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ABSTRACT 

Electro-osmosis is one of the five electrokinetic phenomena that may occur in soils, and the 

phenomenon of principal interest to this thesis. It may be defined as the movement of the 

pore fluid in a fine-grained soil caused by the application of a DC electrical potential 
difference across the soil mass. One of the main reasons that electro-osmosis has not 

received a more widespread application in the field of geotechnical engineering is due to the 

difficulty of successfully applying the electrical potential field to the soil mass. This thesis 

addresses the technique of using a carbon filled polymeric electrokinetic geosynthetics 
(EKG) to apply the electrical potential field and induce electro-osmosis in a soil mass. 

The thesis reviews the historical development of geosynthetics and the different techniques 

available for making them electrically conductive are discussed. A new type of EKG band 

drain is introduced and its construction, durability and connection technology are presented. 

The application of electro-osmosis, through the use of the EKG band drain, to the functions 

of soft soil consolidation, cohesive fill to reinforced soil structures and the volume control of 

shrinking and swelling susceptible soils are considered. Design methods are developed for 

these functions and are applied to two full-scale field trials in the application areas of electro- 

osmotically enhanced reinforced cohesive soil and electro-osmotic volume control of an 

embankment, and a smaller scale field trial of electro-osmotic consolidation of soft soil. The 

results of these field trials have been analysed with respect to the design methods 
developed and confirm their validity for future use. 

Soil acceptability criterion have been developed to allow the applicability of electro-osmosis, 
to a soil to be evaluated based upon conventional and electro-osmosis specific soil 

mechanics laboratory tests. Potential future applications for electro-osmosis and EKGs are 

suggested. 
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EXECUTIVE SUMMARY 

The theory and background to electrokinetic phenomena in soils are introduced together with 
the influence that the soil structure, electrolyte and mineralogy has upon these phenomena. 
Subsequently a more detailed discussion of electro-os, mosis, the phenomena of principal 
interest to this research, and its application to the field of geotechnical engineering through 

the removal of fluids from soil masses is given. 

The concept of using electrically conductive geosynthetics (EKGs) for the application of 

electro-osmosis to soils is introduced and their physical properties and advantages over 

existing metallic electrodes discussed. 

Electro-osmosis as applied to the consolidation of soft cohesive soil deposits is considered 
through a review of existing technologies that are alternatives to the problem of consolidation 

of soft cohesive ground. The mechanisms of soil consolidation by electro-osmosis are 

examined in detail and a field trial of electro-osmotic consolidation using electrokinetic 

geosynthetics presented. The design, installation, operation and monitoring stages are 

addressed together with the subsequent interpretation and conclusions of the trial. 

The principles of reinforced soil are examined with particular reference being made to the 

use of cohesive fill in reinforced soil structures by means of a review of previous and current 

applications being given. The synergy between electrokinetic phenomena and reinforced 

cohesive soil is postulated. The first ever application of electrokinetically enhanced 

reinforced cohesive soil using EKGs by means of a full-scale field trial is then presented. All 

stages of design, construction, monitoring and subsequent interpretation are given. 

The application of electrokinetics to the volume controi of soils susceptible to shrinkage and 

swelling is introduced and the details of a field trial are given during which new installation 

and connection technologies for the use of EKGs were developed. 

Finally, soil acceptability criterion are proposed to allow the applicability of electro-osmosis to 

a particular soil to be assessed, with their basis being upon using a combination of 

conventional soil mechanics laboratory tests to establish initial acceptability followed by more 

specific electrokinetic testing. The design methods and procedures for consolidation, 

reinforced cohesive soil and volume control by electrokinetics and EKGs are presented in a 

summarised form as a result of the field trials undertaken as part of the-research. Potential 

future applications for electro-osmosis and EKGs are suggested. 

Page v 



LIST OF CONTENTS 

Confidentiality Statement 

Acknowledgments ii 

Publications, Patents And Courses Produced During Research 

Abstract iv 

Executive Summary v 

Contents vi 

List Of Figures xiv 

List Of Tables xix 

List Of Plates xxi 

List Of Symbols xxii 

Chapter I Introduction 1-1 

1.1 General 1-1 

1.2 Statement of research objectives 1-2 

1.3 Structure of the thesis 1-2 

1.4 Chapter 1 references 1-5 

Chapter 2 Review Of Electrokinetic Phenomena In Soils 2-1 

2.1 Introduction and definition of terms 2-1 

2.2 Introduction to electrokinetics 2-2 

2.3 Solid phase soil chemistry and components 2-3 

2.3.1 Organic matter 2-3 

2.3.2 Mineral matter 2-4 

2.3.2.1 Two-layer sheet mineral systems 2-6 

2.3-2.2 Three-layer sheet mineral systems 2-8 

2.3.2.3 Mixed layer clays 2-11 

2.3.3 Solid phase electrical charge 2-11 

2.3.4 Solid phase fabric and structure 2-12 

Page vi 



2.4 Liquid and gas phase soil chemistry 2-13 
2.4.1 Gas phase 2-15 
2.4.2 Liquid phase 2-15 

2.5 Liquid / solid phase interaction 2-16 
2.5.1 Ion distributions in clay-water systems 2-17 

2.5.1.1 Zeta potential 2-19 
2.5.1.2. Cation exchange capacity 2-19 

2.6 Conduction phenomena in soils 2-21 
2.6.1 Coupled flows 2-22 

2.7 Electrokinetic phenomena in soils 2-23 
2.7.1 Streaming potential 2-23 
2.7.2 Migration / sedimentation potential 2-23 

2.7.3 Electromigration / ion migration 2-24 

2.7.4 Electrophoresis 2-24 

2.7.5 Electro-osmosis 2-24 

2.7.5.1 Bectro-osmosis efficiency 2-30 

2.7.5.2 Energy requirements for electro-osmosis 2-32 

2.7,5.3 Relationship between ke and ki 2-33 

2.7.5.4 Constant current and constant voltage tests 2-34 

2.7.5.5 Electrolysis effects associated with electro-osmosis 2-34 

2.7.5.6 Porewater pressures induced by the application of 2-36 

an electrical potential field 

2.7.5.7 Electrode drainage conditions and porewater 2-38 

pressures 
2.7.5.8 Use of different electrode configurations 2-40 

2.8 Synopsis of Chapter 2 2-41 

2.9 Chapter 2 references 2-43 

Chapter 3 Electrokinetic Geosynthetic 3-1 

3.1 Introduction 3-1 

3.2 Existing geosynthetic materials 3-1 

3.2.1 Geosynthetic raw materials 3-1 

3.2.1.1 Polymer additives 3-3 

3.2.2 Geosynthetic products 3-3 

3.2.3 Geosynthetic types 3-4 

3.3 Electrically conductive materials 3-6 

3.3.1 Intrinsically doped polymers 3-6 

3.3.2 Carbon filled polymers 3-6 

3.3.3 Carbon fibres 3-7 

3.3.4 Metallic fibres 3-7 

Page vii 



3.4 The evolution of electrokinetic geosynthetics 3-8 
3.5 The Netion electrokinetic geosynthetic 3-11 

3.5.1 The Netlon EKG construction 3-11 
3.5.2 Electrode durability 3-12 
3.5.3 Degradation of carbon loaded polymers 3-14 
3.5.4 Durability of EKG 3-14 

3.5.4.1 Durability test - apparatus 3-15 
3.5.4.2 Durability test - results 3-15 
3.5.4.3 Durability test - conclusions 3-16 

3.5.5 Suggestions for improvement 3-17 
3.5.6 EKG Connection technology 3-18 
3.5.7 The future of EKGs 3-19 

3.6 Synopsis of Chapter 3 3-20 

3.7 Chapter 3 references 3-22 

3.8 Chapter 3 plates 3-25 

Chapter 4 Ground Improvement - Electro-Osmotic Consolidation 4-1 

4.1 Ground improvement - introduction 4-1 

4.1.1 Ground improvement techniques -a review 4-1 

4.1.2 Ground improvement techniques for cohesive soils 4-2 

4.1.2.1 Precompression 4-4 

4.1.2.2 Vacuum preloading 4-5 

4.1.2.3 Stone columns - vibroreplacement 4-6 

4.1.2.4 Concrete columns 4-8 

4.1.2.5 Lime and lime/cement columns 4-8 

4.1.2.6 Lime piles 4-9 

4.1.2.7 Thermal stabilisation 4-10 

4.1.2.8 Dynamic compaction 4-10 

4.1.2.9 Jet grouting 4-11 

4.1.2.10 Compaction grouting 4-13 

4.1.2.11 Compaction 4-14 

4.2 Electro-osmotic consolidation 4-16 

4.2.1 Critical review of electro-osmotic consolidation 4-16 

4.2.2 Advanced theory of electro-osmotic consolidation 4-18 

4.2.2.1 Amount of consolidation 4-20 

4.2.2.2 Rate of consolidation 4-20 

4.2.2.3 Radial flow 4-22 

4.2.3 Permanence of treatment 4-23 

4.2.4 Combined electro-osmotic consolidation and surcharging 4-25 

4.2.5 Polarity reversal 4-26 

Page viii 



4.3 Newburn Haugh consolidation trial - introduction 4-29 
4.3.1 Site geology and geotechnical characteristics 4-29 

4.3.1.1 Laboratory testing 4-29 
4.3.1.2 In situ testing 4-30 
4.3.1.3 Conclusion of pre-trial testing 4-32 

4.3.2 Installation of electrodes 4-33 
4.3.3 Design of electrode layout 4-33 

4.3.3.1 Anticipated settlement 4-34 
4.3.3.2 Estimation of current demand 4-35 
4.3.3.3 Monitoring 4-37 

4.3.4 Results of monitoring 4-37 
4.3.4.1 Fuel consumption 4-37 
4.3.4.2 Surface settlement 4-38 

4.3.4.3 Electrical energy 4-38 

4.3.4.4 Post trial in situ testing 4-39 

4.3.5 Interpretation of results 4-39 

4.3.5.1 Electrical energy 4-39 

4.3.5.2 Surface settlement and undrained shear strength 4-40 

4.3.6 Conclusions 4-42 

4.4 Synopsis of Chapter 4 4-43 

4.5 Chapter 4 references 4-45 

4.6 Chapter 4 plates 4-50 

Chapter 5 EKG In Soil Reinforcement 5-1 

5.1 Introduction 5-1 

5.2 Mechanisms of soil reinforcement 5-1 

5.3 Corner stones of analysis and strain compatibility 5-4 

5.4 Soil / reinforcement interaction 5-7 

5.4.1 Direct sliding 5-7 

5.4.2 Pullout 5-8 

5.4.3 Coefficient of direct sliding 5-9 

5.4.4 Coefficient of bond 5-10 

5.5 Analysis of conventional geogrid reinforced walls 5-13 

5.5.1 Design methodology 5-13 

5.5.1.1 Coherent gravity 5-14 

5.5.1.2 Tie-back wedge 5-15 

5.6 Cohesive fill to reinforced soil 5-15 

5.6.1 Historical experimentation and experience in cohesive 5-16 

reinforced soil 
5.6.2 Existing reinforced cohesive soil systems - state of practice 5-22 

Page ix 



5.6.2.1 Textomur system 5-22 

5.6.2.2 Paradrain system 5-23 

5.6.3 Conclusion of state-of-practice and historical reviews 5-24 

5.7 Joint Stocks wall 5-24 

5.7.1 Selection of fill material 5-25 

5.7.2 Laboratory testing 5-25 

5.7.3 Design of the wall 5-26 

5.7.3.1 Tie back wedge analysis - long-term stability 5-27 

5.7.3.2 Critical height analysis - short-term stability 5-28 

5.7.3.3 Coulomb analysis - short-term stability 5-29 

5.7.3.4 Pull out analysis by discrete theory - short-term 5-31 

stability 
5.7.3.5 Pull out analysis by composite theory - short-term 5-33 

stability 
5.7.3.6 Summary of short-term analysis methods 5-34 

5.7.4 Electro-osmotic design 5-35 

5.7.4.1 Preliminary electro-osmotic design 5-36 

5.7.4.2 Advanced electro-osmotic design 5-37 

5.7.4.3 Discussion of the predicted treatment times 5-42 

5.7.4.4 Calculation of electrical power demand 5-43 

5.7.5 Conclusion of the theoretical analyses 5-45 

5.7.6 Construction of the wall 5-48 

5.7.6.1 Preparation of the trial area 5-48 

5.7.6.2 First lift construction 5-50 

5.7.6.3 Construction of cohesive electro-osmosis zone and 5-52 

control zone 
5.7.7 Monitoring regime of the Joint Stocks wall 5-55 

5.7.8 Results of the Joint Stocks trial 5-58 

5.7.8.1 Fuel consumption 5-59 

5.7.8.2 Electrical energy 5-60 

5.7.8.3 Undrained shear strength 5-61 

5.7.8.4 Water content 5-62 

5.7.8.5 Deformation of the wall 5-63 

5.7.9 Interpretation of the results of the Joint Stocks trial 5-63 

5.7.9.1 Electrical energy 5-63 

5.7.9.2 Relations between shear strength - water content 5-66 

and time 

5.7.9.3 Treatment time 5-70 

5.7.9.4 Economic analysis 5-70 

5.7.10 Conclusions 5-71 

Page x 



5.7.10.1 Electrical energy 5-71 
5.7.10.2 Shear strength 5-71 
5.7-10.3 Concluding remarks 5-72 

5.7.11 Recommendations for further work 5-72 
5.8 Synopsis of Chapter 5 5-72 
5.9 Chapter 5 references 5-74 
5.10 Chapter 5 plates 5-80 

Chapter 6 Volurnetric Control Of Soils 6-1 

6.1 Volumetric control - introduction 6-1 
6.2 Wimbledon Park - Southfields trial 6-2 

6.2.1 Site location and topography 6-2 
6.2.2 Geology 6-2 
6.2.3 History and description of the site 6-3 
6.2.4 Definition of the problem 6-4 
6.2.5 Laboratory testing 6-4 

6.2.6 Design of the trial 6-7 

6.2.7 Anticipated performance 6-7 

6.2.7.1 Induced settlement 6-8 

6.2.7.2 Estimation of electrical power 6-9 

6.2.7.3 Volume change 6-9 

6.2.8 Electrode installation 6-9 

6.2.9 Electrode connection 6-11 

6.2.10 Electrical interference and signalling 6-11 

6.2.11 Conclusions 6-12 

6.2.12 Recommendation for further work 6-13 

6.3 Synopsis of Chapter 6 6-13 

6.4 Chapter 6 references 6-14 

6.5 Chapter 6 plates 6-16 

Chapter 7 Electro-Osmosis - Philosophy And Design 7-1 

7.1 Introduction 7-1 

7.2 Soil acceptability criteria for electro-osmosis 7-1 

7.2.1 General classification tests 7-2 

7.2-1.1 Atterberg limits 7-2 

7.2.1.2 Water content 7-5 

7.2-1.3 Particle density 7-7 

7.2.1.4 Particle size distribution 7-7 

7.2.2 Chemical and electrochemical tests 7-9 

7.2.2.1 Organic content 7-9 

Page xi 



7.2.2.2 Electrical resistivity 7-9 

7.2.3 Compressibility and permeability tests 7-10 
7.2.3.1 One-dimensional consolidation parameters 7-10 
7.2.3.2 Hydraulic permeability 7-14 

7.2.4 Consolidation & permeability in hydraulic cells 7-17 

7.2.5 Shear strength - total stress 7-18 

7.2.6 Shear strength - effective stress 7-20 

7.2.7 Specialist electro-osmotic tests 7-22 

7.2.7.1 Electro-osmotic cell 7-22 

7.2.7.2 Electro-osmotic box 7-22 

7.2.8 Conclusions of acceptability criteria 7-22 

7.3 Design for electro-osmotic consolidation 7-25 

7.3.1 Establishment of soil parameters 7-25 

7.3.2 Preliminary electrode layout and analysis 7-25 

7.3.3 Settlement, treatment time and power demand 7-26 

7.3.4 Installation, connection and monitoring 7-27 

7.4 Design for electro-osmotically enhanced cohesive reinforced soil 7-30 

7.4.1 Establishment of soil parameters 7-30 

7.4.2 Long-term design 7-30 

7.4.3 Short-term design 7-31 

7.4.4 Electro-osmotic design 7-31 

7.4.5 Construction and monitoring 7-33 

7,5 Design for electro-osmotic volume control 7-35 

7.6 Analysis of electrode configurations 7-37 

7.6.1 Resistance path method 7-40 

7.6.1.1 Flow calculation by the resistance path method 7-41 

7.6.1.2 Advantages and disadvantages of the resistance 7-42 

path method 
7.6.2 Finite difference method 7-43 

7.6.2.1 Theoretical background to the finite difference 7-43 

analytical method 
7.6.2.2 Philosophy of spreadsheet finite difference analysis 7-44 

7.6.2.3 Advantages and disadvantages to the finite 7-47 

difference method 

7.7 New and novel applications for EKG 7-48 

7.7.1 Trenching and excavation 7-48 

7.7.2 Tunnelling and pipe-jacking 7-49 

7.7.3 Piling 7-50 

7.7.4 Shrinkage and swelling prevention for shallow foundations 7-50 

and pipelines 

Page xii 



7.7.5 Electro-remediation 7-51 
7.7.6 Enhanced lime migration 7-51 
7.7.7 Slope stability 7-52 
7.7.8 Dewatering 7-53 
7.7.9 Combination with existing techniques 7-54 

7.8 Synopsis of Chapter 7 7-54 
7.9 Chapter 7 references 7-55 

Chapter 8 Summary and Main Conclusions 8-1 

8.1 Summary 8-1 
8.2 Main conclusions 8-1 

8.2.1 Conclusions regarding EKGs 8-2 

8.2.2 Conclusions regarding electro-osmotic consolidation 8-2 

8.2.3 Conclusions regarding electro-osmotically enhanced 8-3 

cohesive reinforced soil 

8.2.4 Conclusions regarding electro-osmotic volume 8-3 

control 

8.2.5 Conclusions regarding philosophy 8-4 

8.3 Fulfilment of research objectives 8-4 

8.4 Recommendations for future research 8-5 

8.4.1 Future EKG research 8-5 

8.4.2 Future research into field applications 8-5 

8.5 Chapter 8 references 8-7 

Annex A. Theoretical EKG Electrode Durability Calculations 

Annex B. Tie Back Wedge Theory Used By The Tensar International "Winwall 

6.14" Design Programme 

Annex C. Output From Winwall 6.14 

Annex D. Water Content Reduction Calculations 

Page xiii 



LIST OF FIGURES 

Figure Title 

2.1 Basic silicate units 
2.2 a&b Two layer sheet systems 

2.3 Three layer sheet systems 
2.4 Modes of particle association in clay suspensions 
2.5 Atomic arrangement of a water molecule 
2.6 Diffuse double layer 

2.7 Effect of system variable on double layer thickness 
2.8 Relationship of CEC to pH 
2.9 Electrokinetic phenomena 

2.10 Development of electro-osmotic flow velocity 
2.11 Helmholtz - Smoluchowski model 
2.12 Coefficients of hydraulic permeability 
2.13 Schematic prediction of water transport by electro-osmosis in different clay 

types according to the Donnan concept 
2.14 Electro-osmotic water transport versus concentration of external electrolyte 

solution for homoionic kaolinite and illite at various water contents 
2.15 Influence of soil variables on e-o efficiency 
2.16 Schematic illustrating the movement of current through the electrochemical cell 

set up by electrokinetic phenomena imposed upon a soil mass 
2.17 Pore water pressures for different electrode drainage configurations 

3.1 Schematic of conductivity against carbon black loading for thermoplastic 

3.2 Counter-rotating die for manufacture of geonet materials 
3.3 Electrically conductive band drain 

3.4 Schematic plan of durability test 

3.5 Schematic of apparatus used to measure surface resistance 
3.6 Double crimped electrode connection details 

3.7 Waterproof double crimped electrode connection details with armoured cable 

4.1 Applicability of different in situ ground improvement techniques related to soil 

particle size 

4.2 Principle of precompression using surcharge loading 

4.3 Vertical drains beneath surcharging 

Page xiv 



4.4 Settlement against time for surcharging with vertical drains 
4.5 Vacuum preioading 
4.6 Bottom feed vibro-replacement process 
4.7 Construction sequence of vibrated concrete columns 
4.8 Lime column construction process 
4.9 Construction sequence for lime piles 

4.10 Jet grouting systems 
4.11 Jet grouting column diameters in different soil types 
4.12 Electro-osmotic and direct loading, one-dimensional 
4.13 Dimensionless pore pressure as a factor of dimensionless time 
4.14 Average degree of consolidation 
4.15 Demonstration of permanence of treatment 

4.16 Void ratio versus effective stress for eiectro-osmotic consolidation 
4.17 Drained reloading critical state model after electro-osmosis 
4.18 Undrained reloading critical state model after electro-osmosis 
4.19 Development of excess porewater pressure against time 

4.20 Variation in moisture content with and without reverse polarity 
4.21 Stress distributions before and after polarity reversal 
4.22 Pore pressure distributions during consolidation after electrode reversal for 

equal and double applied voltage 
4.23 Summary of stratigraphy within test influence zone 
4.24 Variation of cu measured in situ by MDMT, FDPM & DPH 

4.25 Electrode arrangement and surface monitoring peg layout 

4.26 Cumulative fuel consumption against time 

4.27 Results of surface monitoring pegs 
4.28 Electrical current and voltage against generator time 

4.29 Results of post trials in situ testing 

4.30 Interpretation of in situ testing 

4.31 Short-circuiting of e-o treatment through made ground 

5.1 Steep slopes reinforced and unreinforced 

5.2 idealised failure element in unreinforced slope 

5.3 Idealised failure element in reinforced slope 

5.4 Shear resistance versus reinforcement orientation 

5.5 The cornerstones of analysis 

5.6 Stress - strain response of soils during triaxial test 

5.7a Stress - strain response of geotextile reinforcement 

5.7b Strain compatibility diagram for equilibrium in reinforced soil 

5.8 Soil / reinforcement interactions 

Page xv 



5.9 Geometrical definitions for geotextiles 
5.10 Mechanisms of load transfer for geotextiles 
5.11 Bearing stress on reinforcement 
5.12 Influence of particle size on soil bearing stress 
5.13 Tension distribution in coherent gravity analysis 
5.14 Earth pressure distributions in different analysis methods 
5.15 Height of construction against time 
5.16 Effective stress against force generated in reinforcement 
5.17 Load displacement curves for direct shear tests 
5.18 Cross-section through pullout apparatus utilised by Sridharan et al (1991 
5.19 Cross-section through Textomur system 
5.20 Details of Paradrain combined reinforcement I drain 

5.21 Long-term designs produced by Winwall 6.14 for the Joint Stocks wall 
5.22 Graph of critical height against undrained shear strength 
5.23 Schematic geometry of analysis case for short-term stability 
5.24 Average shear stress against variation in inclination of shear plane 
5.25 Schematic of reinforced wall with failure plane 
5.26 Schematic geometry of analysis case for short-term stability with reinforcement 
5.27 Compression between adhesive platens 
5.28 Relationship between c, and water content for remoulded Joint Stocks fill 

5.29 Variation of k, and a with time averaged over 15 tests 
5.30 Results of k, against time for different voltage gradients 
5.31 Graphical interpretation of ke against time for design purposes 
5.32 Variation of cu against time at different voltage gradients and initial wc 
5.33 Variation of cr against time at different voltage gradients 
5.34 Schematic plan of construction area 
5.35 Construction sequence for granular end blocks (front face) 
5.36 Construction sequence for cohesive wall 
5.37 Electrode numbering and polarity of first lift 
5.38 Schematic cutaway of the Joint Stocks wall 
5.39 Survey configuration used to measure deformation of the wall 
5.40 Construction height against time for the Joint Stocks wall 
5.41 Lift numbering nomenclature for electro-osmosis zone 
5.42 Electrical current drawn by each lift 
5.43 Undrained shear strength (c,, ) against treatment time (0.25m depth) 

5.44 Undrained shear strength (cu) against treatment time (0.5m depth) 

5.45 Water content against treatment time (0.25m depth) 
5.46 Water content against treatment time (0.5m depth) 
5.47 Results of monitoring of movement of front face of Joint Stocks waH 
5.48 Variation of electrical conductivity, laboratory and field 

Page xvi 



5.49 Electrical field characteristics of e-o cell and field trial electrode distributions 
5.50 Theoretical and experimental results of c, against treatment time (0.25m depth) 
5.51 Theoretical and experimental results of c, against treatment time (0.5m depth) 
5.52 Theoretical and zonal average results of c, against treatment time (0.25m 

depth) 

5.53 Theoreticaý and zonal average results of c, against treatment time (0.5m depth) 

6.1 Relationship between volume change and plasticity index and swell index and 
liquid limit 

6.2 Cross-section through Wimbledon Park - Southfields embankment 
6.3 Electro-osmosis box used for testing in situ block sample 
6.4 Vetcal displacement of the clay surface in the electro-osmosis box 

6.5 Vertical displacement strains in the electro-osmosis box at different treatment 

times 

6.6 Electrode installation geometry 
6.7 Equivalent surcharge produced by horizontally inclined electrodes 

6.8 Schematic of electrode installation at Wimbledon Park - Southfields 

6.9 Plumbing of cathode into toe drain and measurement system 

6.10 Full wave rectification with smoothing and the development of harmonics 

7.1 Consistency of cohesive soil with variations in water content 

7.2 Electrical conductivity of grade E kaolin with different conductivity pore fluids 

7.3 Conductivity against plasticity index for a range of natural soils 

7.4 Concept of critical water content (Wk) 

7.5 Particle size distribution delineation 

7.6 One and two dimensional consolidation configurations 

7.7 Permeability classification related to particle size 

7.8 Theoretical equivalent fill height against hydraulic permeability 

7.9 Average degree of consolidation against time factor for radial drainage 

7.10 Minimum value of Cv against time available for consolation 

7.11 Recommended Rowe cell configuration 

7.12 Undrained shear strength against liquidity index 

7.13 Drained shear strength against plasticity index 

7.14 Schematic of electro-osmosis cell 

7.15 Negative porewater pressures 

7.16 Alternative wiring system for electro-osmotic consolidation 

7.17 Flow chart of design and construction for electro-osmotic consolidation 

7.18 Calculation of reduction in wc required to achieve increase in c, 

Page xvii 



7.19 Flow chart of design and construction for electro-osmoticaliy enhanced 

reinforced cohesive soil 

7.20 Design flowchart for electro-osmotic volume control 
7.21 Equipotential field types 

7.22 Resistance path concept 

7.23 Calculation of potential gradients across finite difference cells 
7.24 Screen print of finite difference mesh used for the Joint Stocks trial 

7.25 Examples of finite difference output for potentiai gradient calculations 
7.26 Multi-phase drawdown of the phreatic surface using EKG for excavation and 

trenching 

7.27 Application of EKG to tunnelling 

7.28 EKG applications to piling 

7.29 EKG used for stabilisation of shallow foundations 

7.30 Enhancement of lime piles through the use of EKG 

7.31 Application of EKG to slope stabilisation 

7.32 Electrode arrangement for dewatering 

Page xviii 



LIST OF TABLES 

Table Title 

2.1 Soil forming minerals 
2.2 a&b Sheet silicate minerals 

2.3 Characteristics of soil particles 
2.4 Atomic properties of some monovalent ions 

2.5 Governing flow equations 
2.6 Direct and coupled flow phenomena 
2.7 Coefficients of electro-osmotic permeability and associated parameters 
2.8 Electrode drainage regime permutations and uses 

3.1 Relative properties of geosynthetics 
3.2 Physical properties of Cabelec 0 3892 

3.3 Corrosion rates for common anodic materials 
3.4 Results of surface resistance measurements 

3.5 Results of visual inspection with hand lens of EKG anodes 

4.1 Expected compressive strength of jet grouted soil 

4.2 Typical compaction characteristics for fine soils 

4.3 Hypothetical stress distribution due to surface compaction 

4.4 Results of testing on Newburn Haugh U100 samples 

4.5 Estimation of rate of settlement 

5.1 Bond coefficients for grid reinforcement (Eqn. 5.7) 

5.2 Summary of soil properties in Murray & Boden (1979) wall 

5.3 Results of interaction tests undertaken on "geogrid" in clay by Ingoid (1981) 

5.4 Increase in shear strength and soil/reinforcement bond when using EKGs at 

different overburden pressures 

5.5 Soil parameters for possible fill materials for the Joint Stocks wall 

5.6 Results of parametric study for long-term stability using Winwall 6.14 

5.7 Results of short-term analysis using different analysis methods 

5.8 Results of simplistic electro-osmosis analysis 

5.9 Summary of estimated treatment times using linear voltage variation 

5.10 Results of finite difference and resistance path models 

Page xix 



5.11 Summary of estimated treatment times using different voltage and ke variations 
for 23% and 33% reductions in water content 

5.12 Predicted energy consumptions (kWh) using laboratory variation of conductivity 
(max 20OAmp supply) 

5.13 Predicted energy consumptions (kWh) using resistance path model of 
conductivity (max 20OAmp supply) 

5.14 Average fuel consumption per lift 

5.15 Percentage improvement in cu with treatment time for different electrode 
spacings and test depths 

5.16 Economic analysis of electro-osmotically enhanced reinforced soil 

6.1 Summary of classification testing on Wimbledon Park - Southfields materials 

7.1 Atterberg limits and associated parameters for different clay minerals 
7.2 Atterberg limits of clay minerals with different exchangeable cations 
7.3 Critical moisture content and critical liquidity index 

7.4 Particle densities for different minerals 
7.5 Ciedometric consolidation correction factor p., and clay type 

7.6 Coefficients of volume compressibility for soils in their natural state 
7.7 Equivalent surcharge load for different soil types and permeabilities 
7.8 Coefficient of consolidation for different soil types 

7.9 Undrained shear strength for different soil types 

7.10 Typical ý' values for compacted clays 
7.11 Usefulness of soil tests for assessing acceptability for electro-osmosis 
7.12 Soil parameters required for electro-osmotic consolidation 
7.13 Soil parameters required for e-o enhanced reinforced soil 
7.14 Spreadsheet - node types and function 

Page xx 



LIST OF PLATES 

Plate Title 

3.1 Bectro-chemical cracking of polymeric coating on EKG 

3.2 Large double crimp connector 
3.3 Double crimped stripped connection 
3.4 Armoured cable double crimped stripped connection 

4.1 Specially designed DPH cone for the installation of the EKG 

4.2 Installation of EKG using DPH rig 

4.3 Detail of stripped double crimped connection 

4.4 Levelling of settlement monitoring pegs with digital level 

5.1 Upper electrodes & filters ready for placing of clay slurry 

5.2 Placing of clay slurry by 3600 excavator 

5.3 Levelling of clay slurry and removal of air voids 

5.4 Levelling of slurry, demonstrating very fluid state of slurry as placed 

5.5 Detail of front face clearly showing migration of water at cathode locations 

5.6 Close up of clay surface above a cathode showing ponding of water and 

migration of fines to the surface 

5.7 Detail of upper clay surface at cathode location showing ponding of water at 

surface and escape of H2 gas bubbles 

6.1 Installation of EKG electrodes using Casagrande C6 hydraulic drill 

6.2 Connection of EKG to re-bar for insertion into the bore 

6.3 Pumping of bentonite slurry into the bore by means of tremMie pipe 

Page xxi 



LIST OF SYMBOLS 

Note: simple dimensions (A for cross-sectional area, D or d for depth or diameter, H for 
height etc. ) are not included. Subscripts are not listed where their meaning is clear (e. g. crit 
for critical, max for maximum, ult for ultimate) Effective stress and effective stress 

parameters are denoted in the text by a prime (). 

Standard Syst6me Intemational d'Unit6s (SI) units have been used thought this thesis with 
decimal multiples and fractions denoted by prefixes before the unit symbol. 

SYMBOL EXPLANATION SI UNIT 

A Activity dimensionless 

AO Surface charge density per unit pore volume Cm--I 

6 Geogrid thickness m 
C, Coefficient of consolidation M2 s- I 

CVr Coefficient of consolidation for radial flow M2 S-1 

CO Concentration in external solution ions M-3 

C1, C, Constants of integration variable 
D Dielectric constant dimensionless 

Largest particle size in smallest 10% 50% of particles 
D10, D50 m 

by mass 
Voltage difference V 

E Electrical energy Wh 

ED Dilatometer modulus N M-2 

E, Undrained Young's modulus N M-2 

EO red Reduction voltage V 

EO Permittivity of vacuum C 21-1M-1 

F1, F2 Scale I shape effect adjustment factors dimensionless 

G Shear modulus Nm-2 

G, Specific gravity dimensionless 

I Electrical current A 

iii Flux variable 

Boltzmann constant J OK' 
K Double layer thickness m 

Ka Active earth pressure coefficient dimensionless 

Kp Passive earth pressure coefficient dimensionless 

Lij Conductivity variable 

M Slope of critical state line in p', q space dimensionless 

Avogadro's number molecules mol-' 
N Number dimensionless 

Page xxii 



P Electrical power W 
PR Reinforcement load N 
P, Shear load N 
P, Vertical load N 
Q Volume of fluid m3 

R Ratio anions / cations dimensionless 
Resistance Q 
Surface area m2 S Geogrid aperture spacing m Geosynthetic layer spacing m 

T Temperature OK 
Tension in reinforcement N 

Tr Time factor for radial flow dimensionless 
T, Time factor dimensionless 
U Average degree of consolidation dimensionless 

V Valence dimensionless 
Voltage V 

Xii Driving gradient variable 

ab Fraction of width for bearing dimensionless 

as Fraction solid surface area dimensionless 

c Efficiency factor dimensionless 

cf Effective cohesion -2 Nm 

C, Undrained shear strength N M-2 

Electronic charge C 
e Voids ratio dimensionless 

ie Electrical potential gradient VM-1 

k Hydraulic permeability m S-I 
ke Electro-osmotic permeability m2s -1 VI 

ki Electro-osmotic efficiency m3 S-1 A-' 

M, Coefficient of volume compressibility m2 N-1 

Porosity dimensionless 
n Number of electrode pairs dimensionless 

no Electrolyte concentration ions M-3 

p Stress invariant (effective mean stress) N M-2 

Stress invariant (deviatoric stress) N M-2 

q 
Unconfined compressive strength N M-2 

qa Flow through area "a" m3s -1 

t Time s 

u Porewater pressure NM-2 

Velocity in free pore fluid ms-1 v Specific volume dimensionless 

Page xxiii 



V, Velocity of flow induced by electrical potential gradient ms-1 
Vh Velocity of flow induced by hydraulic gradient ms-1 
W, W, Water content dimensionless 
Wk Critical water content dimensionless 
z Depth m 

CL Reinforcement adhesion factor dimensionless 
ab Bond coefficient dimensionless 
Uds Direct sliding coefficient dimensionless 

Mean molar activity coefficient in external solution dimensionless 
Bulk unit weight of soii/fluid NM3 

Mean activity coefficient in double layer dimensionless 

YW Bulk unit weight of water N M-3 

Double layer thickness M 
Settlement M, 
Angle of friction soil/reinforcement degrees (0) 

Ea Axial strain dimensionless 

Zeta potential V 
Potential across a condenser V 

Viscosity -2 Ns m 

0 Angle degrees 

pq Geological settlement correction factor dimensionless 

V Poisson's ratio dimensionless 

4 Electro-osmotic equation variable kgM-2 

7r Pi dimensionless 

P Resistivity QM 

PC Consolidation settlement m 

Poed Oedometric settlement m 

PW Density of water kgm 

Surface charge density CM-2 

Electrical conductivity Sm-, 

0-1 b Effective bearing stress N M-2 

0. ( n Effective normal stress N M-2 

C71 Major principal stress N M-2 

U2 Intermediate principal stress Nm-2 

(73 Minor principal stress N M-2 

T Shear stress N M-2 

Angle of shearing resistance degrees 

WO Surface potential Volts 

0 Resistance 0 

Page xxiv 



CHAPTER1 

INTRODUCTION 

1.1 GENERAL 

This thesis is concerned with the application of Electrokinetic Geosynthetics (EKG) to uses in 
the construction industry. Principally, the application of electrokinetic phenomena, using 
electrically conductive geosynthetics, to the areas of soil consolidation, soil reinforcement 
and volume control. 

The motivation behind the development of the EKG, as part of a research project, was to 

produce a new range of purpose designed geosynthetics to offer combinations of filtration, 

drainage and reinforcement, which would be enhanced by electrical conduction. Nettleton 

(1997) had observed that recent technological advances in materials science allowed the 

production of polymeric geosynthetic materials that were electrically conductive. This 

development was of interest as it meant that electro-osmosis could be combined with 

existing geosynthetic functions to increase the rate of removal of water from cohesive soils in 

comparison to conventional gravitational drainage. As remarked by Casagrande (1949) and 
Mitchell (1991), eiectro-osmosis has been noted as offering an efficient means of dewatering 

fine grained soils. 

Additionally, research work undertaken at the University of Newcastle upon Tyne into 

composite drainage and reinforcement geosynthetics by Heshmati (1993) demonstrated that 

significant technological benefits could be achieved by combining these functions in a single 

geosy, nthetic. Thus allowing the use of fine grained (cohesive) soils for construction, a soil 

type that had previously been categorised as unacceptable. This research gave the 

inspiration of applying electro-osmosis through the use of EKG to the area of cohesive 

reinforced soil, as well as to the more apparent application of consolidation of soft cohesive 

soils. 

The development of the EKG also has potential applications in the in situ remediation of 

contaminated land; electro-remediation (Lageman et al 1989). It has also'ýbeen suggested 

that electro-remediation is the only means of remediation for contaminated fine grained soils 

in situ, due to their low hydraulic permeability (NATO/CCMS 1993). The sorption of heavy 

metals by the use of EKGs has also been demonstrated as being effective in recent research 

at the University of Newcastle upon Tyne (O'Dwyer 1994). 
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Chapter 1. Introduction 

1.2 STATEMENT OF RESEARCH OBJECTIVES 

The objectives of this research were to further develop the use of EKGs in the construction 
industry and to undertake their first ever use in the field for the applications of electro- 
osmotic consolidation and cohesive reinforced soil, as well as for any other opportune 
applications that arose during the period of the research. 

Additionally, to gain experience and develop the associated technologies of installation and 
construction techniques in the use of EKGs and electro-osmosis in the field and to develop 
design methodologies for these techniques. 

1.3 STRUCTURE OF THE THESIS, 

This thesis consists of eight chapters, the outlines of which are described in the following 

text. 

Chapter I- Introduction: The present chapter introduces the background to the 

research, states the objectives of the research and gives a brief summary of the 

contents of the thesis. 

Chapter 2-A review of electrokinetic phenomena in soils: This chapter 

introduces from first principles the theory of electrokinetic phenomena in soils, 

beginning with a review of clay mineralogy, liquid and gas soil phases and then the 

fundamental concepts of how electrokinetic phenomena occur in soils. All the 

electrokinetic phenomena that occur in soils are then briefly discussed followed by a 

detailed discussion and derivation of the theory of electro-osmosis, which is the 

phenomenon of principal interest to the work presented in this thesis. 

Chapter 3- Electrokinetic geosynthetics: This chapter begins with a review of 

existing geosynthetics, their forms, functions and materials. The concept of 

electrically conductive polymers is then introduced, followed by the introduction to 

the concept of an Electrokinetic Geosynthetic (EKG). The EKG produced by Netlon 

Ltd. is then introduced and discussed in detail, together with its limitations and 

suggestions for further improvement. The concepts of EKG connection technology 

are also discussed. 

Chapter 4- Ground improvement - electro-osmotic consolidation: This chapter 

commences by introducing the concepts of ground improvement followed by a 

summary of ground improvement techniques. The techniques that are direct 
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competitors to electro-osmosis, i. e. those that are applicable to the same soil types, 
are discussed in some detail. 

Electro-osmotic consolidation is then discussed by advancing the fundamental 

concepts introduced in Chapter 2 to the specific application of electro-osmosis to the 
consolidation of soils, together with a historical review of its past uses. 
A small-scale consolidation trial at Newburn Haugh is then discussed. The 

geotechnical characteristics of the trial are introduced, together with the fundamental 
design of the trial, installation, anticipated performance, and monitoring. The results 
of the trial are then presented followed by their interpretation and comparison with 
the design values. Conclusions and recommendations for further work are then 
given. 

Chapter 5- EKG in soil reinforcement: The chapter begins with a summary of the 

principles of soil reinforcement and considers aspects of soil-reinforcement 
interaction. This is followed by a brief overview of existing reinforced soil analysis 
methods. The concepts of the use of cohesive fill to reinforced soil structures is 

introduced by a review of previous experimentation and experience with cohesive fill, 

together with a review of current reinforced soil techniques that permit the use of 

cohesive fill. The Joint Stocks wall is then presented as the first ever field 

application of electro-osmosis to cohesive reinforced soil. Initially the laboratory 

testing on the cohesive fill material is given followed by the use of the results 

obtained to undertaken a long-term stability analysis of the wall. The short-term 

stability analyses are then discussed which establishes the improvement that 

electro-osmosis is required to achieve to maintain the short-term stability of the wall. 
The electro-osmosis design is then given using both approximate and more precise 

analysis methods. 
The field construction and monitoring of the wall is discussed and the results 

obtained from the trial are presented. Interpretations and conclusions are drawn 

from these results and finally recommendations for further work are given, 

Chapter 6- Volurnetric control of soils: This chapter addresses the app6cation of 

electro-osmosis to the control of volume change of susceptible soils. The principle 

of changing a soil's volume change potential thought over-consolidation and 

electrochemical changes to the clay minerals is introduced. 

A discussion of a full-scale trial of electro-osmotic volume control of an embankment 

on London Underground's District Line between Wimbledon Park and Southfields 

Stations is then given. The design of the trial, its anticipated response, the 

installation and the connection methods are all discussed. The trial has not been 

powered up due to possible interference of the electrical field generated by the 

electro-osmosis trial on the signalling circuitry. This phenomenon is also discussed. 
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Chapter 1. Introduction 

Chapter 7- Electro-osmosis - philosophy and design- This chapter draws 

together the information and experience acquired during the research to offer 

recommendations for the acceptability criteria for soils to be treated by electro- 

osmosis. Design recommendations and procedures are also given for electro- 

osmotic consolidation, electro-osmotically enhanced reinforced cohesive soil and 

electro-osmotic volume control. OtherlDotential applications for EKGs and electro- 

osmosis are then given with the applications suggested ranging from tunnelling and 

pipe-jacking to slope stability. 

Chapter 8- Summary and main conclusions: This chapter presents a summary of 

the research undertaken and gives a riýsum(ý of the main conclusions drawn in the 

areas of; EKGs, eiectro-osmotic consolidation, electro-osmotically enhanced 

cohesive reinforced soil, electro-osmotic volume control and philosophy. The 

fulfilment of the research objectives is then discussed together with 

recommendations for further research. 
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CHAPTER 2 

A REVIEW OF ELECTROKINETIC PHENOMENA IN SOILS 

2.1 INTRODUCTION AND DERNITION OF TERMS 

This chapter reviews, from first principles, the mechanisms of electrokinetic phenomena in 

soils, beginning with a review of soil particle mineralogy, pore fluid chemistry and particle- 
fluid electrolyte systems. It then goes on to discuss the currently proposed theories for 

electrokinetic phenomena in soils, explaining how and why they occur. 

Electrokinetics, for geotechnical applications, may be defined as the application or induction 

of, an electrical potential difference across a soil mass containing fluid, or a high fluid content 

sl urry/sus pension, causing or caused by the motion of electricity, charged soil and/or fluid 

particles (Pugh et at 2000). 

Electrokinetic phenomena are the result of the coupling between hydraulic and electrical 

potential gradients in fine grained soils (Acar & Alshawabkeh 1993, Acar & Alshawabkeh 

1994, Mitchell 1993, Yeung & Mitchell 1993, Yeung 1990). These phenomena occur due to 

the presence of the diffuse double layer around the fine grained soil particles and involve the 

movement of electricity, charged particles and fluids (Mitchell 1993). It is, therefore, 

necessary to have a thorough understanding of these components in order to fully 

understand the phenomena. The principles of hydraulic flow within a soil mass, as explained 

by Darcy's law, are met commonplace within geotechnical engineering and will not be 

elaborated upon further in this thesis. However, it is the Authors opinion that the subject 

areas of clay mineralogy, diffuse electrolyte double layers, soil structure and fabric are not 

commonly encountered by practicing geotechnical engineers and do require further 

explanation. This will be undertaken in the subsequent sections of this chapter, followed by 

detailed discussion on electrokinetics in soils. 

Additionally, the field of electrokinetics within geotechnical engineering frequently uses terms 

that are not commonly encountered in other branches of geotechnical engineering. To 

assists the reader in their rapid understanding of the work presented in this thesis some of 

the more commonly encountered terms are defined below, with further explanation of other 

terms given later in this chapter. 
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Electro-osmosis: The net flow of water in a wet soil towards the cathode (-ve). It is caused 
by the viscous drag applied to the pore water by the water of hydration of ions induced to 
move by the application of an electrical potential (DC) across the soil mass. 
Eiectrophoresis: The electrostatic attraction of discrete charged particles to one electrode 
and their repulsion from the other of opposite sign in a colloidal suspension as a result of the 
application of a DC electrical field. 

Electrical potential: The work required to move an eiectric char, ge from a reference point to 
a specified point; measured in Volts. 

Electrical potential difference: The difference in electrical potential (using the same 
reference point) between two points; measured in Volts. 
Electrokinetic treatment of soil: The improvement of a soils engineering properties as a 
result of the application of a DC electrical potential difference. 

2.2 INTRODUCTION TO ELECTROKINETICS 

Reuss (1808) first observed electrokinetic phenomena when a direct current (DC) potential 
difference was applied to a clay water mixture. Water was observed to move through the 

capillary towards the cathode under the electrical field. When the electrical potential was 
removed, the flow of water immediately stopped. Napier (1846) distinguished electro- 
osmosis from electrolysis, and Quincke (1861) found that the electrical potential difference 

through a membrane resulted from streaming potential. 

Helmholtz (1879) was the first to treat electro-osmosis analytically, providing a mathematical 
basis for its analysis; this was later modified by Smoluchowski (1914) to apply 

electrophoretic velocity. The Heim holtz-Smoluchowski theory thus contrived still forms the 

basis of electro-osmotic analysis today. 

In 1939, Leo Casagrande demonstrated that applying electro-osmosis to soils with high 

water contents, resulted in an increase in the effective stress within the soil, increasing its 

shear strength to such a degree that even steep cuts remained stable. Two years later 

Casagrande again successfully utilised electro-osmosis in foundation engineering. It was 
indicated from Casagrande's practice, that small reductions in water content by electro- 

osmosis could produce significant increases in soil strength. From then on, electrokinetic 

treatment of soils has been investigated and used in many field projects, such as: 

improvement of excavation stability, electrochemical induration/hardening and the 

stabilisation, consolidation and densification of fine grained soil. In the late 1960's and early 

1970's direct current was even applied successfully (Waxman & Smits 1967) to recover 

residual oil from deep seated geological formations (Enhanced Oil Recovery). 
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The soil types that are amenable to treatment by electrokinetic phenomena, and are 
applicable to the work undertaken in this thesis, are those which may be described as fine 

grained. These are defined as containing over 35% silt and clay sized fractions (BSI 1981), 

which typically exhibit low hydraulic permeabiiities (10-7 to 10-1 0 ms-) and high porosities (35 
to 50% for silts and 40 to 70% for clays (Freeze & Cherry 1979)). Soils coarser than this are 
usually unsuitable for treatment by electrokinetic phenomena as they are either lacking the 
surface chemistry and colloidal nature of silt/clay particles or their hydraulic permeabilities 
are excessively high for the electrokinetic phenomena to have any significant effect, this is 
discussed further in §2.3. In order to understand this important differentiation and the 

reasons for the occurrence of electrokinetic phenomena in soils it is necessary to examine 
the individual constituents of a fine grained soil mass, i. e. the solid, liquid and gas phases, A 
discussion of solid phase soil chemistry, and its effect on electrokinetic phenomenais 

presented in the following section, followed by a discussion of liquid and gas phase 
chemistry in §2.4. These three elements are then brought together in §2.5, with a discussion 

of particle-fluid electrolyte systems. 

2.3 SOLID PHASE SOIL CHEMISTRY & COMPONENTS 

The solid phase of a soil may contain various amounts of crystalline clay and non-clay 

minerals, non-Mstalline clay material, organic matter, and precipitated salts. The crystalline 

minerals comprise the greatest proportion in most soils encountered in engineering practice, 

and the amount of non-clay material usually exceeds the amount of clay. Nonetheless, clay 

and organic matter in a soil usually influence properties in a manner far greater than their 

relative abundance (Mitchell 1993). 

2.3.1 ORGANIC MATTER 

The organic matter present in soils originates from the biomass that is characteristic for an 

active soil (Tan 1993). Organic matter in soil may be responsible for high plasticity, high 

shrinkage, high compressibility, low hydraulic conductivity and low strength. Soil organic 

matter is complex both chemically and physically, and a variety of reactions and interactions 

between the soil and the organic matter are possible (Oades 1989). Organic matter may be 

subdivided, for classification, into four categories: 

* Plant Material: Plant materials are added to soils from living root systems, from 

dead roots, and as litter is added to the surface of the soii. 

Humic Material: The organic material in soil, not recognisable under a light 

microscope as possessing the cellular organisation of plant material. 

* Nonhumic Substances: Carbohydrates, essential components of all living 

organisms and represents the major energy source for the soil biota. 
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0 Microbial Mass: Living organisms apart from plants. 

Living organic material that is present in soil also has an effect on the soil moisture content 
through evapotranspiration. The effects of organic matter in soils are discussed in §2.5 

2.3.2 MINERAL MATTER 

Most inorganic soils contain 80% or more of rock derived material by weight (Simpson 1983). 
It is the clay fraction of this component of the soil's solid matter that predominantly governs 
its electrokinetic properties. Therefore, an understanding of the soil forming clay minerals 
and their chemistry enables an understanding of how electrokinetic phenomena occur in 

soils. Clay, as a mineral term refers to specific clay minerals that are distinguished by 
(Mitchell 1993): 

(1) small particle size 
(2) net negative electrical charge 
(3) plasticity when mixed with water 
(4) high weathering resistance 

These minerals are primarily hydrous aluminium silicates, with magnesium or iron occupying 

all or part of the aluminium positions within the crystal lattice in some minerals, with alkalines 

or alkaline earths also present in some of them (Grim 1962,1968). 

Table 2.1 presents the main soil forming minerals and gives an indication to their resistance 

to weathering and an indication as to their contribution to a soil mass. It should also be 

appreciated that the parent rock from which the soil is derived is an essential factor in 

defining the soil mineralogy. For example, quartzose sandstone will not weather to yield a 

kaolinite rich soil. 
The early stages of the formation of the mineral components of soils are dominated by the 

weathering of the parent rock material. Weathering takes place by physical, chemical or 

biological means, and usually by a combination of all three working together (Simpson 

1983). 

The minerals that occur in soils have been classified on the basis of both their composition 

and crystal structure. The first classification has subdivisions such as carbonates, 

phosphates, oxides and silicates. This classification is of limited use to the civil engineer 

since most of the abundant and important soil minerals are silicates. In fact, if all of the soil 

in the world were placed in one pile, over 90% of the weight of the pile would be silicate 

minerals (Lambe & Whitman 1969). 
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Table 2.1 Soil forming minerals (After S(mpson 19831) 

Mineral Group Composition T Ease of Weathering Contribution to soil 
Quartz Silica Very resistant Major parts of sands 

Feidspars Alum ino-silicates Slow in arid soils, Clay minerals, 
(Orthoclase, easily weathered potassium, calcium 
Plagioclase) elsewhere 

Micas: Alum ino-sil icates Biotite weathers Clay minerals, 
Muscovite - white easily. Muscovite potassium, 

Biotite - black less so magnesium, iron 
Carbonates- Calcium and Easily weathered Calcium, 

Dolomite, Calcite magnesium andleached magnesium. Acidity 

carbonates control 
Amphiboles and Alum ino-silicates Easily weathered Clay minerals, iron, 

Pyroxenes calcium, magnesium 
Apatite Calcium phosphate Changes to other Original source of 

phosphates phosphorus 
Iron Compounds- Oxides of iron Resistant Colour, clay 

Haematite, Limonite minerals, iron 

Soils are usually the products of rock weathering and thus the most abundant soil minerals 

are common rock forming minerals which are resistant to weathering and the resistant 

weathered component of those that have weathered. The sheet and framework silicate 

minerals are therefore, the most abundant and common soil forming minerals. 

Silicate minerals may be idealised by considering them to be made from basic structural 

units. However, it must be appreciated that this unit approach is a simplification of reality. 

The typical mineral has a complex structure, similar to the idealised arrangement but usually 

with irregular substitutions and interlayering. Figure 2.1 shows some basic silicate units. 

The silicon-oxygen tetrahedron consists of four oxygen atoms positioned around a silicon 

atom to form the unit shown in Figure 2.1a&b. The atoms in this figure are drawn 

approximately to scale based on their atomic radii in units of angstroms (1 A=O. 1nm). The 

figures quoted to the right of each unit give the atomic valence distribution over the unit. 
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Figure 2.1 c shows the alum inium-oxygen octahedron and Figure 2.1 d the magnesium- 
oxygen octahedron. Combination of the silicon-oxygen tetrahedrons shown in Figure 2. la&b 

gives the silica sheet shown in Figure 2.1e. Combination of the alum inium-oxygen 

octahedrons gives gibbsite (Figure 2.1f), and combining the magnes iu m -oxygen octahedron 
gives brucite (Figure 2.1 g). A study of the valances given in Figure 2.1 shows that the 
tetrahedron and two octahedrons are not electrically neutral and therefore do not exist in 

nature as isolated units. Gibbsite and brucite are, however, electrically neutral and exist in 

nature as such (Lambe & Whitman 1969). 

07 
3-OH 

I -, Mg 
d), 0/ 

3-OH 

(d) 

6-OH -6 
Ion ýHadius(A)ýýalence Symbol- 

4-Al -ý-12 si (). 39 +, 4 

6-OH -6 Al 0.57 +3 

M20.78 +2 da i 

6-OH -6 
0 122 -2 

OH 1.32 6- NIg -e- 12 

6-OH -6 

0- 
ý 

122 -2 
7 

OH 1.32 9 

Figure 2.1 Basic silicate units (After Lambe & Whitman 1969) 

(a) & (b) Silicon Oxygen tetrahedron. (c) Aluminium octahedron. (d) Magnesium 

octahedron. (e) Silica sheet. (f) Gibbsite. (g) Brucite. 

2.3.2.1 Two-Layer Sheet Mineral Systems. 

If a brucite unit (Mg3(OH)r, ) is stacked on top of a silicate unit (Si2 05 .2) then the mineral 

serpentine is formed. This is shown in Figure 2.2. This figure shows the serpentine mineral 

in both atomic structure and symbolic structure forms. Combination in a similar form of 

gibbsite (A12(OH)6) and silica give the mineral kaolinite, also shown in Figure 2.2. 

1-0 -2 3-OH -3 

I-Si +4 I-At +3 

1-0 -2 3-OH -3 

-0 -8 -3 4 

+2 4-Si -16 

-3 6-0 -12 
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The actual mineral particle does not usually consist of only a few basic layers as suggested 
by the symbolic structures in Figure 2.2. Instead, a number of minerals are stacked one on 
top of another to form an actual crystal. The linkage between the basic two-layer unit 
comprising of hydrogen bonding and secondary valence forces. 

(c) 

Figure 2.2 Two layer sheet systems 

(d) 

(After Lambe & Whitman 1969) 

(a) Serpentine atomic structure. (b) Serpentine symbolic structure. (c) Kaolinite atomic 

structure. (d) Kaolinite symbolic structure. 

In the actual formation of the sheet silicate minerals the phenomenon of isomorphous 

substitution frequently occurs. Isomorphous substitution consists of the substitution of one 

kind of atom for another. For example, one of the sites filled with a silicon atom in Figure 

2.2a&c could be occupied by an aluminium atom. Such a case of isomorphous substitution 

could occur if aluminium atoms were more readily in abundance at a site than silicon atoms 

during the formation of the mineral structure, Furthermore, aluminium has co-ordinating 

characteristics somewhat similar to those of silicon, thus it can fit into the silicon position in 

the crystal lattice, Figure 2.1. Substituting the aluminium atom with its +3 valence for the 

silicon atom with its +4 valence has two important effects: 

0A net unit charge deficiency results per substitution. 

0A slight distortion of the crystal lattice occurs since the ions are not identical in size. 

Further discussion of the significance of the effect of the unit charge defibency is given in 

§2.3.3. The associated distortion to the crystal lattice tends to restrict crystal growth and 

thus limits the size of the crystal. 
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2.3.2.2 Three-Layer Sheet Mineral Systems 

The three layer sheet minerals are formed from either one gibbsite or one brucite unit 
sandwiched between two silica sheets. Pyrophyllite consists of a gibbsite unit sandwiched 
between two silica sheets as shown in Figure 2.3a&b, and talc of one brucite unit between 

two silica sheets. Isomorphous substitution also occurs in three iayer sheet systems. Figure 
2.3c&d show the mineral muscovite, which consists of the isomorphous substitution of one 
aluminium atom for one silicon atom. The net charge imbalance created by this substitution 
is balanced by the inclusion of potassium ions between the three layer units, these serve to 
link the three layer units together. 

The two most common three layer structures in soils are montmorillonite and illite type 

minerals. Montmorillonite has a structure similar to pyrophyllite with the exception that there 

has been isomorphous substitution of magnesium for aluminium in the gibbsite sheet. Table 

2.2 gives a summary of the sheet silicate minerals of importance to the civil engineer (Lambe 

&Whitman 1969). 

(a) 

6-0 -12 

4-Si - 16 

4-0 
-10 2-OH 

4-Al + 12 

4-0 
-10 2-OH 

4-Si + 16 

6-0 -12 

I-K +1 

6-0 -12 
3-Si' +15 I-Al 

4-0 
- 10 2-OH 

7/ 

/ 

(b) 

m 

a 

4-Al +12 

4-0 
- 10 2-OH 

3-Si +15 I-Al 

6-0 -12 
I-K +1 

(c) (d) 

Figure 2.3 Three layer sheet systems (After Lambe & Whitman 1969) 

(a) Pyrophyllite atomic structure. (b) Pyrophyllite symbolic structure. (c) Muscovite atomic 

structure. (d) Muscovite symbolic structure. 
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Chapter 2. A review of electrokineticohenomena in soils 

2.3.2.3 Mixed Layer Clays 

More than one type of clay mineral is usually found in most soils. Due to the great similarity 

of the crystal structure amongst the different minerals, interstratification of two or more layer 

types often occurs within a single particle. Interstratification may be regular, with a definite 

repetition of the different layers in sequence, or it may be random. According to Weaver & 

Pollard (1973), randomly interstratified clay minerals are second only to illite in abundance. 

The most abundant mixed layer material is composed of expanded water-bearing layers and 

contracted non-water-bearing layers. Montmorillonite-illite is most common, and chlorite- 

vermiculite and chlorite-montmorillonite are often found (Mitchell 1993). 

2.3.3 SOLID PHASE ELECTRICAL CHARGE 

Every soil particle carries an electrical charge. Although a soil particle can carry either a net 

negative or a net positive charge, most commonly negative charges have been measured 

(Lambe & Whitman 1969). This net negative electrical charge present on soil particles may 

arise from any one or a combinationof the foilowing factors: 

Isomorphous substitution of cations at their surfaces; this gives most clay particles a 

net negative surface charge. This process is a source of CEC (Cation Exchange 

Capacity, §2.5.1.2) 

* Surface disassociation of hydroxyl ions, replacement of hydrogen in exposed 

hydroxyl groups by other cations. Hydroxyls tend to disassociate in water 

SiOH --> SiO- + H+ 

This process is catalysed by high pH conditions, leading to a greater net negative 

surface charge, 

Breaking of Bonds at particle edges which gives rise to unsatisfied negative charges, 

which may be balanced by sorption of cations. This is the major source of CEC in 

kaolinites. The importance of this process increases with decreasing particle size. 

e Adsorption of anions. 

0 Presence of organic matter. 

Whilst, in most cases clay surface charges are negative it is possible for positive surface 

charges to form. Aluminium, which is arnphoteric may become ionised positively at low pH 

values and negatively at high pH values. Hence, a positive edge charge may form in acidic 

environments e. g. kaolinite at low pH values (Mitchell 1993). Of these charge affecting 
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Chaj2ter 2. A review of electrokinetic phenomena in soils 

factors isomorphous substitution is the most important (Lambe & Whitman 1969). In addition 
to a net charge, a soil particle can carry a distribution charge because the seat of the 
negative charge and positive charge do not coincide, this can be seen in the atomic structure 
diagrams given in Figures 2.1,2.2 and 2,3. 

Since the magnitude of the electrical charge is directly related to the surface area of the soil 
particle, it follows that the larger the surface area per unit mass of dry soil the greater the 
relative influence of the electrical forces on the behaviour of the soil particle over mass 
derived forces. The adjective for particles whose behaviour is controlled by surface derived 
forces, rather than mass derived forces is "colloidal". The size range of colloids has been set 
at between 1 nm to 1 ýim. Smaller than 1 nm lies the diameter of atoms and molecules, larger 
than 1 ýtm and the particles are predominantly influenced by forces of mass, a lower limit of a 
specific surface of 25M2 /g has also been suggested as the lower limit for colloidal behaviour 
(Lambe & Whitman 1969). Table 2.3 presents typical soil particle properties for the range of 
particle sizes usually encountered in soils, and Tables 2.2a&b gives values of specific 
surface for commonly encountered clay minerals. 

However, the distinction between silts and clays has been based partially upon laboratory 

settlement times calculated using Stokes' Law (Stokes 1891), which assumes spherical 

particles. True "clay" particles are however found with particle sizes up to 20l_tm, whereas 
If non-clay" particles are found with sizes as low as 1 lim (Lee et al 1983). Hence, some silt 

particles demonstrate colloidal properties. 

Table 2.3 Characteristics of soil particles (After Foth 1984) 

Particle Diameter (mm) Number of particles 

per gram 

Surface area per 

gram (CM2) 

Very Coarse Sand 90 11 

Coarse sand 2.00-0.02 720 23 

Medium sand 5,700 45 

Fine sand 0.20-0.02 46,000 91 

Very fine sand 722,000 227 

Silt 0.02-0.002 5,776,000 454 

Clay Below 0.002 90,260,853,090 8,000,000 

2.3.4 SOLID PHASE FABRIC AND STRUCTURE 

The soil fabric is defined as the size, shape and arrangement of the solid particles, organic 
inclusions and the associated voids within a soil mass. The term structure is the element of 
fabric that deals with the arrangement of a particular size range. Thus clay particle 
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arrangements constitute structure whereas the arrangement of particle groups for example in 
layers having different particle sizes comes under fabric (Rowe 1972). There are four 
principle structural arrangements of clay particles that are described by van Olphen (1977); 
these are shown in Figure 2.4: 

" Dispersed. No face-to-face (FF) association of clay particles. 

" Aggregated. Face-to-face (FF) association of several clay particles. 

" Flocculated. Edge-to-edge (EE) or edge to face (EF) association of aggregates. 

" Deflocculated. No association between aggregates. 

Stable suspensions or dispersions of clay particles require the particles to be deflocculated, 

and this is of great importance in drilling mud engineering. The arrangement of clay particles 
can be altered by controlling the pH and ion concentrations of clay particle suspensions. 

For example, Na"' clays tend to deflocculate, whereas Ca 2+ clays tend to flocculate. This is 
due to Na+ ions being smaller and having water of hydration attached to them; thus 

separating the clay particles more (Bitton & Gerba 1984). 

