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ABSTRACT

Sediment gravity flows are natural flows composed by water and sediment in which the gravitational flow acts on the sediment. The
distinct physical properties of the cohesive (clay) and non-cohesive (sand) sediment, and the interaction between these particles alter
the ability of the flow to resist to the movement (rheology) along time and space, represented by the viscosity of a mixture suspension.
Hence, we propose to study the rheological properties of those mixtures and calculate their relative viscosity when used in the physical
simulation of turbidity cutrents. Rheological tests wete performed with various mixtures composed by watet, clay and/or coal. Two
equations are proposed to estimate the relative viscosity as a function of volume concentration of each sediment, the maximum
packing fraction and the percentage of clay present in the mixture. The results also show an error close to 20% comparing similar
models from the literature, which are satisfactory. The results also demonstrate that caution should be exercised when generalizing
the use of a single model to predict the relative viscosity of suspensions. The influence of density (), grain shape, clay percentage
(C,_,), volumetric concentration (¢) and maximum packaging fraction (¢__) should be considered in the formulation of the equations.

Keywords: Relative viscosity; Rheological model; Compound suspensions; Sediment gravity flows.

RESUMO

Os fluxos gravitacionais de sedimentos sao tipos de fluxos naturais compostos por agua e sedimentos nos quais o fluxo gravitacional
atua sobre o sedimento. As distintas propriedades fisicas dos sedimentos coesivos (argila) e ndo coesivos (areia) e a interacao entre
essas particulas alteram a capacidade interna do fluxo em resistir a0 movimento (reologia) ao longo do tempo e do espaco, capacidade
representada pela viscosidade da suspensao de mistura. Assim, propomos estudar as propriedades reoldgicas dessas misturas e calcular
sua viscosidade relativa utilizada na simulagao fisica de correntes de turbidez. Foram realizados testes reolbgicos com varias misturas
compostas por agua, argila e/ou carvio. Duas equagdes sdo propostas pata estimar a viscosidade relativa em func¢io da concentragio
volumétrica de cada sedimento, a fracio maxima de empacotamento e a porcentagem de argila presente na mistura. Os resultados
também mostram um erro proximo a 20% na compara¢io de modelos semelhantes na literatura, o que ¢ satisfatério. Os resultados
também demonstraram a necessidade de cautela ao generalizar o uso de um unico modelo para prever a viscosidade relativa das
suspensoes. A influéncia da densidade (g), formato do grio, porcentagem de argila (C, ), concentracao volumétrica (¢) e fracao maxima
de embalagem (¢, ) devem ser considerados na formulagio das equagdes. '

Palavras-chave: Viscosidade relativa; Modelos reolégicos; Suspensoes compostas; Fluxos gravitacionais de sedimentos.
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INTRODUCTION

Sediment gravity flows (SGF) are natural flows in which
the gravitational flow acts on the sediment, ¢.g., turbidity currents
and debris flows (Middleton & Hampton, 1973). They are the
main agent of sediment transport into deep water through events
of great magnitude, capable of breaking submarine cables such
as the Grand Banks event (Simpson, 1997). SGF is the most
important process of clastic accumulation in the seabed in areas of
hydrocarbon exploration (Normark et al., 1993; D’Avila & Paim,
2003). Also, the occurrence of SGF in lakes or water reservoirs
causes the deposition of sediment near the foot of the dam,
obstructing the water intake and decreasing the reservoir useful
volume (Schleiss et al., 2010).

Sediment gravity flows can also be described as the relative
motion between layers of fluids with different densities due to the
concentration of suspended particles. Since SGI are composed by
sediments with distinct physical properties, such as cohesive (clay)
and non-cohesive (sand) sediments, the inner ability of the flow to
resist to the movement, ze., the viscosity of a mixture suspension,
can be altered. The intensity of the interaction between these
particles may also change with time and space. Hence, the rheology,
science that studies the deformation and flow of solids and fluids
(gases or liquids), plays an important role in the understanding
of these natural phenomena. On the other hand, the rheological
characterization of particulate mixtures (in the case of SGF) is
complex. Dott (1963) recognized the importance of rheology in
the classification of such gravitational flows. Subsequently, Lowe
(1979, 1982), Postma et al. (1988), Shanmungan (1996), Mulder
& Alexander (2001), Dasgupta (2003), Gani (2004), Manica
(2009) and Talling et al. (2012) included rheological properties in
the classification of the currents. In fact, sediment gravity flows
classification is divided into two groups, mainly because of the
rheological behavior of mixture suspensions. Turbidity currents
are usually classified as Newtonian Flows, and the debris flows as
non-Newtonian Flows (Table 1). The Newtonian behavior implies
in linear relationship between shear stress (1) and shear rate (7),
zero yield strength and constant coefficient of dynamic viscosity;
while non-Newtonian behavior includes all other situations, Ze.,
linear relationship shear stress and shear rate with the presence of
yield strength (t) (e.g., Bingham model) or power law relationship
with the presence of yield strength (e.g. Hershel-Bulkley model).
Yet, flows without yield strength and non-Newtonian behavior
are classified as (e.g. pseudo-plastic or dilatant models). All non-
Newtonian models imply in non-constant coefficient of viscosity,
called apparent viscosity (,,)-

