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a b s t r a c t

Wastewater sludge are characterized by complex rheological properties, strongly dependent on solids
concentration and temperature. These properties are required for process hydrodynamic modelling but
their correct measurement is often challenging at high solids concentrations. This is especially true to
model the hydrodynamic of dewatered sludge during drying process where solids content (TS) increases
with residence time. Indeed, until now, the literature mostly focused on the rheological characterization
of sludge at low and moderate TS (between 4 and 8%). Limited attention was paid to pasty and highly
concentrated sludge mainly because of the difficulties to carry out the measurements. Results repro-
ducibility appeared to be poor and thus may not be always fully representative of the effective material
properties. This work demonstrates that reproducible results can be obtained by controlling cracks and
fractures which always take place in classical rotational rheometry. In that purpose, a well-controlled
experimental procedure has been developed, allowing the exact determination of the surface effec-
tively sheared. This surface is calculated by scattering a classical stress sweep with measurements at a
reference strain value. The implementation of this procedure allows the correct determination of solid-
like characteristics from 20 to 45% TS but also shows that pasty and highly concentrated sludge highlight
normal forces caused by dilatancy. Moreover the surface correction appears to be independent of TS in
the studied range.

1. Introduction

Daily human activities generate a large quantity of wastewater.
Before being discharged, these effluents have to be treated to
minimize health risk and negative impact on the receiving envi-
ronment. Treatments are carried out inwastewater treatment plant
(WWTP) which inevitably generates a hazardous by-product to be
eliminated, sludge. In the mid-2000s, the EU production was
around 10Mt of dry sludge (Fytili and Zabaniotou, 2008) and still
increases with the combination of stricter regulation and popula-
tion growth. Sludge management is a real challenge for munici-
palities around the world.

Because of landfilling banning and global opposition to land

application, the main route for sludge valorisation is currently en-
ergy recovery from incineration, pyrolysis or gasification. After the
mechanical dewatering step total solid content (TS) is usually
ranging from 20 to 30% (Chen et al., 2002) but these TS contents are
too low for energy valorisation. Indeed, 30e45% of TS content must
be achieved for a specific incineration, 60e90% of solid content is
required for co-incineration with municipal solid wastes, while
more than 85% is expected for pyrolysis and gasification (Arlabosse
et al., 2012; Ferrasse et al., 2002; Fytili and Zabaniotou, 2008). Thus
thermal drying is required to reach these solid concentration levels
(Arlabosse et al., 2012; Bennamoun, 2012; Bennamoun et al., 2013;
Charlou et al., 2015; Chen et al., 2002; Ferrasse et al., 2002; Flaga,
2005).

However, thermal drying is highly energy-consuming
(Arlabosse et al., 2012; Chabrier, 2007; Charlou et al., 2015;
Kudra, 2003; Milh!e et al., 2015) and, because of the difficulties to
control the residence time in most agitated dryers, final TS content
is often higher than what it is requested for the further thermal
valorisation. Thus, process control to not overcome a given solid
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concentration threshold would save energy and money. This could
be done by adjusting the residence time and so by controlling the
flow rate which is intimately linked to sludge hydrodynamics and
to sludge rheological properties.