In addition, the addition of NaCl to a clay suspension will cause the particles to flocculate 

due to suppression of the diffuse double layer thickness, see § 2.5.1. 

If the salt is then leached out of the clay thus formed it will tend to deflocculate and disperse 

on remoulding, thus forming a "quick" clay (Bjerrum & Rosenqvist 1956). 

The soil fabric and especially the macrofabric, i. e. those features and their spatial 

arrangement that are apparent to the unaided eye or low powered magnification, (McGown 

et al 1980) can have a significant effect upon the way in which a soil will behave in terms of 
its shear strength, compressibility, consolidation and permeability characteristics. 

2.4 LIQUID AND GAS PHASE SOIL CHEMISTRY 

A saturated soil with a void ratio of greater than 1.0 has a greater volume of water than of 

solids, and void ratios in excess of 1.0 are the norm in the case of fine grained soils (Mitchell 

1993). Historically, the study of soil has concentrated on the study of structure and 

mineralogy of the solid phase, with little emphasis placed upon the role of the liquid and gas 

phases. Mitchell (1993) suggests two possible reasons for this: 
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\\\ /-/'\' 

\\ 
(a) 

111 --:: ---: -e 11 eýe 
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Pores 

(e) 
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Figure 2.4 Modes of particle association in clay suspensions (After van Olphen 1977) 

(a) Dispersed and deflocculated. (b) Aggregated and deflocculated. (c) Dispersed and 

flocculated. (d) Dispersed and flocculated. (e) Aggregated and flocculated. (f) Aggregated 

and flocculated. (g) Aggregated and flocculated 

Classical soil mechanics is founded on the concept of effective stress, which postulates 

that volume change and strength behaviour depend on the stress carried by the soil 

grain structure and that the fluid phase is neutral. 
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0 The physical properties of water are well known -a clear, colourless, odourless, 
tasteless liquid that has a density very nearly equal to unity, freezes at OOC, boils at 
1000C, and has quite well defined viscosity and thermal properties. 

The reality of the situation is not, however, so simple because neither water nor the surfaces 
of the soil minerals are inert. They, therefore, interact with each other, with water molecules 
being strongly attracted to and adsorbed on soil particle surfaces 

2.4.1 GAS PHASE 

Most sedimentary clay deposits are fully saturated or very nearly so, and it is in these soils 
that the process of consolidation is most significant. The presence of air in the voids is 

discounted; to allow for partial saturation would make the analysis much too complicated for 

practical use (Head 1994). 

The gaseous constituents of a soil are derived largely from the atmosphere, the respiration 

and metabolism of soil organisms, and from the evaporation of soil moisture. Soil air is 

continuous with the atmosphere provided that the soil surface is not sealed due to 

compaction or crusting, and such continuity ensures the free movement and exchange of 

gasses. The gases move along gradients of partial pressure, so that oxygen will tend to 

migrate from the atmosphere where its partial pressure is high into the soil where it is low. 

Conversely, carbon dioxide and water vapour will tend to migrate from the soil into the 

atmosphere. Movement of gases may occur by diffusion, mass flow or in dissolved form, 

with diffusion being by far the most significant of these processes (Ellis & Mellor 1995). The 

role of the gas phase present in soils will not be discussed any further in this thesis. 

2.4.2 LIQUID PHASE 

A pure water molecule (H20) is composed of a V-shaped arrangement of atomic nuclei that 

has an average H-0-H angle of slightly less than 1050, as shown in Figure 2.5. The outer 

shell electronic charges, six from the oxygen and one from each Of the hydrogen atoms, are 

distributed in the form of electron pairs. The resulting configuration is a tetrahedron with two 

positive corners that are the sites of the hydrogen protons and two negative corners that are 

located above and below the plane of the atomic nuclei. This arrangement causes an 

imbalance of charges, with the centre of the positive charge at one end and the centre of the 

negative charge at the other end (Tan 1993). Bond energy considerations have shown that 

the H-0-H bond is about 40% ionic and 60% covalent, thereby accounting for both the 

directionafity of the bond and for producing a permanent dipole (Pauling 1960). 
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re of -ve charge 

Oxygen Atom 

Hydrogen Atom 

Centre of +ve charge 

rigure z.: ) Atomic arrangement ot a water molecule (After Tan 1993) 

In water and ice, the positive corner of one molecule attracts the negative corner of another, 
The proton (hydrogen nucleus) is shared by the two oxygens, which results in hydrogen 
bonding and a tendency for each molecule to bond to four neighbouring molecules that 

surround it tetrehedrally (Frank 1958). 

The structure of liquid water is not definitively known, except that some hydrogen bonding 

and ice structure remains. Stillinger (1980) provides a good description of the structure of 
liquid water: 

"Liquid water consists of macroscopically connected, random networks of hydrogen bonds, 

with frequent strained and broken bonds, that is continually undergoing topological 

reformation. The properties of water arise from the competition between relatively bulky 

ways of connecting molecules into local patterns characterised by strong bonds and nearly 

tetrahedral angles and more compact arrangements characterised by more strain and bond 

breakage. " 

2.5 LIQUID/SOLID PHASE INTERACTION 

Interactions between small soil particles, dissolved ions, and water are caused by 

unbalanced force fields at the interface between soil and water. When two particles are in 

close proximity, their respective (electrical) force fields overlap and influence the behaviour 

of the system, if these forces are large relative to the weight of the particles themselves, i. e. 

a colloidal system - 
Clay particles are especially influenced by these forces due to their very 

small size and platy shape (Mitchell 1993). These forces are the governing factors in the 

flocculation-deflocculation behaviour of clays in suspension and volume change and strength 

behaviour at naturally occurring voids ratios. 
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Clay-water electrolyte systems may be classified as hydrophobic colloids as they consist of 
liquid dispersions of small solid particles that have the following characteristics (Mitchell 
1993 & van Olphen 1977): 

" Two phase systems with a iarge interfacial surface area. 

" Have behaviour dominated by surface forces. 

" Can flocculate in the presence of small amounts of salt. 

2.5.1 ION DISTRIBUTIONS IN CLAY-WATER SYSTEMS 

In a dry clay, adsorbed cations are tightly held by the negatively charged clay particles. 
Cations in excess of those required to neutralise the negative charge of the clay particles 
and any anions, are present as salt precipitates. 

When the clay is inundated by water the precipitated salts go into solution. This is the state 
in which most natural soils are encountered, with the salts and anions in solution. 
Due to the negative surface charge of the soil particles the adsorbed cations are in much 
higher concentration near the surface of the clay particle. However, they are also subject to 
diffusion forces to try and equalise the concentration of cations throughout the liquid phase. 
Their freedom to migrate is restricted by the negative electrical field that originates from the 

clay particle surface. The repulsive force due to diffusion and the attractive force due to 

electrostatic attraction lead to the traditionally accepted diffuse double layer model for ion 

concentrations adjacent to a clay particle surface. This phenomenon is key to understanding 
the electrokinetic phenomena in soils. 

Several theories have been proposed for the quantitative description of the ion distribution 

adjacent to a charged surface. The Gouy-Chapman diffuse double layer is the generally 

accepted model within the field of soil mechanics (Gouy 1910, Chapman 1913). Although 

this theory has only been shown to accurately describe the actual distribution of ions for 

smectite particles suspended in a monovalent electrolyte solution at low (<1 00 mole/M3) 

concentration (Sposito 1989). Figure 2.6 schematically shows the distribution of anions and 

cations adjacent to a soil particle based upon the Gouy-Chapman theory after Stern (1924). 

The theory developed independently by Gouy (1910) and Chapman (1913) was originally 

developed for flat plates but has been shown by Verwey and Overbeek (1948) to be 

applicable to round or spherical particles. Stern (1924) and Carnie & Torrie (1984) later 

improved the model by taking into account the ionic dimensions themselves. 

The mathematical derivation of charge and potential distributions adjacent to a charged 

surface is complex and will not be derived here. The reader is referred to Mitchell (1993) 
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and Tan (1993) for a more detailed discussion. The equation for the thickness of the double 
layer (K) is given as Equation 2.1 in order to make the reader aware of the system variables 
that govern its magnitude. 

112 

K= 2noe 2v2 Eqn. 2.1 

Where- 

Eo = Permittivity Of vacuum (8.8542*10-'2 C2j-. lM-1 

D Dielectric constant of fluid medium (Water =80 at 200C) 

k Boltzmann Constantý1.38 *10-23 JOK-') 

T Temperature ("K) 

no Electrolyte concentration 

e= electronic charge (1.602 *10-19 C) 

v= Cation valence 

Double layer 

Rigid (Stern) layer Diffuse layer 
(internal phase) 

- i 
Bulk solution 

-4- 
(External phase) 

Clay particle + 
surface 
(-ve charge) + 

4- 

Clay Concentration of positive ions ION Distrib. 

surface 

d 

Concentration of negative ions 

Surface Plane of shear POTENTIAL 
potential (yo) Zeta potential (ý) 

Electric potential distribution. Distribution 

Fiqure 2.6 Diffuse double layer (After Gouy 1910, Chapman 1914, Stern 1924 & 

Mitchell 1993) 
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It is useful to summarise the implications of Equation 2.1 as given in Figure 2.7. 

INCREASING DOUBLE LAYER THICKNESS 

Electrolyte Exchangeable Temperature ctric 
concentration cation valency constant 

DECREASING DOUBLE LAYER THIC-KNESS 

Low Value 

Figure 2.7 Effect of system variables on double layer thickness 

The implications of the double layer in terms of electrokinetic phenomena will be discussed 

later in this thesis. 

2.5.1.1 Zeta Potential (ý) 

The zeta potential is the electrical potential developed at the surface of shear between the 

bulk liquid and an envelope of water retained by the soil particle, as shown in Figure 2.6. 

The exact position of the shearing plane is unknown, and in reality it is a region of rapidly 

changing viscosity rather than a mathematical plane (Shaw 1969), and the zeta potential 

represents the electrical potential at an unknown distance from the colloidal particle surface. 

The zeta potential is, however, less than the surface potential (YO) which exists at the solid 

liquid interface (van Olphen 1977). Perhaps it is comparable to the Stern potential (Tan 

1993). Typical values of yo are in the range of OmV to -50mV (Mitchell 1993). 

It should again be noted that positive surface charges can also occur with certain soil 

mineralogy, however, in the remainder of this thesis all soil surface charges are assumed 

negative unless stated otherwise. 

2.5.1.2 Cation Exchange Capacity (CEC) 

Cation exchange is the interchange between a cation in a solution and another cation on the 

surface of any surface-active material (Foth 1984). Cation Exchange Capacity (CEC) is 

defined as the sum total of exchangeable cations absorbed, expressed in milliequivalents 
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per 1 OOg of oven dry soil. An equivalent weight is the quantity that is chemically equal to 1g 
of hydrogen. The number of hydrogen atoms in an equivalent weight is Avogadro's number 
(N=6.02*1 023/g mol). A milliequivalent is equal to 0.001g of hydrogen. For example, 1g of 
soil with a CEC of 1 00me/1 OOg would contain 6.02*1 020 per milliequivalent adsorbed 
monovalent cations. Clays have a highly variable CEC ranging from less than 10 to more 
than 100, as shown in Table 2.2a&b (Foth 1984). The type of clay minerals present is the 
principal factor governing the CEC of a clay soil. 

The sand and silt fractions of a soil also have unsatisfied negative charges as was discussed 
in §2.3.3, however, because of their low specific surface (Table 2.3) they contribute little to 
the CEC of most soils (Foth 1984). They, therefore, have little effect on the electrokinetic 
properties of a soil. The CEC of silicate clays is partially dependent upon pH, increasing 

gradually above a pH of about 6 for kaolinite and montmorillonite, as also shown in Figure 
2.8. However, the CEC of organics present in soils is highly pH dependent as also shown in 
Figure 2.8. 

The types of cations present in a soil are usually derived from mineral weathering. The 

greater the supply of a given cation from weathering the greater the likelihood that the cation 

will be adsorbed according to the law of mass action. The amount and type of cations 

actually absorbed is significantly affected by the cations valence and hydrated atomic radius. 

Cations with a greater valence are adsorbed more strongly or efficiently than cations of a 

lower valence. For a given valence, the cation with the smallest hydrated radius will be more 

strongly adsorbed. The dehydrated and hydrated radii of commonly occurring monovalent 

ions is given in Table 2.4. 
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From the data presented in Table 2.4 it is possible to produce a replaceability series for 
commonly found monovalent cation in sail; AI>Ca>Mg>K>Na. This gives an indication to the 
order of abundance of the cations in a natural soil. 

Table 2.4 Atomic properties of some monovalent ions (After Foth 1984) 

Ion 
Radii of Ions, Angstrorý-s- -(A)(I O'cm) Order of Cation 
Dehydrated Hydrated Exchange Efficiency 

Li 0.78 10.03 
Na 0.98 7.90 T' 
K 1.33 5.32 2 nd 

Rb 1.49 5.09 1 St 

2.6 CONDUCTION PHENOMENA IN SOILS 

Several types of flows may exist within soil systems, the flows may occur independently of 
each other or may be coupled, i. e. one type of flow causes flow of another type to occur. 
The four types of flow which occur in soils may be categorised into four groups; fluid, 

electrical, chemical and thermal. It has been established that provided the state of the soil 
remains unchanged each flow rate, or flux, (J) is linearly related to its corresponding driving 

gradient (X) by Equation 2.2 (Mitchell 1991,1993): 

Jii = LiiXi Eqn. 2.2 

Where Lij is the soil conductivity for the flow in question. When Equation 2.2 is written in the 

terms commonly adopted for each of the flow phenomena one of the four classical flow 

equations given in Table 2.5 are obtained. 

Table 2.5 Governing flow equations (After Mitchell 1991,1993) 

LAW Equation Flow Type 

Darcy's qh = kh ih Hydraulic 

Fourier's qt = kt it Thermal 

Ohm's I= Ge ie Electrical 

Fick's JD= Di, Chemical 

Comparison of the equations presented in Table 2.5 with Equation 2.2 demonstrates that qh, 

qt, I and JD are the hydraulic, thermal, electrical and chemical fluxes (flow rates). The 

coefficients kh, kt, ae and D are the hydraulic, thermal, electrical and diffusion coefficients 

respectively. The coefficients it, it, ie and j, are the hydraulic, thermal, electrical and chemical 

gradients inducing the flows to take place. 
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2.6.1 COUPLED FLOWS 

In most cases, a single flow type does not occur independently, although only a single 
driving force may exist (Mitchell 1991,1993) A clear example of this is the movement of 
water containing chemicals under a conventional hydraulic gradient, there is an associated 
flow of chemicals with the hydraulic flow. 

It has been observed that a gradient of one type can cause a flow of another type to take 

place conforming to the equation below, Equation 2.3 (Mitchell 1991,1993)- 

Jii = Lij Xi Eqn 2 I'll 

Where L# is a coupling coefficient, The types of coupled flows that can occuv are given in 
Table 2.6. 

The coupled flow phenomena of interest to this thesis are the electrokinetic phenomena that 

occur in soils under an applied electrical gradient or which Gan generate an electrical 

potential. These are discussed in the ensuing section. The reader is referred to Mitchell 

(1991,1993) for further discussion of the other coupled and direct flow phenomena. 

Table 2.6 Direct and coupled flow phenomena (After Mitchell 1991,1993) 

Gradient (X) 

Flux (J) Chemical 
Hydraulic head Thermal Electrical 

concentration 
- --------------- ------------ - Hydraulic 

Chemical 
Fluid conduction Thermo-osmosis Electro-osmosis 

osmosis 
Darcy's Law 

Thermal 
Isothermal heat 

Heat conduction Peltier effect Dufour effect 
transfer 

Fourier's Law 

Electrical Diffusion and 
Streaming Thermoelectricity 

Current conduction membrane 
current/potential Seebeck effect Ohm's Law potentials 

Thermal diffusion 
Streaming Electrophoresis/ Diffusion 

Ion of electrolyte 
current/potential Ion migration Fick's Law 

i Soret effect 

Key, Text = Electrokinetic phenomena of relevance to this thesis 

Text = Other phenomena of relevance to this thesis 
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2.7 ELECTROKINETIC PHENOMENA IN SOILS 

Electrokinetic phenomena, as they occur within soils, may be defined in terms of five 
categories. Each of which is either related to the movement of charged particles in a fluid 
medium under the action of an applied potential difference, or inducing a potential difference, 

or the movement of fluid within a matrix of charged particles which induces a potential 
difference within the system. The five categories are defined below: 

0 Streaming Potential- Electrical potential difference induced by fluid flow in a charged 
soil particle matrix. 

40 Migration / Sedimentation Potential - Electrical potential difference induced by 

movement of charged soii patcles in a fluid medium. 

0 Electromigrationfion migration - Applied electrical potential difference induces ion 

migration within the fluid phase of a charged soil particle matrix. 

* Electrophoresis - Applied electrical potential difference induces movement of charged 

soil particles within a fluid medium. 

0 Electro-osmosis - Applied electrical potential difference induces fluid flow in a charged 

soil particle matrix. 

Streaming potential, migration potential, electrom ig ration / ion migration and electrophoresis 

will be discussed briefly in the subsequent sections followed by a more detailed discussion of 

electro-osmosis, which is the phenomenon of principal interest in this thesis. 

2.7.1 STREAMING POTENTIAL 

When a hydraulic flow is caused through a soil mass by the application of a hydraulic 

gradient, Figure 2.9, the double layer charges (see § 2.5.1) are displaced in the direction of 

flow. This displacement results in a deficit of positive charges in the region where the water 

flow enters the soil element and an increasing excess of positive charges as the soil element 

is passed through. The overall effect of this charge displacement is the generation of an 

electrical potential difference over the soil element, which is proportional to the hydraulic flow 

rate. Streaming potentials of several tens of millivolts have been measured in clays (Mitchell 

1991,1993). 

2.7.2 MIGRATION I SEDIMENTATION POTENTIAL 

The movement of charged particles, such as clay particles, relative to a solution, as during 

sedimentation of clay particles in a water suspension generates an electrical potential 

difference, Figure 2.9. This is caused by the viscous drag of the solution that retards the 

movement of the diffuse double layer cations relative to the charged particles themselves. 
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2.7.3 ELECTROMIGRATION / ION MIGRATION 
The movement of anions and cations within the fluid phase of a soil mass induced by the 
application of an electrical potential difference. Ions are attracted to the electrode of 
opposite sign and repelled from the electrode of like sign, The principal difference between 
ion migration and electrophoresis is that ion migration can take place within the pore fluid of 
a fixed soil matrix, whereas electrophoresis is the passage of discrete (usually clay) particles 
within a fluid / particle suspension. 

Lageman et al (1989) reports the average mobility of ions in soils as 5*1 0-8 M2 [Vs, an order 
of magnitude greater than the average electro-osmotic permeability of 5* 10-9 M2/VS 
(Casagrande 1952). Hence, anions can usually overcome the electro-osmotic flow and 
migrate towards the anode (Hellawell 1994). 

2.7.4 ELECTROPHORESIS 

If a DC electrical field is applied across a colloidal suspension, charged particles are 
attracted electrostatically to one of the electrodes and repelled from the other. Negatively 

charged clay particles move towards the anode as shown in Figure 2.9. 

Electrophoretic mobilities reported by Lageman et al (1989) and by van Olphen (1977) are in 

the ranges 1 *10-10 to 3*10-10 M2 Ns and 1*10-8 to 3*10-8 M2/Vs respectively. The migration of 
these charged particles affects the soil conductivity and the electro-osmotic mobility 
(Hellawell 1994). 

Electrophoresis has found applications in the densification and dewatering of sludges and 

mine tailings. (Lo et al 1991 b, Shang & Lo 1997, Lo & Shang 1995, Colin 1986, Wakeman 

1982, Sauer & Davis 1994). 

Esrig (1968) reports that the process is inconsequential for most naturally occurring soils. 

2.7.5 ELECTRO-OSMOSIS 

When a DC electrical potential difference is applied across a wet. soil mass ion migration 

(see § 2.7.3) takes place. As the ions migrate they drag with them their water of hydration 

and they also exert a viscous drag on the water around them. Since there are more cations 

than anions in a soil composed of negatively charged clay particles there is a net flow 

towards the cathode (Pamukcu 1996). The flow is initiated in the diffuse double layer, where 

there are significantly more cations than anions due to the proximity of the negatively 

charged clay surface. Figure 2.10 shows the development of the electro-osmotic flow with 
time induced in the double layer. It is possible that due to the electro-osmotic flow the 
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double-layer charges are displaced in the direction of flow, producing a potential difference 
between the ends of the soil mass. This streaming potential may decrease the effect of 
electro-osmosis by reversing the polarity (Pamukcu 1996) 

ELECTRO-OSMOSIS 

The potential difference (electrical 
gradient) induces water flow 

ELECTROPHORESIS 

The potential difference (electrical 
gradient) induces particle movement 

++ 

46 

Anode Anode - Cathode 
Cathode 

Water flow --- -- --- 

ELECTROMIGRATION 

The potential difference (electrical 
gradient) induces anion and cation 
m igration 

* ---- Particle movement 

7ý1 
Anode Cathode 

--Anion movement 
Cation movement - 1, 

ELECTROKINETIC (STREAMING) POTENTIAL 

The movement of the water induces a 
small electrical potential. 

KEY 

MIGRATION (SEDIMENTATION) POTENTIAL 

The movement of the soil particles induces 
a small electrical potential. 

Patcle 
movement 

Saturated clay Voltmet& 
OV 

Clay suspension II 
Power supply (DC) 

Figure 2.9 Electrokinetic phenomena (After Mitchell 1991,1993) 
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Clay particle surface 

Plane of 
shearing 

N 
Zeta 
Potential 

Clay particle surface 

Switching on electrical field. 
4. Steady state flow. 

Figure 2.10 Development of electro-osmotic flow velocity (After Pamukcu 1996) 

There are three theories in general use for electro-osmosis: 

* Schmidt (1950,1951): A small pore theory, allowing for the extension of the counterion 

(ions of opposite sign to the charged surface) layer into the pore space. 

0 Spiegler (1958): Takes into account the interactions of the mobile components (water 

and ions) on each other and of the frictional interactions of these components with the 

pore walls. 

Helmholtz (1879) - Smoluchowski (1914): A large pore theory treating the liquid filled 

capillary between the soil particles as an electrical condenser. 

Although the Helm holtz-Smol uchowski theory is one of the earliest it is one of the most 

widely used (Mitchell 1993), and will be developed fully here as it forms the basis for later 

work in this thesis. 

The electrical condenser analogy assumes that the soil capillaries have charges of one sign 

on or near the surface of the wall and countercharges concentrat ed in a layer in the liquid a 

small distance from the wall, as shown in Figure 2.11. it will be seen from the previous 

discussions on soil particle charges and liquid/sorid phase interactions that these 

assumptions are valid. 

The mobile shell of counterions is assumed to drag water through the capillary by plug flow, 

resulting in a high velocity gradient between the two plates of the condenser. The rate of 
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water flow is controlled by the balance between the electrical force causing water movement 
and friction between the liquid and the wall r 

AV 

ANODE 

(+ve) 

............................... 
............................... 

CATHODE 

-ve) 

Velocity distribution 

Nobile Cations 

Double layer 
.................. 

............................. ................................................ 

Figure 2.11 Helmholtz -Smoluchowski model 

Free fluid 

Plane of mobile 

cations 

__Adsorbed 
layer 

(immobile) 
Capillary wall 

1 

If v is the flow velocity and S is the distance between the wall and the centre of the plane of 

mobile charges, then the velocity gradient between the wall and the centre of the positive 

charges is W6, thus, the drag force per unit area is 77dvldx = i7v/, 5where 77 is the viscosity 

The force per unit area from the electrical field is aAEIAL, where a is the surface charge 

density and JEIAL is the electrical potential gradient, At equilibrium 

v= 
GrAE Eqn, 24 

(5 AL 

or 

tj v 
AL 

Eqn 2.5 
AE 

From electrostatics, the potential gradient across a condenser is given by 

Eqn 2.6 
D 

Where D is the relative permittivity, or dielectric constant of the pore fluid Substitution of C. - 

and 5 into Equation 2.4 gives: 

V=( 
D)AE 

Eqn 27 
r7 AL 

The potential ý is the zeta potential, which is not equal to the surface potential of the double 

layer §2.5.1.1, For a single capillary of area a the flow rate is- 

qa --= va 
DAE 

a Eqn 28 
j7 AL 
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And for a group of N capillaries within total cross-sectional area A normal to the flow 
direction: 

=ý 
DAE 

Na qA= Nq 
,, /7 LL Eqn. 2.9 

If the porosity is n, then the cross-sectional area of the voids is nA , which must equal Na. 
Thus, 

Dn LE 
A qA 

R AL Eqn. 2.10 

By analogy with Darcy's law this may be re-written as: 

qA= ke'e A Eqn. 2.11 

In which, 

16V = Electrical potential gradient (V/m) 'e = LL Eqn. 2.12 

ke =ý 
LD 

n= Coefficient of electro-osmotic permeability Eqn. 2.13 
rl 

k, is, according to the Heim holtz-Smoluchowski theory, relatively independent of pore size 
(Casagrande 1949, Mitchell 1993) as shown in Table 2.7 
Casagrande (1952) suggested that for most practical applications a value for k'. = 5*10-' 

cm 2 /sec-V can be accepted. It can be seen that electro-osmosis can be effective for water 
movement. in fine grained soils compared to water flow under hydraulic gradients (Mitchell 

1993). This can be demonstrated by Figure 2.12 that shows the hydraulic permeabilities of a 
range of typically encountered soils. 

Coefficiert of 1 Jul 10ý 10-3 104 Ja6 le lcý JG8 lag JgIG all 1OF12 
hydradic 

permeability (rn1s) 
L 

Clean sands & sand- 
Mery fine 

9-M sands, silts 

Typical soil types 
Clean 

ni)dmes ancl day-silt Lbfisstred days and daý, silts 
gravels larTinate (>200/o day) 

Dessicated and fissu-ed days 
I 

Drainage GOOD POOR 
PPAGn GqIY 

characteristics IWERVIOUS 

Pem-eablity 
H C+i NEDLAA Low VERY Low 

PR I "cn 
classificatim I 

Figure 2.12 Coefficients of hydraulic permeability (After BSI 1986 & Head 1994) 
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This statement does, however, require qualification by stating that electro-osmosis is not 
always an efficient means to transfer water within fine-grained soils because power 
requirements may make it uneconomical or the rate of consolidation may be too slow. This 
is discussed in the following sections. 

2.7.5.1 Electro-Osmosis Efficiency 

The efficiency and economics, and hence the commercial viability, of electro-osmosis 
depends upon the quantity of water moved per unit charged passed (Grey & Mitchell 1967). 
According to Mitchell (1993), this factor may vary by several orders of magnitude depending 

upon the soil type, water content and electrolyte concentration. A method for evaluating the 

electro-osmotic efficiency has been presented by Grey (1966), Grey & Mitchell (1967) and 
Mitchell (1993) and is described below. 

The method is based upon the fact that electro-osmotic water flow occurs due to the net 
frictional drag exerted on the water molecules by the movement of excess hydrated ions of 

one polarity (§2.7.5). Thus, the greater the excess of ions of one polarity the greater the net 
drag and the greater the electro-osmotic flow. 

Due to the electro-negativity of clay particles, the concentration of cations in the double layer 

is higher, and the concentration of anions is lower than in the free external solution, Figure 

2.6, as described in § 2.5.1. The distribution of anions and cations in the pore fluid may also 
be obtained using the Donnan theory (Donnan 1924). 

The Donnan theory is based upon the fact that at equilibrium the potentials of the internal 

and external phases (Figure 2.6) are equal and the electro-neutrality must be preserved. In 

the case of electronegative clay particles anions will tend to be excluded from the internal 

solution due to the charge on the particles themselves. This is known as Donnan exclusion. 

Thus, it can be seen that the efficiency of electro-osmosis depends upon the relative 

concentration of ions within the internal phase. It has been shown (Grey 1966, Grey & 

Mitchell 1967) that the ratio R of cations to anions in the internal phase, for a symmetrical 

electrolyte (Z' = Z-), is given by Equation 2.14. 

R= C+ I+ (I +Y 
2)1/2 

Eqn. 2.14 
C- + (I + y2 )112 

Where: 

y= 
2COv Eqn. 2.15 
A07 

Where CO is the concentration in the external phase, y is the mean molar activity coefficient 

in the external solution, 7 is the mean activity coefficient in the double layer, and AO is the 

surface charge density per unit pore volume. k is given by: 

AO = 
(cec)p,, 

Eqn. 2.16 
w 
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Wherep, is the density of water, w is the water content and cec is the cation exchange 
capacity (§ 2.5.1.2), The theoretical results of the effect of different activity (A) clay minerals 
on electro-osmotic efficiency are presented schematically in Figure 2.13. 

This shows that inactive clays with a low cec are more electro-osmotically efficient (i. e. 
transport more water per amp passed) than high activity clays with a high cec. This 

theoretical derivation was confirmed by Grey (1966) who presented a plot of the electro- 
osmotic efficiency of sodium kaolinite (inactive clay) and sodium illite (more active clay) as 
shown in Figure 2.14. 

(a 

LLI 

Inactive, low exchange 
capacity - high wc. 

Inactive, low exchange 
capacity - low wc. 

Active, high chang e ca acity - high w,. 

Active, high change apacity - low wc. 

10 -4 10-3 10-2 10-1 

Normality of external electrolyte 

Figure 2.13 Schematic prediction of water transport by electro-osmosis in different 

clay types according to the Donnan concept (After Grey 1966) 

Thus, in conclusion, the efficiency of electro-osmosis depends upon the electrical 

conductivity of the soil mass. The electrical conductivity is in turn controlled by the water 

content, the cec, and the free electrolyte concentration of the pore fluid, as indicated by Grey 
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& Mitchell (1967) and validated by Lockheart (1983) (Acar & Harried 1991 and Mitchell 
1993). The mineralogy of the soil itself also has a major implication upon the soil 
conductivity. These factors are discussed further in Chapter 7 when acceptability criteria for 
soils for electro-osmotic treatment are developed. 

E 
CD 

CD 
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0 E 
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Streaming Potential (Data for 

Kaolinite and Illite, 
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Figure 2.14 Electro-osmotic water transport versus concentration of external 

1000 

0 

electrolyte solution for homoionic kaolinite and illite at various water contents (Grey 

1966) 

2.7.5.2 Energy Requirements For Electro-Osmosis 

As has been seen, the quantity of water moved per unit charge passed (Gal/h/Arnp or 

mole/faraday) is extremely useful in assessing the viability of using electro-osmosis on a 

particular site. If this quantity is expressed as ki then: 

kil Eqn. 2.17 

Where k, can vary over a wide range, unlike k, The power consumption is defined by: 
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P= AE/ = 
AEqh 

Eqn. 2.18 ki 

for AE in Volts and I in Amps. The power consumption per unit volume of flow is thus: 

P- AE * 10' kWh 
qh k, 

Eqn. 2.19 

The influence of the various soil parameters on the efficiency of electro-osmosis is shown in 
Figure 2.15 

HIGH ELECTRO-OSMOTIC EFFICIENCY 

p Hc ec W, Free electrolyte 
conc. 

LOW ELECTRO-OSMOTIC EFFICIENCY 

Low Value I High Value I 

Figure 2.15 Influence of soil variables on e-o etticiency (ATTer Nemeton -i vvto) 

2.7.5.3 Relationship Between k. And ki 

The electro-osmotic flow rate is given by: 

qh = kil = ke AE A Eqn. 2.20 
AL 

However, AE/I is resistance and (AL/resistance *A) is specific conductivity (a), hence the 

above equation becomes (Grey 1966, Grey & Mitchell 1967): 

ki - 
cke 

- Eqn. 2.21 
a 

Where: 

ke = Electro-osmotic permeability (cm/s/v/cm) 

k, = Electro-osmotic efficiency (gallonslamp/hour) 

cr = Specific conductivity (Siemens/m) 

c= Constant (1.0 using stated units) 
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This equation is useful in that ke varies within narrow limits as shown in Table 2.7. Hence, 
the electro-osmotic efficiency measured by k, is dependant upon the electrical specific 
conductivity of the soil (a). This association will be utilised and advanced in Chapter 7 to 
assist in defining acceptability criteria for soils to be treated by electro-osmosis based upon 
standard laboratory tests. 

2.7.5.4 Constant Current And Constant Voitage Tests 

Electro-osmosis may be carried out by applying constant current or constant voltage. During 
treatment the resistivity of the soil changes due to electro-chemical changes (§2.7.5.5) and 
desiccation of the soil. When constant voltage is applied, the magnitude of the current 
decreases corresponding to the increase in the resistance of the soil mass being treated. 
Likewise, if constant current is applied, the corresponding applied voltage would increase, 

Hamir (1997) carried out a series of basic tests to assess the difference between constant 
voltage and constant current tests. The findings of his investigation were that in terms of the 

properties of the treated soil no distinction between the two methods could be found. 

However, it should be remembered that the generation of negative pore water pressure is 

proportional to the applied voltage, see § 2.7.5.6. 

2.7.5.5 Electrolysis Effects Associated With Electro-Osmosis 

During electro-osmotic treatment of a soil mass the whole system acts like an electro- 

chemical cell in which cations migrate to the cathode and anions migrate to the anode. 
Reduction reactions take place at the cathode, with the principal reaction being the reduction 

of water into hydrogen gas. At the anode there is the possibility of two distinct oxidation 

reactions; the oxidation of the anode material itself into its oxide or the oxidation of H20 to 

yield 02 (Eastwood 1997). Hence, the anode will degrade, with the rate of degradation being 

dependent upon the material from which the anode is manufactured. A schematic of the 

movement of current and the electrolytic reactions that may occur during electro-osmotic 

treatment are given in Figure 2.16 The durability of alternative anode materials is discussed 

in the chapter on the development of the EKG, Chapter 3. 
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Figure 2.16 Schematic illustrating the movement of current through the 

electrochemical cell set up by electrokinetic phenomena imposed upon a soil mass 
(After Eastwood 1997) 

(i) 2H20 + 02 +4e---> 40H or 2Hý + 2e -> 
H2 

Iron anode- Fe + H20 FeO + 2H"' + 2e- or 21-120 02 + 4H' + 4e 

Copperanode Cu+ H20 CUO + 2H4 + 2e- or 2H20 02 + 4H+ + 4e 

Carbon anode C+ 21-120 C02 + 4H 
4+ 

4e- 

The liberation of hydrogen ions at the anode causes a decrease in the pH (more acidic) 

whereas the increase in hydroxide ions at the cathode causes an increase in pH (more 

alkaline) (Eykholt & Daniel 1994 and Alshawabkeh & Acar 1996). If these ions are not 

removed or neutralised from the anode and cathode electromigration/ion migration will take 

place (§ 2.7), with hydrogen ions moving towards the cathode (acid front) and hydroxide ions 

moving towards the anode (base front). The advance of acid and base fronts is governed by 

ion migration as well as electro-osmotic flow, diffusion, and the buffering capacity of the soil 

medium (Hicks & Tondorf 1994 and Acar et al 1993). Owing to a higher ratio of charge to 

ionic size H+ ions move more rapidly than OH- ions during electromigration. Additionally, 

electro-osmotic flow occurs in the same direction as H+ migration, but it opposes the 
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direction of OH- migration. As a consequence, the acid front from the anode moves faster 
than the base front from the cathode, so that acidic conditions prevail throughout most of the 
soil mass (Acar et al 1993, Jacobs et al 1994, Eykholt & Daniel 1994, Hicks & Tondorf 1994). 
The electrical conductivity of the soil is affected by the distribution of H+ and OH- as well as 
other ions in the pore fluid, in turn the electrical conductivity of the soil affects the potential 
gradients that drive electro-osmosis (Chen et al 1999). Where the acid and base fronts 
intersect, H+ and OH- react to form water and create a zone where the pH is almost neutral 
and the ionic strength of the pore fluid is minimal. As a result, the electrical conductivity 
within this zone decreases causing the electrical gradient to steepen. Away from this zone 
the electrical conductivity generally increases because of an increase in the concentration of 
either H"' or OH- (Alshawabkeh & Acar 1996 and Chen et a/ 1999). The result of this is that 

electro-osmosis becomes inefficient due to a large proportion of the electrical potential 
difference being dropped over the "neutral" zone. 
Interactions may also occur between the soil minerals and pore fluid during electro-osmosis. 
Many laboratory studies of electro-osmosis have utilised kaolinite as their soil medium, as 
this is a relatively pure monomineralic clay these interactions may well be minimised. 
However, many real soils contain minerals that interact and retard ion transport. As a result 

the rates of migration of H+ and OH- may be significantly slower in real soils in the field than 

in laboratory experiments using kaolinite (Chen et al 1999). 

2.7.5.6 Pore Water Pressures Induced By Application Of An Electrical Potential Field 

Esrig (1968) has presented solutions for the development of pore water pressures under an 

applied electrical potential field. The solution derived by Esrig hinges upon some basic 

assumptions that are simplifications of the real situation, but without these simplifications the 

analysis of electro-osmotc treatment would be greatly complicated. These assumptions 

may be summarised as (after Esrig (1968) and Casagrande (1983)). 

* The soil is homogenous and in a fully saturated state. 

+ The physical and physiochemical properties of the soil are uniform throughout and are 

constant with time. 

Electrophoresis of fine grained soil particles does not occur. 

There is a proportionality between the electrically induced velocity of water flow (v) 

through the soil and the voltage gradient (V). The proportionality factor being the 

coefficient of electro-osmotic permeability i. e. the Helmholtz- Smoluchowski equation is 

applicable: 

ke av 
ax 

* All applied voltage is effective in moving water. 

* The electrical field produced throughout the soil mass is constant with time. 

+ No reactions occur at the electrodes (e. g. electrolysis). 
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Fluid flows due to an electrical field and due to a hydraulic gradient may be 

superimposed to find the total fluid flow. 

Some of these assumptions are inherantly incorrect: 

+A natural material is very rarely, if ever, homogenous. 

The resistivity of the soil undergoing electro-osmosis has been shown to vary, with both 

position and time (Wade 1976 and Adali 1999), both due to desiccation and 
electrochemical changes. Separation of the electrodes from the soil may also occur due 
to gas formation caused by electrolysis. Hence, the physical and physiochemical 
properties of the soil vary with time as does the electrical field. 

Electrolysis does occur during all electro-osmotic treatments. 

However, the assumption that fluid flow caused by an electrical field may be superimposed 

on the flow caused by a hydraulic gradient is particularly important for the theory developed 

by Grey (1966). The validity of the assumption has been confirmed both prior to and since 
the publication of Grey's theory. Grey & Mitchell (1967) demonstrated the validity of the 

theory indirectly through the measurement of streaming potentials resulting from hydraulic 

flows and Wan & Mitchell (1976) for the superposition of porewater pressures generated by 

surcharge loading and electro-osmosis. The acceptance of this assumption is key in that it 

signifies that it is irrelevant if hydraulic flows have been induced by the application of load or 

in response to the application of an electrical field. 

Accepting the validity of superposition of electrical and hydraulically driven flows through an 

incompressible soil mass and limiting consideration to 1-D flow gives, by conservation of 

mass: 

av +a 
Vh 

=0 Eqn. 2.22 
ax ax 

Where v is the velocity of flow due to the electrical potential gradient (Nlax) (i. e. Helmholtz - 
Smoluchowski equation) and Vh is the velocity of flow due to the hydraulic gradient (i. e. 

Darcy's equation). 
Differentiation of Equation 2.22 with respect to x and inserting Helmholtz - Smoluchowski's 

and Darcy's equations give: 

k 
a2 Vk a2U 

0 Eqn. 2.23 
e&w --T+T 7W 

rearranging gives: 

a2uky a2V 

-+ 
Wý e, w_=0 Eqn. 2.24 

aX2 k aX2 

and substitution of the variable 4, where: 

ý=k V+U Eqn. 2.25 
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gives: 

a2ý 

aX2 
=0 Eqn. 2.26 

which is Laplace's equation in a 1-D system. Integrating once gives: 
0ý 

= C1 Eqn. 2.27 Ox 

and integrating again gives: 
ý= XCI + C2 

Eqn. 2.28 
Where C, and C2 are constants of integration, which are dependant upon the boundary 
conditions. The possible drainage conditions that may exist at the electrodes that govern 
these boundary conditions are discussed in the following section. 

2.7.5.7 Electrode Drainage Conditions And Pore Water Pressures 

The drainage conditions, which may apply to either the anode or the cathode, may be 
defined as one of the following two conditions. 

0 Open: This condition exists when the electrode is open to the atmosphere and 

contains atmospheric or hydrostatic pressure, such that no excess pore 

pressure can exist at the electrode i. e. u,, =O. This condition will occur where an 
EKG is utilised with an external filter in place, or where a more conventional 

metallic type electrode is used together with an associated drainage path, e. g. 

sand drain or hollow perforated electrode. An open electrode may also be 

pumped, recharged or simply allowed to overflow. 

0 Closed. This condition exists when the electrode is essentially sealed such that no 

passage of gas or fluid can take place along the length of the electrode and 

excess pore pressures may develop. An example of a closed electrode would 
be a reinforcing bar or a length of railway track. 

Anode and cathode men with rechame 

The boundary conditions for the solution of Equation 2.28 in this situation are. 

Cathode: x=0, V=0, u=0 and hence ý=0 

Anode: x=L, V=V,, i,,,, u=0 and hence ý=k Vmax 

Where V, ax is the maximum voltage applied to the system at the anode. Substitution of the 

cathode boundary conditions into Equation 2.28 gives C2 =0 and substitution of the anode 

boundary condition gives the constant of integration C, as being equal to: 
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cl _ 
key,,, 

-Vmax Eqn. 2.29 kL 

and substitution of this into Equation 2,28 to give ;- and then into Equation 2.25 to give u 

yields: 
ke 

7, Vmax 
x-v 

kL 
Eqn. 2.30 

However, in a linear electrical potential field the term in parenthesis in Equation 2.30 is equal 
to zero. Hence, u=O at all points between the anode and the cathode, i. e. zero excess pore 

water pressure is generated, hence no consolidation occurs. This pore water pressure 
distribution is shown schematically in Figure 2.17. 

Anode closed and cathode open with free access to water 
In this instance the boundary conditions for the solution of Equation 2.28 are: 

Cathode: x=0, V=0, u=0 and hence 4=0 

Anode: x=L, V= Vrnzx, flow velocity is zero 0 
ax 

Once again due to the cathode boundary condition the constant of integration C2=0. 

Substitution of the anode boundary condition into Equation 2.27 also gives C1=0, hence, 

from Equation 2.28 ý=O. Substitution of this into Equation 2.25 gives the solution for u: 

keYwV 

k 
Eqn. 2.31 

Hence, u varies in direct proportion to the voltage at any point, going from zero at the 

cathode to a minimum at the anode. This pore water pressure distribution is shown 

schematicaily in Figure 2.17. 

However, from a practical point of view Johnston (1978) has demonstrated that due to the 

occurrence of cavitation in the pore water the minimum negative pore water pressure that 

can be generated is limited to approximately -100kPa. 

Anode open and cathode closed 

The boundary conditions for this arrangement for the solution of Equation 2.28 are: 

Cathode: x=0, V=0, and flow velocity is zero 
aý 

= ax 

Anode: x=L, V=V,,..,, u=0 and hence ý=k Vmax 

Where Vmax is the maximum voltage applied to the system. Substitution of the cathode 

boundary conditions into Equation 2.28 gives: 

ke I- Eqn. 2.32 
k 
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and the substitution of this into Equation 2 28 to give ý and then into Equation 2 25 to give u 
yields- 

U 
ýe 

Y. (Vax 
- V) Eqn 2 33 k 

Indicating that positive pore water pressures will develop at the cathode and tend to zero at 
the anode. This pore water pressure distribution is shown schematically in ýFigure 2.17 
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Figure 2.17 Pore water pressures for different electrode drainage configurations (after 
Brig 1968) 

2.7.5.8 Uses Of Different Electrode Configurations 

The proposed use of the electro-osmosis installation governs how the open and closed 

electrodes are located within the electro-osmosis system. Table 2.8 summarises 

applications for the different permutations of electrode configurations that have been used in 

the field and laboratory. 
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From Table 2.8 it will be seen that the configurations used for consolidation / dewatering in 
practice and in laboratory studies are: 

0 Open Anode not recharged - Open Cathode with overflow 

0 Closed Anode - Open Cathode with overflow 

0 Closed Anode -Open Cathode pumped 

0 Closed Anode - Closed Cathode 

Comparison of Table 2.8 with Figure 2.17 shows that these configurations are associated 
with the formation of zero or negative excess pore water pressures at the anode and zero or 
positive excess porewater pressures at the cathode. 

2.8 SYNOPSIS OF CHAPTER 2 

Chapter 2 has introduced the fundamental constituents of soils that are amenable to 

treatment by electrokinetic phenomena. The solid, liquid and gaseous phases of soil have 

been discussed to introduce the background as to why the electrokinetic phenomena occur 
in soils and how the different parameters may influence the efficiency of the electro-osmosis 

process. 
The concepts of coupled flows and electrokinetics have been discussed briefly vyitý a. more 

detailed discussion and derivation of the theory behind electro-osmosis, the phenomena of 

principal interest to the work undertaken in this thesis. The chemical reactions of electrolysis 

that take place during electrokinetic treatment were discussed and the inherent problems of 

durability that these reactions cause introduced. 

The idea of electrokinetiC efficiency was then developed and the influence of the soils 

electrical conductivity as an acceptability criterion was introduced. Finally, the development 

of pore water pressures associated with electro-osmosis were discussed and the concepts of 

different drainage regimes at the electrode positions introduced. 
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CHAPTER 3 

ELECTROKINETIC GEOSYNTHETICS 

3.1 INTRODUCTION 

The purpose of the development of Electrokinetic Geosynthetics (EKGs) is to combine the 

existing functions of geosynthetics (filtration, drainage, reinforcement, separation and 
barriers) with electrical conductivity so that electrokinetic phenomena can be used to 

enhance their performance. These electrokinetic geosynthetics can provide an alternative 

and often more cost-effective solution to complex environmental and ground engineering 

problems than traditional methods. 

3.2 EXISTING GEOSYNTHETIC MATERIALS 

Modern geosynthetics were first developed for the Dutch "Delta Project" during the 1950's 

following the catastrophic floods which occurred in the Netherlands in February 1953 (Van 

Santvoort 1994). The sudden demand for construction materials outstripped the available 

supply and new innovative solutions were developed, with woven geotextiles replacing 

granular filter materials and woven willow branch scour protection (John 1987). 

During the 1960's and 70's the use of geosynthetics in filtration, separation and drainage 

applications increased. Rhone-Poulenc produced their needle punched "Bidim" range of 

geosynthetics, and lCl produced their heat bonded "Terram" range (John 1987). 

Geosynthetic materials used for reinforcement in the form of strips, tapes, sheets and grids 

were introduced in the 1970's. 

The behaviour of a geosynthetic material is governed by either its structural configuration, 

i. e. how its filaments are aligned, or the properties of the materials from which it is 

composed. The most common polymers used in geosynthetics are discussed in the 

following sections followed by a discussion of manufacturing processes to illustrate the 

diversity of types and applications of these materials. 

3.2.1 GEOSYNTHETIC RAW MATERIALS 

Geosynthetics are generally produced from thermoplastics that are polymers that can be 

refashioned by heating as opposed to thermosetting plastics, which cannot be remoulded by 

reheating, and elastomers, which are materials that undergo very large elastic strains under 

minimal stress (Van Vlack 1982). Thermoplastics are further subdivided into two types: 

Page 3-1 



Chapter 3. Electrokinetic Geosynthetics 

Amorphous: Which have a non-crystalline structure, due to their large molecular size. 
Partially -Crystalline: These polymers contain partially crystallinity in their structure, beyond 

which they pass into an amorphous structure. Degrees of crystallinity are usually between 
30% and 75%. 

The majority of geosynthetics are produced from partially-crystalline polymers (Koerner 
1990). The most common polymers used in geosynthetics and their approximate usages are 
given below, and their properties defined in Table 3.1 (Koerner 1990): 

0 Polypropylene (65%) 

0 Polyester (32%) 

0 Polyamide (2%) 

* Polyethylene (1%) 

The manufacture of geosynthetics from these raw materials normally consists of two steps. 
The first step consists of making linear elements such as fibres and yarns. The second step 

consists of combining these linear elements to make a planar structure in the form of a fabric 

or grid. An alternative manufacturing process uses extrusion to form grids or impervious 

sheets. Grids can be formed from the latter (FHWA 1985). 

Table 3.1 Relative properties of geosynthetics (After John 1987 & Nettleton 1996) 

PROPERTY POLYESTER POLYAMIDE POLYPROPYLENE POLYETHYLENE 

Strength High Intermediate Low Low 

Elastic 

Modulus 
High Intermediate Low Low 

Strain @ 

Failure 
Intermediate Intermediate High High 

Creep Low Intermediate High High 

Unit Weight High Intermediate Low Low 

Cost High Intermediate Low Low 

RESISTANCE 
TO: 

UV Stabilised High Intermediate High High 

UV 

Unstabilised 
High Intermediate Intermediate Low 

Alkalis Low High High High 

Fungus/ 

Vermin 
Intermediate Intermediate Intermediate High 

Fuel Intermediate Intermediate Low Low 

Detergents High High High High 
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3.2.1.1 Polymer Additives 

The chemical nature of the polymer from which the geosynthetic is manufactured is also 

significant in governing the durability of the geosynthetic (Van Santvoort 1994). One 

characteristic of synthetics over traditional construction materials is their relative insensitivity 

to a great number of chemical and environmental effects. Many synthetic polymers are, 
however, sensitive to oxidation; either at high temperatures associated with processing 
(thermo-oxidation) and/or due to sunlight (photo-oxidation). The effect of oxidation on a 

polymer is that mechanical properties such as strength, elasticity and strain absorption 

capacity deteriorate and the geotextile eventually becomes brittle and cracks (Van Santvoort 

1994). Specific additives have been developed to counteract these processes: 

0 Anti-Oxidants: These are chemical compounds added to the polymer to reduce the 

oxidative break-down of the poiymer which occurs at higher processing temperatures 

(processing anti-oxidant). They also minimise long-term oxidation when the product is in 

use ("end use" anti-oxidation). 

LIV-Stabilliser: These are chemical compounds added to the polymer, together with 

anti-oxidants in the processing stage to prevent degradation due to UV light. This is 

particularly important for plastic products that are exposed for part or the whole of their 

working life to sunlight. 

3.2.2 GEOSYNTHETIC PRODUCTS 

The polymers used in the manufacture of geosynthetics permit a large range of production 

techniques to be employed. The polymers are typically extruded to form (FHWA 1995): 

" Sheets of extruded polymer, typically up to 5m wide. 

" Slitfilm, 1 to 3mm wide tape like fibres produced by slitting and extruding film. 

" Fibrillated yarns. 

" Strips 20 - 40mm wide. 

" Coarse filaments. 

" Filaments. 

The filaments may be further processed to produce base materials such as: 

0 Staple fibres formed from short lengths (20 to 100mm) of filaments. 

" Monofilament yarn formed from a single filament. 

" Multifilament yarn formed from fine filaments. 
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0 Spun yarn formed from interlaced and twisted together staple fibres. 

Many geosynthetics are produced from an individual type of base material, but some are 
created from a combination of these materials. Geosynthetics generally fall into one of the 
groups outlined in the following section, 

3.2.3 GEOSYNTHETIC TYPES 

Geosynthetic types can be subdivided into groups as follows: 

Wovens: These are produced by having longitudinal warp yarns through which transverse 

weft yarn are interlaced. The intersection is usually at 900, but some weaving looms weave 
at a skew angle (FHWA 1985). Monofilament, multifilament, spun, slit film or fibrillated yarns 
can be used for the production of woven geosynthetics. Monofilarnent and slit film wovens 

are typically thin (0.5mm), while multifilament, spun and fibrillated wovens are typically 

thicker (3 to 1 Omm), Woven geotextiles have been used for filtration, drainage, erosion 

prevention, reinforcement and separation. 

Non Wovens: These are formed from staple fibres or filaments arranged in an orientated or 

random pattern to form a planar structure (FHWA 1985). The fibres are then bonded 

together by one of the following methods: 
1. Chemidal bonding: the fibrous material is laid out and sprayed, or impregnated with a 

chemical bonding agent, such as acrylic resin. The material is then commonly air dried 

to re-establish the open pore structure. 
2. Thermal bonding: the fibrous material passes between heated rollers, forcing the fibres 

into contact with each other and causing partial melting. This leads to the formation of 

thermal bonds at the crossover points. Heat bonded non wovens are usually made from 

single polymer type fibres, as fibres of the same type form the best thermal bonds (John 

1987). Thermally bonded geotextiles tend to be thin (0.5 to I mm) and light, for example 

Terram from Exxon. These geotextiles are commonly used for filtration and separation 

materials. 
3. Mechanical bonding: the fibrous material passes through a device that punches an array 

of thousands of finely barbed needles through it, and then withdraws the needles, 

leaving the fibres entangled. This creates a mechanically entangled non woven 

structure typically 1 to 5mm thick. 

Weft Insert Warp Knit (WIWK)/ Stitch Bonded: These geotextile production techniques 

offer an extremely large variety of possibilities of producing materials and composites with 

particular functions. WIWK technology utilises a combination of weaving and knitting: the 

weft fibres are inserted across the width of the machine, behind the needles. The needles 
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then knit along the machine direction (warp) by forming and stitching loops. This technique 
allows a wide range of geometries to be created; load bearing fibres to be introduced without 
tight radius curves; and brittle or difficult to handle fibres to be utilised (Andersson et al 
1994). These techniques can be used with brittle fibres such as glass and carbon fibres. 
The weft inserts can be introduced in two different ways: 
1. Impaled structures with stitches piercing the insert yarns. 
2. Non impaled structures with stitches around the insert yarns. 

Geogrids: These are grid like structures with large apertures (typically 20 to 100mm). They 
are generally produced by: 

0 Punching a regular array of holes in an extruded polymeric sheet, these are then 

stretched either uniaxially or biaxially, depending upon the characteristics required. 

0 Stitch bonding a rectangular mesh of fibre ropes, which are coated in PVC or other 
polymers to form a protective coating. 

0 Laser welding of solid polymer bars (typically polyester). 

0 Weaving or knitting from yarns. 

These materials are most commonly used for reinforcement and separation. 

Geowelbs: These may be formed from a very coarse weave fabric made of strips (20 to 

40mm wide), or from fibres encased in a tough durable sheath. These materials are typically 

used for reinforcement, erosion control, bank protection and anchorages. 

Geomats: These are produced from extrusion of coarse filaments with a tortuous shape, 

which are bonded at their contact points. These mats are used for erosion prevention and 

as drainage materials. 

Geonets: These are also known as meshes, but the industry has standardised on "Geonets" 

as the name (Koerner 1990). These are formed on extrusion of coarse filaments though a 

die with a set of counter-rotating segments. The molten polymer flows at angles (typically 

600 to 900) forming discrete ribs in two planes. The ribs are typically 1 to 5 mm in diameter, 

and the openings are typically 10 to 100mm. Nets are generally used for reinforcement and 

drainage. 

Geomembranes: These are typically 5m wide extruded sheets of polyethylene or PVC. 

They are relatively impermeable and are use as barriers to flow. 

Geocomposites: Geocomposites are essentially made up from the other geosynthetic 

types. For example, a geonet structure sandwiched between two filter materials to provide a 
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filtration and drainage composite. Other examples include the incorporation of reinforcement 
materials into a non-woven separation material. 

Geosoils: Theses are soils that have geosynthetic materials mixed with them before they 

are deposited (John 1987). 

3.3 ELECTRICALLY CONDUCTIVE MATERIALS 

Geosynthetic materials can be made electrically conductive in a number of ways as 
discussed below. 

3.3.1 INTRINSICALLY DOPED POLYMERS 

Doped polymers can be produced by electrical or chemical deposition, examples are 

polybithiophene, which can be n(+) reduction or p(-) oxidation doped. However, these 

organic conducting polymers are not particularly stable, and are quickly attacked by oxygen 

and water, a process in which the double bonds are attacked and the compound hydrolysed 

(Nettleton 1996). 

Spun polypyrrole is a relatively cheap material that has an electrical conductivity of 100 

S/cm. However, this material is very brittle and would require supporting on some other 

material such as PET or Polym ethyl m ethacrylate (Campbell 1994). 

3.3.2 CARBON FILLED POLYMERS 

Carbon filled polymers are produced by the addition of conductive carbon black powder to 

conventional polymers. Conductive carbon black powder is a high structure (long carbon 

chains) very fine particulate powder formed from the controlled burning of hydrocarbons. 

Virtually all thermoplastics can be compounded with carbon black powder (Wright & 

Woodham 1989). As the concentration of carbon black powder added to the polymer base 

increases so the electrical conductivity increases until the polymer becomes conductive, as 

show schematically in Figure 3.1. 

When carbon black is added to a polymer the physical strength properties are generally 

reduced with the degree of loss being proportional to the concentration of carbon black 

added, the higher the concentration of carbon black the lower the strength. In these 

composites it is the carbon filler that conducts electricity and not the polymer. If carbon black 

is used as the filler then a loading of between 20% - 30% by weight will be required to 

produces a suitable conductive polymer (Jones et al 1996). 
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3.3.3 CARBON FIBRES 

Pure carbon fibres are more conductive than carbon filled poiymers, but are more difficult to 
process. For example, carbon fibre rolled crystals are good stable conductors, but are stiff 
and brittle (Nettleton 1996). 

U) 

(M e 

Figure 3.1 Schematic of conductivity against carbon black loading for thermoplastic 

An additional possible problem with materials that use carbon as the conductive medium is 

that at large voltages carbon oxidises to liberate carbon monoxide and dioxide at the anode, 
Equations 3.1 and 3.2 (Eastwood 1997): 

C+ 2H20 -ý 
C02 + 4H+ + 4e- Eored= 0.207V 

C+ H20 
-> 

CO + 2H+ + 2e- E"red"-'-' 0.518V 

Eqn. 3.1 

Eqn. 3.2 

However, the addition of salt (NaCl) at the anode can prevent this. An additional problem is 

that in low pH (<4) environments carbon is oxidised, and if there is sufficient loss of carbon 

(40% percolation) gaps may from in the structure and electrons can no longer pass through 

the material and conductivity is lost (Nettleton 1996). These problems would also exist with 

a carbon filled polymer. However, at the voltages used for electro-osmosis this problem is 

unlikely to be significant. 

3.3.4 METALLIC FIBRES 

Fibres, metallized fibres or metal-coated fibres can be incorporated into the manufacturing 

process particularly if the material is formed by needle punching or weaving. Metal-coated 

fibres have a low electrical conductivity (10-6 - 10-1 S/cm) and are unsuitable for use in EKGs. 
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However, the metal and metallized fibres are considered suitable, although their durability 
under anodic conditions is likely to be poor, unless they are noble metals, see §3.5.2. 

3.4 THE EVOLUTION OF ELECTROKINETIC GEOSYNTHETICS 

An electrokinetic geosynthetic (EKG) may be defined as "A composite material which may 
provide filtration, drainage, reinforcement in addition to electrical conduction" (IGS 1996). 

The development of new and advanced forms of geosynthetic reinforcement has been 
brought about by a number of factors including market forces, technical challenges, 
innovation and better understanding of the fundamental mechanisms of reinforced soil 
applications (Jones et a/ 1996). 

The origins of the EKG began with groundbreaking research undertaken at the University of 
Newcastle upon Tyne during the early 1990's. The early work began by looking into the 

effects of combined drainage and reinforcement followed by the concept of making 
geosynthetics electrically conductive. 
Jones et al (1996) have reported a series of tests to study the effects of combining a 
drainage material with grid reinforcement in a clay soil (Heshmati 1993). The results of this 
investigation demonstrated that the inclusion of a combined drainage / reinforcement 

geotextile reduced the effective angle of internal friction (ý') of the soil but caused a major 
increase in the effective cohesion (c'). Interestingly, Heshmati (1993) found that the 

materials providing drainage and reinforcement used separately produced greater 
improvement that the same materials providing combined drainage and reinforcement. The 

explanation for this unexpected result being the development of a plane of weakness at the 

interface of the two materials. The implication of this being that it is an essential requirement 

when combining the functions of drainage and reinforcement for the materials to be made 
integral. This finding has also been confirmed by Cunningham (1995). 

Jones et al (1996) introduced the concept of an electrically conductive geosynthetic material 

(EKG) and defined them as a range of geosynthetics, which, in addition to providing filtration, 

drainage and reinforcement can be enhanced by electrokinetic techniques for the transport 

of water and chemical species within fine grained low permeability soils, which are otherwise 

difficult or impossible to deal with. In addition transivity, sorption, wicking and hydrophobic 

tendencies may also be incorporated in the geosynthetic to enhance other properties. It is 

suggested that the EKG can take the form of a single material which is electrically 

conductive, or a composite material, in which at least one element is electrically conductive. 

They can be of the same basic form as present day filter, drainage, separator and 

reinforcement materials, but offer sufficient electrical conduction to allow the application of 

electrokinetic techniques. Jones et al (1996) undertook a series of laboratory studies to 

evaluate the use of conductive geotextiles as electrodes in electro-osmotic consolidation and 
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reinforced soil. The types of geosynthetics used included needle punched geotextiles with a 
I mm diameter copper wire inserted into the geotextile to make it electrically conductive, 
conductive fibre (carbon) needle punched material and modified polyester reinforcing tape 
(Parawebe). The latter was made electrically conductive by the addition of a metal stringer 
aligned parallel to the polyester reinforcing elements. The results of the tests were 
favourable and indicated that the EKG behaved as well as a conventional copper electrode 

In the reinforced soil tests the EKG electrode was used as an anode, with the cathode 
formed from a needle punched EKG. The results of pullout tests showed an increase in 

reinforcement bond of up to 211 % and increases in shear strength of up to 200% compared 
to the values obtained when the geosynthetics were not electrically conductive. Hamir 
(1997) presents the results of the laboratory tests quoted by Jones et al (1996) in their 

entirety. 

The laboratory experiments showed that the EKG electrodes were as good as or better that 

the copper disk control in the generation of negative porewater pressures. It was also found 

that the electrical interface resistance for the EKGs was higher than for the copper disk 

electrode, this was to be expected, as the conducting element of the EKG did not make 
direct contact with the soil, only indirectly through the pore fluid. EKG electrodes were also 
found to function as well as copper electrodes in laboratory consolidation trials but with 
better durability in both normal and reverse polarity electro-osmotic consolidation. 

The concepts of the research presented by Heshmati (1993), Hamir (1997), O'Dwyer (1994) 

and Nettleton (1996) were protected under patent by Jones (1998). This patent was also 

augmented to covering the additional findings and applications presented in this thesis, as 

well as additional interim work undertaken at the University of Newcastle upon Tyne by the 

patent filed by the University of Newcastle (2000). 

