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A. Bougouin, A. Benamar, A. Jarno, F. Marin, A. Pantet

Laboratoire Ondes et Milieux Complexes (LOMC) - Université Le Havre Normandie, UMR
6294 CNRS, 76063 Le Havre, France

Abstract

Mixtures of clay and sand suspended in water are complex systems encountered
in many industrial and environmental applications, but their understanding
and modelling are still limited and require further investigations. In this way,
the rheological behaviour of pure non-thixotropic clay and coarse-grained clay
suspensions is investigated with a rotational rheometer equipped by an inclined
blade vane-in-cup, where the type and the volume fraction of both fine clay and
coarse materials are varied. The Herschel-Bulkley model τ = τy +Kγ̇n is used
to describe successfully the flow curves of suspensions relating the shear stress
τ to the shear rate γ̇, from which the yield stress τy, the consistency K and the
index n are deduced. The main contributions of this study are (i) to validate
the inclined blade vane-in-cup for the estimation of the rheological behaviour of
polymer microgels, pure clay suspensions, and coarse-grained clay suspensions,
(ii) to conclude on the most appropriate model type to predict the yield stress
of pure clay suspensions over a wide range of fine clay volume fractions, and (iii)
to highlight how frictional contacts of coarse grains may play a role on the bulk
yield stress of coarse-grained clay suspensions. We believe that this work would
be useful for improving the rheological description of cohesive suspensions in
geophysical and industrial applications.

Keywords: Rheology, Vane-in-cup, Yield stress, Suspension, Clay material,
Coarse grains

1. Introduction1

Grain-liquid mixtures may be encountered in many industrial processes (e.g.,2

concrete, drilling mud) and environmental applications (e.g., mudflow, flood,3

sediment transport), and the understanding of such systems is essential to pre-4

dict their ability to flow depending on grain and liquid properties, as well as the5
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stress conditions. Grain-liquid suspensions may exhibit a variety of complex be-6

haviours depending on the dominant interaction type [1]. A popular approach7

consists in describing the suspension as a single effective fluid at the macro-8

scopic scale, which is characterized by a constitutive law τ = f(γ̇) relating the9

shear stress τ to the shear rate γ̇. In this objective, a lot of devices and tests10

were proposed to determine their rheological properties, such as the inclined11

plane test [2, 3, 4, 5], the slumping test [6, 7, 8, 9], the capillary rheometer12

[10], and the rotational rheometer [11, 12, 13]. The latter one is probably the13

most famous device because it allows to estimate the flow curve τ(γ̇) of ma-14

terials under well-controlled conditions. A specific attention should, however,15

be given to the geometry used depending on the investigated material because16

of experimental constraints and artefacts that may lead to a misinterpretation17

of results. For instance, the cone-plate is commonly used because both τ and18

γ̇ can be expressed theoretically from the torque T and the rotational rate Ω,19

while remaining quasi-homogeneous within the material. However, this geom-20

etry is limited to pure fluids, and eventually fine-grained suspensions, because21

of the small gap in which the material is sheared. Others (e.g., parallel plates,22

coaxial cylinders) exist each with their advantages and limitations, while more23

complex geometries are also developped for which the theoretical framework is24

hardly established, i.e. the ball measuring system [14], the fractal 3D printed25

vanes [15], and the inclined blade vane-in-cup [16]. In this latter case, they26

are rarely considered by the scientific community due to the lack of theoretical27

background, but they could represent alternative tools for complex materials.28

A crude classification is usually proposed between the suspensions made of29

colloidal and noncolloidal materials based on a critical diameter, typically as-30

sessed around 50 µm, below which Brownian motion, electrostatic forces and31

van der Waals attraction may be predominant over hydrodynamic and solid32

interactions [17]. In the simplest case of coarse grains suspended into a New-33

tonian fluid using density matching and high viscous fluids, the bulk behaviour34

of the suspension is broadly related to an apparent Newtonian fluid [18, and35

references herein]. Theoretical expressions and phenomenological models were36

proposed for predicting the growth of the apparent viscosity η = τ/γ̇ with the37

coarse particle volume fraction φc, whose most of them diverge at a maximum38

volume fraction φm above which the suspension should be jammed. It is usu-39

ally found in the range φm ≈ [0.55 : 0.62] lower than the random close packing40

of monodisperse spherical particles (i.e., φRCP ≈ 0.64), which is attributed to41

small-range interactions between solid particles [19, 20, 21, 22]. In the case of42

