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ABSTRACT:

Inthis paper we investigate the rheological complex behavior of a vase of Fergoug dam which is located in the region Perregaux
(Western Algeria) as a function of aging time, shear rate, and temperature. The modified Herschel-Bulkley model is used to
fit the stationary flow curves of vase as a function of aging time and the generalized model of Kelvin-Voigt is successfully
appliedtofitthe creep and recovery data and to analyze the viscoelastic properties of vase as a function of temperature. Finally
thethixotropicbehaviorstudied at constanttemperatureisanalyzed by usingthe Herschel-Bulkley modelincludingastructural
parameter in order to account for time dependent effect. It is demonstrated that the increase in shear rate induces a restruc-
turing and reorganization of the particles of the vase at the microstructural level.
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1 INTRODUCTION

The siltation of dams is a complex problem affecting all
countries of all over the world in general, and Maghreb
countries in particular with varying in the rate of silting
that differ from one area to another. Algeria is a country
well known by lack of water resources where the vase
deposits in reservoirs of dams are estimated to 20 mil-
lion m3 per year on average [1]. Therefore, their water
storage capacity estimated at 6.2 billion m3is reduced by
0.3 % per year [2]. Mastering the techniques of dredging
recovery of eroded vase requires an understanding of the
rheological behavior of vase and the relationships with
their physico-chemical characteristics. Thevases of dams
belongtothe families of the sludge but with low organic
content matter. In addition, the origin of the vases is di-
rectly related to the phenomena of soil erosion while the
origin of sludge is directly related to water treatment in
the sewagetreatment plant. Thereissignificantresearch
activity in rheological of sewage sludge. Recently Baudez
et al. [3] demonstrates that the rheological behavior of
pasty sewage sludge at high concentration can be best
fitted by a modified Herschel-Bulkley model. According
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toHammadi et al. [4] and Baudez [5], the sludge suspen-
sion is also known to be strongly thixotropic material in
which an apparent viscosity of the sludge depends on
theshearrateand agingtime. The viscoelastic properties
of the digested sludge within the linear viscoelastic re-
gion were studied by Liu et al. [6] using frequency sweep
tests. The digested sludge from reactors that received
the pretreatment presented weaker solid-like properties
(elastic characteristics) and the different reactor config-
urations have an impact on viscoelastic properties of
sludge within the linear viscoelastic region. Baudez [7]
studied effect of several parameters such as the time of
rest, the slope of the shear rate ramp or the data sam-
pling on thixotropic behavior of sewage sludge. It has
been showed that higherramping slopes and shorter da-
ta sampling times induce an increase of initial peak and
the hysteresis area.

Theimpact of pH, temperature, solid concentration,
and polymer dose on the rheology and flow behavior of
thickened excess activated sludge has been studied by
Hong et al.[8]. It has been clearly demonstrated that the
decrease in concentration from 3.7 to 3.1 %w/w resulted
in a drastic reduction of yield stress from 27.6 to 11.0 Pa.
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Figure 1: Repeatability of the measurements.

Theincrease of temperature from 25to 55 °C caused a de-
crease of the Bingham plastic model parameters (yield
stress and plastic viscosity) while the yield stress in-
creased by increasing the pH of sludge. From the litera-
ture different rheological properties of the sludge have
been investigated and analyzed by various models
[9—-11]. However, as far as we know results only obtained
from empirical tests derived from methods used in soil
mechanics have been published concerning vases of
dames, in order to promote these vases in the field of con-
struction. Only a few studies focused on the rheological
behaviorofvases. However knowledge of the rheological
characteristics of the vases plays a fundamental role on
flows and performance of transport technologies such
as losses of linear and singular energy, non flow zones,
recirculation time, and operation of desalting dams [12].
The vases of dam are similar to sludge and are non-New-
tonian fluids with yield stress and rheological parame-
ters such as viscosity depending on vase surface or tem-
perature of vase, pH or ionic environment [13, 14]. In this
paper,the rheological characteristics of vases of dam are
studied as a function of aging time, shear rate and tem-
perature with the objective of being used in industrial
application. Thus, it can provide useful information for
the proper design of pipes and the selection of pumps
during hydraulic dredging operation of the dam, seeped
of pumps and the period of dredging of dams.