Nettleton eta/ (1998) continued the work presented by Jones eta/ (1996) and Ham ir (1997) 

and suggested that a band drain type electrode would be the most suitable configuration to 

fulfil all of the electrode requirements associated with consolidation, bioremediation and 

moisture control in embankments. They suggested that a band drain can be made to act as 

a local distributor of electrical current by incorporation of carbon black fillers into the base 

polymer (see §3.3.2) for either the geotextile filter or the drainage component of the band 

drain. Due to the electrical current requirements for electrokinetic treatment in commonly 

encountered soils a stringer was also required to-conduct and distribute the bulk of the 

current through the band drain. The stringer could take the form of a metallic wire coated 

with a conductive polymer to prevent corrosion due to electrolysis (Nettleton 1996). This 

statement by Nettleton (1996) is perhaps somewhat misieading in that the coating of the 
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metallic wire with a conductive polymer will not prevent corrosion (§3.5.2) but will 
significantly reduce the rate of corrosion of the electrode. 
Sandanasamy (1998) published an European Patent relating to a vertical drain for draining 
fluid from a soil, where the drain comprises an elongate core having one or more channels 
extending along the length of the core to receive fluid and additionally being electrically 
conductive along a substantial length of the core. This is essentially an electrically 
conductive band drain as suggested by Nettleton et al (1998) and Nettelton (1996). 
Netlon Ltd (1998) have filed a patent relating to an electrically conductive band drain which 
was produced in collaboration with the University of Newcastle upon Tyne and is the EKG 
type that has been employed in all field trials related to this thesis. This type of EKG is 
discussed in §3.5. 

Abiera et al (1 999a & b) produced an electro-conductive PVD (Prefabricated Vertical Drain) 
through the insertion of 2mm diameter copper rods into a conventional prefabricated 
geosynthetic drain. The PVD itself consisted of a porous geotextile filter wrapped around a 
plastic drainage core. Other electrode types produced during their research were: 

0 12 copper rods inserted into a conventional PVD 

04 copper rods inserted into a conventional PVD 

0 Conventional PVD coated with electro-conductive paste 

40 Conventional PVD wrapped with carbon fibres 

These electro-conductive PVDs were then used in consolidation experiments and it was 
found that for the same overburden load a faster rate of settlement was achieved using 

electro-conductive drains than when using a non-electro conductive drain with the same 

properties (Abiera et al 1999b). 

In terms of electrode performance it was found that the PVD wrapped in carbon fibres 

produced more settlement at a faster rate. It is also suggested by Abiera et a/ (1 999a) that 

as carbon was inert to electrolytic reactions, it prevented introduction of additional chemical 

species that would have complicated the electro-chemistry of the process, and that the 

copper electrodes were oxidised which caused corrosion of the electrode especially at the 

anode. 
The Author's interpretation of these findings is that as the PVD was wrapped with carbon 
fibre, and there would be intimate contact between the carbon fibres and the soil, the 

interface resistance was less for this electrode type than any other thus giving a greater 

voltage drop over the soil itself. This would result in a more rapid removal of water from the 

soil giving a greater overall settlement and at a greater rate, as observed by Abiera et al 

(1 999a). Again, the statements regarding the degradation of carbon are erroneous as 

discussed in §3.5.2 although it is correct that copper wire would degrade at a greater rate. 

The field application of EKGs has been reported by Pugh et a/ (2000), Pugh (2000) and 

Jones & Pugh (2001) and in this thesis. The results presented demonstrate that EKG can 
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lead to improvements beyond those that can be achieved by conventional geosynthetics 
alone. The EKG used in these field applications is the one that is protected by the now 
Tensar International Ltd. patent (Netlon Ltd 1998) based upon the original Nettleton (1996) 
concept. 

3.5 THE NETLON ELECTROKINETIC GEOSYNTHETIC 

This electrically conductive band drain was originally developed under EPSRC Contract No. 
GR/K20590 (Nettleton 1996). The form of the band drain developed consisted of an 
electrically conductive geonet core surrounded by a thermally bonded non-woven filter fabric. 
The specific design has been patented by Netlon Limited under Patent application GB 
2327686 A (Netlon Ltd 1998). 

3.5.1 THE NETLON EKG CONSTRUCTION 

The core of the EKG consists of a geonet construction manufactured using the counter- 

rotating die method as shown in Figure 3.2, utilising a stationary outer die (Mercer 1987). 

The geonet was extruded from Cabot Cabelece 3892 polymer, which is a specifically 
formulated conductive compound based upon conductive carbon black dispersed in a 

modified high density polyethylene resin (CABOT 1997) i. e. a carbon filled polymer (see 

§3.3.2). The poiymer is specifically designed for extrusion applications, and was originally 
developed for the minimisation of electrostatic discharge hazards in electrostatic sensitive 

environments. The material properties for Cabelee 3892 are given in Table 3.2. The 

extrusion process consisted of keeping the outer die-head stationary and rotating the inner 

die-head, such that the geomesh produced consisted of horizontal ribs intersected by 

diagonal ribs. At the centre of alternate horizontal ribs were located monofilament wires to 

act as current distribution stringers. The reason for these stringers is that the electrical 

conductivity of wire is significantly higher than that of the conductive polymer and as such 

gives more efficient distribution of current through the length of the EKG. If the stringer were 

not included then the electrical current would take the path of least resistance and the 

majority of the current would be passed where the EKG enters the conductive medium to be 

treated, resulting in high localised current densities, causing accelerated degradation in this 

region. A schematic of the drain is presented in Figure 3.3. 
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The core of the drain may, if required, be wrapped with a non-woven filtration fabric as 
shown in Figure 3.3; Terrarn 1000 was used for commercial reasons. The use of this filter 

effectively makes the electrode an open electrode, see §2.7.5.6 and as such negative 

porewater pressures cannot be generated. However, in this configuration the electrode is 

suited for the flushing or purging of porewater if no recharge occurs at the anode. 

Table 3.2 Physical properties'of Cabelec03892 (After CABOT 1997) 

PROPERTY TEST METHOD UNITS VALUE 

Density @ 23*C ISO R1 183 kg/m3 1063 

Volume resistivity CABOT - D007B C2 cm 4*1 02 

Surface resistivity CABOT - D042C f9sq 103 

Tensile strength at break IS0527 MPa 18 

Tensile strength at yield IS0527 MPa 25 

Elongation at break IS0527 % 160 

Surface resistivity CABOT -D042D f9sq 5x1 02 

Note: - Typical value for CABELEC9 3892 obta-in-edlon 0.4mm- thick extruded tape. 

3.5.2 ELECTRODE DURABILITY 

As discussed in §2.7.5.5 electrochemical reactions take place during eiectrokinetic treatment 

of soil which result in chemical reactions taking place at the anode and cathode. The anodic 

reactions result in the consumption of the anode material giving the anode a finite life. The 

durability / service life of the anode is dependant upon the material that is used for its 

Die slots in 
register 

Outer die 
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manufacture. Table 3.3 presents typical corrosion rates for three commonly used anodic 
materials. The apparently low consumption rate of carbon quoted appears to be as a result 
of its low molecular mass and the requirement of 4e- for the oxidation of each carbon atom 
(Eastwood 1997), i. e. more electric current is passed per degradation of each atom. 

woven filter fabric 
'ERRAM 1000) 

xtruded geonet of 
Cabelec" 3892 

ore 
ý Ribs) 

Figure 3.3 Electrically conductive band drain 

Table 3.3 Corrosion rates for common anodic materials 

(After Netlon Ltd 1998) 

(Eastwood 1997) 

Stoichiometric Typical 

Anode Atomic No. Of predicted corrosion 
Degradation reaction 

Material Mass Electrons consumption rate 
(kg A-' year-) (kg A-' year-) 

Fe 55.85 Fe->Fe 2+ 
+2e- 2 9.1 9.0 

Al 26.98 Al-->A, 3+ +3e- 3 2.9 4.5 

C (graphite) 12.01 C+2H20-->CO2+4H++4e- 4 1.0 0.5-2.0 

The typical corrosion rate of 0.5 kg A-' year-', for the consumption of graphite, is believed to 

be representative of the degree of corrosion for graphite block electrodes operating a, 

current densities of up to 1 OAm-'. 

Materials that are more exotic have also found use or have been specifically developed for 

anode materials. These include the naturally occurring noble metal platinum (Pt), gold (Au), 

magnetite (iron oxide Fe304), other metal oxides and the conductive ceramic Ebonex 

(Atravee 2001). These materials are able to withstand significantly higher current densities 

with only a negligible, if any, consumption rate. However, these materials are prohibitively 
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expensive for use in civil engineering applications unless the electrodes are extracted and 
reused. 

Geolkinetics of the Netherlands (Geokinetics 2001) have successfully used Ebonex anodes 
in the commercial application of eýectroremediation, however, they extracted the electrodes 
upon completion of treatment for reuse. Extreme care must be taken during the extraction of 
the Ebonex electrodes due to its brittle, unmaleable nature. 

3.5.3 DEGRADATION OF CARBON LOADED POLYMERS 

Eastwood (1997) undertook research into the degradation of the Anodeflex impressed 

current protection system (Reychem Ltd 2001), and as part of this research looked into the 
degradation of a copper wire coated with a conductive polymer. 
When employed as an anode the carbon loaded polymer experiences dissolution of the 

carbon from the polymer. This results in an increase in the surface electrical resistivity of the 

polymer due to the decrease in the carbon content and due to the presence of voids forming 

on a microscopic scale. The dissolution of the carbon from the surface also exposes carbon 
located more deeply within the polymer structure to dissolution. As such, degradation 

progresses deeper into the polymer this is demonstrated by pitting in the surface of the 

polymer. The research also suggests that the failure of the system would occur before even 
half of the carbon black content was consumed. Once a path has been established to the 

metallic core of the element degradation takes place within a few hours with the polymeric 

coating to the core being forced open due to the increase in volume of the core metal as it is 

oxidised under electrochemical attack. Plate 3.1 shows the cracking of the polymer coating 

of the EKG in laboratory tests, showing the bursting out of the copper oxide from the core. 

3.5.4 DURABILITY OF EKG 

During the development of the prototype EKG in the current research the question was 

posed; how can the EKG be made more durable and what is the best combination of 

polymer and metallic core for durability? As a result of this four prototype electrodes were 

produced by Netlon Ltd. with the following characteristics, all to the same configuration as 

that shown in Figure 3.3. 

0 Alternate copper wire cores with Cabelec 3892 coating and alternate ribs. 

Alternate copper wire cores with Cabelec 3892 with antioxidant IRGANOX (CIBA 2001) 

coating and alternate ribs. 

0 Alternate stainless steel wire cores with Cabelec 3892 coating and alternate ribs. 

0 Alternate stainless steel wire cores with Cabelec 3892 with antioxidant IRGANOX (CIBA 

2001) coating and alternate ribs. 
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3.5.4.1 Durability Test - Apparatus 

In order to determine the durability of each electrode type all were tested simultaneously as 
shown in Figure 3.4. 

400mm 0 plastic 

.,, container 

--------------- ----------------- 7 

------------------ 
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-7-7-7 ------ 
------ -7-7-7- 

-------------- 
----------------- ----------------- ---------------- --------------- -------------- -------------- ------------- 

---------------- 

---------- ------ 
Iýz_- 

--- 

Power supply 
30V 1A each 

II=I 

E-71 

EKG electrode 
-(anode) 

20mm 0 rebar 
I (cathode) 

Kaolin slurry 

Figure-3.4 Schematic plan of durability test 

The test consisted of a 400mm diameter plastic container filled to a depth of approximately 
300mm with a high conductivity kaolin slurry, Into the centre of the container and supported 

with an insulated clamp was placed a 20mm diameter mild steel reinforcing bar. This was 

made into the cathode. At positions of 900 relative to the central cathode were located the 4 

prototype electrodes, as shown in Figure 3.4. These electrodes were cable tied to the plastic 

container and the holes sealed with silicon sealant. Each electrode was then connected to 

the positive terminal of a 30V 1A power supply i. e. a total possible output of 30V - 4A. Each 

power supply was then set to a constant current of 0.5Amps with the voltage control set at 

maximum such that the voltage would increase up to a maximum of 30V to maintain the 

constant current. In this way each electrode passed the same amount of current during the 

test period and hence direct comparison of the durability of the different electrode types 

could be made. As discussed in §3 5.2 the anodic consumption is dependent upon the 

quantity of current passed, 

3.5.4.2 Durability Test - Results 

The power against time curves for each of the electrodes was similar indicating that a similai 

quantity of current had been passed by each electrode, denoting that the comparison of the 

results for each electrode was valid. The stainless steel electrodes used slightly more power 
due to the lower volume conductivity of stainless steel in comparison with copper. The 
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assessment of the degradation of each of the electrodes was carried out in two ways-, a 
visual inspection of the condition of the electrode and a quantitative measurement of the 
surface resistivity of the conductive polymer both before and after use. 
The surface resistivity of the polymer was assessed using a digital multimeter to measure 
the resistance between two fixed points as show in Figure 3.5. To avoid errors a total of 10 

randomly positioned measurements of the resistivity were taken for each of the four 

electrodes, with five reading each being taken on solid polymer and metallic cored elements. 

Digital multimeter 

Element of EKG 
under test 

Figure 3.5 Schematic of apparatus used to measure surface resistance 

The results of the resistance tests are presented in Table 3.4 

Table 3.4 Results of surface resistance measurements 

Electrode Type 

Copper 

Copper + metal deactivator 

Stainless steel 

1.62kf2 

1.49kQ 

Stainless steel + metal deactivator I 1.53kQ 

Maximum resistance measurable by the laboratory multimeter. 

After 

>2MQ 

>2MQ 

>2MQ 

>2MQ 

The visual inspection of each of the electrodes was carried out under well-illuminated 

conditions in the laboratory with the aid of a1 OX-magnification hand iens The results of the 

visual inspection are given in Table 3.5 

3.5,4.3 Durability Test - Conclusions 

The results show that the surface resistances of all of the electrode types had increased in 

agreement with the carbon dissolution mechanism proposed by Eastwood (1997) for the 

degradation of carbon loaded polymers discussed in §3.5.3. Additionally the visual 

Measured surface resistance (Ohms) 

Before 
T 1.56kQ 
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inspection demonstrated that the polymer experiences cracking with the end result that 
electrochemical degradation of the metallic core takes place and due to oxidation of the 
metallic core, and associated increase in volume, the crack width is increased and the rate of 
degradation also increases. The use of stainless steel as opposed to copper appears to 
make little difference once the polymer coating is breached, although it may give an extra 
couple of hours of life. The addition of the metal deactivator gave slightly better performance 
than the polymer with no metal deactivator. The practicality of using a metal deactivator or 
not would have to be assessed on a commercial basis. The EKG is a major improvement 

over conventional metallic electrodes, for the same geometry section. 

Table 3.5 Results of visual inspection with hand lens of EKG anodes 

Electrode Type 
Visual description of Anode condition 

Before After 

Dull plastic surface with some hairline 
Copper Good condition with 

bright plastic surface. 
cracking and green staining (CuO) and some 
open cracks revealing corroded metallic core 

S f h i ome o t e metall c sometimes corroded so much so as not to be 
Copper + metal 

deactivator 
cores are not 
centralised 

present. Cracks tend to be more 
concentrated where metallic cores were not 

centralised 
Dull plastic surface with some hairline 

Stainless steel Good condition with cracking and brown staining (FeO) and some 
bright plastic surface. open cracks revealing corroded metallic core 
S f th t lli tt b d d h i ome o e me a c so as no o e mes corro e so muc somet 

Stainless steel + cores are not present. Cracks tend to be more 
metal deactivator centralised concentrated where metallic cores were not 

I centralised 

As a result of the durability testing undertaken and the review of degradation mechanisms 

the Author developed a calculation method for predicting the anticipated serviceability life of 

EKG in service. The calculation method is presented in Annex A and may be utilised for the 

approximation of EKG electrode life in any application. 

3.5.5 SUGGESTIONS FOR IMPROVEMENT 

Based upon the tests carried out at the University of Newcastle and upon the literature 

review carried out on the durability of conductive polymers the following recommendation are 

made for the improvement of the Netlon EKG: 

The metallic core should be centralised within the polymer shroud to prevent localised 

hot spots of high current density that lead to accelerated corrosion and eventual failure 

of the EKG. 

40 The thickness of the polymer coating to the metallic core should be increased as much 

as is practical for the manufacturing process, however, increasing the thickness will 
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increase the service life of the electrodes but will increase the overall resistance of the 
system. 

The non-woven filter fabric, when required, would be better situated within the central 
core of the EKG. In this way the conductive elements of the EKG make direct contact 
with the soH and decrease the soWelectrode interface resistance. An additional 
improvement would be to replace the filter fabric with a drainage composite that has in 

plane flow capabilities. 

3.5.6 EKG CONNECTION TECHNOLOGY 

The connection of the power distribution cables to the Netion EKG has been investigated 
both at the University of Newcastle and at Netlon Ltd. From this research, it has been 

established that the ideal connection would have the following characteristics: 
Quick and easy to undertake both on site and in the laboratory. 

Achieves a good electrical connection to all of the metallic cores. 
Cheap to manufacture. 

Insulated so that it does not corrode at an accelerated rate compared to the degradation 

of the EKG. 

As a result of these criteria the following connection types were investigated. 

Large crimp 

A single large crimp connection was tested at Netlon Ltd, Blackburn, which consisted of a 

large galvanised connector that accepted all of the elements of the EKG, both polymeric and 

metallic. The connector was attached to the EKG using a hydraulic crimping tool. This 

connection method was found to be unsatisfactory as the crimp did not always penetrate the 

conductive polymer coating to the metallic cores and as such did not achieve a good contact 

with the copper core. This resulted in different resistances in the connection and in practice 

caused a non-uniform potential difference field and possible accelerated degradation of the 

elements of the EKG (Lashmar 1999). 

Double crimp 

The use of two crimps in place of one large one was also tested but was also found to 

experience the same problem with non-uniformity of connection to the metallic cores of the 

EKG (Lashmar 1999). The finished connection is shown in Plate 3.2. 
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Double crimped - stripped EKG 

This method was found to be the most efficient in achieving a good, reproducible. connection 
to the EKG. The method is shown in Figure 3.6, Although this connection method was more 
time consuming than either of the other methods this additional time cost was outweighed by 
the quality and reliability of the connection achieved A completed connection is shown in 
Plate 3.3. 

Cut EKG to 
required length 

(2) 
Cut back solid 

plastic 
elements by 

50mm 

(3) 
Strip metal 

elements, twist 
together into 

groups of 5 and 
crimp 

Figure 3.6 Double crimped electrode connection details 

Connect crimps 
together and 

attach to crimps 
on power 

distribution cable 
Wrap in self- 

amalgamating 
ta pe 

A modification to this connection, but based upon the same principle was developed to allow 
for the use of armoured cable vAth earth return- The details of this connection are given in 

Figure 3,7, and shown in Plate 3.4 

3.5.7 THE FUTURE OF EKGs 

Science, engineering and technology are constantly in a state of flux and as such it is difficult 

to predict what the future will have in store for EKG development. 
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However, it is apparent that one of the next major steps would be the development of a 
combined drainage, reinforcement and electrically conductive element, possibly along the 
lines of an electrically conductive Paradrain (Terram Ltd 2000) (see §5 6.2.2) as discussed 
later on in this thesis, with a sacrificial electrically conductive element. 

One aspect of EKG that needs to be addressed is durability. As has been discussed, the 
EKG in its current form has a finite life due to the degradation of the carbon black in the 

polymer matrix, However, as materials and knowledge develop it may be possible to 
develop more electrochemically stable materials at a lower cost that may be used in future 
EKGs 

EKG 
electrode 

Potting 
compound 

Cable gland 

Armoured 4 
cable 

Crimp 
connector Earth continuity 

strap 

Plastic box (licl 
removed) 

Core of 
armoured cable 

per plate 

Figure 3.7 Waterproof double crimped electrode connection details with armoured 

cable (lid removed) 

3.6 SYNOPSIS OF CHAPTER 3 

This chapter has briefly addressed the history behind the development of modern 

geosynthetics and has outlined the types of materials that are used for the manufacture of 

geosynthetics and the products that are produced from these raw materials. 

The theme of making geosynthetics electrically conductive has then been introduced through 

a review of electrically conductive materials that could be used to form geosynthetics. The 

historical development of Electrokinetic Geosynthetics (EKG) has then been discussed from 

fundamental studies carried out by Heshmati (1993), O'Dwyer (1994), Cunningham (1995) 

and Hamir (1997) to the filing of patents in this field by Jones (1998), Netlon Ltd (1998) and 

University of Newcastle (2000) through to full scale field trials reported by Pugh et al (2000), 

Pugh (2000) and Jones & Pugh (2001). The Netlon EKG has been introduced (Netlon Ltd 
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1998) and its construction, durability and use in the field discussed. The chapter then 

concluded with a brief look at the future development of EKG technology. 
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3.8 CHAPTER 3 PLATES 
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Plate 3.1 Electro-chemical cracking of polymeric coating on EKG 

Plate 3.2 Large double crimp connector 
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Plate 3.3 Double crimped stripped connection 

Plate 3,4 Armoured cable double crimped stripped connection 



CHAPTER 4 

GROUND IMPROVEMENT - ELECTRO-OSMOTIC CONSOLIDATION 

4.1 GROUND IMPROVEMENT - INTRODUCTION 

The definition of what ground improvement is and why it has come about as a technique is 

perhaps summed up best by the following two quotations: 

"Due to the shortage of developable land and the ever-increasing size of the world 
population we, as engineers, are often forced to develop on land which is initially inadequate 
for the loads that are proposed to be placed upon it, without resorting to elaborate deep 
foundations. Ground improvement techniques are the methods which engineers have to 

make originally unacceptable ground fit for its purpose. " (Mitchell 1970). 

"Ground improvement of a soil involves improving the geotechnical characteristics for 

construction purposes. Problems relating to construction in soil arise from their lack of 

strength which manifests itself in their deformation or in some exceptional cases ground 
failure. Problems are also associated with water in soils. Hence ground improvement is 

primarily concerned with enhancing a soils strength or reducing or excluding the water 

content. " (Bell 1993b). 

4.1.1 GROUND IMPROVEMENT TECHNIQUES -A REVIEW 

Ground Improvement techniques can essentially be divided into two groups dependant upon 

soil type (Mitchell 1970). Those acceptable primarily for treatment of cohesioniess soils and 

those used for treatment of fine grained, cohesive soils. 

Loose cohesionless soils generally do not prove serious problems in terms of strength under 

static loading, but may be hazardous from the standpoint of liquefaction under seismic or 

other types of dynamic loading (Mitchell 1970). In contrast, inadequate strength is more 

often the main problem encountered when dealing with soft clay. 

A further subdivision may also be made depending upon whether the treatment method is 

applied in situ or ex situ. As it is envisaged that electro-osmosis, for consolidation purposes, 

would be applied in-situ only in situ ground improvement techniques are reviewed in this 

chapter. 
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electro-osmotic consolidation 

Cohesionless soils may be treated in situ by (after Mitchell 1970): 

Blasting - Explosive compaction 
Cement stabilization 
Compaction piles 
Dynamic compaction 
Grouting and compaction grouting 
Vibrocompaction 

Vibroreplacement 

Cohesive soils may be treated in situ by: 

Additives 

Compaction 

Compaction grouting 
Concrete columns 
Dynamic compaction 
Electro-osmosis 

Jet grouting 
Lime and lime/cement columns 
Lime piles 
Precompression with or without wick/sand/band drains 

Thermal treatment 

Vacuum preloading with drains 

Vibroreplacement - stone columns 

The applicability of these methods is best demonstrated by relating them to the usual range 

of soil particle size to which they are applied, as shown in Figure 4.1. 

No further discussion will be given relating to ground improvement techniques for granular 

soils, to which electro-osmosis is not applicable. The reader is referred to Bell (1 993b), 

Bergado et al (1994) and Moseley (1993) for further information and discussion on these 

techniques. 

4.1.2 GROUND IMPROVEMENT TECHNIQUES FOR COHESIVE SOILS 

The ground improvement techniques that are applicable to cohesive soils have been outlined 

in §4.1.1 and are given in Figure 4.1. These are direct alternatives to electro-osmotic 

consolidation and will now be discussed based upon the classification of the type of 

treatment method. 
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4.1.2.1 Precompression 

Precompression involves compressing the soil under an applied pressure prior to placing a 
load (Aldrich 1965). As such it has proved an effective means of enhancing the support 

afforded to shallow foundations and is commonly used for controlling the magnitude of post 
construction settlements. The soils that are best suited to improvement by precompression 
include compressible silts, saturated soft clays, organic clays and peats. Precompression is 

normally brought about by preloading, which involves the placement and removal of a dead 
load (Johnson 1970). This compresses the foundation soils inducing settlement prior to 

construction. If the load intensity from the preload exceeds the pressure from the final 

structural load then the process is called surcharging. Figure 4.2 demonstrates the concept 

of precompression and the influence of a surcharge load upon the rate at which 

consolidation occurs. 

q)k 
Surcharge load (q + Aq) 

q+ Aq - 

_0 Final load (q) 0 U, 
0TT 

T111s 

lop t2 t3 to Time 

After pre7compression 

Settlement under (q) 

Z! Settlement under (q + Aq) (q) < 
If no pr ompreLton 

E 
.T AH 
1-- 1,0400*0 

Q) 
U) AH14- -- -% - %-. -ý ý- , 

w 

Figure 4.2 Principle of precompression using surcharge loading (Bell 1993b) 

The installation of vertical drains beneath the precompression load reduces the time required 

to bring about primary consolidation through a reduction in the drainage path length as 

shown in Figure 4.3 and by the results of a full-scale field trial presented by Eriksson & 

Ekstrom (1983) where an overburden of 37kN/M2 was applied with drains at 1.4m centres. 
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Cross-section 

Fill 

ANDS., 

Substratum 
Figure 4.3 Vertical drains beneath surcharging 

Drainage 
blanket 

Drains 

Compressible 
soil 

(Bell 1993b) 

The results are presented in Figure 4.4, which demonstrate that the consolidation in the 

areas with vertical drains was complete after approximately 27 months, whereas the areas 

with no vertical drains would experience the same amount of settlement in approximately 
double this time. 

M 
40 

cu 114 0 r- 

0 

Or 

0-4 

CA 0-8 

1,21 11111 

Figure 4.4 Settlement against time for surcharge with vertical drains (Eriksson & 

EkstrOm 1983) 

4.1.2.2 Vacuum Preloading 

The application of a preload to a soil may also be brought about through the application of a 

vacuum to the soil mass by pumping air from beneath an airtight impervious membrane 

Time of consolidation, months 
6 12 18 24 27 

nur ained area 

N-N 

Geodrain Alidrain Sa nd drain 
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placed over the ground surface and sealed along its edges. The method was first 
successfully applied in a full-scale field trial undertaken by the Swedish Geotechnical 
Institute (SGI 1949). A schematic of a vacuum preloading installation is presented in Figure 
4.5. 

Possibýe verticaý drains 

Figure 4.5 Vacuum preloading (Bell 1993b) 

The "negative" pressure created by the application of the vacuum causes the water in the 

pores of the soil to move towards the surface due to the hydraulic gradient set up (Bell 

1993b). The degree of vacuum that can be obtained is dependant upon the soil type, the 

vacuum pump capacity and the airtightness of the seals, generally values of 60 - 70% 

vacuum can be obtained (-60 to -70kPa). Due to the low pressures imposed upon the soil 
the air bubbles present in the soil voids increase in size and may reduce the hydraulic 

permeability. The method may be improved by the installation of vertical drains. 

Additionally, vacuum preloading may be used in conjunction with surcharge loading with the 

vacuum load being applied first to enhance the behaviour of the soil so that it is competent to 

support the surcharge load that is subsequently placed (Tang & Goa 1989). Vacuum 

preloading is also particularly suited to use on very soft soils as there is no risk of bearing 

capacity failure. Additionally, if the soft soil is located under water then the equivalent 

surcharge imposed on the soil is equivalent to the vacuum pressure imposed plus the water 

pressure at the seabed (Hansbo 1993). A case study of vacuum preloading is presented by 

Choa (1989) which compares test areas with conventional surcharging and vacuum 

preloading with different vertical drain spacings. 

4.1.2.3 Stone Columns - Vi bro replacement 

Clay soils are largely unaffected by induced vibrations due to any induced stresses being 

taken up as porewater pressure. Nevertheless,. vibroflotation may be used to treat clay soils 

by the introduction of densely compacted columns of coarse backfill. These stone columns 

utilise the passive resistance of the soil to absorb the vertically applied load through radial 

expansion of the columns, thereby increasing its bearing capacity and reducing settlements. 
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The stabiiisation process is also aided by the reduced drainage path lengths provided by the 

stone columns and the associated use of the horizontal permeability of the soil. 
There are three construction methods employed for the construction of stone columns (Keller 
1992). 

Conventional Dry Process - The hole is formed by a crane suspended vibrator, the 

vibrator is removed and stone backfill added to the hole and compacted by the vibrator in 

stages, assisted by compressed air. The hole must be self-supporting for this process to 
be used and groundwater must be absent. 

+ Bottom Feed System -A specially designed vibrator remains in the ground during 

construction of the stone column, the stone infill being supplied internally to the vibrator 

tip. Applicable to a wide variety of soil types and not inhibited by the presence of 

groundwater. The construction sequence for the bottom feed system is given in Figure 

4.6. 

* Wet Process - Uses a crane suspended vibrator and jetting water to remove soft 

material, stabilise the hole and allow stone backfill to reach the bottom of the hole where 

it is compacted. The system has a water requirement of in excess of 2500 

gallons/rig/hour and the effluent produced also requires removal and possibly treatment. 

Figure 4.6 Boftom feed vibro-replacement process (Mose, ley & Priebe 1993) 
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4.1.2.4 Concrete Columns 

The construction of vibro concrete columns is similar to that of the bottom feed system stone 
column installation process, except that concrete is used instead of a stone infill. The 
columns may be reinforced with conventional steel reinforcement because they are 
constructed from concrete. Due to the construction process enlarged bases and heads are 
possible and because of this they are more efficient than a conventional piling solution. 
They do not rely upon passive resistance or horizontal drainage as stone columns do. The 
construction process is given in Figure 4.7. 

Vibrocal rig 

Figure 4.7 Construction sequence of vibrated concrete columns (Bell 1993b) 

4.1.2.5 Lime And Lime/Cement Columns 

Lime columns can be used to increase the bearing capacity of soft clay and silt and to 

reduce settlements. In this method the soft soil is mixed in situ with unslaked lime (CaO) or 

a mixture of lime and cement by a tool shaped like a giant dough mixer (Broms 1993). The 

mixing tool is rotated down into the soil to the required depth and then slowly withdrawn (ý25 

mm/rev) as unslaked lime or lime/cement is forced down into the soil by compressed air, as 

shown in Figure 4.8. 

The immediate increase in the shear strength of the soft clay or silt when mixed with lime is 

caused by flocculation of the clay particle and by a reduction in the water content (Broms 

1993). 
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Jnslaked lirre 
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compressed aýr 
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t clay 

Figure 4.8 Lime column construction process (Broms 1993) 

4.1.2.6 Lime Piles 

Lime piles may be installed in saturated clayey soils by means of a special metal tube with a 

closed tip (200mm - 500mmO). The tube is vibrated and forced into the soil and then 

withdrawn from the soil and the hole filled with lumps of quicklime, as shown in Figure 4.9. 

The quicklime is then compacted by tamping. On contact with groundwater the quicklime 

gradually slakes causing an expansion of the pile diameter of 30% to 70% of its original 
diameter (Bell 1993b) consolidating the surrounding soil. A large amount of heat is released 
by the slaking process causing evaporation of some of the porewater in the surrounding soil. 
Lime also penetrates the soil, thereby effecting its stabilisation. 
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L 

Figure 4.9 Construction sequence for lime piles (Bell 1993b) 

4.1.2.7 Thermal Stabilisation 

Clay soils if heated to a sufficiently high temperature, in excess of 4001C, undergo changes 
in their crystalline structure, notably the loss of the (OH) group. These changes are 
irreversible and result in the clay being permanently hardened. 
The procedure consists of driving extremely hot exhaust gases from burning fuel into holes 
in the ground. The distribution of temperature with depth produced from the hot gases 
depends upon the soil porosity, moisture content, excess porewater pressure and the 

temperature of the gases injected. Until the free water enclosed in the pore spaces of the 

soil is completely evaporated the temperature does not exceed 1 001C. Thermal stabilisation 

cannot be applied to soils that are saturated since the latent heat. of evaporation of the water 

makes the process prohibitively expensive. Electrical heat sources have also been used 
down the hole instead of hot exhaust gases (Bell 1993b). 

4.1.2.8 Dynamic Compaction 

Dynamic compaction is carried out by repeatedly impacting the ground surface by dropping a 

weight from a given height using a heavy-duty crane. Substantial compaction results, 
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thereby reducing the total and differential settlements that may occur after the erec,,! on of 
structures and permitting the use of spread footings (Gambin 1987). Dynamic compaction 
has been used to densify a wide range of soils from organic and silty clays to loosely packed 
coarse grained soils and fills (Menard & Broise 1975). 

Granular soils 
In dry granular soil i. e. sand, gravel, ash, brick, rock, slag etc. dynamic compaction 
improves the soil characteristics through the displacement of the soil particles and, to a 
lesser extent, low frequency excitation will reduce the void ratio and increase the relative 
density (Slocombe 1993). 

Where the granular material extends below the water table, a high proportion of the 
dynamic impulse is transferred to the porewater that may eventually rise to a sufficient level 
to induce liquefaction. Low frequency vibrations caused by further stress impulses will then 
reorganise the particles into a denser state. The dissipation of porewater pressure, in 
conjunction with the surcharge of the overlying layers, results in a further increase in the 
relative density over a relatively short period of time (Slocombe 1993). 
In the U. K., the practice is to try to avoid liquefaction by designing the treatment to provide 
compaction by displacement without dilation or high excess porewater pressures. This is 

achieved through a smaller number of impacts from a lower drop height. This method 
requires substantially lower energy input than the liquefaction approach, with consequent 

economies. 

Cohesive soils 
Due to the dynamic nature of the preloading imposed by dynamic compaction it applies a 

virtually instantaneous surcharge that is transferred to the porewater on a localised basis. 

This creates a zone of positive water pressure gradients that induce water to drain rapidly 
from the soil matrix. This effect is further accelerated by the formation of additional 
drainage paths along shear zones and by hydraulic fracture. Consolidation therefore 

occurs much more rapidly than would be the case with static loading. 

In clays located below the water table, a much larger reduction in moisture content is 

generally required in the presence of a smaller available pore-pressure gradient and a 
longer drainage path. Only nominal degrees of improvement have been achieved in thick 

layers of relatively weak alluvial clays and silts, even with additional measures such as 

drainage trenches filled with sand or wick drains (Slocombe 1993). 

4.1.2.9 Jet Grouting 

Jet grouting employs erosion caused by jets of high pressure grout, grout with air shroud or 

water with air shroud to break down the soil structure removing varying proportions of the 

resulting soil particles and replacing them with cement based grouts placed during the 
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erosive process (Bell 1993b). Soil particles not removed become mixed with the grout in 

situ to form the treated mass. Due to the erosive nature of jet grouting the procedure may 
be applied to a wide range of soil types from gravels to clays. 
The procedure for jet grouting is to drill a borehole (100 to 150mmO) to the required 
treatment depth. This may be done with either the jetting pipes "monitor" or a separate drill 

string, depending upon the soil conditions. The stability of the borehole is important to 

allow the eroded material to be brought to the surface during jetting. The stability of pre- 
drilled holes is usually maintained, prior to monitor insertion, by the use of a bentonite 

suspension. With self-boring monitors the circulation of the flushing medium maintains the 

stability. After drilling the next stage is jetting to erode the ground locally, thus enabling the 

placement of the grout slurry. Three types of grouting system are currently in use, single 

(S), double (D) and triple (T) (Keller 1990) these are shown in Figure 4.10. 

GROUT 

AIR 

AIR-SHROUDED 
GROUT JET 

(a) SINGLE (b) DOUBLE 

Figure 4.10 Jet grouting systems 

WATER 

4fR 

GROUT 

AIR- SHROUDED 
WATER 2ET 

GROUT JET 

TRIPLE 

(Keller 1990 & Bell 1993a) 

The single system (S) uses grout to simultaneously erode the soil and place grout. The 

double system (D) uses a shroud of compressed air over the grout jet to enable a greater 

treated volume during jetting compared to the single system. The triple system (T) uses an 

air shrouded water jet for soil erosion and a separate injection nozzle for placement of 

grout. Figure 4.11 gives typical expected column diameters in three different soil types for 

both the single (S) and triple systems (T). 

Expected compressive strengths for soils treated by jet grouting are given in Table 4.1 
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Figure 4.11 Jet grouting column diameters in different soil types 

Table 4.1 Expected compressive strength of jet grouted soil 

(Bell 1993a) 

(Bell 1993a) 

Compressive strength Coefficient of Soil type 
(N/mM2) permeability, k, (m/s) 

Gravels including sandy -7 -9 5 to >30 10 to 10 

gravels 
Sands including silty or -7 -11 5 to > 25 10 to 10 

gravelly sands 
Silts including clayey silts 4 to 18 10-1 to 10-lu 

Clays including silty and -7 -10 0.5 >8 10 to 10 

peaty clays 

4.1.2.10 Compaction Grouting 

Compaction grouting uses a highly viscous grout of cement, soil, clay and/or PFA and 

water (less than 25mm slump) to compress the surrounding soil (Warner & Brown 1974). 

The hardened grout forms a bulb or column of strong, relatively incompressible material. 

Although compaction grouting may be used in any soil type the soil conditions which lend 

themselves to effective compaction grouting fall into five general categories (Rubright & 

Welsh 1993). 
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Loose, granular soils above or below the groundwater table. The soil is mostly sand 
and/or gravel but can contain substantial amounts of silt and some clay provided that 
the soil still drains and behaves mechanically like a granular soil. 
Loose, non-saturated fine-grained soils. Soils composed primarily of silt and/or clays 
can usually be improved by compaction grouting if they are not saturated. Poorly 

placed cohesive fills are the most common occurrence under this category. Treatment 

of thick saturated silt or clay should not be performed. On several projects compaction 
grouting is believed to have squeezed the saturated soil causing a dramatic increase in 

pore pressure which cannot dissipate. This elevated porewater pressure leads to a 
direct and sudden loss of shear strength that causes dramatic settlement of the 

structure. 
Collapsible soils. Collapsible soils can be defined or artificially collapsed by 

compaction grouting, thus avoiding the risk of water related collapse. 

* Voids. Voids in soil or rock at depth may be filled by compaction grouting rather than 
fluid grouts. Compaction grout is more controllable under these circumstances as it is 

more viscous and will not travel far beyond the intended treatment area. 

* Thin, unimprovable soil strata contained by adequate surcharge. The soil can be a dry 

of saturated silt, clay or organic provided that it is not more than 2m in thickness and is 

under at least 2m of competent or improvable soils. The compaction grout does not 
improve this soil but rather bridges through it by creating pedestals on which to support 

some load. 

4.1.2.11 Compaction 

Compaction may be a suitable method for ground improvement where the cohesive soil may 

be excavated, dried or wetted to within agreed tolerances of the optimum moisture content 

and compacted by means of standard compaction plant in predetermined lift heights as 

presented in Table 4.2. 

Where the soil is required to be treated in situ, conventional compaction is not a feasible 

treatment method due to the applied compactive stress being taken by the porewater and 

not being dissipated rapidly enough to allow an increase in effective stress due to the 

relatively low permeability of fine grained soils. Additionally, due to stress distribution with 

depth the deeper down the soil is the lower the compactive stress and less compaction will 

occur. Table 4.3 illustrates this hypothetically assuming a 45" stress distribution. Dynamic 

compaction may be used on fine grained soils and this is discussed in §4.1.2.8. 
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Table 4.3 Hypothetical stress distribution due to surface compaction 
Depth below surface (m) Stressed area Stress (kPa) 

Orn lm*lm 1000 kPa 

1m 3m*3m 111 kPa 

2m 5m*5m 40 kPa 

3m 7m*7m 20 kPa 

4.2 ELECTRO-OSMOTIC CONSOLIDATION 

4.2.1 CRITICAL REVIEW OF ELECTRO-OSMOTIC CONSOLIDATION 

Casagrande introduced electro-osmosis into civil engineering in the late 1930's for the 

stabilisation of a railway cutting in Salzgitter, Germany (Casagrande 1941 a, 1941 b, 1947 

and 1952). The principal engineering, non-environmental, use of electro-osmosis has 

tended to be as a means to temporarily stabilise soils to facilitate construction, for example 

during excavation, with the general desired effect being an increase in the shear strength of 

the soil caused primarily by the increase in effective stress. 

Casagrande et al (1961) describes the application of e(ectro-osmosis to a slope in loose 

saturated silt to facilitate the construction of a bridge pier. In this instance it was the increase 

in the undrained shear strength through the reduction of water content, and the lowering of 

the phreatic surface that was facilitated by electro-osmosis. 

An unsuccessful application reported by Caron (1971 a, 1971 b) indicates that the presence of 

continuous sand and silt layers in the subsoil to be treated are undesirable because of the 

relatively high conductivity of such layers, causing possible "short circuiting" of the system. 

This indicates the importance of correctly identifying the soil's macrofabric, see §2.3.4. 

Casagrande et al (1981) again describes two applications of electro-osmosis to the 

stabilisation of silts to allow the excavation of steep slopes in soft silty clay. Electro-osmosis 

was used to increase the undrained shear strength such that the excavation remained 

stable. 
Bjerrum et al (1967) discusses the use of electro-osmosis to stabilise a quick clay to allow 

the construction of a sewage treatment plant to proceed. Without an increase in the 

undrained shear strength of the quick clay bottom heave of the excavation would have 

occurred and the overall stability of the slope within which the work was to be undertaken 

would have been jeopardised. 

Lo et a/ (1991 a) describes a field investigation of a true consolidation application of electro- 

osmosis. The electrodes chosen for use were perforated copper pipes to allow the passage 

of expelled water and gas without the requirement for pumping, and additionally to minimise 

localised resistance at the electrode/soil interface due to corrosion products as the corrosion 

products of copper, copper oxide and hydroxide, are highly conductive. This electrode was 
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used for both anode and cathode. During treatment surface settlement, vane shear strength 
and voltage distribution with time were measured, polarity reversal was also employed, 
Figure 4.15, The results of the trial showed surface settlements of up to 62mm were 
achieved with average increases in the undrained shear strength of the soil of approximately 
62%. It was also found that the reversal of polarity caused a more uniform treatment of the 
trial area. After a period of 10 months at the end of the trial it was found that the shear 
strength was unchanged, indicating the treatment effects are permanent, Figure 4.15. 

Although this application was only a trial, the results obtained demonstrate the practicality of 
electro-osmosis for the consolidation of soft clay deposits. 

Morris et al (1985) reports on the treatment of a sensitive silty clay by electro-osmosis in the 

laboratory. The results are worthy of mention because after treatment by electro-osmosis 

cyclic triaxial testing was carried out on the soil samples. The results obtained indicate that 

the electro-osmotically treated clay required a significant increase in the number of stress 

applications to reach an accumulated strain of 5%, for equivalent values of stress ratio. This 

is significant to seismic design using electro-osmotically treated soils. 

Fetzer (1967) presents a large dam project, West Branch Dam, in which electro-osmosis 

was used to strengthen a soft clay founding stratum under the dam that was approaching 

failure during construction and was preventing any further construction on the dam due to 

the high porewater pressures present within the clay layer. Electro-osmosis was used 

successfully and the excess porewater pressures in the founding stratum were dissipated 

and the undrained shear strength improved. 

Soderman & Milligan (1961) and Milligan (1994) report on the use of electro-osmosis to 

improve the friction pile bearing capacity of steel H piles. The piles were used as anodes 

and cathodes were installed on the periphery of the pile group. The site geology consisted 

of varved clay and stratified silts. The load capacity of the piles was more than doubled and 

load testing carried out thirty years after treatment had been completed indicated that the 

pile bearing capacity had not decreased, 

Eggestad & Foyn (1983) report on the application of electro-osmosis to incre ase the shear 

strength and stability of an excavation in soft marine silty clay in Oslo. The electrodes used 

were 20mm diameter iron rods at a spacing of 1-1.5m with the treatment being carried out 

for a period of approximately 90 days with reverse polarity being used to obtain a more 

uniform increase in the strength within the soil mass. The increase in undrained shear 

strength obtained was more than double. 

Wilkins & Chandler (1989) present the results of an unsuccessful full-scale field trial that was 

undertaken on a Malaysian marine clay. The reason for the trial was to demonstrate the 

Page 4- 17 



Chapter 4. ýGround imaLqvement 
electro-osmotic consolidation 

applicability of electro-osmosis as a treatment technique for reducing the settlement of road 
embankments in Maýaysia. The trial is stated as being unsuccessful due to the lack of 
funding and an inadequate power supply. However, it is interesting to note that the 

electrically conductivity of the soil (0.26S/m) was very high and well outside the acceptable 
range suggested by the Author in Chapter 7 of this thesis on soil acceptability criteria 
(0.05S/m - 0.005S/m). 

Chappell & Burton (1975) describe the application of electro-osmosis to an unstable 

embankment constructed on a silty clay in Singapore. Electro-osmosis was used to increase 

the shear strength of the embankment fill material and to act as a dewatering technique to 

maintain the stability of the embankment. Chappell & Burton (1975) state that one surprising 

thing about this application was the high hydraulic permeability of the soil treated (1 0-6_1 0-7 

m/s). However, the Author's review of acceptability criteria for electro-osmosis indicate that 

the soil's particle size distribution signifies that the soil may be amenable to treatment by 

electro-osmosis, due to over 70% of the particles being within the silt-clay particle size range 

(see §7.2.1.4). 

4.2.2 ADVANCED THEORY OF ELECTRO-OSMOTIC CONSOLIDATION 

The application of an electrical potential difference to an impermeable soil with the 

appropriate drainage conditions (usually anode closed and cathode open or closed) 

generates negative pore water pressures within the soil mass as given by Equation 4.1 (see 

also Equation 2.29). 

ke 
; Kývv k 

Eqn. 4.1 

As the porewater pressures generated are negative it is apparent from the classic effective 

stress equation presented by Terzaglhi (1936) that the generation of negative porewater 

pressures (u) causes an increase in the effective stress (c) within the clay with no change in 

total stress (a): 

Cf=a-U Eqn. 4.2 

As there is an increase in effective stress the soil particles pack together more tightly and as 

such the soil surface settles. Due to the form of the negative porewater pressure distribution 

described by Equation 4.1 (shown in Figure 2.17) the maximum theoretical settlement occurs 

at the anode and zero settlement occurs at the cathode. 

For the 1 -D case, it is possible to equate the increase in effective stress to an equivalent 

surface loading which would generate the same increase in effective stress and hence the 

same surface settlement, Figure 4.12. 
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Figure 4.12 Electro-osmotic and direct loading, one-dimensional (Mitchell 1993) 

The consolidation settlement caused by electro-osmosis is assumed to continue until the 
hydraulic force that drives water back towards the anode exactly balances the electro- 

osmotic force driving water towards the cathode (Mitchell 1993). 

The two factors that are required to be known with regard to electro-osmotic consolidation 

are: 

" How much consolidation will take place? 

" How long will it take? 

The answers to these questions may be obtained by using the coupled flow equation (see 

§2.6.1) in place of Darcy's Law in conventional consolidation theory. 

ke 
av 

+k 
au 

-0 Eqn, 4.3 
ax 7, ax 

In a real soil, which is compressible, the effect of the combined hydraulic and electrical 

potential gradients is to generate hydraulic flow (qh): 

q =- 
k au 

-k 
av 

Eqn. 4.4 h 

)/, v ax e ax 
However, by conservation of mass the rate of outflow must be eq ual to the rate of volume 

change. Hence, introducing Equation 4.4 in place of Darcy's Law into the derivation of the 

diffusion equation governing consolidation in one*dimension leads to Equations 4.5 and 4.6-. 

a2U keyw a2V I au 
-+ Eqn. 4.5 
aX 2k aX 2CV 

at 
k a2U a2v au 

-+ 
ke 

-=Mv Eqn. 4.6 
v2 aX 2 
, �, 

ax at 
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where m, is the coefficient of volume compressibility and c, is the coefficient of consolidation. 

4.2.2.1 Amount Of Consolidation 

Equation 4.1 indicates that electro-osmotic consolidation continues at a specific location until 
a negative porewater pressure, relative to the initial value, has been developed that depends 

upon the ratio klk. As k, only varies within a certain range (see Table 2.7) the amount of 
consolidation that can be achieved depends largely upon k. Thus, the potential for 

consolidation by electro-osmosis increases as the soil grain size decreases, because the 
finer grained the soil, the lower the value of k (see Figure 2.12). However, the amount of 
consolidation that will take place depends upon the soil compressibility as well as the change 
in effective stress. It follows that electro-osmosis will be of little use in an overconsolidated 

clay unless the increase in effective stress is large enough to bring the soil back onto the 

virgin compression line (see §7.2.3.1 on soil acceptability) (Mitchell 1993). 

It has been shown, however, that in the field the minimum negative porewater pressure 

generated by electro-osmosis is limited to approximately -1 OOkPa (Johnston 1978), and the 

magnitude and distribution of settlement can be obtained based upon conventional 

consolidation theory (see § 4.3.3.1 for full design). 

4.2.2.2 Rate Of Consolidation 

The solution to Equation 4.5 has been obtained for several electrode configurations (Esrig 

1968,1971). For the 1-D case and assuming a freely drained cathode (open) and a closed 

anode (no flow), the porewater pressure at any time is given by Equation 4.7: 

ke 
v 

2ke),,. V,, 
ukI v(X) +k2 go 

00 1)n n+2 ; zx 
Y- 

1 )2 ""' , 
n=O 

L 

n+ 2 

exp[- n+2 7r 
2T 

v 2 

Eqn. 4.7 

where V(x) is the voltage at x, Vm is the maximum applied voltage and T, is the time factor, 

defined in terms of the distance between electrodes L and the real time t as: 

cvt 

L2 
Eqn. 4.8 

where C, is the coefficient of consolidation as defined by Equation 4.9. Additionally from 

Equation 4.7 when t-ýoo, T, -->oc and the porewater pressure is given by the first term in 

Equation 4.7; i. e. the final negative porewater pressure at any point is dependant upon the 

ratio klk and the voltage at that point. The higher the ratio kk and the vo tage V(x the 

greater will be the consolidation pressure. The average degree of consolidation U as a 

factor of time is given in Equation 4.10. 
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2) 

Eqn. 4.9 

Eqn. 4.10 

The solution to Equations 4.7 and 4.10 are given in Figures 4.13 and 4.14 respectively: 
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Figure 4.13 Dimensionless pore pressure as a factor of dimensionless time (Mitchell 

1993) 
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Figure 4.14 Average degree of consolidation (Mitchell 1993) 

Both Figures 4.13 and 4.14 are used in the same way as the theoretical solutions for 

classical consolidation theory (Mitchell 1993). It is important to note from these solutions 
that the rate of consolidation depends completely on the coefficient of consolidation, which 
varies directly with k but is completely independent of k, Thus, low values of k, as in the 

case of highly plastic clays, mean long consolidation times. Whereas, a low value of k 

means a high value of klk and the potential for a high effective consolidation pressure, it 

also means a longer required consolidation time for a given electrode spacing. The optimum 

situation is one where klk is high enough to generate a very low negative porewater 

pressure at a reasonable electrode spacing and a safe voltage, but when k is high enough to 

enable consolidation in a reasonable time. Additionally, as noted in §2.7.5.1 and §2.7.5.2 

the electrical conductivity of the soil is also critical, if it is too high electro-osmosis is unlikely 
to be economically viable. Acceptable limits for soil parameters with regard to electro- 

osmosis are considered in Chapter 7. 

4.2.2.3 Radial Flow 

The equation governing radial flow electro-osmosis, i. e. when electrodes act as single point 

electrodes and not as an equivalent plate electrode, are similar to those governing electro- 

osmosis consolidation for the one-dimensional case except that Equation 4.4 is modified to 

take into account the cylindrical geometry of the system. This obviously has repercussions 

upon the subsequent derivation of the diffusion equation presented in Equations 4.5 & 4.6. 

Additionally, the voltage distribution for radial flow is described by a logarithmic curve and 
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not a linear one, as is the case of one-dimensional flow (see Figure 4.12). The solution to 
radial flow electro-osmosis has been presented by Esrig (1968 & 1971) and is summarised 
by Mitchell (1993); discussion on radial flow in general is presented by Barron (1948). The 
reader is referred to these references for further information on this topic. 

4.2.3 PERMANENCE OF TREATMENT 

Electro-osmotic treatment may be considered as permanent in terms of the strength gains 
achieved, although historically it has sometimes been employed as a temporary measure to 
facilitate construction, see §4.2.1. Milligan (1994) demonstrated this in the field through the 
load testing of piles in electro-osmotically enhanced clay. It was found that even after a 
period of 30 years the piles were behaving in the desired manner with no apparent loss of 
strength being observed in the clay. Lo et al (1991 a) also undertook tests to assess the 
permanence of the strength improvements brought about by electro-osmosis. After a period 
of 10 months after the end of treatment it was observed that there was no decrease in the 

measured values of shear strength, indicating the permanence of treatment, Figure 4.15. 
The permanence of electro-osmotic treatment may be though of as consisting of two 

elements, electro-chemical changes and consolidation. 
The permanence of the treatment occurs through chemical changes that take place in the 

clay mineral structure that alters the plasticity indices of the soil as observed by Bjerrum 

(1967). 
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Figure 4.15 Demonstration of permanence of treatment (Lo et a/ 1991 a) 

Additionally, considering the process of electro-osmosis on a normally consolidated clay in 

terms of the voids ratio (e) versus the logarithm of the effective consolidation pressure (log 

a') plot it is apparent that even if no chemical changes were to take place within the soil it 

would not return to its original state as it now overconsolidated as shown in Figure 4.16. 
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Figure 4.16 Void ratio versus effective stress for electro-osmotic consolidation 

The same conclusion is evident when plotting in deviatoric stress (q=UJ-U3) versus average 

mean effective stress (p'=((a1+2q3)13)-u) and In p'versus specific volume (v=l+e) space as 

shown in Figure 4.17 for drained reloading and Figure 4.18 for undrained reloading and 

assuming isotropic hardening. Figures 4.17 and 4.18 also demonstrate the effect any 

chemical cementing of the clay particles, causing an increase in ý', would have upon the 

Critical State Line (CSL) by increasing its gradient M (Bishop 1971), indicating that the soil 

could withstand a greater deviator stress before failure. Casagrande (1983) presents 

experimental data for the change in grain size for quartz sand caused by electro-osmosis 

and evidence presented by Pugh (1999) shows a slight shift in the grain size distribution of 

kaolin subject to electro-osmosis 
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Figure 4.17 Drained reloading critical state model after electro-osmosis (After Powrie 

1997, Roscoe & Burland 1968) 
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Figure 4.18 Undrained reloading critical state model after electro-osmosis (After Powne 

1997, Roscoe & Burland 1968) 

From Figure 4.17 it is apparent that the electro-osmotically treated soil yields at a point on 
the yield locus defined by the additional effective stress imposed upon the soil by the 

application of electro-osmosis, point "a". Upon reaching the yield locus defined by "a" the 

rate of change of specific volume "v" in relation to the increase in p'dramatically increases 

until failure is reached on the critical state line (CSL). If a change in the grain size of the soil 

particles does take place during electro-osmosis, with an associated increase in the ý' of the 

soil then the yield loci and critical state line will be redefined as shown in red and by "CSL"' 

in Figure 4.17. The effect of this will be to cause yield at a higher load of p' and failure on 

CSL' at a higher deviator stress. 

Figure 4.18 demonstrates the critical state model for undrained reloading, Again, because of 

the effective overconsolidation produced by electro-osmosis, the soil yields at a point defined 

by the yield locus applicable to an effective preconsolidation pressure of approximately 

100kPa. Again, if a change in the value of ý' occurs in the soil the shape of the yield locus is 

changed, as is the position of the critical state line (CSL') 

It is important to note that in the design methods developed by the Author in Chapter 7 that 

the changes brought about by electrochemical cementing etc. (i. e. an increase in the value 

of ý' and c') are not relied upon due to the difficulty in predicting their magnitude. This leads 

to an additional factor of safety in the designs undertaken using electro-osmosis. 

4.2.4 COMBINED ELECTRO-OSMOTIC CONSOLIDATION AND SURCHARGING 

As discussed in §4.2.2 electro-osmotic consolidation may be considered as an effective 

surcharge load for analytical purposes, however, electro-osmosis may be combined with 

conventional surcharging where electro-osmosis is used to induce an additional effective 

consolidation pressure to accelerate the dissipation of positive pressures 
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Theories combining the two methods of consolidation have been presented by Wan and 
Mitchell (1976) and Shang (1998a) and a comparison of the two methods separately by 
Shang (1998b). The results obtained demonstrate that electro-osmosis combined with 
surcharging generates lower excess porewater pressures and that the excess porewater 
pressures reach a value of zero at an earlier time as shown in Figure 4.19. Hamir et al 
(2001) also presented experimental evidence confirming these findings. 
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Figure 4.19 Development of excess porewater pressure against time (Shang 1998a) 

The significance of this is that the factor of safety against bearing capacity failure is 

improved. It is also apparent from Figure 4.19 that after the positive porewater pressures 

induced by the surcharge loading have been dissipated, electro-osmosis continues to 

produce negative porewater pressures, causing further consolidation. 

4.2.5 POLARITY REVERSAL 

As demonstrated by Equation 4.1 the negative porewater pressures produced during electro- 

osmotic consolidation vary from a minimum at the anode, where the voltage is at a 

maximum, to zero at the cathode, where the voltage is zero. This non-uniformity of negative 

porewater pressure inevitably produces a variation in the amount of consolidation across the 

soil mass with an inherent variation in the undrained shear strength and stiffness parameters 

of the soil between the electrodes. In engineering practice this variation of the soil 
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parameters over such a small distance is seldom acceptable, as it is likely to cause 
differential settlement of any structure constructed on ground of this nature. A method of 
partially overcoming this variability is to reverse the polarity and drainage conditions of the 

electrodes. In doing so the soil near the cathode (new anode) is consolidated producing a 

more uniform consolidation of the soil between the electrodes. Figure 4.20 gives the results 

of moisture content reductions produced across a soil treated by electro-osmosis, with and 

without reverse polarity. It can be seen from this figure that polarity reversal produces a 

more uniform distribution of wc and hence undrained shear strength, similar results for water 

content distribution after polarity reversal were also achieved by Jones & Shim (2001). 
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Figure 4.20 Variation in moisture content with and without reverse polarity (Lo et al 

1991) (R= polarity reversal, N= normal polarity) 

The negative porewater pressure produced by polarity reversal are independent of the first- 

stage consolidation undertaken (Wan and Mitchell 1976) and may be analysed using 

Equation 4.1 as shown in Figure 4.21. 
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Figure 4.21 Stress distributions before and after polarity reversal (Wan and Mitchell 

1976) 
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Theoretical studies carried out by Wan and Mitchell (1976) indicated that a large gain in 
effective stress might be achieved in a relatively short time by the doubling of the applied 
voltage after polarity reversal as shown in Figure 4.22. However, for practical field 
applications the doubling of the applied potential difference is unlikely to be feasible for 
safety reasons. 
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Figure 4.22 Pore pressure distributions during consolidation after electrode reversal 
for equal and double applied voltage (Wan and Mitchell 1976) 

From examination of Figure 4.22 it will be seen that at time T, =0.1, after polarity reversal with 
double the initial voltage, the negative porewater ; pressure generated is already equal to the 

minimum negative porewater pressure generated at the first equilibrium state. On reversal 

of polarity it can take some time for the water flow to be discernible at the new cathode and 
for observed settlement to continue, particularly if the water content of the soil at the original 

anode (new cathode) has been reduced to a very low level (Wrigley 1999). 

The effect of polarity reversal on the efficiency of electro-osmotic treatment was also studied 

by Shang et al (1995). They concluded that the technique is viable for increasing the 

efficiency of the process, with the increase in efficiency being attributed to the reduction in 

the adverse electro-chemical reactions that can occur during electro-osmosis, as discussed 

in§2.7.5.5. This result was also found by Brot etal (1983) who temporarily interrupted the 

power supply to an electro-osmosis installation to allow for the redistribution of chemical 

species produced by the adverse electro-chemical reactions. 
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4.3 NEWBURN HAUGH CONSOLIDATION TRIAL - INTRODUCTION 

Newburn Haugh is located on the northern bank of the River Tyne approximately 5km to the 
west of Newcastle upon Tyne, United Kingdom. The site is currently being developed by 
One North East (1 NE), previously called English Partnerships, into a business park with the 
assistance of European Commission funding. The development principally consists of 
factory units to encourage new businesses into the area that, due to the closure of several 
industries in the area, has a high level of unemployment. The site was previously occupied 
by the coal fired Stella North Power Station, and the location where the field trial was carried 
out was an area of previous railway sidings and coal stockpiles. The purpose of the trial was 
to investigate the validity of the design methods developed by the Author presented in this 

chapter. The trial is documented in the paper by Pugh et al (2000). 

4.3.1 SITE GEOLOGY AND GEOTECHNICAL CHARACTERISTICS 

The general ground conditions for the site consist of recent made ground deposits generally 

associated with the now demolished power station, and interbedded sequences of cohesive 

and granular alluvium associated with the horizontal migration and development of the River 

Tyne. Quaternary fluvioglacial, lacustrine and glacial till underlie the alluvium deposits and 

overly the Carboniferous Middle Coal Measures, which have been previously worked by 

shallow mining techniques. The superficial layers that are pertinent to the electro-osmotic 

trial are given in Figure 4.23. 

4.3.1.1 Laboratory Testing 

From the previous site investigations that had taken place on the site several complete and 

partially used U100 samples of the cohesive alluvium were made available by WSP 

Environmental. Laboratory testing was undertaken on these samples in the form of, 

electrical conductivity studies, undrained triaxial tests and the determination of Atterberg 

Limits. Insufficient sample material was available to permit testing in the electro-osmosis 

cell. The results of the tests are presented in Table 4.4. The results presented in Table 4.4 

fall within the soil acceptability criteria which were established during the research and are 

presented later in this thesis in § 7.2. 
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MADE GROUND - Grey black sandy gravely CLAY, gravel is fine to 1.3- 
coarse angular to subangular and consists of brick, sandstone, 2. Om 
concrete, slag and glass. 
COHESIVE ALLUVIUM - Very soft to soft grey brown mottled slightly 
sandy occasionally organic CLAY of low to intermediate plasticity with 
occasional peaty bands and wood fragments. 

8.0- -- ---- 
8.3m 

GRANULAR ALLUVIUM - Medium dense grey brown speckled black 
slightly gravely SAND. Gravel is fine to medium subrounded and 
consists of siltstone and quartzite. 

* Water tabie fluctuates between 0.2m and 1.6m BGL 

Figure 4.23 Summary of stratigraphy within test influence zone 

Table 4.4 Result of testing on Newburn Haugh U100 samples 
Test B. S. reference Result 

Atterberg Limits BS 1377: 1990, Part 2 LL = 48% 

PL = 15 % 

Undrained shear BS 1377: 1990, Part 7 c, =13 & 17 kPa 

strength (UUTXL) 

Electrical conductivity BS 1377: 1990, Part 3 0.025 S/m 

(Disk electrodes) 

Coefficient of volume BS 1377: 1990, Part 5 0.94 m2/MN 

compressibility (mv) 

4.3.1.2 In Situ Testing 

The in situ characterisation of the trial area was undertaken to quantify the geotechnical 

parameters. The characterisation was carried out before the electro-osmosis trial to 

establish base line parameters and also assess the suitability of the site for treatment by 

electro-osmosis. Additionally, previous site inves tigations had been undertaken on the site 

for the purpose of geotechnical design for the proposed redevelopment of the power station 

site, and these reports were made available to the Author. 

