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Abstract

The mechanically dewatered sewage sludge with total solid content around 20% on a weight basis is
very similar to yield stress fluid, its complex transition between solid and fluid states is not perfectly
reversible and especially challenging in terms of pumping, land spreading and drying. To characterize
the rheological and textural properties of highly concentrated sludge, a specific methodology based
on uniaxial single and cyclic compression tests is developed. Three types of sludge samples (fresh
original, fresh premixed and aged original ones) are extruded into cylinders and pressed between
two parallel plates using a material testing machine. In single compression, the bioyield point is
around 7.3 kPa with true strain equal to 0.21 beyond which the sludge fractures. The cyclic
compression tests reveal that the sludge behaves as a viscoelastic body when the true strain is
smaller than 0.05. Once exceeding the yield stress, it behaves as a visco-elasto-plastic one. The
elastic module is around 78 kPa; the viscosity is deduced, in the order of magnitude 10* to 10° Pa.s
and the yield stress is estimated about 4 kPa. In the unloading phase, the sludge behaves again as a
viscoelastic body with clear hysteresis. With the increase of compression speed, the viscosity
declines. This confirms that the sludge is a shear-thinning material. The yield stress and the bioyield
increase with compression speed, but it does not induce extra internal damage in the samples since
the resilience and the cohesiveness are unaltered. The reliability and sensitivity of the method is
justified by highlighting the changes of sludge behavior induced by aging and premixing: both
decrease the strain energy density, but do aggravate the adhesiveness of the sludge; the aging makes
the sludge less cohesive, while the premixing does not modify its cohesiveness. In spite of changes in
test conditions, the elastic module of sludge samples remains unchanged.
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1 Introduction

In volume, sewage sludge is the largest by-product recovered in a municipal wastewater treatment
plant (WWTP). Typically, these solids and biosolids are in the form of a liquid or semisolid liquid,
which contain from 0.25 to 5% of solid by weight. Thickening, conditioning and mechanical
dewatering are necessary treatments to remove the moisture, which reduces the volume, improves
the handling, facilitates the storage and decreases the transport costs for further valorization. In
Europe, most of the municipal WWTPs implement these treatments to best achieve a total solid
content (TS) around 18 to 25% with a continuous dewatering process. Most of the dewatered sludge
maintains its shape in the same way as a solid under the effect of gravity but is able to flow like a
fluid, i.e. a substance that continuously deforms, when submitted to a high enough stress. These soft
materials are very similar to yield stress fluids. But the key difference is that the highly concentrated
sludge cannot recover the properties it had before flowing in the liquid regime: the transition
between solid and fluid states is not perfectly reversible (Coussot, 2014). Sludge processing, reuse
and disposal are among the most complex technical problems facing the engineers in the field of
wastewater treatment. This complex transition between solid and fluid states is especially
challenging in terms of pumping, land spreading and drying (Baudez et al., 1998). Concurrently, the
inevitable impacts of aging (due to the degradation of organic matters) and premixing (including
shearing, pressing and squeezing induced by pumping, transporting and other mechanical handlings)
modify more or less the rheological and textural behaviors of sludge. Papadakis and Bahu (1992)
reported the crucial sludge stickiness to equipment surfaces observed in drying processes. The
sticking accumulation may lead to significant reduction of dehydration capacity and efficiency
(Beckley and Banerjee, 1999; Jing et al., 1999; Kudra, 2003; Ohm et al., 2009). Therefore, the
characterization of rheological and textural behaviors of mechanically dewatered sewage sludge is
aimed to settle the dominant properties with respect to operational conditions so as to optimize the
processing design.

