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Abstract.  Sedimentation and consolidation tests have been conducted on sludge 
produced from an acid mine drainage (AMD) treatment plant.  The testing 
program involved the development of a new laboratory system, designed and 
constructed to assess the specific properties of low density slurry.  During the 
instrumented large size column tests, the evolution of sedimentation and 
hydrodynamic consolidation was monitored with optical observation of the solid-
liquid interface, evaluation of density ρ with gamma ray sensors, and 
measurement of pore pressure u using transducers.  At the end of each test, 
physical and geotechnical properties of the resulting sludge were measured.  In 
this paper, the authors will present a brief overview of the set up, followed by a 
presentation of new test results with the analysis using sedimentation-
consolidation theories.  The results presented here will be used in future analyses 
to evaluate the volume changes of AMD treatment sludge in storage basins. 
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Introduction 

Mining operations which produce acid mine drainage (AMD) have to treat their effluent 
before discharge. These acid waters typically contain high amounts of solubilized elements such 
as sulphates and heavy metals which are then precipitated with lime and recovered in the 
treatment sludge (e.g. Walton-Day, 2003; Aubé, 2005).  Lined ponds are often used to store the 
large volume of sludge produced.  The design of these ponds remains largely empirical as little is 
known about the hydro-geotechnical behaviour of treatment sludge, which typically contains 
only 10 to 25% of solids by weight.  There was thus a need to develop measurement techniques 
to assess the behaviour of sludge after their discharge.  

In this paper, the authors present the theoretical background and a brief description of the 
testing system.  The main results of two tests performed on sludge are shown with the 
interpretation based on the sedimentation-consolidation theory.  The evaluation of changing 
volumes in storage basins of AMD treatment sludge is discussed.  A previous paper (Dromer et 
al., 2004) contains more details on the testing system. 

Basic Concepts for Sludge Behaviour 

Treatment sludge is a mining by-product which is usually transported hydraulically to the 
disposal area.  The deposited pulp (or hydraulic mixture) then shows 3 broad stages of behaviour 
as shown in Fig. 1.  During the first stage, the solid particles are suspended in the fluid.  In this 
stage each particle behaves more or less independently from the others.  In the second stage, 
there is a progressive deposition of the solids, producing an interface with clear water above the 
sedimentation zone. At the base, there is a zone of accumulated particles whose thickness 
progressively increases with time. 

 
Figure 1.  Schematic representation of sludge sedimentation and consolidation in a vertical 

column (adapted from Schiffman et al. 1988, see also Dromer et al. 2004) 
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The sludge behaviour progresses from a sedimentation process, where particles are 
interacting through fluid motion, to a consolidation stage where the grains form a solid skeleton 
behaving as a porous medium.  During the consolidation stage, settlement takes place as water is 
expelled by the pressure exerted by the self-weight of the solids.  Above the consolidating 
sludge, the water pressure u is that of the water column at a given position z (u = zγw), while it 
tends to be higher than its equilibrium (hydrostatic) value in the consolidation zone. 
Hydrodynamic primary consolidation ends when all the excess pore pressure (i.e. u > zγw) is 
dissipated.  The solid settlement can nevertheless continue under its own weight due to 
secondary compression. 

Sedimentation 
Early in the process, in the flocculation zone, the particles behave according to Stokes’ law.  

There is a drag force on each particle that depends linearly on its size, on fluid viscosity, and 
downward velocity.  This velocity is limited by the maximum velocity, which is given by: 
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where D is the particle diameter (L), γs’ (F/L3) is the submerged (effective) unit weight of the 
solid grains, and η (M/T.L) is the fluid viscosity. 

Later, in the sedimentation phase, the solid concentration becomes high enough so particles 
can interact with each other through their influence on the fluid motion.  The sludge behaviour 
can then be defined with the Kynch (1952) equation which is expressed as (Alexis et al. 1992; 
Gallois 1995):  
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where γd is the dry unit weight of the pulp, and  is the absolute velocity of the grains, which 
then depends on the local solid concentration (see also Pedroni, 2003; Dromer, 2004). 

sv

Consolidation
During the consolidation stage, the sludge behaviour can be described with equations initially 

proposed by Terzaghi (1942) in soil mechanics.  The main equation can be formulated as (e.g. 
Holts and Kovacs, 1981): 
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where u (F/L2) is the pore pressure,  (Lvc 2/T) is the coefficient of consolidation, and z (L) is the 
vertical position.  This equation indicates that the variation of the pore pressure u over time t and 
position is related to the coefficient of consolidation , which is itself expressed as: vc
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where k (L/T) is the hydraulic conductivity, wρ  (M/L3) is the water density, g (L/T2) is the 
gravitational acceleration,  (–) is the initial void ratio, and  (L0e va 2/F) is the coefficient of 
compressibility.  The latter coefficient is the slope of the effective stress – void ratio ( 'σ – e ) 
relationship:  

         'σd
deav −=         (5) 

The primary consolidation settlement due to a change in the void ratio is typically expressed 
from the compression index :  cC
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The settlement of the sludge deposit is then calculated as: 
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where H is the thickness of the sludge layer,  is the initial void ratio,  is the compression 
index, 

0e cC

0'vσ  is the initial vertical effective stress and vf'σ  the final vertical effective stress. 

