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THESIS SUMMARY 


THE COMPOSITION AND STATE OF GOLD TAILINGS 

N.J. VERMEULEN 

Supervisor: Professor E. Rust (University of Pretoria) 

Co-Supervisor: Professor C.R.I. Clayton (University of Southampton, UK) 

Department: Civil Engineering 

University: University of Pretoria 

Degree: Philosophiae Doctor (Engineering) 

Tailings dams are generally not designed with the same conservatism as conventional water-retention 

dams for economical reasons. The safe design, construction, operation and reclamation of these 

structures require an understanding of the nature and behaviour of tailings as a construction material. 

The composition of this man-made material and its influence on the in-situ state of tailings is of 

particular importance. A research program was therefore initiated at the University of Pretoria, to 

investigate the composition and state of South African gold tailings on the far West Rand gold reefs. 

Samples for this project were collected from the pond areas of two impoundments, and from the 

tailings delivery slurry. 

Individual layers in a tailings deposit, whether fine or coarse, are made up of mixtures of tailings 

sands (particles larger than 63 11m) and tailings slimes (particles smaller than 63 11m). Tailings sands 

are shown to be almost pure silica quartz with approximately 10% illite. Tailings slimes, on the other 

hand, contain considerable amounts of clay minerals (20% muscovite, 15% illite and 20% 

pyrophyllite, kaolin and clinochlore) and traces of pyrite and other sulphides in addition to the quartz. 

Tailings, consequently, have a significant amount of clay fines, which can be expected to have a 

major effect on the mechanical behaviour of the material. Tailings sands are highly angular to sub­

rounded, bulky, but flattened particles, whereas the finer slimes are made-up of thin and plate-like 

particles characteristic of clay minerals. Particle surface textures can range from smooth to rough on 

a micro scale. 

The material considered in this study had an abundance of slimes in both fine and coarse samples, 

which controlled its behaviour. Fully dispersed gradings were uniformly distributed in the fine sand 
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Slikdamme word as gevolg van ekonomiese oorwegings, nie ontwerp volgens dieselfde 

konserwatiewe benadering waarmee konvensionele damme ontwerp word nie. Die veilige ontwerp, 

konstruksie, bedryf en herwinning van slikdamme vereis 'n deeglike kennis van die aard en gedrag 

van slik as 'n boumateriaal. Die samestelling van goudslik en die invloed daarvan op die toestand en 

meganiese gedrag van die materiaal is van besondere belang. Ten einde hierdie eienskappe te 

ondersoek is 'n navorsingsprojek gestig by die Universiteit van Pretoria. Vir die doel is slikmateriaal 

gemonster vanaf twee slikdamme in die verre Wesrand. 

Individuele lae in 'n slikdam bestaan uit mengsels van sliksande (greine groter as 63 J.1m) en slikslym 

(greine kleiner as 63 J.1m). In hierdie studie word getoon dat die sliksand hoofsaaklik bestaan uit 

suiwer silika kwarts met 'n klein persentasie (ongeveer 10%) klei-minerale. In teenstelling daarmee 

bevat slikslym aansienlik meer klei-minerale (ongeveer 45%), sowel as klein hoeveelhede piriet en 

ander sultiede. Dtt is dus duidelik dat goudslik genoeg klei-minerale bevat om die meganiese gedrag 

daarvan te be"lnvloed. Sliksande het In hoekige vorm, alhoewel die korrels meer plat as kubies of rond 

is. In teenstellings hiermee bestaan slikslym uit dun plaatjies soos tipiese klei-minerale. Die oppervlak 

van individuele greine wissel van glad tot grot op 'n mikroskaal. 

Die materiaal wat bestudeer is het 'n oormaat fyn materiaal gehad in beide die fyn en growwe 

slikmonsters. Die gedrag van hierdie slikke word dus beheer deur die fyn materiaal. In 'n 

gedispergeerde toestand, Ie die graderings univorm verprei in die slik- en fynsand-areas met min 

greine kleiner as 2 J.1m of groter as 200 J.1m. Die verskil tussen fyn en growwe graderings is 

hoofsaaklik gelee in die medium greingrootte wat wissel tussen 6 en 60 J.1m. Wanneer monsters nie 

III 

 
 
 



ACKNOWLEDGEMENTS 


I wish to express my appreciation to the following organisations and persons who made this thesis 

possible: 

• 	 Professors Eben Rust and Chris Clayton for their professional and personal guidance and 

motivation throughout the duration of this project. 

• 	 Professors A. W. Rohde and E. Horak for allowing me the time and resources to complete this work 

within a reasonable timeframe. 

• 	 Vaal River Operations (Anglo Gold): Chris Robertse, and his staff for their on-site assistance. 

• 	 University of Pretoria Electron Microscopy Laboratory: Andre Botha for teaching me how to fish 

with a scanning electron microscope. 