The main factors dominating the sewage sludge properties are the temperature (Lotito and Lotito,
2014; Feng et al., 2014; Dai et al., 2014; Battistoni, 1997; Baroutian et al., 2013; Baudez et al., 2013;
Farno et al., 2014; Mori et al., 2006), the composition and the microstructure (Ruiz and Wisniewski,
2008; Lin et al., 2013; Nielsen et al., 1996; Pevere et al., 2009; O’Kelly, 2008; Baudez and Coussot,
2001; Baudez, 2008; Agoda-Tandjawa et al., 2013; Mori et al., 2008; Ma et al. 2014) as well as the
solid concentration. Until 2013 (Seyssiecq et al., 2003; Eshtiaghi et al., 2013), most of the rheological
characterization studies were focused on sludge in liquid to pasty states (1.5% < TS < 15%).
Rheometers have always been the mainstream tool. Unfortunately, an effective standard specifically
designed for sludge, that includes both sample preparation and characterization, is lacking.
Considering the large number of operating parameters, such as the geometry, gap size, wall surface
roughness and pre-shearing rate, it is not possible to get an absolute value for the viscosity
(Ratkovich et al., 2013) and the yield stress (Jiang et al., 2014). Few publications are devoted to the
characterization of pasty sludge having TS higher than 15%. Jiang et al. (2014) carried out both steady
flow and dynamic oscillatory measurements to investigate the impact of both solid content and
temperature. These measurements were all conducted on a conventional rotating rheometer. Even
at TS=16%, the sludge was flowable under tangential stress. The same observation was reported by
Agoda-Tandjawa et al. (2013). For another sludge at TS around 21.5%, Charlou (2014) reported a
fracturing phenomenon in a horizontal plane using a parallel plate rheometer in oscillation mode.
The shearing test was inadequate to characterize this sludge. However, Battistoni (1997) succeeded
in investigating the rheological properties of highly concentrated sludge (up to TS=33%) with a
coaxial cylindrical geometry. But, prior to the rheological test, the sludge was sieved (with a No. 20
U.S. standard sieve of 0.841 mm) and sheared at a shearing rate of 100 s for 4 minutes. These pre-
treatments not only irreversibly altered the composition, but also the microstructure of the sludge
and the moisture distribution (Liang et al., 2016). It therefore seems that rotational rheometers have
limited interest when working with a mechanically dewatered sludge.
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Alternative methods are reported in the literature. Ruiz and Wisniewski (2008) and Ruiz et al. (2010)
adopted the Atterberg Limits, widely applied in civil engineering, to correlate the rheological
characteristics of the sludge to its drying and shrinkage aptitudes. O’Kelly (2005; 2006) applied
triaxial compression tests, commonly used in soil mechanics, to simulate the mechanical and
geotechnical behaviors of solid sludge around TS=55% for landfilling purposes. Unfortunately, these
methods are not suitable for the purpose of determining the rheological properties of highly
concentrated sludge. In another scientific area, G’sell and Jonas (1979) proposed a tensile testing at
constant local true strain rate to determine the plastic behavior of solid polymers with True strain-
True stress curves. Ramirez-Wong et al. (1996) used the squeezing flow viscometry technique and
the definition of true strain and true stress to evaluate the rheological properties of fresh corn masa
while S. Sharma and Bhattacharya (2014) adopted this method to show the fracture characteristics of
model food gels. These studies share the common features of involving pasty, gelatinous or solid-like
materials and compressing it between two parallel plates to provide an accurate measure of the
material behavior during the test. Suitable for application in different fields, universal testing
machines (UTM), also know as material testing machines, can perform many standard tests, including
single and multiple cycle compression, tensile strength, creep, stress relaxation, resiliency, to
describe the deformation behavior and creep properties of materials. UTM have also been marketed
to specific sectors with specialized name (texture analyzer for food and top load compression tester
for packaging, for instance). Thus, by referring to conventional uniaxial compression tests used for
characterizing somewhat similar materials in various fields of research, such as single sludge granules
(Lin et al., 2013), gels (Sharma and Bhattacharya, 2014; Yu et al., 2012), sandstones (Zhang et al.,
2014) and asphalt mixtures (Cai et al.,, 2013), we developed an entire methodology - from
experiment to modelling till simulation - to describe the deformation and flow of a mechanically
dewatered sewage sludge (i.e. at TS around 20%) under a given mechanical load.

For the characterization of sludge stickiness, Peeters et al. (2010) and Li et al. (2014) adapted the
shearing test used in powder engineering to map the adhesive and cohesive stresses of sludge at
increasing solid content. However, these tests only provided sticky strength under shearing. The
other textural properties as strain energy density, resilience, energy of adhesion and cohesiveness
for energy consumption analysis stayed unknown. The lack of these primary elements led us to adopt
the entire analysis of texture, also using uniaxial cyclic compression test, developed in food
engineering (Steffe, 1996; Hort et al., 1997) for better understanding of sludge behavior.

The present paper focuses on the experimental methodology only. The objective is first to analyze
the rheological and textural behavior of the material, such as elasticity, viscosity, plasticity, hardening
index and adhesive and cohesive parameters, under different types operational conditions. In a
second part, particular emphasis is being placed on the reliability and sensitivity of this method that
are justified by highlighting the changes induced by aging and mixing. This methodology is realised
under uniaxial compression, so that it can be applied to sludge behaving as a soft solid with TS
between the liquid limit (evaluated by slump test and/or ASTM D 4318 to ensure that the sludge
sample can not flow with its own weight under gravity) and the plastic limit (ASTM D 4318 to ensure
that it can be considered as a continuous medium).

2 Material and method

2.1 Origin of the sewage sludge

The sewage sludge was collected at the WWTP of Albi city in France. Before the biological treatment,
the wastewater is screened, de-sanded and de-oiled (Figure 1). After the extended aeration, a post-
treatment removes the nitrogen and the phosphorus from the effluent. The excess sludge is
flocculated with a high cationic polymer (BASF Zetag® 8868), thickened and anaerobically digested
for six weeks. The digested sludge is flocculated again with a second high cationic polymer (BASF
Zetag® 9018) and mechanically dewatered in centrifuges. The material used in this study was
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sampled after the centrifugation. Sludge composition was analyzed according to standard EN
12880:2000. The sample ranged in dry matter content from 18.5 to 21 wt%.

