the 

physical property of the geonet which could be substitute λ in Equation 7.7 is one-tenth 

the geonet porosity. This is also consistent with the concept of porosity. Higher porosity 

leads to higher void space in the geonet, which increases the potential of intrusion since 

intrusion inherently needs free space to occur. Therefore, for conventional tri-planar and 

bi-planar geonet material and corresponding single-sided geocomposites, Equation 7.9 

is suggested to find post-creeping intrusion thickness: 

tanφi

tanφ
= γp0.1n          (7.9) 

Combining Equations 7.3, 7.6 and 7.9, Equation 7.10 is proposed to calculate long-term 

geonet thickness when upper flow boundary is non-rigid by using the results of a 

standard creep test performed under smooth and rigid flow boundaries: 

tcrpi = e
−2pAtcmp − γp

0.1nln(t) tanφ      (7.10) 

7.6 Determination of Transmissivity 

7.6.1 Modified Kozeny–Carman Equations 

In-plane flow capacity of geosynthetic materials is usually defined by hydraulic 

transmissivity (θ), the product of hydraulic conductivity (k) and thickness (tD): 
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θ = ktD          (7.11) 

In the case of laminar flow, the hydraulic transmissivity of a porous medium can be 

expressed using the classical Kozeny–Carman equation (Carman 1937; Kozeny 1927a, 

1927b): 

θ =
βρgn3tD

η(1−n)2Ss
2          (7.12) 

where β is the tortuosity factor, Ss (m
-1

) is the specific surface area of the porous 

medium, ρ (kg/m
3
) is the fluid density, g (m

2
/s) is the acceleration of gravity and ŋ 

(kg/(m.s.)) is the fluid viscosity. Specific surface area, porosity and thickness are 

physical properties of a porous medium. When these factors are known, Equation 7.13 

can be used to calculate the relationship between the hydraulic transmissivity of a 

geonet, θ1, when its thickness, porosity and specific surface area are t1, n1 and Ss1, 

respectively, and the hydraulic transmissivity, θ2, when its thickness, porosity and 

specific surface area are t2, n2 and Ss2 in the case of laminar flow, which corresponds to 

hydraulic gradients equal to, and less than, 0.1 in both tri-planar and bi-planar geonets 

(Giroud et al., 2012b). 

θ2

θ1
 = (

tD2

tD1
) (

n2

n1
)
3

(
1−n1

1−n2
)
2

(
Ss1

Ss2
)
2

       (7.13) 

Equation 7.14 is used to calculate specific surface area in both bi-planar and tri-planar 

geonets (Giroud, Gourc & Kavajanjian 2012a): 

Ss =
4

dG
+
2ρp

μ
           (7.14) 

where dG (m) is the diameter of the geonet ribs. In a tri-planar geonet, the flow is 

essentially governed by the ribs with the large cross-section area. Therefore, tri-planar 

geonets can be approximately modelled by one set of identical cylinders of diameter 

equal to the geonet thickness (Giroud, Gourc & Kavajanjian 2012a), that is, dG = tcrp. 

Similarly, bi-planar geonets can be modelled by two sets of identical cylinders having a 

diameter equal to half the geonet thickness (Giroud, Gourc & Kavajanjian 2012a). 

Hence, for bi-planar geonets dG = tcrp/2. 

In technical specifications of geonet products, virgin thickness, tvrg and the 

corresponding hydraulic transmissivity values, θvrg, at different hydraulic gradients are 

usually defined. Therefore, combining Equations 7.8, 7.13 and 7.14, the specific 
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transmissivity reduction ratio, which is the ratio of long-term transmissivity of a geonet 

subjected to both compression and intrusion to its virgin transmissivity for a tri-planar 

geonet, namely, θT/θvrg, and for a bi-planar geonet, namely, θB/θvrg, can be calculated as 

shown in Equations 7.15 and 7.16 respectively: 

θT

θvrg
 = (

tcrpi

tvrg
)
3

(
1−

μ

ρptcrpi

1−
μ

ρptvrg

)

3

(
1+

2μ

ρptvrg

1+
2μ

ρptcrp

)

2

        (7.15) 

θB

θvrg
 = (

tcrpi

tvrg
)
3

(
1−

μ

ρptcrpi

1−
μ

ρptvrg

)