• 	 University of Pretoria X-ray Diffraction Services: Sabina Verryn. 

• 	 University of Pretoria Civil Engineering Laboratory: Jaap Peens and his team for their assistance 

with the piezocone fieldwork. 

• 	 My wife Kona for her support and encouragement throughout the project and for editing the final 

manuscript. 

• 	 My parents for instilling in me a desire for knowledge and an appreciation for quality. 

• 	 Funding for this project was provided by: SRK Tailings (Adriaan Meintjes), Jones and Wagener (Dr. 

Fritz Wagener) and the University of Pretoria Research Development Programme. The work was 

also partially supported by a grant from the Technology and Human Resources for Industry 

Programme (THRIP): a partnership programme funded by the Department of Trade and Industry 

(DTI) and managed by the National Research Foundation (NRF) of South Africa. 

v 


 
 
 



TABLE OF CONTENTS 

SUMMARY 

ACKNOWLEDGEMENTS v 


TABLE OF CONTENTS VI 


1. INTRODUCTION 1-1 


1.1 Background 1-1 


1.2 Objective 1-1 


1.3 Scope 1-3 


1.4 Methodology 1-3 


1.5 Organisation of the thesis 1-4 


2. LITERATURE REVIEW 2-1 


2.1 Introduction 2-1 


2.2 A brief history of the gold mining industry in S.A. 2-1 


2.2.1 Introduction 2-1 


2.2.2 Terms and definitions 2-3 


2.2.3 Geology and mineralogy of the Witwatersrand gold fields 2-4 


2.2.4 The Barberton gold fields 2-6 


2.3 The gold extraction process 2-6 


2.3.1 Winning mineral ores 2-6 


2.3.2 Ore-dressing 2-6 


2.3.3 Metallurgical extraction 2-10 


2.3.4 Refining 2-12 


2.4 Tailings impoundments 2-13 


2.4.1 Introduction 2-13 


2.4.2 Siting and layout 2-15 


2.4.3 Statutory requirements in South Africa 2-18 


2.4.4 Embanl<ment layouts 2-19 


2.4.5 Transportation and discharge 2-20 


2.4.6 Methods of construction 2-22 


2.4.7 Water control in and around surface impoundments 2-30 


2.4.8 Design considerations and stability analyses 2-33 


2.4.9 Seepage and contaminant transport analyses 2-37 


VI 

 
 
 



2.4.10 Tailings dam disasters 

2.5 Tailings as an engineering material 

2.5.1 The nature of gold tailings slurries 

2.5.2 Deposition and sedimentation of tailings 

2.5.3 Sampling and testing 

2.5.4 Basic engineering properties of tailings deposits 

2.5.5 Compressibility and strength of tailings 

2.5.6 Liquefaction potential of tailings deposits 

2.6 Conclusions from the literature 

2.6.1 Summary of conclusions from the literature 

2.6.2 Specific issues addressed in this thesis 

3. EXPERIMENTAL PROGRAM 

3.1 Introduction 

3.2 Site 

3.2.1 Mizpah 

3.2.2 Pay Dam 

3.3 In-situ profiles and sampling 

3.3.1 Introduction 

3.3.2 In-situ profiles at Pay Dam 

3.3.3 Sampler design 

3.3.4 Disturbed samples 

3.3.5 Undisturbed samples 

3.3.6 Summary of samples recovered at Vaal River Operations. 

3.4 Laboratory tests 

3.4.1 Introduction 

3.4.2 BasiC indicator tests 

3.4.3 Microscope and x-ray analyses 

3.4.4 Densities 

3.4.5 Compression and consolidation 

3.4.6 Shear strength 

3.5 In-situ tests 

3.5.1 Piezocone 

4. DISCUSSION 

4.1 Introduction 

4.2 Composition 

4.2.1 Mineralogy 

4.2.2 Specific Gravity 

2-39 

2-41 

2-41 

2-45 

2-55 

2-64 

2-70 

2-75 

2-80 

2-80 

2-84 

3-1 

3-1 

3-2 

3-2 

3-3 

3-4 

3-4 

3-4 

3-4 

3-6 

3-7 

3-7 

3-7 

3-7 

3-8 

3-12 

3-16 

3-18 

3-22 

3-23 

3-23 

4-1 

4-1 

4-1 

4-2 

4-11 

VII 

I! j j I I I I 

 
 
 