Until now the literature mostly focused on the characterization
of the rheological behavior of sludges at low (TS<4%) and moderate
(4< TS<17%) solid concentration (Baroutian et al., 2013; Baudez
et al., 2013; Dong et al., 2011; Eshtiaghi et al., 2013; Farno et al.,
2014; Jiang et al., 2014; Keiding et al., 2001; Lolito et al., 1997; Ma
et al., 2014; Manoliadis and Bishop, 1984; Moeller and Torres,
1997; Mori et al., 2006; Pevere et al., 2009; Ratkovich et al., 2013;
Ruiz-Espinoza et al., 2012; S!egalen et al., 2015; Wang et al., 2016,
2012). Limited attentionwas paid on pasty and highly concentrated
sludge mainly because of the difficulties to carry out relevant
measurements (Agoda-Tandjawa et al., 2013; Battistoni, 1997;
Baudez et al., 2016; Baudez and Coussot, 2001; Chaari et al.,
2003; Charlou, 2014; Jiang et al., 2014; Liang et al., 2017). Indeed,
as the TS content increases, dominating interactions move from a
lubricated regime (indirect contacts) to a frictional regime (direct
contact), leading to dilatancy (Bagnold, 1966; Jaeger and Nagel,
1992; Phillips and Davies, 1991; Sosio et al., 2007; Van Damme
et al., 2002) and fractures (Baudez and Coussot, 2001; Chaari
et al., 2003; Coussot, 2014).

First, dilatancy is a common characteristic of granular pastes and
concentrated colloidal suspensions. Discovered by Reynolds (1885)
and detailed by Van Damme et al. (2002), dilatancy is described as
follows: ‘disordered dense packing of hard grains cannot undergo a
shear without simultaneously expanding in the direction perpen-
dicular to the shear plane’. In other words, the hard and compact
particles are so close to each other that they have to push their
neighbors to initiate their motion (Bagnold, 1966; Jaeger and Nagel,
1992), hence the interest of measuring the normal force simulta-
neously with tangential shear stress.

Second, edge effects taking the form of cracks and fractures occur
when highly concentrated sludge is sheared. As a direct conse-
quence, the effective sample contact area decreases (Ewoldt et al.,
2015) leading to underestimated or unrealistic rheological proper-
ties: for example, no reliable steady-state data could be obtained
with a highly concentrated tricalcium silicate paste due to fractures
(Mansoutre et al., 1999). More generally, a comparison between cone
partitioned plate (CPP) and parallel plates (PP) geometries on viscous
polymers showed that results are only identical below a critical
strain (Franck et al., 2012). Above this critical strain, CPP and PP
geometries did not provide the same results because of fractures
occurring with PP geometry. Fractures did not occur with CCP
because such geometry allows a uniform shear (Cross and Kaye,
1986) but it can only be used with materials free of solids.

To avoid these perturbing effects (fractures), research done on
highly concentrated sludge (Chaari et al., 2003) only focused on a
low deformation range (strain<30%). For larger deformation, the
experimental results were poorly reproducible because of the very
likely occurrence of fracture. Thus, (large strain) flow curve deter-
mination of a highly concentrated sludge is still an unsolved chal-
lenge. But, as flow rates are usually low in dryers (Charlou, 2014;
Ferrasse, 2000), shear rates are low as well and solid-like proper-
ties can be considered as dominant in this range of velocities
(Baudez et al., 2011). In consequence, the evolution of rheological
properties during drying could be reasonably assumed to be similar

to solid-like properties which can be accurately determined with
adapted precautions.

In this work, a specific procedure has been developed to sys-
tematically take into account edge effects and to allow the inves-
tigation of viscoelastic solid-like properties of pasty sludge by using
a simple geometry, compatible with any commercial rotational
rheometer.

2. Material and methods

2.1. Material

Dewatered anaerobically digested sludge was sampled at the
outlet of the centrifuge step at theWWTP fromAlbi city (France). Its
initial TS content was 20% and samples of different TS content
ranging from 8 to 45% have been prepared by lab centrifugation (at
30 000 rpm or 108800 g) for duration from 30min to 24 h at room
temperature or by dilution (with addition of deionised water).

Volatile solid content of total solids (VS) has been determined
for several samples to check that centrifuge did not alter sludge
composition (Table 1).

Sludge was then stored at 4 !C for at least 24 h to ensure full
homogenization.

Biological stability over time of samples was checked after
sampling. It was found that sludge can be considered biologically
stable for a period of 10 days as rheological characteristics did not
evolve during this period of time (Fig. 1). Thus, samples were only
considered for 10 days, to ensure reproducible measurements.