3

(
1+

4μ

ρptvrg

1+
4μ

ρptcrp

)

2

        (7.16) 

As mentioned in section 7.5.1, under high levels of compressive stress, the upper rib 

rollover phenomenon occurs in bi-planar geonets. In such a situation, the assumption of 

dG = tcrp/2, used to derive Equatin 7.16 is no longer valid, and the assumption of dG = 

tcrp seems more realistic. Therefore, after the occurrence of the rollover phenomenon, 

Equation 7.16 should be rewritten for the bi-planar geonet as follows (Yarahmadi, 

Gratchev & Jeng 2017): 

θB

θvrg
 = (

tcrpi

tvrg
)
3

(
1−

μ

ρptcrpi

1−
μ

ρptvrg

)

3

(
1+

4μ

ρptvrg

1+
2μ

ρptcrp

)

2

        (7.17) 

Combining Equations 7.15, 7.16 and 7.17 with Equations 7.2 and 7.10 yields Equations 

7.18, 7.19 and 7.20, which can be used to calculate specific transmissivity reduction 

ratios based on standard creep test results in the case of laminar flow. 

θT

θvrg
=

 (
e−2pAtcmp−γp

0.1nln(t)tanφ

tvrg
)
3

(
1−

μ

ρp (e
−2pAtcmp−γp

0.1nln(t)tanφ)

1−
μ

ρptvrg

)

3

(
1+

2μ

ρptvrg

1+
2μ

ρp (tcmp−ln(t)tanφ)

)

2

  

           (7.18) 

θB

θvrg
=

(
e−2pAtcmp−γp

0.1nln(t)tanφ

tvrg
)
3

(
1−

μ

ρp (e
−2pAtcmp−γp

0.1nln(t)tanφ)

1−
μ

ρptvrg

)

3

(
1+

4μ

ρptvrg

1+
4μ

ρp (tcmp−ln(t)tanφ)

)

2

  

           (7.19) 
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θB

θvrg
=

(
e−2pAtcmp−γp

0.1nln(t)tanφ

tvrg
)
3

(
1−

μ

ρp (e
−2pAtcmp−γp

0.1nln(t)tanφ)

1−
μ

ρptvrg

)

3

(
1+

4μ

ρptvrg

1+
2μ

ρp (tcmp−ln(t)tanφ)

)

2

  

           (7.20) 

7.6.2 Transmissivity Tests 

A series of transmissivity tests were performed in conformance with ASTM 

D4716/D4716M–14 (2014) for T5 and M5 geonet samples using the non-rigid flow 

boundary of rubber foam (F) and two values of hydraulic gradient, 0.1 and 0.05. The 

values of virgin transmissivity at i = 0.05 and 0.1, respectively, were 7.16 and 5.56 L/ 

(m.s) for T5 and 6.88 and 5.47 L/(m.s) for M5. The data were from Yarahmadi et al. 

(2017) as presented in Table 6.2. 

To calculate the theoretical values of θT/θvrg and θB/θvrg, the values of tvrg, tcrp and tcrpi 

were substituted in Equaions. 7.15, 7.16 and 7.17. As shown in Tables 7.1 and 6.2 and 

Figure 7.2b, both thickness and transmissivity of bi-planar geonets drop abruptly under 

compressive stresses higher than 200 kPa, which shows the occurrence of the rollover 

phenomenon in the geonet. Therefore, for compressive stresses equal and less than 

200 kPa and greater than 200 kPa, Equations 7.16 and 7.17, respectively, were used. 

Experimental values of the transmissivity ratios were also calculated by dividing the 

values of θT and θB (in Table 6.2) by the virgin values of hydraulic transmissivity. 

Figure 7.11 shows the theoretical and experimental values of the transmissivity 

reduction ratios versus the thickness reduction ratio. As can be concluded from Figure 

7.11, the theoretical values of both θT/θvrg and θB/θvrg are in agreement with the 

experimental values. 
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Figure 7.11: Theoretical and Experimental Values of Transmissivity Ratios versus 