2 MATERIALS AND METHODS

2.1.1 Recovered sample

The vase used in this study was recovered from the dis-
charge area of Fergoug dam, located in the region Per-
regaux (Western Algeria) as a powder. Itis the first dam
which has been dredging in Algeria from 1986 to 1989
with more than 10 million m3 of dredged vase. The
dredging was carried out as function of dredge floating.
Vase is drawn by drag and expelled through a pipeline
consisting of a floating part and affixed part on hun-
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Chemicals wt%
SiO, 53.30
Al,03 6.29
Fe,0; 1.76
MgO 0.21
Cao 16.64
SO3 o.1n
Na,O 0.69
K>O0 2.89
Loss of ignition 17.91

Table 1: Chemical analysis of vase samples in wt%.

dreds of meters in length. The chemical analysis of vase
was carried out by the Public Works Laboratory of Oran
(LTPO). The results are presented in Table 1.

2.1.2 Sample preparation

The vase as a powder was brought to the oven for 24
hours at 40 °Cfor dehydration then crushed and passes
away a sieve of 80 um to perform a size sorting com-
patible with cone and plate geometry used for rheolog-
ical measurements. A same experimental procedure
was used for the preparation of all suspensions. First,
vases powder was dispersed in the required amount of
distilled water by continuous magneticstirring at room
temperature during 24 hours, as preliminary tests
showed that this duration corresponded to the stabi-
lization of the yield stress. One mass concentration of
vase suspension (45 %) was studied.

2.2 EXPERIMENTAL SET UP

The rheological measurements were performed by us-
ing a torque controlled rheometer (MARS Il from Ther-
mo-Fisher) connected to a temperature controlled wa-
terbath and equipped with a cone-plate geometry (dia-
meter: 35 mm, angle: 2 degree, and gap: 104 um). A sol-
vent trap was placed around the measuring device in
order to minimize solvent evaporation (water).

2.3 EXPERIMENTAL PROCEDURES

2.3.1 Effect of aging time

The evolution of the rheological properties of the vase
with the different aging times was investigated to ob-
tain some information about the stability. In order to
avoid any memory effect, the sample was pre-sheared
at a constant shear rate of 30 s" during 60 s. After this
pre-shearing, the sample was kept at rest during 600 s
priorto measurements in order to allow the material to
recover, at least partially, its initial structure. The im-
posed shear stress range depends on the mass concen-
tration of vase [4]. Consequently, the flow experimen-
tal procedure consists of a linear ramp of increasing
stresses from 1 to 30 Pa over 50 minutes at constant
temperature (20 + 0.2 °C). In order to test the reprodu-
cibility of results, two replicates were performed for
most of the experiments. An example is shown in Fig-
ure1.Inallcases,the maximum difference between two
replicates is 2 %.
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Figure 2: Shear stress as a function of shear rate at 20 °C for
different aging times. The solid lines correspond to the curve
fitting to Equation 1.

2.3.2 Apparent viscosity evolution under constant
shear rate

After a rest time (time during which the sample is left at
restunder geometry) of 6005, the samples were sheared
during 300 s at different constant shear rates (15, 20, 25,
and 30 s7) at constant temperature (20 + 0.2°C). A new
fresh sample was used for each applied shear rate in or-
der to avoid any irreversible evolution of the vases.

2.3.3 Creep and recovery tests

Afteraresttime of 6005, creep and recovery tests were
performed by first applying a constant shear stress at
different values between 2 and 9.5 Pa during 300 s to
the samples of vase and then removing the shear stress
during 300 s in order to obtain the time dependence of
the compliance J.