To understand and estimate the rheological behavior of
mixture we need to comprehend the relation between sediment
volume concentration and viscosity of the mixture, called relative
viscosity of suspensions and how it is determined (Table 2).
Relative viscosity is a non-dimensional parameter of the viscosity
of the suspension divided by the viscosity of another fluid used
as reference (e.g. freshwater).

Einstein (1905), through a theoretical basis on Brownian
movement, pioneered an equation that relates the volumetric
concentration (¢) and the relative viscosity (u ). Einstein’s expression
(see Table 2) does not consider the size of the particle, the position
or the effect of the interaction between particles and, for this
reason, this expression is valid only for suspensions with low
volumetric concentration (less than 2%). However, the particle
shape information is contained in the Finstein coefficient, known as
the intrinsic viscosity (y) value of 2.5 for spheres. Later, Batchelor
& Green (1972) expanded this model and included higher order
terms that represent the effect of other particles, being valid for
volumetric concentrations between 2% to 10%. For moderately
concentrated suspensions (¢ < 45%) with monodispersed
and polydispersed sphere suspension data, Chong et al. (1971)
proposed an equation based on a theoretical and experimental
approach, which also considers the maximum packing fraction
(®,.)- As the fraction of solids increases, the particles come into
closer contact and the many interactions between them must be
considered. In addition, for volumetric concentrations greater
than 20%, Maron & Pierce (1956) developed a model based on
a theoretical and experimental approach that considers these
interactions between the particles (viscous energy dissipation and
Brownian motion). For more concentrated suspensions, Dougherty
& Krieger (1959) proposed an empirical equation that presents the
intrinsic viscosity coefficient [p] which expresses the effect of an
isolated particle, ze., without influence of molecular interactions
on solvent (Equation 7).

Manica (2009) proposed three empirical equations to
estimate the relative viscosity from data of kaolin composites and
glass beads used in the study of turbidity currents, considering
the volumetric concentration (9), percentage of clay (C ) and the
shear rate (y). He identified a rheological threshold which divides
the Newtonian behavior of the mixtures (e.g. turbidity currents)
from the non-Newtonian behavior (e.g debris flow).

Santamarfa-Holek & Mendoza (2010) proposed a theoretical
model that can be applied to particles of any shape, provided
that the intrinsic viscosity (y,) is known (Equations 11 and 12).
The effect of the interaction between the particles is introduced
by the effective volumetric concentration (¢ ). Brouwers (2010)
presents a theoretical expression based on particle geometry for

Table 1. Rheological models classification. The variables are: shear stress (1) and shear rate () apparent viscosity () and yield

strength (1.); k and n are power law coefficients.

Type Rheological models Yield strength (7o) Eq.
Bingham T=T0+ lap ¥ Yes 1)
Non-Newtonian Herschel Bulkley r=19+ky" Yes @)
Pseudo-plastic (n<1) u
—ky N 3
Dilatant (n>1) r=ky © )
Newtonian Newton T=uy no 4
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Table 2. Usual relative viscosity equations found in the literature.

Author Equation Limit Eq.
Einstein (1905) M =1+2.5¢ b <2.5% ®)
-2
Maron & Pierce (1956) i, = [1 _L] ¢ >20% ©
Pmax
L]
Dougherty & Krieger (1959) Ly = [1 _l] ¢ >40% @)
¢max
2
Chong et al. (1971) =112 b <45% ®)
[ ¢max _ IJ
¢
Batchelor & Green (1972) e =14+2.5¢+k¢? 2<¢<10 ©9)
Manica (2009) 1, =1+ $(2.24+0.44 %clay) 2< <35 (10)
we=(1=t)-L] i
Santamarfa-Holek & Mendoza an
(2010) 0o = ¢ 12
’ 1_[(1_¢max)¢/¢max:|
1 ¢ (/‘¢max )/(1_¢max)
Brouwers (2010) = ——f 13
(1—(¢/¢m)]
2
Horri et al. (2011) =1+ ,u¢+z¢( ¢ J ¢ <40% (13)
¢max - ¢