Thickness Ratios for (a) T5 and (b) M5 Samples 

7.6.3 Example 

Comparison of the ultimate drainage capacity of tri-planar and bi-planar geonets is 

required. These geonets are designed to be placed in the secondary leachate collection 

system of a landfill between a layer of geomembrane, with very low potential of 

intrusion into the geonet drain, and a layer of soil. A nonwoven geotextile with stiffness 

of 180 kN/m is heat laminated to one side of each type of geonet. The system will be 

subjected to compressive stress of 300 kPa and the landfill lifetime is considered 30 

years. Creep test results performed under compressive stress of 300 kPa in accordance 

with ASTM D7361–07 (2012) are shown in Figure 7.12. 
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Figure 7.12: Creep Test Results of the Example 

Mass per unit area, polymer density and virgin transmissivity at hydraulic gradient of 

0.05 are 0.92 kg/m
2
, 950 kg/m

3
 and 8.0 L/ (m.s), respectively, for both samples. The 

void areas are 0.55 and 1.15 cm
2
 and the virgin thickness is 7.10 mm and 7.15 mm, 

respectively, for the tri-planar and bi-planar geonets. γ is assumed to be 1.4. 

tcrp and tcrpi (after 30 years) should be determined for each geonet. The calculations are 

summarised in Table 7.4.  

Table 7.4: Calculation of the Example 

Parameter Unit Reference Tri-planar Bi-planar 

tcmp mm Figure 7.16 7.08 7.10 

tanφ NA Figure 7.16 0.035 0.042 

n NA 
Equation 

7.8 

1 − 0.920/(950 × 0.00710) 

= 0.864 

1 − 0.920/(950 × 0.00715) 

= 0.865 

tcrp mm 
Equation 

7.2 

7.08 − ln(15768000) × 0.035 

= 6.50 

7.10 − ln(15768000) × 0.042 

= 6.40 

tcrpi mm 
Equation 

7.10 

e
−300 × 2 × 0.000055 

× 7.08 − 1.4 × 

300
0.0864 

× ln(15768000) × 0.035 

= 5.52 

e
−300 × 2 × 0.000115 

× 7.10 − 1.4 × 

300
0.0865 

× ln(15768000) × 0.042 

= 5.03 

For the tri-planar geonet, Equation 7.15 can be used to calculate the transmissivity ratio 

as follows: 



 

157 

θT

θvrg
 = (

tcrpi

tvrg
)
3

(
1−

μ

ρptcrpi

1−
μ

ρptvrg

)

3

(
1+

2μ

ρptvrg

1+
2μ

ρptcrp

)

2

    

= (
5.52

7.10
)
3

(
1 −

0.920
950 × 0.00552

1 −
0.920

950 × 0.00710

)

3

(
1 +

2 × 0.920
950 × 0.00710

1 +
2 × 0.920

950 × 0.00650

)

2

  = 0.393 

θT = 0.393 × 8 = 3.15 L/(ms)  

As for the bi-planar geonet, abrupt thickness reduction is not detected (i.e., thickness 

changed from 7.15 mm at 2 kPa to 7.10 mm at 300 kPa), showing that the bi-planar 

geonet is not affected by the rollover phenomenon at this compressive stress. Therefore, 

Equation 7.16 is used to calculate the transmissivity ratio: 

θB

θvrg
 = (

tcrpi

tvrg
)
3

(
1−

μ

ρptcrpi

1−
μ

ρptvrg

)

3

(
1+

4μ

ρptvrg

1+
4μ

ρptcrp

)

2

    

= (
5.03

7.15
)
3

(
1−

0.920

950×0.00503

1−
0.920

950×0.00715

)

3

(
1+

4×0.920

950×0.00715

1+
4×0.920

950×0.00640

)

2

  = 0.261  

θB = 0.261 × 8 = 2.10 L/(ms)  

Although the samples have the same virgin transmissivity, the calculations show that 

the long-term transmissivity of the bi-planar sample is more than 30% lower compared 

with the tri-planar sample applied in the same situations.  

7.7 Conclusion 

A series of tests were conducted to quantify the effect of intrusion on hydraulic 

behaviour of tri-planar and bi-planar geonet materials. Assuming that the behaviour of a 

geonet under compressive stress is known over time for smooth and rigid flow 

boundaries, the behaviour of the same geonet in the case of some non-rigid flow 

boundaries was investigated. Eighteen combinations of drainage material and flow 

boundaries were tested. The results were as follows: 

 For conventional tri-planar and bi-planar geonet material and the corresponding 

single-sided geocomposites in which a nonwoven geotextile is heat laminated to 

one side of the drainage core, the ratio of geonet thickness under non-rigid and 

rigid flow boundaries immediately after load application seems to be a function 



 

158 

of the geonet ribs geometry and compressive stress magnitude for foam and 

clean sand as the upper boundary material. The larger the distance between rib 

intersections and the higher the compressive stress, the higher the expected 

thickness reduction, because of compressive intrusion. Such compressive 

intrusion seems to be independent of the compressibility characteristics of the 

flow boundaries. This finding implies that tested non-rigid flow boundaries 

intrude almost equally into the same geonet immediately after load application. 