3 RESULTS AND DISCUSSION
3.1 EFFECT OF AGING TIME

The variation of the shear stress 7 as a function of the
shearratey atdifferentagingtimes (time during which
the sample is left in the laboratory at ambient condi-
tions) from 24 to 120 hours for the studied sample of
vase clearly shows two behaviors separated by a critical
shear rate: a Non-Newtonian behavior after a yield
stress followed by a plastic behavior (Figure 2). It should
be notedthat preliminarytests were performed by mea-
suring the flow properties every one hour after prepa-
ration of samples. We obtained a good repeatability of
measurements only after a rest time of 24 hours. Exper-
imental data were fitted to modified Herschel-Bulkley
model developed by Baudez et al. [3], which has been
successfully employed for anaerobic digested sludge
(Figure 2):

T:TO+Kj/n+nBy (1)
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Figure 3: Yield stress t,, consistency index K and Bingham vis-
cosity ng as a function of aging time of vase. The solid lines
correspond to the curve fittings to Equations 2 to 4.

where 7, istheyield stressin Pa, Kthe consistency index
in Pas”, n the flow index, and 7z the Bingham viscosity
in Pas.

3.1.1 Effect of aging time on the rheological parameters
of vase

In the studied range of aging times, the increase of yield
stress and the consistency index of vases are well de-
scribed by a powerlaw while Binghamviscosity increases
with aging time following an exponential law (Figure 3):

TO = Ttoagt;g (2)
K = Ktoagt:_t; (3)
’73 = anag exp(agtag ) (4)

where 7455 =1.58 Pa, K049 = 0.004 Pas”, and 8154 = O-001 Pas
are respectively the yield stress, consistency index, and
Binghamviscosity atagingtime equal zero.o,=0.49 h™’,
a,=146 h",and a;=0.03 h™s are power law index which
are independent on the shear rate. Concerning the flow
index (Equation1),itis found constantand equalto0.39.
Similar behavior have already been observed as a func-
tion of concentrations of sludges and mud suspensions

[3,5,15,16].

3.1.2 Effect of aging time on the apparent viscosity of vase
The apparent viscosity is calculated for different shear
rates and different aging times of vase. For all tested
shearrates we observed an increase of apparent viscos-
ity as a function of aging time which is well described
by a power law:

—_— ‘YC
n= ntoag tag
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Figure 4: Variation of apparent viscosity n as a function of
yield stress t,,. The solid lines correspond to curve fitting to
Equation 6.

where 140,44 Of the apparent viscosity in Pas at aging
time equal zero t,,; = 0 and o, is a power law index
which depends on the shear rate in h”. Equation 5 can
also be written in terms of initial viscosity and yield
stress as follows:

Yo

( To ) a1

n= ntoag

T

toag (6)

As shown in Figure 4, the apparent viscosity increases
with increasing the yield stress. If a vase is left a long pe-
riod of time in the dam, the yield stress 7,and the appar-
entviscosity tend to the infinite that can cause problems
during dredging operation of dam (pump blocking).

3.1.3 Master curve

Considering the self-similar shapes of the flow curves
(Figure 2), experimental data are plotted by using a tan-
gential stress dimensionless T = /7, and a dimension-
less shear rate I = ngy/ ur, with y is the viscosity of
equivalent suspension of force-free particles in water
[17,18]and assume its value as the value 1Pas. As shown
in Figure 5a master curve is observed in the dimension-
lessdiagram (T, T) for differentaging times. For low val-
ues of I' (T < 24) the flow curve corresponds to a thresh-
old behavior which may be represented by the follow-
ing dimensionless equation:

T=1+¢T"
o (?)

where ¢ and m are parameters of the material which
depends on the time characteristics of the rupture and
reformation of links but not depending on the aging
time of vase, for this study ¢ =0.23 and m =o0.51. For high
values of T' (" > 24) the flow curve corresponds to a New-
tonian behavior. By analogy with the effect of concen-
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Figure 5: Dimensionless flow curves in the dimensionless dia-
gram (T, T) for different aging times.

tration cited in literature, it could be concluded that in-
creasing the aging time does not change the nature of
the two kinds of interactions within the vase [19]: Hy-
drodynamic interactions between solid particles and
surrounding fluid (Bingham viscosity) and non-hydro-
dynamic interactions between solid particles (yield
stress). Moreoverthe master curve allows to predict the
variation of shear stress as a function of shear rate ata
given aging time with the only knowledge of the initial
yield stress at aging time equal zero.