To quantify the soil parameters for the cohesive alluvium, the stratum to be treated by 

electro-osmosis, the following in-situ tests were undertaken- 
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" Dynamic Probe Heavy (DPH) 

" Marchetti Dilatometer (MDMT) 

" Full displacement Pressuremeter (FDPM) 

The details of each can be found in Pennine (1988), Briaud & Miran (1992) and Houlsby & 
Withers (1988) respectively. Additionally, the Author was also given access to undisturbed 
(1-1100) samples that were surplus to the geotechnical testing from a previous site-wide site 
investigation. 

The purpose of the three investigation methods employed was the following 

DPH: - To ascertain the depth of the made ground and additionally the depth at which the 
transition between the cohesive and granular alluvium took place. The DPH was also 

undertaken at each electrode location, initially to locate the exact depth of the 

cohesive/granular transition and secondly to produce a pilot hole to facilitate the subsequent 
installation of the EKG into the ground by means of driving with the DPH apparatus and a 

modified driving shoe. Additionally, although the DPH is a far from ideal test method for 

establishing stiffness and strength parameters it was possible to convert the DPH blow count 
into an equivalent Standard Penetration Test (SPT) N-value using the correlations proposed 
by Chan & Chin (1972) and Leach & Row (1995). From these equivalent SPT N-values an 

estimation of the undrained shear strength (cJ could be made using the correlations 

suggested by Stroud (1975) and the plasticity index. Subsequent transformation of c, into E, 

using the relationships suggested by Bowles (1988) could not be justified due to the crudity 

of the test method. 

MDMT: - Using the correlations suggested by Briaud & Miran (1992) and Schmertmann 

(1986) the values of undrained shear strength (cu) and dilatometer modulus (E[)) were 

obtained and hence the undrained elastic modulus (Eu), assuming an undrained Poisson's 

ratio (v) of 0.5 (Bowles 1988). 

FDPM: - Using the correlations proposed by Houlsby & Wither (1988) and assuming an 

undrained Poisson's ratio (v) of 0.5 the values of cu and shear modulus (G) were calculated 

and hence E,, for an unload-reload cycle. 

The results in terms of undrained shear strength (c,, ) for the DPH, based upon a clay of low- 

intermediate plasticity, for the MDMT and the FDPM are presented in Figure 4.24. 
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Figure 4.24 Variation of c,, measured in situ by MDMT, FDPM and DPH 

As will be seen from Figure 4.24, the undrained shear strength of the cohesive alluvkjm 

generally lies in the range of 10-25 kPa from a depth of =2- 10 m b. g, l 

4.3.1.3 Conclusions Of Pre-Trial Testing 

The pre-trial laboratory testing indicated that the cohesive alluvium should be amenable to 

treatment by electro-osmosis as the results fell within the acceptability criteria established, 

presented later in § 7.2. Additionally, the in-situ testing undertaken on the site also gives 

results for the value of c, that appear to be in the range of acceptable values given in Table 

7.11. 

The unknown variables in the testing regime are the parameters of the made ground, due to 

a lack of availability of samples for testing in the laboratory, and due to the presence of brick 

and concrete it was not possible to test in situ with the MIDIVIT or the FDPM. Ideally, this 

material would be isolated from the alluvial clay by insulating the electrode through the made 

ground and sealing it so that water cannot enter the electrodes sideways or from above and 

possibly re-circulate. Additionally, there is the risk of short-circuiting through the made 

ground if its macrofabric comprises continuous courser grained layers and an electrolyte of 
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higher conductivity than the conductivity of the clay (0.025 S/m) (Caron 1971 a& b). The 
electrodes could be isolated through the made ground by encasing them in plastic piping. 

4.3.2 INSTALLATION OF ELECTRODES 

Normally the electrodes would be installed by means of a wick drain lance. However, for the 
purpose of the small-scale trial it was not economically viable to mobilize this item of plant for 
the installation, approximate mobilization cost of El 0,000 (Pedley 1999). Hence, the Author 
developed an alternative cheaper installation method. The method consisted of using a 
specifically designed and manufactured oversized dynamic probe cone that, while been 
driven into the soil, dragged the EKG electrode behind it. The specially designed cone is 

shown with the EKG attached in Plate 4.1. 
The drawback of this installation method was that it was not possible to insulate / isolate the 
EKG through the made ground as the hole formed by the driving of the cone quickly closed 
up due to the presence of water and due to the vibrations produced. Thus, it was not 

possible to install a plastic tubing around the EKG. The driving records obtained using the 

modified cone showed little correlation with the driving records produced by the pilot hole 

DPH drive. Additionally, it was found to be necessary to prebore through the made ground 

using a large diameter window sampler to allow the modified driving cone to be driven. 

Installation depths of between 5.5m and 9.3m were achieved. The EKGs were installed with 
the Terram filters in place, as due to the open structure of the polymeric grid it was likely to 

snag during driving, (Plate 4-2). The electrode length was marked on the filter to allow its 

progress during driving to be monitored. 

4.3.3 DESIGN OF ELECTRODE LAYOUT 

The electrode layout was designed to ensure that if electro-osmosis was to be suitable to the 

site then the electrode layout would demonstrate this using a minimal number of eiectrodes 

to reduce i nstallation/m anufactu ring costs. The electrode layout adopted consisted of two 

centrally located anodes surrounded by six cathodes. Additionally, with the central anodes 

being surrounded by cathodes the drainage paths were reduced such that the installation 

should demonstrate improvement results within a short period of time. The electrode layout 

is shown in Figure 4.25. 

Each EKG was individually connected to a power supply cable using a double crimped 

stripped connection, see §3.5.6 for details of the connection method, as. shown in Plate 4.3. 
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Figure 4.25 Electrode arran gement and surface monitoring peg layout 

4.3.3.1 Anticipated Settlement 

Based upon the value of volume compressibility (mv) obtained from laboratory testing and 

correlating the undrained shear strength (cu) with the coefficient of volume compressibility 

using the relationship suggested by Carter (1983). The anticipated range of values for m, for 

the cohesive alluvium was 0.8-2-0 M2/ MINI, Based upon these values and the theory 

developed in §4.2.2 assuming a closed anode and open cathode the minimum pore water 

pressure developed at the anode positions is -1 OOkPa which varies to OkPa at the cathode 

positions. 

At anode (u =- 100 kPa , Au' = 100 kPa) 

Assuming clay thickness = 8,0 m and lower bound m, = 0.8 m2 /MN 

6max= mvAa'h=0-8*10--" *100*10' *8.0=0.64M Eqn 4 11 

Hence, the settlement profile should vary from approximately 640 mm at the anode positions 

to Omm at the cathode positions. The made ground is assumed to be incompressible and 

not susceptible to treatment by electro-osmosis 

The rate of settlement can be calculated in accordance with the theory given in §4.2.2,2 

assuming a1- Dimensional field and closed anode and open cathode. Initially calculating 

the time factor (Tv) by assuming the hydraulic permeability (k) for the clay is in the range of 

10-11 - 10-9 m/s (Carter & Bentley 1991) which due to the soft nature of the clay and its 
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slightly sandy particle size distribution it is probably at the higher end of this permeability 
range. Hence, calculating the coefficient of consolidation (C, ) using a permeability of 10-9 

m/s and an m, value of 0.8 M2/MN gives: 

cv -K 
10-'m/s 

Mv2lw 0.8*10-'*10*10-' = 1.25 * 10-6M2 / sec Eqn. 4.12 

Substituting C, into the equation for T, (Equation 4.8) and using Figure 4.14 the rate of 
consolidation may be calculated where d is the distance between the anode and cathode 
(2m), giving the results summarised in Table 4.5. 

Table 4.5 Estimation of rate of settlement 
T, % Consol. 5 

surface t (days) t (days) 

(m M) k =1 0-9m/s, m, =0.8 M2 k= 10-lom/s, M, 
/MN =0.8M2/MN 

0.045 10 64 mm 2 16 

0.3 50 320 mm 11 ill 

1.0 90 576 mm 37 370 

Using the results presented in Table 4.5 it is obvious that, for a treatment time of 2 weeks, a 

settlement at the ground surface should be recorded regardless of the hydraulic permeability 

of the soil, due to the soft nature of the clay and its large coefficient of volume 

compressibility. 

4.3.3.2 Estimation Of Current Demand 

Due to the lack of available soil samples, it was not possible to undertake laboratory electro- 

osmosis cell tests on the alluvial clay. As such, an estimation of current demand is difficult to 

undertake. Recourse may, however, be made to the equation presented by Casagrande 

(1983), presented here as Equation 4.13. 

it = ncs aE 
Eqn. 4.13. 

L 

Where: 

It = Total current required for installation 

n= No. of electrode pairs energized 
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c =Efficiency factor (2 Anode/cathode :z0.8-0.9, ) 

s= Embedded surface area of electrode (CM2) 

cy = Electrical conductivity of soil being treated S/cm 
E= Voltage applied in field (Volts) 

L= Distance from anodes to cathodes (cm) 

Assuming: 

(i) That the number of electrode pairs is 4 (6 cathodes /2 anodes) and that the efficiency 
factor is 0.8. 

(ii) That all of the surface area of the electrode in effective, i. e. both vertical and diagonal 

elements carries current. 
(iii) The electrical conductivity obtained from the laboratory sample is applicable. 
(iv) The applied voltage is 40V with an anode-cathode spacing of 2 m. 

4*0.8 * 170066 * 0.2527 *10-3 * 40 
= 2.76Amps 

200 

This value was thought to be an under estimation of the current that would be drawn by the 

installation as the value of the electrical conductivity was obtained from a partially unsealed 
U100 sample that was several months old and as such had undergone some degree of 
desiccation and would thus give a lower value for the electrical conductivity. The drop in 

current with treatment time would be anticipated to be of the order of 66% (Casagrande 1983 

& Wrigley 1999). Although work undertaken by the Author would suggest a reduction of the 

order of 95%, see § 5.7.4.4 and § 5.7.8.2. 

A more sophisticated analysis of the installation could have been undertaken using the finite 

difference technique discussed in § 7.6.2. However, due to the lack of soils data it was not 

considered worthwhile to use a more sophisticated power estimation, due to the increased 

calculation time required and the lack of additional accuracy. It is also noteworthy that the 

resistance path analysis method discussed in § 7.6.1 is not capable of analysing the 

installation accurately without significant modifications, due to the non-square installation 

pattern of the electrodes and unequal number of anodes and cathodes. 
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4.3.3.3 Monitoring 

The installation was monitored before, during and after the powered treatment phase ic), 
several variables. 

" Fuel consumption monitored by means of registering the quantity of fuel added aild 
the generator time at which it was added. 

" Surface settlement - measured by means of a digital level (Wild NA2000) referred to a 
Temporary Bench Mark (TBM) located on a concrete retaining 

wall to an accuracy of 0,1 mm using 0.5 m long re-bars 
hammered into the ground at the positions shown in Figure 4 25 

" Electrical Voltage & Current - measured by means of analogue dials in the power 

supply container. 

4.3.4 RESULTS OF MONITORING 

4.3.4.1 Fuel Consumption 

The fuel consumption of the generator is shown in Figure 4.26 against the generator running 

time. This graphic was calculated based upon the cumulative quantity of gas oil added to 

the generator fuel tank during the trial The average fuel consumption for the trial was 

approximately 14 litres/hour 
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4.3.4.2 Surface Seftlement 

The results of the levelling of the surface settlement pegs is presented in Figure 4 27 using 
the peg numbering system given in Figure 4 25. The level of the peg is presented against 
generator run time Plate 4.4 shows the measurement of the pegs in the field 
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Figure 4.27 Results of surface monitoring pegs 

4.3.4.3 Electrical Energy 

The electrical voltage and current drawn by the installation is presented in Figure 4 28 It 

was decided during the trial that the applied voltage should be increased to 80 V after the 

current had decreased to approximately 80% of its initial value to assess the effect 

Additionally, after the current had declined to zero amps the polarity was reversed in an 

attempt to produce a more uniform treatment of the area 
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4.3.4.4 Post Trial In Situ Testing 

To confirm if the electro-osmotic treatment had been effective, or not, a second phase of in 
situ testing was undertaken to assess if any change in the measured values of c" and E, 

could be ascertained. The test methods (MDMT) and apparatus used were identical to those 
utilised for the pre-trial testing to minimise any errors in the interpretation of the results The 

results of the post-trial testing are presented in Figure 4.29 
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Figure 4.29 Results of post trial in situ testing 

4.3.5 INTERPRETATION OF RESULTS OF THE NEWBURN HAUGH TRIAL 

4.3.5.1 Electrical Energy 

The electrical energy drawn by the installation was of the same order of magnitude as that 

predicted by the equation presented by Casagrande (1983). However, the Casagrande 

(1983) equation did under predict the current drawn, probably as a result of the non- 

representative value of electrical conductivity obtained from the U 100 sample. The ordel of 

magnitude of the current decrease with time of the installation was of the order of 85% for 

the initial powered phase at 40V. The subsequent doubling of the applied voltage to 80V 

only had the effect of doubling the current drawn in accordance with typical Ohmic 

behaviour. The reversal of the applied potential difference after a treatment time of 382 

hours had no immediate effect upon the current drawn. The effect of the voltage reversal 

was noted by an increase in the current drawn approximately 150 hours after the reversal of 
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voltage had taken place with the current showing an initial decrease from 2 Amps to 0 Amps, 
followed by an increase up to 8 Amps and then a subsequent decrease to 0 Amps again at 
which time the trial was powered off. The delay in the power drawn by the installation has 
been observed by several researchers, Lo et a/ (1991 a) and Eggestad & Foyn (1983). The 

reasons suggested for the delay are the wetting up of the desiccated soil in the region of the 

new cathode before full electrical flow is re-established Additionally, the Author suggests 
that the redistribution of the chemical species that have been differentiated by the electro- 
osmosis process as observed by Acar et al (1990), Grey & Somogyi (1977) and Sprute & 

Kelsh (1975) contributes to the delay demonstrated by the electrical current after polarity 

reversal. 

4.3.5.2 Surface Settlement And Undrained Shear Strength 

From the results presented in Figure 4.27 it is apparent that the response of the ground 

surface was not as anticipated, with the monitoring pegs demonstrating both settlement and 

expansion of the soil mass over the treatment time with no discernable trend towards an 

overall settlement of the ground surface as would be anticipated. Additionally, the maximum 

movement recorded over the test period was less than 3 mm settlement, significantly less 

than the 64 mm calculated in §4331 and presented in Table 4.5 foF a Iow permeability 

assumption. 
The post trial in situ testing demonstrated no discernable increase in the undrained shear 

strength of the cohesive alluvium, as shown in Figure 4 30 
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The only rational supposition that may b6 drawn from these results is that the electro- 
osmotic treatment did not have the desired effect on the cohesive alluvium, in terms of 
increasing the undrained shear strength and causing a settlement of the ground surface, 
although the results of the electrical energy consumption, Figure 4,28, demonstrates a trend 
commensurate with a successful treatment process. These findings may be explained if the 
macrofabric of the made ground overlying the cohesive alluvium is considered to contain 
granular layers that permit the passage of water between the anode and cathode positions at 
a greater velocity than through the cohesive alluvium, i. e. essentially short-circuiting the 

electro-osmosis treatment process As demonstrated in Figure 4.31 
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Figure 4.31 Short-circuiting of e-o treatment through made ground 

The interpretation presented in Figure 4 31 would have the following consequences 

The current drawn by the installation would be higher than anticipated due to the greater 

electrical conductivity of the made ground. 
The water moved through the cohesive alluvium from the anode to the cathode could 

recirculate through the granular layers in the macrofabric of the made ground-, thus 

counteracting the electro-osmosis process. Hence, no net water movement would take 

place and no settlement of the ground surface or significant change in shear strength of 

the cohesive alluvium would occur. 

This outcome was, however, unforeseeable at the design stage due to the lack of 

undisturbed soil samples in the made ground and the inability of the site investigation 

methods to detect the composition and macrofabric of the made ground. As was mentioned 

in § 4.3 13 the installation of a sleeve to seal the EKG from the made ground could have 
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prevented the occurrence of the short-circuiting through the made ground. However, due to 
the installation method used, for economic reasons, it was not possible to sleeve or insulate 
the EKG through the made ground, thus both anode and cathode remained "open" and 
susceptible to recharge. A similar outcome was encountered by Caron (1971 a& b) caused 
by lack of information on the soil macrofabric which would have shown the existence of 
laminations of higher permeability soils located within a soil of lower permeability. 

4.3.6 CONCLUSIONS 

The following conclusions may be drawn from the trial: 

m The installation method developed by the Author using a modified DPH cone for the 
installation of the EKG was found to be successful. 

n The electrical power drawn by the installation was commensurate with that predicted by 

calculation using the equation suggested by Casagrande (1983). 

a The surface monitoring pegs and in situ testing did not show any evidence of 
improvement in the cohesive alluvium as a result of the electro-osmotic treatment. It is 

thought that short-circuiting of the installation occurred through the made ground and 

allowed recirculation of the water between cathode and anode, thus negating any 
dewatering caused by electro-osmosis. 

m The establishment of representative soil parameters and accurate recording and 

interpretation of the macrofabric of all of the soils through which the electrodes pass is 

essential to avoid unforeseen occurrences and possible failure of the process. 

n The short-circuiting through the made ground could have been prevented by sealing the 

EKGs through the made ground, by means of encasing them in a plastic tube. 

The site is currently been developed and the area were the trial was located has been drilled 

on a grid pattern to grout up the shallow mine workings located beneath. Thus, further work 

in the area is not possible. Before the area was grouted steel reinforcement bars were 

driven into the ground to act as a second phase trial to establish if closed electrodes would 

prevent the recirculation of the ground water through the made ground. However, the power 

supply generator was stolen from the site and it was not possible to undertake the second 

phase trial before the grouting operations were underway. 

In view of the practical difficulties experienced with the initial field trial a decision was taken 

to undertake full-scale EKG consolidation trials in a specially designed test facility that could 

guarantee known conditions and where the experiment could be instrumented. These tests 

were undertaken as a follow up to the research presented in this thesis (Jones & Shim 

2001). 
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4.4 SYNOPSIS OF CHAPTER 4 

The chapter began by introducing the currently available techniques for ground improvement 
for use in both cohesionless and cohesive soils. The techniques for use in cohesive soils 
were then discussed in some detail, as they are direct competitors to the consolidation of the 
ground using electro-osmosis. The alternative techniques discussed were; precompression, 
vacuum preloading, vibroreplacement, concrete columns, lime & lime/cement columns, lime 
piles, thermal stabilisation, dynamic compaction, grouting techniques and conventional 
com paction. 

The process of electro-osmotic consolidation was then introduced beginning with a historical 

review of its application to the field of civil engineering. This was then followed by a review 
of the advanced theory of electro-osmotic consolidation, detailing calculation methods for the 

amount and rate of consolidation that may be anticipated. The permanence of the electro- 
osmotic treatment was then discussed by reference to the experience of other researchers 

and by reference to e-log a' and critical state models. The concepts of combined 

surcharging and electro-osmotic consolidation were discussed as well as the technique of 

polarity reversal to achieve a more uniform treatment of the ground. 

The Newburn Haugh consolidation trial was introduced with a discussion of the site geology 

and the laboratory testing undertaken by the Author to establish the geotechnical parameters 

used for design. The in situ testing of the site was then discussed with the purpose of 

obtaining the undrained shear strength (c,, ) of the cohesive alluvium and, additionally, the 

undrained deformation modulus (Eu) could also be calculated. 

The installation method developed by the Author for the installation of the EKGs using a 

standard DPH rig with a modified driving cone was then described, together with the 

installation pattern used. 

Design calculations for the installation were presented, giving the estimation of the quantity 

of settlement and the rate at which it should occur, together with an estimate of the current 

drawn. The monitoring regime adopted for the trial was described, together with the results 

obtained from the trial. 

The post-trial in situ testing was presented and the results of the MDMT testing given. This 

was followed by the interpretation of all of the results obtained during the trial, i. e. electrical 

energy, surface settlement and undrained shear strength. 
Conclusions were then drawn indicating that the likely explanation for the lack of surface 

settlement was the short-circuiting of the system through the made ground both electrically 

and hydraulically due to a lack of information on the soil's macrofabric. Recommendations 
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for further work were then given; it was recommended that no further work shouid be 

undertaken on the Newburn Haugh site due to the grouting operations that subsequently 

took place in the trial area. The development of a large-scale test facility at the University of 

Newcastle was suggested to allow consolidation trials to be undertaken without disruption. 
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4.6 CHAPTER 4 PLATES 

Plate 4.1 - Specially designed DPH cone for the installation of the EKG 

(EKG attached) 
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Plate 4.2 - Installation of EKG using DPH rig 



provement 
electro-osmotic consolidation 

Plate 4.4- Levelling of settlement monitoring pegs with digital level 
(power supply container also visible) 
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Plate 4.3 - Detail of stripped double crimped connection 



CHAPTER 5 

EKG IN SOIL REINFORCEMENT 

5.11NTRODUCTiON 

The concept of soil reinforcement is not new. The Ziggurat of Agar-Quf, 5 km north of 
Baghdad, is believed to be some 3000 years old and is constructed of clay bricks reinforced 
with woven mats of reeds. The Great Wall of China is also constructed of a mixture of clay 
and gravel reinforced with tamarisk branches (Jones 1996). 

The modern concept of earth reinforcement and soil structures was postulated by 
Casagrande, who idealised the problem in the form of a weak soil reinforced by high strength 

membranes laid horizontally in layers (Westergaard 1938). The reinforced soil systems of 
today are, however, derived from the invention of Reinforced Earth by Henri Vidal in 1963 

(Vidal 1963,1966,1969a, 1969b). He was the first to formalise a rational design of a 

modern reinforced soil system (Bergado et a/ 1994). 

The reinforced earth system patented by Vidal consisted of metal strip reinforcement, usuaily 

made of galvanised steel, located in high quality, but expensive, clean dry sand and gravel 
backfill to be able to generate the required frictional resistance between backfill soil and 

reinforcement. 
However, rapid development in polymer technology has produced a wide variety of 

geosynthetic materials resulting in the growth of many different reinforcing systems. The 

advent of grid type polymer reinforcements, which have high pull out resistance, has enabled 

the use of cheaper low quality cohesive frictional soil as backfill (Jones 1990). 

5.2 MECHANISMS OF SOIL REINFORCEMENT 

Reinforced soils are fundamentally different from conventional earth retaining systems, 

which are externally stabilised, in that they utilise a different mechanism for support and are 

internally stabilised. 
An externally stabilised system uses an external structural wall against which stabilising 

forces are mobilised. An internally stabilised sysiern involves reinforcements installed within 

and extending beyond the potential failure mass. Within this system, shear transfer to 

mobilise the tensile capacity of closely spaced reinforcing elements has removed the need 

for a structural wall and has substituted a composite system of reinforcing elements and soil 

as the primary structural entity (Jones 1996). 
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The action of reinforced soil is best considered by visualising two steep slopes one of which 
is reinforced and the other not, as shown in Figure 51 

Al V 

Unreinforced Slope 

Failure 
surface 

Reinforced Slope 

Figure 5.1 Steep slopes reinforced and unreinforced (After CIRIA 1996) 

If the unreinforced element of soil shown in Figure 5.1 is rotated by approximately 900 then it 

may be idealised as a shear box test as show in Figure 5.2. 

PS 

ýo> 

Pv 
Shearing Soil 

Compressive Strain 

Tensile Strain 

Figure 5.2 Idealised failure element in unreinforced slope (After Jewell & Wroth 1987) 

From the figure, it is apparent that the shear resistance that can develop on a failure surface 

is given by Equation 5.1 ý 

PresistiN -,,: Pv tan ý Eqn. 51 

Where Pv is the vertical load in the shear box or the normal load on the failure surface in an 

unreinforced slope. If a reinforced soil element as shown in Figure 5.1 is now considered in 
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a similar manner, the shear box analogy is as given in Figure 5.3. From the resolution of 
forces within the reinforcement and shearing soil element, it can be seen that the 
reinforcement has two beneficial effects on the shear resistance of the reinforced soil mass, 

10 There is a reduction in the shear force inducing failure through the horizontal component 
of the tensile force in the reinforcement- 

Is There is an increase in the normal force applied to the shear surface, and hence an 
associated increase in the shear resistance derived from the vertical component of the 
tensile force in the reinforcement. 

PS 
- 

Shearing Soil 

Shearing resistance: 
From soil alone: P, tan 
Reduction in shear force- PR sin 0 
Increase in force resisting shear: 
PR cos 0 tan ý 

Figure 5.3 Idealised failure element in reinforced slope (After Jewell & Wroth 1987) 

It follows that the shearing resistance of the element of reinforced soil is increased from that 

given in Equation 5.1 to that given in Equation 5.2: 

Presisting = Pv tan ý+ PR (sin 0+ cos 0 tan ý) Eqn. 5,2 

Fundamental studies have shown that the reinforcement is most effective aligned in the 

direction of tensile strain in the soil, so that tensile reinforcement force develops (McGown et 

al 1978). The orientation (0 in Figure 5.3) of the reinforcement with respect to the potential 

shear plane is the only geometry variable in Equation 5.2 and hence it is apparent that the 

inclination of the reinforcement is the governing factor in how much additional shear 

resistance is generated by the inclusion of the reinforcement. Figure 5.4 demonstrates the 

variation of the function given in Equation 5.2 with respect to different 0 and ý angles 

It can be seen from Figure 5.4 that the optimum orientation for the reinforcement is given by 

OOPT = 900- ý (CIRIA 1996). In practice, the degree of improvement is critically dependent 

upon the magnitude of the mobilised reinforcement force (PR), Two physical factors require 

consideration in the evaluation Of PR: 

3 
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The maximum force that a piece of "strong" reinforcement can carry is ultimateiy 
governed by the bond between the soil and reinforcement. The bond being at a 
maximum when the maximum compressive stress in the soil acts perpendicular to the 

plane of the reinforcement. 

0 The stiffness of the reinforcement influences the soil shear deformation required to 

mobilise the reinforcement force. The maximum possible tensile strain in the 

reinforcement is equal to the tensile strain in the adjacent soil in the direction of the 

reinforcement. Thus, reinforcement orientated in the direction of maximum tensile strain 

will experience the greatest elongation for any given shear deformation in the soil. This 

optimum reinforcement angle (0, ), is also shown in Figure 5.4. 

2 
C: C13 Principal tensile \ý013t - (90 - 
0 strain 0, 
r. ) lý11111 
+ 
C 
(n 

NIS 0 

CO 
(D 

S0t 

-30 0 30 60 90 

Reinforcement orientation 0 

Figure 5.4 Shear resistance versus reintorcement orientation kl"Irmm lZmv) 

The orientation of the principal axis of stress and incremental strain are closely aligned in 

shearing soil such that the two optimum orientations described above are approximately 

equal. This leads to the rule of thumb that geotextile reinforcement should be placed in a 

soil at an orientation within the range 450 ý: 0 ý! 00 with respect to the critical slip surface 

(Figures 5.3,5.4). This is roughly horizontal in the main reinforced soil applications (CIRIA 

1996). The reader is referred to Jewell and Wroth (1987) for a more detailed discussion. 

5.3 CORNER STONES OF ANALYSIS AND STRAIN COMPATIBILITY 

The cornerstones for the analysis of reinforced soil structures are that of the soil strains, soil 

stresses, soil reinforcement interaction and gravity, reinforcement and boundary forces are 

all interconnected (Jones 1996). This has been illustrated by Bolton (1991) and is presented 

in Figure 5.5. 
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From §5.2 it is apparent that equilibrium in a reinforced soil structure is obtained when the 
tensile strain in the reinforcement and that in the surrounding soil is equal. 

GRAVITY, REINFORCEMENT 

AND BOUNDARY FORCES 

FORCES 

DISPLACEMENT 

SOUREINFORCEMENT 
INTERACTION 

COMPATIBILITY 

SOIL STRAINS 

EQUILIBRIUM 

SOIL STRESSES 

STRESS 

STRAIN 

Figure 5.5 The cornerstones of analysis (After Bolton 1991) 

From a practical point of. view, the magnitude of the tensile strain possible within a reinforced 

soil structure is governed by two criteria: 

0 At the tensile strain at which equilibrium occurs the magnitude of the reinforcement 

tensile force and the shearing resistance of the soil can be realistically mobilised. 

0 The tensile strain at equilibrium can be achieved with acceptable deformations in the 

structure. 
Hence, it is necessary to consider the stress strain response of both the soil and the 

reinforcement individually and in a combined state. The stress-strain response of a typical 

granular material and a normally consolidated clay under drained and undrained loading is 

demonstrated in Figure 5.6 under the stress system found within reinforced soil applications. 

The stress-strain curves for typical reinforcing geotextiles are given in Figure 5.7a. 

The tensile strain at equilibrium and the force in the reinforcing elements in a reinforced soil 

structure can thus be obtained theoretically from these two curves by combining them as 

shown in Figure 5.7b. This figure demonstrates the stress generated in the reinforcement by 
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plotting the stress available in the reinforcement, from the conventional stress-strain curve 
(Figure 5.7) for the geotextile in question and the stress required from the soil, from the 
soil's stress-strain curve. 

Drained Triaxial (SAND) 

U 

Loose 

ýPeak 

Dense 

Loose 

F,, ca 

(51 G -1 

Ca 

AV 

Figure 5.6 Stress - strain response of soils during triaxial test (After Craig 1992) 

Cl S.:. " 

(I) 
U) 

I- 
(f 

ýxtile 

CUTXL (N. C-- CLAY) CDTXL (N. C. CLAY) 

stiff 

"Iss 

1) 
0 I- 
0 
C 

Available stress 
reinforcement 

Flexible 

Loose 
Flexible Required stres, _ E_ in reinforcerneni 

*Equilibrium point 
U) 

Strain 

v 

Strain 
a) Geotextile response b) Strain compatibility diagram 

Figure 5.7 a) Stress - strain response of geotextile reinforcement. b) Strain 

compatibility diagram for equilibrium in reinforced soil (After Jewell 1985, CIRIA 

1996, Jones 1996) 

This compatibility curve is essentially a plot of a) the maximum required force for equilibriurn 

in the soil, which depends on the mobilised shearing resistance and b) the associated 

maximum available force from the reinforcement, From Figure 5.7 it is apparent that (afteý 

Jones 1996)- 

a) Stress in different materials (soil/reinforcement) is based upon strain level. 

Dense 

Paq 
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b) Stiff reinforcing materials will attract stress and flexible reinforcing materials will shed 

stress. 

c) Reinforcing materials prone to creep will loose stress. 
d) Compacted fill will strain less than loose fill to achieve equilibrium. 

The stiffness of the reinforcement has a fundamental effect upon the behaviour of a 

reinforced soil structure. Axially stiff reinforcement will experience little strain before taking 

up load. The stress in the reinforcement can accumulate rapidly and may occur at lower 

strains than those required to mobilise peak soil shear strength. Flexible reinforcement 

requires greater deformation before taking up the stress imposed by the soil. This may lead 

to higher strains and the peak shear strength of the soil may be approached or exceeded 
(Jones 1996). 

5.4 SOIL / REINFORCEMENT INTERACTION 

As well as the intrinsic properties of the soil and the reinforcement, the properties of their 

interactions are also an essential consideration for reinforced soil. There are two limiting 

modes of interaction as shown in Figure 5.8: 

1. Direct Sliding - Where a failure surface slides over a layer of reinforcement. 

2. Pullout - When a layer of reinforcement pulls out from the soil having mobilised the 

maximum available bond stress between the reinforcement and the soil. 

ct sliding te 

Figure 5.8 Soil / reinforcement interactions 

5.4.1 DIRECT SLIDING 

(CIRIA 1996) 

The coefficient of direct sliding between the soil and the reinforcement can be measured in 

the laboratory using a modified shear box apparatus. For woven or non-woven sheet type 
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geotextiles direct sliding occurs between the soil and the geotextile over the full plan contact 
area. As such the geotextile may be supported on a solid block or soil in the lower half of the 
shear box apparatus, Figure 5.8c (CIRIA 1996). 
The direct sliding resistance of geogrids is more complex than that of sheet type geotextiles 
and consists of soil sliding over soil in the apertures of the grid, as well as soil sliding over 
the polymeric material of the geogrid itself. As a result geogrids have to be tested in the 
shear box with both upper and lower halves of the box filled with soil, Figure 5.8d. Modified 
direct shear tests for granular backfills are described in BS 6909 (BSI 1991). 

5.4.2 PULLOUT 

Pullout tests can be conducted in a special pullout box. However, the results are greatly 
influenced by the conditions that exist within the test apparatus (Palmeira & Milligan 1989). 
For sheet type woven and non-woven geotextiles the bond mechanism on both sides of the 

geotextile is very similar to that in direct sliding. The bond coefficient obtained from pullout 
tests on these sheet geotextiles has been found to agree closely with the direct sliding 
coefficient measured in the modified direct shear apparatus (CIRIA 1996). Hence, it is 

usually unnecessary to conduct pullout tests on sheet geotextiles when direct shear tests 

can be carried out much more easily. 
For geogrid reinforcement the mode of interaction between the geotextile and the soil during 

pullout is distinctly different from that during direct shear, as demonstrated by Dyer (1985). 

This study indicated that geogrids develop bond partly through concentrations of bearing 

stress against the transverse members of the grid, and partially by shear of soil over the 

geogrid surface area. Hence, the bond coefficients for geogrids can only be measured by 

pullout tests. Jewell (1990) has suggested that for design purposes the bond coefficient may 
be calculated based upon the grid dimensions and the soil properties. The analysis 

suggested is for a general case of reinforcement as shown in Figure 5.9. Using this general 

case when the fraction of the grid surface area that is solid is set to unity (as the 

proposed relationships reduce to those for sheet type woven and non-woven geotextiles. 
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S 

B 

Direction of axial 
force and relative 

movement 
ds Fraction of grid surface area that is solid 
ab Fraction of grid width Wr available for bear&ing 

Figure 5.9 Geometrical definitions for geotextiles (CIRIA 1996) 

5.4.3 COEFFICIENT OF DIRECT SLIDING 

The shear resistance to direct sliding of a soil-reinforcement system is dependent upon: 
a) Shear between the soil and the planar surface of the reinforcement. 
b) Soil - soil shear through the apertures of the reinforcement. 

The overall direct sliding coefficient is defined by the coefficient ads * The theoretical 

expression for direct sliding resistance recommended for design is given in Equation 5.3: 

ads tan 0' = as tan t5 + 
(1 

- as)tan 0' Eqn. 5.3 

Where tan 8 is the skin friction for soil shearing over the planar surface of the reinforcement, 

and the other terms are defined in Figure 5.9 (Jewell et al 1984). This may be rearranged to 

give the coefficient of direct sliding (ads): 

ads= a., - 
tang 

+ as) tano' 
Eqn. 5.4 

For a sheet type woven or non-woven geotextile with no apertures as =I and the 

coefficient of direct sliding is analogous to the skin friction between a construction material 

and soil: 

tan, 5 
ads = tano' 

Eqn. 5.5 

The coefficient of direct sliding is typically in the range 1.00 ý! ads ý! 0.60 for a wide 

spectrum of woven and non-woven geotextiles and soils (Williams & Houlihan 1987). The 

lower values generally apply to geotextiles with smooth, even surfaces. The minimum 

possible direct sliding resistance would be of the order of ads = 0.4 which applies for soil 

shearing over a smooth metal sheet (Potyondy 1961, Kishida & Uesugi 1987). Woven 

geotextiles with significant surface roughness mobilise greater direct sliding resistance in the 
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range ads "": 0.8 to 1.0. The skin friction between granular soil and a solid sheet of polymer 

is of the order tan (5 = 0.6tano'. Many avai I able geogrids have an area ratio of the 

order as= 0.5, which when substituted into Equation 5.4 gives atypical coefficient of direct 

sliding resistance for geogrids of ad, = 0' 8- 

5.4.4 COEFFICIENT OF BOND 

The two main mechanisms of load transfer, which provide bond between soil and 

reinforcement, are skin friction and bearing stress as shown in Figure 5.10. Bond may be 

defined in terms of a bond coefficient, ab , The contribution to bond from skin friction 

depends upon the planar surface area of the reinforcement, ab B/ 2S 
, and on the ratio of 

the bearing stress to the stress acting normal to the reinforcement (7' / (7' , Figures 5.9 bn 

and 5.10. 

Grid bearing members 

Pr 
B 

Shear between soil and plane surfaces 

IW 

Soil bearing on reinforcement surfaces 

r --=7- 
Gb ==:: _, 

tttftttt 

To be fully rough: 
2s cr, tan B Ob 

(a) (b) 

Figure 5.10 Mechanisms of load transfer for geotextiles 

The theoretical expression for bond is (Jewell et al 1984): 

bB 
tanot = astan<5 +b ab 

07 
1 2S n 

and the bond coefficient is thus: 

f6 
bB 

I 

- tan. 5 ab 
ab = as -+ tano' 2S tano' n 

(CIRIA 1996) 

Eqn. 5.6 

Eqn. 5.7 

The result for woven and non-woven sheet type geotextiles may be found by setting the 

term a,, 1.0 and ab 0.0, thus: 

tan(5 
tano' -ad, 

Eqn. 5.8 
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Confirming that the bond and direct sliding coefficients for these materials are equivalent. 
The parameters for use in Equation 5.7 are well defined except for the bearing stress 

ratio o7' / c' , Figure 5.10. Relations giving theoretical upper and lower bounds to the bn 

bearing stress ratio have been found to bound the data on bearing stress recorded in pullout 
testing, Figure 5.11. The lower bound curve in Figure 5.10 is defined by Equation 5.9 and is 

recommended for design (CIRIA 1996). 

/T +0 1) tano' ýTb 
tan -+ 

0')eý 2 

1 

(4 
-2 Un 

10 

Eqn. 5.9 

If typical parameters for geogrid reinforcement are substituted into Equation 5.9 then it is 

demonstrated that the maximum possible bond in compact granular fill, 

ab ý: z 1.0 (equivalent to a rough sheet), can be achieved by geogrids with geometry of the 

order S/ abB < 20. 

The two separate components that contribute to the bond of grid reinforcement are 

summarised in Table 5.1 for a range of grid geometries and angles of soil friction 

assuming tan, 5 = 0.6tano'. 

1000 

100 
-C 
-b 'a 0 

C13 

cn 

c , C: ca (1) co 
10 

20 
Angle of ffiction, ý', (11) 

Figure 5.11 Bearing stresses on reinforcement (after CIRIA 1996) 
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Table 5.1 Bond coefficients for grid reinforcement (Eqn. 5.7) (after CIRIA 1996) 

a,, 25* 30' 35" 40* 45' 

0.10 0.06 0.06 0.06 0.06 0.06 

0.25 0.15 0.15 0.15 0.15 0.15 

0.50 0.30 0.30 0.30 0.30 0.30 

0.75 0.75 0.75 0.75 0.75 0.75 

Component Of Oýb from surface shear (First term in Eqn. 5.7)f 

SlabB 
25" 30' 35* 40" 45" 

10 0.43 0.50 0.63 0.86 1.00 

25 0.17 0.20 0.25 0.34 0.51 

50 0.09 0.10 0.13 0.17 0.25 

100 0.04 0.05 0.06 0.09 0.13 

Component Of (lb from bearing stress (Second term in Eqn. 5.7)t 

tan 9=0.6tan 0' 
* Subject to a maximum doubling from particle size effects 

The bond coefficient for any devised combination of these is found by adding the two 

components together, subject to a limit of ab :! ý 1-0 
- 

Palmeira & Milligan (1989) have shown that there is an important scale effect due to the 

mean particle size (D50) which increases the bearing load transfer once B/D50<1 0, Figure 

5.12. 

2.5 

Palmeira & Milligan (1989) 

2.0 13 0 Square section 

0 0. & Round section 

B 

b01.5 - 
-1 Eq n. 5.10 U tD 

Cm 
- --- 

A-- 

.G1.0 ----------- as J% (D 

0.5- 

0.0 5 10 15 20 25 

Size ratio, B/050 

Figure 5.12 Influence of particle size on soil bearing stress (CIRIA 1996) 
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This is consistent with the scale effects observed in other bearing capacity problems (Kerisel 
1972). The empirical relation shown in Figure 5.12 is recommended to allow these scale 
effects to be taken into account and is given by Equation 5.10: 

20- 
B 

D 50 ý7b 

= F, 0b Eqn. 5.10 10 cr" CI 

and applies when 13050ýýl 0. The bearing stress ratio (o-b' / for a continuum (no 

particle size effects) is defined in equation 5.9 for bearing on transverse members of circular 
cross-section. For rectangular cross-sections an increase by a factor of 1.2 is appropriate 
(CIRIA 1996). Hence, both scale effects and the shape factor can increase the load transfer 
in bearing by up to a factor of two or more, explaining the scatter in Figure 5.11. Adopting 

these refinements the expression given in Equation 5.7 may be re-written as: 

- tang ab 5bB I f 

a =a,, -+FF b 
tano' 

2 2S tano' an 
Eqn. 5.11 

Where the factor F, allows for scale effects and is defined by Equation 5.10 when B/D50< 10 

otherwise F1=1.00. The shape factor F2=1 
-0 

for circular bar and F2=1.2 for rectangular bar. 

5.5 ANALYSIS OF CONVENTIONAL GEOGRID REINFORCED WALLS 

The design of the EKG/reinforced cohesive wall was based upon modified conventional 

design practice and, therefore, it is necessary to briefly review the analysis methods for 

conventional reinforced soil walls. The discussion is limited to the use of geogrids for 

reinforcement, as this type of reinforcement was utilised in the field trials. The discussion 

and theories developed may, however, be adopted for different reinforcement types. 

5.5.1 DESIGN METHODOLOGY 

Walls and abutment structures are conventionally constructed using horizontally placed 

reinforcement. The vertical spacing of the reinforcement may remain constant throughout 

the full height of the wall, but the density or strength of the reinforcement is likely to be 

greater towards the base of the wall, where the horizontal thrusts are at a maximum. 

The simplest layout of reinforcement is a uniform distribution of identical reinforcing elements 

throughout the entire length and height of the structure (Jones 1996). This layout is usually 

uneconomical except on small-scale works. A more economical design may be achieved by 

using reinforcement of different properties or by dividing the structure into different zones. 

Currently there are two design methods that encompass design methodologies in the United 
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Kingdom, USA and parts of Europe. These are the coherent gravity hypothesis and the 
tieback wedge hypothesis. 

5.5.1.1 Coherent Gravity 

The coherent gravity method is an empirical technique that has been described by 
Mitchell and Villett (1987) and the Minist&es des Transports (1979). Itwasdeveloped 

to provide for structures with reinforced steel strip (inextensible) reinforcement. The 

method contains four basic assumptions for the internal stability of reinforced soil 
structures (Netlon Ltd 1986 and Jones 1996): 

1) The reinforced soil mass is divided into two fundamental zones, an active zone and 

a resisting zone, delineated by the line of maximum tension in the reinforcement as 

shown in Figure 5.13. This failure mode is analogous to that formed in a mass of 

cohesionless soil supported by a rigid wall rotating about the top; see Figure 5.14. 

2) The state of stress within the reinforced mass varies from an "at rest" (K, ) condition 

at the top of the structure to an active (K, ) stress state at a critical depth, the 

calculation of lateral earth pressure is based upon this assumption. Cohesionless 

fill only is used. 
3) An apparent coefficient of adherence between the reinforcing elements and the fill 

based upon the results of pullout tests is assumed. 

4) A. Mayerhoff pressure distribution is assumed to exist both beneath and within the 

reinforced fill. 

Tmax 

tension 
in I, 

coupling 

line of maximum 
tension 

AH 

facing reinforcement 

Figure 5.13 Tension distribution in coherent gravity analysis (Jones 1996) 
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Figure 5.14 Earth pressure distributions in different analysis methods (NetIon Ltd 1986) 

5.5.1.2 Tie-Back Wedge 

The tie-back wedge method was developed by the UK Department of Transport (1978) 

and is based upon limit equilibrium methods. It is independent of the reinforcement 

material type, and is used with both inextensible and extensible reinforcement and 

anchors. The tie back wedge analysis assumes that the lateral earth pressures within the 

structure are all due to the active earth pressure coefficient (Ka), thereby neglecting any 

additional earth pressure that may have been produced by heavy compaction plant on 

the wall fill as shown in Figure 5.14. Details of the tie-back wedge analysis used for the 

design of the full-scale trial wall are given in Annex B, 

5.6 COHESIVE FILL TO REINFORCED SOIL 

The development of polymeric reinforcements has allowed the possibility of using indigenous 

soils and waste fills (Jones et al 1996) in reinforced soil structures, thus providing the 

possibility of realising significant savings in construction costs, 

The acute lack of conventional frictional fill in some countries, such as Japan, has lead to the 

use of cohesive soils in major reinforced soil structures in theses countries. It has also been 

shown (Tatsuoka et al 1992 and Tatsuoka 1992) that geosynthetic reinforced soil structures 

formed using cohesive or cohesive frictional fill are potentially more stable than structures 
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formed from purely frictional fill. It is notable that this type of cohesive soil structure 
withstood the Kobe earthquake (Tatsuoka et al 1995). 

However, many codes of practice, including BS 8006 (BSI 1995) do not permit the use of 
purely cohesive soil in the construction of reinforced soil structures for permanent works, 
with the reasons for its exclusion stated as; low strength, high moisture content, high creep 
and low bond strength between the soil and the reinforcement. 

5.6.1 HISTORICAL EXPERIMENTATION AND EXPERIENCE IN COHESIVE 

REINFORCED SOIL 

Schlosser and Long (1974) conducted early research into the effect of the proportion of fine 

grained material in reinforced soil backfill using powdered clay mixed with glass balls. Their 

results demonstrated that for undrained saturated conditions as the percentage of clay in the 

soil increased so the undrained angle of shearing resistance (ýu) tended towards zero and 

the undrained shear strength (cu) tended towards that of the pure clay. 
Further experiments into the coefficient of friction between the fill and reinforcement 

indicated that the ratio between the coefficient of friction between the soil and metallic 

reinforcement (Tan 5) and Tan ý, was in the range of 1.0 - 0.5, for soils with up to 30% of the 

particles less that 80jam. 

Murray & Boden (1979) conducted a full-scale, 6m high, composite trial of reinforced 

cohesive fill and reinforced granular fill after an earlier (Boden et al 1978) small-scale wall 

had proved satisfactory. The variation in construction height of the wall with time, and its 

composition, is shown in Figure 5.15. 

The lower cohesive fill was placed as wet as possible consistent with the limits of 

trafficability. The upper cohesive fill was placed at a moisture content consistent with that 

considered suitable for the construction of a cohesive fill embankment in the U. K. (Murray & 

Boden 1979); see Table 5.2. The central layer of granular fill was used to provide a direct 

comparison between the performance of conventional granular and cohesive fills. It did, 

however, also act as a drainage layer for any excess pore water pressures generated in the 

cohesive layers. 
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Figure 5.15 Height of construction against time (Murray & Boden 1979) 

The reinforcements types used in the structure were; stainless steel, mild steel (galvanised, 

aluminium and plastic coated), prestressed concrete planks, fibre reinforced plastic (FRID) 

and non-woven fabric. 

Table 5.2 Summary of soil properties in Murray & Boden (1979) wall 
Position Liquid 

Limit 

Plastic 

Limit 

% Sand % Silt % Clay Average 

w (%) 
C, 

(kPa) 

k (m/s 

*10-, 0) 

Lower 30 17 51 39 10 17 45 6.0 

Cohesive 

Upper 42 21 7 65 28 18 90 0.4 

Cohesive 

The following observation was made during the construction of the wall (Murray & Boden 

1979): 

"The porewater pressure was seen to rise with increasing depth from the face of the wall" 

This was probably due to the increasing distance from a drainage path, this interpretation is 

corroborated by the fact that very small or zero pore water pressures were recorded at all 

times for locations less than 1m distant from the wall facing. The maximum pore water 

pressures were observed immediately after the lower cohesive zone had been built up to full 

height, before the delay in construction. The dissipation of pore water pressure was in 

agreement with that calculated from consolidation parameters measured in the laboratory. 
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The tensile force in the reinforcement was also measured using eight pairs of strain gauges 

mounted at intervals on opposite sides of selected reinforcements. The results obtained 
demonstrated that the change in tensile force in the reinforcement was related to the 

increase in effective stress due to the dissipation of excess pore water pressure. This is 

shown in Figure 5.16. 

This is of significance in the design of reinforced structures using cohesive fill as it 

demonstrates that tensile resistance is mobilised through effective stress rather than total 

stress (Murray & Boden 1979). It was noted that at locations where the excess pore water 

pressures were small or zero the tensions in the reinforcement agreed well with those 

predicted by the theoretical equation presented in Equation 5.12. 

T= K,, 7Z 1+K 
(z )2 

SVSh 
LI 

Where: 

T= Tension in reinforcement 
Ka = Coefficient of active earth pressure 

y Unit weight of fill 

Z Depth to reinforcement in fill 

L Length of reinforcement 
SV, Sh = Spacing of reinforcement in vertical and horizontal directions 

a, 9 

Eqn. 5.12 

Figure 5.16 Effective stress against force generated in reinforcement (Murray & Boden 

1979) 
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The following conclusions were also drawn from the results: 
Horizontal pressures - with soils close to saturation high pore water pressures are 
generated (due to compaction and overburden) which act on the wall but subsequently 
decay as dissipation takes place. 
Tension in reinforcement - excess pore water pressures inhibit the development of 
effective stress and reduce the bond between soil and reinforcement. 
Distribution of tension in reinforcement - due to the presence of a drainage boundary at 
the wall face, the full effective stresses are quickly mobilised in this region whereas at 
other locations the effective stresses are much smaller. In the short-term much of the 

support for the wall may develop over a relatively small proportion of the length of the 

reinforcement. As consolidation takes place more available resistance develops and 

some redistribution of tension may take place. 

Jewell & Jones (1981) discussed the experimental and full-scale field application of a 2. Om - 
6.0m high reinforced soil structures built from cohesive mine waste. The laboratory work 

was undertaken on lightly overconsolidated kaolin reinforced with polymeric grid type 

reinforcement. The reinforced samples were then tested in the direct shear apparatus in 

both drained (0.28xl 0-3MM/S) and undrained (0.12 mm/s) states. 

The load displacement graphs for both types of test are presented in Figure 5.17. 
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Figure 5.17 Load displacement curves for direct shear tests (Jewell & Jones 1981) 

The drained tests demonstrate that the inclusion of grid type reinforcement improves both 

the strength and the stiffness of the kaolin compared to the unreinforced case. The 

undrained tests also show a similar improvement in both strength and stiffness. The paper 

also states that in tests carried out by Jewell (1980) grid type reinforcements were found to 

be the most effective type of reinforcement for both cohesionless and cohesive soils. 

Ingold (1981) presents the results of a series of simulated reinforced soil walls reinforced 

with a polyethylene mesh. The walls were brought to failure by the application of a vertical 

surcharge. The results were then analysed using total stress analysis methods for short- 
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term stability. Ingold (1981) presented two analytical methods for the reinforced clay wall, - a 
discrete theory and a composite theory. The discrete theory considers the restoring forces in 
the wall to be the sum of two discrete forces, those due to the clay fill and those developed 
by the reinforcement. The composite theory considers the undrained shear strength of the 
clay - reinforcement composite system. 
Initially the investigations carried out a systematic study of soil-reinforcement adhesion 
coefficients (a) using three different test methods, shear box with inclined reinforcement, 
shear box with horizontal reinforcement and pullout tests. The adhesion factors obtained 
from each of these tests are presented in Table 5.3. 

Table 5.3 Results of interaction tests undertaken on "geogrid" in clay by Ingold (1981) 

Test Type Adhesion coefficient (a) 

Inclined reinforcement shear box 1.03 

Horizontal reinforcement shear box 0.89 

Pullout 0.18 

Although there is a large variation in the cc values obtained from these tests some of the 

apparent discrepancies may be explained: 

0 Inclined shear box - The grid is surrounded by soil and is subject to flexure by the test 

method as well as pullout/direct sliding along the grid/soil interface. 

Horizontal shear box - Only the upper half of the shear box apparatus was filled with soil 

material, the lower half being filled with a solid aluminium blank. As discussed in §5.4 

this test method is inappropriate for grid type geosynthetics and both halves of the shear 

box should contain soil. Hence, the horizontal shear box tests conducted by Ingoid 

(1981) are likely to give an underestimation of the interaction coefficient due to the 

soil/aluminium and polymer/aluminium interfaces being smoother than the soil/soil or 

soil/polymer interactions. 

Pullout - The reason proposed by Ingold (1981) for the low values obtained in the pullout 

tests are the relatively high extensibility of the polyethylene mesh resulting in a non- 

uniform distribution of relative strain and mobilised adhesion. McGown (1979) indicates 

that, for an extensible non-woven fabric, strains are high at the loaded "pullout" end 

dropping rapidly to zero or near zero values towards the free. end of the sample. As a 

result, the equation proposed by Ingold (1981) for the calculation of the adhesion 

coefficient, which is based upon the overall dimension of the geotextile under test, under 

predicts the adhesion coefficient. However, for stiff reinforcement the strain distribution 

is more uniform and the equation proposed by Ingold (1981) gives consistent results. 
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Sridharan et al (1991 ) presented a novel technique for the use of fine grained soil in 
reinforced earth which comprises of using relatively thin layers of a frictional type material 
(e. g. sand) around the reinforcement to allow mobilisation of the full interface shearing 
resistance of the sand and using cohesive fill as the bulk fill. The concept is demonstrated in 
Figure 5.18. 

Normal 
Load Normal Load igid top plate ig 
i 4 

Reinforcemen I 
'Z'ýý 

Well graded 
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E 
sand ------------------ 
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76mm 305mm 

SECTION ELEVATION 

Pullout 
Load 

Figure 5.18 Cross-section through pullout apparatus utilised by Sridharan et al (1991) 

However, the study only covered laboratory investigations utilising pullout tests and no full- 

scale trials were conducted to investigate the practicality of building the composite system. 
The results demonstrated, as would be anticipated, that as the thickness of the sand layer 

increased so the overall pullout resistance increased, tending towards that for the pullout 

apparatus full of sand. However, if flat reinforcement (3mm thick), as opposed to bar 

reinforcement was used the thickness of the sand layer required to mobilise the maximum 

amount of pullout resistance was found to be of the order of 10mm either side of the 

reinforcement. 
The inclusion of sand layers in reinforced soil would appear to be a technique worthy of 

further research as the technique combines drainage layers with zones of increased 

anchorage resistance for the reinforcement. One possible drawback of the technique is that 

to drain very fine grained soils it may be necessary to utilise a variety of grain sizes to 

establish a filter to prevent the loss of fines from the cohesive bulk fill. The technique is also 

likely to be difficult to construct. 

Jones et al (1996) and Nettleton et al (1998) introduced the concept of developing a range of 

geosynthetics that in addition to providing filtration, drainage and reinforcement can be 

enhanced by electrokinetic techniques for the transport of water and chemical species within 

fine grained low permeability soils. 

The papers suggest the use of electrokinetic geosynthetics (EKG) for reinforced soil and 

present the results of pullout tests as evidence that there is a synergy between electro- 

osmosis and reinforced soil, the results are presented in Table 5.4. The full test details and 

results may be found in Ham ir (1997). 
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Table 5.4 Increases in shear strength and soil/reinforcement bond when using EKGs 
at different overburden pressures Jones et a/ (1996) Nettleton et al (1998) 

Consolidation pressure Increase in cu Increase in bond strength 
(kPa) N N 
110 150 211 
140 200 113 
356 70 54 

Ham ir etal(2001) continues upon the work presented in Jones eta/ (1996) and Nettleton et 
ai(1998). Stating that the development of permeable, non-metallic reinforcing elements 
which are not susceptible to corrosion would allow the dissipation of excess pore water 
pressures generated in reinforced cohesive soil and lead to improved bond between soil and 
reinforcement. The paper goes on to state that the performance of the reinforcement can be 
further enhanced by making it electrically conductive thereby introducing electro-osmotic 

consolidation to reinforced soil technology. The potential benefits are stated as- 
Increasing the rate of dissipation of positive pore pressure in the cohesive fill in excess 

of that which can be achieved using permeable reinforcement alone. 
Inducing additional consolidation (and associated increase in shear strength) to that 

obtained by the self-weight of the fill material above. 

0 Dissipating positive pore pressure at the soil/reinforcement interface to a greater degree 

than with impermeable reinforcement, thereby increasing reinforcement/soil bond. 

5.6.2 EXISTING REINFORCED COHESIVE SOIL SYSTEMS - STATE OF PRACTICE 

Two systems are currently available which attempt to overcome the problems associated 

with the use of cohesive fill in reinforced soil and the generation of high excess pore water 

pressures. 

5.6.2.1 Textomur SyStem 

The Swiss Textomur (Keller Comtec 2000) system is a system developed for the use of 

cohesive fill, which utilises a non-woven geotextile to provide drainage and a geogrid 

reinforcement to provide reinforcement (Jones et al 1996). The system may, however, be 

criticised in that the reinforcement is placed where the maximum excess pore water 

pressures and slowest dissipation occurs, hence, ' bond will be drastically reduced between 

the soil and reinforcement in this zone. Ideally, the system would provide combined 

drainage and reinforcement at the same location. The system is shown schematically in 

Figure 5.19 
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Figure 5.19 Cross-section through Textomur system 

5.6.2.2 Paradrain System 

(Keller Comtec 2000) 

The Paradrain system is relatively rnodern system that combines both drainage and 

reinforcement (Terrarn Ltd. 2000, Kempton et al 2000), The idea originally behind this 

concept was investigated at the University of Newcastle by Heshmati (1993), who combined 
drainage material and grid reinforcement in clay soil with the objective of identifying the 

separate and combined actions of the materials in improving the overall shear strength 

characteristics of a clay, Details of the Paradrain system are shown in Figure 5.20. 
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Figure 5.20 Details of Paradrain combined reinforcement/drain 
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(Terram Ltd 2000) 

Dissipation tests undertaken using the Paradrain indicated that excess porewater pressures 

of 50 and 1 OOkPa could be dissipated to 20% of their initial value in 36 to 42 hours. 

Additionally, pullout tests conducted in English China Clay showed that the Paradrain couid 
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improve the soil reinforcement bond after only partial dissipation of the excess porewater 
pressure. After full dissipation the pullout resistance at small displacements can increase by 
as much as 500% when compared to geogrids of similar construction but with no drainage 

channel. 

5.6.3 CONCLUSIONS OF STATE OF PRACTICE AND HISTORICAL REVIEW 

From the review of previous experimentation and experience in reinforced cohesive soil it is 

apparent that if the porewater pressures generated within a reinforced cohesive mass can be 

controlled such that the effective stress within the structure increases an effective bond 
between the soil and reinforcement may be achieved (Murray & Boden 1979). The 
dissipation of the porewater pressure may be achieved by the inclusion of drainage layers 
(Sridharan et al 1991), non-woven geosynthetics that act as drains (Keller Comtec 2000) or 
drainage elements that are combined with reinforcement (Terram 2000). Reinforced 

cohesive soil structures have also been demonstrated to be more stable than conventional 

cohesionless soil structures under seismic loading (Tatsuoka et al 1992 and Tatsuoka 1992). 

The inclusion of reinforcement has also been shown to increase both the strength and 

stiffness of cohesive soils in both drained and undrained conditions (Jewell & Jones 1981). 

Jewell (1980) has also demonstrated that grid type reinforcement may be effectively 

employed for the reinforcement of cohesive soils. 

Jones eta/ (1996), Nettleton eta/ (1998), Ham ir(1997) and Ham iretal(2001) have 

demonstrated that a synergy exists between reinforced cohesive soil and electrokinetic 

phenomena. They have also suggested the use of electrically conductive geosynthetics as a 

means to achieving this synergy in practice. The remainder of this chapter presents the 

realisation of these suggestions through the construction of a full-scale electrokinetically 

enhanced cohesive reinforced wall, the Joint Stocks wall. 

5.7 JOINT STOCKS WALL 

The purpose of the Joint Stocks wall was to demonstrate, by means of a full-scale trial, that 

electrokinetic phenomena could be applied through the use of EKGs to construct a 

reinforced soil wall using an extremely wet cohesive fill, which without undergoing significant 

improvement would be unable to be built. Thus demonstrating the synergy between 

electrokinetic phenomena and reinforced cohesive soil through the use of EKGs in the field 

at full-scale. 

The site for the construction of the wall was made available to the University of Newcastle 

upon Tyne for the purpose of this research by CAPITOL Waste Management. The site is 

located within the Joint Stocks waste disposal and recycling centre approximately 1 km north- 

east of Coxhoe and 500m north-west of Kelloe, County Durham, United Kingdom (Grid Ref: 
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NZ 329364). The site is currently a domestic landfill and recycling centre located within the 
old Joint Stocks Magnesian Limestone quarry. The location of the trial itself is in the centre 
of the site adjacent to a small lake on a slope of westerly aspect composed of 20 year old 
capped landfill. 

5.7.1 SELECTION OF FILL MATERIAL 

The fill material to construct the wall had to fall outside the limits of the acceptable soil types 

outlined in the British Standard on reinforced soil BS 8006 (BSI 1995) and also be amenable 
to improvement by electrokinetic phenomena. The soil type that satisfies these two criteria is 

a wet cohesive fill as defined by the Specification for Highway Works (DoT 1993). 
Two distinct soil types were tested in the laboratory to assess their suitability for use in the 

wall, a pink silt sized material and a laminated clay. The pink silt material was investigated 

as a possible source of fill for use in the reinforced trial wall as a large quantity of the 

material was available at the Joint Stocks complex, and as such would negate the need to 

transport fill to the site. The pink/grey silt was originally derived from a Magnesium 

limestone waste product from limekilns and large stockpiles of it were available on site. The 

laminated clay was obtained from Bracken Hill Business Park, Peterlee, County Durham, 

United Kingdom. The clay was a waste product excavated by Greenfield Excavations during 

the groundworks for the construction of portal frame factory units and was to be sent to 

landfill for disposal. 

5.7.2 LABORATORY TESTING 

Laboratory tests were undertaken to assess the suitability of the fill materials that were 

available. The suite of testing consisted of: 

Establishing the undrained shear strength (c,, ) and its variation with moisture content 

undertaken using quick shear box tests to BS 1377: Part 7 (BSI 1990c) on remoulded 

samples formed in the consoliclometer. 

Establishing the effective stress shear strength parameters (c', ý') for both peak and 

residual states using shear box tests to BS 1377: Part 8 (BSI 1990d) on remoulded 

samples formed in the consoliclometer. 

0 Establish electrical parameters (a) using the disk electrode method to BS 1377: Part 3 

(BSI 1990b) 

0 Establish general index properties (LL, PL, PSD) to BS 1377: Part 2 (BSI 1990a) 

The parameters obtained for both of the soil types tested are presented in Table 5.5. 
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Table 5.5 Soil parameters for possible fill materials for the Joint Stocks wall 
Parameter Pink Silt Laminated Clay 

LL 18 60 

PL N/A 35 

PSID (Dio, D50) (MM) 0.008,0. 063 <0.002,0.03 
Gs 2.65 2.61 

c, (kPa) @ wc 89 @32%, 49 @35% 24 @41 % 

Peak c' (Remoulded) 211 & 7.6kPa, 230 & 7.3kPa. 220 & 6.6kPa 

Peak c' (Undisturbed) Q) 230 & 10.5kPa 

Residual c' (Remoulded) 
Z , - -. 0 U 

Q 

M 20' & 5.5kPa, 180 & 7.6kPa, 190 & 6.3kPa 

Residual c' (Undisturbed) 
0 z r- ZI 120 & 7.8kPa 

cy (Siemens/m) 1. 79*1 0-3 ^ ^ý6 WO 

E-0 Cell (%) improvement 0% 61% 

This value was obtained using the water available on site 

Based upon the results of these tests the pink silt material was rejected for use in the wall 

and the laminated clay was accepted, although its electrical conductivity was on the high 

side. The E-0 cell improvement presented in Table 5.5 was undertaken using the electro- 

osmotic cell developed by Hamir (1997) and further used by Laidler (1999), see § 7,2,7.1. 

