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The behaviour of cohesionless soils is known to be influenced by the method of 

reconstitution. It is generally accepted in the literature that different reconstitution 

methods produce samples of varying fabric and thus samples of varying behaviour. 

Very little evidence has been presented to validate this statement. The main aim of 

this is thesis is firstly to observe the fabric of in situ and reconstituted gold tailings 

samples and secondly to investigate the difference in behaviour between these 

samples at the same state.  

 

The investigation focused on testing in situ and reconstituted gold tailings samples 

obtained from 3 positions on a tailings dam; pond, middle beach and upper beach. 

Laboratory reconstitution methods included moist tamping and slurry deposition. 

Fabric analysis involved the use of SEM images to classify the observed differences 

in the fabric of the undisturbed and reconstituted gold tailings samples. A particle 

interaction model based on the observed fabric was postulated to explain the 

differences or similarities in behaviour. The scope of behaviour investigated included 

sedimentation, collapse and swell, consolidation and compressibility, creep, stiffness 

and shear behaviour.  

 

The fabric analysis indicates that differences in the fabric of undisturbed and 

reconstituted gold tailings samples are visible. Moist tamping produces an aggregated 

fabric while slurry deposition yields a homogeneous fabric similar to that of the 
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undisturbed samples. Comparison of behaviour indicates that neither moist tamping 

nor slurry deposition can replicate the behaviour of the undisturbed sample fully. 

Consolidation and compression is a function of the fabric while friction angle is 

independent of the fabric. Available shear strength and liquifaction potential is also 

affected by the preparation method and the resulting fabric. 

 

Keywords:  Tailings, gold, fabric, behaviour, aggregated, liquefaction, strain-

softening, sample preparation, moist tamping, slurry deposition .  

 
 
 



 III

 
Acknowledgement 
 

 

 

To my parents who gave me the desire for knowledge and the ability to think 

independently.  

 

To my supervisor and my mentor, Professor Heymann, for his guidance in academics 

and life and being always ready for a chat and share thoughts on his favorite book 

‘Zen and the Art or Motorcycle Maintenance’. 

 

To Professor Rust and my co-supervisor, Professor Clayton for the constructive 

criticisms and advice.   

 

To Jurie van Staden for the help when I needed a hand in the lab.  

 

To Jaap and Hermann for the assistance in the instrumentation and the sometimes 

unconventional, but helpful ideas.  

 

To the staff at the Microscopy Department, Mr Alan Hall, Mr Chris van der Merwe 

and Mr Andre Botha for the assistance with the SEM.  

 

To all my friends for the karaoke and poker nights to keep me from drowning in the 

sea of knowledge. 

 

To mom, dad, Simon and Evelyn for all the advice and support throughout this period.  

 
 
 



 IV

 

Table of Contents 
 

 

Thesis summary       I 

Acknowledgement       III 

Table of contents       IV 

List of figures        IX 

List of tables        XII 

List of symbols       XV 

 

 

Chapter 1 INTRODUCTION      1 

  

1.1 Background       1 

1.2 Objective       3 

1.3 Scope         3 

1.4  Methodology       4 

1.5  Organization of thesis      5 

 

 

Chapter 2 LITERATURE REVIEW     7 

 

 2.1 Introduction       7 

 2.2 Geology and mineralogy of the Witwatersrand Gold Reef 7 

 2.3 The gold extraction process     8 

 2.4 Tailings disposal      9 

   2.4.1 Tailings disposal methods    10 

   2.4.2 Tailings dam construction methods   13 

  2.5 Engineering properties of gold tailings   16 

 
 
 