3.2 APPARENT VISCOSITY EVOLUTION UNDER
CONSTANT SHEAR RATE AND DETERMINATION
OF THE STRUCTURAL PARAMETER

Figure 6 shows the variation of apparent viscosity for
vase of dam as a function of time of shearing at differ-
ent constant shear rates and at constant aging time of
24 hours. For all studied shear rates, the viscosity de-
creases significantly with time of shearing, particularly
in the initial stages of shear. After a shearing period of
150 s, the viscosity tends to an equilibrium value. This
behavior could be due to the flocculation or defloccu-
lation of the of vase particle with shearing in water [20].

In order to analyze the structural evolution of the
vase, we applied the phenomenological model of Tiu
and Boger [21] based on an approach initially suggested
by Moore [22] and refined by Cheng and Evans [23]. This
choice was motivated by the simplicity (minimum
number of parameters) and efficiency of this model.
ChengandEvansarguedthatthestress-strainequation
depends on the fluid model and must be completed
with a kinetic equation of structural parameter A
changing with time of shearing. This parameter de-
scribes the current state of agglomeration. As pointed
out before, the flow curves of vase were found to be
well fitted by the modified model of Herschel-Bulkley
with good agreement (see Figure 2). Following the mod-
el proposed by Tiu and Boger [21], the Herschel-Bulkley
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Figure 6: Viscosity of vase as a function of time of shearing at
20 °C for constant shear. The solid line corresponds to curve
fitting to Equation 18.

model was modified to take into account of state of
vase and it is assumed to be:

(t)=2(t)7 ., )

The shear stress at zero time of shear 7., was given by
a Herschel Bulkley model:

p— ;N
T zer0 = Tyo + K17

Combining Equations 8 and g yields:

T(t):A(ryoJrK,«y") o)

For their rate equation Tiu and Boger [21] used a sec-
ond-order kinetic equation:

dA 2
E=—k2(/\—/\e) for A>2, o

The structural parameter Aranged from an initial value
of unity for zero shear time to an equilibrium value 2,
lower than unity. The rate constant k, is a function of
shear rate that should be determined experimentally

¥ (s7) | a; (Pa’'s2) K, (s7)* 1o (Pas) 7 (Pas) Ae =nelno
15 0.088 0.153 1.821 1.488 0.817

20 0.109 0.145 1.394 1.156 0.828

25 0.126 0.136 1125 0.941 0.836

30 0.139 0.129 0.947 0.8 0.844

Table 2: Variation of a,, K,, 115, 17e, and A, as a function of
shear rate (* experimentally).
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tion 12.

(see Table 2). Then entire time-dependent behavior of
the vase might be completely described by Equations
10 and 11 with the parameters 7, K;, n;, and k, evalu-
ated from experimental data. The rheological con-
stants 7., K;, and n, are determined with initial shear-
ing conditions (A=1and t = 0) and Equation 10 reduces
to the classical Herschel-Bulkley equation [24]. In other
words, they are determined fromtheinitial shear stress
inthe material at the beginning of a rheological test for
each studied shear rate. Figure 7 shows the zero shear
stress 7,.,,at a function of shear rate. The curve was fit-
ted to the model of Herschel-Bulkley. The resulting
equation is:

=21.98+2.7y°% with R*=0.991

TZE’O

(12)

Todeterminetherate constantk,experimentally, Equa-
tion 11 can be integrated analytically under conditions
of constant shear rate to yield:

1:1+Kzt
A,—A

A—A —
e o e (13)

Theinstantaneous apparentviscosity foranyfluidisde-
fined by:

.
"y
(14)
Combining Equations 10 and 14 yields:
=—1
Tyo+K1y (15)
|51
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Equation 15 is also valid at initial and equilibrium con-
ditions in which A and n are replaced by A, and n,and
by A.and n,, respectively. Substituting Equation 15into
Equation 13 yields:

1 1

= +at
n-n, mn,-1,

1

where

ky

a'l= K ° N,
7-yo+ Y

(17)