4.2.3 Grading 

4.2.4 Particle shape 

4.2.5 Surface texture 

4.2.6 Summary of composition 

4.3 State 

4.3.1 Normalised compression behaviour 

4.3.2 Properties of gold tailings as a function of the density state 

4.3.3 Shear strength of gold tailings 

4.3.4 Structure 

4.4 Characterisation by piezocone 

4.4.1 Soils identification 

4.4.2 Pore pressure dissipation 

4.4.3 Shear strength and stiffness 

5. CONCLUSIONS 

5.1 Tailings disposal in South Africa 

5.1.1 Impoundment design, construction and operation 

5.2 Composition of gold tailings 

5.2.1 Delivery slurry 

5.2.2 In-situ composition 

5.3 State of gold tailings 

5.4 Use of the piezocone in tailings 

6. REFERENCES 

4-12 

4-16 

4-17 

4-17 

4-17 

4-17 

4-27 

4-34 

4-38 

4·41 

4-41 

4-43 

4-44 

5-1 

5-2 

5-2 

5-3 

5-3 

5-3 

5-5 

5-8 

6-1 

VIII 


 
 
 



Table 2-1: 

Table 2-2: 

Table 2-3: 

Table 2-4: 

Table 2-5: 

Table 2-6: 

Table 2-7: 

Table 2-8: 

Table 2-9: 

Table 2-10: 

Table 3-1: 

Table 3-2: 

Table 3-3: 

Table 3-4: 

Table 3-5: 

Table 3-6: 

Table 3-7: 

Table 3-8: 

Table 3-9: 

Table 3-10: 

Table 3-11: 

Table 3-12: 

Table 3-13: 

Table 3-14: 

Table 3-15: 

Table 3-16: 

Table 3-17: 

Table 3-18: 

Table 3-19: 

Table 3-20: 

Table 4-1: 

Table 4-2: 

Table 4-3: 

LIST OF TABLES 

Mineral composition of a typical Witwatersrand gold reef (Stanley, 1987). 2-5 


Major types of gold occurrences in the Witwatersrand reefs. 2-5 


Ratings of crushing plant used commonly in the gold industry. 2-9 


Summary of some significant tailings dam incidents since 1917. 2-42 


Specific gravity of gold tailings. 2-65 


In-situ densities and void ratios for gold tailings. 2-67 


Permeability values for gold tailings. 2-69 


Coefficient of Compressibility, Ce , of gold tailings. 2-71 


Coefficients of consolidation, cv, for gold tailings. 2-72 


Static shear strength parameters for gold tailings. 2-74 


Mine Metallurgical Report for Mizpah Whole Tailings (March 1997) 3-3 


Details of the in-situ profiles on Pay Dam - May 1999. 3-4 


Good quality sampling practice after Clayton et al. (1995). 3-5 


Summary of sample descriptions and codes. 3-8 


Values of Specific Gravity for the tailings tested. 3-9 


Grading curves. 3-11 


Summary of the grading properties of dispersed gold tailings from Vaal River 


Operations. 3-11 


Atterberg Limits. 3-12 


Scanning Electron Micrographs. 3-14 


Elemental composition of tailings particles by EDS. 3-15 


XRD results on Mizpah whole tailings. 3-16 


In-situ densities at Pay Dam penstock from undisturbed tube samples. 3-16 


In-situ stresses and densities at Pay Dam penstock from triaxial specimens. 3-17 


Compaction energies applied to Mizpah whole tailings. 3-17 


Density tests on Mizpah whole tailings. 3-18 


Moisture content and void ratio after sedimentation. 3-19 


Moisture content and void ratio before testing. 3-20 


Results of isotropic compression tests. 3-21 


Results of undrained triaxial compressive shear on the tailings material. 3-23 


Summary of piezocone test results. 3-24 


Elemental compOSition of Mizpah whole tailings particles by EDS. 4-3 


Properties of the principal minerals that are present in tailings. 4-5 


Approximate mineral percentages from XRD results. 4-8 


IX 


I '~ ;! 

 
 
 



Table 4-4: 

Table 4-5: 

Table 4-6: 

Table 4-7: 

Table 4-8: 

Table 4-9: 

Table 4-10: 

Table 4-11: 

Table 4-12: 

Table 4-13: 

Table 4-14: 

Table 4-15: 

Table 4-16: 

Table 4-17: 

Mizpah Whole tailings: XRD mineral identification and breakdown of 

characteristic elements. 4-9 


Comparison of XRD and EDS mineral composition of Mizpah whole tailings. 4-10 


Mineral composition of a typical Witwatersrand gold reef. 4-11 


Specific gravity of the tailings samples. 4-11 


Effects of organic treatment on fresh and older tailings specimens. 4-13 


Summary of dispersed grading properties of gold tailings. 4-14 


Summary of fundamental particle properties of gold tailings. 4-18 


Atterberg limits and critical state compression parameters for Mizpah and Pay 


Dam tailings. 4-23 


l\Jormalisation of compression data. 4-23 


In-situ void ratios at Pay Dam penstock from undisturbed samples. 4-26 


Results of isotropic compression tests (stress levels: 5 - 500 kPa). 4-27 


Stress paths and properties derived from undrained triaxial shear. 4-35 


Tentative values of the angle of plastification in various soil types after Sandven 


et al. (1988). 4-50 


Normalised state parameters for Mizpah and Pay Dam tailings. 4-50 


x 


 
 