 V

   2.5.1 Tailings in general     16 

   2.5.2 Fundamental properties and index parameters 17 

   2.5.3 Particle size distribution    19 

   2.5.4 Permeability      20 

   2.5.5 Compressibility and consolidation characteristics 21 

   2.5.6 Stiffness      23 

   2.5.7 Shear behaviour     24 

   2.5.8 Liquefaction potential     25 

   2.5.9 Density and void ratio     28 

  2.6 Soil fabric       29 

   2.6.1 Observed difference in behaviour of soils  29 

   2.6.2 Description of soil fabric and fabric elements 31 

   2.6.3 Methods of fabric measurement   32 

   2.6.4 Methods of fabric characterization   41 

   2.6.5 Concluding remarks regarding soil fabric  44 

  2.7 Sample preparation      44 

   2.7.1 Specimen reconstitution methods and uniformity 46 

   2.7.2 Tamping methods     46 

   2.7.3 Dry funnel deposition and water sedimentation 47 

   2.7.4 Slurry deposition and mixed dry deposition  49 

   2.7.5 Air pluviation method     50 

  2.8 Sampling and sampling disturbance    50 

  2.9 Summary       51 

 

 

Chapter 3 EXPERIMENTAL METHODOLODY   53 

   

  3.1 Background       53 

  3.2 Experimental strategy      53 

  3.3 Sampling       57 

  3.4 Preliminary testing      61 

   3.4.1 Grading      61 

   3.4.2 Specific gravity      62 

   3.4.3 Atterberg limit      63 

 
 
 



 VI

   3.4.4 Maximum and minimum density test   63 

   3.4.5 Sedimentation test using dispersants and flocculent 64 

   3.4.6 Image analysis      65 

  3.5 Triaxial setup       66 

   3.5.1 Instrumentation     67 

   3.5.2 Instrumentation calibration    69 

   3.5.3 Measurement uncertainty    76 

  3.6 Laboratory sample preparation    78 

   3.6.1 Undisturbed samples     79 

   3.6.2 Moist tamped samples     79 

   3.6.3 Slurry samples      83 

   3.6.4  The effect of dispersants and flocculent  85 

  3.7 Triaxial testing      87 

  3.8 Image analysis       89 

   3.8.1 Sample preparation for direct SEM   89 

   3.8.2 SEM viewing      90 

  3.9 Conclusion       91 

 

 

Chapter 4 FABRIC ANALYSIS     92 

 

  4.1 Background       92 

  4.2 Qualitative fabric analysis     92 

   4.2.1 General fabric of gold tailings   93 

4.2.2 Pond samples      94 

   4.2.3 Middle beach samples     96 

   4.2.4 Upper beach samples     98 

   4.2.5 Fabric classification     98 

  4.3 Significance of aggregation in gold tailings   107 

   4.3.1 Origin of aggregation     107 

   4.3.2 Particle interaction of aggregated gold tailings 107 

   4.3.3 The effect of aggregation on the behaviour of soils 110 

  4.4 Summary       112 

 

 
 
 



 VII

Chapter 5 ANALYSIS AND DISCUSSION    113 

 

  5.1 Background       113

  5.2 Preliminary testing results     113

   5.2.1 Particle density     114 

   5.2.2 Particle size distribution    114 

   5.2.3 Atterberg limit      117 

   5.2.4 Limiting density     118 

   5.2.5 Sedimentation tests     120 

  5.3 Volume change behaviour     122 

   5.3.1 Volume change during flushing   122 

   5.3.2 Consolidation behaviour    124 

   5.3.3 Secondary compression    130 

  5.4 Stiffness       133 

   5.4.1 Bulk modulus      134 

   5.4.2 Young’s modulus     135 

   5.4.3 Stiffness anisotropy     144 

  5.5 Shear behaviour      145 

   5.5.1  Available shear strength    146 

   5.5.2 Liquefaction potential     148 

   5.5.3 Shear strength      150 

  5.6 The effects of dispersants and flocculent   153 

  5.7 Summary       153 

 

 

Chapter 6  CONCLUSIONS AND RECOMMENDATIONS  154

  

  6.1 Background       154 

  6.2 Conclusions from experimental program   154 

  6.3 Recommendations      159 

 

 

Chapter 7 REFERENCES      160 

 