 For the tested material, under a constant load, the ratio of geonet thickness 

reduction rate over time under non-rigid and under rigid upper flow boundaries 

was a function of the compressibility of adjacent material, the magnitude of 

compressive stress and the porosity of geonet material. The higher the 

compressibility, compressive stress and porosity, the higher the predicted rate of 

thickness reduction, because of creeping intrusion. 

 In the case of conventional, single- sided geocopmposites, when the same soil is 

used as the upper boundary material, the compressibility coefficient is lower if a 

stiffer nonwoven geotextile is used as a filter between the drainage core and soil, 

than if a less stiff nonwoven geotextile is used. 

 For the same nonwoven geotextile filter, the compressibility coefficient is higher 

for wet clean sand compared with that for the same dry soil because moisture 

lubricates soil particle movement, which leads to increase in soil compaction and 

intruding potential into voids. 

 After finding geonet effective thickness through the experimental relationships 

derived in this study, transmissivity reduction ratios can be calculated 

specifically for each type of geonet using modified Kozeny–Carman equations 

in the case of laminar flow. This method can be considered a more accurate tool 

to predict long-term hydraulic behaviour of geonet materials in comparison with 

the approach of using identical reduction factors for all types of geonet and flow 

boundaries. 

 The study attempted to quantify the effect of intrusion of non-rigid boundaries 

into synthetic drainage cores. Three geonet samples and 6 different 

combinations of boundary materials were tested under 13 values of compressive 

stress, amounting to a total of 234 tests. However, to ensure more precise 

quantification, and also to derive compressibility coefficient for a more extended 

variety of flow boundary conditions, additional tests would be required. 
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Chapter 8: Discussion and Concluding Remarks 

8.1 General Discussion 

Waste management, as one of the most important aspects of urban development, is 

gaining importance among developing nations. Landfills have been most widely 

adapted as long-term containers for disposed waste worldwide, and the collection and 

effective removal of leachate represents an important element in the successful 

functioning of a landfill facility. LCSs are designed in landfills to remove leachate and 

control the head of leachate on the liner system to minimise the quantity of leachate 

leakage. 

Geonets and geocomposites have been widely used in LCSs for drainage purposes. The 

traditional approach to determine the long-term flow capacity of geosynthetic drainage 

material is to perform a short-term index transmissivity test and then apply the reduction 

factors to consider the effects of the factors that influence drainage capacity. However, 

recent studies have shown that the real decrease in the flow capacity of geosynthetic 

drainage materials can be much higher than considered by applying reduction factors to 

the results of an index transmissivity test because some factors that could significantly 

affect the hydraulic behaviour are not appropriately considered in this approach. 

This study developed a new approach to more easily and accurately determine the in-

plane flow capacity of the geosynthetic drains used in waste containment facilities. As 

discussed in Chapter 1, for a particular geonet and under a particular compressive stress, 

the two main structural-associated factors that considerably affect the hydraulic 

behaviour of geosynthetic drains are creep and intrusion. In this study’s innovative 

method, for the first time, the effect of both of these factors is systematically 

considered. 

This approach concentrates on the close relationship between in-plane flow capacity and 

thickness in geonet materials, and uses the results of standard creep tests to determine 

the drainage capacity of these synthetic materials. New equipment was specifically 

designed and manufactured in this study to measure the geosynthetic drains’ thickness 

under different flow boundaries. 
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This method aims to determine the long-term in-plane flow capacity of geonet material, 

and it is assumed that the following parameters are known: 

 The magnitude of the compressive stress to which the geosynthetic drainage 

material is exposed. In leachate collection and removal systems, this 

compressive stress mainly depends on the landfill’s size and type. 

 The results of a standard creep test, including post-compression thickness and 

the inclination of creep curve at this compressive stress.  