 



LIST OF FIGURES 

Figure 2-1 : Jaw breakers (Wills, 1992; Gilchrist, 1989). 2-86 

Figure 2-2: Gyratory cone breakers (Wills, 1992; Gilchrist, 1989). 2-87 

Figure 2-3: Ball Mills and Tube Mills (Wills, 1992; Gilchrist, 1989). 2-88 

Figure 2-4: Main components of the tailings disposal system (McPhail & Wagner, 1989). 2-89 

Figure 2-5: Basic impoundment layout designs: (a) ring dyke, (b) cross valley, (c) side-hill 

and (d) valley bottom or incised (Vick, 1983). 2-90 

Figure 2-6: Embankments construction methods: (a) Upstream raised embankments, (b) 

Downstream raised embankments and (c) centreline raised embankments (Mittal 

&Morgenstern, 1977). 2-91 

Figure 2-7: Semi-dry paddock embankments (McPhail & Wagner, 1989). 2-92 

Figure 2-8: Cyclone constructed embankments (McPhail &Wagner, 1989). 2-93 

Figure 2-9: Particle size sorting observed on the beach of a diamond tailings dam (Blight & 

Bentel, 1983). 2-94 

Figure 2-10: (a) Schematic of phreatiC surface control in a typical tailings impoundment, (b) 

Influence of underwall drains on the position of the phreatic surface (McPhail & 

Wagner, 1989). 2-95 

Figure 2-11 : Schematic of the Melent'ev or Master Profile of tailings beaches for (a) sub-aerial 

deposition and (b) sub-aqueous deposition .. 2-96 

Figure 2-12: The Jones and Rust soil classification chart (Jones et aI., 1981), modified by the 

author to emphasise the classification of soft soils. 2-97 

Figure 2-13: Grading curves for gold tailings. 2-98 

Figure 2-14: Casagrande classification of gold tailings after Wagener et al. (1998). 2-99 

Figure 3-1: (a) Aerial photograph of Mizpah, (b) Diagram of In-situ test and sampling 

locations. 3-26 

Figure 3-2: Transportation of equipment on the dried out beach of Mizpah. 3-27 

Figure 3-3: (a) Aerial photograph of Pay Dam, (b) Diagram of In-situ test and sampling 

locations. 3-28 

Figure 3-4: Hydro-cannon or monitors used on Pay Dam. 3-29 

Figure 3-5: Site of the upper beach exposed by reclamation on Pay Dam. 3-30 

Figure 3-6: Exposed northern penstock at Pay Dam showing a 5 m profile of the material 

depOSited in the pond and sampling pits. 3-31 

Figure 3-7: Pay Dam - Penstock: Photos of the profile from 0 to 1 m in depth. 3-33 

Figure 3-8: Pay Dam - Penstock: Photos of the profile from 1 to 2 m in depth. 3-34 

Figure 3-9: Pay Dam - Penstock: Photos of the profile from 2 to 3 m in depth. 3-35 

Figure 3-10: Pay Dam - Penstock: Photos of the profile from 3 to 4 m in depth. 3-36 

XI 

I I "I II' I '\' L 

 
 
 



Figure 3-11 : Pay Dam - Penstock: Photos of the profile from 4 to 5 m in depth. 3-37 


Figure 3-12: Pay Dam - Penstock: Full profile from 0 to 5 m in depth. 3-38 


Figure 3-13: Pay Dam - Penstock: Profile from 0 to 1 m in depth. 3-39 


Figure 3-14: Pay Dam - Penstock: Profile from 1 to 2 m in depth. 3-40 


Figure 3-15: Pay Dam - Penstock: Profile from 2 to 3 m in depth. 3-41 


Figure 3-16: Pay Dam - Penstock: Profile from 3 to 4 m in depth. 3-42 


Figure 3-17: Pay Dam - Penstock: Profile from 4 to 5 m in depth. 3-43 


Figure 3-18: Pay Dam - Upper Beach: Photos of the full profile from 0 to 5.5 m in depth. 3-44 


Figure 3-19: Pay Dam - Upper Beach: Photos of the profile from 0 to 1.3 m in depth. 3-45 


Figure 3-20: Pay Dam - Upper Beach: Photos of the profile from 1.3 to 2.6 m in depth. 3-46 


Figure 3-21: Pay Dam - Upper Beach: Photos of the profile from 2.6 to 3.6 m in depth. 3-47 


Figure 3-22: Pay Dam - Upper Beach: Photos of the profile from 3.6 to 4.8 m in depth. 3-48 


Figure 3-23: Pay Dam - Upper Beach: Photos of the profile from 4.8 to 5.5 m in depth. 3-49 