The parameters that describe sedimentation and consolidation of sludge can be defined by 
measuring the evolution of the interface position, density, pore pressure, and effective stress 
state. However, the above equations were developed for small displacements.  In the case of 
sludge, the basic conditions for their application may not be satisfied.  For such highly 
compressible materials, a large strain theory formulation is more suitable; such theories have 
been proposed by Gibson et al. (1967; 1981; see also Been and Sills, 1981; Cargill, 1984), but 
these will not be presented or used in this paper. 

Unified formulation  
Sedimentation and consolidation processes often occur simultaneously in a column.  For that 

reason Pane and Schiffman (1985) developed a unifying theory, based on the following equation: 

   [ ] ue += 'σβσ       (8) 

In this equation, the parameter β depends on the void ratio e. It is related to the magnitude of 
the effective stress 'σ  between the solid grains.  In the sedimentation stage, β is nil so 'σσ = ; in 
the consolidation stage, β is equal to one so u+= 'σσ .  The transition between the two 
conditions occurs progressively (in practice the transition can be difficult to evaluate).  When the 
value of β is unknown, it is introduced in the following unified equation (Pane and Schiffman, 
1985):  
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where z indicates the position along the column, ( )ekk zrz += 1  (L/T) is the reduced hydraulic 
conductivity along the z axis, 1−= wsr γγγ  (–) is the relative density, sγ  (F/L3) is the solid 
unit weight and wγ  (F/L3) is the water unit weight.  This function is similar to the Kynch (1952) 
sedimentation equation (when β = 0).  The large strain consolidation theory of Gibson et al. 
(1981) is retrieved when  β = 1 (see also Azevedo et al., 1994). 

The information required to apply the equations presented above can be obtained from tests 
conducted in the system described below. 

It is worth mentioning here that another unifying approach has also been formulated by 
Toorman (1996, 1999).  It is based in a combination of Kynch’s equation and the diffusion 
equation.  Toorman’s formulation will not be presented or used in this paper.  However, in order 
to better follow (and represent) the evolution of sludge properties during sedimentation and 
consolidation, Toorman’s formulation is being concurrently analysed (Pedroni and Aubertin, 
2005). 

Testing System 

The system described here was based on an early experimental version put together by 
Bédard et al. (1997).  Figure 2 shows the main components of the testing system that was 
installed in the laboratory facilities of the NSERC Polytechnique-UQAT Industrial Chair, in 
Montreal. It includes the column and its support (1), pressure transducers (2), a digital camera for 
the position of the interface, a signal treatment system (3), and a density measurement device (4).  
These components have been described in detail by Dromer (2004); a very brief summary is 
presented here. 

 
Figure 2.  Picture of the experimental testing system showing the main components; see text for 

details (taken from Dromer, 2004; see also Dromer et al., 2004) 

 

The column is made of Plexiglas.  It has a height of 180 cm, with an internal diameter of 
about 15 cm.  A small calibration column filled with water is installed below the main column, 
for calibrating the density measuring device. Four threaded bolts run along the column to keep 
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the components together.  The threaded bolts also serve to raise and lower a plate on which the 
density measuring device is installed using an electric motor.  The support plate moves at a rate 
of about 40 cm/min. 

Pore pressure is measured with transducers installed every 10 cm, starting at 4 cm from the 
base plate. These are connected to porous cups inserted along the column.  The transducer range 
for pore pressure measurement is ±103 kPa.  The transducers are linked to a data acquisition 
system. 

A digital camera follows the position of the free water interface. The imaging frequency is 
adapted to the test requirements, and relies on a measuring tape placed along the column.  
Images are used to determine the displacement rate of the interface.  

Much effort was required to develop the density measurement system.  This system was 
designed with researchers from the neutron activation laboratory (Dept.  of Engineering Physics, 
École Polytechnique de Montréal), using their equipment.  It uses gamma ray emission, 
transmission and detection, a technique often used in others industrial processes (Moens 1981).  
Gamma rays are used instead of x-ray devices (e.g.  Been, 1981; Been and Sills, 1981; De 
Campos et al. 1994), because their penetrating power is higher, allowing more precise 
determination of the actual density of relatively thick media.  The gamma ray source (103keV) is 
placed in a casing on the side of the column.  Depending on the density of the sludge, a certain 
fraction of the emitted rays are transmitted through the column along its diameter and are 
captured by a detector placed on the other side at the same elevation (on the moving plate).  The 
validity and precision of the system were evaluated under well-controlled conditions.  More 
details on the verifications of the experimental system are presented by Dromer (2004). 