Figure 1

As the sludge contains active organic matter, it is necessary to avoid biodegradation phenomena
(aging) to have a chance of getting repeatable tests. Storing the sludge in a sealed barrel avoids
water evaporation only. O’Kelly (2008) characterized the composition of a sludge sample kept at
atmospheric conditions in a sealed barrel for 13 years: the TS only increased from 12% to 13% while
the total volatile solids significantly decreased from 70% to 55%. To block the biological activity, F.
Chaari et al. (2003) added chemical reagents into the sludge and kept it in a fridge. Ma et al. (2014)
refrigerated sludge at 4°C for one night. Nevertheless, by surveying the composition changes in
extracellular polymeric substances, Nielsen et al. (1996) proved that the sludge biodegradation was
mostly active during the first three days of storage and tended to be stable beyond 12 days. So,
Curvers et al. (2009) stored the sludge at 4°C for 14 days, while Baudez et al. (2013; 2011) have
chosen a refrigerating storage of 30 days before testing. In this study, the sludge was immediately
transported to the laboratory within one hour after sampling and divided into two samples. To
prevent any aging effect, one was prepared immediately for testing while the second one was kept at
4°C for 6 days to investigate the influence of aging.

2.2 Sample preparation

Inherently, the sludge is an extremely heterogeneous material, whatever the observation scales. To
be representative, a large sample is thus required. Furthermore, shaping the material into cylinder is
needed for the test purpose. To have a chance to get a repeatable and reproducible protocol, three
methods of preparation are tested and compared: (i) use of a cookie-cutter for shaping the raw
sludge, (ii) manual extrusion of the raw sample and (iii) homogenization of the raw sludge with an
automatic planetary mixer prior to the manual extrusion. The cylindrical cookie-cutter is pressed into
the pasty sludge and then retrieved with a pre-formed piece of sludge. The manual piston extruder
(Figure 2 (a)) is made up of a rack connected to a piston, a pinion connected to a crank (by which the
torque is converted into a linear force on the piston while meshing the rack with the pinion), and a
cylindrical recipient (13 cm in diameter). The sludge is pressed through a subconical tube, 3.4 cm in
diameter, by the linear force. The extrusion can slightly homogenize a mass of sludge without
changing its microstructure much. However, preshearing is widely used before testing in flowable
sewage sludge rheological characterization on a conventional rheometer (Dai et al., 2014; Battistoni,
1997; Baudez et al., 2011; Markis et al. 2014). The aim is first to homogenize the sample, which is all
the more critical than its volume is small (around 0.4 mL), but also to erase the material memory. As
the size of our samples is quite large (around 46 mL), an automatic planetary mixer (Dito Sama,
Sensils, France) is used to smash the polymer blobs and homogenize the original material.

Figure 2

A typical photo of the material after mixing and extrusion is shown on Figure 2 (c). Compared to the
raw material (Figure 2 (b)), its physical appearance is very different, smoother and shinier.

For each preparation method, the size and the weight of at least three cylindrical sludge samples is
measured and the bulk density deduced. Neither significant loss in mass, nor remarkable gain in TS
(about 0.2%) was observed after premixing. Assessment of the sample homogeneity after shaping is
based on the calculation of the standard deviation of the bulk densities. The average densities and
the associated standard deviations are listed in the Table 1 for the three preparation methods.

Preparation Bulk density average Standard deviation Deviation percentage
method (kg/m?) (kg/m’) (%)
Cookie cutter 948.5 34.7 3.7
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Extruder 1061.8 13.9 1.3

Mixer & extruder 1046.5 12.7 1.2

Table 1: Influence of sample preparation methods on averaged bulk density and standard deviation

The bulk density of samples shaped by cookie cutter is lower than that of water, because the
incorporation of air within the loosened sludge. Extrusion reduces the material porosity and leads to
denser samples. In addition, the extruded samples are more homogeneous than those made by using
a simple cookie cutter. Premixing (10 min at about 1232 rpm) strengthens these trends. However,
direct observation highlights that the premixed sludge is actually much more sticky than the original
material. This phenomenon was also observed by Charlou (2014). To expect a repeatable and
reproducible characterization method, extrusion is selected as the best method for preparing solid-
like sludge samples. All the extruded sludge samples have the same dimensions, ro = 17 mm and hy=
51 mm, so the aspect ratio is 2ro/hy= 1.5. Aging and premixing are considered as two operating
parameters, whose influence has to be tested. Further more, as the sludge is extruded into cylinders,
the sludge on the surface of the shaped cylindrical samples is somewhat sheared, pressed or
squeezed. The premixing test is thus indispensable to verify whether the sample shaping by
extrusion is reliable and applicable or not.