fine and colloidal particles, the bulk behaviour of suspensions strongly differs43

from an apparent Newtonian fluid due to interparticle forces. Such suspensions44

are related to nonlinear rheological behaviours with yield stress (a minimum45

stress to flow), shear-thinning or shear-thickening (decrease or increase of η for46

increasing values of γ̇, respectively), and thixotropy (time-dependency). One47

of the most famous examples of colloidal suspensions is probably clay-water48

mixtures, also referred to as muddy fluids.49

The rheological behaviour of clay-water suspensions can be well described by50

the Herschel-Bulkley model τ = τy +Kγ̇n, where τy, K and n are three fitting51
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parameters corresponding to the yield stress, the consistency, and the flow index,52

respectively [e.g., 23, 24]. However, some caution should be paid because K and53

n do not represent a specific property of suspensions [23]. In fact, the term Kγ̇n
54

is representative of viscous dissipation within the suspension, and it is expected55

to recover an apparent Newtonian behaviour, i.e. τ = ηγ̇, when colloidal forces56

become negligible over hydrodynamic dissipation at sufficiently high shear rates57

[25]. By contrast, the yield stress τy reflects the microstructure of the suspension58

through the cohesion forces of clay materials. A specific interest was therefore59

given to the dependency of τy on a wide range of parameters, such as the type60

of clay material, the organic content, the preparation method, the shear-history,61

the pH, the temperature, the salinity, and the fine clay volume fraction [e.g.,62

26, 23, 27, 28, 29, 30, 31, 32, among others]. In particular, predictive models63

were proposed to relate the yield stress τy to the fine clay volume fraction φf .64

From experimental observations, an exponential law was first considered as65

τy(φf ) = α1 exp(α2φf ), (1)

where α1 and α2 are two fitting parameters found in the wide range of [7×10−4 :66

3] and [8 : 45], respectively [2, 25, 33, 34]. This relation can be reasonably67

applied for moderate-concentrated suspensions, but it does not hold true for68

diluted clay suspensions for which τy ∼ α1 when φf → 0. Semi-empirical models69

were then established taking into account the microstructural parameters of70

suspensions. The derivation of these models is also based on the idea that71

the yield stress vanishes and diverges at low and high fine volume fractions,72

respectively. This leads to the following formula73

τy(φf ) = β1

(
φf

φm − φf

)β2

, (2)

where β1 and β2 are two fitting parameters, and φm is the maximum volume74

fraction above which the suspension should be jammed. Equation (2) is equiv-75

alent to the model of Spearman [35], while it can be reduced to that of Zhou et76

al. [36] with φm = 1. The Yodel model [37] was also proposed based on a single77

fitting parameter δ depending on particle properties, while both a percolation78

threshold φp and a maximum volume fraction φm are considered :79

τy(φf ) = δ
φ2
f (φf − φp)

φm(φm − φf )
. (3)

Note that this model suggests the divergence of the yield stress when φf → φp80

and φf → φm, the first one being interpreted as the minimum volume fraction81

φp needed to form a solid percolating network (i.e., a few percent).82

The inclusion of coarse grains in clay suspensions, and more generally in83

nonlinear fluids, also affects the rheological behaviour of the bulk suspension.84

It is usually reported that increasing the volume fraction φc of coarse grains85

promotes larger yield stresses τy, larger apparent viscosities η (or larger consis-86

tencies K), and larger elastic modulus consistent with the increase of viscous87
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dissipation within the suspension [e.g., 6, 28, 38, 39, 40]. Based on a nonlinear88

homogenization method, Chateau et al. [41] developped a model to predict the89

yield stress τy as a function of the coarse volume fraction φc as90

τy(φc)/τy(0) =
√
(1− φc)(1− φc/φm)−λφm , (4)

where τy(0) is the yield stress of the suspending fluid, e.g. the fine clay sus-91

pension, and λ = 2.5 is a constant parameter. For coarse spherical particles,92

the maximum volume fraction is found equal to φm ∼ 0.56− 0.57 [41, 42, 43],93

while the polydispersity and the shape of coarse grains may affect this value94

[44, 45]. It is also important to remind that Eq. (4) primarily provides a95

good agreement with experimental data originated from local measurements,96

and the macroscopic determination of rheological parameters may lead to sig-97

nificant differences with this model [39]. Moreover, this model is established98

by considering a purely mechanical contribution of the coarse grains within the99

suspension, independently on the physicochemical properties of materials.100

In the most specific configuration of rivers and estuaries, a fine proportion101

of clay materials within a non-cohesive environment may reduce drastically the102

sediment transport rate, which may be interpreted as a larger yield stress of the103

mixture. As a first step, this study aims to help improving the understanding104

and the assessment of constitutive laws for coarse grains in clay suspensions.105

