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ABSTRACT 
 
Many mine tailings streams contain appreciable quantities of clay minerals; examples include mineral 
sands fines, diamond, and coal tailings. Tests to determine appropriate consolidation properties for 
these materials, as well as natural clays, are usually very time-consuming and availability of 
equipment can sometimes be a limiting factor. This paper describes the development and testing of a 
modified desktop centrifuge that should make it possible to determine a full suite of consolidation 
parameters in less than 48 hours.  The results of a series of consolidation tests using the desktop 
centrifuge are presented.  The void ratio – effective stress profile is developed after testing based on 
centrifuge theory and direct moisture content measurement.  To extract the void ratio-permeability 
relationship, a numerical model has been developed allowing different permeability relationships to be 
iteratively trialled until a match with experimental results is obtained.  This numerical modelling 
technique is still in development; however promising results have been obtained and are presented.  
Suggestions for further work planned at UWA are outlined. 
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1 INTRODUCTION 
 
Laboratory testing to develop estimates of consolidation properties forms a crucial component of the 
design of most tailings storage facilities.  For tailings streams with appreciable quantities of clay 
minerals, such consolidation testing can be time consuming.  In addition, there is a relatively limited 
pool of appropriate testing devices such as a Rowe Cell.  This frequently results in consolidation 
testing forming part of the critical path for a project, by virtue of the delays in testing.  Often, assumed 
conservative parameters are utilised in preliminary design studies rather than waiting for test results.  
Improvements to this state of affairs would be of benefit to the tailings industry, and other sectors 
reliant on consolidation testing of soft, low permeability soils. 
 
Testing within geotechnical centrifuges can reduce the required time for consolidation to occur.  
Geotechnical centrifuges induce centripetal accelerations that are orders of magnitude greater than 
gravitational acceleration.  The ratio of centrifuge acceleration to typical gravitational acceleration is 
denoted as ‘N’ in centrifuge theory.  The controlling process of consolidation, the diffusion of excess 
pore water pressure, occurs faster with increasing centripetal acceleration.  At a ratio of N, excess 
pore water pressure dissipates at a rate N

2
 greater than under normal gravity (Ko 1998).  These 

principles were utilised by Takada and Mikasa (1986) to perform accelerated consolidation testing in a 
large research centrifuge.  While such testing is theoretically possible, there are practical difficulties in 
their application to commercial testing.  In particular, there are only about 100 of these devices 
operating at universities and other research settings worldwide (Muir Wood 2004).  Owing to their 
unique capabilities, there is substantial demand for their use, with devices typically booked over one 
year into the future, at a typical cost of $1200AUD per day.  These devices will, therefore, remain 
primarily in the research domain for the foreseeable future 
 
This paper presents the development and testing of a modified desktop-sized centrifuge to allow 
consolidation tests on slurry samples to be conducted in a much shorter time than conventional 
testing.  A desktop-sized scientific centrifuge was purchased and modified to allow testing of four 
slurry samples at one time.  This device is significantly less expensive both in capital and operating 
costs compared to large research centrifuges.  This allows the advantages of testing under high 
centripetal accelerations to be gained, without reliance on large research centrifuges.  This paper 
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outlines the development and modification of this device, its use in consolidation testing, and 
interpretation of tests conducted thus far. 
 
2 RELATED WORK 

McDermott & King (1998) performed accelerated consolidation trials of Speswhite Kaolin in a scientific 
centrifuge of a similar scale to the one outlined in this paper.  The material was placed into sample 
holders for consolidation, and extruded and cut following the test for moisture content measurements.  
Time dependent behaviour was monitored through use of a strobe light to observe settlement of the 
material over time.  In estimating permeability, they made use of a formula developed by Takada and 
Mikasa (1986).  This expression provided an indication of initial permeability based on the 
approximately linear initial settling rate.  However, modelling of the system to obtain the full void ratio-
permeability profile during testing was not performed.  This work formed the inspiration for the 
centrifuge development outlined in this paper. 

 
3 EXPERIMENTAL PROCEDURE 
�
��� �����	
�������

The device utilised is a Clements Orbital 420 scientific centrifuge. The salient components of the 
system are shown in Figure 1.  A number of modifications were made to the system by the UWA 
Engineering Workshop and Electrical Technicians under direction from the authors, including: 

• Installation of digital speed control, to provide more accurate assessment of the centrifuge 
rotations per minute (RPM). 

• Replacement of the standard test tube holders with polycarbonate columns to hold slurry samples, 
including piezometers within a machined recess at the base. 