All the experiments are carried out in the air-conditioned laboratory (21°C). The TS of sludge is
surveyed before sample preparation and after compression test in order to verify that the water
evaporation is negligible and has no impact of the measurement.

2.3 Uniaxial compression at different velocities or deformations

All the mechanical tests described in the following are carried out with the material testing machine
(UTM) LRX Plus of Lloyd Instrument (Elancourt, France) with capacity up to 5 kN. The UTM (Figure 3)
includes a control console, a fixed worktable, a single column with a crosshead travel range of
735 mm embedded with an interchangeable mobile load cell equipped with a force sensor of 50 N.
The uniaxial compression tests are configured at a constant crosshead displacement speed V (mm/s),
either with a maximal loading force F...(N) or a maximal sample change in height Ah.., (mm).
During the experiment, the force F (N), the time t (s), and the crosshead displacement (namely the
change in height of the sludge sample) Ah (mm), are recorded on a computer.

Figure 3
Three different types of mechanical tests were performed:

e Single compression tests on fresh raw sludge samples with Ah,,,,=35 mm and V=0.5 mm/s, to
define the bioyield point which is related to a failure in the microstructure of the material
and also known as the fracturability (Pelletier et al., 1998; Mohsenin, 1984);

e 1 cycle (loading-unloading) compression tests on fresh raw sludge samples with different
maximal deformations (Ahm.=1, 2, 3 and 10 mm) at fixed compression speed V=0.5 mm/s -
the upstroke phase occurs once the crosshead reaches the preset Ah,,, - to identify the
rheological behavior of the material under 1 cycle of loading and releasing manipulations;

e 2 consecutive cycles (loading-unloading) compression tests on three types of samples (fresh
raw, fresh destructured and aging raw) with different compression speeds (V=0.5, 1.0 and
1.5 mm/s) at fixed maximal deformation Ah,,,,=10 mm to determine the rheological behavior
and textural properties of the material under 2 cycles of loading and releasing manipulations
(Pelletier et al., 1998).

For each input condition at least three samples are characterized.
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3 Calculations of mechanics and texture quantities

3.1 True stress and true strain

A typical force measured in response to a cyclic mechanical compression test with pre-set maximal
deformation (here Ah.,,=35 mm) and crosshead displacement speed (here V=0.5 mm/s) is plotted
over time in Figure 4.

Figure 4

In order to interpret the rheological behavior of the sludge sample, the true stress o (Pa), and the
true strain ¢ (-), are computed from the instantaneous force F, the cross-sectional area S (m?), and
the deformation Ah. We assume (i) that there is no friction at the contact surface between the
sample and the UTM plates (ii) that the cylindrical sludge sample is incompressible (The bulk volume
of cylindrical samples measured before and after compression test is almost unchanged.). So the
samples can keep their cylindrical shape during the compression tests. Of course, the side surface of
the sample is slightly curved after the compression test. However, the ratio of diameters between
the sections of higher and lower radii is about 1.07, and the discrepancy between the original size
and the final one is less than 10%, as can be seen on Figure 6, thus this assumption seems quite
acceptable.

Since the extruded cylindrical sample is considered incompressible during a trial, the instantaneous
cross-sectional area S(t) can be calculated according to the conservation of the sample’s volume:
hO

S(t) = T[I'(t)z = (hO—T(t))T[r% (1)

Where r(t) is the sample’s radius at time t.

The previous assumption of sliding without friction during uniaxial compression leads to a uniform
and uniaxial stress field. The true stress o is thus expressed as the force F(t) divided by the
instantaneous cross-sectional area S(t):

— F®O _ (ho-ah(t) FO®O
G(t) - S(t) - hg ‘r[ré (2)

The axial true strain increment de is defined as the height increment dh divided by the instantaneous

height h(t): de = % . Therefore, the axial true strain g(t) is calculated as follows:

e(t) = In( ) (3)

ho+Ah(t)
hg

In the following, all the experimental data are converted into true stress and true strain (often called

stress and strain for short).

3.2 Strain energy density and resilience

It is assumed that there is no friction on contact surfaces, so it is considered that there is no energy
dissipated by friction in these tests. The energy introduced into the material due to the loading is
therefore assimilated to the strain energy. The strain-energy density of the material u (J/m?)
corresponds to the normalized strain energy by unit volume that is needed to achieve a certain
deformation. It is equal to the area under the stress-strain diagram:

u= J-loading ode (4)
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If the material is not perfectly elastic, only part of the strain energy can be recovered after the load is
removed. The recoverable part is the resilience of the material u, (Roudot, 2002). u, is equal to the
area of the stress-strain curve during unloading:

U, = dE (5)

funloading(y
Where u, is also expressed in J/m3.