Testing Procedure 

For the actual tests, the samples are first prepared by mixing the sludge to obtain a 
homogeneous material.  The sludge is then put into the column from the top with a tubing 
system.  The pressure transducers and digital camera are started when the sludge is placed in the 
column.  Readings are stored in a computer.  The data can be retrieved and transferred for 
analysis.   

The radioactive sources (Sm-153, half-life 48 hours) are activated two times a week during 
the measurements.  Readings are made at regular intervals by moving the γ source-detector 
system along the column, to obtain the density profile at different times during the experiment. 

A pseudo-steady state is reached (i.e. no change in the interface position, density, and pore 
pressure) after 3 to 15 days, depending on the material. Then external loads are added on top of 
the column using a perforated plate placed on the sludge. Loads are added periodically, like in a 
consolidation test.  The addition of a load increases the pore pressure u suddenly (see below); 
this pressure decreases as the water is expelled upward (drainage occurs only from the top).  
Monitoring of the pore pressure, position of the surface, and density of the material along the 
column are used to analyse the behaviour of the sludge. 

At the end of a test, which may last up to 3 months, the column is dismantled and the sludge 
is retrieved in an “intact” state (Fig. 3).  Tests are run on the sludge samples to measure density, 
to analyse the chemical composition of the solids and pore water, and to assess other mechanical 
characteristics using vane and fall cone apparatus. 
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Figure 3.  Sampling of the sludge. 

Experimental Results 

Column tests  
The testing system described above has been used to conduct tests on a kaolin mixture and on 

a sludge sampled from a treatment plant located in Abitibi, Québec.  A previous paper by 
Dromer et al. (2004) presented some preliminary results obtained from this sludge. New results 
obtained from other tests on the same sludge are presented here. 

The solid grain relative density for this sludge is about 3.14.  Its D10 is of about 1 μm and 
has a D60 of about 20 μm.  During a typical test, the pulp density P changed from about 8.6 % to 
13.2% ; the water content w was reduced from 809% to 503%, while the void ratio e decreased 
from 25.4 to 15.8 (for a maximum applied stress of 14.56 kPa). 

The position of the sludge surface over the duration of the first phase is shown in Fig. 4.  In 
this figure the first level corresponds to the sedimentation stage (no applied load), which is 
followed by consolidation due to the added pressure applied on top of the sludge. In these tests, 
the pressure applied on top of the column represents the effect of additional layers of sludge 
being discharged on the pond surface (although the boundary drainage conditions are somewhat 
different in the latter case).  The experimental approach retained here is also used to conduct 
laboratory tests on other soft saturated media (such as sediments and clayey soils).   

The evolution of the density profiles measured with the gamma ray system during a test is 
shown in Fig. 6.  It shows two stages: one for the self-weight sedimentation-consolidation, and 
the other after the external loads were applied.  During the test, density tends to increase 
particularly near the top of the column (as water is expelled upward during consolidation).  In the 
field, the sludge vertical response (i.e. pore pressure and density distribution) may be somewhat 
different, depending on the drainage conditions at the base of the pond.  In many situations, the 
maximum density is expected to occur at an intermediate elevation between the impervious base 
and sludge surface (in the absence of significant evaporation and desiccation).  Nevertheless, the 
consolidation parameters determined here also apply for these other boundary conditions, so they 
can be used for the specific analysis at hand. 
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Figure 4.  Position of the interface for a test conducted on the treatment sludge. 
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Figure 6.  Evolution of the density profiles measured with the gamma ray system during a test 

conducted on the AMD treatment sludge. 
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Pore pressure evolution in the test presented in Fig. 4 and 5 is shown in Fig. 6.  This shows 
the effect of adding the loads, with a sudden increase of pore pressure followed by a slow 
decrease (as expected from the consolidation theory). 

During a test, the effective stress along the column can be calculated as the difference 
between the total stress and the measured pore pressure. 

2

4

6

8

10

12

14

16

18

0 10 20 30 40 50 60 70
Time (days)

P
re

ss
ur

e 
(k

P
a)

σ=3.76kPa σ=7.29kPa

σ=14.59kPa

 
Figure 6.  Pore pressure measured during a sedimentation and consolidation test on the AMD 

treatment sludge. 

The experimental results are used to obtain key parameters required to analyse sedimentation 
and consolidation.  Some preliminary values were presented by Dromer et al. (2004), following 
an early analysis of the results obtained from a test that lasted almost 50 days.  Another test of 
longer duration was conducted later.  The estimated values for some geotechnical parameters for 
the two tests conducted on the sludge are presented in Table 1. 