Figure 3-24: Pay Dam - Upper Beach: Full profile from 0 to 5.5 m in depth. 3-50 


Figure 3-25: Pay Dam - Upper Beach: Profile from 0 to 1 m in depth. 3-51 


Figure 3-26: Pay Dam - Upper Beach: Profile from 1 to 2 m in depth. 3-52 


Figure 3-27: Pay Dam - Upper Beach: Profile from 2 to 3 m in depth. 3-53 


Figure 3-28: Pay Dam Upper Beach: Profile from 3 to 4 m in depth. 3-54 


Figure 3-29: Pay Dam - Upper Beach: Profile from 4 to 5 m in depth. 3-55 


Figure 3-30: Pay Dam Upper Beach: Profile from 5 to 6 m in depth. 3-56 


Figure 3-31: Stainless steel 75 mm diameter tube sampler. 3-57 


Figure 3-32: Sampling of Block Sample No. PPNBF at a depth of 4.3 m at the Pay Dam 


penstock. 3-58 


Figure 3-33: Sampling of Tube Sample No. PPNTF1 at a depth of 4.3 m at the Pay Dam 


penstock. 3-59 


Figure 3-34: Grading curves for Mizpah Whole Tailings. 3-60 


Figure 3-35: Grading curves for Mizpah Pond Fine Tailings. 3-61 


Figure 3-36: Grading curves for Mizpah Pond Coarse Tailings. 3-62 


Figure 3-37: Grading curves for Pay Dam Penstock Fine Tailings. 3-63 


Figure 3-38: Grading curves for Pay Dam Penstock Coarse Tailings. 3-64 


Figure 3-39: Grading curves of dispersed tailings combined. 3-65 


Figure 3-40: Liquid Limit by fall cone test: Mizpah Whole Tailings. 3-66 


Figure 3-41: Liquid Limit by fall cone test: Mizpah Pond Fine Tailings. 3-67 


Figure 3-42: Liquid Limit by fall cone test: Mizpah Pond Coarse Tailings. 3-68 


Figure 3-43: Liquid Limit by fall cone test: Pay Dam Penstock Fine Tailings. 3-69 


Figure 3-44: Liquid Limit by fall cone test: Pay Dam Penstock Coarse Tailings. 3-70 


Figure 3-45: Plasticity chart classification of Mizpah and Pay Dam tailings. 3-71 


Figure 3-46: Mizpah Whole Tailings, dispersed and retained on the 425 11m sieve. 3-72 


Figure 3-47: Mizpah Whole Tailings, dispersed and retained on the 300 Ilm sieve. 3-73 


XII 

 
 
 



3-74 Figure 3-48: Mizpah Whole Tailings, dispersed and retained on the 212 Ilm sieve. 

Figure 3-49: Mizpah Whole Tailings, dispersed and retained on the 150 Ilm sieve. 3-75 


Figure 3-50: Mizpah Whole Tailings, dispersed and retained on the 1251lm sieve. 3-76 


Figure 3-51: Mizpah Whole Tailings, dispersed and retained on the 75 Ilm sieve. 3-77 


Figure 3-52: Mizpah Whole Tailings, dispersed and retained on the 63 Ilm sieve. 3-78 


Figure 3-53: Mizpah Whole Tailings, dispersed and settled after 4 minutes or >20 Ilm. 3-79 


Figure 3-54: Mizpah Whole Tailings, dispersed and settled after 15 minutes or >10 Ilm. 3-80 


Figure 3-55: Mizpah Whole Tailings, dispersed and settled after 30 minutes or >8 Ilm. 3-81 


Figure 3-56: Mizpah Whole Tailings, dispersed and settled after 1 hour or >6 Ilm. 3-82 


Figure 3-57: Mizpah Whole Tailings, dispersed and settled after 4 hour or >3 Ilm. 3-83 


Figure 3-58: Mizpah Whole Tailings, dispersed and settled after 8 hours or >2 Ilm. 3-84 


Figure 3-59: Mizpah Whole Tailings, dispersed and settled after 16 hours or > 1.5 Ilm. 3-85 


Figure 3-60: Mizpah Whole Tailings, dispersed and settled after 24 hours or >1.25 Ilm. 3-86 


Figure 3-61 : Mizpah Whole Tailings, dispersed effluent in sedimentation cylinder. 3-87 


Figure 3-62: Mizpah Pond Fine Tailings, undispersed bulk specimen. 3-88 


Figure 3-63: Mizpah Pond Coarse Tailings, undispersed bulk specimen. 3-89 


Figure 3-64: Pay Dam Penstock Fine Tailings, undispersed bulk specimen. 3-90 


Figure 3-65: Pay Dam Penstock Coarse Tailings, undispersed bulk specimen. 3-91 


Figure 3-66: Pay Dam Penstock Fine Tailings, undisturbed specimen. 3-92 


Figure 3-67: Pay Dam Penstock Coarse Tailings, undisturbed specimen. 3-93 


Figure 3-68: Summary of energy dispersive x-ray spectrometry on Mizpah whole tailings. 3-94 