Finally, the difference u-u, gives the energy density that is irreversibly stored or dissipated within the
sample, as permanent deformation, heat or cracking, during a loading-unloading application. A ratio
between unrecoverable energy and strain energy, e (%), can be obtained as follows:

(6)

3.3 Texture profile analysis

In food science, double compression tests are recognized as an instrumental means of characterizing
the texture of the material (Steffe, 1996). Usually, the sample is compressed two times, up to 80% of
its original height, with the UTM. Several textural parameters can be deduced from the texture
profile curve. This curve represents the evolution of the force over the time. Three of them are of
particular interest for sludge treatment - adhesive strength, energy of adhesion and cohesiveness -
since the adhesion to the filter clothes during mechanical dewatering, to the dryer walls during
thermal drying or to the chopping blades of stirring device in solar dryers is very common in sludge
treatment. A product with strong cohesion will be more tolerant of manufacturing.

The adhesive strength F.4max is the maximum negative force. Knowing the contact surface, the
adhesive stress G,4max Can be calculated. The energy of adhesion w,q4 represents the mechanical work
caused by a tensile force to separate the material from the plate. w,q, expressed in J, corresponds to
the area under the zero force line after the compression:

Waq = Fvdt (7)

fadhesion
Where F is the adhesive force measured between the two cycles and Vdt is the displacement
increment. The values of adhesive strength and the energy of adhesion are negative, absolute
numbers will be reported in Table 2 to 5.

The cohesiveness co, a dimensionless quantity, corresponds to the ratio of the mechanical work
done by the compression force during the second compression w,to the mechanical work done by
this force during the first compression w;. The cohesiveness is used to evaluate how well the
material withstands a second deformation relative to its resistance under the first deformation. It is
calculated as follows:

co = WZ/W1 with wy = Fvdt (8)

f kth cycle

Where k is the k™ compression cycle.

4  Results and discussion

4.1 Identification of rheological and textural properties

The TS of tested sludge samples are 18.86% before shaping preparation and 19.37% after
compression test. This increase of 0.5% in TS due to water evaporation is negligible. The
experimental results are therefore reliable for sludge behavior interpretation.
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4.1.1 Identification of the bioyield point through simple compression

The mechanical responses of three sludge samples, directly shaped into cylinder by extrusion, to a
single loading phase are plotted in Figure 5 (a) (b). The experiment was performed at V = 0.5 mm/s
with Ah.,,,=35 mm. Results are very well repeatable with a clear trend. A curve such as the one
illustrated in Figure 5 (a) (b) is typical for solid foods, biological solids (Steffe, 1996) but also for solid
polymer (G’sell and Jonas, 1979). The flocculation of municipal sewage sludge particles is a decisive
step in sludge processing. The high cationic polymer forms the sludge structure with a good
mechanical strength (Agoda-Tandjawa et al., 2013; Wolny et al., 2008). This may be one of the
essential reasons that explain the similarity of the rheological behavior of these materials.

Figure 5

Except near the origin (¢<0.015) where the curve is concave, the initial part of the curve is almost a
straight line up to the limit of linearity (around £=0.05). The concavity may result from three reasons:
the non-parallelism of contact surfaces, which is a default of sludge samples; the rearrangement of
the skeleton (some kind of collapse) owing to the applied stress; and the sludge adhesion to the
contact surface of load cell. These phenomena are very common. For instance, Johnson et al. (1971)
pointed out the significance of attractive surface under light load with soft materials. Sharma et al.
(2011) also observed it when compressing human and animal lenses. Consequently, the data in this
concave range will not be exploited for further behavior analysis.

The apparent elastic modulus, slope of stress-strain curve in the linear range (0.015<g<0.05), is often
considered as an index of firmness. For these specific conditions, the estimated value is
78.2 £ 9.0 kPa. This order of magnitude is quite close to the elastic modulus of gelatin gel, of some
rubber or banana (Chhabra and Richardson, 2011) and that of concentrated premixed sludge
(TS~17.4%) (Ségalen et al., 2015). For £>0.05, the stress continues to increase with the progress of
loading, however, the slope starts to decrease, which indicates the deferred behavior of viscoelastic
property.

The stress reaches the maximum value around c.=7300 Pa at £.=0.21. This maximum, called the
bioyield point, reflects the sensitivity of the biomaterial to irreversible internal damage. Beyond this
point, the stress decreases with increasing strain. The machine actually measures the propagation of
micro-fractures. The data can no longer provide direct access to the intrinsic properties of sludge
samples. Therefore, the strain range will be limited to 0-0.21 in the following cyclic compressions.

During the mechanical tests, only external fissures or fractures can be seen. In order to ensure that
there is no internal fissures or fractures, after the test, free of external cracks samples are cut into
slices. Only the samples without evident cracking are kept for further data analysis (Figure 6).