mixtures with low volumetric concentration of monodispersed
particles. Horri et al. (2011) adjusted an experimentally-obtained
equation for ceramic suspensions (¢ < 40%) using a parameter
/(9. — @) originally proposed by Dabak & Yucel (1986).
The term in the denominator represents the space available for
the particles to move and the parameter z is a constant that can be
estimated experimentally. Rutgers (1962) identified 96 models in
the literature to calculate this parameter and Table 2 summarizes
the some well-known applied in sciences field, as well as in the
watet-sediment mixtures studies.

However, we question whether: 1) the equations commonly
used to evaluate the viscosity of suspensions can be applied in the
case of granular suspensions, such as those employed in the physical
simulation of sediment gravity flows (mixtures of water, clay and/
or coal or other granular material); 2) the equations established for
one type of sediment (e.g. quartz) can be correctly extrapolated
to other sediments (e.g. coal). Mineral coal is regularly used as a
substitute for quartz in the laboratory experiments, because coal
presents low density compared with natural sediment, allowing
the use of a larger grain size comparing with the natural ones
(e.g. quartz). Literature examples of the applied technique in a
small-scale experiment is reported in Baas et al. (2014), Manica &
Borges (2015), Fick et al. (2017), Boffo et al. (2019).

Thus, this work proposes a theological model for the calculation
of relative viscosity of mixtures used in the physical simulation of
sediment gravity flows obtained via rheological test mixtures composed
of watet, clay and/or coal with vatious volumettic concentrations and
the presence of clay. Also, we compare the viscosity data of mixtures
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used with well-known rheological equations from the literature.
We also propose a rheological equation from the experimental data
of relative viscosity of mixtutes composed of kaolin and/or mineral
coal, which could also be extrapolate to natural sediment gravity flows.

APPARATUS AND METHODOLOGY

To characterize the relative viscosity of mixtures proposed
in this work, we tested fresh water, kaolin and/or mineral coal
mixtures at the following volumetric concentrations (9) (5, 10, 15,
20, 25 and 30%). Also, several proportions of coal and kaolin were
used (0:100, 15:85, 25:75, 50:50, 75:25, 85:15 and 100:0). For each of
the 42 mixtures suspension tested, five repetitions were performed
in order to minimize the random errors of the tests (Z.e. < 5%),
totaling 210 rheometric tests. The physical characteristics of the
minerals play a significant role in the rheological behavior of the
mixtures that compose sediment gravity flows. Mineral coal has a
density (g) of 1190 kg.m?, grain size ranges from 0.07 to 400 pm
and median diameter (d, ) of 47.98 pm. Kaolin has a density (o) of
2600 kg.m?, grain size from 0.04 to 90 pm and median diameter
(d,) of 8.22 um. Freshwater has density of 1000 kg.m™. Also, the
dynamic viscosity of fresh water () is g, = 10 ~ Pa.s at 20 °C,
used as reference value in this work.

The rheological characterization data were acquired with
the use of a controlled rotational rheometer Bohlin C-VO with
external control of temperature. Three spindles were tested and
then chosen for the test. The cone-and-plate (CP 4/40) was used
for lower volumetric concentration (¢p < 20%). Vane spindle was
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used for more concentrated clay suspensions (¢ > 20%) and
concentric cylinder (CC25) for more concentrated suspensions
without clay (¢ > 20%). The Rheometer Bohlin allows various
scenarios of simulation through dedicated software (voltage range
to be applied, time and type of test). We performed either shear
stress control or shear rate control, increasing or decreasing values.
During the test, the software plots the rheograms, ze. shear stress
(t) versus shear rate (y) applied experimental data, therefore the
experimentalist can follow the results instantaneously.