The equilibrium viscosity 77, was obtained by fitting the
time dependence of the viscosity (Figure 6) by an expo-
nential decay curve [25] of the form:

n=n,+(n,-n, Jexp(-pt) o)

where SBistherate constantin (s™). Therefore, foragiven
shear rate, a plot of 1/(5-n.) versus time of shearing t
(Figure 8) should yield a straight line with a slope equal
to a,. Repeating the same procedure at other shear
rates will establish the relationship between a,and y
and hence K,, and y from Equation 18. Table 2 shows
thevariation of a,, K,, n,,7n.,and A, with shear rate. The
structural parameter Aisdeduced from Equation16 and
writes:

(19)
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Figure g: Structural parameter as a function of time of shear-
ing at 20 °C for different shear rates.

As shown in Figure g structural parameter changes are
most significant during the initial shear period after
which nearly constant values are reached. We also find
that structural parameter of vase suspension increases
with increasing the shear rate. This behavior could be
explained by the deflocculation of particles of vase in
the water at high shear rate leading to an enhance or-
ganization of the particles of the vase at the microstruc-
tural level as suggested by Chen et al. [26].

3.3 EFFECT OF TEMPERATURE ON CREEP AND
RECOVERY OF VASE

Figure 10 shows the values of compliance J(t) = y/Trasa
function of time, forthe creep experiments correspond-
ing to the vase studied for temperature range between
5and 30°C,inatimeinterval between o and 300 s. For
the interval time between 300 and 600 s, we have rep-
resented the corresponding recovery. The observed de-
crease of the elastic compliance (increase of the elastic
modulus G =1/J) with the increase of temperature is re-
lated to an increase of the viscoelastic properties of
vase. In other words, the creep deformation decreases
with increasing the temperature and the time neces-
sary to reach a constant deformation during recovery
after removal of the shear stress decreases. The elastic
properties were defined by correlating the results with
the well-known viscoelastic models of Burger model or
Generalized Kelvin-Voigt model [25, 27], based on the
association in series of the Maxwell model and the
Kelvin-Voigt. The creep curves are described by:

J; =Jo+i+ijl. [1—exp(—£)]

He &= i (20)

J.

0, =—
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Whereas the recovery strain is given by:

t

b3 ()£

i

(22)

where J,is the purely elastic contribution (or the instan-
taneous elasticcompliance), u,is the purely viscous con-
tribution, represented by the dashpot of the Maxwell
model, i.e. the uncoupled or residual steady-state vis-
cosity obtained fromthe creep curve atlongtimeswhen
the compliance curve is linear, J;is the contribution to
delayed elastic compliance, 6;is the retarded time, n; is
the delayed viscosity and tis the time where the stress
is applied for t < t,and removed at t = t,. The fittings of
experimentaldatainFigure1owere performed with just
one Kelvin-Voigt solid (N = 1) and the fitting parameters
are detailed in Table 3. The column G, =1/J, represents
the instantaneous elastic modulus of the Maxwell unit
att=oortheinstantaneous elastic response of the sys-
tem and the column G, = 1/J, is the elastic modulus of
Kelvin-Voigt. The latter represents the contributions of
the retarded elastic region to the total compliance. The
observed strongincrease of G,and G, when the temper-
ature is increased between 5 and 30°C is related to a
transition from viscous to elastic behavior and an in-
crease of theviscoelastic propertiesinthe studied range
of temperature. This behavior could be explained by the

Creep Recovery
Temp. (°C) | Go (Pa) G, (Pa) o (Pas) G, (Pa) o (Pas) 6, (s)
5 901 513 436951 1923 124673 85
15 1235 730 668321 1562 230004 16
20 1493 1351 685973 1471 415497 127
30 2857 2703 1030765 1389 581464 208

Table 3: Fitting parameters of the creep-recovery data in
Figure 10, with N = 1in Equations 20 and 22.
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Kelvin-Voigt model Equations 20 and 22 with N = 1.

interaction between the particles of the vase suspen-
sion [28, 29]. Concerning u, let us mention that it has
the meaning of viscosity of the systeminthe Newtonian
regime, whereas it also shows a clearly increasing trend
as the temperature of vase is increased. This increasing
of viscosity could be explained by the interactions
between particles of vase and the enhancement of
Brownian motion [30]. At high temperature, the applied
stress of 2 Pa is not sufficient to break particle-to-parti-
cle bonds, and the suspensions do not flow with a high
viscosity. At low temperature such resistance to flow is
notso large, and this explains the lower values of y,and
G,. The characteristic relaxation time 6, associated with
thesebreaking/reconstruction processes does not show
a definite trend when estimated from creep data.

