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In the last couple of decades, geocell reinforced soil systems have been used in 

challenging new applications.  Although the widely different application of cellular 

confinement systems demand a better understanding of the fundamental behaviour of the 

functioning of the cellular reinforced soil systems, surprisingly little research on the 

fundamental behaviour of the structures and the interaction of the components has been 

done. 

A research project has been initiated at the University of Pretoria and this thesis 

constitutes the first step in achieving an understanding in the functioning of geocell 

reinforced soil systems.  This thesis is focused specifically on the geocell support pack 
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configuration.  However, the research output is not limited to this configuration and may 

find wider application. 

The support packs were studied at a width to height ratio of 0.5.  The fill material used in 

this study is classified gold tailings from the Witwatersrand Complex and the geocell 

membranes were manufactured from a thin (nominal thickness of 0.2 mm) High Density 

Polyethylene (HDPE) sheet. 

This study provides an understanding of the functioning of the geocell support pack by 

studying the constitutive behaviour of the fill and membrane material and their interaction, 

as well as the influence of multiple cells on the composite structures. 

The behaviour of the classified tailings material is interpreted in terms of Rowe's stress-

dilatancy theory and a simple robust constitutive model for the material behaviour is 

developed.  The stress-strain behaviour of the HDPE membranes is strain-rate-

dependent and two simple mathematical models for the strain-rate-dependent 

stress-strain behaviour of the membranes are developed. 

An analytical calculation procedure for obtaining the stress-strain behaviour of the fill 

confined with a single geocell is developed with which some of the shortcomings of the 

previously presented theories are addressed.  This procedure uses the models for the fill 

and membrane behaviour developed as part of this study. 

The interaction of adjacent cells in a multiple cell geocell structure, influences its 

behaviour.  This thesis shows that, with exception of low axial strain levels, the efficiency 

of a structure consisting of multiple cells of a certain size is lower than a single cell 

structure with the same cell size and fill.  These results are contrary to previously 

published opinion.  A method for quantifying the efficiency of a multiple cell pack is also 

developed. 

 

Key words: Geocell, classified tailings, geocell reinforced soil, stope support, Hyson 

Cells. 
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Gedurende die laaste paar dekades is geosel-versterkte grondsisteme in 'n wye 

verskeidenheid van toepassings gebruik waarvan sommige die grense van ons begrip 

aangaande die fundamentele gedrag van geosel-versterkte grondsisteme toets.  

Verbasend min navorsing is oor die fundamentele gedrag van die geosel-grondstruktuur 

en die interaksie van die samestellende komponente gedoen. 

By die Universiteit van Pretoria is 'n navorsingsprogram van stapel gestuur om 'n beter 

begrip vir die funksionering van geosel-versterkte grondstrukture te ontwikkel .  Hierdie 

proefskrif verteenwoordig die eerste stap in die bereiking van hierdie doelwit.  In hierdie 

studie word daar op die geosel bestuttingspak konfigurasie gefokus.  Die 
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navorsingsuitsette is egter nie beperk tot dié konfigurasie nie en mag 'n wyer toepassing 

vind. 

Die bestuttingspakke wat in hierdie projek bestudeer is, was beperk tot 'n 

slankheidsverhouding (wydte tot hoogte) van 0.5.  Die vulmateriaal wat gebruik is, is 

geklassifiseerde goudmynslik, afkomstig van die Witwatersrandkompleks en die 

geoselmembrane is uit 'n Hoë Digtheid Polyetelene (HDPE) membraan, 0.2 mm dik, 

vervaardig. 

Hierdie studie help met die ontwikkeling van 'n begrip van die funksionering van geosel 

bestuttingspakke deur die bestudering van die spannings-vervormingsgedrag van die 

vulmateriaal en die membraanmateriaal en die interaksie tussen dié twee komponente.  

Die invloed wat die aantal selle op die gedrag van meersellige geosel-strukture het, is ook 

ondersoek. 

Die gedrag van die geklassifiseerde goudmynslik is geïnterpreteer in terme van Rowe se 

spannings-volumeveranderingsteorie en 'n eenvoudige spannings-vervormingsmodel wat 

onsensitief vir klein veranderinge en onsekerhede in materiaalparameters is, is ontwikkel.  

Die spannings-vervormingsgedrag van die HDPE membrane is afhanklik van die 

vervormingstempo.  Twee eenvoudige wiskundige modelle vir die vervormingstempo-

afhanklike spannings-vervormingsgedrag word voorgestel. 

'n Analitiese berekeningsprosedure om die spannings-vervormingskurwe van sand, 

versterk deur 'n enkel geosel, te bereken, is ontwikkel.  Hiermee word sommige van die 

tekortkominge van die vorige teorieë aangespreek.  Hierdie berekeningsprosedure maak 

gebruik van die spannings-vervormingsmodelle vir die grond en membrane wat as deel 

van hierdie studie ontwikkel is. 

Die interaksie van naburige selle in 'n meersellige geosel-struktuur beïnvloed die gedrag 

van die saamgestelde struktuur.  Hierdie studie wys dat, behalwe by klein aksiale 

vervormings, is die doeltreffendheid van 'n meersellige geosel struktuur met selle van 'n 

bepaalde grootte, laer as 'n enkelsel-struktuur met dieselfde selgrootte en vulmateriaal.  

Hierdie bevinding staan in teenstelling met vorige gepubliseerde opinie.  'n Metode is ook 

ontwikkel om die doeltreffendheid van die meersellige pak te kwantifiseer. 

 

Sleutelterme: Geoselle, geklassifiseerde goudmynslik, geosel-versterkte grond, 

afboubestutting, Hyson Cells. 
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Chapter 1 

Introduction 

1.1 Background 

The concept of the reinforcement of cohesionless soil with cellular confinement 

was first introduced in the 1970's.  This development was stimulated by the U.S. 

Army's need to stabilise beach sand for roadways.  Since these early days the 

most common use of the geocell system has been the reinforcement of soil in 

the construction of roads.  Other applications have been the improvement of the 

bearing capacity of soil under foundations and slopes, channel linings and 

erosion protection.  Figure 1.1 shows photographs of the geocell system in 

some of these applications.  In the last couple of decades the geocell systems 

have also been used in the construction of flexible gravity structures and the 

facia of geosynthetic reinforced soil retaining wall structures and steepened 

slopes (Figure 1.2). 