 
 
 



 VIII

 

Appendixes           

 

Appendix A Preliminary SEM images     177 

Appendix B Instrumentation and calibration    181 

Appendix C Sample preparation      202 

Appendix D SEM images       209 

Appendix E Test results       226 

 

 

 

 

 
 
 



 IX

 
List of Figures 
 

 

 

Figure 2-1 Upstream method of tailings dam construction.     -14- 

Figure 2-2 Downstream method of tailings dam construction.    -14- 

Figure 2-3 Centerline method of tailings dam construction.     -15- 

Figure 2-4 Scanning electron micrographs of gold tailings (After Chang,  

   2004).              -18- 

Figure 2-5 Particle size distribution envelop of South African gold  tailings 

   (After Blight and Steffen, 1979).        -19- 

Figure 2-6 Figure 2-6. Bulk modulus of undisturbed and reconstituted    

gold tailings samples.           -23- 

Figure 2-7 Marble analogy demonstrating contractive and dilative     

behaviour.              -26- 

Figure 2-8 Possible behaviours for saturated cohesionless soils.    -27- 

Figure 2-9 Three distinct elements of soil fabric.       -31- 

Figure 2-10 Analytical procedure for relation between fabric and measured  

   wave velocity (Pan and Dong, 1999).       -35- 

Figure 2-11 Electrical conduction in clay specimen in vertical and horizontal  

   directions (After Anandarajah and Kuganenthira, 1995).   -36- 

Figure 2-12 Rose diagram of pore orientation during various stages of  

consolidation for a clay-mica sand mix (After Cetin, 2004).  -42- 

Figure 2-13 Grain contact structure as proposed by Yamamuro and Lade  

   (1997).              -43- 

 

 

 
 
 



 X

Figure 2-14 Contact stability ratio, S, versus silt content for specimens  

   prepared by dry funnel deposition and water sedimentation  

   (After Wood, 1999).           -44- 

Figure 2-15 Schematic representation of dry deposition and water  

   pluviation (After Wood, 1999).        -48- 

Figure 2-16 Mixed dry deposition and slurry deposition (After Wood, 1999).  -49- 

 

Figure 3-1 Satellite view of sampling positions.        -58- 

Figure 3-2 In situ depth profile of block samples.       -58- 

Figure 3-3 Exposing a suitable block by excavating around the block.  -59- 

Figure 3-4 Wrapping the block sample to prevent moisture loss.   -60- 

Figure 3-5 The triaxial system and instrumentation.       -67- 

Figure 3-6 Calibration setup for the LVDTs.        -71- 

Figure 3-7 Calibration setup for volume gauge.       -75- 

Figure 3-8 Illustration of compaction and extrusion of moist tamped  

   samples using a hydraulic jack.         -81- 

Figure 3-9 Illustration of slurry preparation method.      -84- 

Figure 3-10 Sample positions for SEM samples.       -90- 

 

Figure 4-1 Physical constitution of gold tailings at 1000 times       

magnification.            -93- 

Figure 4-2 Dispersed state of rotund particles in gold tailings compared  

with sand silt mixtures.          -94- 

Figure 4-3 Particle orientation of pond consolidation samples.    -95- 

Figure 4-4 Aggregated fabric of moist tamped MB consolidation samples. -97- 

Figure 4-5 Platy particles aligned parallel to the rotund surface    -98- 

Figure 4-6 Illustration of small and large aggregates in gold tailings.  -100- 

Figure 4-7  Aggregated fabric of gold tailings.        -101- 

Figure 4-8  Non-aggregated fabric of gold tailings.       -102- 

 

 
 
 



 XI

Figure 4-9 Orientated and non-orientated fabric for gold tailings.   -103- 

Figure 4-10  Idealized particle interaction in aggregated gold tailings.   -108- 

Figure 4-11  Idealized particle interaction in non-aggregated gold tailings.  -109- 

 