The percentage improvement was taken as the increase in the volume of water removed 

from the sample in the E-0 cell above that removed in the control cell (no voltage), as such it 

is a measure of the improvement induced by electro-osmosis. 

5.7.3 DESIGN OF THE WALL 

Initially the wall was designed for long-term stability using the effective stress parameters for 

the laminated clay established from the laboratory testing using Tensar International's design 

package Winwall 6.14 (Netlon Ltd 1998). The long-term design was then checked for short- 

term stability based upon a minimum required undrained shear strength for the clay utilising 

four different analysis methods, critical height, Coulomb, discrete theory and composite 

theory. It was necessary to carry out the design in this order as Winwall 6.14 (Netlon Ltd 

1998) was unable to analyse the structure for stability in the short-term as it is not possible to 

model cohesive fill due to its unacceptability in BS 8006 (BSI 1995). Therefore, cohesive 

reinforced soil design methods have been developed. These do, however, rely upon the 

geometry of the reinforcement layout been known before the analysis can be undertaken. 

Hence, the recommended chronology for design is long-term design followed by short-term 

design to confirm the required value of cu which electrokinetics are required to attain to 

achieve stability. 
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5.7.3.1 Tie-back Wedge Analysis - Long-term Stability 

The analysis method consists of a tie-back wedge method of analysis as discussed in 
§5.5.1.2 and the details of the code used by the programme are given in Annex B of this 
thesis. 

A parametric study was undertaken to assess what variation took place in the reinforcement 
layout with changes in the effective stress parameters. The parametric study was conducted 
for a 4.8m high, vertically faced wall. The results of the study are presented in Table 5.6. 

Table 5.6 Results of parametric study for long-term stability using Winwall 6.14 

Soil Parameters 
Reinforcement Layout 

Total No. 

O'CV c grids 
12.5' OkPa 80RE *6 40RE *3 SS20 8 17 

12.5' 5kPa 80RE *4 40RE *4 SS20 8 16 

15' OkPa 80RE *4 40RE *4 SS20 8 16 

200 OkPa 80RE *3 40RE *5 SS20 8 16 

Notes: 4.8m high wall with vertical face, (xpujIOut: --1 -0- OýSfidingý0.8. Retained fill ý',, =42.50 

From the parametric study it was found that the reinforcement layout for the soil parameters 

ý'= 12.50, c'=5kPa and for ý'= 15', c'=OkPa were the same for the given wall geometry. 

Based upon the soil parameters which had been obtained from the laboratory testing on the 

laminated clay given in Table 5.5, conservative, but realistic soil parameters were assumed 

(ý', =150, c'=OkPa) for the long-term analysis of the wall. The residual values of ý' were 

assumed to be applicable for the analysis as it requires that is used to ensure strain 

compatibility, see §5.3. Additionally, as the reinforced fill would be cohesive in nature it 

would be required to strain more to achieve equilibrium and it was considered that it would 

achieve equilibrium at a post-peak strain, tending towards a ý'r, value of ý', see §5.3. The 

average of all residual ý'r obtained from the laboratory testing was 17' with a minimum value 

of 120 for the undisturbed sample. Hence, it was felt by the Author that the value of ý'=l 5' 

was a realistic, slightly conservative design value for ý'. Additionally, the parametric study 

had demonstrated that even if ý' was assumed as a value of 200 it would ma'ke little 

difference to the final reinforcement design. Cohesion was assumed to be zero for long-term 

design as is the norm in long-term cohesive slope design. The designs produced by Winwall 

6.14 (Netlon Ltd 1998) are given in Figure 5.21. The retaining end blocks of the wall which 

were constructed using acceptable granular fill were also deigned using Winwall 6.14 (Neflon 

Ltd 1998) and were only designed for the long-term due to the granular nature of the fill 

used. The output from the Winwall 6.14 parametric study is given in Annex C. 
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Figure 5.21 Long-term designs produced by Winwall 6,14 for the Joint Stocks wall 

5.7.3.2 Critical Height Analysis - Short-term Stability 

Short-term stability of the wall was considered in several ways based upon undrained soil 

parameters, i. e. cu & ýu. To simplify the analysis the 800 inclination of the front face was 
ignored and it was considered as vertical, this assumption is conservative Initially a crude 

assumption was made based upon the analysis method proposed by Terzaghi & Peck 

(1967) for calculating critical vertical cut heights (Hj in cohesive soil of bulk unit weight (y) 

and undrained shear strength (cu) The equation used in the calculation is presented as 
Equation 5.13: 

Hc 
4 cu 

y 
Eqri 5 13 

Based upon the required design height of the wall of 4.8m it was possible to calculate the 

necessary value of c, that the cohesive fill was required to have to be stable at the design 

height. A graph presenting the variation of critiGal height against undrained shear strength is 

presented in Figure 5.22. 

It was appreciated that this analysis method is a specific case of the Coulomb analysis, 45' 

failure plane (see §5.7.3.3), and was an unsophisticated simplification of the reality in that no 

account was taken of the presence of the reinforcement or sandbag facing. However, for 

obtaining an initial consideration of the increase in the strength of the cohesive fill required 

during construction, until full height was achieved, it was deemed satisfactory. 
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Figure 5.22 Graph of critical height against undrained shear strength 

The results of this analysis indicated that a clay with an undrained shear strength of 
cu=22kPa would be stable at a height of 4.8m, 

5.7.3.3 Coulomb Analysis - Short-term Stability 

A more sophisticated undrained analysis was undertaken continuing upon the work 

presented by Ingold (1981 ) on the total stress analysis of reinforced clay walls based upon 
Coulomb (1776) (Heyman 1972) total stress analysis. Initially a failure plane was assumed 

through the reinforced slope at an inclination of 45" + ý12 as it has been shown that even 

under conditions of undrained loading failure is controlled by effective stress whence the true 

failure plane is inclined at 450 + ý'/2 to the horizontal (Terzaghi 1936, Skempton 1948, 

Bishop & Bjerrum 1960). For comparison a failure plane inclined at 45(l (i. e. ý'= 0 =ý,, ) was 

also analysed Figure 5.23 shows a schematic of the geometry of the analysed problem 

x 

y=18kN/M3 
c,, = Unknown 

iilure 
3ne 

Figure 5.23 Schematic geometry of analysis case for short-term stability 

The weight of the wedge of soil (M related to quantities that are known or assumed gives 

I H'ý cot 0 
2 

Eqn 5.14 
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Taking the component of W that acts parallel to the theoretical shear surface and dividing by 
the length of the shear plane gives the average shear stress (T) acting on the failure surface: 

1 27 
cotO sin 0* sin 0 

2H Eqn. 5.15 

Simplifying and using the trigonometric double angle identity sin 20 =2 sin 0 cos 0 gives: 

I H; v sin20 4 Eqn. 5.16 

Inserting the values of 7=1 8kN/m 3 and H=4.8m the variation in the value of the average 
shear stress (c) acting on the failure plane can be ascertained for a range of different failure 

plane inclinations (0) as shown in Figure 5.24. 

25 
m 

20 

15 

lo 

5 

0 

Angle of shear plane inclination (*) 
Figure 5.24 Average shear stress against variation in inclination of shear plane 

For failure along a plane inclined at an angle of 45* and 451'+ý'/2 (ý'= 15') the average shear 

stresses are 21.6kPa and 20.9kPa respectively which corresponds to the minimum 

undrained shear strength that is required of the fill for the slope to remain stable in the short- 

term, The difference in the required value of c, for the two failure surfaces is less than 5%, 

which is typically less than the measurable variation in the undrained shear strength in the 

field using a hand shear vane. 

Reinforcement Aspects 

The tensile force in the reinforcement is given by Equation 5.17 (Ingold 1981): 

T= 2a cuLb Eqn. 5.17 

Where L is the embedded length (x the reinforcement adhesion factor and b is the breadth of 

the reinforcement, the 2 is to take account of both sides of the reinforcement in contact with 

the soil. 
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it is implicit that the maximum value of T is governed by the lesser of two values, the ultimate 
tensile strength of the grid or the pullout load of the reinforcement from the restraining zone 
The long-term strength of a geosynthetic is governed by several variables that apply 
reduction factors to the index properties measured on virgin material in the laboratory these 
factors are (CIRIA 1996): 

Mechanical damage due to construction (jj) 

" Environmental factors (fenv) 

" Material factors (f m) 
However, for short-term design it is considered by the Author that not all of these factors 

have to be considered due to the relatively short fime the geosynthetic will spend in the 

ground and under the application of these loading conditions. It is considered that the index 

properties should, however, be reduced by a factor to allow for mechanical damage during 

installation and construction (f d)- Mechanical damage factors for geogrids have been 

suggested by Bush (1988) and NetIon Ltd. (1990) and a typical value for the type and 

strength of geogrids used in the Joint Stocks wall is fd1 
-1 

For design it is assumed that the undrained shear strength (q') of the cohesive fill is uniform 

and that the failure modes that may occur are either pullout of the grids or tensile failure of 

the grids. Due to the soft nature of the clay, the most likely failure mechanism is considered 

to be pullout. 

5.7.3.4 Pullout Analysis By Discrete Theory - Short-term Stability 

Due to the wraparound facing of the wall, the presence of the sandbags at the front face of 

the wall and the full-strength bodkin joint, which interconnects consecutive layers of geogrid 

it, is not considered feasible that pullout from Zone I will occur. It is far more probable that 

pullout from Zone 11 will be the mode of failure, see Figure 5.25, 

. 
Z. 014 LL, 

_; 
QNE 11 

-i=6 
i5 
i4 

-i=3 
i= 

-. -. -i=1 

--- 
il :1i= 

Figure 5.25 Schematic of reinforced wall with failure plane 

It is assumed for analysis purposes that the uppermost and lowest grids offer no pullout 

resistance due to lack of overburden stress and position respectively Equation 5.18 gives 

the pullout resistance (Rp,, 1j,,,, t) for any grid, per metre breadft 
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Rpullout ý 2a cu x Eqn 5 18 

Where x is the length of the grid embedded in Zone 11, as shown in Figure 5 25 The value of 
x may be expressed in terms of 0 as given in Equation 5 19. 

L-0.6 cotO(grid No. (i» Eqn 5.19 

The total pullout resistance of all of the geogrids (No 14 7) may be evaluated using 
Equation 5.201 

7 

Rtpullout = 2a cu (L 
-- Oý 6i cotO) Eqn 5 20 

Inserting the values of L=3. Om and evaluating Equation 5.20 for iz- I -* 7 and ignoring the 

pullout resistance of any grids were x>L gives, for the two failure planes being considere& 

" Rtp,, 110,, t=12ac, for 0---450 (grids 1-44) 

" Rtp,, 110,, t=16.66ac, for 69-450 + 0'12 (grids 1 --, ý, 6) 

As given in Equation 5.15, the shear stress induced on any failure plane by the self-weight of 
the unstable mass is given by: 

IH2y 
cotO sin 0' sinO 

2H 
Eqn 5.15 

However, if the presence of reinforcement is considered then this shear force is reduced due 

to the tensile force induced in the reinforcement as discussed in §5.2 of this thesis and given 

in Equation 5.2. However, in the undrained case as ýu=00 the increase in shear resistance 

caused by the increase in the normal load perpendicular to the failure plane is neglected and 

the shear stress is only reduced by the component of the reinforcement tensile force 

perpendicular to the failure plane A schematic of the analysis case is' presented in Figure 

5,26. 

ýYvl 

H Ir k T-L 
Tll//" '-, 

T 

y=18kN/M3 
c,, = Unknown 

Figure 5.26 Schematic geometry of analysis case for short-term stability with 

reinforcement 

The component of T acting parallel (T/1) to the failureplane and divided by the length of the 

failure plane to give the resultant reduction in shear stress is given by Equation 5.21 - 
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T Tsin 0 sin 0 Tsin'O 
HH Eqn. 5.21 

Hence, resolving parallel to the failure plane the disturbing force is caused by the self-weight 
and the restoring forces are generated by the undrained shear strength of the soil and the 
component of the reinforcement tension, Equation 5.22. 
I TSin 2 

19 
H)l sin20 =-+ cu 4H Eqn. 5.22 

Inserting the values of Rtpullout ,,, --T (Equation 5.20) and rearranging to solve for the values of 
cu gives the following equations: 

Cu =I H)l sin20 - 4 

Cu =: 
I H7 sin20 - 4 

12a cUsin 
20 

H 

16.66a cuSin 20 

H 

For 0=451 Eqn. 5.23 

For 0=450+ý72 Eqn. 5.24 

3 Inserting the values of H=4.8m, y=1 8kN/m , 
apullout=l -0 

(apullout=O-b see §5.4.4) and solving for 

cu gives cu=9.6kPa (0=450) and cu=8.1 kPa (0=450+ý'/2). 

5.7.3.5 Pullout Analysis By Composite Theory - Short-term Stability 

An alternative approach to the discreet theory elaborated in §5.7.3.4 is to consider the 

undrained shear strength of the clay-reinforcement composite system. In normal laboratory 

practice the unconfined compressive strength (q) of a clay is assumed to be equal to twice 
the undrained shear strength (cu), Equation 5.25: 

q= 2c, Eqn. 5.25 

However, this assumption applies to samples with an aspect ratio of 2 and therefore not 

subject to platen friction.. As the aspect ratio decreases the effect of platen friction becomes 

very significant and as such this system may be considered as analogous to soil - 
reinforcement friction (Ingold 1981). 

To investigate this possibility further, consideration should be made of the equilibrium of an 

element of clay of length dx and thickness S undergoing plane strain compression between 

two rigid adhesive platens of width b subject to a vertical stress (7, as shown in Figure 5.27. 

If the clay is everywhere at yield then, -r =ac,, and since c, is constant, then dux = da'. In this 

case the equilibrium of the soil element is defined by Equation 5.26: 

2a cudx + Sduz =0 Eqn. 5.26 

Integrating Equation 5.26 and applying the boundary conditions x=b, a, =2c, to evaluate the 

constants of integration results in Equation 5.27: 

2a cUX - 2a cUb + Suz - S2cu =0 Eqn. 5.27 
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igure 5.27 Compression between adhesive platens (Ingold 1981) 

Simplifying Equation 5.27 and solving for cy, gives Equation 5.28- 

o-z = 2cu 
11 

+S Eqn. 5.28 

The mean vertical stress intensity occurs when x=b/2 leading to Equation 5.29: 

cz = 2cu 1+ ab ] Eqn. 5.29 
.1 

2S 

However, a, is equal to the unconfined compressive strength of 2c, thus giving an equivalent 

value of cu of c,, 'that takes into account the presence of the reinforcement. 

Cr= CU I+ ab ] 
Eqn. 5.30 

UI 2S 

Inserting the equivalent value of c, 'into Equation 5.16 and assuming that S=0.6m 

(reinforcement spacing) and that b=3. Om (length of reinforcement) gives Equation 5.31: 

C u[, + 
3. Oa I 

Hy sin20 Eqn. 5.31 
2*0.6 4 

Solving Equation 5.31 for 0=45' and 0=45" + ý'/2 and (x= 1.0 gives c,, =6.2kPa and c, =6. OkPa 

respectively. 

5.7.3.6 Summary Of Short-term Analysis Methods 

Four different theories have been developed for the short-term undrained analysis of the 

reinforced clay wall; critical height, Coulomb, discrete and composite, the results of which 

are presented in Table 5.7. 
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Table 5.7 Results of short-term analysis using different analysis methods 

Analysis method 
Inclination of failure plane 

0=450 1 0=450 + 02 
Reinforcement Critical Height c, = 21.6kPa 

not considered. Coulomb c, = 21.6kPa cu= - 20.9kPa 
Reinforcement Discrete c, = 9.6kPa c, = 8.1 kPa 

considered Composite c,, = 6.2kPa c, = 6. OkPa 
Note: A factor of satety of 1.0 has been applied to these values. 

The results presented in Table 5.7 appear to be reasonable in that the analysis methods that 
do not consider the presence of the reinforcement require a higher value for c, for stability. 
Whereas, the analysis methods that do consider the presence of the reinforcement give 
lower values of c, due to a proportion of the destabilising force being carried by the 

reinforcement. The results are also consistent in demonstrating that a failure plane inclined 

at an inclination of 450 gives a more onerous shear strength requirement. 
The significance of these results to the actual Joint Stocks wall may be postulated as: 

An undrained shear strength of the cohesive fill of the order of 6kPa may be stable but 

the strains required to achieve equifibrium are likely to be on the high side. 

An undrained shear strength of the cohesive fill in excess of 1 OkPa should be stable as a 

composite system with both the reinforcement and shear strength of the clay being 

utilised to maintain the stability of the system. 

An undrained shear strength of the cohesive fill in excess of approximately 22kPa should 

be sufficiently high such that the system will be stable with little if any load being taken 

by the reinforcement. 
In conclusion, it is considered that if the undrained shear strength of the cohesive fill could 

be increases to within the range of 10-20kPa then the wall will remain stable in the short- 

term and allow construction to be completed to the design height. 

5.7.4 ELECTRO-OSMOTIC DESIGN 

The long and short-term designs of the wall were now completed giving the reinforcement 

layouts given in Figure 5.21 and from the short-term design methods it had been esta blished 

that an undrained shear strength (cu) of approximately 20kPa was required from the clay to 

ensure the stability of the wall. 

The purpose of the electro-osmotic design was to establish the following variables: 

The voltage and current to be drawn. 

The length of treatment time required to improve the shear strength of the clay to 20kPa. 
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In order to assess these variables a design method based upon that suggested by Bjerrurn 
et a/ (1967) was developed based upon the quantity of water that it was necessary to 
remove from the soil to achieve the desired increase in undrained shear strength 

5.7.4.1 Preliminary Electro-Osmotic Design 

From the laboratory testing discussed in §5.7.2, and given in Table 5.5, the relationship 
presented in Figure 5.28 was established relating the undrained shear strength of the clay to 
the water content for remoulded samples of the clay to be used in the Joint Stocks wall. The 

use of remoulded samples is justified because the clay for the wall will be remoulded before 
it is placed in the wall on site 

100 

L. 
m, 80 
(1) m 
= CL 
W -ýdý 60 

R 40 
-0 " 

20 

0 
30 40 50 60 70 

Water content 

Figure 5.28 Relationship between c, and water content for remoulded Joint Stocks fill 

Assuming that the clay was placed in a very fluid state with an undrained shear strength of 

approximately 1-1.5kPa with an associated water content of the order of 75-65%, as shown 

in Figure 5.28. Additionally, knowing that the required shear strength of 20kPa is associated 

with a water content of 42% then it was possible to establish the required reduction in water 

content that electro-osmosis was required to achieve, i. e, approximately 33-23%. 

This final desired water content of 42% was checked using the critical water content graph 

suggested by Piaskowski (1957) for the clay fraction contained in the proposed Joint Stocks 

fill, a critical water content of 14% was obtained (20% clay particles) which is significantly 

less than the 42% required for an undrained shear strength of 20kPa, see § 7.2.1.2 

From Bjerru m et al (1967) and Casagrande (1952) the flow rate for electro-osmosis is given 

by Equation 5 32, as derived in §2 75 and given as Equation 2 11 
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q A= k, i, A or 
Q= 

ke 
vA 

Eqn. 5.32 tL 

Where Q is the quantity of water in CM3 transported through an area A (CM2) underan 
applied voltage gradient VIL (volts/cm) in time t (sec) in a soil with an electro-osmotic 
permeability of k, (cm/s per V/cm). For the volume of soil to be treated, per lift, in the Joint 
Stocks wall (0.6*3.0*24.0) 43.2M3 

, and for a 23% & 33% reduction in water content from 
65% to 42% and 75% to 42% the volume of water that needs to be removed is 9.7M3 and 
12.7 M3 respectively. If the value of k,, is assumed to be that suggested by Casagrande 
(1952), ke=5*1 0-5 cm/sec per V/cm, and V/L is established by simply dividing the applied 
voltage by the distance between the anode and cathode, assuming point electrodes, and the 
plan area is calculated from geometry (72M), then a preliminary treatment time of between 
3.7 and 9.0 days is obtained for each 600mm lift of clay. The calculations for the estimation 
of the reduction of the volume of water are presented in Annex D. Hence, summarising 
these results for each of the three sections of the trial wall and for the whole wall gives the 

values presented in Table 5.8. It is also worth noting that if 9.7M3 and 12.7M3 of water are 

removed from the soil mass then the change in volume associated with the removal of this 

volume of water would cause a surface settlement of approximately 130-175mm over the 

whole surface area, if manifested as vertical settlement alone. 

Table 5.8 Results of simplistic electro-osmosis analysis 
Electrode Assumed voltage Assumed ke Water content Treatment time 

spacing gradient at 30 (CM2/sec-V) reduction (days) 

Volts (V/cm) required 

0.4m 0.83 5*10-5 23%-33% 3.7-4.9 

0.8m 0.60 5*10-5 23%-33% 5.2-6.8 

1.2m 0.45 5*1 0-5 23%-33% 6.9-9.0 

Whole wall 0.63 5*10-5 23%-33% 4.9-6.5 

From Table 5.8 it is apparent that by varying the electrode spacing and, hence the voltage 

gradient, as well as the initial water content the theoretical treatment time can be greatly 

altered. It is noteworthy that the treatment times calculated in this manner are simplifications 

as they do not take into account the desiccation of the soil with time nor do they take into 

account electrochemical changes that take place within the soil mass during electro-osmosis 

treatment. As a result the times calculated in this way may be considered as lower bound 

values for the treatment time. 

5.7.4.2 Advanced Electro-Osmotic Design 

The preliminary design presented in §5.7.4.1 may be enhanced by refining the input 

parameters that are used in Equation 5.32. The parameters that may be refined are: 
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Electro-osmotic permeability (k, ) - The value of k, applicable to the soil in question at the 
relevant voltage gradient may be established from laboratory testing and additionaliy its 
variation with time may be taken into account. 
The voltage gradient (VIL) - May be established more realistically, taking into account 
the geometry of the electrode layout, using Laplace's equation and a finite difference or 
resistance path analysis. 

The remaining parameters; Q, t and A may not be refined in any significant way to make the 

analysis more realistic. 

Refinement of the electro-osmotic permeability (k, ) 

Mitchell (1993) states that the value of the parameter ke is generally in the range of 1 x1 0-9 to 

1 X, 0-8 M2/S_Volt (M/S per V/m) and Casagrande (1983) states the range as being 2x1 0-9 to 

5x1 0-9 M2/S_Volt, which is in agreement with the values presented in Table 2.7 and §2.7.5. 

However, as treatment progresses and electro-chemical reactions take place (see §2.7.5.5) 

desiccation of the soil occurs due to the removal of water by the electro-osmosis process. 
As a result, the quantity of water moved per unit of voltage decreases. 
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This is equivalent to a decrease in the value of k. as observed by Casagrande (1983) and 
presented here as Figure 5.29 The significance of this variation in k, is that initially the flow 

of water achieved by electro-osmosis increases to a maximum within the first 12 hours, or 
so, of treatment followed by a rapid decrease in the volume of water moved per unit time, 
followed by a lower steady state flow with time. To model this phenomena for practical 
applications there are two possible alternatives. 

The assumption that that treatment time for the project is large and that a global 

reduction factor should be applied to the measured initial laboratory value of k,. Wrigley 

(1999) has adopted this approach and suggests a reduction factor of 3 based upon the 

graph presented by Casagrande (1983), reproduced here as Figure 5.29. Although this 

method is simple to use in practice it is a gross simplification of the true time-dependant 

behaviour of the reduction of k, with time. 

A more accurate constitutive model for the variation of ke with time may be achieved by 

undertaking laboratory experiments to establish the true time variation of k, for the soil 

that will be used in the field application and at the appropriate voltage gradients as 

shown in Figure 5 30 
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Figure 5.30 Results of k, against time for different voltage gradients 
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From the results presented by Casagrande (1983) and the results obtained by the Author 

from laboratory testing it would appear that the best representation of the variation in ke with 

time is given by a graphical interpretation of the laboratory results obtained as shown in 

Figure 5.31. 
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Figure 5.31 Graphical interpretation of k,, against time for design purposes 

The calculation of treatment times based upon the graphical interpretation presented in 
Figure 5.31 has been undertaken by digitising the curve and using a spreadsheet to 

calculate the volume of water that flows in a time increment of 0.1 days in this waywhen the, 

cumulative flow volume is equal to the volume of water that is required to be removed the 

corresponding cumulative treatment time is established. A copy of the spreadsheet is given 
on the CID accompanying this thesis (D-\Analysis\t & cu. xls). 
Hence, summarising the results of the simplified and refined ke analyses as given in Table 

5.9 utilising the simplistic linear voltage variation 

Table 5.9 Summary of estimated treatment times using linear voltage variation 
Treatment time @ 30V for 23% & 33% w, reduction (Days) 

ke variation obtained Electrode spacing ke reduced by a 
Simplistic analysis from laboratory 

factor of 3 
testing 

0.4m 3.7-4.9 11.1-14.8 3.1 -9.0 
0.8m 5.2-6.8 15.5-20.4 9.5-17.5 

12m 6.9-9.0 20.8-27.1 18.2-28.8 

Refinement of the voltage gradient parameter (VIL) 

In §5.7.4.1 it was assumed for the simplistic design that the voltage gradient could be 

obtained by simply dividing the applied voltage by the spacing between anodes and 

cathodes. This is a simplification of what occurs in reality in that the true voltage distribution 

obtained by the application of a potential difference by point electrodes is given by Laplace's 
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equation (Stroud 1990 and Young & Freedman 1996). Laplace's equation may be 
programmed into a conventional spreadsheet program, such as Microsoft Excel 97 
(Microsoft 1997) and the distribution of the potential field more realistically modelled, as 
demonstrated by Williams et al (1993) for the modelling of potential heads governed by 
Laplace's equation for flownets. The modelling of the voltage field produced by point 
electrodes in a uniformly conducting soil is discussed further in § 7.6. An alternative method 
for ascertaining the voltage distribution is the resistance path concept as suggested for this 
application by Wrigley (1999), also discussed in § 7.6.1. 
From the finite difference model a more representative value of (V/L) may be obtained for 

use in Equation 5.32. The results of the finite difference and resistance path models of the 

electrode layout used in the Joint Stocks wall are presented in Table 5.10. 

Table 5.10 Results of finite difference and resistance path models 
Anode - cathode Simplistic linear Finite difference Resistance path 

spacing zone (m) calculation (V/m) model (V/m) model (V/m) 

0.4 83 48 56 

0.8 60 33 28 

1.2 45 25 18 

It is appreciated that in reality the voltage distribution will change with time because of the 

variation of the resistance of different zones of the soil due to desiccation and electro- 

chemical changes within the soil mass. This has been observed both in the field and in the 

laboratory by several researchers (Wan & Mitchell 1977, Bjerrum et al 1967, Lo et al 1991 a, 

Lo et al 1991 b). However, to model the complexity that this continual variation of resistance 

with time would introduce is not considered viable for design purposes and is thus beyond 

the scope of this thesis. * 

Summarising the treatment times predicted by the simplistic and refined analyses gives the 

results presented in Table 5.11. 

Table 5.11 Summary of estimated treatment times using different voltage & k. 

variations for 23% and 33% reductions in water content 

Treatment time @ 3ov for 23% & 33% w, _ reduction -(Days) 
_ Electrode Simplistic linear voltage oltage. Finite difference_ý Resistance path voltage 

spacing variation variation variation 

k, k. /3 Lab k. k. /3 Lab k, k, /3 Lab 

0.4m 3.7-4.9 11.1-14.8 3.1-9.0 6.5-8.5 19.5-25.4 16.0-26.0 5.6-7.3 16.8-21.9 11.4-19.9 

0.8m 5.2-6.8 15.5-20.4 9.5-17.5 9.4-12.3 28.3-34.0 30.7-45.2 11.1-14.5 33.3-43.5 39.2-50+ 

1.2m 6.9-9.0 20.8-27.1 1 18.2-28.8 1 12.4-16.3 1 37.3-48.8 45.8-50+ 1 17.3-22.6 1 50+-50+ 50+-50+ 

*These values have not been calculated using the Kvaemer (1999) spreadsheet as it 

contains errors in the calculation of the treatment times. 
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Additionally, using the relationship presented in Figure 5.28 between the water content and 
the undrained shear strength (cj, and utilising the variation of electro-osmotic permeability 
(k, ) obtained from the laboratory testing, presented in Figure 5.31, it is possible to predict the 
variation of the undrained shear strength as treatment time progresses This is 
demonstrated in Figure 5.32 for the voltage gradients established from the finite difference 

analysis and for the two different initial water contents that have been considered 

25,00 

I ca ýL 20,00 

15,00 

10,00 

a) 

Co b- 5,00 

0,00 

Treatment time (Days) 

-0.25V/cm(65%wc) -0.25V/cm(759%w c) -0-33V/cm(65%wc) 

- 0.33V/cm (75%w c) 0.48V/cm (65%w c) - 0.48V/cm (75%w c) 

Figure 5.32 Variation of cu against time at different voltage gradients and initial w, 

It will be observed in Figure 5.32 that the curves predicting the undrained shear strength 

contain a kink at a treatment time of approximately 2.7 days. This kink is explained by the 

change in the electro-osmotic permeability to a constant value, as shown in Figure 5.31 

The prediction of the variation of c, with treatment time is particularly useful as it is a 

parameter that can be measured rapidly in the field by means of a hand shear vane to 

confirm that the electro-osmotic treatment is progressing as anticipated 

5.7.4.3 Discussion Of The Predicted Treatment Times 

Inspection of Table 5.11 reveals that the treatment times predicted using the linear voltage 

variation are the shortest due to the higher voltage gradient associated with the 

simplifications used to obtain the voltage gradient They may thus be considered as a lowei 

bound solution for the treatment time. 

The treatment times predicted by the finite difference and resistance path models are 

noteworthy in that the finite difference model gives a less pronounced variation of the voltage 

gradient as a function of the electrode spacing, due to the fact that the model takes into 

account the voltage distribution over the full distance between the electrodes. Whereas the 

resistance path model utilises the voltage gradient across a series of elongated central 
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elements, as shown in Figure 7.22 and discussed in § 7.6.1. Additionally, the resistance 
path model does not take into account the effect of the difference in voltage gradient in the 
plane of the same polarity electrodes, whereas the finite difference model does this 
inherently based upon the theory used in its derivation. 

It is also important to note that scale effects have not been considered in the extrapolation of 
the laboratory results to the field prediction. 

5.7.4.4 Calculation Of Electrical Power Demand 

The calculation of the electrical power that will be drawn by a particular electrode installation 
is a critical factor in assessing the economic viability of a project and is dependant upon the 

applied voltage and the resistance of the electrode/soil system and its variation with time. 
Normally the applied voltage, or current, is controlled by the design engineer of the 

installation, depending upon whether the installation is being used as a constant voltage, 

constant current or hybrid system. The operation of systems as constant current or constant 

voltage or hybrid systems is discussed in § 2.7.5.4. 

The variable that enables the calculation of voltage from current, or current from voltage is 

the resistance of the system based upon Ohm's Law, given here as Equation 5.33: 

R=V Eqn. 5.33 

With the resistance (R) of the system being influenced by the electrode arrangement 

geometry and the electrical conductivity of the soil. The effect of the electrode distribution 

geometry may be estimated from the finite difference analysis or the resistance path analysis 

as discussed in § 7.6. As the voltage gradient is different, so the rate of change of 

resistance is different, as shown in Figure 5.33. 

The variation of the electrical conductivity (or) of the soil needs, however, to be modelled as 

due to desiccation and electro-chemical changes it varies with time, as observed by 

Casagrande (1983), see Figure 5.29. This variation of or may be modelled by one of two 

methods: 

Wrigley (1999) assumes that regardless of the treatment time of the installation there is a 

reduction in the electrical conductivity of the soil by a factor of three, which is taken into 

account by assuming a constant current level and the gradual increase of the applied 

voltage from a third of its maximum value at the beginning of the treatment process. 

This value of a reduction by a factor of three has been established based upon the 

results presented by Casagrande (1983) presented here in Figure 5.29. 

0A more accurate prediction of the variation of awith time may be obtained by 

undertaking laboratory testing on a soil sample at the appropriate voltage gradient and 

establishing a graphical representation of the variation obtained. For the soil used in the 
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Joint Stocks field trial the variation of aversus time at different voltage gradients is 

presented in Figure 5.33. 

Additionally, the variation of the electrical resistivity (p), equal to the reciprocal of the 

electrical conductivity (a), is related to the overall resistance of the system (R) by the Ohm's 
law: 

Rp or R= Eqn. 5.34 AA 

Where: 
L length of the sample (distance between the electrodes) 

A cross- sectional area (plan area of the trail (24*3=72 M2 1) 

Hence, based upon Equation 5.34 and the graph of the variation of electrical conductivity 

with time obtained from laboratory testing, Figure 5.33, an estimation of the overall 

resistance of the system can be made, and of its variation with time. Additionally, as the 

voltage gradient is a constant set by the engineer, the variation of current and hence power 

and energy (E) may be calculated using Equation 5.35: 

Vlt (Watt-hours) Eqn. 5.35 

Where: 

V= Voltage (Volts) 

I= Current (Amps) 

t= Time (Hours) 

Using the different times (t) presented in Table 5.11 for different ke variations and the set 

voltage (V) of 30V the energy consumptions have been calculated as presented in Table 

5.12 and Table 5.13 for both the laboratory variation of conductivity (a) and the variation 

suggested by Wrigley (1999) of a global reduction to a third of the initial electrical 

conductivity. The laboratory variation of conductivity used in the prediction of the energy 

demand is that associated with a voltage gradient of 0.45V/cm, which is the average of all of 

the voltage gradients calculated by the different methods summarised in Table 5.10 

(V,, v,, =44V/m), Figure 5.33. The electrical conductivity beyond a period of 12 days has been 

assumed constant at a value of 0.025S/m; see Figure 5.33. In undertaking the energy 

consumption calculations, if the predicted current is larger than 200A (the maximum 

generator current), then 200A has been assumed as the current drawn. 
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Figure 5.33 Variation of a against time at different voltage gradients 

Figure 5.33 demonstrates that the actual reduction in electrical conductivity is of the order of 
95% over a period of approximately 12 days, significantly more than the 66% reduction 

proposed by Wrigley (1999) based upon the data presented by Casagrande (1983). This 

result being reflected in the greater energy consumptions predicted by the resistance path 

method. 

5.7.5 CONCLUSIONS OF THE THEORETICAL ANALYSES 

The stability analysis of the wall has been carried out in the long-term to ascertain the 

reinforcement layout using the soil's critical state shear strength parameters. The calculated 

reinforcement layout is given in Figure 5,21, The short-term stability of the wall was 

analysed using several different analysis methods., 

0 Critical height 

* Coulomb 

Discrete 

Com posite 

As a result of these analyses the minimum undrained shear strength of the clay fill, to 

achieve short-term stability was calculated and the results are given in Table 5.7. Based on 

these calculations it was considered that an undrained shear strength of 20kPa was required 

from the cohesive fill to achieve stability, The electro-osmosis design was then undertaken 

The electro-osmosis design was based upon the water content - undrained shear strength 
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curve for the fill material ascertained from laboratory testing, Figure 5.28. Using this curve 
the difference between the as placed water content and the water content corresponding to 

an undrained shear strength of 20kPa was calculated, giving the volume of water that 

needed to be removed from each lift of clay. 
Using this volume of water the electro-osmosis calculations were undertaken. A simplistic 

analysis was undertaken using a linear voltage gradient and fixed soil parameters, followed 

by a more complex analysis using finite difference and resistance path techniques to 

establish the voltage gradient, and variations in the values of k,, and a using an empirical 

model and a graphical interpretation of the actual variations of ke and CY measured in the 

laboratory was considered. The results of these analyses yielded estimated treatment times 

and estimated power demands drawn by the installation. A summary of the results is 

presented in Tables 5.11,5.12 and 5.13. 

The following sections of this chapter discuss the construction, monitoring and the results 

obtained from the construction of the Joint Stocks wall based upon the design calculations. 

This is then followed by a detailed comparison of the predicted and actual field results for the 

wall. The completed design layout to which the wall was constructed is presented in Figure 

5.21. 
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Chapter 5. EKG in soil reinforcement 

5.7.6 CONSTRUCTION OF THE WALL 

The preparation of the wall construction site began in January of 1999 after permission to 

proceed with the works had been granted by Capitol Waste Management the owners of the 

site. Initially the laminated clay fill for use in the cohesive zone of the wall was brought onto 
site from its source locality and left to soak in the lake adjacent to the construction area until 
the beginning of construction proper in March 2000, as shown in Figure 5.34. The first lift of 
clay was in place and the power turned on for the first time on the 5 th April 2000. April 2000 

was the wettest April since Meteorological Office records began in 1766, with 219% of the 

average April precipitation falling (Met Office 2000). This had an adverse effect on the trial in 

that construction activities were delayed, and due to the large quantities of water on the site 
the current drawn by the installation was maintained at a high level for a longer time. 

Construction of the wall continued until the end of January 2001 at which time the wall had 

reached a height of between 4.2 and 2.1 m. Several delays were also experienced during 

this period due to the theft of the generator before the beginning of the trial, from another 

site, and additionally due to the fuel shortage that took place towards the end of the year 
2000. 

5.7.6.1 Preparation Of Trial Area 

Initially the heavy vegetation from the trial area was cleared using a Komatsu PC240LC 3600 

excavator and a Caterpillar D5H bulldozer to establish a level platform adjacent to the 

lakeshore in preparation for the establishment of working and construction platforms. The 

back slope was then cleared of vegetation and was steepened to provide a back to the trial 

wall. Additionally, for safety reasons a rock bund was constructed at the top of the back 

slope to prevent vehicles from approaching the top of the slope and potentially failing into the 

construction area, the steepened slope and construction of the rock bund are shown 

schematically in Figure 5.34. 

A reinforced construction platform was then established for the wall itself. This consisted of 

two rolls of Tensar SS40 biaxial geogrid laid over the natural ground and then a 500 mm 

thick construction platform being constructed over it in a single lift. The fill for the 

construction platform comprised of crushed building rubble complying with th e requirements 

of Class 6B Selected Granular Fill (DoT 1993). Compaction of the construction platform was 

carried out using a Caterpillar D5H Bulldozer towing a Stothert & Pitt T1 82B vibrating roller. 

Five passes or the roller was used in accordance with the Specification for Highway Works 

(DoT 1993) method compaction specification for Method 5 compaction using 6B fill and a 

3400kg/m-vibrating roller. 

The working platform in front of the wall itself was then capped with a thin granular layer and 

compacted to allow ease of movement of plant and personnel in this area during adverse 

weather conditions. 
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Chapter 5. EKG in soil reinforcement 

5.7.6.2 First Lift Construction 

The construction of the first lift consisted of establishing a string line to set out the toe of the 
front face of the wall. This was located approximately 3.5m in front of the back slope of the 

wall. Tensar 80RE uniaxial geogrids were then cut to the required length of 4.1 m for the 800 

inclined front face and 7.1 m long 55RE uniaxial geogrids were cut for the vertically faced 

granular retaining blocks. These lengths included a 0.6m allowance for coverage of the face 

itself and 0.5m for a bodkin connection length. The locations and orientations of the different 

grids are shown schematically in the plan of the construction area in Figure 5.34. 

The cut grids were then laid out on the construction platform as shown in Figure 5.35, which 

summarises the construction sequence for a single granular lift. Hessian sandbags were 

filled using medium sand sized crushed building rubble by hand using a specially designed 

hopper to assist in their rapid filling. Initially the sandbags were closed using the string ties 

provided with the bags themselves, however, it was found that these often broke and slowed 

down the filling process. An alternative method was found using plastic cable ties to seal the 

sandbags, this was found to be much quicker and gave a better standard of closure to the 

bags. The filled sandbags were then placed along the string line to form the toe of the front 

face of the wall and perpendicular to the string line to form the foot of the vertical granular 

retaining blocks. 

Crushed brick and concrete complying with the Specification for Highway Works (DoT 1993) 

Type 61 selected well graded granular fill to reinforced earth and anchored earth was then 

placed in an approximately 100mm thick layer in the granular ends of the structure. This 

was compacted to a final thickness of 75mm using 12 passes of a Bomag BW75E single 

drum pedestrian roller complying with method 2 Compaction for a 567kg/m vibratory roller 

(DoT 1993). Later in the project a twin drum Bomag BW60S pedestrian roller (1 395kg/m) 

was used. This roller again used 12 passes to compact the 61 fill to a 75mm thick layer, 

however, the operation was found to be a lot safer and easier to use, especially when the 

structure was several lifts high. 

A second lift of Type 61 fill was then compacted on top of the first to bring the granular ends 

up to a height of 150mm, level with the height of the first sandbag. The next layer of 

sandbags was then placed around the granular ends of the structure and a further 2 lifts of 

Type 61 fill placed and compacted. 

A wooden template was manufactured by the University of Newcastle to assist in the placing 

of the sandbags on the front face of the wall in order to achieve the required 80' inclination. 

Secondary reinforcement, Tensar SS20, was then placed in a1m wide strip around the front 

and side faces of the granular ends of the wall. The next layer of sandbags was then placed 

around the granular ends and two lifts of Type 61 fill placed and compacted. The fourth and 

final layer of sandbags was then placed along with two lifts of compacted type 61 fill. The 

wrapover was then done in both directions, i. e. front and side. 
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Figure 5.35 Construction sequence for granular end blocks (Front face) 
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The wrapover consisted of connecting the next layer of reinforcement onto the layer below 
by means of a bodkin. The new grid was then pulled towards the back of the structure to 
tension the wrapover on the lift of 4 sandbags. Whilst the tension was being maintained in 
the grids the sandbags were tapped into shape using the back of a spade, this ensured a 
better finish to the faces of the wall. The grids, whilst still tensioned, were pegged at the 
back of the structure to maintain the tension in them. The grids in the side faces were 
tensioned, the sandbags tapped into place and pegged. Sandbags were then placed along 
the front and side faces of the wall, Type 61 fill placed and the whole process repeated until 
the next lift of four sandbags was complete. The construction sequence for a single 
wrapover of the front face in the granular region of the wall is shown schematically in Figure 
5.35. 

5.7.6.3 Construction Of Cohesive Electro-Osmosis Zone And Control Zone 

The construction sequences for the two cohesive zones of the wall were identical and 

contemporaneous. The only difference that existed between the E-0 and control zones was 
that no electricity was applied, although electrodes were incorporated during construction, to 

the control zone. This was to demonstrate that any differences that existed between the two 

zones must be as a direct result of the applied electrical potential difference and the 

associated electrokinetic phenomena. The construction process is shown schematically in 

Figure 5.36. 

The construction sequence for the cohesive zones closely followed that for the granular end 

blocks, except that electrodes and filters were incorporated into the lift and that electricity 

was applied. 
The construction of the first lift consisted of placing the 4.1 m long Tensar 80RE uniaxial 

geogrids perpendicular to the string-line and then placing the first layer of sandbags along 

the string-line to form the toe of the wall. A path was formed at the back of the grids, at the 

toe of the back-slope, using Type 61 fill. The purpose of this path was two fold, firstly it acted 

as a drain for any water drawn out of the clay fill by electro-osmosis and/or gravity and 

secondly it allowed both personnel and plant to traverse from one end of the wall to the other 

at wall construction height. The back-path was constructed in a single lift of 600mm, the 

same height as a single lift. Occasionally the back-path was reinforced with Tensar SS40 

biaxial geogrid to increase its stability and trafficability. 

Electrodes and filters were placed on top of the first layer of sandbags at predetermined 

positions to correspond with electrode spacings of 1.2m, 0.8m and 0.4m in the electro- 

osmosis zone and 0.6m in the control zone. The second layer of sandbags was placed on 

top of the first to hold the electrodes and filters in place, shown in Plate 5.1. 

The electrodes and filters were then placed back over the front face of the wall to allow 

placement of the slurrified clay. The clay was slurrified using a 360* excavator, either a 
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Komatsu Pc240LC or a CAT 235D, within the lake located at the front of the trial area. The 
clay was slurrified by excavating a hole within the clay in the lake and adding water to the 
clay, shown in Plate 5.2. The mixture was worked with the bucket of the excavator for 
approximately one hour or so until its consistency was that of a fluid slurry, such that when 
placed within the wall structure it would be self-levelling. Laboratory water content tests on 
the slurry gave a water content of approximately 75% (approximately liquid limit + 20%) 
which corresponded to a cu of approximately 1-1.5kPa, see Figure 5.28. During the 
construction of the very first lift the moisture content during placing was slightly lower at 
approximately 50% with a corresponding cu of the order of 5kPa, this was due to a lack of 
mixing and inexperience of the construction technique. 

The clay was placed to a depth of 150mm, corresponding to the height of the lower sandbag. 
The final levelling of the clay slurry was undertaken by hand as shown in Plates 5.3 and 5.4. 
The electrodes and filters were placed on top of the fluid clay and pressed slightly into the 

clay to prevent their movement, shown in Plate 5.1. The remainder of the wall was then 
filled with slurrified clay to a total depth of 300mm (2 sandbags). The 1m wide secondary 
reinforcement SS20 was then placed on top of the sandbags. The third layer of sandbags 
was placed on top of the secondary reinforcement to hold it in place. EKG electrodes and 
filters were placed on top of the third layer of sandbags in a staggered fashion such that the 

electrodes were located above filters and filters above electrodes. The final layer of 

sandbags was placed to bring the total height of the lift to 600mm. The electrodes and filters 

were then placed over the front of the wall and 150mm of slurrified clay was placed in the 

wall bringing the depth of clay to 450mm. The electrodes and filters were then placed on the 

clay and pushed slightly into the surface to prevent their movement. The final 150mm of 

slurrified clay was then placed over the electrodes, bringing the total depth of clay to 600mm. 

The electrodes and filters were then passed through the corresponding aperture in the 

geogrid, in preparation for the wrapover of the grids for the construction of the next lift. The 

electrodes were stripped and each one connected to an individual power supply cable using 

a double-crimped stripped connection (see §3.5.6), shown in Plate 5.5. The colour coding 
initially adopted was red cables for the anodes and black cables used for the cathodes. 
These cables were then connected in groups of five using crimp connectors to the 

transform er/rectifier in the power supply container. The numbering adopted for the cables is 

as shown in Figure 5.37. 

When the lift was ready, the installation was powered up to the prescribed voltage of 30V, 

and the trial monitored until treatment of the layer was complete (see §5.7.7 for detailed 

monitoring). Once the layer had reached the required undrained shear strength (2-t20kPa) 

the power was turned off and construction of the clay zone continued. During the electro- 

osmotic treatment of the clay work progressed on the granular zones. 
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Figure 5.36 Construction sequence for cohesive wall 

STAGE 6 

Change the 
polarity of the 
electrodes, as 

shown, cathodes 
uppermost. 

When treatment is 
complete repeat 

stages until wall is 
complete 
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The next stage of construction involved the construction of the bodkin joint to achieve the 
connection of the next layer of reinforcement to the underlying layer, as shown in Figure 
5.36. The grid was then tensioned to remove any slack from the front face of the wall and 
prevent excessive movement of the front face of the wall as construction proceeded. The 
tension was applied to the grid using a standard tensioning beam. The tension was 
maintained in the grid and it was trodden into the clay surface to lock the tension in the grid, 
additionally sandbags were placed on the grid to prevent slackening of the front face of the 

wall. Construction then proceeded as for the first lift to a total height of 900mm, i. e. ready for 
the placement of the next layer of secondary reinforcement. The cables from the lower 

electrodes were then removed from the lowest electrodes and connected to the new upper 
electrodes. The connection to the transformer/rectifier was then swapped over to make the 

upper electrode the cathode (-ve) and the lower electrode the anode (+ve), i. e. always 
driving the water in an upward direction. The installation was then powered up and the 

treatment monitored until the layer was sufficiently treated. Construction then proceeded as 
described earlier until the design height of the wall was achieved. This process is 

summarised in Figures 5.36 and Figure 5.38 presents a cutaway of the entire wall. 

N' 28-35 N* 18-28 
4 -40ý4- 

" eG 

N' 1-17 

CATHODES (-ve) 
QD is 0 is 0a0000000 

0000 00 0*0 0 0000 
ANODES (+ve) 

Figure 5.37 Electrode numbering and polarity for first lift 

5.7.7 MONITORING REGIME OF THE JOINT STOCKS WALL 

During the construction of the Joint Stocks wall several aspects of the construction were 

monitored: 

Fuel consumption (Gas Oil). 

Electrical power (Voltage and Current). 

Undrained shear strength (cu) of the cohesive fill. 

Movement of the front face. 

Fuel consumption was monitored on a regular basis during the time that the generator was 

operational, i. e. when the electro-osmosis process was underway. Fuel consumption was 

monitored by noting the quantity of fuel that was added to the generator fuel tank and the 
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Chapter 5. EKG in soil reinforcement 

time indicated on the generator clock when the fuel was added. The cost of the gas oil (red 
diesel) used in the generator was on average 46 pence/litre during the duration of the trial. 

Electrical power variation with time was measured by recording the quantity of current drawn 
at the prescribed voltage (30V) using the analogue dials located on the transform er/rectifier. 
The frequency of readings was varied to reflect the rate of change of current drawn i. e. 
during the initial powering up of a lift for treatment by electro-osmosis readings were taken, 
on average, every 15 minutes. As the rate of change of current declined the time interval 
between readings was gradually increased until one reading was taken approximately every 
hour during the working shift. During initial powering up the electrodes were connected 
consecutively in groups of 5, i. e. 5 anodes and 5 cathodes, in this way it was possible to get 
the initial current drawn by the different electrode spacing configurations and this also 
allowed any discrepancies in electrical resistance to be identified to a set of five electrode 
pairs for further investigation. It also enabled a quantification of the difference in resistance 

of the different electrode spacings used in the trial. 

The undrained shear strength of the cohesive fill undergoing electro-osmotic treatment was 

measured using a Pilcon hand shear vane with a1 Y4" (31 mm) vane. The measurements of 

undrained shear strength were taken at two depths, 0.25m and 0.5m to try to distinguish the 

variation in shear strength in the clay between the anode and cathode positions. To reduce 

errors in the readings 5 readings were taken at each location and averaged at each depth, at 

approximately the same locations along the wall. The undrained shear strength was 

measured every 2m along the full 24m length of the electro-osmosis zone and at 3 different 

locations in the control zone. Additionally, samples were taken of the soil from the shear 

vane test locations for laboratory testing to establish their water content. 

The movement of the front face of the wall was also measured using offsets from a Wild T2 

theodolite, with an accuracy of Y2". The configuration used to measure the deformation of 

the front face is shown in Figure 5.39. 

Initially, Tensar Pegs were hammered into the sandbag facing at the location where the 

deformation of the wall was to be monitored. The pegs were then painted with yellow marker 

paint to aid in their location. Figures 5.38 and 5.39 show the approximate location of the 

deformation monitoring pegs on the front face of the wall. The pegs were checked to ensure 

that they were firmly seated into the wall and that they were orientated such that the 

measuring tape could be fixed to the pegs and could be observed from 
-the 

theodolite 

location. 

The procedure used consisted of setting up the theodolite over a fixed survey point and a 

theodolite target over another fixed survey point, the points are shown schematically in 
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Figure 5,34. Thus, establishing a line of sight between the two survey points, as shown in 
Figure 5.39. The theodolite was then locked on the horizontal circle so that the line of sigh't 
could not be displaced in the horizontal but was free to rotate in the vertical plane. A 

measuring tape was then attached to the monitoring peg to be measured and pulled taught 
The minimum reading was then taken by observing the tape through the theodolite and 
reading the intersection of the tape with the theodolite cross hairs. The process was 
repeated for all of the monitoring points along the front face of the wall. In this way the 

movement of the front face of the wall was recorded The deformation monitoring pegs also 
allowed a levelling staff to be placed on each peg to give the vertical movement of each peg 
As a result, the deformation vector of the front face could be established from the vertical 

and horizontal components measured in this way It was also possible to level the clay fill 

surface using the level and the staff, although due to the very fluid nature of the clay this was 
found to be impractical, 

Trial area 

----------------- --- 

------------ ------- -------- ---- --- ------------ - ------ -- -- ----------------- --- 
------------------ ------ 

---------- ---- 
-- -- -------- ------ --- 

----------- ---- - ------------------ --- 

------------------- 
ENSAR 

Line of 

WILD T2 Measuring sight 
pegs Theodolite tape 

Remote levelling TBMs 

Figure 5.39 Survey configuration used to measure deformation of the wall 

5.7.8 RESULTS OF THE JOINT STOCKS TRIAL 

Theodolite 
target 

The results obtained from the Joint Stocks trial are presented in the following sections for lifts 

up to a maximum height of 2.1 m in the electro-osmosis and control zones and up to a height 

of 4.2m in the granular end walls, This is followed by a detailed interpretation/analysis of the 

results and their comparison with the design values The overall construction height against 

time for the wall is presented in Figure 5,40 
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Figure 5.40 Construction height against time for the Joint Stocks Wall 

5.7.8.1 Fuel Consumption 

The results obtained for the average ftA6 c-, onsurnptbn foý the lifts ur, rIcAaken are pre! ý, entc--. A 
in Table 5.14, 

Table 5.14 Average fuel consumption per lift 

Lift No. 

Lift 1 

Average fuel consumption 
(litres/hour) 

2.11 

Lift la 

Lift 2 
---- -------- Lift 2a 

Lift 3 

2.00 

1.90 

2.39 

These results give an average fuel consumption for the whole trial of 2.00 litres/hour. I-he 

definition of the lift numbering system that is used in Table 5.14 is defined in Figure 5.41 

This nomenclature is also used for the other results presented in this section. 

1.62 
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............... 
--- ---------------- 

................ 
--- ---------------- 

............... 
--- --- --- ----------- 

............. 
--- - -- ----- -- -------- 

............... 
i 3a ------ --- --- 
i3 

Lift 2 ................ 
Litt za 

Lift la 
Lift 1 

Figure 5.41 Lift numbering nomenclature for electro-osmosis zone 

Lift 1 is defined as the lift for the first 600m m of the wall using the lowest electrodes, lift 1a 

then brings the wall up to a height of 900mm (i. e. level with the secondary reinforcement of 
the second wrapover) Lift 2 brings the wall up to a height of 1,2m and is geometrically 
identical to lift 1 

5.7.8.2 Electrical Energy 

The current drawn by each lift is presented in Figure 5,42, as current against cumulative 

generator time, with the voltage being fixed at 30V The nomenclature used for each lift is as 

presented previously in Figure 5.41 
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Figure 5.42 Electrical current drawn by each lift 
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5.7.8.3 Undrained Shear Strength 

The results of the measurements of the undrained sheat strength (cu) as measured in the 

field using the Pilcon hand shear vane are presented in Figure 5.43 and Figure 5.44, for the 

two test depths used, 0.25m and 0.5m respectively The results have been differentiated 

according to the electrode spacing in the zone in which they were obtained, i. e. 0.4m, 0.8m, 

1.2m and the control zone. The have not been differentiated by the lift from which they were 

obtained. A correction factor of 1.0 for the conversion of vane shear strength to field shear 

strength has been used based upon a plasticity index of 25%, presented in Table 5 5, and 

the correlation suggested by Bjerrum (11972) and Carter & Bentley (1991) 
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Figure 5.43 Undrained shear strength (cu) against treatment time (0.25m depth) 
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Figure 5.44 Undrained shear strength (cu) against treatment time (0.5m depth) 
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5.7.8.4 Water Content 

The results of the laboratory measurements of the water content (w, ) are presented in Figure 
5.45 and Figure 5.46, for the two test depths used, 0.25m and 0.5m The results have been 
differentiated according to the electrode spacing in the zone in which they were obtained, i-e 
0.4m, 0.8m, 1.2m or the control zone. During treatment water was seen to migrate to the 

surface and pond at the cathode positions, Plate 5.5, this was also associated with the 

movement of fines to the surface with the water, Plate 5.6, and the formation of hydrogen 

gas bubbles, Plate 5.7. 
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Figure 5.45 Water content against treatment time (0.25m depth) 
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5.7.8.5 Deformation Of The Wall 

The results of the deformation monitoring of the front face of the wall measured using survey 
offsets, as discussed in §5 T7, are presented in Figure 5.47 for the monitoring pegs located 
at mid-height of the first lift of the construction (i e 300mm above construction platform 
level). 

20 T 

18 ý- 0- 

16 

14 

12 

10 

Granular end 0 Electro-osmosis 

Granular end 0 Control 

,2 

on --T- II-ý -1- 1 
0 02 0.4 0.6 0.8 1 1.2 

Increase in construction height (m) 

Figure 5.47 Results of monitoring of movement of front face of Joint Stocks wall 

The results show a general trend of forward movement of the face of the wall as the height of 
the wall increases. This result is as would be expected as the lower lift of the wall becomes 

loaded by the construction of overlying layers it becomes compressed and due to a 
Poisson's ratio effect expands horizontally outwards as the reinforcement begins to take 

increasing load and the slack in the system is taken up. The taking up of the slack is 

reflected as flattening of the slope of the curve as the construction height increases, this is 

best seen in the results for the granular ends of the trial. The results are not complete for the 

full construction of the wall as the line of sight between the two survey points became 

obscured by the erection of the scaffolding at the front of the wall structure. 

5.7.9 INTERPRETATION OF THE RESULTS OF THE JOINT STOCKS TRIAL 

5.7.9.1 Electrical Energy 

The field results obtained from the trial and presented in Figure 5.42 cannot be directly 

compared with those obtained from the laboratory testing (electro-osmosis cell) due to a 
difference of scale of the volume of soil being treated by electro-osmosis. To allow a direct 
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comparison of the results the current drawn at the set voltage (30V) may be converted into 

an overall electrical conductivity (r-, ) of the systern hV means of rearranging Equation 5 34ý 

1L 
a=-- Eqn 5 34 RA 

Where: 

R=V- 
30V 

Eqn 5.35 

L= Distance between electrodes (0.3m) 

A= Cross-sectional area of the trial (24*3=72 M) 
This is a simplification of the reality in that it assumes the system is acting in a1- 
Dimensional (i. e. plate electrodes) manner, and that the voltage gradient and hence 

resistance is constant throughout the whole trial wall. This simplification is felt to be justified, 

as due to the complex variation of the voltage within the wall and the crudity of the current 

monitoring system, analogue gauges, further refinement is unjustifiable. Hence, the results 

of the electrical conductivity for the wall are presented in Figure 5 48 in terms of each lift of 
the wall. 
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Figure 5.48 Variation of electrical conductivity, laboratory and field (Note factor of 10 

between vertical scales) 

Additionally, in Figure 5.48 is presented the design line derived from the results of the 

variation of electrical conductivity obtained from the electro-osmosis cell and presented 

previously in Figure 5.33. 

The peaks that occur in the field results of conductivity are as a result of the temporary 

powering off of the installation for refuelling, measurement of shear strength/water content or 

during weekends when the installation was powered off to prevent the generator running out 
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of fuel and so as not to leave the trial unattended for in excess of 48 hours. The increase in 
conductivity associated with these periods of powering off are of the same origin as those 
observed by other researchers, and are a result of the redistribution of the chemical species 
that have been differentiated by the electro-osmosis process (Acar et al 1990, Grey & 
Somogyi 1977, Sprute & Kelsh 1975). 

It will be seen from Figure 5,48 that the actual electrical conductivity measured in the field 

was approximately 10 times less that that obtained from the laboratory electro-osmosis cell 
This result is logical when the configuration of the two different situations is considered. 
The electro-osmosis cell uses plate electrodes and hence the electrical field established is 1 
Dimensional, and thus theoretically the voltage gradient that occurs within the cell is uniform 
see Figure 5.49. 

In the field trial the voltage is applied to the wall by means of EKGs which may be 

considered as point electrodes, thus generating an essentially 2-Dimensional electrical field 

with the effect being more pronounced at greater spacings between electrodes of the same 

polarity, as demonstrated in the finite difference analysis undertaken in §5 7.4.2 and §7 62 

and as shown schematically in Figure 5.49. 

, &--- Cathodes 

E-0 Cell 

P-0 00 

quipotentialsý-k 

Anodes 
Field distribution 

Figure 5.49 Electrical field characteristics of e-o cell and field trial electrode 

distributions 

Thus, the power estimations made in §5 i 4.4 are on the high side bý an order of magnitude 

Additionally, it is interesting to note that the electrical conductivity presented by Casagrande 

(1983), presented in Figure 5.29 demonstrated a conductivity variation from 0.4S/m to 

0.1 2S/m, which is also of the order of 10 times greater than that achieved in the field Again, 

the explanation for this is thought to be the electrode configuration. 

Additionally, from Figure 5.47 it will be seen that the electrical conductivity of the trial 

underwent a reduction with time of the order of 95% from an initial value of approximately 

0.026S/m to 0.001 3S/m. This compares with the values suggested in the two design 

methods of 66% (Wrigley 1999) and 95% by the Author (§5 7 4.4) 
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5.7.9.2 Relations Between Shear Strength - Water Content And Time 

The interpretation of the field measurements of the undrained shear strength, obtained from 

the hand shear vane, and corrected for conversion to field shear strength, was undertaken 
by superimposing the theoretically calculated shear strength based upon an initial water 

content and voltage gradient calculated by the finite element analysis These results are 

plotted in Figures 5.50 and 5.51 for the two test depths of 0.25m and 0.5m. Additionally, due 

to the large variation in the results obtained from the hand shear vane, even within the zones 

of the same electrode spacing a zonal average was calculated for each of the electrode 

spacings used-, 0.4,0.8 & 1.2m and the control zone This allowed easier interpretation of 
the results by eliminating the large degree of scatter that was present in the unrefined field 

results, as shown in Figure 5.52 and 5.53. The differentiation between the 0.25m and the 

0.5m depth readings was maintained to illustrate the difference in the strength changes with 

proximity to the anodes or cathodes 
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-Theoretical 0.48V/cm (55%) -Theoretical 0.25V/cm (65%) -Theoretical 0.33V/cm (65%) 

Figure 5.50 Theoretical and experimental results of c, against treatment time, 0.25m 

test depth 

Additionally, the results were normalised with respect to the undrained shear strength of the 

clay as initially placed, such that the percentage improvements were calculated- These are 

presented in Table 5.15 for all electrode spacings, control zone and the two test depths 
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Figure 5.53 Theoretical and zonal average results of c, against treatment time, 0.5m 
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Table 5.15 Percentage improvement in c, with treatment time for different electrode 

spacings and test depths 

Treatment Electro de spacin g (0.25m depth) Electro de spaci ng (0.5m depth) 

time 0.4m 0.8m 1.2m Cont. 0.4m 0.8m 1.2m Cont. 