3.4 EFFECT OF APPLIED STRESS ON CREEP AND
RECOVERY OF VASE

After a rest time (time during which the sample is left
at rest in geometry) of 600 s, in the creep phase, sam-
ples were subjected to different constant stresses (2, 5,
7, 8.5, and 9.5 Pa) and at constant temperature (20 °C).
In the recovery phase, the applied stress was suddenly
removed and sample recovery was measured for an ad-
ditional period of 300s. As can be observed in Figure 11,
the increasing of stress from 2 to 9.5 Pa caused an in-
crease on the elastic compliance of vase. The General-
ized Kelvin-Voigt model (Equations 20 and 22) has been

Creep Recovery
Stress (Pa) | Go (Pa) G, (Pa) Ho (Pas) G, (Pa) Ho (Pas) 6, (s)
2 1493 1351 685973 471 415497 127
5 956 804 176495 833 36403 120
7 781 696 132083 769 27932 104
85 625 449 100789 614 19571 98
9.5 m 219 71702 m 15634 93

Table 4: Fitting parameters of the creep-recovery data in
Figure 11, with N = 1in Equations 20 and 22.

|71



applied to fit the experimental data and the fitting pa-
rameters are detailed in Table 4. A decrease of G, and
G, by afactor of 3.6 and 6 respectively is observed when
thestressisincreased from2to 9.5 Pa.Inthe same man-
ner the viscosity (u,) is divide by 10. This transition from
solid-like to fluid-like behaviors could be explained by
a breaking of particle-to-particle bonds.

4 CONCLUSIONS

The stationary, thixotropic and viscoelastic behavior of
vase was study as a function of aging time, shear rate
and temperature. The stationary non-Newtonian flow
behavior of vase was successfully modeled using the
coupled Herschel-Bulkley and Bingham models over
the studied range of aging times. The yield stress and
the consistency indexincreased with the agingtime ac-
cording to a power law while the Bingham viscosity fol-
lowed an exponential law with aging time. A master
curve wasobtained by using dimensionless shear stress
and dimensionless shear rate. The rheological flow be-
havior of the vase can be then predicted at any aging
time by the only knowledge of the initial yield stress at
aging time equal zero. For practical dredging operation
of dams, it could be then deduced to reduce dredging
time of the dams as much as possible.

Forlowshearratesatatemperature of 20 °Cathixo-
tropic behavior was observed. This behavior was ana-
lyzed by the simple model of Hershel-Bulkley modified
byintroducingastructural parameter A which wasfound
toincrease with the applied shear rates. This increase of
thestructural parametercould be associatedtoarestruc-
turing and reorganization of the particles of the vase.
This later could induce a problem during the dredging
operation of dams (blocking of pumps) and should be
avoided by pumping the vases at high speeds in order to
facilitate the flow of the vases.

Astrongincrease of elastic modulus deduced from
creep measurements fitted to generalized Kelvin Voigt
model with one element was observed when the tem-
perature is increased between 5 and 30 °C. This behav-
ior could be explained by anincrease of the interactions
between particles of vase due to an increase of the in-
tensity of Brownian motion creating a problem during
the dredging operation of dams. In order to facilitate
the process of pumping the vases, we thus propose to
drag this vase in winter period. The increase of shear
stress induces a decrease of viscoelastic behavior of
vase and breaking of particle-to-particle bonds. This lat-
er facilitates the process of pumping the vases. Conse-
quently dragging this vase at pressure higher than the
hydrostatic pressure of vase would make easier the
process of pumping the vases.
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