 The lifetime of the facility in which the drainage material is applied. 

 The virgin thickness of the drain and the corresponding transmissivity at the 

desired hydraulic gradient. 

 The physical and geometrical properties of the drainage material, including rib 

configuration, polymer density, porosity and void area and flow boundaries. 

To apply this method, the following steps should be taken. 

Step 1: Quantification of the effect of intrusion in the case of non-rigid flow 

boundaries. 

When performing standard creep tests, the behaviour of a geonet material under 

compressive stress is known over time when both flow boundaries are smooth and rigid. 

Using the equations derived in this study, the behaviour of the same geonet under non-

rigid upper flow boundaries can be found. If both flow boundaries are smooth and rigid 

(e.g., the geonet is placed between two stiff geomembranes), this step is passed over. 

The standard creep test revealed the values of post-compression thickness and the 

inclination of creep curve. Hence, at the desire time (e.g., the normal lifetime of a 

landfill), the post-creep thickness is calculated using Equation 7.2. Through knowing 

the values of post-compression thickness and post-creep thickness, the values of post-

compressive intrusion thickness and post-creeping intrusion thickness are then 

calculated.  

The geonet’s post-compressive intrusion thickness is calculated using Equation 7.6. To 

determine the post-compressive intrusion thickness, the value of the void area of the 

geonet sample and the magnitude of the compressive stress are required. This thickness 

value is independent of the compressibility characteristics of the flow boundaries.  
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Similarly, the geonet’s post-creeping intrusion thickness is calculated using Equation 

7.10. To determine the post-creeping intrusion thickness, the values of post-compressive 

intrusion thickness, the compressibility coefficient for the corresponding boundary 

material, the porosity of the geonet material, the magnitude of compressive stress and 

the inclination of the creep curve should be known. 

Step 2: Investigation of the potential for the occurrence of roll-over phenomenon. 

As discussed, in bi-planar geonets, a sudden drop in drainage capacity and thickness 

usually occurs at higher compressive stresses, which is attributed to geonet ribs’ 

reconfiguration. Roll-over phenomenon and the corresponding compressive stress are 

exclusive for each geonet sample. To apply the new approach, in the case of bi-planar 

geonets, the compressive strength (which is the roll-over starting point) should first be 

determined. For tri-planar geonets, this step is skipped. 

Step 3: Determining the specific transmissivity reduction ratios. 

The specific transmissivity reduction ratio is defined as the ratio of transmissivity of a 

geonet after applying a certain value of compressive stress at a certain time after load 

application to its virgin transmissivity in each boundary condition. 

Theoretical relationships that are derived based on classical Kozeny–Carman equations 

are used to determine specific transmissivity reduction ratios when thickness reduction 

ratios are known. It is noted that, although the classical Kozeny–Carman equation and 

equations derived from it are valid only for laminar flow, the equations can be used 

safely in the case of non-laminar flow when the hydraulic gradient does not vary too 

greatly along the drainage layer (Giroud, Gourc & Kavazanjian 2012b). This condition 

is often met in practice in landfills because the hydraulic gradient is approximately 

constant along a drainage layer located on a uniform slope (especially in the case of 

relatively thin drainage layers, such as a geosynthetic drain including geonets and 

geocomposites). 

In the case of tri-planar geonets, Equation 3.26 is applied to determine the specific 

transmissivity reduction ratios. In the case of bi-planar geonets, one of the two modified 

equations are used, depending on the value of compressive stress at which the specific 

transmissivity reduction ratio is needed. For compressive stresses lower and higher than 

compressive strength, Equations 3.27 and 3.28 are applied, respectively. 
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By multiplying the value of the specific transmissivity reduction ratio in the virgin 

transmissivity at the desired hydraulic gradient, the in-plane flow capacity of a drainage 

material can be determined. Figure 8.1 presents a flowchart of using the described 

approach. 
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Figure 8.1: Flowchart of Using Approach Proposed in This Study to Predict In-

plane Flow Capacity of Geonet Drains 
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The relationships derived and validated in this study propose a new method to 

determine the long-term hydraulic capacity of geosynthetic drains used in the LCSs of 

landfills. In this method, drainage capacity is particularly determined for each 

geosynthetic drain by considering the specifications of the material and the leachate 

collection and removal systems. From this perspective, this approach is unique, and 

such systematic consideration of the factors that affect transmissivity has not been 

proposed by any of the earlier methods of determining the in-plane flow capacity of 

geonets. 