Although these widely different application of cellular confinement systems 

demand a better understanding of the fundamental behaviour of the functioning 

of the cellular reinforced soil system, surprisingly little research on the 

fundamental behaviour of the structures and the interaction of the components 

have been done. 

Recently the use of cellular reinforced soil systems for underground mining 

support packs (Figure 1.3) has been proposed.  The need to understand and 

predict the strength and stiffness behaviour of such systems further highlights 

the shortcomings in the current state-of-the-art as current theories do not take 

the non-uniform deformation mode, nor the volume change of the soil into 

account and are aimed at estimating the peak strength of the geocell system 

only. 
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 Chapter 1.  Introduction 

oedometer tests were also performed on the classified tailings material at 

different initial densities, enabling a study and quantification of the constitutive 

behaviour of the classified tailings fill material. 

Specimens of the HDPE (High Density Polyethylene) membrane material were 

tested uniaxialy at different constant strain rates.  This enabled the investigation 

into the strain rate dependent stress strain properties of the membrane material 

and the development of two mathematical models for the strain-rate-dependent 

stress-strain behaviour of the membrane material. 

The insight and predictive capabilities obtained from the study of the classified 

tailings fill material and the HDPE membrane material was then combined into a 

theory for the prediction of the stress-strain behaviour of soil reinforced with a 

single geocell.  The results of the single cell laboratory compression tests 

enabled the comparison and refinement of the developed theory. 

Instrumented compression tests on a 4 cell (2x2) composite structure as well as 

a 9 cell (3x3) and a 49 cell (7x7) composite structure were performed to enable 

the investigation into the behaviour of multi-cell composite structures. 

1.4 Organisation of thesis 

The thesis consists of the following chapters: 

Chapter 1 serves as an introduction to the report. 

Chapter 2 presents a literature review on the reinforcement of soil with cellular 

confinement.  From the literature review the need for the current research is 

established and the specific issues addressed in this thesis, stipulated. 

Chapter 3 describes the laboratory testing programme and presents the results 

from the testing programme.  The laboratory testing programme consisted of 

three parts which dictates the structure of this chapter i.e.: the laboratory testing 

of the soil, the tests on the geocell membrane material, and laboratory tests on 

the composite structures. 

The data presented in Chapter 3 are critically evaluated, interpreted and 

discussed in Chapter 4.  This discussion leads to an increased understanding of 

the constitutive behaviour of the components of the composite geocell structure 

and their interaction and the development of procedures for the mathematical 

modelling of the constitutive behaviour of the soil reinforced with a single 

  1-4
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geocell.  This theoretical work then aids the understanding of the strength and 

stiffness behaviour of multi-cell composite structures. 

Conclusions flowing from the work presented in the earlier chapters are 

presented in Chapter 5. 

For the sake of readability of Chapter 4, some parts of the discussion is 

documented in more detail in the Appendices and summarised in Chapter 4. 

 

  1-5

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  WWeesssseelloooo,,  JJ    ((22000055))  



 Chapter 1.  Introduction - Figures 

    
a)  Unfilled geocell mattress. b)  Mattress being filled with soil. 

    
c)  Geocell mattress half filled with sand. d)  Geocell for storm water channel lining.  

    
e)  Geocell channel lining being filled with  f)  Geocell retaining structure.  
 concrete. 

Figure 1.1 Illustration of the geocell cellular confinement system. (Photographs (a), 

(b), (d), (e) and (f) with courtesy from M & S Technical Consultants & 

Services, photograph (c) with courtesy of Presto Geosystems.) 
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a) b) 

       
c) d)   

Figure 1.2 Illustration of the geocell retaining structures. (Photographs (a), (b) and 

(c) with courtesy from Presto Geosystems, photograph (d) with courtesy 

from M & S Technical Consultants & Services.) 

    
a) b) 

Figure 1.3 Illustration of the geocell retaining structures. (Photograph (b) with 

courtesy from M & S Technical Consultants & Services.) 
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a) One dimensional 
 compression. 

b) Uniaxial compression. c) Buckling. 

 

Figure 1.4 Illustration of the probable deformation modes for different pack aspect 

ratios. 
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Chapter 2 

Literature review 

2.1 Introduction 

The objective of this chapter is to present a literature review on geocell 

reinforced soil.  Research and subsequent literature on the subject is focussed 

on the behaviour of thin geocell reinforced mattresses, rather than more 

slender, unconfined support packs.  Although the functioning of geocell 

reinforced support packs differs from that of mattresses, this research does 

provide valuable information on the subject of cellular reinforcement of soil and 

an important introduction to the understanding of the functioning of geocell 

reinforced support packs. 

After providing an introduction to the types and common uses of geocell 

systems, reference is made to a few case studies of less common uses of these 

systems.  This is followed by a discussion on the research performed by 

laboratory testing of geocell reinforced soil.  To assist the reader in developing 

an appreciation of the diversity of the laboratory testing programmes, an 

overview of the experimental procedures and setups used by the researchers is 

given before the conclusions that can be drawn from these studies, are 

discussed. 

This is followed by a discussion of the more fundamental studies, aimed at 

quantifying the reinforcing action of cellular reinforcement.  These studies are 

discussed in more detail as they are directly related to the objective of the 

current study. 

2.2 Geocell systems and applications 

The development of the concept of the reinforcement of soil by cellular 

confinement is credited to the United States Army Corps of Engineers who 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  WWeesssseelloooo,,  JJ    ((22000055)) 



 Chapter 2.  Literature review 

 2-2

developed the concept for the stabilisation of granular materials, such as beach 

sand, under vehicle loading. 

This initial work performed at the U.S. Army Engineer Waterways Experimental 

Station led to the development of commercially available geocell systems.  Two 

types of geocell systems are referred to in the literature.  The first type consists 

of strips of polymer sheets welded together to form a mattress of interconnected 

cells (Figure 2.1).  These geocell mattresses are generally manufactured with 

cell widths of between 75 mm and 250 mm and cell heights of the same order.  

This type of geocell system has mostly been used for the reinforcement of road 

bases and ballast track, slope protection, channel protection and retaining walls 

(Bathurst and Crowe, 1994). 

Another type of geocell system referred to in literature consists of strips of 

geogrids connected to form three dimensional cells (Figure 2.2).  The geocells 

formed in this manner are usually about 1 m wide and 1 m high.  This type of 

geocell system has been used successfully in, amongst other things, reinforcing 

the foundations of embankments over soft soils and forming foundations of 

marine structures (Bush et al. 1990). 