Figure 3-69: XRD spectrograph: Mizpah Whole Tailings. 3-95 


Figure 3-70: XRD spectrograph: Mizpah Pond Fine Tailings. 3-96 


Figure 3-71: XRD spectrograph: Mizpah Pond Coarse Tailings. 3-97 


Figure 3-72: XRD spectrograph: Pay Dam Penstock Fine Tailings. 3-98 


Figure 3-73: XRD spectrograph: Pay Dam Penstock Coarse Tailings. 3-99 


Figure 3-74: XRD spectrograph of Mizpah whole tailings 150 Ilm fraction. 3-100 


Figure 3-75: XRD spectrograph of Mizpah whole tailings 75 Ilm fraction. 3-101 


Figure 3-76: XRD spectrograph of Mizpah whole tailings 10 Ilm fraction. 3-102 


Figure 3-77: XRD spectrograph of Mizpah whole tailings 2 Ilm fraction. 3-103 


Figure 3-78: XRD spectrograph of Mizpah whole tailings 1 Ilm fraction. 3-104 


Figure 3-79: Compaction curves for Mizpah Whole Tailings. 3-105 


Figure 3-80: Isotropic compression: Combined results for Mizpah and Pay Dam. 3-106 


Figure 3-81: Reconstituted Mizpah Whole Tailings: Isotropic compression. 3-107 


Figure 3-82: Reconstituted Mizpah Whole Tailings: Volumetric consolidation. 3-108 


Figure 3-83: Reconstituted Mizpah Whole Tailings: Pore pressure dissipation. 3-109 


Figure 3-84: Reconstituted Mizpah Whole Tailings: Consolidation parameters. 3-110 


Figure 3-85: Reconstituted Mizpah Pond Tailings: Isotropic compression. 3-111 


XIII 


II I t I 

 
 
 



Figure 3-86: Reconstituted Mizpah Pond Fine: Volumetric consolidation. 3-112 


Figure 3-87: Reconstituted Mizpah Pond Coarse: Volumetric consolidation. 3-113 


Figure 3-88: Reconstituted Mizpah Pond Fine: Pore pressure dissipation. 3-114 


Figure 3-89: Reconstituted Mizpah Pond Coarse: Pore pressure dissipation. 3-115 


Figure 3-90: Reconstituted Mizpah Pond Fine: Consolidation parameters. 3-116 


Figure 3-91: Reconstituted Mizpah Pond Coarse: Consolidation parameters. 3-117 


Figure 3-92: Reconstituted Pay Dam Penstock Tailings: Isotropic compression. 3-118 


Figure 3-93: Reconstituted Pay Dam Penstock Fine: Volumetric consolidation. 3-119 


Figure 3-94: Reconstituted Pay Dam Penstock Coarse: Volumetric consolidation. 3-120 


Figure 3-95: Reconstituted Pay Dam Penstock Fine: Pore pressure dissipation. 3-121 


Figure 3-96: Reconstituted Pay Dam Penstock Coarse: Pore pressure dissipation. 3-122 


Figure 3-97: Reconstituted Pay Dam Penstock Fine: Consolidation parameters. 3-123 


Figure 3-98: Reconstituted Pay Dam Penstock Coarse: Consolidation parameters. 3-124 


Figure 3-99: Undisturbed Pay Dam Penstock Tailings: Isotropic compression. 3-125 


Figure 3-100: Undisturbed Pay Dam Penstock Fine: Volumetric consolidation. 3-126 


Figure 3-101: Undisturbed Pay Dam Penstock Coarse: Volumetric consolidation. 3-127 


Figure 3-102: Undisturbed Pay Dam Penstock Fine: Pore pressure dissipation. 3-128 


Figure 3-103: Undisturbed Pay Dam Penstock Coarse: Pore pressure dissipation. 3-129 


Figure 3-104: Undisturbed Pay Dam Penstock Fine: Consolidation parameters. 3-130 


Figure 3-105: Undisturbed Pay Dam Penstock Coarse: Consolidation parameters. 3-131 


Figure 3-106: Mizpah Whole Tailings: Undrained triaxial shear. 3-132 


Figure 3-107: Undrained triaxial stress paths for reconstituted Mizpah whole tailings. 3-133 


Figure 3-108: Undrained triaxial Mohr's Circles at failure for reconstituted Mizpah whole 


tailings. 3-134 


Figure 3-109: Mizpah Pond Fine: Undrained triaxial shear. 3-135 


Figure 3-110: Mizpah Pond Coarse: Undrained triaxial shear. 3-136 


Figure 3-111: Undrained triaxial stress paths for reconstituted Mizpah pond tailings. 3-137 


Figure 3-112: Undrained triaxial Mohr's Circles at failure for reconstituted Mizpah pond tailings. 3-138 