Initially, each mixture was previously prepared in beakers.
Then a selected spindle was placed on the rheometer. With the
use of a syringe, approximately 1.5 ml (cone and plate) or 10 ml
(vane and concentric cylinder) of mixture was injected between
the geometries of measurement for the spindle and the rtheometer.
The parameters for each test were adjusted in the rtheometer software
application and then the test occurred (shear stress control with
20 min total time for each run). With the set of five curves on the
rheogram obtained in the tests, a rheological model was fit and a
single series of data was obtained. The choice of the best model,
among the different rheological models available on the rheometer
software (non-Newtonian models and the Newtonian model), was
taken based on higher value (max = 1) of the statistical parameter
called the coefficient of determination (R?), which indicates the
best-fit model. Finally, we also consider the shear rate (y) value of
25 s to calculate the relative viscosity values in order to directly
compare the results with data presented in Manica (2009), as well
as others literature models (Table 2).

RESULTS

Rheological behavior of the mixtures

The rheological mixtures curves measured on the experiments
presented two classical rheological behaviors depending of presence
of clay and concentration. For concentration mixtures below 10%
(¢ < 10%), the Newtonian model Equation 4 fit better for all
mixtures. For highly concentrated mixtures (¢ ~ 30%), the best
fitted model was Herschel-Bulkley Equation 2 with a coefficient
of determination (R? around 0.97. This mixture presented yield
strength found in plastic rheologic behavior (Table 1). Mixtures
between 15 < ¢ < 25% presented both Newtonian and non-
Newtonian, depending on the presence of clay. Thus, a rheological
threshold was determined for all mixtures simulated (Figures 1A-G).

We can notice the presence of two rheological models describe
above, a linear Newtonian and non-linear Herschel-Bulkley model.
For all non-Newtonian mixtures, we plotted an apparent viscosity
(p,,) versus shear rate (Figure 2), showing the direct influence of
the mixture concentration (¢) on the high values of viscosities.

Table 3 shows the rheological classification for all
42 mixtures, varying concentration and clay presence. The white
background represents mixtures with Newtonian behavior and
gray background represents mixtures with behavior according
to the Herschel-Bulkley model. In addition, Table 3 presents
the relative viscosity (i) experimental data at a shear rate (y) of
25 s and the maximum packing fraction (¢_ ) obtained by the
Liu (2000) methodology.

Determination of relative viscosity by analytical
equations

Seven equations for the calculation of relative viscosity
(Table 2) were chosen to compare our results and verify if
they characterize well our mixtures. These equations present
various scenarios and parameters in their design (experimentally
and/or analytically) and the applicability (for low and/or high
concentrations).

The comparison between our results and the various models
applied was plotted in Figures 3 and 4. Qualitatively, we observed
that the model of Chong et al.- Equation 8, adjusted better to
our experimental results. In fact, the quantitative results shown in
Table 4 demonstrated the Mean, Standard Deviation, Maximum
and Minimum values of relative error among all models. Again,
Chong etal. (1971) showed the lowest values (around 20% mean),
which is accepted for rheological measurements. Since the Chong
model was idealized for spherical particles, the results seem to be
reasonable and coherent, as the shape of the coal is semi-angular
and semi-rounded (Manica, 2002).

When we increased the proportion of coal in the mixture
(= 75%), the relative viscosity values of the mixtures approached
equation 8 proposed by Chong et al. (1971), and also Equation 6, the
Maron & Pierce (1956) model, with errors ranging from 8 to 24%
(see bold numbers in Table 4). Since both models were designed for
spherical particles, this demonstrates that the effect of the particle
shape also plays a significant role in the rheology of a mixture.

Table 3. Relative viscosity () experimental data at a shear rate of 25 s™. The gray background indicates a Herschel-Bulkley models

and the white 2 Newtonian Model.

Maximum
Mixture packing Volumetric concentration ¢ (%)
fraction

%Kaolin %Coal (199 5 10 15 20 25 30
100 0 0.33 2.53 4.27 20.69 60.59 233.3 756.5
85 15 0.35 2.22 3.26 12.99 41.23 127.9 362.5
75 25 0.38 212 2.91 4.09 35.601 70.4 173.3
50 50 0.40 1.75 2.42 3.33 11.77 19.8 47.3
25 75 0.37 1.63 2.12 2.69 3.54 8.8 24.9
15 85 0.40 1.34 1.93 2.48 3.30 5.1 11.0
0 100 0.50 1.31 1.81 2.06 2.82 3.5 7.3

4/12

RBRH, Porto Alegte, v. 26, €22, 2021



Castro et al.

A)30 100% Kaolin B) 16 85% Kaolin
25 - 14 IR
5 o -
Ly Fz e =
_ - & -
g 20 - = i
g1s 2
5 6
5 10 cwl hiee, V# . @ o deae
oo e
5 o 5 e i )
. s 0 0 a4 00 K e psa i AL a4 p
0 50 100 150 200 0 50 100 50 20
Shear Rate (1/s) Shear Rate (1/5)
o .
5758 50/uKaolm. ) 2 25% Kaolin
-
il . 18 '__..-
-
a"‘..
- e
#—' o hee
- oning B .
d i L - xxE, .