In the last couple of decades the use of geocell reinforcement of soil has seen 

new and technically challenging applications.  Bathurst and Crowe (1994), for 

example, describe the use of polymer geocell confinement systems to construct 

flexible gravity structures and to construct facia of geosynthetic-reinforced soil 

retaining wall structures and steepened slopes (Figures 2.3 and 2.4). 

Bush et al. (1990) describe the use of a geocell foundation mattress formed 

from polymer geogrid reinforcement to support embankments over soft ground.  

The results of the monitoring of a similar application are presented by Cowland 

and Wong (1993). 

Bush et al. (1990) describe the construction of the geocell foundation mattress 

consisting of polymer geogrid reinforcement as follows:  The contractor fills the 

cells with granular material, pushing forward his working platform on the cellular 

mattress which is strong enough to support fully laden stone delivery wagons 

and heavy earth moving plant for subsequent construction of the embankment.  

Distortion of the cells is avoided by filling two rows of cells to half their height 

before filling the first of the two to full height, always ensuring that no cell is filled 

to full height before its neighbour is at least half filled.  The fill in the material is 

not compacted, except for normal construction traffic. 
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In the project described by Cowland and Wong (1993) the cells were filled with 

smaller than 25 mm angular shaped gravel.  The geogrids that formed the cell 

walls, had 16 mm and 28 mm wide holes and interlocking of the gravel and 

geocells therefore took place, forming an internally reinforced structure. 

2.3 Laboratory studies on geocell reinforcement 

2.3.1 Laboratory studies on geocell mattresses 

Several laboratory studies on the reinforcing effect of geocell mattresses have 

been performed over the last two to three decades.  These studies were aimed 

at a wide variety of applications and the experimental procedures and setups 

differ considerably. 

Table 2.1 provides a summary of the relevant literature discussed in this 

section. 

Rea and Mitchell (1978) reported on laboratory tests to investigate the 

reinforcement of sand, using paper grid cells.  Their study investigated the 

influence of the ratio of the diameter of the loading area to cell width, the ratio of 

cell width to cell height and the subgrade stiffness.  A mattress of square paper 

grid cells with a membrane thickness of 0.2 mm and a cell height of 51 mm was 

filled with a uniform fine quartz sand at its maximum density of 16.8 kN/m3.  The 

sand had a mean particle size of 0.36 mm and a coefficient of uniformity (Cu) of 

1.45. Failure of the reinforced soil was sudden and well-defined and in some 

cases the cells burst open from the bottom along glued junctions.  Figure 2.5 

shows a sketch of the test setup.  Tests were performed with the loading 

centred on the junction (x-test) and with the load centred on the cell (o-test) 

(Figure 2.6). 

Mhaiskar and Mandal (1992, 1996) investigated the efficiency of a geocell 

mattress over soft clay.  The influence of the width and height of the geocells, 

the strength of the geocell membranes and the relative density of the fill 

material were investigated.  Geocells of needle punched nonwoven and of 

woven slit film was used in the study.  Mumbra sand with a minimum density of 

16.05 kN/m3, a maximum density of 18.1 kN/m3 and a Cu of 4.6 were used as a 

fill material.  Tests were performed with the fill at a relative density of 15% and 

at 80%.  Figure 2.7 shows a schematic sketch of the experimental setup used 

by Mhaiskar and Mandal (1992). 
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Table 2.1 Summary of relevant literature. 

Researchers Geocell type Application Parameters 
investigated 

Rea and Mitchell 

(1978) 

Square paper 
grid 

 Ratio of load width to 
cell width, cell aspect 
ratio, subgrade 
stiffness 

Mhaiskar and Mandal 

(1992, 1996) 

Needle punched 
woven and 
nonwoven slit 
film 

Geocell mattress 
over soft clay 

Cell aspect ratio, 
strength of geocell 
membrane, density of 
fill 

Bathurst and Crowe 

(1994) 

Soil filled geocell 
columns 

Flexible gravity wall 
structures and 
geocell reinforced 
soil facia 

Shear strength of 
interface between 
geocell reinforced soil 
layers, uniaxial 
strength of columns 

Krishnaswamy et al. 

(2000) 

Diamond and 
chevron 
patterned 
geogrid geocells 

Embankment on 
geocell 
reinforcement over 
soft clay 

Effect of mattress 
reinforcement 

Dash et al. 

(2001) 

Geogrid geocells Strip footing 
supported by sand 
bed reinforced with 
geocell mattress 

Geocell pattern, 
mattress size and 
aspect ratio, depth of 
mattress, tensile 
strength of geogrids, 
density of sand 

Dash et al. 

(2003) 

Geogrid geocells Circular footings on 
geocell reinforced 
sand over soft clay 

Width and height of 
geocell mattress, and 
the addition of planar 
reinforcement layers 
and geogrids layer 
underneath geocell 
mattress. 

 

Bathurst and Crowe (1994) performed uniaxial tests on geocell-sand composite 

columns and shear tests on the interface between geocell reinforced soil layers. 

This was done in order to obtain parameters for the design of a flexible gravity 

wall structure constructed with geocell reinforced soil and a geosynthetic 

reinforced retaining wall, with a geocell reinforced soil facia.  The geocells were 

filled with a coarse sand with a Cu of 4.0, a D60 of 1.7 and a D10 of 0.42.  

Figure 2.10 and Figure 2.11 shows sketches of the test setup used by Bathurst 

and Crowe (1994). 

Krishnaswamy et al. (2000) reported on the laboratory model tests of 

embankments on a geocell reinforced layer over soft clay (Figure 2.8).  

Diamond and chevron patterned geocells (Figure 2.9) made of uniaxial and 

biaxial geogrids were used to construct the embankment foundation over the 

soft clay.  The geocells were filled with a clayey sand and clay.  The 

embankment was loaded until failure occurred. 
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carrying capacity of the foundation bed increases with an increase in the cell 

height to diameter ratio, up to a ratio of 1.67, beyond which further 

improvements were marginal.  The optimum ratio reported by Rea and Mitchell 

(1978) is around 2.25.  Krishnaswamy et al. (2000) reported an optimum ratio of 

about 1 for geocell supported embankments constructed over soft clays.  Dash 

et al. (2001) also noted that not only the aspect ratio of the cells but also the cell 

size (the cross sectional area of the cell compared to the loading area) had an 

influence on the performance of the geocell system.  The increased load 

carrying capacity with decreasing pocket size is attributed to an overall increase 

in rigidity of the mattress and an increased confinement per unit volume of soil. 