Figure 3-113: Reconstituted Pay Dam Fine Tailings: Undrained triaxial shear. 3-139 


Figure 3-114: Reconstituted Pay Dam Coarse Tailings: Undrained triaxial shear. 3-140 


Figure 3-115: Undrained triaxial stress paths for reconstituted Pay Dam tailings. 3-141 


Figure 3-116: Undrained triaxial Mohr's Circles at failure for reconstituted Pay Dam tailings. 3-142 


Figure 3-117: Undisturbed Pay Dam Fine Tailings: Undrained triaxial shear .. 3-143 


Figure 3-118: Undisturbed Pay Dam Coarse Tailings: Undrained triaxial shear .. 3-144 


Figure 3-119: Undrained triaxial stress paths for undisturbed Pay Dam tailings. 3-145 


Figure 3-120: Undrained triaxial Mohr's Circles at failure for undisturbed Pay Dam tailings. 3-146 


Figure 3-121: Piezocone field log: Mizpah - Daywall. 3-147 


Figure 3-122: Piezocone dissipation data: Mizpah - Daywall. 3-148 


Figure 3-123: Ambient pore pressure distribution: Mizpah - Daywall. 3-149 


XIV 

 
 
 



Figure 3-124: Normalised piezocone log: Mizpah - Daywall. 3-150 


Figure 3-125: Piezocone soils identification chart: Mizpah - Daywall. 3-151 


Figure 3-126: Piezocone field log: Mizpah Upper Beach. 3-152 


Figure 3-127: Piezocone dissipation data: Mizpah - Upper Beach. 3-153 


Figure 3-128: Ambient pore pressure distribution: Mizpah - Upper Beach. 3-154 


Figure 3-129: Normalised piezocone log: Mizpah - Upper Beach. 3-155 


Figure 3-130: Piezocone soils identification chart: Mizpah - Upper Beach. 3-156 


Figure 3-131: Piezocone field log: Mizpah - Middle Beach. 3-157 


Figure 3-132: Piezocone dissipation data: Mizpah Middle Beach. 3-158 


Figure 3-133: Ambient pore pressure distribution: Mizpah - Middle Beach. 3-159 


Figure 3-134: Normalised piezocone log: Mizpah - Middle Beach. 3-160 


Figure 3-135: Piezocone soils identification chart: Mizpah - Middle Beach. 3-161 


Figure 3-136: Piezocone field log: Mizpah - Lower Beach. 3-162 


Figure 3-137: Piezocone dissipation data: Mizpah - Lower Beach. 3-163 


Figure 3-138: Ambient pore pressure distributicn: Mizpah Lower Beach. 3-164 


Figure 3-139: Normalised piezocone log: Mizpah - Lower Beach. 3-165 


Figure 3-140: Piezocone soils identification chart: Mizpah - Lower Beach. 3-166 


Figure 3-141: Piezocone field log: Mizpah Beach Pond Interface. 3-167 


Figure 3-142: Piezocone dissipation data: Mizpah - Beach Pond Interface. 3-168 


Figure 3-143: Ambient pore pressure distribution: Mizpah - Beach Pond Interface. 3-169 


Figure 3-144: Normalised piezocone log: Mizpah - Beach Pond Interface. 3-170 


Figure 3-145: Piezocone soils identification chart: Mizpah - Beach Pond Interface. 3-171 


Figure 3-146: Piezocone field log: Pay Dam - Beach. 3-172 


Figure 3-147: Piezocone dissipation data: Pay Dam - Beach. 3-173 


Figure 3-148: Ambient pore pressure distribution: Pay Dam - Beach. 3-174 


Figure 3-149: Normalised piezocone log: Pay Dam - Beach. 3-175 


Figure 3-150: Piezocone soils identification chart: Pay Dam - Beach. 3-176 


Figure 3-151: Piezocone field log: Pay Dam - Penstock. 3-177 


Figure 3-152: Piezocone dissipation data: Pay Dam Penstock. 3-178 


Figure 3-153: Ambient pore pressure distribution: Pay Dam - Penstock. 3-179 


Figure 3-154: Normalised piezocone log: Pay Dam - Penstock. 3-180 


Figure 3-155: Piezocone soils identification chart: Pay Dam Penstock. 3-181 


Figure 4-1: Evidence of flocculation of the flaky slimes (a) onto coarser sand grains, and (b) 


into flocs of slimes. 4-55 


Figure 4-2: Mizpah Whole Tailings: Grading by sieve and sedimentation tests compared with 


the grading derived from SEM micrographs. 4-56 


Figure 4-3: (a) Idealised family of Critical State Lines, (b) Normalised Critical State Line 


(Schofield & Wroth, 1968). 4-57 


xv 


1'1 i! II I I ! 