Although the method was developed for geosynthetic drains used in landfills, with some 

considerations, it can also be used in other areas of applying such drainage materials, 

such as horizontal drainage in airports, roads, railways and trams; drainage under high 

embankments; and tailings dams in mining. 

8.2 Concluding Remarks 

As discussed in Chapter 1, three main objectives were defined in this study. This section 

summarises the concluding remarks of each objective. 

8.2.1 Study the Behaviour of Geonets under Different Compressive Stresses and 

Investigate the Effect of Geometry on the Hydraulic Capacity of Geonet Materials 

 The hydraulic capacities of bi-planar and tri-planar geonets with almost the same 

initial thickness are approximately similar in low compressive stresses, 

regardless of their rib geometry. 

 The in-plane flow capacity of a bi-planar geonet drops abruptly at a specific 

compressive stress, named compressive strength. Beyond this point, the bi-

planar geonet can still drain liquid, but at a somewhat diminished rate. However, 

the flow capacity of the tri-planar geonet decreases gradually with load increase. 

Therefore, for bi-planar geonets, it is not recommended to extrapolate the 

transmissivity test results performed under a lower compressive stress to 

determine the flow rate capacity at higher compressive stresses. 

 In bi-planar geonets, the sudden drop in drainage capacity is attributed to rib 

reorientation. Although the lower rib orientation remains almost unchanged, the 

upper ribs slip over the lower ones, and their orientation changes from almost 

vertical in low compressive stresses to almost horizontal in high compressive 

stresses. This phenomenon is known as upper ribs roll-over in bi-planar geonets. 
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 To attain a better understanding of the hydraulic behaviour of the bi-planar 

geonets used in leachate collection and removal systems in landfills, it is 

important to determine the compressive strength of the material. The 

compressive stress at which a geonet rolls-over is dependent on different 

parameters, including the density and stiffness of the polymeric compound used 

to create the geosynthetic, the thickness, the manufacturing method, the 

inclination of the ribs (especially the lower ribs) and the strand cross-sectional 

shape. 

 The normal pressure resulting from dead loads and live loads in leachate 

collection and removal systems in landfills usually exceeds the compressive 

strength of typical bi-planar geonets; thus, tri-planar geonets are recommended 

for installation in these systems. 

8.2.2 Modify the Classical Kozeny–Carman Equation to be Effectively Applied in 

Geosynthetic Drains 

 In both tri-planar and bi-planar geonets, the values of specific transmissivity 

reduction ratios calculated using modified Kozeny–Carman equations agreed 

with the corresponding ratios using transmissivity tests for both rigid and non-

rigid flow boundaries. It should be noted that, in the bi-planar geonet, different 

modified equations should be applied to determine the transmissivity reduction 

ratios before and after the occurrence of the roll-over phenomenon.  

 The modified Kozeny–Carman equation in bi-planar geonets was theoretically 

adjusted to be applied for the circumstance that occurs in such materials after 

roll-over phenomenon (i.e., slipping over the upper ribs on the lower ones). The 

agreement of the experimental and theoretical specific transmissivity reduction 

ratios calculated using this equation also proved the occurrence of the roll-over 

phenomenon in the upper ribs under high compressive stresses in bi-planar 

geonets. 

 The agreement of the experimental and theoretical values of transmissivity 

reduction ratios in both tri-planar and bi-planar geonets under the non-rigid flow 

boundary confirmed that modelling a geonet under a non-rigid flow boundary by 

the same geonet under a rigid flow boundary and with reduced flow depth is a 

realistic assumption. Hence, the effect of intrusion in geonets can be taken into 

account by decreasing the thickness. 
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 Modified Kozeny–Carman equations can be considered useful tools to predict 

the long-term drainage capacity of both tri-planar and bi-planar geonets used in 

in leachate collection and removal systems in landfills. Through applying these 

equations, the results of a standard creep test can be used to determine the in-

plane flow capacity of geosynthetic drainage material. 