100

150 200
Shear Rate (1/5)

Shear Stress (Pa)

e e o ¥ O

Figure 1. Rheological diagram (shear stress and shear rate relationship) for all mixtures.
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Figure 2. Apparent viscosity related with shear rate for all Herschel-Bulkley models obtained in the experiments.

Empirical equation model to estimate relative viscosity

Nevertheless, there is good agreement between our data
and the Chong Model — Equation 8. The relative error was high

RBRH, Porto Alegte, v. 26, €22, 2021

enough to fully estimate the relative viscosity of kaolin/coal

mixtures used in physical simulation of sediment gravity flows.
We propose therefore a new empirical model to estimate the relative

viscosity of this type of kaolin and/or coal suspension. To obtain
the empirical model, the rheologic data were treated as follows.
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Figure 4. Experimental data of the relative viscosity of the mixtutes as a function of volumetric concentration and the comparison
with seven equations proposed in literature: (A) 25% kaolin; (B) 15% kaolin; (C) 0% kaolin.

In general, models for predicting relative viscosity as
a function of the concentration of particles consider distinct
behavior for low and high volumetric concentrations. The limit
for high concentration is given by Equation 14, which shows that
the relative viscosity of a suspension tends to infinite when the
concentration of sediment approaches the maximum packaging
fraction (¢_ ) (Chong et al., 1971).

6/12

lim u,. =0

$ 14

Because of sediments present distinct densities, they influence
on the mixture used in experiments is not linear. To verified that,
we determine the volumetric concentration of kaolin (¢, ) and
coal (¢ ), i-e, the influence of each sediment on the mixture,
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Table 4. Relative Viscosity error between the experimental results and seven models from literature.

Mixture Einstein M&P Chong B&G S, H &M Browers Horri

%% Kaolin : : : Relative E.rror (%) : : :
Equation 5 Equation 6 Equation8 Equation 9 Equation 11 Equation 12 Equation 13

100 Mean 86 76 32 86 84 85 56

St. Dew. 19 21 25 19 18 19 29

85 Mean 83 69 27 82 79 80 50

St. Dew. 22 25 18 22 22 22 12

75 Mean 77 62 46 76 73 74 32

St. Dew. 23 28 53 23 23 23 24

50 Mean 70 45 16 68 62 64 33

St. Dew. 24 22 15 24 22 23 11

25 Mean 59 24 10 56 37 45 30

St. Dew. 20 7 10 19 8 12 4

15 Mean 51 17 8 47 29 34 23

St. Dev. 20 14 7 18 8 10 10

0 Mean 42 8 10 37 25 25 15

St. Dew. 15 7 10 12 6 6 9

Totals Max 83 69 46 82 79 80 50

Min 42 8 8 37 25 25 15

Mean 67 43 21 64 56 58 34

St. Dev. 17 27 14 18 25 24 14

Note: St. Dev. = Standard Deviation.

A) 45

log p,

5% 10% 15% 20% 25%

¢ (%)
4 75% Kaolin

®100% Kaolin  # 85% Kaolin

30%

x 50% Kaolin

-0.4

-0.6

-0.5 -0.2 -0.1 0

log (¢/¢max)

=25% Kaolin ¢ 15% Kaolin 0 0% Kaolin

Figure 5. (A) Relation between the relative viscosity( ) and volumetric concentration (¢) for all Newtonian flows; (B) Logarithm of

the relative viscosity as a function of parameter ¢/

max

and we related it with the percentage of kaolin (C, ) and coal
(C,.,) present in the mixture used in the experiments (Equation
15 and 16, respectively).

1.34
¢clay =0~892(Cclay) 348

15

Peoal = 1~O42(Ccoal)0'674

(16)

Based on the rheometer results, the relative viscosity ()
data of all Newtonian behavior curves were plotted relative to
the mixture volumetric concentration (¢) (Figure 5A). Then,
a multiple regression (R* > 93.74%) was applied on the data
(Figure 5A) to generate a relationship between the relative
viscosity, the mixture volumetric concentration (¢) and volumetric
concentration of kaolin (¢, ) and coal (¢ ). The result is
summarized in Equation 17. This relationship is important

RBRH, Porto Alegte, v. 26, €22, 2021

for mixtures with non-Newtonian behavior.

because volumetric concentration is a key parameter on sediment

gravity flows experiments.