2.2. Rheological measurements

Rheological measurements were performed with stress-
controlled RS600 instrument (HAAKE) piloted by RheoWin soft-
ware at ambient temperature. Serrated (to avoid wall slip) parallel
plate geometries (radius 10 and 17.5mm) were used with a gap set
at 2mm. Only dynamic mode was used in this work.

For parallel plates, shear stress and shear strain are calculated
from the geometric parameters (plates radius and gap) and raw
measurements (torque and rotational angle) as follows (HAAKE,
1999):

ti ¼
2,Mi

p,Rð0Þ3
(1)

gi ¼
4i,Rð0Þ

h
(2)

Where ti, gi, Mi, 4i, Rð0Þ and h represent the shear stress [Pa], the

Table 1
Measurement of TS and VS content after centrifugation.

Centrifugation time (h) 0 0.5 1.5 24

TS content (wt. %) 20.6 29.7 34.3 44.2
VS content (wt. % TS) 63.3 63.4 63.6 63.3
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2.E+4

4.E+4

6.E+4

8.E+4

G
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t (days)
0 1 2 3 10 14 23 26 27

Stability during 10 days Temporal variability

Fig. 1. Biological stability of digested sludge at TS¼ 20%. The rheological properties
remain almost constant for 10 days after sampling.



shear strain [%], the torque [N.m], the rotational angle [rad], the
radius of the plates [m] and the gap between the plates [m],
respectively. Stress and strain ratio allows the calculation of the
complex modulus, G%

i :

G%
i ¼

ti
gi

¼
2,h ,  Mi

p , 4i , Rð0Þ
4 (3)

The loss (or viscous) modulus G
00

i and the storage (or elastic)
modulus G

0

i are then derived from G%
i . G

00

i represents the viscous
dissipation or loss of energy, while G

0

i characterizes the energy
stored or how well structured the material is.

For different solid concentrations, a stress sweep consisting in
successive steps of constant dynamic stress ti (corresponding to a
torque Mi) of increasing intensity (10 points per decade) has been
applied to the sample. A pause is marked between each step. Only
one constant dynamic stress at 1 Hz is applied by step. Each con-
stant dynamic stress was preceded (during the pause) by a refer-
ence test allowing the correction of edge effects (Fig. 2). Despite the
stress-controlled mode, it has been decided to carry out this
reference test by applying a constant dynamic rotational angle 4ref
in the linear viscoelastic range (LVE), where, by definition, stress
and strain are proportional (the elastic modulus being constant).
But, because edge effects induce a decrease of the effective shear
surface, applying a constant reference torque would have driven to
an uncontrolled increase of the stress and so of the strain, poten-
tially out of the LVE range. So, by applying this constant dynamic
rotational angle, edge effects drive to a decrease of the corre-
sponding stress ensuring to remain in the LVE range. An initial
dynamic rotational angle of 0.6mrad (corresponding to a reference
strain gref of 0.3% without edge effects) has been found to be in the
LVE range with the 10mm plate. Only one constant dynamic rota-
tional angle (0.6mrad) at 1 Hz is applied by reference test.

This reference rotational angle 4ref has also been considered to
evaluate the restructuration kinetics of sludge by applying a con-
stant dynamic strain over time and measuring the evolution of
rheological characteristics (1 measurement every 10 s). Because a
strain of 0.3% is found to be in the LVE range, the number of mea-
surement applied does not matter. This step will help at defining
the appropriate time of rest needed to neglect restructuration ef-
fects during the experimental procedure which allows recalculat-
ing the effective really sheared radius.

Tests have been made in triplicate to evaluate the
reproducibility.

Normal force was recorded in parallel with shear characteristics.

3. Results and discussion

3.1. Restructuration

When submitted to a constant strain in the linear viscoelastic
regime, the loss tangent slowly but continuously decreases (Fig. 3),

indicating a restructuration is occurring and the material is
becoming more and more solid (Baudez, 2008).