8.2.3 Quantify the Effect of Intrusion on the Hydraulic Behaviour of Geosynthetic 

Drains 

 For both tri-planar and bi-planar geonet materials and the corresponding single-

sided geocomposites in which a nonwoven geotextile is heat laminated to one 

side of the drainage core, the ratio of geonet thickness under non-rigid and rigid 

flow boundaries immediately after load application is dependent on the geonet 

ribs’ geometry and compressive stress. The larger the distance between rib 

intersections and the higher the compressive stress, the higher the expected 

thickness reduction, as a result of compressive intrusion. 

 Compressive intrusion is independent of the compressibility characteristics of 

the flow boundaries. Therefore, non-rigid flow boundaries intrude almost 

equally into the same geonet immediately after load application. 

 Under a constant load, the ratio of geonet thickness reduction rate over time 

under non-rigid and rigid upper flow boundaries is influenced by three factors: 

the compressibility of the adjacent material, magnitude of compressive stress 

and porosity of the geonet material. The higher the compressibility, compressive 

stress and porosity, the higher the predicted rate of thickness reduction, as a 

result of creeping intrusion. 

 In the case of single-sided geocomposites, when the same soil is used as the 

upper boundary material, the compressibility coefficient is lower if a stiffer 

nonwoven geotextile is used as a filter between the drainage core and soil, rather 

than if a less stiff nonwoven geotextile is used. 

 For the same nonwoven geotextile filter, the compressibility coefficient is higher 

for wet soil than for the same dry soil because moisture lubricates soil particle 

movement, which leads to increased soil compaction and intruding potential into 

voids. 
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8.3 Benefits of the Proposed Approach 

The approach recommended in this research can be considered an appropriate method to 

investigate the design flow capacity of the geosynthetic drainage materials used in waste 

management facilities. Generally, the current method offers the following advantages 

over the traditional methods used in designing with geosynthetic drains in landfills’ 

LCSs: 

 The effect of compressive stress is considered when the reduction of the in-plane 

flow capacity of geosynthetic materials due to creep and creeping intrusion is 

investigated. In the classical approach of applying reduction factors, the effect of 

the compressive load on intrusion and creep reduction factors is considered only 

through categorising the application area of the geonet (e.g., primary or 

secondary LCS or cover system). In other words, the same range of creep and 

intrusion reduction factors is applied for all primary and secondary LCSs. 

However, the compressive stress to which a drainage material is subjected in a 

LCS can be several times that in another one, depending on the size of the 

landfill, method of construction, properties of the disposed material and 

regulations applied. This wide range of compressive stress leads to significant 

differences in drainage capacity reduction because of creep and intrusion. 

 The structure of geonet ribs is considered. In the current method, different 

equations are derived for bi-planar and tri-planar geonets. The void area and 

porosity of geonet materials are also included in intrusion quantification 

equations. Although it is known that the geometry of the geosynthetic drainage 

material has a considerable influence on both creep behaviour and intrusion 

reduction factors, in the traditional approach, the same values of creep and 

intrusion reduction factors are recommended for all tri-planar and bi-planar 

geonets, regardless of their structural geometry. 

 The characteristics of flow boundaries are also considered. There is a clear 

correspondence between the compressibility characteristics and surface texture 

of flow boundaries and the discharge capacity of geosynthetic drains. The 

characteristics of flow boundaries are considered in the proposed method 

through quantification of the effect of intrusion. This is not seen in the classical 

methods, and recommended reduction factors are independent of flow 

boundaries. 
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Considering the abovementioned benefits, the innovative approach proposed in this 

study can significantly contribute to enable improved estimation of the long-term 

hydraulic behaviour of LCSs, and subsequently enable appropriate leachate 

management, which is an integral part of safely designing new and expanding the 

existing waste disposal facilities. 

Disregarding the effects of factors such as the load value, physical properties of the 

drainage materials and nature of boundary materials can lead to serious safety 

complications in landfills. Overestimation of LCSs’ drainage capacity and consequent 

build-up of leachate head on the liner system has been identified as the source of many 

stability issues, which have led to landfill failure in some cases. Landfill failures are 

often significantly destructive for the environment and are sometimes recognised as a 

fatal phenomenon. The purpose of the new approach is to prohibit such miscalculations 

and contribute to a more accurate and subsequently safer design of leachate collection 

and removal systems. In addition, proper leachate management can prevent over-

designing and imposition of unnecessary costs on waste facility projects. 