A similar influence of the pocket size on the behaviour of the geocell reinforced 

soil was observed by Rajagopal et al. (1999) when performing triaxial tests on 

geocell reinforced soil samples.  The research of Rajagopal et al. (1999) will be 

discussed in more detail in the next section. 

Increased relative density of the soil increased the strength and stiffness of the 

reinforced soil (Mhaiskar and Mandal, 1992; Dash et al., 2001; Bathurst and 

Karpurapu, 1993).  Dash et al. (2001) attributed this to an increase in the soil-

cell wall friction with a subsequent increase in the resistance to downward 

penetration of the sand as well as a higher dilation resulting in higher strains in 

the geocell layer.  Higher strains were mobilised in the geocell layers due to the 

dilation of the sand.  It was noted that this only occurred after a settlement of 

15% of the footing width.  Dash et al. (2001) used a non-dimensional factor, 

called the bearing capacity improvement factor (If) to compare results from 

different tests.  This influence factor was defined as the ratio of footing pressure 

with the geocell reinforced soil at a given settlement to the pressure on 

unreinforced soil at the same settlement.  It was noted that If increased with 

increase in settlement at a more or less constant rate for soil at lower densities 

(Dr = 30 - 40%).  However, for soil at higher densities, the rate of increase of If is 

higher for higher settlements (Figure 2.14). 

Mhaiskar and Mandal (1992) concluded that geotextiles with a high modulus are 

desirable for use in geocells as they results in a stiffer and stronger composite.  

A similar response was found by Dash et al. (2001) and Krishnaswamy 

et al. (2000) and is also shown by the theory proposed by Bathurst and 

Karpurapu (1993) and Rajagopal et al. (1999), which is discussed later in the 

chapter.  Dash et al. (2001) report an increase in load carrying capacity of the 

foundation bed when using a chevron pattern compared to a diamond pattern. 

They contribute this to a higher rigidity of the chevron-patterned geocell 
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resulting from a larger number of joints for the same plan area of geocell.  

Krishnaswamy et al. (2000), however, concluded that in the reinforcement of an 

embankment over soft clay, the performance of the chevron and diamond 

patterned geocells were similar. 

Dash et al. (2001) found an improvement in the load bearing capacity of the 

buried foundation mattresses with an increase in the mattress thickness, up to a 

geocell height of twice the width of the footing, beyond which the improvement 

is only marginal due to the local failure of the geocell wall taking place. 

Rea and Mitchell (1978) interpreted the mechanism of reinforcement of the 

sand by the geocells in the following manner.  Sand is confined and restricted 

against large lateral displacements until the tensile strength of the reinforcement 

is exceeded.  The tension in the reinforcement gives a compression in the sand 

contained within the cell, giving increased strength and stiffness to the sand in 

the regions beyond the edges of the loaded area.  This conclusion is supported 

by the work of Mhaiskar and Mandal (1992), who stated that their experimental 

results showed the hoop stress to be a significant factor contributing towards 

the strength increase in the reinforced layer. 

Table 2.2 summarises the relevant conclusions that could be drawn from the 

literature. 

Qualitatively speaking the influence of different parameters on the performance 

of geocell reinforced soil seem to be similar across the wide variety of 

applications and geocell geometries.  Quantitatively speaking, however, the 

influence of each parameter is dependent on the specific geometry of the 

application.  This highlights the need for a more fundamental understanding of 

the interaction between the geocell membrane and fill material. 
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Table 2.2 Summary of conclusions from literature. 

Parameter Effect of geocell reinforcement References 

Results in stiffening of reinforced 
layer 

Rea and Mitchell (1978) Geocell 
reinforcement 

Causes load spreading Cowland and Wong (1993), 
Mhaiskar and Mandal (1992), 
Bush et al. (1990), Dash et al. 
(2001) 

Cell aspect ratio 
(h/w) 

Increased bearing capacity with 
increased h/w ratio 

Rea and Mitchell (1978), 
Mhaiskar and Mandal (1992), 
Krishnaswamy et al. (2000), 
Dash et al. (2001) 

Cell size Smaller cell size - increased 
stiffness and load carrying 
capacity 

Dash et al. (2001), Rajagopal et 
al. (1999)* 

Relative density 
of soil 

Increased relative density results 
in increased strength and 
stiffness of reinforced layer. 

Mhaiskar and Mandal (1992), 
Dash et al. (2001), Bathurst and 
Karpurapu (1993)* 

Membrane 
modulus 

Higher modulus results in stiffer 
and stronger reinforced layer 

Mhaiskar and Mandal (1992), 
Dash et al. (2001), 
Krishnaswamy et al. (2000), 
Bathurst and Karpurapu (1993)*, 
Rajagopal et al. (1999)* 

Chevron pattern leads to 
increased load carrying capacity 
compared to diamond pattern 

Dash et al. (2001) Pattern 

Chevron and diamond pattern 
give similar response 

Krishnaswamy et al. (2000) 

*  This research is discussed in Section 2.3.3. 

 

2.3.3 Studies aimed at the understanding of the membrane-fill 

interaction 

Table 2.3 provides a summary of the relevant literature discussed in this 

section. 

The first study to investigate the strength increase in soil due to lateral 

confinement resulting from a membrane action was performed by Henkel and 

Gilbert (1952).  This study was concerned with the effect of the rubber 

membrane on measured triaxial compressive strength of clay in undrained 

triaxial testing in order to investigate the magnitude and nature of the correction, 

which must be applied to obtain the true strength of the clay. 
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Failure of both the single and multiple geocells were observed to be by bursting 

of the seams at the mid-height of the samples.  In the case of samples with 

multiple geocells, the bursting started from the seams of the outer cells and 

slowly propagated towards the inner cells.  The seams of the outer cells showed 

clear ruptures while the seams of the inner cells were damaged to a lesser 

extent. 

Reinforced samples exhibited a friction angle similar to that of unreinforced 

samples, but showed an increase in the apparent cohesion.  Samples with 

stiffer geocells developed higher cohesive strengths. 

They found that the value of the apparent cohesion and the stiffness increased 

with an increase in the number of cells in their tests.  No significant difference 

was, however, observed between 3 and 4 cell tests, and the conclusion was 

made that the strength of three interconnected cells may represent the 

mechanism of geocells having a large number of interconnected cells. 