• Installation of a transmitter on the top of the centrifuge, relay readings from the piezometers to a 
receiver connected to a computer. 

Early attempts to perform monitoring of the settlement rate through a strobe light system similar to 
McDermott & King (1998) were unsuccessful owing to the opacity of the polycarbonate material and 
smearing of the sidewalls as consolidation occurred.  Therefore, monitoring of the time dependent 
behaviour was conducted using piezometers installed in the base of the chamber. 
 

�
 

Figure 1.  Desktop Centrifuge System 
��� ����������������

The material used in in all the tests presented in this paper is a kaolin clay, manufactured by Unimin 
Australia.  Laser diffraction testing conducted by the authors indicated this material is 40% clay sized, 
with 100% finer than 75 µm.  The authors measured a Specific Gravity (SG) of 2.58 for the material. 
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Kaolin was prepared by thoroughly mixing equal parts dry powdered kaolin with deionised water.  After 
mixing, the resulting slurry was deaired with a vacuum pump applying a suction of 100 kPa until 
bubble formation ceased.   
 
The testing columns were half filled with water, and deaired until bubble formation ceased.  The water 
above the filter stone was then removed, a filter paper inserted, and kaolin slurry placed into the 
columns with a spoon in thin layers.  A glass stirring rod was used to agitate each layer to remove any 
entrapped air. 
 
��� �����	
�

 
Following preparation of the samples, centrifuge spinning   commenced.  The speed was gradually 
increased until either 1000 or 1400 RPM was reached.  1400 RPM has been used as the maximum 
speed thus far, as higher speeds led to disconcerting vibrations of the system.  Spinning  was 
continued until pore pressures recorded at the base of the columns reached a steady value. 
 
Immediately after the columns stopped spinning, they were removed and sampling commenced.  Free 
water that was now present on the surface of the consolidated samples was removed.  Slices of the 
material were then removed in 1 – 3 mm thick layers using a specially designed coring tool.  Each 
slice was placed on an individual tin, allowing moisture content determination. 
 
4 RESULTS AND INTERPRETATION 
�

4.1 General Centrifuge Theory 
�

Soil within a centrifuge is exposed to a centripetal acceleration equal to ���, where � is the radius and 
� is the swept angular velocity.  The total stress or hydrostatic pore pressure at any radius from the 
centre of the centrifuge can be calculated incrementally with Equations 1 and 2 below (Muir Wood 
2004): 
 

��� = ����
��	  (Equation 1) 

 
�
 = ����

��	   (Equation 2) 
 
Where 
��� = change in total stress across a depth increment 
�
 = change in pore water pressure across a depth increment 
�� = bulk density within the depth increment 
�� = water density within the depth increment 
��� = centripetal acceleration (sometime normalised to standard gravity, where � = ���/�) 
�	 = depth increment 
 

4.2 Void Ratio – Effective Stress 
 
The moisture content measurements taken above, along with the material SG, and assumed 
saturation, allowed final void ratio across the depth of the column to be calculated.  From this, the final 
total stress profile could be calculated with Equation 1.  The water level in the column was then used 
to calculated final pore pressure across the depth of the column utilising Equation 2 (and then 
confirmed by the final base pore pressure measured by the piezometers).  From the final profiles of 
total stress and pore water pressure, effective stress could be calculated.  These final profiles, 
relevant to a test of kaolin at 1400 RPM, are show in Figure 2.  Initial total stress profile when spinning 
commenced is also shown.  Of note is the slight change in total stress profile during the test, owing to 
the movement of solid particles towards the bottom of the column, where greater centripetal 
accelerations induce greater total stress on the same quantity of solid material. 
�

As indicated below, a maximum effective stress of approximately 100 kPa was achieved during 
testing.  This is based primarily on the size of the columns, and speed of rotation of the system.  
Efforts to increase the maximum effective stress will be made by the authors in the future. 
�
�
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�

�
�

Figure 2.  Centrifuge Stress Profile 
�

The void ratio – effective stress results of a series of centrifuge tests on kaolin at 1000 and 1400 RPM 
are shown in Figure 3.  The results of two Rowe Cell tests on the same material are shown for 
comparison.  The Large Rowe Cell used has a diameter of 150 mm, and the small Cell diameter is 
76 mm.  Reasonable agreement is apparent, particularly in relation to the large Rowe Cell.  The 
authors believe the discrepancy between the Rowe Cell results is caused by greater sidewall friction 
within the small cell.  The reducing discrepancy between the results as effective stress increases 
supports this hypothesis. 
�
�

�
Figure 3.  Centrifuge and Rowe Cell Void Ratio Results 

 
4.3 Permeability – Effective Stress 

 
4.3.1 General 
�

Derivation of the full time-dependent behaviour from the settlement or pore pressure response of 
samples in a centrifuge of the kind described here is not possible using available analytical methods.  
McDermott and King (1998) recognised this, and limited their permeability interpretation to the initial 
settling rate method of Takada and Mikasa (1986), relevant to the initial void ratio of the sample.  This 
provided excellent estimates of permeability.  However, this method would not allow development of a 
full void ratio – permeability profile of the kind obtained in a consolidation test.  The authors developed 
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a numerical model of the slurry within the testing columns to allow extraction of this relationship from 
the testing, as outlined below. 
 
4.3.2 Numerical Model Development and Calibration 
 
A numerical model to simulate the consolidating slurry within the columns was developed using 
FLAC v7.0 (Itasca 2011).  The internal programming language FISH was utilised to customise the 
model as required.  In order to simulate the varying centripetal accelerations across the height of the 
sample, gravity was disabled within the model, and code was written to apply the affects of centripetal 
acceleration.   
 
The centripetal acceleration has two impacts on a soil-water system:  

• Inducing a mechanical force, based on the total density of the material and centripetal 
acceleration.  The authors developed a FISH routine to apply and update mechanical forces to 
each node of the FLAC model during a model run. 

• Inducing force on the pore water within the model.  To simulate this within the FLAC model, use of 
a new undocumented FISH routine within v7.0 was required.  The authors retained Itasca to 
prepare a kernel of code showing use of this routine to simulate gravity in a column of soil under 
typical gravitational acceleration (C. Detournay, personal communication 2011).  This kernel of 
code was then modified by the authors to function based on centripetal accelerations, and 
integrated into the FLAC model under development. 

Inputs to the FLAC model were the void ratio – effective stress relationship (as developed 
experimentally, above) and various potential void ratio – permeability relationships.  A match was first 
obtained for the 1400 RPM kaolin test.  The same relationships were then utilised in a simulation of a 
1000 RPM test, to determine if the model code would perform adequately at different accelerations.  
These are shown in Figure 4.  The results indicate that the FLAC model is simulating the relevant 
features of consolidation within the centrifuge.  

 
Figure 4.  Experimental and FLAC Model Pore Water Pressure Dissipation 

 
4.3.3 Results 
 
The void ratio – permeability relationship used in FLAC to obtain the above results is plotted in 
Figure 5.  The portions where this relationship could be obtained with comparison to effective stresses 
experienced in the columns, and the portion extrapolated from this, are differentiated.  These are 
compared to measurements of permeability from the two Rowe Cell tests conducted on the same 
material.  While the Rowe Cell tests differed in their void ratio – effective stress results, they could 
both be used in development of Figure 5, provided the permeability results were plotted against void 
ratio.  Permeability estimates were obtained from the Rowe Cell tests directly through constant head 
tests at the end of each load increment, and indirectly through use of bottom pore pressure dissipation 
results, the square root of time method, and the log-time method. 
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Figure 5.  FLAC Model and Rowe Cell Permeability Results 

 
The FLAC model permeability values have excellent agreement to the Rowe Cell results in the range 
of void ratios that were tested directly in the centrifuge.  The extrapolated values appear to drift slightly 
from the experimental results. 
 
5 FUTURE WORK 
 
To further demonstrate the utility of the system, the authors intend to perform centrifuge testing of a 
number of different materials.  Following development of void ratio – effective stress and void ratio – 
permeability relationships for these materials, Rowe Cell tests will be performed to assess the quality 
of the values obtained.  This will allow a more realistic test of the system’s ability to independently 
develop consolidation parameters.   
 
Additional experiments will be conducted to assess the potential for segregation of materials within the 
columns, and investigate the potential for elastic swelling at the end of spinning to affect the results 
obtained.  Also, efforts to allow testing at higher effective stresses will be made, likely involved pouring 
a second layer of slurry into the column after consolidation of the first layer is complete. 
 
6 CONCLUSION 
�

The development of a modified scientific centrifuge to perform accelerated consolidation testing was 
outlined.  The device was shown to provide reasonable estimates of the void ratio – effective stress 
profile of kaolin.  A numerical model was developed to allow extraction of the void ratio – permeability 
relationship of the soil tested, with excellent results thus far.  The procedure is successful at 
performing consolidation tests in a much shorter time than conventional testing.  Limitations to the 
work conducted thus far, and potential research to reduce or eliminate these, were outlined. 
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