(hours) N M N N N N M M 

0 0 0 0 0 0 0 0 0 

47 26.9 -52.9 19.5 -24ý3 372 29,0 -59.1 -24.6 
102 27.0 14.3 -29.4 -37.5 31 ý8 

32.2 68.2 33.3 

132 15.0 863 9.2 -81 78.2 -6.0 -21.9 -14.0 
160 37.3 -14ý7 20.8 35.1 33.3 -15.0 -31 A -1.75 
223 n/a 85.7 44.1 n/a n/a n/a 25.0 n/a 

251 70.1 36,7 -2.6 5.4 65.4 30ýO -32.4 1,8 

278 99.25 36.7 16.2 27 57.7 31.0 7.6 4A 

Inspection of Figures 5.50-5.53 and Table 5.15 yields several observations- 

a) The initial undrained shear strength (cu) demonstrated a large degree of scatter but 

generally was in the range of z3-15kPa, this is shown in Figures 5.50 to 5,53. The 

higher values being attributable to lumps of harder clay in the slurry. 
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b) The design line for an initial water content of 65% at a voltage gradient of 0.48V/cm 
shows a relatively good correlation with the field measurements of shear strength as 
shown in Figures 5.52 and 5.53. 

c) Nearly all undrained shear strength results measured in the field fall within realistic 
ranges defined by the theoretical curves. The exceptions are the undrained shear 
strengths obtained before treatment began which shows an extremely large scatter. 

d) The field measurements of zonal averages show an obvious improvement with 
increasing treatment time. This is shown graphically in Figures 5.52 and 5.53 and 
additionally tabulated in Table 5.15. The results in Table 5.15 show a wide variation in 
the percentage improvement achieved. This was caused by: 

0 Difficulty in successfully undertaking the hand shear vane test in the field due to 

accessibility problems and the presence of the reinforcement / EKG that hindered 

the insertion of the shear vane in to the clay. Additionally the poor reproducibility of 
test results with this apparatus. 

The initial measurement of zonal average, which demonstrated a large degree of 

scatter, strongly influences the subsequent results of percentage improvement, 

reflected in some of the negative values presented in Table 5.15. 

However, it is noteworthy that the results for the 0.4m electrode spacing zone 

consistently show an increase in shear strength. Whereas, the results for the 1.2m 

electrode spacing zone and the control zone demonstrate a much larger fluctuation. 

The results for the 0.8m electrode spacing zone are generally intermediate. 

e) The results obtained at a test depth of 0.25m are generally greater than those obtained 

at a test depth of 0.5m. Consideration of the electrode depths, anode at 0.45m and 

cathode at 0.15m, explains these results. The results at a depth of 0.5m are located 

below the anode in a zone of weaker electrical potential field; see Figure 7.25. Whereas, 

the results obtained at a depth of 0.25m are located between the anode and cathode in a 

zone of greater electric field intensity. Hence, the results at 0.25m depth would be 

anticipated to be greater than those at 0.5m depth, due to the greater value of V/L, 

subsequently used in Equation 5.32. 

f) The control zone also shows an improvement in shear strength with time. This is as a 

result of the consolidation that occurs through self-weight and is aided by the inclusion of 

drainage paths through the electrodes and filter elements. However, due to the reduced 

nature of the improvement that took place within the control zone the continued 

construction of this zone became increasingly more difficult as the height of the 

construction increased. 
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g) The initial undrained shear strength assumed for the theoretical analysis is key in the 
theoretical prediction. This is attributable to two factors: 

The relationship between c, and wc is not linear, but approximately exponential, as 
shown in Figure 5.28, hence greater increases in c, occur for a smaller reduction in 

w, at lower water contents. 

0 The variation of the electro-osmotic permeability with time is not linear, as 
demonstrated in Figure 5.31, with a significant decrease in k. taking place after a 

period of approximately 2 days (48 hours). This is reflected in Figures 5.50 to 5.53 

by the significant change of slope in the predicted value of c, that occurs after a 
treatment time of approximately 50 hours. 

The combination of these two factors exaggerates the effect of electrokinetic treatment 

on soils with lower water contents, as shown by the curve for 55% initial water content in 

Figures 5.50 to 5.53 and also minimises the effect of treatment on soils with an initial 

high water content as shown by the curve for 75% initial water content in Figure 5.50 to 

5.53. 

h) The electrode spacing, and hence the voltage gradient, has a significant effect on the 

treatment process as demonstrated by the increased improvement of the 0.4m electrode 

spacing zone over the other zones. The theoretical analysis also predicted this as shown 

in Figures 5.50 to 5.53 by the three curves of 0.48V/cm, 0.33V/cm and 0.25V/cm 

corresponding to electrode spacings of 0.4,0.8 and 1.2m respectively all at an initial 

water content of 65%. 

5.7.9.3 Treatment Time 

In the field trial the measurement of treatment time could only be measured indirectly by 

means of the shear strength and by means of the variation of current against generator time. 

Generally, as can be seen from Figure 5.48 the conductivity of the trial in the field had 

reached its residual value after a period of 10-12 days of generator operation. After this time 

the efficiency of the installation would be extremely low with the majority of the voltage being 

dropped across the high resistance zone adjacent to the anode as discussed in §2.7.5.5. 

5.7.9.4 Economic Analysis 

An economic analysis for a typical lift using approximate costs has been undertaken, 

assuming familiarity with the construction technique, i. e. there is no learning period when 

productivity is less. The construction considered involves only cohesive electro-osmotically 

enhanced reinforced soil, and not the standard granular reinforced soil construction. 
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Table 5.16 Economic analysis of electro-osmotically enhanced reinforced soil Costs 

per linear metre per 0.6m height, 3m deep, based upon Joint Stock trial experience. 
Item Whole unit Units used Cost % Cost 

Electrical distribution F-20 per 200m roll (reuse 8 4@ 20m El-00 0.5 

cables times) 4x 3m F-60-00 32.2 

EKG F-5 per metre 7m x 2m f-73-50 39.5 

Reinforcement + bodkin E 189 per 30m roll (1.2m wide) IQ days F-9-20 4.9 

Fuel (Gas Oil) 46p per litre @ 21it/hr 2x2wks f-33-33 17.9 

Labour (Semi-skilled) F-200 per week per person 6hrs P-6-25 3.4 

Plant Occasional use 360' excav. 1 xY2 time E20-83 11.2 

Site Supervision F-500 per week (full time) 3.6T -F-1 8-00 -9.6 
Soft cohesive fill -E5 per tonne (no landfill tax) Total Cost E186-11 100% 

The values presented in Table 5.16 assume that the overall length of the wall is 24m, hence, 

fuel, labour, plant and site supervision has been divided by a factor of 24. 

5.7.10 CONCLUSIONS 

5.7.10.1 Electrical Energy 

The prediction of the electrical energy demand for the completed trial using the design 

methods suggested in §5.7.3 to 5.7.5 over predicts the actual electrical energy dawn by the 

field installation, with the method developed in this thesis giving a more accurate prediction 

than the method suggested by Wrigley (1999). The estimation of the reduction in electrical 

conductivity (a) based upon the methodology suggested in this thesis gave the same 

percentage reduction (95%) as that measured in the field- The reduction factor suggested 

by Wrigley (1999) based upon Casagrande (1983) (66%) was found to over predict the 

energy demand. 

On the basis of these results it is suggested that the design method developed in this thesis 

is employed but that a reduction factor is introduced into the analysis to account for the 

differences caused by the electrode layout between the electro-osmotic cell and the field 

installation. 

a =-- F Eqn. 5.36 Field or E-OCell 

On the basis of the Joint Stocks trial results F, is of the order of F,; =O. l 

5.7.10.2 Shear Strength 

The prediction of the increase in undrained shear strength of the soil with treatment time 

using the method suggested by this thesis was found to give curves that have a relatively 

good fit with the results obtained from the field. With the theoretical curve showing a very 
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good correlation with the results for the 0.4m electrode spacing zone within which the 
electrical field was most similar to that obtained in the laboratory for use in the theoretical 
model. However, its accuracy is greatly affected by the assumption of the initial water 
content and the voltage gradient. 

5.7.10.3 Concluding Remarks 

The theoretical prediction method suggested in §5.7.4 would appear to be a valuable 
predictive tool for estimating the change in undrained shear strength with time during an 
electro-osmotic treatment process. The accurate input of the initial soil and treatment 
parameters used in the analysis is, however, critical to its correct function. It is suggested 
that a sensitivity study is undertaken using the analysis method and an envelope of shear 
strength / treatment times established for a realistic range of conditions that may exist in the 
field and that appropriate laboratory testing is used to establish the variation of ke to be used 
in the analysis. 

5.7.11 RECOMMENDATIONS FOR FURTHER WORK 

It is recommended that the value of F, =O. l is refined and confirmed based upon further field 

trials/applications using the EKG system with a variety of electrode configurations. 

It is suggested that the site of the Joint Stocks trial wall is revisited with a cable tool 

percussion drilling rig in order to undertake a series of continuously sampled boreholes 

through the control and electro-osmotically treated zones of the wall to ascertain the 

variations of undrained shear strength with depth through the wall. Additionally, plasticity 

indices testing could be undertaken to establish any change of plasticity that have occurred 

as a result of the electro-osmotic treatment process. 

5.8 SYNOPSIS OF CHAPTER 5 

This chapter has introduced the fundamental mechanism of reinforced soil from first 

principles, covering the aspects of reinforcement orientation, soil/reinforcement interaction 

and the concept of strain compatibility both in granular and cohesive soils. The conventional 

methods of reinforced soil analysis have been described. 

The focus was then shifted purely to the application of cohesive materials to reinforced soil. 

A historical review of both experimentation and experience in cohesive reinforced soil, as 

well as two commercially available techniques for the utilisation of cohesive fill in reinforced 

Page 5- 72 



Chapter 5. EKG in soil reinforcement 

soil, was given. This was followed by a review of previous work undertaken in the 

application of electro-osmosis to reinforced soil 

The Joint Stocks wall, built as a full-scale trial of electro-kinetically enhanced reinforced soil 
was described. Initially the laboratory testing of fill materials to be used in the wall was 
discussed, followed by the design of the wall. The design was initially undertaken using 
long-term soil parameters and the tie-back wedge analysis method to establish the 

reinforcement layout. The short-term analysis was then undertaken using four different 

analysis methods considering and not considering the presence of the reinforcement to 

ascertain the undrained shear strength that electro-osmosis was required to produce. 

This was followed by the electro-osmotic design for the wall. Initially a simplistic design was 

undertaken to establish the estimated treatment times for the different electrode spacings 

considering two different initial water contents. The simplistic design was enhanced by using 
the laboratory distribution for the variation in k, and additionally by refining the voltage 

gradient parameter (V/L) using finite difference and resistance path analyses. These results 

were used to produce a predicted envelope of undrained shear strength of the fill against 

treatment time. 

The anticipated power demand of the installation was calculated using two methods; using 

the variation of electrical conductivity of the soil obtained from laboratory testing and by 

applying a global reduction factor to the initial electrical conductivity of the soil. 

The construction processes for the wall were discussed for both the granular and cohesive 

sections of the Joint Stocks wall, additionally the monitoring regime adopted in the field was 

described. 

The results of the trial were presented in terms of fuel consumption, electric current drawn, 

undrained shear strength variation with treatment time and water content variation with 

treatment time. The interpretation of the results was undertaken by comparing the measured 

with the predicted behaviour for the electrical conductivity and the undrained shear strength 

for both the electro-osmotically treated zones and the control zone. A discussion regarding 

the treatment time and the economics of the trial was also undertaken. 

A series of conclusions were drawn from the interpretation of the results with respect to 

electrical energy and shear strength prediction wfth regard to the design method developed 

earlier in the chapter. It was generally found that the design method developed was suitable 

for use. Recommendations for further improvement to the design method were given 

together with further investigation of the Joint Stocks trial. 
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5.10 CHAPTER 5 PLATES 

Plate 5.1 - Upper electrodes & filters ready for placingaf clay slurry 
(granular ends also visible) 

Plate 5.2 - Placing of clay slurry by 36011 excavator (lake in which clay was placed also 
visible) 
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Plate 5.3 - Levelling of clay slurry and removal of aiv voids 

Plate 5.4 - Levelling of slurry, demonstrating very fluid state of slurry as placed 
(reinforcement of underlying layer also visible) 
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Plate 5.5 - Detail of front face clearly showing migration of water to cathode locations 

Plate 5,6 - Close up of clay surface above a cathode showing ponding of water 

and migration of fines to the surface 
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Plate 5.7 - Detail of upper clay surface at cathode location showing ponding of 

water at surface and escape of H2 gas bubbles 

Page 5 83 



CHAPTER 6 

VOLUMETRIC CONTROL OF SOILS 

6.1 VOLUMETRIC CONTROL - INTRODUCTION 

Electro-osmosis removes water from a soil mass and can produce an effect equivalent to an 

effective overburden pressure of approximately 1 OOkPa (see § 4.2.2.1), thus effectively 

overconsolidating the soil mass. It may also be used to reduce volume changes due to 

wetting and drying. Additionally, to a minor extent electro-osmosis can also change the 

properites of the clay minerals present in a soil mass bringing about a reduction in both the 

liquid and plastic limits, as demonstrated by Gwede (1998) and Bjerrum et al (1967), and as 

a consequence generally reducing the susceptibility to volume change as a result of changes 

in water content. This is shown in Figure 6.1 by the correlations between the percentage 

volume change and the swell index for liquid limit and plasticity index. 
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Figure 6.1 Relationship between volume change and plasticity index and swell index 

and liquid limit (Holtz & Gibbs 1956 & Vijayvergiya & Ghazzaley 1973) 

The effect of the overconsolidation produced by electro-osmosis has been discussed 

previously in § 4.2.3. 

0.6- 
Swell pressure 

Swell pressure 
30-125 kPa 

III ý o.. 4 
L 

0.2 

0.0 

Page 6 -1 



Chapter 6. Volumetric control of soils 

6.2 WIMBLEDON PARK - SOUTHFIELDS TRIAL 

The purpose of this trial was to demonstrate, in the field, the application of electro-osmosis to 
reduce the potential for volume change of a London Clay embankment that was 
experiencing significant volume changes as a result of seasonal variations in water content. 

6.2.1 SITE LOCATION AND TOPOGRAPHY 

The site is located in southwest London approximately 3km south of Putney Bridge on the 
River Thames. The Embankment supports the London Underground District Line between 
Wimbledon Park and Southfields Stations, at the end of Revelstoke Road, between 

chainages Ch D/1 66 DEB 0200m and D/1 66 DEB 0900m. Ordnance Survey Sheet 176 Grid 

Reference 248727 (Ordnance Survey 1995). 

The topography of the location is generally flat with a level of between 15m and 20m Above 

Ordnance Datum (AOD), or 11 5m to 120m Above Track Datum (ATD). Track datum is taken 

as zero at an ordnance datum of -1 00m to keep all track elevations positive. 

6.2.2 GEOLOGY 

The 1: 50,000 Geological map of the site (BGS 1981) indicates the site to be underlain by 

Clay Head Deposits over London Clay. This stratigraphy has been confirmed on site by a 

site investigation undertaken by Soil Mechanics Ltd (Soil Mechanics Ltd 1996). 

The Clay Head Deposits are probably derived by periglacial solifluction or hillwash from solid 

or drift deposits during the Quaternary Epoch. 

The London Clay deposits are of marine origin deposited during the Paleogene Period 

(Curry 1965). The London Clay in its unweatherd state is a dark brownish or blue grey clay, 

which weathers to a brown or yellowish brown. It is not a pure clay, but contains varying and 

sometimes large quantities of silt or fine sand; materials coarser than fine sand grade are 

typically absent (Curry 1965). The mineralogy of the clay fraction as analysed by Grim 

(1953) for a sample from Chingford gave; Illite 70%, Kaolinite 20% and Montmorillonite 10%. 

The sand fraction is mostly quartz with a little feldspar and the silt fraction consists of the 

same minerals with a little mica. The London Clay in its undisturbed state is 

overconsolidated. 

The embankment itself generally consists of cohesive fill material comprising soft to very stiff 

clay with some sand and occasional fine to coarse gravel overlain by a granular fill generally 

comprising loose to dense fine to coarse gravel of ash, slag, burnt clay, flint and limestone 
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(Howard Humphreys 1997). The thickness of this ash layer is variable but is generally of the 
order of 1 m. In certain locations, under the embankment, above the Clay Head Deposits a 
thin layer of relict topsoil exists which is typically darker and more organic in nature than 
either the embankment fill or the Clay Head Deposits. 

West Bound East Bound 

ASH &, BALLAST-"YER 

LONDON CLAY CORE 

----------- ----- ----- --- - ----------------------- ------- --------------------------------------------------------------------- ---------------- 
------ ----------------------- -- ---------------- ---------- ---------------------------- jCLAYf4EAD[)EPOSfT-: -: ---: -- 
- ------------------ ------------------------ ------------------------------------------------- ------------ --- ------------------------------------ ----------------- ----------------------- ------ --- ---------------------------------------- --- ------------- 

Figure 6.2 Cross-section through Wimbledon Park - Southfields embankment 

6.2.3 HISTORY AND DESCRIPTION OF THE SITE 

The Metropolitan District Line was extended from West Brompton to Putney Bridge in 1880. 

In 1889, the line between Wimbledon and Putney Bridge was opened. It was a joint venture 

between the London and South Western Railway (LSWR) and the District Line as a four 

track section from Wimbledon over which the LSWR had running rights. The four tracks 

separate into two sets of two tracks south of Wimbledon Park. The eastern two tracks serve 

as an LSWR link between Wimbledon and the LSWR Reading and Windsor line with a spur 

being constructed to East Putney. The western two tracks continuing to East Putney. Island 

stations were constructed between the tracks at Southfields and Wimbledon Park to be 

served by District Line trains. LSWR never took up their running rights over this section of 

track between Wimbledon Park and East Putney. This dates the embankment at over 120 

years old. 

The section between Southfields and Wimbledon Park stations was constructed 

predominantly on embankment along the eastern edge of Wimbledon Park and due to the 

antiquity of the embankment it is most likely that it was constructed by means of end tipping. 

The 1902 Ordnance Survey map of the area shows a housing development to the east of the 

line immediately to the south of Southfields station. The remaining housing which now infills 

the eastern side of the line was constructed in the 1920's. The western side of the line is 

occupied by Wimbledon Park and has remained undeveloped since the construction of the 

railway (Howard Humphreys 1997). 
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6.2.4 DEFINITION OF THE PROBLEM 

The problem encountered on the Wimbledon Park-Southfield embankment is that the ride 
quality of the trains passing over this section of track is being significantly affected by the 
differential movement of the tracks. The origin of this differential movement has been 
attributed to the London Clay core of the embankment, which due to the permeable nature of 
the overlying granular track ballast and the ash layer, is subjected to seasonal wetting and 
drying causing resultant shrinkage and swelling of the embankment core, reflected as a 
deterioration in the ride quality of the underground trains. The poor quality or absence of 
compaction of the London Clay core during construction of the embankment has 

exacerbated this effect as the clay in not in a uniform state of dry density which results in 
differential shrinkage and swelling within the core itself. 

As a result of this problem the University of Newcastle upon Tyne was approached by 
Kvaerner Cementation Foundations, a member of the EPSRC steering group, if they would 
like to undertake a small-scale trial of electro-osmotic volume control on this stretch of 
embankment. Adjacent to a section where they were undertaking hard engineering solutions 
to overcome the volume change problems. The engineering solution adopted adjacent to 
the trial was the construction of small diameter bored piles at the crest of the embankment to 

constrain the core of the embankment. The problem with this solution was the high cost of 

construction. 

6.2.5 LABORATORY TESTING 

Undisturbed U100 and bulk disturbed samples were made available to the Author of both the 

London Clay core and ash materials, as well as a water sample obtained from a standpipe 

within the embankment. These samples were tested in the soil mechanics laboratory of the 

University of Newcastle upon Tyne for their suitability to treatment by electro-osmosis. A 

summary of the classification testing undertaken is given in Table 6.1. 

Table 6.1 Summary of classification testing on Wimbledon Park-Southfields materials 

TEST Test Method London Clay core Ash 

Liquid limit BS 1377: Part 2 66%-73% N/A 

Plastic limit BS 1377: Part 2 23% N/A 

As received w BS 1377: Part 2 24% 18% 

As received conductivity BS 1377: Part 3 0.0548S/m 0.0383S/m 

Free swell ASTM D4546-96 70% N/A 

Linear shrinkage BS 1377: Part 2 13% N/A 

Undrained shear strength BS 1377: Part 7 12-2OkPa N/A 

Coeff. Vol. Compressibility BS 1377: Part 5 0.04-0.14mý'/MN N/A 
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In addition to the standard classification tests summarised in Table 6.1 electro-osmosis tests 
were also undertaken on the London Clay to assess the applicability of electro-osmosis to 
the core of the Wimbledon Park - Southfields embankment. Due to the fact that the clay in 
the embankment core would be treated in its in situ state (i. e. without remoulding), it was 
decided that the most realistic results would be obtained by testing an undisturbed block 

sample. Thus, an undisturbed block sample was obtained from the site and tested in the 
laboratory using an "electro-osmosis box". This apparatus is described in detail by Nettleton 
(1996) and Adali (1999), and its general characteristics summarised here in Figure 6.3 

-1\ 

EKG positio 

Displacement 
transducers 

(LVDT) 

E 
E 
C) C14 

-- T 

E 
C) LO O-j 

London Clay 
Sample 

'Perforated baffle 

Figure 6.3 Electro-osmosis box used for testing in situ block sample 

The block sample of London Clay was cut to the correct size and placed inside the electro- 

osmosis box. Two holes were then bored in the block sample at the desired electrode 

positions using a U38 sample cutter. The EKG electrodes were then inserted in to the holes 

and the holes backfilled with bentonite slurry. The purpose of the bentonite slurry was to 

ensure good electrical contact between the EKG and the London Clay. Additionally, it was 

envisaged that bentonite would be used in the field trial both to ensure the stability of the 

electrode bore and also to ensure electrical continuity between the EKG and the London 

Clay embankment core, see §6 2.8. The voltage applied across the soil sample was 
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0 2V/cm The movement of the upper clay surface in the electro-osmosis box as a result of 
the electro-osmosis treatment as registered by the LVDT is presented in Figure 64 
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Figure 6.4 Vertical displacement of the clay surface in the electro-osmosis box 

Transforming these absolute displacements into percentage strains based upon the block 

height of 23cm gives the results as shown in Figure 6.5. This figure allows the extrapolation 

of the laboratory results to the trial embankment, see §6.2 7 1. 
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Figure 6.5 Vertical displacement strains in electro-osmosis box at different treatment 

times 
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6.2.6 DESIGN OF THE TRIAL 

The vertical geometry of the trial was essentially controlled by the accessibility to the side of 
the embankment and the movement limitations of the crawler drill that was used to install the 

electrodes. In order to treat as much of the core as possible one row of electrodes was 
located as high up the embankment as was possible, without been located in the ash, and 
the other row was located as low down as possible without penetrating the natural ground 
with the bore. 

The bore produced by the drill was required to be subhorizontal due to the requirement to 
backfill the bore with bentonite slurry once the EKG was installed, see §6.2.8 The 

manoeuvrability of the Casagrande C6 hydraulic crawler drill used for the installation placed 

a restriction on the installation in that the minimum inclination for the bores was 51 

subhorizontal. These restrictions essentially governed the vertical geometry of the trial, with 

a spacing of ýý2.75rn between anodes and cathodes. 

The horizontal geometry of the trial was also partly governed by access problems in that the 

mast length of the C6 drill rig was 4m and it had to be located between trees located 

adjacent to the embankment, see Plate 6.1 
ý 

The extent of the trial was 17m in length with a total of 8 anodes arid 9 cathodes located 1r) a 

staggered pattern, with an average spacing between electrodes of approximately 2,1 m, as 

shown in Figure 6.6, 

17m 

Xxxxx 
A8 An,, -. Ycj'e. s @ ý, 2ý T-f ý, spacing 

2,15m 

IF xxxxxxx 

9 Cathodes @ z2,1 m spacing 

Figure 6.6 Electrode installation geometry 

x 

A finite difference analysis of the installation was not considered necessary by the Author as 

the anode-anode spacing was less that the anode-cathode spacing and, thus, the electrical 

field produced should be essentially 1 -dimensional (Alshawabkeh et al 1999). 

6.2.7 ANTICIPATED PERFORMANCE 

The anticipated performance of the trial was composed of three elei-nents induced 

settlement, power requirements and volume change- 
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6.2.7.1 Induced Seftlement 

The settlement induced by the application of electro -osmosis was estiniated in two ways, 
using the equivalent surcharge method described in §4 2.2 and additionally by extrapolation 
of the settlement results obtained from the electro-osmosis box. The equivalent surcharge 

method uses the coefficient of volume compressibility (m, ) obtained from the laboratory 

testing, Table 6.1, and assumes that electro-osmosis is equivalent to applying a surcharge of 
100kPa at the anode varying linearly to OkPa at the cathode, In the Wimbledon Park - 
Southfields embankment the only significant difference was the horizontal inclination of the 

electrodes, as opposed to the vertical inclination associated with a conventional 

consolidation application. 
For the purposes of calculation, m, was assumed to have a linear variation over the stress 

range of 0-100kPa. Thus, an average increase in effective stress associated with the 

application of electro-osmosis of 50kPa was assumed to apply over the distance between 

the anodes and cathodes (z2.75m), as shown in Figure 6-7, 

Anodes 
100kPa 50kPa 

xXx 

2 75m 
=> 

If xxx 
OkPa 

Cathodes 

Figure 6.7 Equivalent surcharge produced by horizontally inclined electrodes 

Thus, for the range of m, established from the laboratory testing: 

Pmin = MvminAcTvh = 0.04M2 / MN * 50kPa ' 2.75m - 6mm 

, Omax ý mvmaxAcrvh=0,14M2 / MN ' 50kPa * 2.75m - 20mm 

Hence, an anticipated settlement in the range of 6-20mm would be expected. 

Using the results of the settlement strains obtained from the electro-osmosis box, Figure 6.5, 

it will be seen that the average settlement strain, i. e. the strain at the central position is of the 

order of 0.6%, thus extrapolation this result to the 2,75m height of the London Clay core 

located between the anodes and cathodes in the embankment gives, 

Pstrain ý 0,6% * 2-75m = 16.5mm 

This is in excellent agreement with the anticipated results using the equivalent surcharge 

method and the coefficient of volume compressibility. 
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6.2.7.2 Estimation Of Electrical Power 

From the laboratory measurements of conductivity of the London Clay and the ash it is 

apparent that the London Clay is more conductive than the ash material, and in the field the 

majority of the electrode length was installed in the London Clay core as shown in Figure 
6.8. Hence, the probability of short-circuiting the system through the ash layer was minimal. 
Due to the relatively high electrical conductivity of the soil to be treated in comparison with 
the range suggested as suitable electrical conductivity, see §7.2.2.2, simple resistance 

calculations were undertaken. These calculations indicated that the overall resistance of the 

system would be approximately 0.25n. Thus, an applied voltage of in excess of 

approximately 40V would lead to a current of 1 OAmps per electrode, i. e. the maximum 

permissible current rating per electrode. It was, therefore, suggested that the trial was 

configured to act as constant current and then constant voltage to prevent overloading of the 

electrodes and accelerated degradation, see §3.5.4. 

The electrical power results of the electro-osmosis box were lost due to a failure of the 

Automated Data Acquisition Unit (ADU). Hence, a prediction of the increase in resistance 

with time cannot be made based upon the laboratory results. However, previous experience 

would indicate a decrease in the current drawn of the order of 66-95% with time, see 

§5.7.9.1 and §4.3-4-3. 

6.2.7.3 Volume Change 

The beneficial effects of electro-osmosis to improve the volume change characteristics of the 

London Clay core may be though of as comprising of two elements: 

Overconsolidation of the London Clay such that the subsequent shrinkage and 

swelling occurs over a different portion of the e- log p graph and has a less 

pronounced effect upon the core, as shown in Figure 4.16. 

Electro-chemicai changes to the clay mineralogy, i. e. changes in the particle size 

to a more coarse grain size and changes in the plasticity index which make the soil 

less prone to volume change, see Figure 6.1. 

6.2.8 ELECTRODE INSTALLATION 

The installation procedure for the EKGs consisted of the following steps: 

Positioning of the Casagrande C6 hydraulic drill over the proposed electrode 

position with the drill string inclined as close to the horizontal as possible (50 

subhorizontal). For the upper electrodes (anodes) a small platform was constructed, 
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0 

0 

and for the lower cathode electrodes a small temporary cut was made in the 
shoulder of the embankment as shown in Plate 6.1. 

100mm diameter bore was drilled, cased to the mid-length of the bore, i. e. 
approximately to the centre-line of the embankment, as shown in Figure 6.8, to 
prevent any movement of the tracks as a result of the bore. 

Reinforcing bars (approx. 16mmO) were coupled together using screw couplers to 
the same length as the bore. Lantern spacers were placed along the length of the 
bar, approximately every 2m, to ensure that the bar was located in the centre of the 
bore. The EKG, with or without filter, cathode and anode respectively, was then 

cable tied to the re-bar as shown in Plate 6.2. The temporary casing from the bore 

was then extracted and the EKG/re-bar was then manually pushed into the bore up 
to its full length. The EKG was left over length by approximately 1-2m to allow for 

subsequent connection. 
L 

Design Zone E4 West Boundý 

4.32,119.21 

, 117.65 10.39,117.65 de 

East Bound Design Zone E4 

7.25,117.88 

Anode (+) 

::: Casing(Temporary) 

Cathode (-) 

Figure 6.8 Schematic of electrode installation at Wimbledon Park - Southfields 

0 

0 

0 

Bentonite slurry with the lowest water content possible that permitted pumping was 

then tremmied into the bore to prevent collapse and to ensure electrical contact of 

the EKG with the London Clay core of the embankment, as shown in Plate 6.3. 

Once the bore was full the tremmie pipe was extracted. 

The EKG was then passed through a drain/drainage pipe to allow its passage 

through the embankment shoulder fill that was subsequently replaced. For the 

cathodes the pipe also allowed connection to the granular toe drain constructed in 

the slope, thus facilitating the drainage of any fluid collected by the cathode. This 

detail is presented in Figure 6.9 together with a system developed to measure the 

fluid produced at the cathode by means of a dip-meter. 

The embankment works were terminated with the electrical connections being left 

until the last moment to prevent any possible damage to the cabling and for the 

safety of the workers connecting the electrodes. 
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Figure 6.9 Plumbing of cathodes into toe drain and measurement system 

6.2.9 ELECTRODE CONNECTION 

London Underground Ltd, placed a requirement upon the trial that all cabling had to be 

armoured with an earth return. The reason for this was so that if anyone were digging in the 

trial area when the electro-osmosis trail was powered up they would not be subjected to an 

electrical shock if their digging implement severed the power distribution cables. Details of 

the armoured earth return connection may be found in §3 5,13, 

6.2,10 ELECTRICAL INTERFERENCE AND SIGNALLING 

After the installation of the electrodes into the embankment was complete AMEC Rail, who 

were responsible for maintaining this section of track, raised serious concerns relating to the 

effect of the electro-osmosis trial on the signalling/traction systems of this stretch of track 

These concerns eventually lead to the trial being postponed. 

The signalling system used by London Underground over the stretch of track in question 

consisted of an unusual old design British Rail system. This Westinghouse track signalling 

system involves sending a low voltage alternating current (AC), with a frequency of 50Hz, 

through the running rails to detect the presence of a train by its short-circuiting effect 

between the running rails. This signalling system is used by both London Underground and 

South West Trains rolling stock, although the traction supply system used by each is 

different. 
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For safety reasons concerns were raised that, as the trial was to use full wave rectified and 
smoothed AC to produce the direct current (DC) necessary for the trial, the 50Hz harmonics 
would remain in the DC supply with the result that the weak alternating electrical field 
produced could generate an AC current in the running rails and cause a potential signalling 
fault. 

The origin of these potential 50Hz harmonics is demonstrated in Figure 6.10 that shows a 
conventional full wave rectification circuit with smoothing. 
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Figure 6.10 Full wave rectification with smoothing and the development of harmonics 

I! 

Total EMF ac-ross load follows thm arrows 
Fully rectified source EMF 
EMF caused by capacitor discharge 

10 

Due to the possible presence of these 50Hz harmonics in the power supply, as a result of 

rectifying conventional three phase AC supply, it was decided that a full night-time 

possession of the track with a live train present, the trial powered up and all signalling in 

operation would be appropriate to answer any safety problems associated with the signalling 

system. The approximate cost of such a possession was stated as being of the order of 
P-1 0,000 and an associated Hazardous Operation (Haz. Op. ) analysis in the range of 

F-1 0,000 - El 5,000 (Pedley 2000). London Underground agreed to cover the costs of the 

possession, but to date this has not been arranged. 

6.2.11 CONCLUSIONS 

No definitive conclusions can be made with regard to the application of electro-osmosis to 

volume control in the field due to the fact that the trial was never powered up. However, the 

laboratory results suggested that the treatment would have been effective. The trial did 

provide the opportunity to develop installation and connection protocols for EKG electrodes. 
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6.2.12 RECOMMENDATIONS FOR FURTHER WORK 

The most obvious recommendation that may be made is that the Wimbledon Park- 
Southfields trial is powered up, albeit by conducting the required night-time 
possession and associated Hazardous Operations analysis in full, or at a later date 
when the signalling system over this stretch of track is modernized and is not 
susceptible to interference from the possible harmonics generated by the electro- 
osmosis trial. 

Further laboratory investigations in to how the application of electro-osmosis to a soil 
alters the volume change properties are required. This should be undertaken for a 
range of soil types with a range of different mineralogies. The effects that should be 

analysed are the change in particle size distribution and the alteration of plasticity 
indices, as well as the effect of overconsolidation. The effect of cycles of wetting 
and drying on the electro-osmotically treated soil should also be investigated. 

6.3 SYNOPSIS OF CHAPTER 6 

The laboratory testing undertaken on the London Clay and ash samples obtained from the 

Wimbledon Park-Southfields trial indicated that the embankment core should be amenable to 

treatment by electro-osmosis. Particular credence may be given to the electro-osmosis box 

experiment undertaken which gave settlement strains of the order of 0.6%, which when 

extrapolated to the full-scale embankment gave settlement values of the same order of 

magnitude as those calculated by the equivalent surcharge method using a linearly varying 

surcharge. 
The field trial was successfully installed using a novel installation technique using a 
Casagrande C6 hydraulic drill and the connections undertaken using armoured cable with 

earth return. 
Due to safety fears highlighted after the installation of the trial was complete the trial is in 

abeyance waiting for a night-time possession to confirm that the treatment would not affect 

the antiquated signalling system used over this stretch of track. 
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6.5 CHAPTER 6 PLATES 

Plate 6.1 - Installation of EKG electrodes using Casagrande C6 hydraulic 

drill 

- -Uwembl"ro 
ýw -- 

Plate 6.2 - Connection of EKG to re-bar for insertion into the bore (lantern 

spacers also visible) 
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Plate 6.3 - Pumping of bentonite slu" into the bore by means ýof tremmie pipe 
(EKG cathode with filter in place also visible) 
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CHAPTER 7 

ELECTRO-OSMOSIS - PHILOSOPHY AND DESIGN 

7.1 INTRODUCTION 

The purpose of this chapter is to bring together the philosophy that has been developed 
during the research with regard to electro-osmosis and EKG applications. Initially the criteria 
that have been developed for assessing the acceptability of soil for treatment by electro- 
osmosis are given. This is followed by the design philosophies developed by the Author for 

electro-osmotically enhanced reinforced cohesive soil, electro-osmotic consolidation, electro- 
osmotic volume control and the tools necessary for the analysis of electrode installations. A 

review of new and novel applications for eiectro-osmosis and EKG is also given. 

7.2 SOIL ACCEPTABILITY CRITERIA FOR ELECTRO-OSMOSIS 

As presented earlier in §2.7.5.1 to §2.7.5.3, the efficiency of electro-osmosis may be 

expressed in terms of ki where: 

ki = 
ke 

cr 
Eqn. 7.1 

The value of k,, has been shown to vary within relatively small limits and Casagrande (1952) 

has suggested that a value of ke=5*1 0-5CM2 /sec-V could be adopted for most soils. It will be 

seen from Equation 7.1 that the electro-osmotic efficiency is inversely proportional to the 

electrical conductivity, thus if the electrical conductivity of a soil is high then the electro- 

osmotic efficiency will be low. 

In addition, as was shown in §4.2.2, the in situ hydraulic permeability of the soil is also 

important to the success of electro-osmosis. If the hydraulic permeability is excessively high 

then it is probable that gravitational forces will cause the re-circulation of pore fluid by 

conventional hydraulic flow and will negate any effect induced by e lectro-osmosis. However, 

if the hydraulic permeability is too low, then as demonstrated in §4.2.2.2 electro-osmosis will 

be inefficient due to the slow rate of consolidation. 
From these considerations acceptability criteria for soils have been developed based Upon 

standard and non-standard soil mechanics tests. 
- 
The basis for advancing these criteria is to 

allow practicing engineers to make a relatively rapid assessment of the*suitability of a soil on 

a site for treatment by electro-osmosis based upon standard soil mechanics laboratory tests 

that are routinely conducted as part of a traditional site investigation. This does not mean 

that electro-osmosis specific tests are not required in order to predict the performance of a 

particular site installation, but it should allow a more informed decision to be made at an 
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early stage as to whether to proceed with the more advanced, and expensive, specialised 
testing. 

7.2.1 GENERAL CLASSIFICATION TESTS 

The standard classification tests should be carried out in accordance with BS 1377: Part 2 
(BSI 1990b) with the soil samples being taken and prepared in accordance with BS 1377: 
Part 1 (BSI 1990a). The macrofabric of the soil should also be identified and its 

repercussions upon the in situ permeability and conductivity assessed, guidance is given in 
McGown et al (1980) 

7.2.1.1 Afterberg Limits 

The liquid and plastic limits of the soil should be established in accordance with BS 1377: 

Part 2: 1990 §4 and §5 (BSI 1990b) respectively. The Author recommends that the cone 

penetrometer method described in §4.3 of BS 1377: Part 2 (BSI 1990b) is used whenever 

possible for the determination of the liquid limit as the test is easier to carry out and the 

results are reproducible (BSI 1990b). 

The liquid and plastic limits of a soil define the range within which a cohesive soil behaves in 

a plastic state as shown in Figure 7.1. 

Solid Liquid Semi Solid Plastic 
state state state state 

Decreasing ývater content 

Shrinkage Plastic Liýuid 
limit limit limit 

Figure 7.1 Consistency of cohesive soil with variation in water content (After Das 1997) 

The value of the Atterberg limits of a cohesive soil depend upon several factors, including 

the quantity and type of clay mineral and type of absorbed cation (Mitchell 1993). Typical 

values for the Atterberg limits for different clay mineral types are given in Table 7.1. 

It can be seen that the different clay mineralogies have a direct bearing upon the values of 

the Atterberg limits. It has also been shown that the electrical conductivity of a soil is 

influenced, to some extent, by the surface charge density (AO) and is dependant upon the 
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clay mineralogy (see Table 2.2a & 2.2b), Hence, the relationship between the Atterberg 
limits and the electrical conductivity of the soil can be linked to soil mineralogy. 

Table 7.1 Afterberg limits and associated parameters for different clay minerals (After 
Lambe & Whitman 1969 and Mitchell 1993) 

Clay Mineral Type 

Montmorillonite 

Nontronite 

Illite 
Kaolinite 

Hydrated Halloysite 

Dehydrated Halloysite 

Attapulgite 
Chlorite 

Allophane 

-? A 17 CI-- 

Liquid limit 

N 

100-900 

37-72 

60-120 

30 ý- 110 

50-70 

33 55 

160-230 

44-47 

200-250 

Plastic limit 

, IV -I VV 
19-27 

35-60 

25 40 

47 -60 
30-45 

100- 120 

36-40 

130-140 

Shrinkage 

limit (%) 

8.5-1 5 

15-17 

25-29 

76 

In addition to the mineralogy, the electrical conductivity of the soil in situ is partially governed 

by the electrical conductivity of the pore fluid and the water content This has been 

demonstrated by the Author as shown in Figure 7,2 

90 
80 

- 70 

'. ' bo 

50 

40 

30 
ir- 20 

10 
0 

0 

Activity 

0-5-1 0 

05 

1 21 

0.44 S/cm 
Fluid 

-T T- 

0.5 1.5 

Soil + fluid electrical conductivity (S/cm) 

2 

Figure 7.2 Electrical conductivity of grade E kaolin with different conductivity pore 

fluids 

Figure 7.2 demonstrates that the effect of the conductivity of the pore water alone upon the 

overall conductivity of the fluid-soil mix is significant, as is the water content of the soil. The 

chemistry of the pore water, which is also reflected in the exchangeable cations present 

within the clay minerals, influences the range of results for the Atterberg limits presented in 
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Table 7.1. This influence may also be seen in Table 7.2, which presents the results of 
Atterberg limit tests for different clay minerals with different exchangeable cations. The 
monovalent cations (e, g. Na+, K+) give higher values of liquid and plastic limits whereas the 
presence of divalent and trivalent cations (e. g. Mg2+ 

, Fe 2+ 
, A13+) give lower values. If the soil 

is tested repetitively the exchangeable cations can be flushed from the clay, as implied by 
the results given in Table 7.2 by Lambe & Whitman (1969), then a change in the Atterberg 
limits takes place. Thus, for samples which are to be tested with a view to utilising the 

results for prediction of the viability of electro-osmosis it is essential that the tests are 
undertaken in accordance with BS 1377: Part 2 (BSl 1990b) and not repetitively wetted and 
dried. 

The validity of the correlation proposed for the acceptability of soils based upon the Atterberg 
limits and conductivity is demonstrated in Figure 7.3. The results presented in Figure 7.3 

relate to a review of published electro-osmotic case studies where both the plasticity indices 

and electrical conductivities have been given (Bjerrurn et al 1967, Casagrande 1952, 

Casagrande et al 1961, Fetzer 1967, Hamir 1997, Pugh 1999). 

Table 7.2 Atterberg limits of clay minerals with different exchangeable cations (After 

Lambe & Whitman 1969). Key *= after five cycles of wetting and drying. 

Mineral Exchangeable 

cation 

Liquid 

limit (%) 

Plastic 

limit (%) 

Plasticity 

index (%) 

Shrinkage 

limit (%) 

Montmorillonite Na 710 54 656 9.9 

K 660 98 562 9.3 

Ca 510 81 429 10.5 

Mg 410 60 350 14.7 

Fe 290 75 215 10.3 

Fe* 140 73 67 

111ite Na 120 53 67 15.4 

K 120 60 60 17.5 

Ca 100 45 55 16.8 

Mg 95 46 49 14.7 

Fe 110 49 61 15.3 

Fe* 79 46 33 

Kaolinite i Na 53 32 21 26.8 

K 49 29 20 

Ca 38 27 11 24.5 

Mg 54 31 23 28.7 

Fe 59 37 22 29.2 

Fe* 56 35 21 7.6 
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The delineation of acceptable electrical conductivities (cy) and, hence, plasticity indices (PI) is 
based upon the limits proposed by Casagrande (1983) that an acceptable and economic 
range for the electrical conductivity is 0.05S/m - 0.005S/m This range gives an associated 
acceptable range of plasticity index in the range of 5% to 30% This criterion is adopted for 
the assessment of soils 

100 

On 
Oki 

60 

40 

20 

v 
-I - ---- 

- 0 
T- -T-- --F - 

0 0.02 U04 

I nefficiert cases 

--- T- -- -- I-- - 

0.06 0.08 0.1 012 014 

BeclAcal conductMty SIm 
Figure 7.3 Conductivity against plasticity index for a range of natural soils 

7.2.1.2 Water Content 

The water content (w) or moisture content of the soil should be established in accordance 

with BS 1377. Part 2-1990 §3 (BSI 1990b). Once the water content has been established it 

can be related to the Atterberg limits by the liquidity index (U) defined as 

w -PL Ll=- Fqr) 72 
(LL - PL) 

Where w is the water content, LL is the liquid limit and PL is the plastic limit- 

As presented in §2.7.5.1, §2.7.5.2 and Figures 2.13,2.14 and 2.15 the higher the water 

content of a soil the more electro-osmotically efficient it is, i. e. the value of ki increases as w 

increases In order to specify an acceptability criterion it is, therefore, necessary to define a 

lower limit for w below which the soil is too dry for electro-osmosis to have any effect on the 

soil. 
Casagrande (1983) stated that the water content of cohesive soil can be reduced to, or 

slightly below, the plastic limit near the anode, and the degree of reduction will become less 

towards the cathode, This implies that there is little point in treating soils that have natural 

water contents at or near the plastic limit as the reduction in water content will be minimal. 
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Piaskowski (1953) introduced the concept of a critical moisture content (wk) below which the 
loss of water through drainage by electro-osmosis tends towards zero, as demonstrated in 
Figure 7.4. 

12 

lz C: ) 10 

V) ": D - 2 

Figure 7.4 Concept of critical water content (Wk) (Piaskowski 1957) 

Based upon the data given by Piaskowski (1953) the liquidity index at which Wk occurs for 

different soils may be calculated, i. e. a critical liquidity index (Llk)- It is important to note that 

it is not possible to state definitively a value for water content based upon Wk as it has to be 

related to the plastic limit for a soil, hence, the correlation to liquidity index. The data 

presented by Piaskowski (1953) for eight different soils is presented in Table 7.3 together 

with the values of Llk calculated by the Author. 

Table 7.3 Critical moisture content and critical liquidity index (After Piaskowski 1953) 

Soil No. Liquid 

limit (%) 

Plastic 

limit (%) 

Wk lower 

bound 

Wk upper 
bound 

Lik lower 

bound 

Lik upper 
bound 

10 36.4 15.2 13 15 -0.1 -0.01 
9 44.3 15.6 19 21 0.12 0.19 

19 48.6 16.2 19 21 0.09- 0.15 

4 68.9 27.2 25 29 -0.05 0.04 

21 83.7 22.2 30 32 0.13 0.16 

1 101 29.5 29 31 -0.01 0.02 

26 104.6 31.4 38 40 0.09 0.12 

25 103.8 26.4 39 41 0.16 0.19 

From Table 7.3 the range of the critical liquidity index (Llk) is -0-1 to 0.19. Therefore, a 

minimum liquidity index of 0.2 will be used in the acceptability criterion, the upper limit for the 

Page 7- 6 

25 30 35 40 
Initial moisture conteni (before electro- 
osmotic drainage) of soil No. 9 somples 
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liquidity index is open ended although natural soils are unlikely to be encountered at a 
liquidity index of much beyond 1.0. Simons & Menzies (1976) state that normally 
consolidated clays have a liquidity index in the range of 0.6 -1.0 and that overconsolidated 
clays have a liquidity index in the range 0-0.6. Hence, soils in the range 0.6 - 1.0 are 
preferable for treatment by electro-osmosis. 

7.2.1.3 Particle Density 

The particle density or specific gravity (p, ) of the soil particles should be established in 

accordance with BS 1377: Part 2: 1990 §8 (BSI 1990b). The particle density of the soil 
particles gives little indication of the mineralogy present within the soil mass due to the large 
degree of overlap of the particle densities for the different clay minerals. This is shown in 
Table 7.4. 

Table 7.4 Particle densities for different minerals (After Lambe & Whitman 1969) 

Mineral Particle Density (Mg/m") 

Muscovite 2.7-3.1 

Biotite 2.8-3.2 

Chlorite 2.6-2.9 

Pyrophyllite 2.84 

Serpentine 2.2 

Kaolinite 2.64 ± 0.02 

Halloysite, (2 H20) 2.55 

111ite 2.60-2.86 

Montmorillonite 2.75-2.78 

Attapulgite 2.3 

This parameter will not be used as an acceptability criterion although it is suggested that if 

this data is available it is compared to the values given in Table 7.4 together with the 

plasticity indices to give an indication of the soil mineralogy. 

7.2.1.4 Particle Size Distribution 

The particle size distribution of the soil should be carried out in accordance with BS 1377: 

Part 2: 1990 §9 (BSI 1990b). A delineation of the- particle size distribution chart to indicate 

the range of particle sizes suitable for treatment by electro-osmosis has been undertaken by 

Glossop & Skempton (1945) and is presented in BS 8004 (BSI 1986). This delineation is 

reproduced here as Figure 7.5 
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The acceptability criterion for particle size distribution is that the majority of the particle size 
distribution curve lies within the delineated zone, i. e. a medium to fine SILT or silty CLAY. 
However, it must be appreciated that this criterion alone does not allow for any macrofabric 
within the soil mass, which may cause a significant increase in the hydraulic permeability 
and cause an application to fail. 

7.2.2 CHEMICAL AND ELECTRO-CHEMICAL TESTS 

The standard chemical and electro-chemical tests should be carried out in accordance with 
BS 1377: Part 3 (BSI 1990c) with the soil samples being taken and prepared in accordance 
with BS 1377: Part 1 (BSI 1990a). 

7.2.2.1 Organic Content 

The determination of the organic content through mass loss on ignition should be carried out 
in accordance with BS 1377: Part 3 §4 (BSI 1990c). 

As was shown in Figure 2.8 the presence of organic matter in a soil can have a significant 

effect upon the cation exchange capacity, especially in high pH conditions, as may occur 

near the cathode and, therefore, have an effect upon the electro-osmotic efficiency. 

Additionally, there is no available published literature on the effects of organic matter content 

on electro-osmosis. However, the presence of organics in a soil are known to affect the 

hydraulic permeability and the compressibility of the soil mass, which is liable to have an 

effect on the susceptibility of the soil to treatment be electro-osmosis. Therefore, if the soil 

may be described as an organic CLAY or SILT in accordance with BS 5950: 1999 §41.4.6 

(BSI 1999) then it is recommended that specific electro-osmotic testing is carried out to 

ascertain the soils suitability. 

7.2.2.2 Electrical Resistivity 

The electrical resistivity (p) of the soil should be determined in accordance with BS 1377: 

Part 3: 1990 § 10 (BSI 1 990c). The Authors experience is that the disk electrode method is 

the most appropriate. Electrical resistivity may be related to conductivity (a) by Equation 7.3: 

I 
Eqn. 7.3 

P 

The range of acceptable and economic values of electrical conductivities (C) has been 

proposed by Casagrande (1983) who stated that values within the range of 0-05SIm - 

0.005S/m have been found to be acceptable. This criterion is adopted for the assessment of 

soils. 
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Values in excess of this range do not indicate that the soil is not susceptible to treatment by 
electro-osmosis, but that the electro-osmosis installation wiH draw a high current and is 
unlikely to be economic. The merits and economics of each site should be individually 
considered if necessary. It is essential that the site groundwater is used in any conductivity 
tests due to the significant effect it has upon the overall conductivity, as shown in Figure 7.2. 

7.2.3 COMPRESSIBILITY AND PERMEABILITY TESTS 

The standard compressibility and permeability tests should be carried out in accordance with 
BS 1377: Part 5 (BSI 1990d), with soil samples being taken and prepared in accordance with 
BS 1377: Part 1 (BSI 1990a). The failing head permeability test, which is the most 
appropriate for fine grained soils, is covered neither by the current British Standard, nor by 
the ASTM Standards on soil mechanics laboratory testing. The procedure given in Head 
(1982) §10.7.2 is recommended for undertaking the test. 

7.2.3.1 One-dimensional Consolidation Parameters. 

The one-dimensional consolidation parameters of the soil should be determined in 

accordance with BS 1377'. Part 5: 1990 §3 (BSI 1990d). 

Electro-osmotic consolidation is normally two-dimensional, in that the electrical field and the 

flow of water / development of pore water pressures are in the same direction, whereas the 

surface settlements induced are in an orthogonal direction as shown in Figure 7.6a. 

However, the conventional oedometer, as described in BS 1377: Part 5 (BSI 1990d) applies 

an increase in effective stress and allows drainage of excess pore water pressures in the 

same plane, i. e. in the vertical direction, Figure 7.6 c&d. BS 1377: Part 5 (BSI 1990d) 

recommends that the soil specimen should be orientated such that in the laboratory test the 

soil will be loaded in the same direction relative to the stratum as the applied stress in situ. 

Electro-osmotic consolidation via vertical drains/electrodes is equivalent to consolidation 

using surcharging and vertical sand drains, in the sense that the applied pressure and 

drainage occur in two dimensions, Figure 7.6 aft. Therefore, the coefficients of radial 

drainage are appropriate (Johnson 1970 and Das 1997). Johnson (1970) indicates that the 

coefficients of consolidation for radial drainage are best calculated from in situ field 

permeability tests and conventional one dimensional consolidation tests (Cedergren & 

Weber 1962 and Weber 1968). Johnson (1970) also states that the coefficient of 

consolidation for radial drainage will normally equal or exceed values obtained from 

laboratory consolidation tests with vertical drainage. The equations governing consolidation 

by radial drainage, which are applicable to electro-osmotic consolidation via vertical 

drains/electrodes, are (After Das 1997): 
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T 
Cvr t 

rA C2 E 

CVr = 
kh 

Eqfi 75 
MVYW 

Where Tr is the time factor for radial flow, Cvj is the coefficient of consolidation in the radial 
direction, t is time, AC is anode-cathode spacing, kh is the coefficient of horizontal hydraulic 

permeability, mv is the coefficient of volume compressibility and 7, is the bulk density of 

water. 

ANODE CATHODE 

Surface 
settlement 

Electro-osmotic 
flow 

a) 2-D Electro-osmotic consolidation 

Surcharge load 

Hydraulic flow 

PermeeVO-Aqýyer 

c) I-D Surcharging consolidation 

Surcharge load 
Sand 
drain 

4- 

Hydraulic flow 

b) 2-0 Surcharging and sand drains 
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Figure T6 One and two dimensional consolidation configurations (After BSI 1990d) 
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Therefore, it is suggested that conventional ýoedometer tests are carried out in accordance 
with BS 1277: Part 5 (BSI 1990d) with the soil samples orientated such that the oedometric 
stress is applied in the vertical direction relative to the stratum in situ. 
For instances where the application of the electrical potential difference and the associated 
settlement are in the same plane, i. e. a one dimensional case, such as those cited by Chen 
& Murdoch (1999), Chen et al (1999) and Pugh (2000) the vertical coefficient of hydraulic 

permeability is the appropriate one for use in Equation 7.5 and the situation is essentially 
identical to conventional surcharging without vertical sand drains, Figure 7.6c. 
As stated in §2.7.5.6, Johnston (1978) demonstrated that due to the occurrence of cavitation 
in the pore water the minimum pore water pressure that can be generated by electro- 
osmosis is limited to approximately -100kPa. Bjerrum etafs (1967) field application of 
electro-osmosis confirmed this by demonstrating that the minimum pore water pressures 
measured in piezometers were equivalent to -5m of hydraulic head. 

It is suggested by the Author that this value of -1 OOkPa be adopted as the minimum excess 

negative pore water pressure that may be generated in the field. Therefore, if an equivalent 

surcharge of 1 OOkPa (i. e. approximately 5m of fill) causes little or no consolidation of the soil 
to be treated by electro-osmosis, as a result of overconsolidation or a high stiffness modulus, 
then electro-osmosis is unlikely to be a successful ground improvement technique for the 

soil. 
Bjerrum et af s (1967) paper may be used to qualify this assumption. Based upon the quoted 

values of C, = 0.5* 10-7 m2 /sec and k--2*10-10m/s the value of m, may be calculated based 

upon the assumption of y,,, =lOkN/m 3 using Equation 7.6 (Carter 1983): 

cv =k Eqn. 7.6 
MVYW 

This gives a value of m, of 0.4 m2 /MN if the settlement caused by electro-osmosis is 

equivalent to an oedometric settlement. This is a reasonable assumption, as the negative 

pore water pressures are induced throughout the full depth of electrode embedment and the 

increase in effective stress (Ac, ) of 1 OOkPa is applicable over the full depth of the electrode. 

The settlement is given by Equation 7.7 (Carter 1983): 

Poed -": Mv'6C7v dZ Eqn. 7.7 

Inserting the values of m, = 0.4 m 2/MN, Aq, '=1 OOkPa and dz =1 Om (depth of electrode 

embedment) the calculated oedometric settlement (, ooed) is 400mm. Skempton and Bjerrum 

(1957) have shown that the actual consolidation settlement in the field varies from the 

calculated oedometric settlement by a geological factor (pg) as given in Equation 7.8: 

Pc =PgPoed Eqn. 7.8 

For most practical purposes the values of pg are as given in Table 7.5 

Hence, for the sensitive clay at As (Bjerrum et al 1967) pg should be taken as 1.2 this gives a 

calculated consolidation settlement of 480mm this is in very good agreement with the 
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observed settlement on site of 500mm after 120 days of treatment (i. e. an error of less than 
5%), validating the Author's assumption of electro-osmosis being equivalent to an increase 

in Ac, of I OOkPa when the calculated value of u is less than -1 OOkPa. 

Table 7.5 Oedornetric consolidation correction factor p. and clay type (Tomlinson 1995) 

Type of clay P-9 
Very Sensitive clays (soft alluvial, estuarine and marine clays) 1.0 -1.2 
Normally consolidated clays 0.7-1.0 

Overconsolidated clays (London Clay, Weald, Kimmeridge, Oxford and Lias) 0.5-0.7 

Heavily overconsolidated clays (glacial till, Keuper marl) 0.2-0.5 

Based upon the postulation of an equivalent surcharge of 5m, the one-dimensional 

consolidation parameters may be defined as those that will undergo appreciable settlements 

under this load. 

Typical values for the coefficient of volume compressibility (m, ) for a range of naturally 

occurring soils are given in Table 7.6. Based upon this table and a review of the available 

literature on successful case studies of electro-osmotic consolidation an acceptable range 

for m, is shown to be 0.3 - 1.5 MN/M2 i. e. a high compressibility clay/silt (Bjerrum et al 1967). 

Table 7.6 Coefficients of volume compressibility for soils in their natural state (After 

Carter 1983 and Head 1982) 

Coefficient of volume 

Type of Clay Descriptive term compressibility (m, ) 
MN/M2 

Heavily overconsolidated boulder clays, 

stiff weathered rocks'(e. g. weathered 
Very low 

<0.05 
compressibility 

Mudstone) & hard clay 
Boulder Clays, marls, very stiff or hard blue Low 

0.05-0.1 
London Clay Compressibility 

Firm clays, fluvio-glacial clays, lacustrine 

deposits, weathered marls, firm boulder Medium 0.1 -0.3 
clays, London clay, normally consolidated Compressibility 

clays at depth and firm tropical red clays 

Normally consolidated alluvial clays such 

as estuarine and delta deposits and 
High 0.3-1.5 

Compressibility 
sensitive clays 

Very organic alluvial clays and peats 
Very High 

>0.1 5 
Compressibility 
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The coefficient of volume compressibility (C, ) and its relationship to the hydraulic 

permeability and m, is discussed in the following section. 

7.2.3.2 Hydraulic Permeability 

The hydraulic permeability of the soil to be treated by electro-osmosis should be ascertained 
by the falling head test in accordance with the procedure given in §10.7.2 of Head (1982). 
Initially reference should be made to the effective particle size representing 10% passing 
(ID10) of the soil obtained from the particle size distribution (§7.2.1.4). From the D10 particle 
size and Figure 7.7, it is possible to ascertain the type of permeability test most appropriate 
for the soil, i. e. falling head or constant head. 

If Figure 7.7 indicates that the most appropriate test for the soil is the constant head test or 

computation then the soil is too coarse for treatment by electro-osmosis and recirculation of 
the pore fluid will take place under gravitational forces, rendering electro-osmosis unsuitable. 
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Figure 7.7 Permeability classification related to particle size (Head 1982) 

This may be demonstrated by the equation that defines the porewater pressures at any point 

under an electrical potential gradient with a closed anode and open cathode (§2.7.5-6): 

U 
keYwV Eqn. 7.9 

k 

Assuming a voltage of 100V (maximum safe voltage), 7,, =10 kN/m 3 and ke=5*1 0-5CM2/sec-V 

(Casagrande 1983) the minimum theoretical negative pore water pressure that can be 

generated in different soil types is presented in Table 7.7. 
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From Table 7.7 it is apparent that any soil coarser than sand size will be unsuitable for 
treatment by electro-osmosis- This data is also presented graphically in Figure 78 

Table 7.7 Equivalent surcharge load for different soil types and permeabilities 
Soil Type Assumed -u (kPa) Equivalent 

permeability k (m/s) from Eqn 7.9 surcharge load 
(After Das 1997) (m of fill) 

Gravel 10 0ý 

Sand 10-5 0.05 2.5*1 0-3 

Silt 10-1 5 0.25 

Clay 10-1 500 25 

20 

Assumptions: 
k, =5*1 0-5CM2 /sec V 

M3 4- y,, =10 kN/ 
015, Vmax= 100V 

kv 
U e7w 

k 

E10 
C 

> 

0 
1 E+00 1 E-02 1 E-04 1. E-06 1. E-08 1. E-10 

Hydraulic Permeability (mls) 

Figure 7.8 Theoretical equivalent fill height against hydraulic permeability 

From §2,7,5.6 and Figure 7.8 it is apparent that for the generation of useful negative pore 

water pressures (i. e. equivalent to several metres of fill) the hydraulic permeability (k) needs 

to be less than 10 -8 m/s, which from Table 77 indicates that fine SILT or silty CLAY type soils 

are the most appropriate. 

The rate of electro-osmotic consolidation is governed by the hydraulic permeability of the soil 

as given in Equation 7.5. A low value of k will give a corresponding low value for the 

coefficient of consolidation (C, ). Using the chart presented by Esrig (1968) for the average, 

degree of consolidation against time factor for radial drainage, as presented in Figure 7 9. it 
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is possible to calculate an acceptable range for C, based upon the time available for 

consolidation. For most practical applications of electro-osmotic consolidation the ratio 
RE/Rw (Anode-Cathode spacing / radius of electrode) will be in excess of 20, hence the 

curve for RE/Rw = 20 should be used in Figure 7.9. From Figure 7.9 the time factor (T, ) for 

an average degree of consolidation of 90% is 0.05. Using Equation 7.4 a range of minimum 

acceptable C, values has been established for three different electrode spacing (AC= 2m, 

3m & 4m) and a range of possible consolidation times, these results are presented in Figure 

7.10. 

Table 7.8 presents a range of typical C, values for a range of different plasticity clays and 

silt. From Figure 7.10 and Table 7.8 it will be seen that for slits and clays of low and medium 

plasticity the values of C, will give reasonable coefficients of consolidation commensurate 

with realistic electrode spacings and project durations. The acceptability criteria for plasticity 
§7.2.1.1 proposed by the Author is also in good agreement with the values presented in 

Table 7.8. 

c 

m 

m 

1 

Time factor, Tr 

Figure 7.9 Average degree of consolidation against time factor for radial drainage 

(Esrig 1968) 

The ideal soil for treatment by electro-osmosis is one in which the hydraulic permeability (k) 

is sufficiently low to generate negative porewater pressures of the order of -100 kPa and yet 

sufficiently permeable to give a realistic coefficient of consolidation (C, ) commensurate with 

the time-scale of the project. 
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Figure 7.10 Minimum value of C, against time available for consolidation 

Table 7.8 Coefficient of consolidation for different soil types (Lambe & Whitman 1979) 

Plasticity index Coefficient of consolidation C, (rn2/year) 
Soil Type 

range Undisturbed ---- --- Rernoulded 

Clays 

High Plasticity 

Medium plasticity 
Low plasticity 

Silts 

Greater than 25 

25- 15 

15 or less 

N/A 

01 -1 

1 -10 About 25 to 50% of 
10 100 undisturbed values 

above 100 

7.2,4 CONSOLIDATION & PERMEABILITY IN HYDRAULIC CELLS 

The standard consolidation and permeability tests in hydraulic cells and with pore pressure 

measurement should be carried out in accordance with BS 1377: Part 6 (BSI 1990e), with 

soil samples being taken and prepared in accordance with BS 1377- Part 1 (BSI 1990a). It is 

recommended by Head (1998) that consolidation with radial drainage to the centre of the cell 

is undertaken in accordance with BS 1377ý Part 6 §3 8 (BSI 1990e) with equal strain loading 

and porewater pressure measurement at 0.55R from the centre of the base to simulate 

drainage wells as shown in Figure 7 11 
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Rigid 

Porous 
drain 

l< 
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Figure 7.11 Recommended Rowe cell configuration (BSI 1990e) 

As discussed in §7.2.3.1, the consolidation parameters that are most applicable to electro- 
osmosis installations with vertical electrodes/drains are the radial drainage consolidation 

parameter. The Rowe (Rowe & Barden 1966) cell is better suited than the oedometer for 

establishing these parameters as the loading and drainage regime are more akin to that 

which occurs in the field, additionally the sample size that may be tested is larger (75mmO, 

150mmO & 250mmO). The influence of inclusions and laminations is, therefore, more likely 

to be reflected in the results obtained. The acceptability criteria for the consolidation 

parameters obtained from the Rowe cell are identical to those obtained from the oedometer, 
however, it must be appreciated that the quality of the results obtained is significantly better 

from the Rowe cell than from the oedometer. The measurement of the horizontal 

permeability in the field is to be preferred where this result is available for use in Equation 

7.5. 