Hy =1+ 6(31.530e1q + 943001 (17)

For Non-Newtonian behavior, the relation between the
relative viscosity and the ratio between volumetric concentration
(¢) and the maximum packing fraction was defined according to

the power law for non-Newtonian mixtures (Equation 18).

w=at-"—

Pmax

(18)

By performing the linearization, via a logarithmic processing
of Equation 18, we obtain Equation 19, whose linear adjustment

of the data can be seen in Figure 5B.
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¢

max

log 14, :ﬂlog[ ]+loga (19)

where § is the gradient of the line (power law that relates u_and
¢/¢_ ) and o is the independent variable of the linear adjustment
(interception point with axis vertical).

Table 5 summarizes the coefficient of determination of
linear fitted line (R?), as well as the gradient (B) and intercept
point ().

With data from Table 5 we correlated the parameters o
and 3 with the percentage of clay present in the mixtures. Both
parameters o and 3 present best fit for an exponential trend
with percentage of clay (C, ) with R*= 0.9838 and R*= 0.9826,
respectively (Equations 20 and 21).

4,4954(Cy )

a=138le (20)

- 2,664e0'5341(q’“’) @

Table 5. Values of intercept («), gradient (8) and coefficient of
determination (R?) of the linearized equations of Figure 4B.

Finally, substituting Equations 20 and 21 in Equation 18,
the relative viscosity of the suspensions with non-Newtonian
behavior is defined according to Equation 22.

[2.66e°‘53(6”“yq
Hy = 13.81¢"49(Co) [L] 22)
¢max

Figure 6A summarizes the equations here proposed for
the new empirical model for estimating the relative viscosity of
the suspensions for kaolin and clay used in physical simulation,
represented by Equations 17 and 22. A rheological threshold
indicates the transition behavior based on the initial mixtures. Itis
important to noticed this threshold is not an exact limit, but we
have to consider a range of variation (+15%) in which the line can
move. Further investigations could define better this threshold.
Based on this diagram, the type of rheological behavior can be
predicted for experimental runs.

DISCUSSION

Models for predicting relative viscosity as a function of
particle volume concentration must satisfy two conditions. First,
the relative viscosity must obey the relation proposed by Einstein
(1905), approaching one when the volumetric concentration tends
to zero. Second, the relative viscosity tends to infinite when the
volumetric concentration approaches the maximum packing

%Clay % B R? fraction (¢, ), as present in Equation 14 of Chong et al. (1971).
100 1488.7 4.62 0.9840 The viscosity of a mixture is an intrinsic property of the
85 540.4 4.25 0.9883 material. The main problem with the above-mentioned conditions is
75 382.2 3.87 0.9812 the lack of generalization for all types of mixtures, Ze. the viscosity
50 13.7 3.39 0.9604 of a mixture of water and sediment is not a function dependent
25 57.5 479 0.9909 only on the solid fraction (Pabst, 2004).

15 235 2.94 0.9495 On the other hand, we can consider infinite correlations
0 - - - between the physical characteristics of the particles (e.g. particle
A) 0 ) oy B 0 0
o 0% 5% 10% 15% 20%  25% 30% 35% b)) 0% 5% 10% 15% 20% 25% 30% 35% 4 (%)
. i =1+ 63153y + 9430l .
g | bam=oo2cayse L w
T b= 1082000 LS .
5 S 5
X DA 7 = K
e /
§ Newtonian wi’/;‘g/' ! —» mno-Newtonian § Newtonian «— /' ——» no-Newtonian
g. ¢ [2.66605*Caan)| 2
) gl 1y = 13.81e*49Cetay) (m) ) l
=3 -1 S .
N a2 X -3
sl I¢
s : i £
=]
§ I g K
£ £

Figure 6. (A) Relative viscosity of the mixture suspensions proposed in this work and the rheological threshold between Newtonian
and Non-Newtonian behavior. The dashed line represents a threshold variation of £15%; (B) Rheological threshold for three mixtures

composed of cohesive and non-cohesive material. Kaolin and coal mixtures (red dotted line), present work; kaolin and sand mixtures
(Coussot & Piau, 1994; Kiryu, 2006; Santos 2003) (blue traced line) and kaolin and glass beads (black line) (Manica, 2009).
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size distribution, particle shape), with other components of the
mixtures. Qualitatively, a suspension of water and sediment is
considered a single-phase mixture, Ze. a liquid matrix containing
the solid particles (Coussot, 1997). Nevertheless, even where other
microstructural aspects are important, Pabst (2004) stated that the
particle shape information is contained in the Einstein coefficient,
known as the intrinsic viscosity (u,) value of 2.5 for spheres.
For non-spherical particles, this value changes (Barnes et al., 1993).
Likewise, particle size distribution and/or particle arrangement
information is contained in the maximum packing fraction (¢_ ).
The empirical model proposed in this study tried to correlate all the
parameters described above in a single equation. This makes the
model useful for application in the laboratory and for simulation
of sediment gravity flows such as presented by Boffo etal. (2019).