Rajagopal et al. (1999) proposed that the increase in the cohesion of the 

reinforced soil is due to the confining stresses generated in the soil, caused by 

the membrane stresses in the walls of the geocells.  Similar to Bathurst and 

Karpurapu (1993), the authors proposed the use of the "hoop stress" theory to 

calculate the apparent cohesion for the geocell-soil composite using 

Equations (2.2) and (2.6). 

A critical examination of the results of the more fundamental research on the 

contribution of the membranes on the strength of geocell systems and the 

interaction of the membranes and soil presented above, reveals the following: 

Two important assumptions have been made by Henkel and Gilbert (1952) in 

the derivation of their "hoop stress" theory.  These assumptions being that the 

volume of the soil remains constant and that the soil specimen deforms as a 

right cylinder.  The first assumption is acceptable for undrained triaxial tests for 

which the theory was originally proposed.  The second assumption seems to be 

acceptable for the purpose of estimating the influence on the membranes on the 

tested strength of clay triaxial test specimens.  Having said this, it is interesting 

to note that according to their data, the "hoop stress" theory underestimate the 

confining stress caused by the straining of the membrane.  This may be 

attributed to the fact that the bulging of the sample is not accounted for, with a 

subsequent underestimation of the membrane strain, and therefore membrane 

stress, in the middle portion of the specimen. 
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This is also the case for the theories proposed by Bathurst and 

Karpurapu (1993) and Rajagopal et al. (1999), being largely based on the "hoop 

stress" theory of Henkel and Gilbert.  In addition, the constant volume 

assumption is not applicable to undrained shearing of granular material.  This 

fact is ignored by the proposed theories.  A critical examination of the data 

presented by Bathurst and Karpurapu (1993) shows that their proposed theory 

underestimates the apparent cohesion by 18% for medium dense sand 

specimens and overestimates the apparent cohesion by 12% for loose sand 

specimens.  Bathurst and Karpurapu (1993) proposed that the underestimation 

of the apparent cohesion for the dense specimens might be due to frictional 

resistance between the soil and geocell wall materials, which is not accounted 

for in the membrane model. 

However, coupled with the fact that the apparent cohesion for the loose 

specimen was overestimated, this could more likely be attributed to the volume 

change in the soil.  For dense soil the volume will increase upon shearing, 

resulting in a greater confining stress generated by the membrane than that 

predicted for a constant volume material.  Very loose sand, as was used in the 

study by Bathurst and Karpurapu (1993), will contract upon shearing, resulting 

in a lower confining stress generated by the membrane than that predicted for a 

constant volume material. 

The theories presented by Bathurst and Karpurapu (1993) and Rajagopal et 

al. (1999) are aimed at predicting the ultimate strength of the geocell-soil 

composite structures.  Although the researchers mention the increase in the 

stiffness of the composite structure compared to the unreinforced soil, no 

attempt was made to quantify the influence of the membrane, other than its 

influence on the peak strength. 

Rajagopal et al. (1999) also concluded that a configuration of three 

interconnected cells may represent the mechanism of geocells having a large 

number of interconnected cells and recommend that for experimental purposes, 

a test configuration with at least three interconnected cells should be used to 

simulate the performance of soil encased by many interconnected cells. 

They base their conclusion on the fact that the strength increase between the 

three-cell and four-cell tests is marginal compared to the increase in the 

strength between the single and the two-cell and the two- and three-cell tests. 
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Current theories for the prediction of geocell-soil composite structures are 

aimed at predicting only the ultimate shear strength of the composite structure.  

These theories ignore the deformation profile of the structure and the volume 

change of the soil resulting in an underestimation of the strength for soil at high 

densities and an over prediction for soil at low densities. 

Little attention in literature has been given to the influence of the interaction of 

multiple cells on the behaviour of the geocell-soil composite structure.  The 

conclusion made by Rajagopal et al. (1999) that the behaviour of a four cell 

assembly is representative of a geocell/soil structure consisting of a larger 

number of cells is questionable and the issue, therefore, needs further attention. 

2.5 Specific issues addressed in the thesis 

This study aims to investigate the peak, as well as the pre-peak behaviour of 

geocell-soil composite structures to further the understanding of the constitutive 

behaviour of geocell-soil composite structures. 

In order to achieve this goal, the constitutive behaviour of the fill and membrane 

material and the composite structures are investigated.  Models are developed 

to describe the behaviour of the fill and membrane materials for the purpose of 

facilitating the understanding of the interaction of the components of the 

geocell-soil composite. 

In the investigation of the constitutive behaviour of the geocell-fill composite, 

consideration is first given to the behaviour of a single geocell composite 

structure after which the insights gained, are applied to multiple geocell 

structures.  Due consideration is given to the volumetric behaviour of the fill and 

the non-uniform straining of the composite.  This work advances the state of the 

art by addressing some of the shortcomings of the theories of Bathurst and 

Karpurapu (1993) and Rajagopal et al. (1999). 

A calculation procedure is developed to enable the calculation of the stress 

strain curve of a single cell geocell-soil structure, which facilitates the 

understanding of the interaction between the constituting components of the 

composite.  This procedure incorporates the developed material models.  This 

work for the first time presents a method for estimating the stress-strain 

behaviour of a granular soil reinforced by a single geocell. 
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Interaction between connected geocell units influences the behaviour of the 

composite structure.  As part of this study, the influence of the cell interaction is 

investigated and, for the first time, a rational method for evaluating and 

quantifying the influence of the interconnection of geocells on the performance 

of the composite structure, developed. 
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Figure 2.1 Geocell system manufactured from strips of polymer sheets welded 

together. 

 

 

    

 a) Typical mattress layout b) Coupling of geogrids 

Figure 2.2 Geocell system constructed from geogrids (Koerner, 1997). 
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Figure 2.3 Geocell applications in retaining structures (with courtesy from Geoweb 

cellular confinement systems). 

 

   

a) Geocell gravity retaining wall structure b) Geosynthetic reinforced soil wall with   
  geocell facia system 

Figure 2.4 Cross section through geocell retaining structures (Bathurst and 

Crow, 1994). 
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Figure 2.5 Schematic diagram of the test configuration used by Rea and 

Mitchell (1978). 
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Figure 2.6 Position of the load plate in type "x"- and type "o"- tests performed by 

Rea and Mitchell (1978). 
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Figure 2.7 A schematic sketch of the experimental setup used by Mhaiskar and 

Mandal (1992). 
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Figure 2.8 A schematic sketch experimental setup used by Krishnaswamy 

et al. (2000). 
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a)  Diamond pattern b)  Chevron pattern 
 

Figure 2.9 Patterns used in geocells constructed with geogrids. 