Nicholls & Herbst (1967) reported on the construction and testing of an electro-osmotic type 

Rowe cell. The results given show a marked improvement in the consolidation of silty clay 

under electro-osmosis and surcharge loading, however, it is not possible to back analyse the 

results given due to a lack of test specifics and material parameters. 

7.2.5 SHEAR STRENGTH - TOTAL STRESS 

The standard total stress shear strength tests should be carried out in accordance with BS 

1377: Part 7 (BSI 1990f), with soil samples being taken and prepared in accordance with BS 

1377: Part 1 (BSI 1990a). The value of undrained shear strength (c, ) may be obtained by 

using one of the following tests described in BS 1377: Part 7 (BSI 1990f): 

Laboratory Vane §3. 

Direct Shear §4 & §5. 
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* Triaxial compression §8 & §9. 

The preferred methods are the direct shear and the triaxiai compression methods. 
The values of c, that are appropriate for soils to be treated by electro-osmosis are those that 
are commensurate with the parameters that have already been established and those that 
are published in successful case studies. 
The values of c, that are appropriate to soils with similar characteristics to those required for 

compressibility limitations (See Table 7.6) are ascertained from Table 7.9. This indicates 
that a value of c, up to a maximum of 75kPa. 

Table 7.9 Undrained shear strength for different soil types (Tomlinson 1998) 

Undrained 

Type of Clay shear strength 
(kN/M2) 

Heavily boulder clays, hard - fissured clays >300 

Very stiff boulder clays, very stiff blue London Clay 150-300 

Stiff - fissured clays, stiff blue and brown London Clay, stiff 
75-150 

weathered boulder clays 

Firm normally consolidated clays (at depth), fluvio-glacial and lake 
40-75 

clays. Upper weathered brown London Clay 

Soft normally consolidated alluvial clays, marine, river and estuarine 
20-40 

clays 

Comparison of the liquidity index criteria with the undrained shear strength criteria using 

Figure 7.12 indicates that preferable soils (i. e. liquidity index of >0.6 ) will have a cu of less 

than 20kPa where as soils that may still be acceptable (i. e. liquidity index >0.2) will have a cu 

of less than 55kPa. 

A review of the available literature for the range of cu for soils that have been successfully 

treated indicates a range of 0.7kPa to 81 kPa, which is in good agreement with the values 

obtained from Table 7.9 (Abiera et al 1999, Bjerrum et al 1967, Casagrande et al 1981, 

Chappell & Burton 1975, Eggestad & Foyn 1983, Esrig & Gemeinhardt 1967, Fetzer 1967, 

Lo et al 1991, Milligan 1994, Morris et al 1985, Wan & Mitchell 1975, Wan & Mitchell 1976). 

A limit of 55kPa has been adopted as the acceptability criteria. 
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Figure 7.12 Undrained shear strength against liquidity index (Carter & Bentley 1991) 

7.2.6 SHEAR STRENGTH - EFFECTIVE STRESS 

The standard effective stress shear strength tests should be carried out in accordance with 
BS 1377: Part 8 (BSI 1990g), with soil samples being taken and prepared in accordance with 
BS 1377: Part 1 (BSI 1990a). The effective stress parameters of c' & ý' obtained from the 

testing, either consolidated undrained triaxial compression with measurement of porewater 

pressure or consolidated drained triaxial compression with measurement of volume change, 

are parameters that may be required for the long-term drained analysis of any future 

proposed building on a consolidation site or for the long term stability analysis of an electro- 

osmotically enhanced cohesive reinforced soil wall. As such, no specific values of c' & 

can be specified that represent soils that are suitable for treatment by electro-osmosis. 

Table 7.10 presents typical values for the range of ý' for silts and clays, which are the soils 

that are amenable to treatment by electro-osmosis. 
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Table 7.10 Typical ý'values for compacted clays (Carter & Bentley 1991) 
Soil Type Unified classification 

system designation 
0'(degrees) 

Silty Clays SM 34 
Silts and clayey silts ML 32 
Clays of low Plasticity CL 28 
Clayey silts, elastic silts MH 25 
Clays of high plasticity CH 18 

Electro-osmosis may be expected to increase the value of ý' for treated soils as Pugh (1999) 

and Casagrande (1983) have demonstrated for London Clay and fine quartz sand 

respectively, in that the electro-osmotic process causes a shift in the particle size distribution 

to a coarser grain size. This shift being caused by cementation of particles due to high pH 

conditions and release of metal ions from the anode caused by corrosion (§ 2.7,5.5). The 

Author suggests that due to the difficulty in predicting the effects of electro-chemical 

cementing it is not relied upon in design and is seen as an additional factor of safety. 
Additionally, these gains may be lost during a reverse polarity stage. 

Gibson (1953) has presented a correlation for the drained shear strength and the plasticity 

index for remoulded clays. These values should not deviate significantly from those for the 

normally consolidated clays and silts that are amenable to electro-osmosis. The correlation 

is presented here as Figure 7.13. 

40 

'a 30 

20 

lo 

0 

Drained *hoar 56d 

True angle of Internal frIction 4,, 

20 40 60 80 100 

plasticity lnd*x 

120 

Figure 7.13 Drained shear strength against plasticity index (Gibson 1953) 

As will be seen from Table 7.10 and Figure 7.13 the range of ý' is large for soils that are 

amenable to electro-osmosis, but is generally less than 30'. 
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7.2.7 SPECIALIST ELECTRO-OSMOSIS TESTING 

This suite of testing may be defined as the range of tests that currently are solely used for 
research. However, as the application of electro-osmosis becomes more widespread and as 
further literature becomes available in the public domain it is envisaged that these tests will 
become more commonplace. 

7.2.7.1 Electro-Osmosis Cell 

This cell was originally developed by Banerjee & Vitayasupakorn (1984), it was later 
modified by Hamir (1997) and has been used in several research projects since (Laidler 
1999 and Gwede 2000). The cell is shown schematically in Figure 7.14, and its basic 
functions are described in the following text. The cell consists of a Perspex cylinder with a 
fixed base plate and an internal movable piston whose movement may be monitored by 

means of a displacement transducer (LVDT). Provision is made for the location of disk type 

electrodes both on the piston and on the fixed base plate by means of cable glands that 

permit the passage of an electrical cable into the cell, without the loss of pressure. 
Additionally, the cell incorporates side ports through which porewater pressure and voltage 

gradient may be measured if required by means of a hypodermic needle tipped with a piece 

of porous ceramic or plastic. The chamber behind the moveable piston may be pressurised 
to apply a consolidation pressure to the soil sample. Backpressure may also be applied to 

the soil sample through tubing which passes through the piston and the base plate, this 

tubing also acts as a drain for any excess porewater pressure. The interpretation of the 

results obtained from the cell is based upon comparison with a control cell. Further details of 

the cell may be found in Hamir (1997) and Laidler (1999). 

7.2.7.2 Electro-Osmosis Box 

The electro-osmosis box has been described previously in §6.2.5 and has been described by 

Nettleton (1996) and Adali (1999). The interpretation of the results is based upon the vertical 

strain produced asa result of the application of an electrical potential difference. No further 

discussion will be given here regarding this apparatus. 

7.2.8 CONCLUSIONS OF ACCEPTABILITY CRITERIA 

The previous sections have summarised the -range of standard classification and non- 

standard electro-osmosis tests that should be carried out on a soil in order to ascertain its 

suitability to treatment by electro-osmosis. However, it is appreciated that due to economic 

and time constraints it is not always possible to conduct the type or number of tests that is 

desirable in a project. As such, a guidance table has been produced by the Author to try and 
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assist in the selection of test types on the basis of ost and ýSefulrless This table is 
presented here as Table 7 11 

Electrical 
anode 

From pressure 
system 

O nng 

Restri*ik)g 
bolts 

Tc, ADO 

-, measoFmg 
inge 

To measuring 
cylinder -fluid 
from plunger 

Perspex 
top plate 

230mirl 

Anode 

Sample 

Synthetic filter 
medium with 
filter paper 

Polyurethane 
"0" rings 

Electrical 
connection 
to cathode 

Fluid flow to 
measuring cylinder 
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.-, - r- --- 

drainage disk 

Not to scale 

Figure 7.14 Schematic of electro-osmosis cell (After Laidler 1999) 
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7.3 DESIGN FOR ELECTRO-OSMOTIC CONSOLIDATION 

The design procedure for electro-osmotic consolidation has been discussed in detail in 
Chapter 4, §4.2.2 and §4.3.3. The purpose of this section is to give an overview of the 
philosophy that has been developed for the design of electro-osmotic consolidation by the 
Author. The flow chart for of the design of electro-osmotic consolidation is given in Figure 
7.17. The following sections elaborate upon the procedures involved in each step. 

7.3.1 ESTABLISHMENT OF SOIL PARAMETERS 

The soil parameters that are required to assess if a soil is suitable for treatment to electro- 
osmotic consolidation are similar to those used to assess the suitability of soil for use in 

reinforced electro-osmotically enhanced cohesive soil, except that greater emphasis is 

placed upon the volume change parameters and less upon the strength parameters. The 

soil parameters that should be established are given in Table 7.12, together with the reasons 
for obtaining them. 

Table 7.12 Soil parameters required for electro-osmotic consolidation 
Parameter Reason 

Soil acceptability criteria for treatment by To assess if the soil is treatable by e-o and if 

electro-osmosis, see § 7.5 it will be economically viable 
Volume change parameters To assess the amount of volume change that 

will take place 

Undrained shear strength - undrained To assess indirectly the effect of the electro- 

stiffness osmotic treatment 

Macrofabric To assess the probability of short-circuiting 

and porewater recirculation. 

It is essential that these parameters are established for all strata that are present within the 

zone of influence of the trial, as layers of higher hydraulic permeability or of high electrical 

conductivity can cause the application to fail through recirculation of fluids or-by short- 

circuiting if they are unforeseen and not designed out of the installation. Hence, establishing 

the stratigraphy and soil properties in the application zone are key issues. 

7.3.2 PRELIMINARY ELECTRODE LAYOUT & ANALYSIS 

There are no specific rules governing the electrode positions and each application should 

have an electrode layout specifically designed for it, and analysed using either finite 
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difference or resistance path techniques. However, points to be borne in mind when 
producing an initial trial layout are: 

0 The most efficient electrode array has generally been found to be staggered anodes 
and cathodes. 

0 The a nod e-a node/cathode-cathode spacing should be less than the anode-cathode 
spacing to produce an electrical field that is uniform and, thus, produce a uniform 
treatment of the ground. 

a The closer the anodes and cathodes are together the more current the installation 

will draw for the same applied voltage. 

7.3.3 SETTLEMENT, TREATMENT TIME AND POWER DEMAND 

The estimation of the surface settlement, for an open cathode and closed anode that will be 

induced by the application of electro-osmosis is best estimated by the equivalent surcharge 

method, i. e. assuming that the negative porewater pressure generated is equivalent to an 

applied surcharge. It has generally been shown that the minimum negative porewater 

pressure that may be generated is -100 kPa, approximately equivalent to a surcharge of 5m 

of fill. Hence, for design purposes the application of electro-osmosis may be considered as 

the application of surface surcharge as presented in §4.2.2. Primarily, it is necessary to 

check using Equation 4.1 that a negative pressure of at least -1 OOkPa is generated at the 

anode. 

-ke 7w max (Eqn. 4.1) k 

Once, the minimum, negative pore water pressure has been confirmed as being equal to or 

less then -100 KPa. The surface settlement at the anode may be calculated using 

conventional consolidation theory. 

ganode : -- MvAcvh (Eqn. 4.11) 

Where, Ac V1 
OOkPa, this settlement may then be assumed to vary linearly to Omm at the 

cathode where no negative pore water pressure is generated. This procedure is a slight 

simplification in that a negative pore water pressure of less than -100 kPa may be calculated 

out to some distance from the anode, as shown in Figure 7.15. However, due to the 

comple xity of the behaviour of the settlements in the field this simplification is considered to 

be valid. For example, Bjerrum et al (1967) reports greater settlements at the cathodes than 

at the anodes due to the strengthening of the ground at the anodes causing the metal re- 

bars used to hang-up, whereas the cathodes settled with the soil mass. 
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The treatment time, or rate of consolidation, for electro-osi-nosis may be calculated using a 
modification of conventional consolidation theory to take into account the open and closed 
nature of the cathode and anode respectively (see §4222 and §433 1)ý 

0 Normalized distance from the anode 

Assumed pressure 
distn. for settlement 

-ve pore calculatio-n-s'ýý- 
water 
pressure 

IOOkPa 
Possible pressure 
distn in the field 

k, Theoretical 

k 
V+ 

Figure 7.15 Negative porewater pressures 

The estimation of the current demand of a consolidation trial may be estimated by the use of 
the equation suggested by Casagrande (1983) for consolidation applications, as presented 
in §43,3,2, 

=ncsu (Eqn 4 13) 

A more realistic estimation may be undertaken by using a finite difference model and the 

laboratory variation of conductivity as measured in the electro-osmosis cell. The resistance 

path method may also be used, although it is suggested that the overall reduction factor for 

the electrical conductivity is increased to the order of 95%, based upon the observations 

made during this research, 

7.3.4 INSTALLATION, CONNECTION & MONITORING 

It is recommended that the EKG electrodes be installed by means of a wick drain lance The 

electrical connection of the EKGs may be made using a double crimped-stripped connection, 

see §3.5.6. 

The wiring of the EKGs may be made by individual cableslý alternatively, heavier duty 

distribution cables may be used with disposable tails connecting to the electrodes as shown 

in Figure 7.16, the choice between these two methods should be based upon economic 

considerations 
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Power supply 

container 

Heavy-dut 

cable 

Light-duty 

cable 
Figure 7.16 Alternative wiring system for electro-osmotic consolidation 

p 

A monitoring regime for a consolidation trial should contemplate, the following variables 

Surface settlements 
Electrical power. 
Variation in undrained shew strengthIstiffness 
Variation in plasticity and water content 
Water yield at cathodes, 
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Parameters 
Establish soil parameters necessary- for soil to be treated c, m,, electro- 

osmotic 
properties 

Establish preliminary electrode 
layout 

Analysis of electrode layout 
by finite difference or 

resistance path analysis 

Establish settlement ' treatment time, power 
demand etc. 

Installation & wiring 

Levelling of ground 
surface, power demand, 

Power up & monitoring 
--ýýater 

yield (if possible) 

Post treatment confirmation 
testing 

Figure 7.17 Flowchart of design and construction process for electro-osmotic 
consolidation 
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7.4 DESIGN FOR ELECTRO-OSMOTICALLY ENHANCED COHESIVE REINFORCED 
SOIL 

The design procedure for electro-osmotically enhanced cohesive reinforced soil has been 
discussed in detail in § 5.7.3. The purpose of this section is to give an overview of the 
philosophy that has been developed for the design of an electro-osmotically enhanced 
cohesive reinforced soil by the Author. The chronology for the design of electro-Osmotically 
enhanced reinforced soil is presented in Figure 7.19, which is a flow chart detailing the 
procedure to be undertaken for the design, construction and monitoring of an 
electrokinetically enhanced reinforced cohesive soil wall, the steps outlined in Figure 7.19 

are elaborated upon in the following sections. 

7.4.1 ESTABLISHMENT OF SOIL PARAMETERS 

The soil parameters that have to be established for design are given in Table 7.13, along 

with the reasons for the establishment of these parameters. 

Table 7.13 Soil parameters required for e-o enhanced reinforced soil 
Parameter Reason 

Soil acceptably criteria for treatment by electro- To assess if the soil is treatable by e-o 
osmosis - see § 7.2 and if it will be economically viable 
Undrained shear strength- water content To establish the water content reduction 
relationship necessary to achieve short tem stability 
Oedometer test on soil at the water content at Establish a prediction of the settlement 
which it is to be placed that will occur during the electro-osmosis 

treatment process 
Effective stress soil parameters c'& Used for the long tem design of the 

reinforced soil wall 

From the tests undertaken and using the criteria outlined in §7.2, it is possible to determine if 

the proposed fill material is amenable to treatment by electro-osmosis, and if the treatment 

will be economically viable. If the soil is found to be suitable to treatment by electro - 

osmosis the next stage is the design of the reinforcement layout using long-term design 

principles. 

7.4.2 LONG-TERM DESIGN 

The long term design of the wall, to establish the. reinforcement layout, should be undertaken 

using critical state soil parameters due to the increased deformation required for strain 

compatibility when cohesive soil types are used, see §5.3. Additionally, careful 

consideration should be given to the value of effective cohesion (c') used for long-term 

design, if the value of c' is questionable a conservative assumption is to assume c'= 0. 
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Using the critical state soil parameters established from laboratory testing the long-term 
analysis should be undertaken using a tie-back wedge analysis (see Annex B). A coherent 
gravity type analysis is not considered suitable for the analysis of cohesive reinforced soil 
due to its empirical origins from field observations of high quality fill structures reinforced with 
high stiffness steel reinforcement. The complete opposite of cohesive reinforced soil where 
it is recommended that polymeric grid type reinforcement is used (Jewell 1980), see § 5.6.1. 
Using this methodology and analysis method the reinforcement layout is established for the 
structure. 

7.4.3 SHORT-TERM DESIGN 
. 

The short-term design of the wall is undertaken using the reinforcement layout established 
from the long-term analysis, and is used to establish the required value of the undrained 
shear strength of the cohesive fill necessary to achieve short-term stability. The short-term 
stability analysis methods that are recommended to be undertaken are: 

" Critical height -§5.7.3.2. 
" Coulomb -§5.7.3.3. 
" Discrete Theory -§5.7.3.4. 
" Composite Theory -§5.7.3.5. 

Using these analytical methods a range of values for the undrained shear strength of the 

cohesive fill is obtained based upon whether the presence of the reinforcement is considered 

or not. The higher values of undrained shear strength obtained from analysis are associated 

with the absence of reinforcement and the lower values considering its presence. 
From the range of values established for the undrained shear strength a decision is made as 

to what value is required to ensure the short-term stability of the wall. The factors that need 

consideration to ascertain the value of undrained shear strength to be adopted include the 

rate of construction, accuracy of the monitoring techniques, accuracy of laboratory testing 

and the importance of the structure. Hence, the design value of undrained shear strength 

that electro-osmosis is required to achieve is obtained. 

7.4.4 ELECTRO-OSMOTIC DESIGN 

The required value of the undrained shear strength necessary for short-term stability has 

been ascertained using the short term stability analysis methods discussed in the previous 

section, §7.4.3, and a decision as to what value should be adopted taken. From laboratory 

and/or field testing it is possible to establish the initial undrained shear strength of the 
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cohesive fill r-naterial and its initial water content Thus, the gain in undrained shear strength 
required for stability may be calculated as the difference between initial and required, and 
additionally the percentage reduction in water content from the laboratory relationship 
established between undrained shear strength and water content shown in Rai ir(- 7 18 

C, design c, 

c. Vs w relationship 

tt stj 
established from laborator-y 

esting 

.4 
Reduction in w required from electro-osmosis 

1 `4 Pý; 

Gain in c. required 

Initial c. &w 

w 

Figure 7.18 Calculation of reduction in w to achieve required increase in c,, 

Knowing the required reduction of water content and the volume of fill to be treated, in any 

one lift, the volume of water that electro-osmosis is required to remove from the cohesive fill 

may be calculated, similar to the procedure undertaken for the Joint Stocks wall (see Annex 

D). The theory of electro-osmosis is then used to calculate the time required for the removal 

of the quantity of water (Q), as given in §5741 

ke vA 
L 

(Eqn 5 32) 

The key variables in this equation are the values of ke and VIL used for calculation, as the 

value of A is fixed by the geometry of the application. 
The Author suggests that the best method of utilising Equation 5.32 is by means of a spread 

sheet where the volume of water removed over finite periods of time are calculated and from 

which the cumulative total volume of water removed may be calculated. In this way, it is 

possible to take into account the variation of ke with time, which is obtained from laboratory 

tests on the fill material at the same water content and voltage gradient as will be used in the 

field. The other difficult parameter to asses for the calculation of the treatment time is the 

value of V/L. As a preliminary estimation, a simplistic linear variation may be assumed, i-e 

dividing the applied voltage by the distance between the anodes and cathodes. This 

estimation will underestimate the treatment time as it over predicts the voltage gradient, as 

shown in Table 5.10, and assumes a fully 1 -D electrical field. A more realistic estimation 

methods for the magnitude of the voltage gradient can be obtained by using the resistance 

path or preferably the finite difference method described in § 7.6. 
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An additional benefit of using the spreadsheet method for calculating in a step-wise manner 
the reduction in water content, is that an estimation of the variation of the undrained shear 
strength with time may also be obtained by using the relationship between water content and 
undrained shear strength obtained in the laboratory, see Figure 7.18. 
The prediction of the electrical power that will be drawn by the field installation is difficult to 
estimate due to the variation of the electrical conductivity of the soil with time and the high 
variability of the electrode-soil interface resistance. The extrapolation of the soil conductivity 
determined using disk electrodes in the laboratory to the full-scale structure using discrete 
EKG electrodes could also lead to discrepancy. As a result the prediction of the current 
drawn using a simple 1 -D resistive block model significantly overestimates the current drawn 
by a field installation. The experimental and fieldwork undertaken by the Author suggest that 

a reduction factor of up to 0.1 should be employed i. e.: 

(Tjield = 0-107e-ocell (Eqn. 5.36) 

The percentage reduction in the value of the electrical conductivity measured with time in the 

field was found to closely follow that measured in the electro-osmotic cell and it is suggested 
that this method is employed for design purposes. 

7.4.5 CONSTRUCTION AND MONITORING 

The construction of reinforced electro-osmotically enhanced cohesive soil has been 

described in detail in §5.7.6.3 and the reader is referred to this section for further information. 

The monitoring regime for a reinforced electro-osmotically enhanced cohesive soil structure 

should cover the following elements: 

Fuel consumption. 
Variation of undrained shear strength/water content with time. 

Movement of the structure caused by the removal of water. 

Electrical power. 

Additionally, an observational approach to construction should be adopted, comparing the 

design values and their development with time against those observed in the field, and the 

treatment modified as necessary. 

It is also suggested that the monitoring is continued after the electrical power has been 

turned off to quantify any further movement/strength changes caused as a result of 

consolidation under loading by the construction of subsequent overlying layers. 
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reinforced cohesive soil 
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7.5 DESIGN FOR ELECTRO-OSMOTIC VOLUME CONTROL 

Although no field results have been obtained to confirm the validity of any design methods 
for volumetric control of soils by electro-osmosis, this section will provide suggestions as to 
how the Author would envisage any design method proceeding. The chronology for the 
design of electro-osmotic volume control application is presented in Figure 7.20. 

Initially a suite of laboratory testing would be undertaken to assess the suitability of electro- 
osmosis to the soil type and fabric in question in a similar manner to those discussed in 
§7.3.1 & §7A 1. Specific volumetric control testing may then be carried out on undisturbed 
samples of soil. This type of test would most likely be undertaken in the electro-osmosis cell 
or in some type of electro-osmotic oedometer of the type developed by Wan & Mitchell 
(1975) and Nicholls & Herbst (1967) in which the swelling pressure could be measured and 
the soil subjected to cycles of wetting and drying. Such work has been undertaken by 

Gwede (2000) although the results of this research are yet to be published. 

Once the volumetric change and the consolidation settlement has been determined from the 

laboratory testing, the design of the electrode installation can proceed. This is best achieved 

using a finite difference analysis, although the resistance path method may also be 

applicable (see §7.6). 

The installation method employed may be by means of a hydraulic crawler drill or similar, or 

some other means depending upon the required inclination of the electrodes and the 

accessibility to the site. 

The monitoring for such an application should consider the following variables: 

Electrical power. 

Fuel consumption (if a generator is employed). 

Shear strength / stiffness. 

Water content - volume of water removed (if feasible). 

Settlement. 
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Figure 7.20 Design flowchart for electro-osmotic volume control 
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7.6 ANALYSIS OF ELECTRODE CONFIGURATIONS 

There are three types of electrode configuration that may exist in practical electro-osmotic 
applications to geotechnical engineering. They may be classified depending upon the type 
of electrodes employed, and the equipotential field generated: 

01 -Dimensional'. - assumed to produce linear, equally spaced, equipotentials as a 
result of the generation of an electrical field by plate electrodes, or 
extremely closely spaced point electrodes. 

Radial: - circular equiPotentials produced by discrete point electrodes 
unaffected by adjacent electrodes of like or unlike polarity. 

Hybrid / complex: - Non-linear or non-circular equipotentials produced as a result of the 
interaction of electrical fields produced by point electrodes that are 
within the zone of influence of one another. 

These three forms of equipotential field are shown diagrammatically in Figure 7.21 a, b&c 

respectively. 

The ideal configuration for most electro-osmotic applications is one that makes the maximum 

use of the electrical potential available and produces as uniform an equipotential field as 

possible. The equipotential distribution that fulfils these requirements is the 1-dimensional 

field. However, for economic reasons it is seldom possible or feasible to install sufficient 

point electrodes or plate electrodes to produce a truly 1 -dimensional field and in the majority 

of cases a hybrid / complex field is employed. 

The problem that arises is how to measure quantitatively the equipotential field produced by 

a discrete electrode installation producing a complex / hybrid field in such a way that the 

analysis produces values for the potential gradient that may be used for electro-osmotic 

calculations. The available published literature on electrode configurations is meagre and 

unspecific and offers little, and sometimes conflicting, advice. Some of the more useful 

references include (see Figure 7.21 c for spacing nomenclature): 

Casagrande (1983) suggested spacings of 10 to 20ft (3-05 to 6.1 m) between AC 

(Anode - Cathode) depending upon applied voltage and time available for treatment, 

but made no mention of AA (Anode - Anode) or CC (Cathode - Cathode) spacing. 

Schultz (1997) investigated the economics and calculation of optimum spacing, time 

and energy requirements for a1 -Dimensional sheet electrode configuration. The 

outcome of this investigation was that for minimal costs the longest possible 
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treatment time should be used together with a large AC spacing (:: ý5rn), at a reduced 
potential difference 

+Anode 
100 v 

------------------------ -- 80 V 

---------------------------- 60 V 

--------------------------- 40 V 

20 V 

- Cathode 0v 

a) 1-D field 

c) Hybrid / complex field 

Figure 7.21 Equipotential field types 

50 

Shang (1998) indicated that a uniform (I -D) electrical field may be assumed, 

provided that the depth of the electrodes exceeds the AC spacing and that the AC 

spacing is greater than the AA/CC spacing, No mention is made of the efficiency or 

economics of systems with regard to different AC and AA/CC spacings 

iv Alshawabkeh et al (1999) undertook a study of 1D and 2-D electrode configurations 

and looked into five different electrode configurations The analytical method 

adopted was simplistic, using triangular zones of inefficiency based upon the 

electrode array geometry This analytical method is considered by the Author to be 
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overly simplistic and qualitative for the analysis of realistic and large-scale electrode 
installations. 

From a review of the literature, it was apparent that more rigorous analysis tools were 
required to assess the effectiveness of different electrode installation arrays. As part of this 
research two analysis tools have been developed for the investigation of electrode arrays. 

Is Resistance Path Method: Calculates 18 paths of resistance between an anode and a 
cathode based upon elemental cell resistances and, hence, calculates path currents and 
voltage drops. Simplified electro-osmotic flow calculations are undertaken based upon 
an idealised parallel zone portion of the paths of resistance, see § 7.6.1. 

0 Finite Difference Method: The finite difference approach uses a spreadsheet that 

calculates the electrical equipotential distribution based upon Laplace's equation. From 

the potential distribution, the average potential gradient along each flow path may be 

calculated in one or two directions, see § 7.6.2. 

In order to proceed with these analytical methods it was necessary to make a number of 

simplifying assumptions that include (after Mitchell 1993): 

a. The soil is homogenous and saturated. 
b. The physical and physiochemical properties of the soil are uniform and constant with 

time. 
c. No soil particles are moved by electrophoresis. 
d. All the applied voltage is effective in moving water, i. e. no heat is generated. 

e. The electrical field is constant with time. 

f. There are no electrochemical reactions. 

g. The Helm holtz-Smoluchowski equation is applicable. 

The assumptions are incorrect due to the complexity of electrokinetic phenomena. However, 

to take these factors fully into account would greatly complicate any analysis and render it 

extremely non-user friendly. Some simplified assumptions may be made to increase the 

accuracy of the models developed and these are discussed further in §7.6.1 A. 
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7.6,1 RESISTANCE PATH METHOD 

This concept was developed by Wrigley (1999) to determine the electrical power 
requirements of an electro-osmotic installation to aid the commercialisation of EPSRC 
research project GR/L66090 The principle adopted is as illustrated in Figure 7.22, 

Length 
FAFc 

CATHODE 

+ve 
500 Elements 

Fan Zone 

450 

Parallel Resistance 
Zone Path 

1 Element 

, &'45' 

500 Elements 
50 

---ve 
Spacing 
CC/2 

* 

ANODE 

Spacing 
AC 

Figure 7.22 Resistance path concept (after Wrigley 1999) 

The layout adopted for analysis assumes that the anodes and cathodes are arranged ir. -4 
diamond pattern, i. e. the anodes are staggered relative to the cathodes, The unit of 

symmetry for analysis of the installation is thus a quadrant as shown in Figure 7.22. Each 

quadrant is subdivided into 18 resistance paths, with each resistance path consisting of 3 

sections, fan-parallel-fan. At each end of each path there is a fan section that subtends an 

angle of 50. The commercial EKG anodes/cathodes, for which the system was devised, 

have a circumference of 200mm. It was, therefore, assumed that each fan section has a 

width of 50/18 mm (2.8mm) adjacent to an anode/cathode. The "fan" zone of the resistance 

path is divided into 500 trapezoidal elements, with the width of each element being 

calculated by trigonometry. The average width of each trapezoidal element can thus be 

calculated and the length of each element obtained by geometry. As the depth of treatment 

is also known the average cross-sectional area of each trapezoidal element can be 
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calculated. The parallel zone of the resistance path is divided into one rectangular element, 
its width being calculated from the length of the fan-parallel boundary subtended by each 50 
fan, and its length (FAFr-) being calculated by geometry. The cross-sectional area of the 
element is then calculated from its width and depth. 
Once the cross-sectional area and length are known for all elements the resistance of each 
element may be calculated from the conductivity of the soil. Thus: 

Cell resistance = 
Cell length 

Soil conductivity x Cell cross - sectional area 
Eqn. 7.10 

The total path resistance is determined from the sum of all the cell resistances, trapezoidal 

and rectangular, along the particular resistance path under consideration: 
1001 

Path resistance= I Cell resistances 
0 

Eqn. 7.11 

Assuming the cells act as resistors in parallel and knowing the electrical potential difference 

between the anode and the cathode it is possible to determine the current per resistance 

path: 

Path current = 
Applied voltage Eqn. 7.12 
Path resistance 

The quadrant current is determined from the path current and the total current is: 

18 
Total electrode current =4x Quadrant current =4xY, Path current Eqn. 7.13 

0 

The voltage drop across each element can be calculated from its resistance and as the total 

current through each resistance path is known the voltage gradients can be determined: 

, ýIVEIement = Path current x Element resistance Eqn. 7.14 

7.6.1.1 Flow Calculation By The Resistance Path Method 

The calculation of electro-osmotic flow by the resistance path method is based upon the 

average voltage drop across the 18 rectangular elements in the parallel zone of the analysed 

quadrant, see Figure 7.22. It is then assumed, by conservation of mass, that the rate of flow 

in this region must be equal to the rate of flow out of the cathode' 

E-0 Flow = ke x Average AV in parallel zone xA Length FAFc 
Eqn. 7.15 

This assumes that flow is entirely one-dimensional in the anode to cathode direction and that 

no orthogonal flow takes place (i. e. any interaction between horizontally adjacent cells is 

ignored). 
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The approximate time for dewatering a given volume of soil mass using the resistance path 
method is given by the following equation: 

(Vol. of Water to be removed per m3 of soil) x ACx 
CC 

x Depth 
M3) 2 (Vol. per x AC 

CC - AV 
Treatmenttime 

ke x (Average AV/L in parallel zone) x2x Depth ke x(L 

Eqn. 7.16 

It is possible to refine the resistance path analytical method to make the output more realistic 
using either or both of the following methods: 

Reduction of electrical conductivity: a reduction factor for the value of the 

electrical conductivity of the soil may be included. The reduction factor can be 

applied directly to the input value of electrical conductivity and as such acts as an 

average value and does not take into account the large variation at the beginning of 

treatment, nor the significantly reduced conductivity value towards the end of 

treatment. 

ii. Reduction of electro-osmotic permeability: Similar to that applied to electrical 

conductivity; a global reduction factor for the electro-osmotic permeability may be 

used. Again, this does not take into account the initial peak in the value of electro- 

osmotic permeability, or the reduced value after a period of treatment has passed. 

7.6.1.2 Advantages And Disadvantages Of The Resistance Path Method 

Advantages include: 

0 Easy to programme into a spreadsheet. 

0 Easy to incorporate into a "Black-box" type system. 

0 The mathematical inaccuracies in the method may be small in comparison to the 

variation in actual soil properties in a practical application. 

Disadvantages include: 

0 The resistance paths have discontinuities at the electrode/soil interface and at the 

transition from the fan zone to the parallel zone. 

0 It is difficult to modify for non-diamond patterns of electrode installation and different 

electrode geometries. 
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The reduction factors on electrical conductivity and electro-osmotic permeability do not 
take into account fully the true time dependant variation of these parameters. The result 
is an underprediction for short treatment times and an overprediction for long treatment 
times, both of the actual treatment time and the power drawn. 

Horizontal interaction between resistance paths is not considered. 

7.6.2 FINITE DIFFERENCE METHOD 

This analytical method was developed by the Author to analyse electro-osmotic installations 

as part of the EPSRC research programme GR/L66090 "Materials for Better Construction". 

The theory and method of analysis adopted by the finite difference method and its 

application to a conventional computer spreadsheet are discussed in the following sections. 

7.6.2.1 Theoretical Background To The Finite Difference Analytical Method 

The distribution of electrical potential over a plane area subject to certain boundary 

conditions is governed by Laplace's equation, Equation 7.17 (Stroud 1990). 

a2o 0 

-+0 Laplace's Equation Eqn. 7.17 
ax2 

Where the potential function (ý) is a function of position (i. e. V=ý(x, y)) and is independent of 

time. Das (1985 & 1997) demonstrated that seepage, which is also governed by Laplace's 

equation, may be represented approximately by finite difference equations. Smyrell (1991) 

showed how the finite difference solution for the related Poisson equation may be obtained 

by the use of a computer spreadsheet and developed examples for its application to 

torsional stiffness calculations of structural members. Williams et al (1993) illustrated that 

the use of a finite difference solution programmed into a computer spreadsheet could be 

used to obtain the solution of Laplace's equation for the calculation of hydraulic 

equipotentials based upon the equations developed by Das (1985). Thus, it is postulated 

that, electrical equipotentials which are also governed by Laplace's equation can be 

calculated using the same methodology as that developed by Williams et al (1993). 
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7.6.2.2 Philosophy Of Spreadsheet Finite Difference Analysis 

The equipotential field generated by any array of electrodes can be modelled using a 
selection of standard nodes based upon a traditional 5-point element scheme. The nodes 
used in the spreadsheet and their associated functions are shown in Table 7.14. 

The spreadsheet used for the analysis was Excel 97 (Microsoft 1997). Using the different 

node types given in Table 7.14 the complete electrode installation or a portion of the 

electrode installation may be meshed. The electrodes are modelled by using cells that 

contain assigned values of the maximum applied voltage at the anodes or zero volts (OV) at 
the cathodes. 

Table 7.14 Spreadsheet - node types and function 

Molecular Schematic of Node Equation / Value Usage 

ho Y h, General soil node 
4 x=1 

Cathode X=0 
Anode/cathode nodes 

Anode X Voltage applied 

2 

ho =4L hx + 2h2 

x=1 

Edge boundary node 

2 
hx ho Y 

2 
x=1 

Corner boundary node 

Once the area had been meshed using the Finite difference elements the mesh was iterated 

to an accuracy of maximum change per iteration of 0.00001. Following this, the potential 

difference across each finite difference cell was calculated in the relevant direction, usually in 

the direction anode-cathode (dV/dx), and converted into a potential gradient, based upon the 

size represented by the finite difference cell (dx or dy). Subsequently the minimum, 

maximum and average cell potential gradients could be calculated for each column of cells. 

This method is shown in Figure 7.23. 
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An alternative method to calculate the average potential gradient was also used in 
subsequent calculations. This method consisted of producing a graph of the absolute /alues 
of the potential difference in each cell for the particular column of cells to be analysed A 
best-fit line was then fitted over the portion of the graph of interest, usually the portion 
between anodes and cathodes, vertically along the cathode axis, anode axis and at a point 
midway between the two, these axes are shown in Figure 7.24. The gradient of the best fit 
line gives the average potential gradient over the vertical column selected 

The results of calculating the potential gradients in these two different ways are presented in 
Figure 7.25. Figure 7.25 relates to the analysis employed in the Joint Stocks reinforced soil 
trial for an electrode spacing of 0.8m over an overall depth of clay of 600mm, see §5.7.4,2 

and Table 5.10, Using these graphical methods the variation in the potential field may be 

deduced and a representative value of dV/dx selected for use in electro-osmotic calculations, 
In addition, if horizontal columns are used instead of vertical columns the values of dV/dy 

may also be obtained for use in orthogonal flow calculations A screen extract of the Joint 

Stocks finite difference mesh with the columns used to obtain the graphs presented in Figure 

7,25 is given in Figure 7.24. 

dy 

I 1 

V4 

-ý- 

V, 

11 1- -- 

V5 

V6 
V2 

V- 

dx 

dV V, -V2 
dx 

( 

dx 

dV VI - V5 12 

dy 

Figure 7.23 Calculation of potential gradients across finite difference cells 

The geometry of the finite difference mesh used in the analysis is key to the accuracy of the 

output obtained. The Author has found that, as a general rule, the maximum cell size should 

be the same size as the electrode, although if the cells are smaller then accuracy is 

improved but calculation time is increased. Additionally, most spreadsheets have a limit to 

the width of the model that may be analysed, which limits the minimum cell size. For the 

Joint Stocks analysis 10mm x 10mm finite difference cells were employed with the 
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electrodes being represented by a rectangular block of cells 1 Oryirrl xI 00mm, i. e. 1 cell by 10 
cells, Figure 7.24. A copy of the spreadsheet used for the calculation of the Joint Stocks wall 
voltage distributions is given on the CID accompanying this thesis (D, \Analysis\Finite 
difference, xls) 

A66de a'xi's-: ': ':: 

ý ........... ý'- .... .... .. 

Mid-, 
section-. "-, 

ýA 

: Anode, ........ 

Cathode, 

.......... 

axis 

Figure 7.24 Screen print of finite difference mesh used for the Joint Stocks trial 

When modelling the effects of electro-osmosis on reinforced soil the depth of the entire lift 

should be included and the extent of the analysis should include several electrode pairs, 

Analysing the central portion of the structure reduces the boundary condition effects, 

Similarly, when modelling the effects of consolidation, a representative section of the 

installation should be taken with several electrodes on either side of the zone to be analysed. 

Again, this will reduce the effect of boundary conditions during analysis 
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Figu re 7.2 5 Examples of finite diffe rence output for potential gradient calculations 

7.6.2.3 Advantages & Disadvantages Of The Finite Difference Method 

Advantages include: 

It is possible to model complete electrode installations, or a syrnmetrical section of 

an installation, regardless of the type of electrode array, i. e standard / non-standard 

and the shape of the actual electrode. 

Voltage gradients, which may subsequently be used in an electro-osmotic 

spreadsheet calculation, can be determined. These can take into account the true 

variation in the electro-osmotic permeability with time obtained from laboratory 

testing. 
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Cell errors in nodal calculations are easily detected as the complete voltage 
distribution is produced. 

Disadvantages include: 

The calculation time is greater, both in setting up the finite difference mesh and in its 
subsequent iteration to solution. 
The variation of electrical power is not fully taken into account in subsequent power 
calculations. 

The finite difference method does not permit direct calculation of power 
requirements, and the assumption of a plate electrode or the use of Casagrande's 
(1983) equation is required. 

7.7 NEW AND NOVEL APPLICATIONS FOR EKG 

The EKG electrode developed by Netlon Ltd (1998) has limited durability, due to the 

electrochemical degradation of the conductive carbon black within the modified high-density 

polyethylene matrix, see §3.5.2. This results in the loss of electrical conductivity and 
increased porosity of the polymer covering to the metallic core of the EKG that would 

eventually lead to failure. The benefits of the EKG are that it is easy to install using 

conventional and currently available plant, it has a large surface area per unit length due to 

its net structure, it is easy to manhandle and it is more durable than normal metallic 

electrodes. Additionally, being formed from polymeric material it can be cut easily by hand. 

The following potential applications relate to the EKG in its current form with enhanced 

durability properties unless stated. The applications are assumed to take place in applicable 

soil types as discussed in §7.2. 

7.7.1 TRENCHING & EXCAVATION 

The EKG could be used in its existing form to produce localised lowering of the phreatic 

surface to allow trenching or other surface or sub-surface based excavation to take place. 

The operation could be single or multi-phase depending upon the circumstances. It would 

be possible to combine EKG dewatering with conventional well pointing technology in low 

permeability soils to achieve a more rapid drawdown of the phreatic surface, Figure 7.26. 

An additional benefit of electro-osmotic dewatering is that the soil properties may be 

improved which will make excavation easier and more stable. A similar application has been 

suggested by Lom iz6 et al (1961 ). 
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Figure 7.26 Multi-phase drawdown of the phreatic surface using EKG for excavation 

and trenching 

7.7.2 TUNNELLING & PIPE-JACKING 

Pipe-jacking or tunnelling in soft ground using a Tunnel Boring Machine (TBM), Earth 

Pressure Balance Machine (EPBM) or mining methods could be enhanced using EKG 

technology to improve the soil conditions in the vicinity of the tunnel or to reduce post 

construction settlements associated with the tunnel. If access to the surface was also 

available the EKG could be installed at the surface to assist the process In addition, eler-tro 
kinetics could be used in very soft soils to reduce the possibility of chimney formation 

-ve -ve -ve Improvement of qround in this zone 
------------------ 

-------- -----------------7: 

- ------------------- -------------------------------- ----------------------------------- 
----------------------------------------------- 

HVj77 -, 7,, 7 -- ------------------------------------- -- -i 
----------- 

--------------- 

-7 --- ------------- 
--------------------- 

------------------------------------- -- ------ - 
.7 

Figure 7.27 Application of EKG to tunnelling 

n/a 
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7.7.3 PILING 

Electrokinetic phenomena can assist with piling in two principal ways If EKGs are installed 
in close proximity to the piling area and the steel piles are made into the cathodes the result 
would be to locally soften the soil in the vicinity of the piles and facilitate driving Once the 
desired piling depth has been achieved the electro-kinetic process can be shut down and the 

soil will then gradually regain its equilibrium and the soil properties return to their former 

state around the piles. Preferentially the polarity could be reversed, making the piles anodic 
and therefore improving the soil properties in the vicinity of the piles The latter process has 
been successfully employed in Canada using all metal electrodes, Soderman & Milligan 

(1961) and Milligan (1994) 

+ ve - ve + ve 

EKG PILE 

Facilitation of pile driving 

- ve 

1017 I EKG EKG PILE EKG 

Improvement of pile capacity 

Figure 7.28 EKG Applications to piling 

7.7.4 SHRINKAGE AND SWELLING PREVENTION FOR SHALLOW FOUNDATIONSAND 

PIPELINES 

EKG technology may be able to offer a remedy to the increasing problem associated with 

low-rise structures built with shallow foundations that are constructed on soils prone to 

shrinkage and swelling, In this case, the EKG would enable moisture control of the 

susceptible strata and either add or remove water as necessary to prevent the volume 

change of the founding stratum. 
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Figure 7.29 EKG used foi stabilisation of shallow foundations 

7.7.5 ELECTRO-REMEDIATION 

The EKG has a potential application in the field of electro-remediation of a contaminated soil 
including the removal of heavy metal contamination and the introduction of biological and 

chemical species into strata A full explanation of the potential applications in this relatively 

new and expanding field of application is beyond the scope of this thesis. The reader is 

referred to the following references for further information on potential applications in this 

field Pamuku (1996), DeFlaun & Condee (1997), Geokinetics (1996) Nettleton (1996) and 
Dawson & Gilman (2001) 

7.7.6 ENHANCED LIME MIGRATION 

EKG also has a potential application in improving existing lime pile techniques In this case 

the EKG could be used as a conductive element to establish electro-osmotic flow to induce 

the migration of calcium ions through the soil thereby increasing the zone of influence of the 

pile by causing lime migration to a greater radius than occurs by conventional diffusion A 

possible configuration for such an application is given in Figure 7.30 
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Figure 7.30 Enhancement of lime piles through the use of EKG 

Polarity reversal may also be applied to this application to achieve a more uniform treatment 

of the soil- 

7.7.7 SLOPE STABILITY 

The stability of slopes may be improved thvough the use ot EKG to achieve a more rapid 

dewatering of the soil and to act as drains to reduce porewater pressures vVithin an unstable 

cohesive slope, 

Staggered electrode 
array 

Figure 7.31 Application of EKG to slope stabilisation 
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The application of a potential difference will generate negative porewater pressures at the 
anode and increase the soil strength in this area resulting in an overall increase in the 

stability of the slope- EKGs can be formed as a drain and the water driven to the cathode 
can be removed from the slope in an efficient manner, Again, polarity reversal may be used 
to produce more uniform conditions Electrokinetics could be used to increase the bond of 
soil nails or passive anchors by making them into anodes 

7.7.8 DEWATERING 

The dewatering of sludges and slurries by means of electrokinetic technology has been 

demonstrated by several researchers (Colin 1986, Laidler 1999, Sunderland 1987a, b&c 

and Yukawa et al 1976) and EKG methods have potential applications in this field The 

types of wastes that may be suited to dewatering using electro-osmosis and electrophoresis 

are: 

Mine tailings. 

Bentonite slurry from diaphragm walling / piling 
Sewage sludges 

The EKG in its current form may not be sufficiently durable to act as a long-term anode 

for these applications, see §3 54 However, it may be used as a cathode A possible 

electrode configuration for use in dewatering is given in Figure 7.32 

Anode (. +) 

Filter 

Figure 7.32 Electrode arrangement for dewatering 

Cathode 

. -Aii. Overflow 
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7.7.9 COMBINATION WITH EXISTING TECHNIQUES 

Electro-osmosis may also be used in combination with existing ground improvement 
techniques to increase their efficiency or to allow their use after an initial treatment by 
electro-osmosis has been undertaken to create an initial improvement in the soil's 
characteristics. An example of such an application has been presented previously in §4.2.4 

where electro-osmosis was combined with conventional surcharging. However, the 

sequence of the application may be varied to allow an initial improvement in the soil by 

electro-osmosis to allow a subsequent greater surcharge load to be placed and hence a 
shorter surcharging period may be achieved (see §4.1.2.1). Additionally, depending upon 
the electrode drainage characteristics they may subsequently serve as vertical drains during 
the surcharging phase of treatment. 

Electro-osmosis may be combined with a wide range of both in situ and ex situ treatment 

methods wherever an initial reduction in water content, and subsequent increase in 

undrained shear strength, is beneficial to the performance of the conventional technique. 

7.8 SYNOPSIS OF CHAPTER 7 

This chapter has introduced a range of laboratory tests that may be used to ascertain the 

applicability of electro-osmosis to a particular soil type. The types of test that have been 

discussed are those commonly used in site investigation practice together with specific 

specialised electro-osmotic tests, using custom-made apparatus. 

Other sections dealt with the analytical methods that the Author recommends for the design 

of electro-osmotically enhanced cohesive reinforced soil and for electro-osmotic 

consolidation applications, as well as volumetric control. 

A number of potential new and novel applications for EKGs and electro-osmosis were then 

suggested. 
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CHAPTER 8 

SUMMARY AND MAIN CONCLUSIONS 

8.1 SUMMARY 

The research undertaken has covered the following aspects and applications of electro- 
osmosis and electrokinetic geosynthetics to the construction industry: 

0A detailed review of the appropriate literature relating to electrokinetic phenomena in 

soils from the basic mechanisms through to field observations and applications. 

0 The development of a new electrically conductive geosynthetic that may be 

employed for electro-osmotic applications in construction uses, including studies 

relating to its durability and connection technology. 

0 An electro-osmotic consolidation trial using EKGs, together with the associated 
design and installation methods. 

The design and construction of an electro-osmotically enhanced cohesive reinforced 

soil wall. 

a The design and installation of an electro-osmosis application to the volumetric 

control of a railway embankment. 

0 The identification of acceptability criteria to assess the potential of electro-osmosis 

and EKGs materials in treating a soil. 

A study of potential applications of EKGs to the construction industry. 

8.2 MAIN CONCLUSIONS 

A number of conclusions have been drawn from the research into EKG materials and 

technology. The purpose of the following sections is to bring together these conclusions 

under the relevant subject areas. 
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8.2.1 CONCLUSIONS REGARDING EKGs 

The electrically conductive band drain disclosed by Netlon Ltd (1998) based upon 
the idea of Nettleton (1996) has been used in the field for electro-osmotic 
consolidation, electro-osmotically enhanced cohesive reinforced soil, and for the 
volumetric control of a clay cored embankment. In the consolidation and 
reinforcement applications the EKG demonstrated adequate durability for the 

application. The Author has developed a means of estimating the field durability of 
the EKG under working field conditions (Annex A). 

0 The use of the filter elements on the EKG for consolidation applications should be 

exercised with caution and solely for cathode use. 

Technology has been developed for the connection of EKG to power distribution 

cables, it has been found that the most efficient connection is made by means of a 

stripped double crimped connection (§3.5.6). 

8.2.2 CONCLUSIONS REGARDING ELECTRO-OSMOTIC CONSOLIDATION 

A theory for calculating the quantity of consolidation that can be achieved using EKG 

technology has been developed, based upon a review of the currently available 

literature, §4.2.2. The method is based upon a linearly varying equivalent 

surcharge, varying from OkPa at the cathode to a maximum of 1 OOkPa at the anode. 

The theory has been confirmed by laboratory testing on horizontal electrodes 

located in a London clay block sample, §6.2.7.1, and back analysis of published 

case studies, §7.2.3.1. 

A theory has also been suggested for the calculation of the rate of settlement of soil 

subjected to electro-osmotic treatment. 

An installation technique using a modified dynamic probe cone (DPH) has been 

developed for installing limited numbers of EKGs in soft ground conditions. For 

commercial applications the use of a wick drain lance is recommended. 

The Newburn Haugh field trial highlighted the importance of ascertaining soil 

parameters for all of the soils within the zone of influence of the consolidation 

application, if this is not done problems may arise from short-circuiting or 

recirculation of fluids. 
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A design methodology for electro-osmotic consolidation has been developed and is 
presented in §7.3. 

8.2.3 CONCLUSIONS REGARDING ELECTRO-OSMOTICALLY ENHANCED COHESIVE 
REINFORCED SOIL 

A new design methodology for electro-osmotically enhanced cohesive reinforced soil 
has been developed based upon; long-tern design, short-term design and electro- 
osmotic design, §7.4. 

The long-term design is undertaken using conventional tie-back wedge 
analysis methods to ascertain the reinforcement layout required. 
The short-term analysis is undertaken by four methods; critical height, 
Coulomb, discrete theory and composite theory. From these four methods, 
values for the undrained shear strength (c, ) are calculated considering and 
not considering the presence of the reinforcement. Based upon this 

procedure an engineering decision can be made as to what value of c, is 

required in the field. 

0 Electro-osmotic design is then used to ascertain the treatment time and 

power requirements to achieve the required value of c,,. 

0 The expected and measured field results, using the new design method, are in 

relatively good agreement, §5.7.9.2. The initial water content and the voltage 

gradient used in the design calculations are critical parameters in the design 

process. 

0A new and novel construction technique has bee developed for the use of cohesive 
fill in reinforced soil, Figure 5.36. 

The typical cost for the construction of a single lift (0.6m high) of electro-osmotically 

enhanced reinforced cohesive soil has been calculated as approximately F-1 80 per 

linear metre. This figure is based upon the costs involved in the Joint Stocks trial. 

8.2.4 CONCLUSIONS REGARDING ELECTRO-OSMOTIC VOLUME CONTROL 

0 It has been shown that electro-osmosis can reduce the potential for volume change 

of a soil in two principal ways: 
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Effective overconsolidation, the application of the negative 
porewater pressure generated by electro-osmosis causes an 
overconsolidation of the soil such that subsequent wetting and 
drying cycles occur over a reduced swelling / reload portion of the e 
- log p'curve, §4.2.3. 

Electrochemical cementing, brought about by the electrokinetic 
process causes a change in the Atterberg limits of the soil making it 
less prone to volume change, Figure 6.1. 

A novel installation technique has been developed using a mobile hydraulic drill to 
install EKG electrodes at subhorizontal inclinations in limited access situations, see 
§6.2.8. 

8.2.5 CONCLUSIONS REGARDING PHILOSOPHY 

Acceptability criteria have been developed for the assessment of the suitability of a 
soil for treatment by electro-osmosis. The acceptability criteria are based upon 
standard soil mechanics laboratory tests enhanced by the use of specialist electro- 

osmosis tests and an assessment of soil macrofabric, §7.2. 

Analysis methods for the quantification of the efficiency of electrode installation 

methods have been developed by means of finite difference and resistance path 

methods, §7.6.2 and §7.6.1. 

0 New and novel application areas for EKG and electro-osmosis have been 

suggested, §7.7. 

8.3 FULFILMENT OF RESEARCH OBJECTIVES 

The objectives for this research were stated in §1.2 at the beginning of this thesis. The 

principal objectives were the use of EKGs for the application areas of electro-osmotic 

consolidation and cohesive reinforced soil. These two objectives have been met by the 

undertaking of the Newburn Haugh and Joint Stocks trials respectively. During these trials 

experience has been gained in installation and connection technologies, reinforcing the 

future use of this technology for practical construction applications. Additionally, 

fundamental design methodologies have also been suggested for these two applications to 
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allow future work to be undertaken, and hopefully to further refine the methodologies as 
more experience is gained in their application, §7.3 and §7.4. 

The application of electro-osmosis and EKG to the problem of volumetric control has also 
been considered. A successful installation and connection trial was undertaken at the 
Wimbledon Park - Southfield embankment trial. A more general design methodology for this 
type of application is also suggested, §7.5. 

8.4 RECOMMENDATIONS FOR FUTURE RESEARCH 

Several recommendations for further research have been made in the relevant chapters of 
this thesis as a result of the findings made during the present research work. The purpose of 
the following sections is to assemble these recommendations together and make additional 
recommendation relating to other areas associated with electrokinetic treatment of soils. 

8.4.1 FUTURE EKG RESEARCH 

As presented in Chapter 3 it is suggested that further research work into improving the 

durability of the Netion EKG is undertaken. It is envisaged that this would primarily 

investigate variations in the geometry and structure of the existing EKG and look into the 

possibility of using more durable materials for its construction. 

Additionally, completely new EKG configurations require investigation in order to combine 

more traditional geosyntbetic functions with electrical conductivity, such as an EKG that 

combines the properties of reinforcement, drainage and electrical conductivity in a single 

element. 

8.4.2 FUTURE RESEARCH INTO FIELD APPLICATIONS 

The results of the Newburn Haugh field trial presented in Chapter 4 clearly illustrated the 

importance of assessing the soil's macrofabric for the successful application of electro- 

osmosis to in situ soils. This is an aspect that has received very little attention in the 

published literature and yet, as has been shown, can govern the success or failure of an 

electrokinetic application. This is an area that would be worthy of further research to 

determine the effects of a soil's macrofabric on electro-osmosis and additionally to attempt to 

define acceptability criteria for a soil's macrofabric. 
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Chapter 8. SummarV and main conclusions 

The electrical conductivity of a soil measured in the laboratory and that subsequently 
obtained in a field application has shown a significant difference. This may be due to sample 
orientation during laboratory testing and the influence of macrofabric layering or other 
factors, such as the differences in the form of the electrical field between laboratory and field 

applications. The present research has suggested an electrical conductivity reduction factor 

of 0.1 between the laboratory measurement on remoulded samples and that used for field 

calculation. This area requires further work to establish the validity of this assumption for 

both undisturbed and remoulded soil samples. 

The environmental repercussions as a result of undertaking electro-osmosis in the field have 

not been fully addressed. It is known that the application of electro-osmosis to a soil mass 

causes the formation of acid and base fronts at the electrodes and can cause changes in the 

soil mineralogy, but what is not known is what are the possible long-term implications to both 

the soil and groundwater caused by electro-osmotic soil treatment. These implications 

require investigation and assessment. 

The effects of electro-osmosis on the volume change characteristics of a soil are not fully 

understood. It is known that as a result of the negative porewater pressures generated by 

electro-osmosis overconsolidation of the soil mass takes place, causing a reduction in the 

shrinkage and swelling potential. However, the electrochemical effects of electro-osmosis 

on a soil mass have not been fully quantified and the effectiveness of this element of the 

treatment, when the soil is subjected to cycles of wetting and drying, has not been fully 

investigated. This is an area that requires further fundamental research. 

Finally, the suggested design and analysis methods presented in this thesis have been 

developed as a direct result of the field trials undertaken. These methods should be 

constantly revised and updated as more work is undertaken and published in this area. 
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Chapter 8. Summary and main conclusions 
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ANNEX A 
Theoretical EKG electrode durability calculations 



Theoretical Durabilitv of EKG Electrode. 

Typical consumption rate for carbon -z: 0.5 - 2.0 kg/A-1 year (Eastwood 1997) 
Hence, adopt for calculation purposes a consumption rate of 1.0 kg/A71 year 

From geometry of an individual strand of the EKG: 
2mm 

:-8 mrn perimeter, 4Mm2 x-sectional area. E: l I 2mrn 

Each EKG contains 20 strands (ignoring diagonal elements) 
Thus, the exposed surface area per m length of EKG may be calculated: 

8 *20* 1000 = 16010 3 
mm 2 

Alternatively, as the volume per metre length of EKG. 

4*20* 1000 = 80* 10 3 
mm 

3 

Assuming EKG is only composed of polymer, i. e. no metal stringers are considered 

1063 kg/m 3 (Cablec 3892) 

Hence, the mass of polymer per metre length of EKG is given by: 

8010 3MM3 1063 kg /M3 = 0.08504 kg/m 

Assuming that the conductive polymer has 30% (by mass) of free consumable carbon gives: 

0.08504*0.3 = 25.5g Carbon 

Consequently, for a3m long electrode (Joint Stocks Trial) = 76.54 g consumable carbon 

The consumption time is given by mass of consumable carbon/consumption rate. 

76.54g 
I kg/A-lyear = 28 days/Amp. 

i. e. 14 days @2 Amps constant current. 
2.8 days @ 10 Amps constant current. 



---m 

From the Joint Stocks Trial: 

35 electrode pairs and average current over 14 days = 60 Amps. 

60 
= 1.71 A/electrode => 

28 
= 16.4 days 

35 1.71 

Hence, the electrode is sufficiently durable for this application as the expected treatment time is 
less than the anticipated longevity of the EKGs. 

Note: This calculation method over estimates the durability time as it does not consider the 

presence of the central core; required to distribute the current, which degrades at a more 

rapid rate. 
However, the method gives a reasonable order of magnitude for the durability of the matedal. 

Summary of assumptions: 

Carbon consumption only takes place at the anode. 

The current is equally distributed over the full length of the electrode by the 

copper core, i. e. there are no current "hot spots". 

EKG diagonal elements do not contribute to durability. 

Conductive polymer contains 30% free carbon in its matrix. 

REFERENCES 

Eastwood, B. J. (1997) A fundamental study of the electrochemical failure mechanism of a novel 

impressed current cathodic protection system. Doctor of Philosophy Thesis, Department of 

Chemistry, University of Newcastle upon Tyne, U. K., p-182. 



ANNEX B 
Tie back wedge theory used by the Tensar 

International "Winwall 6.14" design programme 



Theory used in the Tensar Tie-back Wedge 
walls design method Tensar I&WaIlTBW116.4-98 

international 
1. Introduction 

Tensar International have developed the Winwall computer program in order to produce designs 
in accordance with a traditional Tie-back Wedge method of analysis. 

Sections 2 to 4 in this bulletin explain the design principles and theory used in the calculations 
undertaken by the program to consider the potential failure of the structure. Section 5 describes 
the calculations carried out to check that post-construction deformations do not exceed 
prescribed values. 

2. Soil Properties and Grid Strengths 

Due to the relatively large strains occurring within reinforced soil structures, critical state or 
constant volume values are used for the strength properties of the soils (i. e. f',, c', ). It should be 
appreciated however that with the exception of some industrial fills (e. g. pulverised fuel ash), an 
effective cohesion value of zero is normally adopted. 

The reinforcement is assumed to be placed in horizontal layers and its effect is to apply a series 
of restoring forces to the internal slip surface being considered in the analysis. The program 
considers a 1.0m wide section of the wall and the strength of the grid is included as a force per 
metre width. The strength of the reinforcement used in the calculations is the lowest strength 
expected in the grid over the design life of the structure. It will be either the design strength of 
the grid, or a lesser value if the anchorage length is insufficient to permit the full design strength 
to be mobilised. 

The minimum installed long-term strength of the grid (MILTS) is calculated from: 

mI LTS -- -P, fm X fe X fd 
Equ 1 

where: P, = creep limited strength of the grid for the specified design life and service 
temperature 

fm = partial factor to allow for material manufacturing variations and confidence in 
the 

extrapolated strength 
fe = partial factor for environmental conditions 
fd = partial factor for the effects of construction activities 

An overall factor of safety (usually 1 . 35) is the applied to the MILTS to obtain the grid's design 
strength. 

T M'LTS=- PC Equ 2 
d 135 f,, x f, x fdxl35 

3. External Stability 

Tensar International, New Wellington St, Blackburn 13132 4PJ, UK 
Customer Services: Tel: 01254 262431 Fax: 01254 266868 E-mail: customerservices@tensar, co. uk 

Design Support: Tel: 01254 262431 Fax: 01254 266873 E-mail design@tensar-co. uk 
Netlon and Tensar are the registered trademarks of The Netlon Group in the EU and other countries. 



3.1 General 

In order to ensure external stability of the structure, checks need to be undertaken for potential 
sliding failure, bearing failure and slip failure. Figure 1 defines the various soil properties within 
the structure and the principle loads acting for external stability calculations. 