The use various materials and mixtures in the experiments
is usual for sediment gravity flow physical modeling, Manica (2009)
ran experiments using glass beads (o = 2600 kg.m?, d, | = 44 um
well rounded particles) and kaolin (o = 2600 kg.m?, d, = 8 um
angular particles) with similar proportions to the mixtures used
in this work. For comparison, we obtained the maximum packing
fraction (Liu’s methodology) for his mixtures (Table 6)

Table 6 shows the maximum packaging fraction of the kaolin
at 0.32 for the Manica (2009) work. This value is compatible with
this study (0.33) and with the literature (0.29 to 0.33) (Beruto et al.,
2009). In addition, similar trend was observed in both sets of
mixtures: decreasing value of the maximum packaging fraction
with the increase of kaolin in the mixture. Finally, the value of
0.62 found for the glass beads mixture (0% kaolin) is consistent
with the value of 0.605 from the literature (Barnes et al., 1993)

Regarding the relative viscosity, we compared our Equation
22 used for kaolin and coal with Manica (2009) Equation 10 (kaolin
and glass beads) and also with the other equations from the literature
presented in Table 2. Comparative analysis of the data shows that
the equations proposed in this work predict the relative viscosity
for the mixture with 100% kaolin and for the mixture with 50%
kaolin and 50% glass beads with a relative error ~ 10%. This
result is linked with the kaolin used by Manica (2009) with physical
characteristics close to the kaolin used in this work, from which
the proposed empirical equation was conceived. This result is also
due to the cohesive physical characteristic of kaolin, which plays a
predominant role in the rheology of a mixture with non-colloidal
particles. However, for mixtures with only glass beads, our model

Table 6 Maximum packing fraction comparison between this
work (mixture kaolin and coal) and Manica (2009) mixture kaolin
and glass beads).

Mixture Maximum packing fraction (¢_ )
%XKaolin This work Manica (2009)

100 0.33 0.32

85 0.35 0.34

75 0.38 0.37

50 0.40 0.48

25 0.37 0.60

15 0.40 0.58

0 0.50 0.62
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presented no good agreement. Our equation overestimates the
relative viscosities of the mixtures (error > 40%). This result was
expected as the glass beads used by Manica (2009) have significant
difference in density and shape relative to the mineral coal used in
this work. In fact, the importance of the sediment characteristics
in the composition of an equation to estimate the viscosity must
be considered. For instance, the model of Chong et al. (1971)
was originally designed for spherical particles, while the model of
Horri et al. (2011) has a constant that can be adjusted according
to the experimental data. Both models provided a better fit for the
composite glass beads mix, although these equations have been
designed for a mixture with non-colloidal particles.

Regarding the results from the present work, we verified
that for the mixtures with less than 25% of kaolin (Ze. C_ > 75%),
the models of Chongetal. (1971) and Maron & Pierce (1956) are a
tool to obtain a relative viscosity estimate, but not complete for all
flows. The model proposed by Horri et al. (2011) was designed for
ceramic suspensions, but it did not satisfactorily represent mixtures
with 100% kaolin as expected. We can discuss, therefore, that it
is often not plausible to generalize these formulations to other
flows, because they do not consider other significant effects that
occur in a proper suspension. With respect to the other models
applied, we could not successfully predict the relative viscosity of
the mixtures used in this study, as the intrinsic viscosity () value
cannot be totally estimated. In fact, as those equations (Table 2)
are sensitive to this parameter, the results may show differences.

Even though the physical properties of kaolin play a
predominant role in the rheology of a mixture with non-colloidal
particles, the intensity of interaction with these particles can
vary according to their physical characteristics. This is shown
in a graph (Figure 6B), where the line dividing the rheological
behavior transition is different for the three mixtures composed of
cohesive and non-cohesive material. The red dotted line indicates
the transition between Newtonian and non-Newtonian behavior
of the mixtures used in this work, in a blue line, the transition
of rheological behavior of mixtures composed of kaolin and
sand (Coussot & Piau, 1994; Kiryu, 2006; Santos, 2003) and, in
a continuous black line, the transition of rheological behavior
found by Manica (2009) who worked with kaolin and glass beads.