To ensure restructuration effects will not impact results during
measurements (stress sweep measurements scattered with the
reference rotational angle), it has been decided to apply a pre-
liminary constant dynamic strain plateau at 0.3% (the reference
strain gref ) for 300 s. Beyond this time, restructuration only evolved
by 2% in 20min, which is considered as negligible regarding the
signal intensity.

3.2. Stress sweep measurements

As the stress increases, a fracture appears on the edges above a
critical strain and progressively spreads to the whole volume
(Fig. 4). Because rheological characteristics are calculated by the
rheometer software from raw torque and rotational angle on the
basis of a full sheared surface, the impact of this fracture has to be
corrected.

This correction implies to exactly know for each level of stress
(or torque) the real surface which is effectively sheared (Fig. 5). This
can be done by considering the complex modulus G* in the LVE
range, which is by definition constant, assuming the inner-
structure of sludge has not been impacted by the applied shear.
To ensure this assumption remains valid during our experiments,
the largest strain (to be corrected) has been limited to 200%, cor-
responding to a rotational angle of 400 mrad with the 10 mm plate.

Thus, the effective radius can be recalculated with the following
procedure. First, the reference strain gref is given by equation (4):

gref ¼
4ref,Rð0Þ

h
(4)

Rð0Þ is the initial radius of sample (m), which is equal to the plate
one, and 4ref is the constant reference rotational angle (0.6mrad).

Taking into account progressive edge effects, applying 4ref

angle (0) angle (i)

Constant
stress 

1

Constant 
stress 

0 angle (1)

Constant
stress 

i

Fig. 2. Experimental procedure allowing to recalculate the effective really sheared radius.
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Fig. 3. Evolution of loss tangent as function of time under a constant strain for sludge
at TS¼ 20%.



drives to a shear stress equal to:

tref ðiÞ ¼
2,Mref ðiÞ
p,RðiÞ3

(5)

At the beginning, before the fracture has appeared, the
measured torque is equal to Mref ð0Þ and the complex modulus
G%
ref ð0Þ in this reference state (corresponding to R(0)) is thus:

G%
ref ð0Þ ¼

tref ð0Þ
gref

¼
2, h , Mref ð0Þ
p , 4ref  , Rð0Þ

4 (6)

Where RðiÞ corresponds to the effectively sheared radius and
Mref ðiÞ the effective torque when the reference rotational angle is
applied.

Complex modulus at the reference rotational angle is then
defined by the following equation:

G%
ref ðiÞ ¼

tref ðiÞ
gref

¼ 2, h ,  Mref ðiÞ
p, 4ref  , RðiÞ

4 (7)

Assuming the inner-sludge structure is not impacted at these
low levels of deformation, the complex modulus can be considered
constant at the reference state before and after the fracture. Then it
comes:

G%
ref ðiÞ ¼ G%

ref ð0Þ (8)

Where G%
ref  ð0Þ represents the initial (before the fracture) complex

modulus at RðiÞ ¼ Rð0Þ.
Combining Equation (7) and Equation (8), it comes:

 Mref ðiÞ
 RðiÞ4

¼  Mref ð0Þ
 Rð0Þ4

(9)

And so:

RðiÞ ¼ Rð0Þ, 

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
 Mref ðiÞ
Mref ð0Þ

4

s

(10)

Then the radius really sheared obtained from each reference
state allows correcting the stress (and the corresponding strain) as
shown on Fig. 6.