Figure 5-1 Grading of the pond, middle and upper beach material.   -115- 

Figure 5-2 Limiting density tests for the three materials.     -118- 

Figure 5-3 Final void ratio of the sedimentation test.      -121- 

Figure 5-4 Consolidation results for the three materials.     -127- 

Figure 5-5 Graphic illustration of secant K and E interpretations.   -133- 

Figure 5-6 Force time plot used to identify the start of shear    -136- 

Figure 5-7 Example of small strain stiffness derivation (P-U-200)   -137- 

Figure 5-8 Idealized stiffness degradation for soils       -140- 

Figure 5-9 Average stiffness ratios for gold tailings of varying preparation 

   methods.             -142- 

Figure 5-10 Normalized (against p’) stiffness of gold tailings    -143- 

Figure 5-11 Differencee in available shear strength between middle beach  

shear 400 samples.           -147- 

Figure 5-12 Friction angle of P-I-400 sample.        -150- 

 

 

 
 
 



 XII

 
List of Tables 
 

 

 

Table 2-1 Mineral composition of a typical Witwatersrand gold reef    

   (Stanley, 1987).             -8- 

Table 2-2 Specific gravity Gs of gold tailings .       -17- 

Table 2-3 Atterberg limit of typical gold tailings (Vermeulen, 2001).  -18- 
Table 2-4 Summary of grading properties of dispersed gold tailings  

   (Vermeulen, 2001).           -20- 

Table 2-5 Summary of permeability of gold tailings.      -20- 

Table 2-6 Quoted values of Compression Index, Cc for gold tailings.  -22- 

Table 2-7 Coefficient of consolidation, Cv for gold tailings.    -22- 

Table 2-8 Summary of static shear strength parameters of gold tailings  

   quoted in the literature.          -24- 

Table 2-9 In situ densities and void ratios for gold tailings.    -28- 

Table 2-10 Indirect and visual methods for fabric analysis.     -33- 

 

Table 3-1 Sample coding for consolidation samples.      -54- 

Table 3-2 Sample coding for shear samples.        -55- 

Table 3-3 Triaxial testing scheme for the experimental work.    -57- 

Table 3-4 Position and visual description of in situ block samples.   -59- 

Table 3-5 Average weather conditions for 30 days before sampling.   -60- 

Table 3-6 Summary of preliminary electron microscopy images.   -65- 

Table 3-7 Terms used in defining measurement uncertainty.    -70- 

Table 3-8 Working range for the two LVDTs at various gain levels.   -72- 

 

 
 
 



 XIII

Table 3-9 Accuracy, sensitivity and resolution for the two LVDTs at   

   various gain levels.           -73- 

Table 3-10 Accuracy, sensitivity and resolution for GDS, Budenberg and   

   PC output.             -75- 

Table 3-11 Summary of preparation moisture content, minimum void ratio 

   at that moisture content, liquid limit, in situ void ratio for the  

   three materials.            -80- 

Table 3-12 Estimation of force required for moist tamping.     -81- 

 

Table 4-1 Levels of fabric observed in gold tailings.      -104- 

Table 4-2 Typical SEM images of undisturbed and reconstituted gold  -106-  

tailings. 

 

Table 5-1 In situ conditions for the three sampled positions.    -113- 

Table 5-2 Specific gravity results from density bottle test.      -114- 

Table 5-3 Grading curve properties for the three test materials.    -116- 

Table 5-4 Summary of Liquid and plastic limits for the three test materials. -117- 

Table 5-5 Coefficient of consolidation for shear-200 samples.    -124- 

Table 5-6 Void ratios before consolidation for all consolidation samples. -126- 

Table 5-7 ‘Initial’ slope and Cc for the consolidation samples.    -128- 

Table 5-8 Critical state parameters λ for gold tailings.      -129- 

Table 5-9 Summary of creep rates before shear for shear 200 and 400  

   samples.              -131- 

Table 5-10 Secondary compression indexes for shear 200 and 400 samples. -131- 

Table 5-11 Bulk stiffness of gold tailings at various confining stresses.  -134- 

Table 5-12 Small strain Young’s modulus values for gold tailings.   -138- 

Table 5-13 Differences in E between in situ and reconstituted gold tailings. -139- 