 

 

Geocell-sand composite bottom layer

Geocell-sand composite 
top layer

Air pressure bag 

Approximate scale
0.5m  

Figure 2.10 A schematic sketch the experimental setup used by Bathurst and 

Crowe (1994) for shear strength testing of interface between geocell 

reinforced layers. 
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Figure 2.11 A schematic sketch of the experimental setup used by Bathurst and 

Crowe (1994) for uniaxial strength of a column of geocell reinforced 

layers. 
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Figure 2.12 A schematic sketch of the experimental setup used by Dash et al. (2001). 
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Figure 2.13 A schematic sketch of the experimental setup used by Dash et al. (2003). 
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3.2.1 Basic indicator tests 

A grading analyses, Atterberg limits and a specific gravity test were performed 

commercially by Soillab (Pty) Ltd. on a sample of the fill material. 

Specific gravity 

This test was performed according to the SABS 844 standard.  The Specific 

gravity obtained for the sample was 2.75 Mg/m3. 

Grading analyses 

Wet sieving and hydrometer testing were performed to obtain the grain size 

distribution of the material.  The tests were performed according to the South 

African standard test method, TMH1 A1 (wet sieving) and TMH1 A6 

(hydrometer test), which is equivalent to the ASTM D422-63 test method.  

Figure 3.1 shows the result of the grading analyses. 

Atterberg limits 

Even though it would be expected that the parent tailings material will show 

plastic limits of between 22% and 39% and liquid limits of  between 29% and 

56% (Vermeulen, 2001) the Atterberg limits are not applicable to the material 

due to the fact that the cycloning process removes the clay sized particles from 

the soil resulting in the material being non-plastic. 

3.2.2 Material compaction 

Compaction tests on the cycloned gold tailings material test were performed 

according to the South African standard test method, TMH1 A7, which is 

equivalent to the "Modified AASHTO" method (AASHTO T180-61).  The test 

result is shown in Figure 3.2.  The maximum density of the classified tailings is 

1620±9 kg/m3 at a moisture content of about 17.5%.  This maximum density 

corresponds to a minimum voids ratio, emin = 0.68. 

The minimum density test was performed according to the British standard test 

method, BS 1377 Part4:1990:4.3.  The repeatability of the test was high and 

consistent results were obtained. The minimum density for the material is 

1234 kg/m3 which corresponds to a maximum voids ratio, emax = 1.23. 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  WWeesssseelloooo,,  JJ    ((22000055)) 







 Chapter 3.  Laboratory testing programme 

 3-5

3.2.4 Compression tests on soil 

Oedometer tests, isotropic compression tests and drained triaxial compression 

tests were performed on the classified tailings.  Two methods were used to 

prepare the triaxial test samples.  The first method was moist tamping, while the 

second method was dry compaction. 

Moist tamping is a sample preparation technique commonly used for the 

preparation of silty soil samples.  Dry soil material was thoroughly mixed with a 

small known percentage of water.  The specimens were prepared in five 

separate equal-volume lifts.  Care was taken to compact each layer to the 

desired density by measuring its height during the compaction process.  After 

compaction, the top and bottom surfaces were carefully levelled in order to 

minimise possible bedding errors occurring during the testing of the sample. 

The preparation of samples via the dry compaction method was done as 

follows:  As with the moist tamping, the sample was prepared in five layers.  

The oven dried soil of each layer was inserted and compacted.  After 

compaction of the dry material of a layer, water was added before commencing 

with the compaction of the dry material of the next layer.  The dry compaction of 

the soil was the method used in the preparation of the geocell packs.  With dry 

compaction the achievable densities were higher than with moist tamping 

although a lower compaction effort was used with the dry compaction method. 

Extreme care was taken to trim the sample ends to smooth planar surfaces in 

order to minimize the possible bedding error.  Misalignment errors were 

minimized by using a round nosed loading ram and a flat loading plate. 

The oedometer test specimens were prepared dry inside the odometer ring.  

The loose specimen were prepared by carefully placing dry material inside the 

ring in a loose state while the dense specimen was prepared by lightly 

compacting the dry material in the oedometer ring. 

The oedometer tests were prepared and performed by the author.  The samples 

for the isotropic consolidation and triaxial compression testing were prepared by 

the author and the tests were conducted under his supervision. 

Oedometer tests 

Oedometer tests were performed on two soil samples.  These samples were 

prepared dry. The first test sample was at a medium dense state with a relative 
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3.3 Tests on membrane material 

The Hyson Cell geocells used in this study are manufactured from High Density 

Polyethylene (HDPE) sheets with a nominal thickness of 0.2 mm.  Due to the 

viscoelastic nature of HDPE the yield stress and stiffness of the membrane at 

lower strain rates is lower than that obtained at higher strain rates.  It is 

therefore important to investigate the strain-rate-dependence of the membrane 

stress-strain curves. 

Geomembranes are normally tested by one of three methods.  The method 

most often used is the uniaxial tensile test as described in ASTM D638-94.  The 

second is the wide-strip tensile test (ASTM D4885-88).  The third test is known 

as the multiaxial tension test (ASTM D5617-94) which, due to the sophistication 

of the method and the specialized apparatus needed for the tests, is not used 

as often as the other two methods. 

The difference in the three methods essentially lies in the boundary conditions 

imposed onto the test specimen.  It is important that the chosen tests should as 

close as possible represent the strain condition expected in the field. 

The uniaxial tensile test does not provide lateral restraint to the specimen during 

testing and essentially tests the geomembrane under uniaxial stress conditions.  

The wide-strip tensile test is generally considered representative of plane strain 

loading of the membrane.  During the wide-strip tensile test lateral restraint is 

imposed onto the specimen at the grips while the middle portion of the 

specimen is not restrained.  The wide-strip tensile test provides boundary 

conditions varying from plane strain conditions at the grips to uniaxial tensile 

loading in the middle of the specimen (Merry and Bray, 1996).  The multiaxial 

tensile test provides a plane strain boundary condition at the edge of the 

specimen, which changes to an isotropic biaxial state at the centre (Merry and 

Bray, 1997). 