The rheological behaviour of pure non-thixotropic clay and coarse-grained clay106

suspensions is investigated using a rotational rheometer equipped by an inclined107

blade vane-in-cup, where the type and the volume fraction of fine clay and coarse108

materials are varied. The questions raised in the present contribution are the109

following. Can the inclined blade vane-in-cup be used to estimate the rheological110

properties of clay-water mixtures containing or not coarse grains? What are the111

relative influence of the total solid, fine clay, and coarse volume fractions on the112

behaviour of suspensions? Can the rheological parameters be predicted using113

simple models ? To provide some answers, the paper is organized as follows.114

In Sec. 2, the rheometer devices, the materials used, and the validity domain115

of rheological measurements for coarse-grained clay suspensions are presented.116

Then, the reliability of the inclined blade vane-in-cup is assessed by comparing117

the rheological measurements of Carbopol dispersions with those of a cone-plate118

and coaxial cylinders (Sec. 3). Finally, a fine analysis of the influence of the119

type and the volume fraction of both fine clay and coarse materials on the bulk120

behaviour of suspensions is described (Sec. 4).121

2. Methodology122

2.1. Rheometer devices and procedure123

The rheological measurements are performed using both a Physica MCR124

501 rheometer and a RheolabQC rheometer from Anton Paar, equipped with a125

cone-plate (angle: 1◦, radius: RCP = 25 mm, truncated gap: e = 99 µm), and126

an inclined blade vane-in-cup (width gap: Rcup−Rrotor = 12.5mm between the127
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cup and the rotor, Rcup−Rblade = 2.5 mm between the cup and the blade edge)128

or coaxial cylinders (width gap: Rcup−Rcylinder = 1.1mm between the cup and129

the inner cylinder, radius and height of the inner cylinder: Rcylinder = 13.3mm130

and hcylinder = 40.0 mm), respectively. The Physica MCR 501 rheometer is131

equipped with a Peltier device keeping the temperature at 21◦, and the cone-132

plate is covered by a cap to prevent evaporation because of the small sample133

volume used, i.e. ∼ 0.5 − 1 mL. Most experiments are performed with the134

inclined blade vane-in-cup consisting of six blades located over three levels, for135

which the two bottom blades are inclined at 45◦, rotating in a roughened cup136

[Figs 1(a)-(b)]. To our knowledge, this complex geometry, sometimes referred as137

starch stirrer cell, has only been used to characterize the rheological behaviour138

of starch pastes [e.g., 16, 46, 47, 48], while it may also be an appropriate tool for139

coarse grains in clay suspensions. In fact, the secondary flows induced by the140

inclined bottom blades reduce the settling of coarse grains in the suspending141

fluid, while the flow structure could help against shear-induced migration, for142

maintaining a quasi-homogeneous suspension.143

Figure 1: (a) View of the RheolabQC rheometer equipped with the inclined blade vane-in-cup
[see the zoom, in (b)]. The clamping ring allows to maintain centered the cup with respect to
the inclined blade vane during the rheological measurements. (c) Sketch of the three protocols
of measurements used in the present study.

Three different procedures of measurements, referred to as protocols I, II144

and III in the following, are used to ensure the independency of the results145

on the experimental procedure because of the lack of standard protocols [Fig.146

1(c)]. Protocol I consists of a ‘quick’ flow curve, during which the material is147

pre-sheared at γ̇ = 102 s−1 for 30 seconds, then followed by a a rest period of148

120 seconds, and finally the material is sheared by increasing the shear rate149

5
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logarithmically from γ̇ = 1 to 103 s−1, with a measurement every 15 seconds150

during 225 seconds (i.e., a total of 15 measurements). Protocol II is defined151

on the same basis of protocol I with a pre-shearing at γ̇ = 102 s−1 for 30152

seconds, and a rest period of 120 seconds. Then, the shear rate is increased153

logarithmically from γ̇ = 10s−1 to γ̇ = 104 and 1, 2×103s−1 for the Physica MCR154