8.4 Future Works 

In relation to improving the new approach to determining the flow capacity of 

geosynthetic drains, future work can focus on the following aspects: 

 This study tested bi-planar and tri-planar geonet samples, which are the 

conventional synthetic drainage materials. These materials have been used in 

landfills for more than 20 years. However, recently, new geosynthetic drainage 

products have been proposed to market, such as PermaNet geonets. This product 

is manufactured with a patented structure that is specifically designed to 

withstand high stress and has a unique strand structure, vertical strand 

orientation and high junction area between the ribs. Thus, it is recommended that 

the new generation of geonet materials be included in future studies. 

 This study can be expanded to double-sided geocomposites in which geotextile 

materials are heat laminated to both sides of the drainage core. The relationship 

between the drainage capacity of single- and double-sided geocomposites could 

be investigated and quantified. 
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 The value of the γ coefficient was found in this study for limited flow 

boundaries. Future studies can concentrate on determining the coefficient for a 

more comprehensive range of materials. 

 It is also recommended that the drainage capacities of leachate collection and 

removal systems of operating landfills are compared with the transmissivity 

values calculated using this new method. Case studies would help with the 

verification and modification of this new approach. 
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Appendix 1: Transmissivity Test Results 
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T5, i = 0.05, Rigid plate 
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T5, i = 0.1, Rigid plate 
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T5, i = 0.05, Foam 
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T5, i = 0.1, Foam 
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M5, i = 0.05, Rigid plate 
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M5, i = 0.1, Rigid plate 
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M5, i = 0.05, Foam 
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M5, i = 0.1, Foam 
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Appendix 2: Creep Curves 
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T5—20 kPa 
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T5—50 kPa 
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T5—100 kPa 
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T5—200 kPa 
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T5—300 kPa 
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T5—400 kPa 

 
M5—400 kPa 

 
 

 

T7—400 kPa 

 

M: tcrpi = -0.037ln(t) + 5.49 

F: tcrpi = -0.085ln(t) + 5.15 

DS-GT1: tcrpi= -0.084ln(t) + 5.21 
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WS-GT2: tcrpi = -0.074ln(t) + 5.17 
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T5—500 kPa 

 
M5—500 kPa 

 
 

 

T7—500 kPa 

 

M: tcrpi = -0.038ln(t) + 5.41 

F: tcrpi= -0.088ln(t) + 4.98 

DS-GT1: tcrpi= -0.089ln(t) + 5.11 

DS-GT2: tcrpi = -0.068ln(t) + 5.14 
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T5—600 kPa 

 
M5- 600 kPa 

 
 

 

T7—600 kPa 

 

M: tcrpi = -0.044ln(t) + 5.32 

F: tcrpi = -0.104ln(t) + 4.89 

DS-GT1: tcrpi = -0.101ln(t) + 4.95 

DS-GT2: tcrpi = -0.079ln(t) + 4.94 
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WS-GT2: tcrpi = -0.089ln(t) + 4.89 
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T5—700 kPa 

 
M5—700 kPa 

 
 

 

T7—700 kPa 

 

M: tcrpi = -0.045ln(t) + 5.27 

F: tcrpi = -0.11ln(t) + 4.76 

DS-GT1: tcrpi = -0.11ln(t) + 4.83 
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T5—800 kPa 

 
M5—800 kPa 

 
 

 

T7—800 kPa 

 

M: tcrpi = -0.050ln(t) + 5.22 

F: tcrpi = -0.125ln(t) + 4.67 

DS-GT1: tcrpi = -0.115ln(t) + 4.72 

DS-GT2: tcrpi = -0.095ln(t) + 4.69 

WS-GT1: tcrpi = -0.135ln(t) + 4.69 

WS-GT2: tcrpi = -0.107ln(t) + 4.71 
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T5—900 kPa 

 
M5—900 kPa 

 
 

 

T7—900 kPa 

 

M: tcrpi= -0.053ln(t) + 5.20 

F: tcrpi = -0.136ln(t) + 4.60 

DS-GT1: tcrpi = -0.129ln(t) + 4.66 
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T5—1000 kPa 

 
M5—1000 kPa 

 
 

 

T7—1000 kPa 

 

M: tcrp = -0.059n(t) + 5.17 

F: tcrpi = -0.154ln(t) + 4.52 

DS-GT1: tcrpi = -0.154ln(t) + 4.60 
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