The Table 2 shows an example of raw data obtained with a
10mm plate. Using equation (10), the radius really sheared can be
calculated at the reference state (i) as follows:

RðiÞ ¼ 10,

ffiffiffiffiffiffiffiffiffiffi
 217
285

4

r
¼ 9:34 mm (11)

Then, stress and strain can be corrected using this radius R(i).

ti ¼
2,Mi

p,RðiÞ3
¼

2,9468,10&6

p,
"
9:34,10&3

#3 ¼ 7400 Pa (12)

gi ¼
4i,RðiÞ

h
¼

154,10&3,9:34
2

¼ 72 % (13)

Finally, these intrinsic stress and strain allow calculating the
corrected complex modulus:

 = 0.1 %  = 10 %

 = 200 %  = 3000 %

Fig. 4. Visualization of the edge fracture sheared between parallel plates during stress sweep experiment (at TS¼ 20%).

R(0) R(i)

Fig. 5. Picture of the surface really sheared (S¼p:RðiÞ2) between parallel plates at the
end of the stress sweep (3000% of strain). R(0) is the initial radius.



G%
i ¼

ti
gi

¼
7400
0:72

¼ 10280 Pa (14)

Then, from the corrected complexmodulus G* and the loss angle
d (Table 2), which is not impacted by the surface correction, the
effective value of the loss modulus G00 and the storage modulus G'
can be determined as follow (Malvern Instruments, 2016):

G
0
¼ G%

i ,cosdi ¼ 10280,cosð31!Þ ¼ 8840 Pa (15)

G
0 0
¼ G%

i ,sindi ¼ 10280,sinð31!Þ ¼ 5300 Pa (16)

The evolution of the surface really sheared S(i)¼  p,RðiÞ2 as
function of strain during measurements evidenced two regions
separated by a critical strain gc (Fig. 7) above which the surface
really sheared is no more equal to the initial one indicating that
fractures occur. It first starts to decrease slightly as the strain in-
creases, then, a strong decrease is observed.

Evolutions of elastic and viscous moduli as a function of the

strain with and without the surface correction are displayed in
Fig. 8. The global shape of G0 and G00 does not change but the cor-
rected values differ from the uncorrected ones up to 40% (Table 3
and Fig. 8).

Corrected data showed that G0 starts to become strain-
dependent above 0.5% before sharply decreasing above 10e15%
while G00 remains almost strain-independent in this range. Then, at
higher strain, moduli decrease together until a crossover point at
around 160%.

Normal force measurement and corrected surface allow the
calculation of the normal stress defined by s¼ Fn/S [Pa] which
clearly highlights specific regions (Fig. 9) with 3 distinct zones: a
decrease below the critical strain gc, then a sudden increase before
an abrupt fall at gf corresponding to the decrease of G’'. The sudden
jump is typical of dilatancy in granular media (Mansoutre et al.,
1999).

The onset of dilatancy corresponds closely to the critical strain.
Indeed, particles cannot move independently from each other and

Yes 

=
2 M
R(i)3

Constant stress

=
2 M
R(0)3

Ref. rotational 
angle (i)

From Eq (10):
 R(i)=R(0)

No 
correction

From Eq (10):

R(i) = R(0) 4 Mref(i)
Mref(0)

Mref(i) = Mref(0)

No

Fig. 6. How the corrected radius from each reference rotational state is used to correct the rheological parameters.

Table 2
Example of raw data at some reference states. Initial radius is R(0)¼ 10mm.

Applied measurements M (mNm) 4 (mrad) d (!)

Initial Ref. rotational angle (0) 285 0.6 8.5
Ref. rotational angle (i-1) 249 0.6 8.5
Constant stress ti&1 6297 42 18.3
Ref. rotational angle (i) 217 0.6 8.5
Constant stress ti 9468 154 31.0

0.5

1

1.5

0.1 1 10 100

S(
i)

/S
(0

)

(%)

test 1 test 2 test 3

c

(i)=S(0) S(i)= R(i)2

Fig. 7. Evolution of the surface ratio during obtained by the experimental procedure
for the sludge at TS¼ 20%. (S(0)¼  p,Rð0Þ2 is the initial surface).
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Fig. 8. Evolution of storage (B) and loss (D) moduli during rheological measurements
with (- - -) and without (&) surface correction for the sludge at TS¼ 20%.