Table 5-14 Average stiffness ratios of gold tailings for varying material type. -141- 

Table 5-15 Initial stress path slope of gold tailings       -145- 

Table 5-16  Available shear strength of gold tailings samples.    -148- 

 
 
 



 XIV

Table 5-17 Liquefaction behaviour type for gold tailings.     -149- 

Table 5-18 Brittleness index for strain-softening moist tamped samples.  -149- 

Table 5-19  Angles of internal friction for gold tailings.      -151- 

Table 5-20 Critical state parameter M for gold tailings.      -152- 

 

Table 6-1 Recommended laboratory preparation method for triaxial testing of   -158- 

gold tailings. 

 

 
 
 



 XV

 
List of Symbols 
 

 

 

Roman symbols 

 

A   Area of electrodes, cross-sectional area of sample 

a   Constant 

A0    Initial sample area 

b   Constant 

c’   Effective cohesion 

Cα   Secondary compression index 

CC   Clay content (% of material <0.002mm) 

Cc   Compression index 
CR   Creep rate 

Cu   Coefficient of Uniformity = D60/ D10 

Cv   Coefficient of consolidation 

Cz   Coefficient of Curvature = D30
2/(D10D60)  

D10   Effective size in mm where 10% of the material passes 

D15   Effective size in mm where 15% of the material passes 

D30   Effective size in mm where 30% of the material passes 

D50   Effective size in mm where 50% of the material passes 

D60   Effective size in mm where 60% of the material passes 

D90   Effective size in mm where 90% of the material passes 

d   Drainage path length 

E   Young’s modulus  

e   Void ratio 

e0   Initial void ratio 

 
 
 



 XVI

emax, emin  Maximum and minimum void ratio determined from limiting density test 

FC   Fines content (percentage of material <0.075mm) 

Gmax   Small strain shear stiffness 

Gs   Specific gravity of soil particles 

H   Horizontal distance down the beach of a tailings dam.  

IB   Brittleness index 

ID   Relative density 

K   Bulk modulus 

k   Permeability 

L   Distance between electrodes (Electrical conductivity), length of particle 

LL   Liquid limit 

M   Slope of the critical state line 

mv   Coefficient of compressibility 

N   Intercept of the normal compression line at p’ = 1kPa.  

P   Applied pressure 

p’   Mean normal effective stress 

PI   Plasticity index 

PL   Plastic limit 

q’   Effective deviatoric stress 

q0’   Initial deviatoric stress (defining origin) 

R   Resistance (Electrical conductivity) 

r   Entrance pore radius 

S   Wood’s stability ratio  

s’   (σ1’+σ3’)/2 

SR   Shear rate 

t’   (σ1’-σ3’)/2 

t90   Time for 90% consolidation 

Ue   Excess pore pressure 

W   Width of particle 

 

 
 
 



 XVII

Greek symbols 

 

ε   Strain, normally in percent 

εa   Axial strain 

εv   Volumetric strain 

εa0   Initial point defining origin 

θ   Contact angle (MIP), stress path direction 

λ   Slope of the normal compression line 

σ   Surface tension of intruding liquid, Specimen conductivity, stress 

σf   Conductivity of pore fluid (Electrical conductivity) 

σv, σh  Vertical and horizontal conductivity (Electrical conductivity) 

σdp, σdr  Peak and residual undrained shear strength 

φ’   Effective angle of internal friction 

 

 

 

 

 

 

 

 
 
 


	FRONT
	Title page
	Summary
	Keywords
	Acknowledgement
	Table of Contents
	List of Figures
	List of Tables
	List of Symbols

	Chapters 1-3
	Chapter 4
	Chapters 5-7
	Appendices