The rheological threshold of mixtures with 100% kaolin
(bottom line) occurred for different volumetric concentrations
of sediment. This difference can be explained from the use of
natural kaolin from different sources, as well as by different criteria
for choosing the spindle and the methodology for operating the
theometer. At the top of Figure 6B, we noticed a transition behavior
for mixtures with a greater amount of coal, followed by mixtures
with sand and lastly for mixtures with a greater amount of glass
beads. The distance between the curves increase as the amount
of kaolin in the mixture decreases, which also correspond to the
value of the maximum packing fraction (Table 6). With less than
50% of kaolin present in the mixtures, the physical properties of
the inert material, such as particle size distribution and particle
shape, justify the increase in the maximum packaging fraction
values and the distance between the curves.

Finally, the exclusive use of the equations proposed in this
work is due to the fact that the relative viscosity is an intrinsic
property of the material, depending on the microstructure and
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physical parameters of a mixture; therefore, the limits of the
volumetric concentrations and sediment ratio should be respected,
as indicated in Figures 6A and 6B.

Implication for physical simulation of sediment
gravity flows

The sediment gravity flows present in nature a highly
destructive behavior due to magnitude and intensity. The high
velocity and thickness involved in such flows makes hard the
monitoring of these flows 7 loco (Simpson, 1997). On the other
hand, simulating these flows under controlled conditions, Ze.,
small-scale physical experiments, allows us to control the response
to changes on every variable or parameter involved. However, the
physical experiments must offer the dynamic similarity between
the prototype and the model. And the use of a lower density
sediment (coal; p = 1190 kg.m™) to represent the sediment gravity
flows (sand quartz; o = 2650 kg.m™) can cause distortion of the
results, called scale effect.

Brito (2005) states that “in order to guarantee the elimination
of the scale effect, the density of the sediment used in the
mixture, the conditions for its admission and also the value of the
non-dimensional densiometric Froude must be kept constant”.
But Motta (1972) and Barenblatt (2003) are categorical in stating
that a reduced scale model does not fully replicate the behavior
of the studied physical phenomenon, ze., the scale effects cannot
be eliminated, but minimized.

In fact, the use of sediment with lower density in the
experiments caused an increase in the volumetric concentration
of sediments, as larger number of particles was injected in the
mixture to keep the same density of the mixture. Consequently, the
sediments can cause a possible change in rheological behavior of
such mixtures, which has direct implications for the mechanisms
of sediment transport and deposition. As a simple example, the
volumetric concentration of the coal can be 8.7 times higher than
the volumetric concentration of sand for a density of mixtures
at 1076 kg.m™, which leads to a distinct rheological behavior if
we consider a Newtonian 5% volumetric concentration of sand
and clay compared with non-Newtonian behavior coal and clay
(Figure 6B). Then, this effect should be considered on physical
simulations.

CONCLUSION

The rheological (mechanical) behavior of clay and/or coal
mixture suspensions which simulates sediment gravity flows in
the laboratory was adjusted to the Newton and Herschel-Bulkley
models. Also, this work estimates two equations for calculating
relative viscosity of kaolin and/or coal suspensions (or other
similar granular material) which can also be used to extrapolate
the results to natural sediment gravity flows. The results show an
error around 20% comparing similar models in literature, which can
be considered satisfactory. However, the results also demonstrate
that caution should be exercised when generalizing the use of
a single model to predict the relative viscosity of suspensions.
The influence of density (p), grain shape, clay percentage (C, ),

clay
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volumettic concentration (¢) and maximum packaging fraction
(¢_ ) should be considered in the formulation of the equations.
The results presented here are limited to mixtures with kaolin
particles and/or coal or other sediment with physical charactetistics
close to those used in the elaboration of the empirical equation and
should be used within the limits of the volumetric concentrations
and sediment ratio.

Finally, the similarity of rheological behavior between
the mixtures used in the simulation of sediment gravity flows
and those of the natural environment will not be complete in all
cases. The elaboration of a scale with rheological similarity should
be considered, to seek an equality in the values of viscosities of
the mixtures tested with those of the natural environment, as the
scale impacts on flow dynamics along time and space.
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