WS1 

Soil 1: Soil 2: 
e>',, el, -Y, 

1 

ý'2, C'2, 'y 2 

WS2 

E, pv 

Eap 

H nt-ý 
ý6EEaph__-- 

E. g rL 
E, gv 

Eagh 

Rv H/2 

H/3 
Dm e- 

Tyyy 

Foundatlon Soll: 
4"f, C, f, -yf 

N. B. for Wemal stability calculatIons a= 213 
L2=L-2e -- I 

-<--- L 

Figure 1 

N. B. L = base length of reinforced soil block 
L' = effective base length assuming Meyerhof pressure distribution 
H = height of structure 

Dm = embedment depth 
Rv = vertical component of resultant force 
e = eccentricity of resultant force 

f1 
of 21ff = effective angle of friction for soils land 2 and the foundation soil 

C'1 
P 

C'2 
P 

C'f = effective cohesion for soils land 2 and the foundation soil 
glog2jgf = unit weight for soils soils land 2 and the foundation soil 

W', = surcharge force on reinforced soil block 
Ws2 = surcharge force behind reinforced soil block 
Eý,; = active force due to soil 
E,, p = active force due to surcharge wa 

Eagh = horizontal component of active force from the soil 
Eag, = vertical component of active force from the soil 
Eaph = horizontal component of active force due to surchargeWs2 
EaPv = vertical component of active force due to surchargeW. 2 

3.2 Active Earth Pressures 

Winwall adopts a rigorous approach for the calculation of active earth pressures. The Iterative 
Coulomb Wedge Check examines the stability of a series of wedges emanating from the back of 
the reinforced soil block and by resolving the various forces acting on the wedge determines the 

maximum out of balance force due to the active earth pressure. For simple cases, engineers 
wishing to carry out independent checks of the Winwall -calculations should obtain similar results 
using the conventional Coulomb formula for determining active earth pressures, otherwise a 
manual iterative check should be performed. 

3.3 Sliding Failure 
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The factor of safety against sliding failure is given by the equation: 

FOS= 
R, cc, tan 0'+(x 6c'c'L Equ 3 Fý 

where: Rv = vertical resultant force 
Rh 

= horizontal disturbing force 
a, = coefficient of interaction relating soil/reinforcement bond angle with tanf P abc' = adhesion coefficient relating soil/reinforcement bond with c' 
f= angle of internal friction (lower of f1 and ff) 
L= base length of structure 

It should be appreciated that Equation 2 is based on the assumption that there is a grid present 
at the base of the structure. In the event that this is not the case, as and abc' both become unity. 
Also, abc' is usually taken to equal as in the absence of specific test data. 

A grid length is selected such that a factor of safety of 2.0 is achieved against sliding failure. 

3.4 Bearing Failure 

The bearing calculation in Winwall is carried out in accordance with the German DIN Standard 
4017. The method has the advantage of taking account of the inclination of the resultant force by 
including inclination factors in the standard Terzaghi equations. 

Where the eccentricity is positive, the bearing pressure exerted by the structure is taken to act 
over an effective base length, L' of L-2e i. e. a Meyerhof pressure distribution. If, however, the 
eccentricity is negative, a uniform pressure over the whole base is assumed. 

The vertical component of the resultant force (R, ) is given by the equation: 

Fý = yjH +w ,L+ EýP, + Eýg, Equ 4 

where: E,, p, and Eagv are the vertical components of the active pressure resulting from the 
surcharge (Ws2) and the backfill (Soil 2) behind the reinforced soil block respectively 

The moment of the resultant force (MRO is also determined and the eccentricity (e) of the 
resultant force is given by the equation: 

MRw 

R 
Equ 5 

A check should be carried out to ensure that the resultant force acts within the middle third of the 
base length (L), This ensures that the back of the block does not begin to lift and also ensures 
safety against overturning. 

The ultimate bearing pressure is given by the modified Terzaghi equation: 

af = c! Ncxc + yL'NbXb 

where: 
-, 

Xb 
hb 

L'd 
Vb + 

tan O'p 

Xc = Xd - 

1- Xd 

Nd 
-1 

and 

Equ 6 

Equ 7 

Equ 8 
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3 

Xd 07h b 

L'c' Equ 9 
Vb + 

tan 0'1,, 

where: hb horizontal faýlure load (i. e. 2Eah) 

Vb vertical failure load (i. e. 2R, ) 
N b, N, Nd bearing capacity factors as defined in DIN 4017 

Note: the bearing capacity factors used in the program are obtained using the equations 
provided in the Standard and not the summary table 

The factor of safety for bearing is then given by: 

FOS= af L' 
Fý Equ 10 

A grid length is selected such that a factor of safety of 2.0 is achieved against bearing failure. 

In general, the worst case for bearing will be with full surcharge loading on the reinforced soil 
block (i. e. both the permanent and temporary parts of ws, included in the calculation). However, in 
addition to checking this case, Winwall also examines the distribution of surcharge loads which 
results in the maximum overturning moment (i. e. only the permanent part of w, j included). For 
walls with inclined faces this case can be critical due to a reduction in the effective base length 
(U). 

3.5 Slip Failure 

It is a requirement that the overall stability of the structure is considered by checking external slip 
surfaces; these include slip surfaces passing through the structure. The Winwall program cannot 
undertake this analysis but provides the user with the facility to export the otherwise completed 
design into Tensar's Winslope program so that this check can be carried out. 

4. Internal Stability 

4.1 Internal Sliding 

Sliding along soil/soil and soil/reinforcement interfaces within the structure must be considered. 
Assuming base sliding is satisfactory, it is unlikely that internal sliding will be a problem. 
However, Winwall undertakes a sliding check at the top of any internal or external water surfaces. 
In each of these cases, it is assumed that a grid is present whether there is or not. An additional 
check is carried out at the bottom grid level if this is not at the base of the structure. 

An exception to this procedure occurs when horizontal loads are introduced, for example in 
modelling bridge abutment conditions. In this event, in addition to the checks described above, 
the program also considers sliding at a level 1.0m below the horizontal load, again based on the 
assumption that a grid is present at this level. 

4.2 Grid Rupture 

The maximum tensile force (T) to be resisted by the jth grid at a depth h, below the top of the wall 
is determined from the summation of the various force components as follows: 

Tj = Tpj + T, j + Tý - Tj Equ 11 

where: Tpi = component due to self weight of fill 
T, j = component due to vertical strip loading 
Tq = component due to horizontal shear force 
Tc, = component due to soil cohesion (restoring force) 
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The component due to the self weight of the reinforced soil (Tp) is given by: 

Tpj = KaSvjSvj Equ 12 

where: K,, = coefficient of active earth pressure within Soil 1 (based on the Coulomb 
Equation) 

svi = vertical stress acting on the i th layer based on a Meyerhof pressure 
distribution 

Svi = the effective vertical spacing of the grids at the i th layer 

The component due to vertical strip loading (Ts) is based on the pressure distribution shown in 
Figure 2. It should be appreciated that all vertical loads specified in Winwall are treated as 
vertical strip loads for the purposes of the analysis. When a vertical load acts over an entire 
area, the effect is identical to that of a uniform surcharge. 

-- b -p- 

Figure 2 

N. B. SL = vertical loading- applied to a strip contact area on top of the structure 
b= width of strip contact area 
d= length from front of wall to centreline of strip contact area 
hj =height above jh layer to top of wall 

For the purpose of determining the magnitude of the tensile force (Tfj) dispersal of the contact 
load (FL) from the contact area is taken as shown in Figure 3. 
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S, ri 
el 



-«IQ - (Th - »- 

T 

T 

q 
d- lo- 

FL 

Length of zone over which horizontal stress acts JZJ = 
d+b/2 

tan 145* - (ý'/2) 

Figure 3 

Horlzontal stress (Oh)"'ý 
2FLtanj45' - 6/2) 

d+b/2 

The restoring force due to cohesion (Tj) is determined using the following equation: 

2S,,. c'X 

where: c' = effective cohesion of Soil 1 

Equ 13 

In order to ensure stability with regard to rupture failure, the following relationship must be 
satisfied for each grid: 

T >T Equ 14 D-j 

where: Tj = maximum tensile force (from Equation 10) 
TD= design strength of the grid (from Equation 2) 

4.3 Wedge Stability 

The resistance of the reinforced soil block to pull-out failure is determined by considering the 
stability of a series of one-part wedges. Analyses are undertaken at the'base of the wall and, for 
walls up to 2.5m high, at five levels while for higher structures, checks are undertaken at ten 
levels. At each position, an Iterative Coulomb Wedge Check is undertaken to determine the 
wedge angle which produces the maximum out of balance force (T,,,, ). This force is then 
compared with the sum of the restoring forces (Tavaii) provided by each of the individual grids 
intersected by the wedge. 

Where a grid is intersected beyond the minimum anchorage length required to mobilise its full 
design strength, a reduced restoring force for that particular grid must be included in the 
calculation. This value (Tanch) is given by the equation: 

T. 
Ch 

- 
PjL81(phj + ýLW 

S+ 
CCbc'C') 

Equ 15 
factor of safety 

where: Pj = perimeter of grid j (=2.00m) 
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L, aj = anchorage length fo grid 
ýL = (xptano', 

hi = height of fill above grid j 
ccp = coefficient of interaction for grid pull-out 

Notes: abc' is usually taken to equal ap in the absence of specific test data 
A factor of safety of 2.0 is usually adopted for the anchorage calculation 

5. Post-construction Deformation Check 

In order to ensure that the post-construction strains are acceptable, two checks are undertaken during the analysis. 

5.1 The K, x s, Check 

This check examines the post-construction strain occurring in the grids as a result of overburden 
pressure. It is assumed that wedges emanating from the toe at angles greater than 45-f 1/2 
mobilise the full active pressure given by Ka while wedges at angles less than f1 are subjected to 
zero active pressure (i. e. K,, is zero). The active pressure acting on wedges at angles between f 
and 45-f 1/2 are obtained by linear interpolation as shown in Figure 

K=K, 

Assumed strain distribution 
In grid being considered 

Grid being considered 

tL;:::::: 
. 

45- 7 

/ 

"I 
"" 

K=0 

Figure 4 

At any point, the force'mobilised in the jth grid (s) is given by K. x sj. The force required in order 
to mobilise 1% post-construction strain (sl%) (usually around two thirds of the creep limited 
strength) is determined for each grid type from isochronous curves. The actual post-construction 

) in an individual grid is therefore approximated by the equation: strain (epc 

PC - 
Clli 

(71% 
Equ 16 

The program checks to ensure that the average post-construction strain. in each grid does not 
exceed the prescribed 1% limit. 

A similar approach is adopted for bridge abutments, but in this case the limit is reduced to 0.5% 
post-construction strain. 

The greatest accuracy of the strain predicted by Equation 16 is obtained when the strain is close 
to the critical value. The calculation procedure used to determine the pOst-cOnstruction strain 
therefore changes depending on whether the structure is a normal wall or a bridge abutment. 

5.2 The Wedge Check 
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The out of balance force (OBF) for a series of wedges are determined. The OBF for each wedge is then distributed amongst the grids cut by the wedge in proportion to the strength of the grids 
I. e. a grid with a design strength of 20kN/m would mobilise twice as much force as one with a design strength of 1OkN/m as it is twice as stiff (Figure 5). 

Magnitude of strain resulting from this 
particular wedge being considered 

Wedge being considered 

Figure 5 

Groups of wedges at 2' intervals are analysed at the base of the wall and levels of one tenth of 
the height of the face (one fifth for walls up to 2.5m in height). The strain from each wedge in the 
individual grids is then determined in accordance with Equation 16 and a strain distribution curve 
is obtained (Figure 6). The area under the curve divided by the grid length defines the average 
post-construction strain for each grid and the program checks to ensure that this is less than the 
1% or 0.5% limit appropriate for the type of structure. 

Straln 

Grid Length 

Figure 6 

The information in this document is of an illustrative nature and is supplied without charge. It does not form 

part of any contract or intended contract with the user. Final determination of the suitability of any 
information or material for the use contemplated and the manner of use is the sole responsibility of the user 
and the user must assume all risk and liability in connection therewith. 
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Tensar International 
\e%% ýkelhngton Street 
Blackburn 

Dulc I eh IMI) 
')9 BB2 4?. l ( nited King6mn 

Tcl: () 1254 2624,1 Fax: 01254 696687-. Fmail: design a tensar.,.: (). uK- 

Tensar Grid Reinforced Soil Application Suggg5estion 
Client: University of Newcastle Upon T-yne 

Project: 

EKG Trial Wall 
Preliminary Geogrid layouts 
C=0. ph I'c %=I". 5 de, -, 

Objective: 
Parametric stud. y \\ Ith assumed desi, -n paramewrs 

CL11CUlations in accordance \ýith: 
I'le-back W'edge Method and Tensar International Guidelines 

CUICUlations carried out using W'Inwall Version 6.14 
Details of the theory used in this program are available on request I'rom: 
Tensar International Limited, New Wellington Street. Blackburn. UK BB-1 4PJ. 
Telephone 0 1254 2624.3 ) 1: Fax: 0 1254 696687, E-mail design a ten,,, jr. co. uk. 

This document contains an Application Sug2cstion m(hich has been prepared hý l,: n-, Jr lnýernational. 

on a confidentia I basis, to enable the application of Tensargeogrids to he c%aluatcd. TheApp I iý: jtik)n 
Suggestion is merely illustrative and is not a detailed design. r_I I- 

This Application Suggestion is specific to the unique characteristic,, of theTensar L-ý: ognds \ý hich arc 
rel'erenced within the calculations. 

Copyright in this Application Suggestion belongs to The Netlon Group Limited. It nia% not be 

reproduced in whole or in part without the prior written permission of Tensar InLemationai, it nju.. "t 
not be disclosed other than for the purpose of evaluating its commercial application 101- the LISC Ot 
Tensar geogrids. Zý 

This Application Suggestion does not form the whole or any part of a contract. Its sultabllltý I'or driý 
project is the sole responsibility of the user and its profess, onal advisors. The Netion Group I -imliecl 
is not responsible for any application of the Application Suggestion other than in Coll .. UIICLIOII with the 
sale of Tensar. 

Nctlon and Tensar are the registered trademarks rrhc Netlon Group Limited in the U. K. and in uther cuunincN. 

0 The Netlon Group Limited. 



Tensar International S 
Tensar Grid Reinforced Soil Application Suggestion Date 12 ýQi-) 11)1)1) 
FKG Trial Wall Ref'crence JP 91) (), '("1 
Preliminary Geogrid layouts 

Input data 
Geometry and facing details 

Wraparound 
Facing 

4.80 Relriforced 
Fill 

Backtill 

I )UILIIII 

900 900 

Foundation Sod 
4.80m Scale 1: 100 

Soil oroDerties 

Soil type 
-7 

C. T nit -UT 1, it 

we igghht it 
(kN/n, 2) (degree (kN/in') 

Reinforced fill 0.00 12-50 '00 19.00 
Backfill OM 42.50 1-00 

Foundation 10.00 28.00 18.00 



Fen..,, ar inLernational p3 
i tnsar Orid Reinforced Soll Application Suggestion Daic 
FKG Trial 'A"all 
Prchniinary GQourid layouts 

Reinforcement data 

I'C 

PC 10' C 

40RE 1 -. 3.00 1.0o ý 1.0 1.0 ý -), ý. 00 
3 8.5 0 1.00 1.0 1.18.50 

I- _P. Lh is obtained bý Dcsign sti-cyl II ed Lotio 'I ý: rm I dividing k1inin-tum Install 
11ictor ol salcty - 1.350. 

Coel'i-Icients of Interaction: 
Pullout 1.00-0-1 
Sliding 0.800 

Reinforcement lavout 

Base -, I-ld is Yclisur 80RE at 0.000m abo%c &ILim. I lori/omal oi 

I clisat- \umber ol' Starting Vertical I. illiý, IlilIZ7 

geogrid gcogrids ICN, cI spacing, (n 
above ahme 

dalum (m) datum kin) 

8ORF 2 0.450 1450 TWO 
80RE 3 1.500 0.600 2.700 
40RF 3 3.300 0.600 4.500 

There are a total oI'9 layers of-Fensar main rcinl'orcement 



Ttmsar Intemational 
'I ciisar Cmd Reinforced Soil Application Suýaý-, kýstion Date 
EKG Trial %\ all 
Prellminar\ Geo, 

-, r)d lavOLItS 

Grid coordinates 

I-ensar 1 Le% el I (jeogrid above 
datum 

(m) 

LCO, I 

end 
1 Right 

- 
end 

Len, -, th - 

SORL 0.000 0.000 4.800 4.800 
80RF 0.450 0.000 4.800 4.800 
SORE 0.900 0.000 4.800 4.800 
80 IýL-' I oo 0.000 4MO 4.800 

: 8ORF, if 2.100 0.000 4.800 4.800 
SORE 

-1.700 
0.000 4.800 4.800 

40RE 33.300 0.000 4.800 4.800 
40RE 3.900 0.000 4.800 4.800 
4ORF 4.500 '1 0.000 1 4.800 4.800 

Secondary reinforcement 
Thcre are 8 intermediatc grids of tý peTcrisar SS20 of length 1.000m. pLizcd 
at 0.300ni intervals %kherever spacing of main reinforcement c\cccck o. 400n-i 

RESULTS 

'External stability 
External stability (using German DIN codes for bearing capacit% 

Load case :A 
AII calculations are for Im running length of structure xý I th the %ýidth of1he vc I ni'Ot-ccd -, (, I I bik, kýk 
= 4.800m at its base. 

Calculation of forces and moments 
The active forces on the back of the reinforced soil block are calculated b) acrdu%e 
Coulomb Wedge (DIN 4085) check to be: 

Vertical load : O. OkN/m. Horizontal load: 2.2kN/m. 
These give an overturning moment about the centre of the base of 3). 6kNm/m. 
The total weight of the reinforced soil wall is 437.8kN; its overtiýrnin-, moment about 
the centre of its base is O. OkNm 

Sliding resistance check 
There is a, -rid at the base of the wall, and therefore sliding on. thc grid must he considered- 

Cý III -I%CS this allows for an alpha(slid; ng) of 0.800. The sliding resistance is 77.61, -N. This gi 
a [lactor of safety against sliding of 34.8 10. this is >2.0 and is 3ccePlahtc- 



Tensar International Pj2C 5o 1' 8 
Tensar Grid Reinforced Soil Application Suggestion DaLe I, I"eh 1991) 
EKG Trial Wall Ret'erence jP 09 0-+(), ý Preliminary Geogrid layouts 

Bearing capacity check 
1-he resultant acts at an eccentricity of 0,008mý this lies %\Uhm ihe middt, ý third und t,, acc, ýpt, &i,: 
I lie bearing capacitý coefficients (DIN 4017) are as follo\ý s. 

ý\ ,= 25 
.80 

Nd = 14.72 Nb = 7.29 

Xb is 0.986-. diis gives an ultimate bearing pressure of 874.8kN,,, Lj. in. o%cr al ICII cc t I%,: ICII, 

ol'4.784i-n. giving an ultimate load of 4184.9k-N. With a total Vel-LiCal force ot'417,., ýk\. 
this aives a factor of safety on bearing capacity of 9.560. This is >2.0 and acceptable. 
Load case :B 

AII calculations are for Im running length of structure with the width ofthe reinforce(i , oi I block L- 

= 4.800m at its base. 

Calculation of forces and moments 
The active forces on the back of Lhe reinforced soil block are calk: ulaýcd bý lterm%c 
Coulomb Wedge (DIN 4085) check to be: Zý Vertical load O. OkN, m. Horizontal load : -'. -'kN m. 
These Li% e an overturning moment about the centre of the base 
The total %veight of the reint*orced soil wall is 4-')7.8kN, its overturning moment IhOLII 
the centre of its base is O. OkNm 

Sliding resistance check 
There is a grid at the base of the wall, and therefore sliding on the grid must be consILicred: 
this allows for an alpha(sliding) of 0.800. The sliding resistance is 77.6k-N. This LI%ell 
a factor of satletýv against sliding of 34.8 10; this is >2.0 and is acceptable. 

Bearing capacity check 
The resultant acts at an eccentricity of 0.008m, this lies %% ithin the middle third and is acceptable. 
The bearing capacity coefficients (DIN 4017) are as follows: 

Nc = 25.80 Nd = 14.72 Nb = 7.29 

Xb is 0.986; this gives an ultimate bearing pressure of 874.8kN/sq. m. over an el tectl'. C length 

of 4.784m, giving an ultimate load of 4184.9kN. With a total vertical force ol'437.8k, \,. 
this gives a factor of safety on bearing capacity of 9.560. This Is >2.0 and acCCPLable. 



Tensar International 
Tensar Grid Reinforced Soil Application Suggestion 
EKG'I'rial Wall 
Preliminary Geogrid layouts 

pa L-ye 6 ol'8 
Date I -' Feb 1999 
Reference 

.1P 1) () 046,, 

Grid spacing check 

Tený'ý , Level i Spacing Rupture C heck 
--- -- 

Post consiruction,, tram 
,, eoprid above Design Design La\ er A% eraae -, train : I. U\ Cr ý datum 

strenoth load 0 K'. ' ha.,, cd on K 
'I'D j T \Veduc 

ClIC& 

m (kN/m) (K-N/m) 

1 80RE 0.000 0.225 28.519 13.263 DK 0,000 OK 0.000 
I 80RE 0.450 0.450 28.519 24.024 OK 0ý 25 3 0.248 

80RE- 0.900 0.525 28,519 25.115 0K 0.508 -i OK 
80RE- 1.500 ý 0.600 i 28,519 24.272 OK 0.729 0.7 -28 OK 
80RE- 2.100 0.600 28.519 19.848 OK 0.679 0.7033 OK 

80RE 2.700 0.600 29.519 15.431 OK 0.561 0.599 OK 

40RE 3.3 00 0.600 17.037 11.019 OK 0.6 93 0.628 1 () K !ý 

40RE 3.900 0.600 17.037 6.610 1! OK 0.4 --13 0.433 ()K 

40RE ý 4.500 0.600 17.0337 2.203 OK 0.143 0.13 0 OK 



I'cnsar Intemational au e 
I'cnsai- Grid Reinforced Soil ApplicaLloil Suggcstion Date I, Feb 1999 
EKG Trial Wall Rcl'crcllý:, 2 JP 99 040,1 
Preliminary Geogrid layout s 

Wedue check L, 
%\ edges N,, -Ith highest 'Freq. ' 

Front: 

x 
(M) (M) 

Back: 

x 
(M) (M) 

worst 

Treq 

(KN/rn) 

TLIji, 

(K- N ni) 

OK or 
not? 

1 0.000 0.000 :ý -- 4.800 38.75 1 141 187 1 () K 
0.000 0.480 3.467 4.900 38.75 114 138 OK 
0.000 0.960 3.082 4.800 38.75 90 114 OK 
0.000 1.440 2.697 4.800 38.75 69 116 0K 
0.000 1.920 2.3) 11 4.800 38.75 51 90 OK 
0.000 2.400 1.926 4.800 38.75 3) 5 6 3) OK 
0.000 2.880 1.541 4.800 3 8.7 5 37 0K 

i 0.000 3.360 1.156 4.800 38.75 1 OK 
0.000 3.840 0.770 4.800 38.75 6 OK 
0.000 4.320 0.3) 85 4.800 1 38.75 1 6 OK 

Wedges with highest ratio Of Trcqrl'avail: 
Note that the critical wedge when considering anchorage rnw, not be the SainC Uý, the oric 
which requires the maximum reinforcement force. 

Front: 

xy 
(M) (M) 

Back: 

xy 
(M) (M) 

worst 

T,, q 
(kN/m) 

Tavail 

(kN/m) 

OK or 

not? 

0.000 0.000 6.024 4.800 51.45 129 155 OK 

0.000 0.480 7.352 4.800 59.56 87 89 OK 

0.000 0.960 6.269 4.800 58.51 75 81 OK 
0.000 1,440 5.270 4.800 57.48 61 97 OK 

0.000 1,920 3.032 4.800 46.47 50 87 OK 

0.000 2.400 2.615 4.800 47.46 34 61 OK 

0.000 2.880 2.309 4.800 50.25 22 34 OK 

0.000 3.360 1.736 4.800 50.33 12 20 OK 
0.000 3.840 0.828 4.800 40.79 6 22 OK 
0.000 4.320 0.416 4.800 40.89 1 6 OK 
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Client Universi"- of Newcastle Upon Tyne 
Project. EKG Trial Výall 

Preliminary Geogrid layouts 

1), phi'cý, - 12-5deg 

Objective: 
Parameiric study %vith assumed design parameters 

Design prepared by : The Nellon Group Limited 
Date : 12 Feb 1999 Reference: JP! 99/046a 



Tensar International 
\c\\ \VellinoLon Street 
13hickburn 
13112 4PJ United Kingdom 

0 1254 2262433 1 Fax: 01254 696687: E-mail 

p J, -, cIof 's Date I-' Feb I )L)g 
Rcl, crence 11) 91) 

design a ten.,, ir. co. Lik 

Tensar Grid Reinforced Soil Application Suggestion 
Client: University of Newcastle Upon T. vne 

Project: 

EKG Trial Wall 
Preliminary Geogrid layouts 
,: ' =ý kPa. phl'c, ý =I -1.5deg 

Objective: 
Parametric stud, y %vith assumed design parameters 

Calculations in accordance 
I'le-back \k edOe Method and Tensar International GLI'delines Zý 

Calculations carried out using Wiwvall Version 6.14 
Details of the theory used in this program are available on request I. rorn: 
Tensar International Limited, New Wellington Street, Blackburn. UK BB2 4PJ. 
Telephone 01254 2624.331: Fax: 01254 696687, E-mail design'ýi tensar. co. uk. 

This document contains an Application Suggestion which has been prepared by'Fensar IntcrnaLional. 
on a confidential basis. to enable the application of Tensargeogrids to be evaluated. TheApplication 
Suggestion is merely illustrative and is not a detailed desi-2n. 

'I his Application Sug., estion is specific to the unique characteristics of the Tensar -ýeo, -, nds %\ hich ai-c 
rel*crenced within the calculations. 

Copyright in this Application Suggestion belongs to The Netlon Group I. iinited. It lyidý ilot be 

reproduced in whole or in part without the prior written permission of Tensar International. IL 111LIS1. 
not be disclosed other than for the purpose of evaluating Its commercial application 1'or [fie use ot 
Tensar geogrids. 

This Application Suggestion does not form the whole or any part ot a contract. Its suitability for all-, 
project is the sole responsibility of the user and its professional advisors. I-Ile NetIon Group 1.11111ted 

is not responsible for any application of the Application Suggestion other than in conjunction \VlLh the 
sale of Tensar. 

Nction and Tensar are the registered trademarks ofThe Netlon Group Limited in the U. K. and in other counirics. 
C The Netlon Group Limited. 



Tensar Intemational 
o1*8 Tensar Grid Reinforced Soil Application Suggestion Date I'- F,: b 

EKG Trial Wall Reference JI) 99 0-46d 
Preliminary Geogrid layouts 

Input data 
Geometry and facing details 

Wraparound 
Facing 

4.80 m 

Soil vroverties 

Reinforced 
Fill 

900 

4.80m 

Soil type i c ý'Cv Unit 

weight 
(kN/m2) (degrees) (kN/m') 

Reinforced fill 5.00 12-50 19.00 
Backfill 0.00 42.50 1.00 

Foundation 
1 

10.00 28.00 18.00 

Backfill 

Datum 

900 

Foundation Soil 
Scale 1: 100 



Tensar International 
Tensar Grid Reinforced Soll Application Suggestion 
FKG Trial Wall 

Pa2c 1) 01,8 
Datc I 

-' 
Feb 1999 

Reference JP 91) 046d 
Preliminary Geogrid layouts 

Reinforcement data 

Grid PC fd f, f, MI LTS 

tvpe 
' 
at I O"C' 
kN/, ni 

40RE 23.00 1.00 1.0 1.0 -13.00 80RE 38.50 1.00 1.0 1.0 33 8.5 0 

v dividing Minimum Installed LongTerni Strength (%I I I. I. S) b\ o\, ýrill Desivn sveneth is obtained b, 
Cactor ot safety = 1.350. 

Coefficients of interaction: 

Pullout 1.000 
Sliding 0.800 

Reinforcement layout 

Base grid is Tensar 80RE at 0.000m above datum. Horizontal co, ý emue of ands .,, 100" 

Tensar Number of Starting Vertical Finishing 

geogrid geogrids level spacing (m) level 
above above 

datum (m) daturn (m) 

8ORF 0.600 0.600 1.800 
40RE- 4 2.400 0.600 4.200 

There are a total of 8 layers of Tensar main reinforcement 



I Qnsar International 
Tensar Grid Rknntbrced Soll Applicati()n Su2--Ige, 

pl-chminar". la\oLlls 

Grid coordinates 

I ensar L. e,, el Left Right Length 
ýý-rid I above end 

I 
end 

daturn 
kill) (M) 

SORF OMOO 0.000 4,800 4.800 
80RE 0.600 0.000 4.800 4.800 
SORE 1,200 0.000 4.800 4.800 
sojýE 1.800 0.000 4.800 4.800 
40RF. 2.400 0.000 4.800 4.800 
40RF, 3.000 0,000 4.800 4.800 
40 R-E 600 0.000 4.800 4.800 
40RE 4.200 0.000 4.800 4.800 

oI's 
D 
Kc 

Secondary reinforcement 
There are 8 intermediate grids oftype Tensar SS20 of length IMOU111. Placed 
at 0.300m intervals "herever spacing of main reinforcement exceeds (). 400111 

RESULTS 

External stability 
External stability (using German DIN codes for bearing capacit%) 

Load case :A 
All calculations are for I rn running length of structure -with the width of ihe rei1forceci soil block 

ý 4.800rn at its base. 

Calculation of forces and moments 
The active t1orces on the back ofthe reinforced soil block are calculated by ItCrUM C 
('oulomb Wedge (DIN 4085) check to be: 

Vertical load : O. OkN/M. Horizontal load : 2,2kN/rn. 
These give an overturni ng moment about the centre of the base of'3.6k. \rn/ rn. 
The total weight ofthe reinforced soil wall is 437.8kN. its overturning nioment about Cý - 

the centre of its base is O. OkNrn 

Sliding resistance check 
There is a urid at the base ol"thewall. and therefore sliding on the urid must bc consider,: d. 
this allows for an alpha(slidino) ol'O. 800. The sliding resistance is 96.8kN. T)Iis 

a factor ofsallety against sliding of 43.418; this is and is acceptable. 



-1 ensar International Paae -; 0 1' 8 
Tensar Grid Reinforced Sol] Application Suggest'011 Date I-, Veh I k)gt) FKG -rrial Wall Ref'Crerice J11 99 ()-oý Prefirninan- Geogrid laý outs 

Bearing capacity check 
The resultant acts at an eccentricity ol*0.008m: this lies \\ ithin the middle aild is The bearing capacity coefficients (DIN 40 17) are as follows: 

Nc = 25.80 Nd = 14.72" Nb = 7.29 

xb Is0.986: this gives an ultimate bearing pressure of 874.8k\ /sq. rn. o,. er an ertecti\e I en, -ý III 
ol, 4.1184m. giving an ultimate load of 4184.9kN, With a total %crt Ica II orce , )1*43-7,. SCk N. 
this gives a factor of safety on bearing capacity of 9.560. This is >21.0 and dcck: ptable. 
Load case :B 
All calculations are for Im running length of structure with the %ý idth of the reilil'orcei block 
= 4.800m at its base. 

Calculation of forces and moments 
The active forces on the back ol'thc reinforced soil block are calculated bý ltel-LILI% e 
Coulomb Wedge (DIN 4085) check to be: 

Vertical load : O. OkN/m. Horizontal load : 2.2kNim. 
These give an overturning moment about the centre ofthe base of 3). 6k'Nin ni. 
The total welp-hL ot'Lhe reinforced soil wall is 437.8kN: its overturnina mornent about 
the centre of its base is O. OkNm 

Sliding resistance check 

There is a grid at the base of the wall, and therefore sliding on the grid must be considered-. 
this allows lor, an alpha(sliding) of 0.800. The sliding resistance is 96.8kN. This ulýes 
a factor of safety against sliding of 4-33.418; this is >2.0 and is acceptable. 

Bearing capacity check 
The resultant acts at an eccentricity of 0.008m; this lies within the middle third and is acccptable. 
The bearing capacity coefficients (DIN 4017) are as follows: 

Nc = 25.80 NN d= 14.72 Nb = 7.29 

xb Is 0.986, this gives an ultimate bearing pressure of 874.8kN/sq. m. Over an ellective Jength 

of4.784m, giving an ultimate load of 4184.9kN. With a total vertical force ot'437.8kN. 
this gives a factor of safety on bearing capacity of 9.560. This is >2.0 and acceptable. 



Tensar International PULC 6 ot'S 
Tensar Grid Reinforced Soil Application Suggestion Date I-' Feb 
EKG Trial Wall Reference 

-IP 99 046d 
Preliminary Geogrid layouts 

Grid spacing check 

Tensar I-eve] Spacing Rupture C heck PoSt C011SLI-LICLiOn strain 
j; eogrld above I Design i Desi-n ?= I aver I 

A%eraac Strain I -a\ cl- datum I strength I load 0 K? based on 
TL) Tj T, \k cf due 

check 
(m) (m) (kN/m) (kN/m) (1)0) 

80RE 0.000 0.300 28.519 15.276 OK 0.000 0.000 K 
80RE 0.600 0.600 28.519 26.106 0K 0.359 (). I; L) K 
80RE 1.200 0.600 28.519 21.671 0K 0.5 68 0.3 15 OK 
80RE 1.800 0.600 28.519 17.243 OK 0.561 0.440 OK 
40RE- 2.400 0.600 17.037 12.823 OK 0.761 Oýý II I OK 
40RE 3.000 0.600 17.037 8.409 OK 0.521 Oýý(), () K 
40RE 3.600 0.600 17.037 3.998 0K 0.254 (), 4 -5 1 OK 
40RF 4.200 0,900 17.037 0.000 OK 0.064 0356 OK 



Tensar Intemational 
Tensar Grid Reinforced Soil Application Suggestion 
LKG Trial Wall 
Preliminary Geogrid layouts 

Wedge check 
ýVedges with highestTreq 

Front: 

x 
(711) (m 

Back: 

x 
(M) 

0.000 0.000 3.8 52 
1 0.000 0.480 ý 3.467 

0.000 0.960 3.082 
0.000 1.440 2.697 
0.000 1.920 2.311 
0.000 2.400 1.926 
0.000 2.880 1.541 
0.000 -3). 3) 60 1.156 

i 0.000 3.840 0.770 

Pa2c 7 of'S 
Date 12 Feb lg, ), ) 
Rcl'crence p 99, 

(M) 

OK 

worst (kNm) (kN, m) not? 

4.800 38.75 10" ITO 
4.800 

-3 
8.7 5 80 150 0K 

4.800 3 8.7 5 59 125 () K 
4.800 338.7 5 42 97 0K 
4.800 38.75 28 68 0K 
4.800 3 8.7 5 16 68 0K 
4.800 38.75 7 51 OK 
4.800 38.75 1 34 OK 
4.800 38.75 -2 17 K 

Wedges with highest ratio Ot T, eq/Tavail: 
Note that the critical wedge when considering anchorage may not be the same as the one 
which requires the maximum reinforcement Iorce. 

Front: Back: Treq r,,, il OK or 

w st M) ixvx or (kN/ (kN/ m not? 
(M) mI (M) (m 

0.000 0.000 5.129 4.800 46.90 98 160 OK 
0.000 0.480 4.957 4.800 48.93 74 136 OK 
0.000 0.960 3.644 4.800 43.50 58 121 OK 
0.000 1.440 2.697 4.800 38.75 42 97 OK 
0.000 1.920 2.311 4.800 38.75 28 68 OK 
0.000 2.400 1.926 4.800 38.75 16 68 OK 
0.000 2.880 1.541 4.800 38.75 7 51 OK 
0.000 33.3 60 1.156 4.800 38.75 1 34 0K 
0.000 -3.8 

40 0.770 4.800 38.75 -2 17 OK 
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tI he Nellon (, rioup I imavd 

Client : University of Newcastle Upon Tyne 
Project: EKG Trial Wall 

Preliminary Geogrid layouts 

c'ý 50a, phi'vv -I 
Objective: 
Parametric study with assumed design parameters 

Design prepared by : The Nellon Group Limited 
Date: 1-2 Feb 1999 Reference -- Jil, 9911046d Page 
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Tensar Grid Reinforced Soil Application Suggestion 
Client: University of Newcastle Upon Tyne 

Project: 

EKG Trial Wall 
Preliminary Geogrid layouts 
c' -- 0. phl'c% ý 15de, -, 

Objective: 
Parametric stud,, wlth assumed design parameters 

Calculations in accordance %\ ith: 
I'Ic-back Wcdý-, c MCLhod and Fensar International Guldeline..,, 

C31cUlalik)rls Carried out using W'inwall Version 6,14 
Details ofthe theor,, used in this program are a% ailable on request frorn: 
Yensar International Limited. Nev, Wellington Street. Blackburn. LX BB-' -411J. 4-- 
Telephone 01254 262431; Fax: 012,54 696687; E-mai I desi,, n: 't-i,. tensar. COAIk-- 

Tlils document contains an Application Suggestion which has been prepared bý Tcnsar Imernition, il. 
on a confidential basis. to enable the application of Tensar geogrids to be cý alUýUed. TIIC z\f)[111cition 
Suggestion is merely illustrative and is not a detailed design. 

This Application Suggestion is specific to the unique characten sties ot the Tensar L! eo2rlds \\ lilch m-e 
rel'erenced vvithin the calculations. 

Copyright in this Application Suggestion belongs to The Netlon GroLip LimiLed. It nia\ not he 
4: 2 - 

reproduced in whole or in part without the prior written permission ot Tensar International. It imist 
not be disclosed other than for the purpose of evaluating its commercial application I'Or the use ot 
Tensar geogrids. 

This Application Suggestion does not form the whole or any part of a contract. Its sullabflii. ý 601' Mlý 
project is the sole responsibilit'v of the user and its professional advisors. The \etlon 6roup 1-imacd 

is not responsible for an\ application of the Application Suggestion other than in conjunction \ý all the 
sale of Tensar. 

Netion and Tensar are the registered trademarks of The Netlon Group Limited in the U. K. and in olher countrie's 

Q The Netlon Group Limited. 



Tensar International of's Tensar Grid Reinforced Sol] Application Sug-gestion Date 12 Feb 
EKG Trial Wall Rcýercncc 
llrcliminarý, Geogrid layouts 

Input data 
Geometry and facing details 

Wraparound 
Fa6n P- 

4.80 m Reinforced Back-fill II 
Fill 

I 

Daturn 

900 ý-, 900 

4.80m Scale 1: 100 

Soil properties 
Sol] type CT O'CV Unit 

weight 
(kN/M'. ) (degrees) (kN/M3) 

Reinforced fill 0.00 15.00 19.00 
Backfill 0.00 42.50 1.00 

Foundation 10.00 28.00 18.00 

Foundation Soil 



Tensar Intemational 
Tensar 6rid Reinforced Soil Application Suggestion 
EKG Trial Wall 

Pagc 
-) of 8 

Daic I '- Feb 
Reference 

. 11, ý-)q ()4(lb 
Prefinlinarv Geogrid layouts 

Reinforcement data 

Grid PC fd fe fill MIL VS 

type at IOOC 
kN/m kN/rn 

40RF- 2-3.00 1.00 1.0 1.0 o 23.0 
80RE -38.50 1.00 1.0 1.0 3 8.5 0 

Design strength is obtained by dividing Minimum Installed LongTerm Streiiglh (. %IIL IS) hý 
factor of safety= 1.350. 

Coefficients of interaction: 

Pullout 1.000 
SUML) 

1 

0.800 

Reinforcement layout 

Base grid is Tensar 80RE- at 0.000m above datum. Horizontal coverage ot'grids is I 

Tensar Number of Starting Vertical Finishing 

geo,, rid geogrids level spacing (m) level 
above above 

datum (m) datum (m) 

80RE' 3 0.600 0.600 1.800 
40RE 4 2.400 0.600 4.200 

There are a total of 8 layers of Tensar main reinforcement 



I cnsar International Paue -4 ofN Tensar Grid Reirillorced Soil Application Suggestion Date I'Fch 
l-. K(j Trial Wall Referelicc P 91) ý)-(, r- Prehminar% Geound layOULS 

Grid coordinates 

1',: nsar Level 
iho% c 

datum 

Left 
end 

Right Lenuah 

80RF 0.000 0.000 4.800 4.800 
80RE 0.600 0.000 4.800 4.900 
80RE 1.200 0.000 4.800 4.800 
80RE 1.800 0.000 4-800 4.800 
40RF'. 2.400 0.000 4.800 4.800 
40RE 3-000 0.000 4.800 4.800 
40RF 

-33.600 
0.000 4.800 4.800 

401kh 4.200 0.000 4.800 4.800 

Secondarv reinforcement 
There arc 8 intermediate grids ol'type Tensar SS-'O oflenath 1.000ill. placed 
at O. ', 00m Intervals %ý herever spacing of main reinforcement c\cccds 0.400m 

RESULTS 

External stability 
External stability (using German DIN codes for bearing capacity) 

Load case :A 
All calculations are for Im running length of structure With the ,ý idILh ol'the reint , orced , oil block 

= 4.800m at its base. 

Calculation of forces and moments 
The active forces on the back ol'the reinibrced soil block are calculated b-,. itcrall\ c 
Coulomb Wedge (DIN4085) check to be: 

Vertical load : O. OkIN/m. Horizontal load : 2.2kN/m. 
Thesegive an overtuming moment about the centre of the base o(*3.6kNm/m. 
The total weight of the reinforced soil wall is 437.8kN; its overturning moment about 
the centre ofits base is O. OkNrn 

Sliding resistance check 
There is a grid at the base of the wall. and therefore sliding on the grid MUSL bc consdcrcd: 
this allows for an alpha(sliding) of 0.800. The sliding resistance is 93. SkN. This gl%cs 

a I'actor of safety against sliding of 42.073; this is >2.0 and is acceptable. 



Tensar International Paae of 8 
Tensar Grid Reinforced Soil Application Suggestion Date 1' Feb 1999 EKG Trial Wall Reference JP,, 99, (), 46b 
Preliminary Geogrid layouts 

Bearing capacity check 
The resultant acts at an eccentricity of 0.008m, this lies within the middle third and is acceptable, The bearing capacity coefficients (DIN 4017) are as follows: 

Nc = 25.80 Nd =": 14.72 Nb = 7.29 

xb is 0.986; this gives an ultimate bearing pressure of 874.8kN/sq. m. over an ettectvýe Icngth 
of 4.784m, giving an ultimate load of 4184.9k-N. With a total vertical force of -437.8k-, N. 
this gives a factor of safety on bearing capacity of 9.560. This is >22.0 and acceptabIc. 
Load case :B 
All calculations are for Im running length of structure with the width of the reinforced soil block 
= 4.800m at its base. 

Calculation of forces and moments 
The active forces on the back of the reinforced soil block are calculated by iterative 
Coulomb Wedge (DIN 4085) check to be: 

Vertical load : O. OkN1m. Horizontal load: 2.2kN/m. 
These give an overturning moment about the centre of the base of '). 6kNm/m. 
The total weight of the reinforced soil wall is 437.8kN; its overturning moment about 
the centre of its base is O. OkNm 

Sliding resistance check 
There is a grid at the base of the wall, and therefore sliding on the grid must be considered: 
this allows for an alpha(sliding) of 0.800. The sliding resistance is 93.8kN. This gives 
a factor of safety against sliding of 42.073; this is >2.0 and is acceptable. 

Bearing capacity check 
The resultant acts at an eccentricity of 0.008m; this lies within the middle third and is acceptable. 
The bearing capacity coefficients (DIN 4017) are as follows: 

Nc = 25.80 Nd = 14.72 Nb: = 7.29 

xb is 0.986; this gives an ultimate bearing pressure ot 874.8kN/sq. m. over an eftective length 

of 4.784m, giving an ultimate load of 4184.9kN. With a total vertical force of 437.8kN, 

this gives a factor of safety on bearing capacity of 9.560. This is >2.0-and acceptable. 



Tensar Intemational 
Fensar Grid Reint'Orced Soil Application Suggestion 
ý. KG Trial Wall 

Page 6 ol'S 4-- 

Date 1 
-, 

F- C") 1999 
Reference J 1) 99 () -4) b 

Prefir-ninar, ' Geop-rid layouts 

Grid spacing check 

I-ensar Level ISpacing Rupture C heck Post construcuon SMIM 
d above Design Design Laver A\ eraLc strain 1,, I\ cr datum 

strength load OK? bas-ed on K 
TD 

check 

II (M) (M) (kNim) (kN, 'ni) (0.. ) 

8ORF 0.000 0300 3 28.519 16.164 OK 0.000 OK 
80RE 0.600 0,600 28.519 28.205 0K 0.33.3,3 297 K (). I 
90RE 1.200 0.600 2&519 24.210 OK 0.550 0.579 OK 
8ORF 1.800 0.600 28.519 20.163) OK 0.617 0.691 K 

ý 40RF 2.400 0.600 17.037 16.123 OK 0.9 26 0.74" 1 () K 
40RE 1.000 I 0.600 17.037 12.088 OK 0.735 0.7 1 ()K 
40RE 3.600 0.600 17.037 8.056 OK Oý506 K 
40RE 4.200 0.900 17.03 )7 6.041 1 OK 0.387 0.3 22 OK- 



Tensar International 
Tensar Grid Reiril'orced Soil Application Suggestion 
FKG Trial Wall 
Prefirninar, v Geogrid layouts 

"'edge check 
ýVedpaes with highest T,, q: 

p 
Date 12 ýcb 1999 
Reference JP 99 016h 

Front: 

y 

Back: 

x V worst 

Treq 

(k N, m) 

1 I-a,, -. iil I 
m) 

OK Or 
110C. ' 

0.000 0.000 3.683 4.800 3) 7.5 0 129 16 5 OK 
0.000 0.480 3.3 15 4.800 37.50 104 140 K 
0.000 0.960 2.947 4.800 

. 37.50 8- 115 K 
0.000 1.440 2.578 4.800 33 7.5 0 63 88 
0.000 1.920 2.210 4.800 37.50 46 60 K 
0.000 2.400 1.842 4.800 3) 7.5 0 33 2 6 K 
0.000 2.880 1 .47 -3) 4.800 37.50 21 46 OK 
0.000 3.360 1.105 4.800 33 7.5 0 1 -) 30 OK I 
0.000 33.840 0.737 4MO 33 7.5- 0 5 14 () K 

Wedges with highest ratio of Treq/Tavail: 

Note that the critical wedge when considering anchorage may not be the sarne as the orte 
which requires the maximum reinforcement force. 

Front: 
xv 

(M) (m) 

Back: 
x y 

(m) (M) 

p 

worst 

Treq 

(kN/m) 

Tavail 

(kN/m 

OK or 

not? 

0.000 0.000 5.485 4.800 48.81 121 148 OK 

0.000 0.480 5.496 4.800 51.83 95 122 OK 
0.000 0.960 4 . 702 4.800 50.76 77 101) OK 
0.000 1.440 4.321 4.800 52.13 59 79 OK 
0.000 1.920 2.684 4.800 42.98 46 59 OK 
0.000 2.400 2.13) 0 4.800 41.59 32 61 OK 
0.000 2.880 1.700 4.800 41.53 21 45 OK 

3 0.000 3.360 1.271 4.800 41.43 12 29 OK 
0.000 3.840 0.837 4.800 41.10 5 14 OK 
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Tensar Reinforced Soil 
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Tensar International 
New Wellington Street 
Blackburn 
BB2 4PJ United Kingdom 

Tel 0 12 ý, -I (, 1.4 ,1 
Fax 0 1254 696687 
Email : des ign'iý tensavo). uk 

Soil Type ýCvl Y Key / Material quantities 
(kN/m') (deg) (kN/m) Grid Type Qu: in(i(%/m run 

Reinforced fill 0 15 19 4 No. Tensar 80RE 11 . .3 m- 
Backfill 0 43 1 ---------- 8 No. Tensar SS20 Sill' 

Foundation 10 28 18 4 No. Tensar 40RE 24 m-' 

Wraparound 

--N-- 
Facing 

4.80 m --Reinforced 
-Till 

Backfill 

-), Foundation Soil 
4 ROm 

Calculations in accordance with: Tic-back Wedge Method and'l'ensar International Guidelines 
Scale 1: 100 

Adequate consideration should be given by the designer to the provision of drainage in the above structure. 
For further details regarding this design please contact Tensar International 

Tins document is an application suggestion which has been prepared by Tcnsar International on a confi&ntial basis to enable the application of 
Tensar gcognds to be evaluated. This Application Suggestion is merely illustrative and is not a detailed design. This Application Suggestion is 
specific to the unique characteristics of the Tensar geogrids described within the full calculations referenced below. Copyright in this Application 
Suggestion belongs to The Nedon Group Limited. It may not be reproduced in whole or in part without the prior written permission of Tensar 
International. It must not be disclosed other than for the purpose of evaluating its commercial application for the use of TenS2r geogrids This 
Application Suggestion does not form the whole or part of any contract. Its suitability for any project is the sole responsibihty of the user and its 

professional advisors- The Netion Group Limited is not responsible for any application of the Application Suggestion other than in conjunction "ith 
the sale of Tensar. 
N'ttion and Tcrisar are the registered trademarks of The Netlon Group Limited in the U. K. and other countries. 

Client : University of Newcastle Upon Tyne 
Project: EKG Trial Wall 

Preliminary Geogrid layouts 
; '= 0, phi'cv = 15deg 

Dbjective: 
Parametric study with assumed design parameters 

Netion Croun Limi 

Design prepared by : The Netlon Group Limited 
Date : 12 Feb 1999 Referpnee - JP/99/046b Page 8 of 8 
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BB_- -4PJ I nited Kingdom . 11, 

I'cl: 01254 26-2-43 1 Fax: 01254 696687: E-mail: desiL), nutcnsLu-.,:,, _uk 

Tensar Grid Reinforced Soil Application Suggestion 
Client: University of Newcastle Upon Tyne 

Project: 

EKG Trial Wall 
Preliminary Geogrid layouts 
C, = 0. phl'C", = 10(jea 

Objective: 
Parametric studv %% ith assumed design parameters 

Calculations in accordancc with: 
Tic-back %Vc&c'IvIcthod and Tensar Intemational Guidelines 

Calculations caITICd out using Winwall Version 6.14 
Details of the Theory used in this program are available on request fi-oin. 
Tensar International Limited, New Wellington Street. Blackburn. (I'K BB-2 4P-1. 
TelephoiIc 0 1254 26243 1: Fax: 01254 696687, E-rnail c1csis2ri'a tcnsai-. co. uk. 

This document contains an Application Suggestion which has been prepared h\ Tmar 1111crmitiolial. 
on a confidential basis. to enable the application ot Tensar aeo, -, nd,, to be e\ aluated. The Appi callon 
SLU11-'estion is merely IJIUSLratiN e and is not a detailed design. 

'SLiCS 01 the Tensar geogrids ýý II, cII are This Application Suggestion is specific to the unique characten 
ret'erenced within tile calculations. 

Copyright in this Application Suggestion belongs to The Netion Group Limited. It n1a\ no[ he 

reproduced in v., hole or in part without the prior written permission ot Tensar InternaLional. It must 
not be disclosed other than for the purpose of evaluating its commercial application lot- the use ol 
Tensar geogrids. 

This Application Suggestion does not form the whole or any part ot a contract. Its SUitahilitv for am 
project is the sole responsibility of the user and its professional advisors. '111C NCtIO11 OrOLIP 1.11111ted 
is not responsible lbr any application of the Application SuggeSGOII other than 'in conjunction ýý iLh the 

sale of Tensar. 

Netlon and Tensar are the reuistered trademarks of'ne Neflon Group Limited in the UX. and in other counirl;: 1, 

iý The Netion Group Llmitcd. 
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01*8 
121 1 -. ebi9 () k) 
jp 99 ()-, o, 

Input data 
Geometry and facing details 

Wraparound 
Facing Z=ý 

4.80 ni Reinforced Backlill 
Fill 

I 

Datum 

Sail nronerties 

900 ýý go- 

4.80m 

Soil type c cv 
Unit 

weight 
(kN/M2) (degrees) (kN/m') 

Reinf'orced fill 0.00 20.00 19.00 
Backifill ' ' 0.00 42.50 1.00 

o n Foundati 
L 

10.00 28.00 18-00 

Foundation Soil 
Scale 1: 100 



I Tensar International Page 
-3 of 8 

Tensar Grid Reinforced Soil Application Suggestion Date I" Feb 1999 
EKG Trial Wall Reference JP 99,0-46c 
Preliminary Geogrid layouts 

Reinforcement data 

Grid PC fd f, f.. MILTS 

type at 100C 
kN/m kN/m 

40RE 23.00 1.00 1.0 1.0 23-00 
80RE 38.50 1.00 1.0 1.0 38-50 

Design strength is obtained by dividing Minimum Installed Long Term Strength (MILTS) bv overall 
factor of safety = 1,350. 

Coefficients of interaction: 

Pullout 1.000 
Sliding 0.800 

Reinforcement layout 
Base grid is Tensar 80RE at 0.000m above datum. Horizontal coverage of grids is 100%. 

Tensar Number of Starting Vertical Finishing 
geogrid geogrids level spacing (m) level 

above above 
datum (m) datum (m) 

80RE 2 0.600 0.600 1.200 
40RE 5 1.800 0.600 4.200 

There are a total of 8 layers of Tensar main reinforcement 
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Vensar (jrid Reinforced Soil Application Sug-g-estion 
F, KG Frial \-Vall 
Preliminary GeoOrid layouts 

Pa2e 
Date 
Reference 

i -, 
Feb 1991) 

JI) 99 046ý: 

Grid coordinates 

I ensar 11 'evel Left Right Lenoth 
Geourid lý above end end 

i daturn 
in) (m) (m) (11)) 

KORF 0.000 0.000 4.800 4.80() 
80RE 0.600 0.000 4.800 4.800 
80R-L 1.200 0.000 4.800 4.800 
40RE 1.800 0.000 4.800 4.800 
40RE -1.400 0.000 4.800 4.800 
40RE . 3.000 0.000 4.800 4.800 
40RF 600 0.000 4.800 4.800 
40RE 4.21 00 0.000 4.800 4.800 

Secondary reinforcement 
There are 8 intermediate grids of type Tensar SS20 oflength I . 000in. placed 
at 0.300m Intervals wherever spacing of main reinforcement exceeds 0.400m 

RESULTS 

External stability 
External stability (using German DIN codes for bearing capaciLv) 

Load case :A 
All calculations are for Im running length of structure with the width ofthe reinforced soil block 
= 4.800m at its base. 

Calculation of forces and moments 
The active forces on the back of the reinforced soil block are calculated b., - iterati\ e 
Coulomb Wedge (DIN 4085) check to be: 

Vertical load O-OkN/m. Horizontal load : 2.2kN/m. 
These give an overturning moment about the centre of the base of3.6kNnii'ni. 
The total welp-ht of the reinforced soil wall is 437.8kN; its overturnina moment about 
the centre of its base is O. OkNm 

Sliding resistance check 

There is a grid at the base of the wall, and therefore sliding on the grid must be considered: 
this allows for an alpha(sliding) of 0.800. The sliding resistance is 127.5kN. This 21%, cs 

a factor of'safety against sliding of 57.150; this is >2.0 and is acceptable. 
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Bearing capacity check 
The resultant acts at an eccentricity ol'O. 008m; this lies within the middle third and 1ý, accepLabic. 
The bearing capacity coefficients (DIN 4017) are as follows. 

N= -%.; -4.7 -2 
Nb = 7.29 

.C 25.80 Nd =I 

xb is 0.986: this gives an ultimate bearing pressure of 874.8kN, 'sq-rn. over an ettecti\ e length 

0 of 4.784m. giNing an ultimate load ot'4184.9kN. With a total vertical I' rce ol'437.8kN. 
this gives a I'actor ofsallety on bearing capacity of 9.560. This is >2.0 and acccptable. 
Load case :B 

kil calculations are 1`6r Ini runninE length ofstructure \vIth the %,, -Idth ofthe reinforced -, ()d Mock 
4.800m at its base. 

Calculation of forces and moments 
The active forces on the back ofthe rcinforced soil block are calculated by iterall \e 
Coulomb Wedge (DIN 4085) check to be: 

I Vertical load O. OkN/m. Horizontal load : 2.2kN/m. 
These give an overturning moment about the centre of the base of-3,. 6kNn-Iii-n. 
The total "-eight of the reinforced soil wall is 437.8kN., its overturning mornent about 
the centre of its base is O. OkNm. 

Sliding resistance check 
There is a grid at the base of the wall. and therefore sliding on the grid MLISt be considered: 
this allows for an alpha(sliding) of 0.800. The sliding resistance is 127.5kN. This aiý es 
a factor of safety against sliding of 57.150-, this is >2.0 and is acceptable. 

Bearing capacity check 
The resultant acts at an eccentricity of 0.008m, this lies within the middle third and Is acceptable. 
Tile bearing capacity coefficients (DIN 4017) are as follows: 

Nc = 25.80 Nd ý 14.72 Nb = 7.29 

Xb is 0.986; this gives an ultimate bearing pressure ot 874.8kN/sq. m. over an ettcctl,, e length 

of 4.784m, giving an ultimate load of 4184.9kN. With a total vertical force of 437.8kN. 

this gives a factor of safety on bearing capacity of 9.560. This is >2.0 and acceptable. 
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Grid spacing check 

p a, -, c6 ot'8 
Date I-' Feb 1909 
Reference JP 1)9; 046c 

Fmsar Level Spacing Rupture Check, POSt COIISLI'LiCtIon strum 
geourid above 

; ZI - Design I Desi-n 1 Laý cr Avera-C strain ý Liv, er ý datum 
strength load Oý ba,, cd on 

'I'D T We&. 2e - 
cIiec k 

(m) (m) (kN/m) (kN/m) 

80RE 0.000 0.300 28.519 13.460 OK 0.000 0.000 0K 
80RE 0.600 0.600 28.519 23.536 OK 0.217 0.1921 OK 
SORE 1.200 0.600 28.519 20.160 OK 0.3 55 O. "S" OK 
40RE 1.800 0.600 17.037 16.790 OK 0.729 0. ýýq OK 
40 RE ý 2.400 0.600 17.037 1 

. 
3.4 26 OK 0.706 0-6233 K 

40RE i 
3.000 0.600 17.037 10.066 OK 0.581 0.60-1 OK 

1 40RF 3.600 0.600 17.037 6.709 OK 0.408 0.546 OK 
I 4WE 4.200 0.900 17.037 5.03 1 OK 0.3 ) 16 0, 

_3 
5 
-') 

ý OK ! 
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Paize 7 of cS 
Date 12 Feb 1999 
Reference JP -991,046c 

Wedge check t, 
Wedges with hiohest T,,,,: 

I C-- 
Front: Back: 

Xx 
in) (M) (M) (M) 

Worst 

Treq 

(K-N/m) 

OK oi- Tavail 

(k\,, ni) v! not'. ) 

0.000 0.000 3.361 4.800 35.00 107 161 0K 
0.000 0.480 0254.800 35.00 87 134 OK 
0.000 0.960 2.689 4.800 35.00 69 107 OK 

0.000 1.440 2.353 4.800 33 5.00 53 80 OK 
0.000 1.920 2.017 4.800 335.00 

. 
39 64 OK 

0.000 2.400 1.680 4.800 35.00 27 66 OK 

0.000 2.880 1 
. 
344 4.800 35.00 17 50 OK 

0.000 -33.33 60 1.008 4.800 35.00 10 33 4 OK 
0.000 3.8 40 0.672 4.800 35.00 4 17 OK 

Wedges with highest ratio of Treq"Tavail: 
Z7 

Note that the critical wedge when considering anchorage may not be the saine as the one 
\% hich requires the maximum reinforcement force. 

Front: 

xy 
(M) (M) 

Back: 

xy 
(M) (M) 

worst 

Treq 

(kN/m) 

Tavail 

(kN/m) 

OK or 

not'? 

0.000 0.000 4.822 4.800 45.13 102 149 OK 
0.000 0.480 4.455 4.800 45.88 82 125 OK 
0.000 0.960 

. 
3.0 874.800 38.80 68 106 OK 

0.000 1.440 2.762 4.800 39.42 52 79 OK 
0.000 1.920 2.377 4.800 39.5 *3 3 33 8 63) OK 
0.000 2.400 1.902 4.800 38.40 27 65 OK 
0.000 2.880 1.515 4.800 38.27 17 50 OK 
0.000 3.360 1.008 4.800 35.00 10 34 OK 
0.000 3.840 0.672 4.800 35.00 4 17 OK 



ANNEX D 
Water content reduction calculations 



PHASE CALCULATIONS FOR ELECTRO-OSMOTIC TREATMENT 

Initial Parameters for 65% Water content: 

G, = 2.65 (Typical value for an illitic clay) 32 
V= 24m*3m*0.6m = 43.2m , Surface area = 24m*3m=72m 
w=0.65 as placed and w=0.42 required after treatment by electro-osmosis 

Assume soil is placed saturated 

e= wGs = 0.65 * 2.65 = 1.72 

)Obulk ý- 
G, (l+w) 

10, - 
2.65(l +_0.65) 

9 10 = 1606.06kg m 
I+e 1+1.72 

m=m= 1606.06 =: > M= pV = 1606.06 * 43-2 = 69381.8kg 
V 43.2 

n= 
vv e 1.72 

= 0.63 
V 1+e 1+1.72 

v VV 3 Vn0.63 => n => Vv = V,, = 27.35M 
v 43.2 

v 27.35 3 e= '=1.72 => Vs = 15.88m 
VS VS 

ms 
Vs Pw 

= Gs => 2.65 * Vspw = Ms => 2.65 * 15.88 * 1000 = 42070.15kg 

. -. Check: 

W= 
MW 

=> 0.65 
MW 

MS 42070.15 

For w=0.42 as Ms remains constant: 

Mw = 27345.6kg 

0.42 =m, => 0.42 mw 
ms 42070.15 

. -. Reduction in water content: 

mw = 17669.4kg 

27345.6 -17669.4 = 9676.2kg = 9.68m 

Reduction in overall height of the clay is given by volume loss/surface area: 

9.68m' 
= 0.1 3m i. e. a reduction of 2: 1 3cm in the clay height (90% of a sandbag) 72M2 



Initial Parameters for 75% water content: 

G, = 2.65 (Typical value for an illitic clay) 
V= 24m*3m*0.6m = 43.2m 3, Surface area = 24m*3m=72m 2 

w=0.75 as placed and w=0.42 required after treatment by electro-osmosis 

Assume soil is placed saturated 

e= wGs = 0.75 * 2.65 = 1.99 

Pbulk = 
Gý, (1 + w) 

PW - 
2.65(1+ 0.75) 

e 10 = 1552.3kg m 
1+e 1+1.99 

mm 

P=-- - 1552.3 => M= pV = 1552.3 * 43.2 = 67059.4kg 
V 43.2 

n= 
Kv 

=e=1.99 0.67 
V 1+e 1+1.99 

Kv- 
=n=0.67 => 

Vv 
=n => v 43.2 

e=K, = 1.99 28.74 Vs = 14.46m' 
VS VS 

Výpw = Gs 2.65 * Vs pv = Ms => 

. -. Check: 

V, = Vv = 28.74M 

2.65 * 14.46 * 1000 = 38319kg 

W= 
M, 

=> 0'. 75 = 
M' 

=> MW 28739.25kg 
MS 38319 

For w=0.42 as Ms remains constant: 

0.42 = 
M' 

=> 0.42 = 
M' 

=> Mw 16093.98kg 
MS 38319 

. -. Reduction in water content: 

28739.25 -16093.98 = 12645.27 = 12.65M3 

Reduction in overall height of the clay is given by volume loss/surface area: 

12.65M3 
"': 0.1 76m i. e. a reduction of - 17.6cm in the clay height (115 cm = sandbag) 72M2 