Figure 6

4.1.2 Identification of the rheological behavior through cyclic compressions

The stress-strain curves for a loading-unloading cycle with maximum deformations Ah.,.=1, 2, 3 and
10 mm and V=0.5 mm/s are plotted in Figure 5 (c). In the loading phase, the curves are well
superposed, in the unloading phase, the curves for Ah,.,,=1 and 2 mm display very rapid recovery at
the end parts in comparison with those for Ah,,.,=3 and 10 mm. It might be inferred that there is a
change of regime between the maximum stress values of Ah,,,=2 and 3 mm, namely between 2300
and 4100 Pa.

When the compression starts, the concavity of the loading curves is observed again in the range up
to about £,=0.01 and o.=7300 Pa.
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For Ah,,,=1 mm, a half of the data in loading phase is within this range. So only the data in the
unloading phase are effective for behavior analysis. As can be seen on Figure 5 (c), the slope of
stress-strain curve decreases, this means that the recovery speed of the material increases. Plus, the
sludge can almost completely recover itself. Hence, sludge samples exhibit a viscoelastic behavior at
small deformation. As the relaxation time of this viscoelastic body, defined as the ratio of its viscosity
to its elastic modulus, is the same order of magnitude as the unloading time in this test (2 s), we can
then estimate that the order of magnitude for the sludge viscosity is 10* to 10° Pa.s. This value is very
close to the viscosity of borosilicate glass at 900 °C (Dusserre et al., 2011).

For Ah,.=2 mm, a quarter of data in the loading phase is influenced by the curve concavity.
Accordingly, the data in the unloading phase are main reference for analysis. A small residual
deformation of 0.87 mm (£=0.0169) is measured. However, as this value is in the concave range of
€<0.01, it is hard to define whether this residual deformation is generated by plastic property or if it
is just the initial distance between the contact surfaces of the material and the load cell. Thus, it is
still the viscoelastic property that dominates the sludge behavior in this test.

For Ah,.,=3 and 10 mm, the hysteretic behavior between loading and unloading curves become
more evident. The residual deformations are 1.13 mm (g=0.0219) and 6.04 mm (£=0.119),
respectively. The strains are out of the range of the concavity, so these irreversible deformations
should be the plastic effect of sludge samples. This confirms that the yield stress is exceeded in the
test for Ah,,.x=3 mm. Above the threshold, the change of regime takes place, the material undergoes
plastic deformations and the slope of stress-strain curves decreases much more significantly with the
downstroke. For Ah,,,,=10 mm, by the end of loading phase (0.19<g<0.21), the stress varies very little
(from 6477 to 6542 Pa), the sludge’s behavior is very similar to a plastic flow. The sludge sample
behaves like a viscoelastic body, again, in unloading phase.

The previous four tests are carried out with fixed crosshead displacement speed V=0.5 mm/s and
different maximal deformations Ah..,; in the following characterizing measurements, Ah.y is fixed
to 10 mm with V preset at 0.5, 1.0 and 1.5 mm/s. The stress-strain curves for two loading-unloading
cycles are plotted in Figure 5 (d).

At the beginning of the compression, the concavity of curves persists. For 0.01<€<0.03, the material
response is nearly rate-independent. In this strain range, the effect of viscoelasticity is not yet
notable, plus the elastic behavior is independent of compression speed, so the curves are almost
linear in this part. The elastic property prevails until &=0.03 and ©=2000 Pa. The impact of
crosshead displacement speed V becomes remarkable with growing influence of viscoelasticity effect:
to achieve the same deformation € =0.01, it requires higher stress for higher compression speed test:
6403 Pa (13% higher) for V=1.5 mm/s; 5896 Pa (4% higher) for V=1.0 mm/s in comparison with
5667 Pa for V=0.5 mm/s. This increase in stress with the augmentation of compression speed
confirms the existence of viscous property in sludge samples.

According to the Newton’s law, the stress is proportional to the strain rate when the viscosity is
constant, however, at £=0.1, the strain rates are 0.0326 s*, 0.0217 s and 0.0109 s™, respectively.
The corresponding stress value is not in proportion with the increase of strain rates. The sludge
samples exhibit therefore a shear thinning property as widely reported (Jiang et al., 2014; Mori et al.,
2008; Ma et al., 2014; Markis et al., 2014).

To estimate the order of magnitude of the yield stress (see Figure 5 (d)), two regression lines are
plotted: one is regressed with the data in the range 0.01<€<0.03, this line simulates the ideal elastic
behavior of the material; the other is regressed with the data by the end of loading 0.19<g<0.21, to
simulate the ideal plastic behavior of the material. The intersection of these two lines corresponds to
the critical strain around £.=0.08, the yield stress is therefore estimated to be around 4600 Pa for
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V=0.5 mm/s, 4950 Pa for V=1.0 mm/s and 5700 Pa for V=1.5 mm/s. Not only the viscosity, but also
the yield stress is very dependent on the compression speed. Above this critical yield stress, the
sludge goes through large deformations including elastic, viscous and plastic ones. The sludge
samples behave as a visco-elasto-plastic body to the end of loading phase.