As the membranes of a geocell cell are stretched in the direction normal to the 

cell axis and allowed to contract parallel to the cell axis, the membrane deforms 

essentially under plane stress conditions similar to a membrane in uniaxial 

loading (Figure 3.23).  Uniaxial tests were therefore performed on the 

membrane material.  All tests were performed in the machine direction of the 

plastic, as the geocells was manufactured with the machine direction of the 

membranes perpendicular to the geocell cell axis. 
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A series of uniaxial tensile tests on the membrane material were carried out at 

strain rates ranging between 50%/min and 0.05%/min.  Constant grip 

separation speed was specified for each test.  The tests were performed at 

22 ± 1 °C.  Table 3.4 provides a summary of the tensile tests performed on the 

membrane material. 

Table 3.4 Summary of uniaxial tensile tests performed on the HDPE 

membranes. 

Cross head 
speed 

(mm/min) 
Width (mm) Thickness (mm) Length between 

grips (mm) 
Initial engineering 
strain rate (%/min)*

100 100 0.177 193  51.8 (50) 
100 100 0.175 197  50.8 (50) 
60 100 0.18 196  30.7 (30) 
50 100.5 0.175 197  25.4 (25) 
50 100 0.178 196  25.5 (25) 
25 100.5 0.18 193  12.9 (12.5) 
10 100 0.179 197  5.09 (5) 
10 100 0.186 196  5.1 (5) 
5 101 0.179 198  2.52 (2.5) 
1.25 101 0.183 193  0.647 (0.625) 
0.50 100.5 0.191 193  0.259 (0.25) 
0.25 99.5 0.189 194  0.129 (0.125) 
0.194 100 0.186 197  0.098 (0.1) 
0.10 101.5 0.188 195  0.051 (0.05) 
0.075 101 0.182 197  0.038 (0.038) 

*  Nominal strain rate used in this document given in brackets 

 

As the calculation of the stress in the membrane is dependent on the cross-

sectional area of the membrane, scatter in the results increases as the width of 

the specimen decreases.  This is due to small variations in the thickness of the 

specimen.  The repeatability of the tests was therefore increased by maximizing 

the width of the test specimen.  The width of the test specimens was fixed at the 

available clamp width of 100 mm. 

The length of the tests specimens (between the grips) was fixed at about 

200 mm.  Merry and Bray (1996) showed that the stress-strain results of 

membranes tested in uniaxial tensile tests are not sensitive to the aspect ratio 

of the test specimen, provided that local strain measurements are used 

(Figure 3.24).  The author assumed that a specimen length of two times the 

width was long enough to provide an uniaxial stress condition over the central 

half of the specimen.  This assumption appears to be acceptable. Support for 

this assumption is given in Chapter 4. 
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Studies on the strain distribution within a membrane in uniaxial testing have 

shown that a non-uniform distribution of strain can be expected in the 

membrane making local measurement of strains important (Giroud et al., 1994; 

Merry and Bray, 1996).  This can also be seen in Figure 3.25, showing 

photographs of the deformed membranes during a uniaxial tensile test. 

Local strain measurement devices were, however, not available.  The 

longitudinal strain was calculated from the grip separation and a correction 

factor applied to obtain the local longitudinal strain.  The correction factor was 

obtained from photographic methods.  A Pentax Z-1 camera with a 

Pentax 100-300 lens was used for this purpose.  The lens distortion was tested 

by photographing graph paper and measuring the distortion on the 

photographs.  For this lens the distortion was negligible and no correction was 

necessary. 

Each plastic membrane was marked before testing and photographs of the 

membrane, and a reference scale in the plane of the membrane, were taken 

during the course of the tests.  The distance between the marks on the 

membrane were measured on the photographs and used in calculating the local 

strain.  The local longitudinal strains were calculated over the central quarter of 

the specimen.  The results of the local strain measurements compared to the 

strain from the grip separation are shown in Figure 3.26. 

The method used for measuring the local longitudinal strain was also used to 

obtain the lateral strain at the centre of the test which is shown in Figure 3.27.  

The data shown in the figure was obtained from photographs taken during the 

tests, as well as from direct measurements of the permanent deformation of the 

membranes after removal of the test specimen from the test machine.  From 

Figure 3.27 it can be seen that the engineering Poisson's ratio for the HDPE 

membrane reduces throughout the test. 

The stress-strain curves for the uniaxial tensile tests on the membranes are 

presented in Figure 3.28.  In Figure 3.28 the membrane stress is calculated by 

assuming a constant width and thickness.  This is the way tensile test results on 

geomembranes are most often presented and is referred to as engineering 

stress. 
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3.4 Tests on geocell-soil composite – single geocell 

structure 

Compression tests on soil-geocell composite structures consisting of single 

cells were performed.  The purpose of these tests were to investigate the fill-

membrane interaction in order to facilitate the understanding of the more 

complex multi-cell composite structure. 

Single cells with a nominal width and height of 100 mm and 200 mm were cut 

from the manufactured geocell honeycomb structure.  The resulting tube-like 

cells were placed on steel plates and filled with the classified tailings material.  

Flaps of ducting tape was stuck to the bottom periphery of the plastic cells and 

folded inside to prevent the dry soil from running out at the bottom, when the 

cells were filled. 

The soil was compacted by hand with a steel tamping rod, in layers of 

15 - 20mm thick.  High densities could be achieved with relatively little 

compaction effort when the soil was compacted dry. 

The soil was compacted inside the plastic geocells.  During the compaction 

process the plastic geocells were not supported.  This allowed the membrane to 

stretch during the compaction process to generate a small initial confining 

stress. 

After compaction the dimensions of the soil-filled geocell were measured.  The 

height was measured at four different positions and the diameters at four 

positions equally spaced along the periphery at the specimen top, bottom, 

middle and quarter heights.  The diameter at each of the vertical positions was 

taken as the mean of the measured diameters at that position and the volume of 

the specimen was calculated with the use of Simpson's integration rule.  The 

dimensions and densities of the tested samples are shown in Table 3.5. 

Table 3.5 Geometric data for the single geocell specimens. 

Test D0 
(mm) 

L0 
(mm) 

Density 
(kg/m3) 

Strain rate 
(1/min) 

O 102 210 1600* 9.5x10-3 
A 98.8 191.5 1593 
B 95.78 192 1601 
C 88.6 191.37 1605 

5.2x10-3 

D0 – original diameter, L0 – original height 
*  Approximate density 
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Two sets of tests were performed.  The first was instrumented to measure the 

circumferential strain of the sample.  A 0.25 mm steel guitar string was wrapped 

around the sample once with one end fixed to a stationary point and the other to 

a Linear Variable Differential Transformer (LVDT) (Figure 3.29).  "Beads" were 

cut from nylon tubes with a 4 mm OD and 2 mm ID.  These "beads" were strung 

onto the steel string to prevent the string from "cutting " into the specimens.  