Table 3
Evolution between corrected and uncorrected data (corrected by uncorrected) at
different strains.

g (%) S(i)/S(0) ti=ti G%
i =G

%
i

3 0.99 1.01 1.02
15 0.94 1.10 1.13
150 0.84 1.30 1.42



they need to push their neighbors. It results in a movement in the
direction perpendicular to the shear plane (Van Damme et al.,
2002) leading to an increase of the normal stress.

Then, normal stress abruptly decreases in parallel with G00,
above gf . Thus it can be assumed that the decrease of the normal
stress results from viscous-like dissipation which takes place in the
material: the structure dissipates its internal energy through
fractures.

Finally, at higher strain, moduli decrease together until a
crossover point at a strain around 160%, marking the transition
from a viscoelastic solid characteristic to a viscoelastic liquid
property (Jiang et al., 2014). Beyond the crossover point, G00 be-
comes higher than G' as the strain increases, reflecting the now
essentially viscous nature of the medium as noticed by Mansoutre
et al. (1999).

3.3. TS content impact on surface correction

Fracture intensity depends on TS (Fig. 10). As long as TS is low
(14% in our case), when measuring tools are moved away, the
surface profile looks like a cone reflecting that the surface was fully
sheared (no fracture). Then, for TS higher than 14%, the surface
profile displays concentric circles and a plane surface in the centre,
reflecting the existence of fracture.

Interestingly, as soon as fracture is occurring, whatever the TS
(ranging from 14 to 45%), the surface correction curves are super-
imposed (Fig. 11), indicating the same phenomena e but probably
at different intensities e occurs (Baudez et al., 2011).

The existence of a single curve for the surface-correction means
that, in this range of TS, a single surface-correction curve could be
sufficient to obtain intrinsic characteristics for any other TS.

This procedure allows to accurately determine the rheological
viscoelastic solid-like characteristics of highly dewatered sludge.
The door is thus open to define how these (correctly measured)
parameters evolvewith solid concentration and temperature as it is
the case in dryers.

The evolution of these parameters will allow the definition of a
kinetic function regarding temperature and concentration changes
during drying process. Thus, knowing the rheological properties of
sludge at the inlet and its kinetics, the residence time can be eval-
uated and adapted to control the final solid concentrationwhich will
correspond, for a single sludge, to a given elastic modulus.

4. Conclusion

Literature has shown that rheological measurements of pasty
sludge are limited to low strains and may require complex config-
urations (which are not accessible for any commercial rheometer)
because of uncontrolled effects such as cracks and fractures.

This work demonstrates how cracks and fractures in rotational
rheometry can be successfully controlled in order to obtain intrinsic
rheological parameters, using a simple geometry, compatible with
any commercial rotational rheometer. The experimental procedure
is based on a sheared surface correction. This correction is deter-
mined in real time by scattering a classical stress sweep with
measurements at a reference strain value. It is also shown that the
surface correction is independent of the total solids content (TS) in
the studied range (14e45%), resulting in a single correction curve.
Moreover, the implementation of this procedure showed that pasty
and highly concentrated sludges present similarities with granular
material (dilatancy or jamming).

The overall results of this research pave the road of a more
completemodelling of the hydrodynamic behavior of sludge during
drying processes. Indeed, the knowledge of the sludge rheological
properties on a wide range of TS allows a better understanding of
the flow evolution all along the dryer. This will drive to a better
control of the residence time and thus the final solid content.

Future works will be however needed to better understand and
potentially to model the transition from lubrificated to frictional
regimes, and how the frictional contribution can impact the rheo-
logical parameters.
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Fig. 9. Evolution of the normal stress during rheological measurements with (- - -) and
without (&) surface correction for the sludge at TS¼ 20%.
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Fig. 10. Surface profile of sludge between parallel plates at the end of experiments.
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