Table 1.  Geotechnical parameters for two tests conducted on the AMD treatment sludge. 

 Dromer et al. (2004) This study (Figures 5, 6 and 7) 

Cv  range (m2/s) 5 x 10-8 to 2 x 10-4 6 x 10-9 to 2 x 10-5

Cv  average (m2/s) 4 x 10-7 3 x 10-7

va  (kPa-1) –0.3 to –1.5 –1.0 to –2.1 

k  (cm/s) 3x10-5 to 3x10-6 * 2x10-5 to 8x10-6 * 

Cc  range 3 to 10 4 to 12 

Cc  average 7 7 

* depending on e. 
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The results presented in Table 1 indicate a good consistency between the two long-term test 
results.  They indicate that the value of the consolidation coefficient Cv  is comparable to that of 
some soft clays, while the range of k values (hydraulic conductivity) would be typical of silty 
soils.  The value of Cc  is also similar to that of clays.  It has also been observed that Cc is 
almost linearly related to eo, as is the case with many normally consolidated clays (e.g.  
McCarthy 2002). 

Tests on sludge samples
There are different methods available to determine the undrained shear strength of a soft 

saturated media (such as clay), including the vane shear test, penetration test, unconfined 
compression test, and direct shear test.  The vane shear test is relatively simple and convenient 
for many applications (Silvestri and Aubertin 1993).  It is well suited for measuring low shear 
strengths of very soft soils and sediments.  Vane shear tests were performed at the end of the 
column test on undisturbed sludge samples. 

The testing apparatus included vanes with a height of 50mm and diameter 25mm.  The vane 
was gently introduced into the consolidated sludge sampled at the base of the column.  The 
torque was applied until the specimen failed. 

Additional tests were done on the sludge samples using the fall cone apparatus (ASTM 
D3441-98). 

Figure 7 presents the undrained shear strength measured with the vane test and the fall cone 
test.  Results are given as a function of the water content (and void ratio) of the sludge. The 
beaviour shows similarities with others sludges, such as those presented by Sridharan and 
Prakash (1999) for bentonite and kaolin sludges. 
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Figure 7.  Undrained shear strength measured with the vane test and the fall cone test.  Results 

are shown as a function of the water content and the void ratio of the sludge. 
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Also, a one-dimensional consolidation test was conducted on a sample taken from the top of 
the sludge column.  The results are presented in Fig. 8 (details are given in Pedroni, 2006, PhD 
thesis under preparation). 
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Figure 8.  The result of a consolidation test on a sludge sample taken at the top of the column. 

As seen in Figure 8, the consolidation of the sludge with respect to the log of the effective 
stress is relatively linear.  This consolidation behaviour of the sludge beyond the stress level 
attained in the column is consistent with the latter test.  The measured value of Cc  is 
approximately 4 for a range of void ratios from 11 to 6.  Upon unloading, the sludge exhibited 
considerable rebound; the rebound index  of the sludge is approximately 0.8. Cr

Other tests are underway to further study the sedimentation and consolidation of the sludge. 
These new tests involve modifications to the system and new interpretation techniques (Pedroni 
and Aubertin, 2005). 

Conclusions 

The properties of treatment sludge have been measured under controlled laboratory 
conditions using a specially designed system.  The system was used to monitor changes during 
the sedimentation and consolidation phases.  The measurements during the tests included the 
position of the solid-liquid interface as well as the pore pressure and density profiles.  Upon 
dismantling of the column at the end of a test, which can last for months, other properties (such 
as shear strength) were also measured.  The description of the testing and measuring system is 
summarized in the paper.  The results of two tests conducted on sludge are presented.   

More tests will be run on AMD treatment sludge and other types of slurry, so constitutive 
laws can be validated or developed. 
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Future Work 

Another test on sludge is currently in progress.  The theoretical formulations will be tested 
with the data obtained from these most recent tests.  Numerical modeling will be critical for this 
stage. New tests on other materials such as fine tailings and sludge mixtures (sludge and tailings) 
will also be completed and new γ sources (e.g.  Au-198, with energy 412keV) are currently being 
tested in order to adapt the testing system (i.e. gamma ray system) to tests on higher density 
materials (e.g. mine tailings). 

The work presented by Dromer (2004) and Pedroni and Aubertin (2005) will be updated with 
the analysis of the new test results on different materials and using the new theoretical 
formulations. 

Also, the volume change in storage basins of AMD treatment sludge will be assessed with 
the above mentioned equations (and with more elaborate models), using the parameters 
determined from the column tests (such as Cv , , , and Cc ).  For actual field conditions, the 
analysis is best performed using a numerical model that can take into account the conditions that 
apply to field situations.  This work, together with further investigation of sludge behaviour 
under large deformation, is the focus of the ongoing program. 
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