 
 
 



Figure 4-4: Use of the Void Index, lv, to normalise compression data (Burland, 1990). 4-58 


Figure 4-7: Isotropic compression data normalised with the Liquidity Index after Schofield & 


Figure 4-8: Predicting the compression behaviour of gold tailings using IL and the Atterberg 


Figure 4-10: Predicting the compression behaviour of gold tailings using Iv and the Atterberg 


Figure 4-11: Isotropic compression data normalised with the Void Index in terms of critical 


Figure 4-12: Predicting the compression behaviour of gold tailings using empirical 


Figure 4-17: Coefficient of Compressibility as a function of the isotropic confinement 


Figure 4-19: (a) Derivation of theoretical t100 from the volume change square root time 


consolidation curve for a triaxial specimen, (b) Theoretical relationships between 


time factor and degree of consolidation for vertical triaxial drainage for two 


Figure 4-5: Isotropic compression behaviour of the tailings considered in this study. 4-59 


Figure 4-6: Geometric extrapolation of the compression data. 4-60 


Wroth (1968). 4-61 


limits. 4-62 


Figure 4-9: Isotropic compression data normalised with the Void Index after Burland (1990). 4-63 


limits. 4-64 


state parameters. 4-65 


correlations between CSSM-parameters and the Atterberg limits. 4-66 


Figure 4-13: In-situ undisturbed void ratio's compared with reconstituted compression curves. 4-67 


Figure 4-14: Gold Tailings: Coefficient of Compressibility data. 4-68 


Figure 4-15: Gold Tailings: Bulk Stiffness data. 4-69 


Figure 4-16: Gold Tailings: Coefficient of Consolidation data. 4-70 


pressure. 4-71 


Figure 4-18: Bulk Stiffness as a function of the isotropic confinement pressure. 4-72 


methods of measurement. 4-73 


Figure 4-20: Pore pressure dissipation data compared with theoretical curves. 4-74 


Figure 4-21: Coefficient of Consolidation as a function of the isotropic confinement pressure. 4-75 


Figure 4-22: Vertical permeability as a function of the confinement pressure. 4-76 


Figure 4-23: Critical state parameters for reconstituted Mizpah whole tailings. 4-77 


Figure 4-24: Mohr's Circles for reconstituted Mizpah whole tailings. 4-78 


Figure 4-25: Critical state parameters for reconstituted Mizpah pond tailings. 4-79 


Figure 4-26: Mohr's Circles for reconstituted Mizpah pond tailings. 4-80 


Figure 4-27: Critical state parameters for reconstituted Pay Dam penstock tailings. 4-81 


Figure 4-28: Mohr's Circles for reconstituted Pay Dam penstock tailings. 4-82 


Figure 4-29: Critical state parameters for undisturbed Pay Dam penstock tailings. 4-83 


Figure 4-30: Mohr's Circles for undisturbed Pay Dam penstock tailings. 4-84 


Figure 4-31 : Isometric view of the Cam-Clay state boundary surfaces for Pay Dam penstock 


tailings. 4-85 


Figure 4-32: Two dimensional projections of the Pay Dam Cam-Clay state boundary surfaces. 4-86 


XVI 

 
 
 



Figure 4·33: Piezocone probe results for a cross section of the Mizpah tailings dam. 4·87 


Figure 4·34: Piezocone probe results on Pay Dam for the Beach and Penstock locations. 4·88 


Figure 4·35: (a) The Jones and Rust (1982) soils identification chart for use with the 


piezocone, (b) as modified by the author. 4·89 


Figure 4-36: The Robertson and Campanella soils identification charts for use with the 


piezocone (Robertson, 1990). 4-90 


Figure 4-37: Piezocone penetration data compared with the in-situ profile for Pay Dam 


Figure 4-38: Penetration data for Pay Dam Penstock represented on the soils identification 


Figure 4-43: Use of the effective stress formulation proposed by Senneset et al. (1982; 1988) 


Figure 4-45: Use of the state parameter approach proposed by Been et al. (1985) to model 


Figure 4-47: CPTU cross section of Mizpah highlighting the lower and upper boundary cone 


Penstock. 4-91 


chart. 4-92 


Figure 4-39: Piezocone penetration data compared with the in-situ profile for Pay Dam Beach. 4-93 


Figure 4-40: Penetration data for Pay Dam Beach represented on the soils identification chart. 4-94 


Figure 4-41 : Estimates of the coefficient of consolidation based on Piezocone dissipation 


tests in Mizpah and Pay Dam. 4-95 


Figure 4-42: Use of cavity expansion theory to model cone penetration in saturated tailings. 4-96 


to model the CPTU in tailings. 4-97 


Figure 4-44: Normalised state parameters K and m (Been et aI., 1986). 4-98 


the CPTU in tailings. 4-99 


Figure 4-46: State parameter values from field penetration data. 4-100 


resistance measurements. 4-101 


XVII 


I,' I! 

 
 
 