Once the crosshead displacement has reached the pre-set maximal deformation, the discharging
phase starts. At the end of the discharging process, the strain is non-zero when the stress reaches
zero. Thus, as expected following the charging cycle analysis, two types of deformations can be
identified:

e A recoverable deformation, which might be induced either by the elasticity or the
viscoelasticity of the sludge. The discharging curves show pure elastic response at the very
beginning of the unloading phase (Sveegaard et al., 2012). But rapidly, the predominance of
the viscoelastic recovery behavior of sludge appears, since an elastic material should have
recovered itself linearly all along the discharging phase in accordance with the Hooke’s law;

e And a permanent deformation mostly caused by its plastic property. This permanent
deformation does not depend on the crosshead speed, as can be seen on Figure 5 (d). The
higher the viscosity, the longer the relaxation time needed for the material to recover itself.
According to the experiment duration, the so-called permanent deformation is around
5.3 mm (e=0.11).

Most of the viscoplastic deformation occurs during the first compression cycle and, if the material is
loaded again, viscoelastic deformations prevail then. The concavity of the curve near the origin is
clearly less marked. This highlights that the hardening during the first cycle is enough to protect the
sludge sample from new irreversible (plastic) deformations.

4.1.3 Influence of the operating conditions on the resilience and textural properties

Energy input and output values as well as textural properties are reported in Table 2. With the
augmentation of compression speed, the maximum density of strain energy and the maximum
adhesive stress increase. But the resilience, the energy of adhesion and the cohesiveness of sludge
samples remain the same.

V (mm/s) u (J/m?) e(-) Oadmax (Pa) Woq (10%)) co(-)
0.5 1055 + 86 7531+1.2% 195 +63 88.5+5.9 475+ 1.9%
1.0 1099 + 28 75.3 +£0.8% 242 +50 85.4+29.3 48.2+1.0%
1.5 1177 £ 38 75.4+1.0% 310+ 37 119.0+8.4 47.7+1.3%

Table 2: Calculated textural properties of sludge tested at increasing compression speed

4.2 Sensitivity of the method to highlight structural changes in the material

After mechanical dewatering, shearing and storing the sludge are almost unavoidable. It is well-
known that both events have influences on the flow properties of the sludge (Kudra, 2003; Yen et al.,
2002). They also have influences on its stickiness. Indeed, Charlou (2014) emphasized that a simple
kneading makes the sludge sample significantly more adhesive than the raw one, without any change
in solid content, temperature or composition. Both the microstructure (Charlou, 2014), characterized
through the measurement of the particle size distribution, and the moisture distribution, measured
by using low field 'H nuclear magnetic resonance test, are modified (Liang et al., 2016). The final
section of this paper examines the ability of this method to reveal changes in rheological properties
induced by structural changes in the material.

4.2.1 Influence of aging
The stress- strain plots of three fresh sludge samples and three aged sludge samples (stored during 6
days in a cold room at 4 °C) are plotted in Figure 7.
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Figure 7

Aging does not have any significant effect on the apparent Young’s modulus. On the contrary, all the
other rheological properties are very sensitive to the changes induced by the storage. The threshold
stress corresponding to the limit between the viscoelastic and the viscoplastic domains decreases
with aging. The raw sludge exhibits a viscoelastic behavior up to around op = 4600 Pa while this
threshold stress is aroundep=0.05 and o, = 3670 Pa (about 20.2% lower) for the aged samples. At the
end of the charging process, the maximum true stress is 6.4% lower for the aged samples. And finally,
the permanent deformation is about 22.4% greater for the aged samples. From an energy point of
view (see Table 3), the strain energy density u decreases with aging while the ratio e increases. As a
result, the absolute total amount of energy dissipated within the material uee is independent of
aging. However, aging has a great influence on the textural properties of the material: the adhesive
stress is doubled, the energy of adhesion increases more than 30 times and the sludge cohesiveness
is reduced by 38.8%, emphasizing structural changes both at micro and macro scales.

Aging (day) | u (J/m’) e(-) Oad.max (Pa) Wagq (10°)) co (-)
0 1055 + 86 75.3+1.2% 217 + 31 88.5+5.9 63.9+0.9%
6 991 +40 80.7 £ 0.9% 475+ 52 2878.6 £ 331.5 39.1+1.4%

Table 3: Calculatd textural properties of fresh and aged sludge samples

4.2.2 Influence of mixing

Before the mechanical test, two portions of sludge have been mixed for 5 and 20 min, respectively,
at about 1232 rpm. The 5 minutes’ mixing is designed to reveal the impact of light destruction on
sludge behavior with respect to the intense mixing for 20 minutes. The stress- strain plots of the raw
sludge and the premixed samples are presented in Figure 8.