The circumferential displacement was measured at quarter heights and at the 

centre of the specimen.  The results of these measurements are shown in 

Figure 3.30.  It was afterwards realized that the resistance of the LVDT's as well 

as the friction between the strings and the nylon "beads" has caused an 

unknown, small but non-trivial confining stress on the sample and the strength 

measurements for this test were discarded. 

Equivalent tests on the second set of specimens were subsequently performed 

without the circumferential strain measured.  Figure 3.31 shows test specimen 

A in the test machine.  The results of these tests are shown in Figure 3.32. 

For all the tests a stiff loading plate was placed on the specimens, with a steel 

ball placed between the loading ram and the platen to ensure that the load was 

applied uniformly to the specimen. 

3.5 Tests on geocell-soil composite – multiple geocell 

structures 

Three compression tests on multi-cell geocell-soil composite packs were 

performed.  The tested packs consisted of a square grid of 2x2, 3x3 and 7x7 

cells respectively (Figure 3.33).  All three packs had a nominal aspect ratio 

(width/height) of 0.5.  Table 3.6 summarises the geometries of the tested packs. 

Table 3.6 Geometric data for the tested multi-cell specimens. 

test Wc 
(mm) 

W0 
(mm) 

L0 
(mm) Area (m2) Density 

(kg/m3) 
Strain rate 

(1/min) 

2x2 98 (110) 220 402 0.044 1567 5x10-3 

3x3 75 (85) 250 442 0.058 1550 3.3x10-3 

7x7 73 (83) 525 995 0.275 1576 2x10-3 
Wc – mean cell width (diameter for circular cells given in brackets), 
W0 – original nominal pack width, L0 – original pack height;  
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The multi-cell specimens were prepared with the same procedure described in 

Section 3.4 for the single cell composite structures.  The fill was compacted in 

lifts of 50 – 75 mm and as a result the density that was achieved was less than 

that obtained for the single cell specimens.   

Photographs were taken of the top surface of the pack before testing which 

enabled the digitising of the cross sectional geometries and the calculation of 

the cross sectional area.  The volume of the packs were estimated using direct 

measurements of the pack cross sectional geometry and the height as well as 

the digitised top area. 

As with the single cell specimens, the soil was compacted inside the 

unsupported plastic geocell structures.  The inner membranes of the composite 

structure formed straight boundaries between the inner cells while the outer 

membranes bulged to form a bubble shaped structure (Figure 3.34). 

A small amount of stretching of the membranes took place during the 

compaction process. 

The packs were cut from the commercially manufactured plastic honeycomb 

structure.  The lenient manufacturing tolerance resulted in a variation in the cell 

sizes visible in Figure 3.34. 

The packs were instrumented with several LVDT's as shown in Figure 3.35.  

The 2x2 pack was instrumented with two LVDT's at the mid-height of the pack.  

Four LVDT's were placed externally and three were placed "internally" for the 

3x3 and 7x7 cell packs.  The three "internal" LVDT's were placed outside the 

pack and linked to a telescopic tube system fixed to the inner membranes.  The 

"internal" LVDT system is illustrated in Figure 3.36.  Sharp edged tubes 

equivalent to the tubes used in the telescopic system were used to cut circular 

holes in the plastic membranes through which the telescopic system was 

placed.  The telescopic tubes were fixed to the plastic by sandwiching the 

membrane between two nuts and washers.  The nuts and washers also served 

to reinforce the hole in the plastic membrane.  The hole in the outside 

membrane was reinforced with a 15mm square piece of ducting tape fixed to 

the plastic before cutting the hole. 

The "internal" LVDT's were placed at the mid-height of the packs and allowed to 

move with the pack.  The external LVDT's were fixed at the original placement 

height and a systematic measurement error occurred due to the axial 

shortening of the packs.  Assuming the pack sides to deform in a parabolic 
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The strain value from series O4 closely follows the values of O1, O2 and O3 up 

to the peak strain.  The data show that the buckling deformation mode only 

developed after the peak stress had been reached. 

Figure 3.40 shows the results of the 7x7 cell pack.  The results obtained from 

the "internal" LVDT's are shown in Figure 3.40(b).  Series C4 in this figure 

represents the strain of the centre cell and was calculated from the deformation 

of cells C1, C2 and C3 as well as the deformation of the outer membrane 

measured with the external LVDT.  The results obtained from the outer LVDT's 

are shown in Figure 3.40(c) 

Figures 3.41 and 3.42 show the deformed geometry of the 3x3 and 7x7 packs 

after completion of the compression tests.  The stroke of the tests machine 

allowed for about 20% axial strain on the 7x7 cell pack.  After completion of the 

compression test on the 7x7 cell packs, the test machine was retracted and, 

spacers placed between the pack and the loading platen and the compression 

test continued. 

After completion of the compression tests the cells were carefully cut open and 

removed as shown in Figure 3.43 and Figure 3.44 enabling the internal 

deformed geometry to be studied.  It was possible to distinguish the "dead 

zone" in the pack as a result of the permanent deformation of the plastic 

membranes.  Measurements of the depth of the "dead zone" in the pack were 

made.  It should be mentioned that the location of the boundary of the "dead 

zone" was subject to some degree of subjective interpretation.  Due to the 

symmetry about the x = 0, the y = 0 and the x = y axes, measurements at 

symmetrically equivalent locations were treated as separate data points at the 

same location.  The mean, minimum and maximum values measured at each 

symmetrically equivalent location are shown in Figure 3.45. 

 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  WWeesssseelloooo,,  JJ    ((22000055)) 



 Chapter 3.  Laboratory testing programme - Figures 

  3-16

0

10

20

30

40

50

60

70

80

90

100

0.001 0.01 0.1 1

Particle size (mm)

 C
um

ul
at

iv
e 

%
 p

as
si

ng
 - 

Clay Silt Sand
Fine Medium Coarse Fine Medium

 

Figure 3.1 Particle size distribution of the classified tailings. 
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Figure 3.2 Results of compaction tests. 
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Figure 3.3 Results of the vibrating cylinder compaction test. 
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