Figure 8

Mixing has nearly the same influence on the rheological properties as aging. The intense mixing (20
min) has more important impact on sludge behavior than light mixing at 5 min. The sample shaping
by extrusion causes simply very slight destruction on the surface of sludge cylinders, especially in
comparison with 5 minutes mixing at 1232 rpm, it can thus be deduced that the extrusion barely
modify sludge properties. The extruded samples still represent very well the original sludge.

With respect to the original sludge sample behavior, the apparent elastic modulus the intensely
mixed sludge sample is unchanged. The threshold stress corresponding to the limit between the
viscoelastic and the viscoplastic domains decreases from 4509 Pa to 3381 Pa (about 25.0% lower)
while the permanent deformation is 7.2% higher, and, as expected, the maximum true stress
measured at the end of the charging cycle is reduced by 22.7%. Mixing breaks the long polymeric
chains (Charlou, 2014), therefore, a lower stress is required to get the same deformation in
comparison to the original non-mixed sludge samples. From an energy point of view (see Table 4),
the strain energy density u decreases with mixing while the ratio e increases. All in all, the absolute
total amount of energy dissipated within the material is 17% lower for the mixed sample. Regarding
the textural properties, mixing does not change the sludge cohesiveness, contrary to aging. This
suggests that cohesiveness arises mainly from physical and chemical bonds at the floc’s scale. On the
other hand, mixing increases significantly the adhesive stress and the energy of adhesion the
material.

Mixing (min) | u (J/m’) e(-) Oadmax (Pa) |  waq (10°)) co (-)
0 1199 +40 | 81.5+0.4% 248 + 28 122.1+154 | 39.33+0.4%
5 1163+60 | 82.4+1.0% | 8743+23 | 1007.7+419.8| 39.86+0.8%
20 964+54 | 83.8+0.7% | 1264+132 | 1618.8+3245 | 40.02+0.5%

Table 4: Calculated textural properties of original and premixed sludge
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In any case, the method is sensitive enough to reveal changes induced by structural changes in the
material.

5 Conclusion

An entire protocol of uniaxial compression tests is developed to characterize the complex transition
between solid and fluid states behavior of mechanically dewatered sewage sludge of TS~20%. The
sample preparation by extrusion reduces the sludge heterogeneity and ensures the good
repeatability of mechanical tests. The single large strain (115%) compression serves to identify the
bioyield of the material; the sequential series of cyclic compressions are then limited up to the
previously identified bioyield (strain<0.21) with various operating conditions: compression speeds,
maximum deformations, destructured sludge and aged samples. With true stress-true strain plots, it
is illustrated that the viscoelastic behavior of sludge samples below vyield stress and the plastic
deformations when exceeding the threshold. The rheological and textural properties of tested
samples are determined, and the impacts of destructure and biodegradation on the sludge behavior
is highlighted. This methodology revealed that the viscosity and the yield stress are the most sensible
rheological factors to operational conditions. To improve the flow control in processing, the
optimization handling should be focused on reducing these two factors. Aging and premixing can
decrease the yield stress and the viscosity of sludge, however, they increase accordingly the adhesive
effect of sludge. So, the characterization studies on the rheological and textural properties of sludge
are essential in process optimization.

The uniaxial compression test is proved to be an effective and sensitive characterizing method with
good repeatability and reproducibility. The identified rheological behaviors and the estimated
properties’ values will be used for the following modelling and numerical simulation parts of our
characterization methodology. This methodology can be applied to characterize soft solid materials,
which do not flow under their own weight by gravity (higher that liquid limit) and, at the same time,
can be considered as continuous media (lower that plastic limit).

12
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Figure 5: (a) Single compression curves for 3 identical fresh raw sludge samples with Ah,,=35 mm and
V=0.5 mm/s; (b) zoomed out curves (0<e<0.2) in (a); (c) 1 cycle compression tests on 4 identical original
sludge with V=0.5 mm/s and Ah,.=1, 2, 3 and 10 mm; (d) 2 consecutive cycles compression tests on 3
identical original sludge with Ah,,,,=10 mm and V=0.5, 1.0 and 1.5 mm/s, and estimation of yield stress o
and strain g, (using regressed lines for ideal elastic and plastic behaviors)

21



664

665
666

(b)
667 Figure 6: (a) Non-fractured sludge sample after compression test; (b) tested sludge sample cut into
668 slice for internal crack detection: no internal fracture observed; (b) fractured sludge sample after
669 compression test
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Figure 7: Influence of aging on sludge behavior with Ah,,,=10mm and V=0.5 mm/s
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678 Figure 8: Influence of premixing on sludge behavior with Ah,,,=10mm and V=0.5 mm/s
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