501 rheometer and the RheolabQC rheometer, respectively, with a measurement155

every 15 seconds during 450 seconds (i.e., a total of 30 measurements). Note156

that the maximum value γ̇ = 1, 2 × 103 s−1 corresponds to the limit value of157

the shear rate for the RheolabQC rheometer. Finally, protocol III is a ‘slow’158

flow curve during which the shear stress τ is measured each second during 180159

seconds, at a given shear rate varied from γ̇ = 1 to 103 s−1 (a total duration160

of 30 minutes) without pre-shearing. Then, the shear stress τ is estimated as161

the average value over the last 30 seconds, at each γ̇. Note that the given162

values of γ̇ correspond to those provided by the manufacturer software, and163

some differences with the ‘true’ shear rate γ̇ of the inclined blade vane-in-cup164

will be discussed in Sec. 3.165

Finally, more details on the rheological measurements and their limitations166

are provided in Appendix A. In particular, the limitations caused by the tech-167

nical characteristics of rheometers and the experimental artefacts are discussed168

to prevent a misinterpretation of results.169

2.2. Materials170

Suspensions are made of fine clay and coarse grains suspended in tap wa-171

ter. The clay materials used are illite (47% illite, 47% calcite, 6% quartz) from172

the Lizy-sur-Ourcq quarry, and kaolinite (67% kaolinite, 17% quartz, 16% illite)173

from the Ploemeur quarry, both located in France, and manufactured by Argiletz174

and Imerys, respectively. Both types are non-thixotropic and non-swelling clay175

materials that prevent time and shear-history dependencies on the rheological176

properties of suspensions, unlike other types of clay materials (e.g., smectites)177

[49]. The particle size and the density are estimated as (df , ρf ) = (4+10
−3 µm,178

2500±25kg.m−3) and (7+16
−5 µm, 2550±30kg.m−3) for illite and kaolinite, respec-179

tively. Note that the particle size of clay materials is more representative of clay180

stacks formed by van der Waals attractions than individual clay sheets. Two181

types of coarse materials are used, namely a fine sand with (dc, ρc) = (111+46
−32µm,182

2650± 20 kg.m−3) and a coarse sand with (345+152
−105 µm, 2620± 30 kg.m−3) from183

the Nemours and Hostun quarries (France), respectively, manufactured by Sil-184

beco, and spherical glass beads with (dc, ρc) = (247+91
−68 µm, 2500± 30 kg.m−3)185

manufacturated by Matrasur Composites. Both types of coarse materials may186

be characterized as a collection of rounded grains, which are more faceted and187

angular with sand materials than smooth glass beads. More details on the188

properties of clay and sand materials are given in Appendix B. Finally, the189

suspending fluid is tap water with a dynamic viscosity of ηw ≈ 10−3 Pa.s and a190

density of ρw ≈ 1000 kg.m−3.191

A specific attention is paid to the preparation of suspensions, and it may be192

detailed as follows. Each suspension is first prepared by hand-mixing the clay193
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mass mf and the water mass mw during few minutes. The pure clay suspension194

is then left at rest one day before the measurements to ensure a proper hydration195

of the clay material. The suspension is characterized by the fine clay volume196

fraction (relative to the volume of water and clay material) as197

φ̂f =
ρwmf

ρwmf + ρfmw
. (5)

A mass mc of coarse materials is eventually added into the suspension, and198

then mixed during few minutes before the measurements. In the case of glass199

beads, they are cleaned in an ultrasound bath during about 15 minutes and then200

dried in an oven prior to adding into the suspension. This process allows to201

avoid surface interactions that may affect drastically the rheological behaviour202

of suspensions, due to any remaining surfactant at the surface of the beads203

following the production process. In addition to the fine clay volume fraction,204

the coarse-grained clay suspension should be characterized by the coarse or the205

total solid volume fractions defined as206

φc =
ρfρwmc

ρcρwmf + ρfρwmc + ρfρcmw
, (6)

207

φt =
(ρcmf + ρfmc)ρw

ρcρwmf + ρfρwmc + ρfρcmw
, (7)

respectively, while the fine clay volume fraction (relative to the volume of the208

suspension) is equal to φf = φt − φc. It is important to mention that only209

two parameters among φ̂f , φf , φc, and φt are necessary to characterize the210

suspension because they are related by φt = φf + φc and φ̂f = φf/(1 − φc).211

For pure clay suspensions, it is reduced to a single parameter as φ̂f ≡ φf ≡ φt212

and φc = 0. For the sake of clarity, the fine clay volume fraction φ̂f , the coarse213

volume fraction φc, and the total solid volume fraction φt will be used in further214

sections. In the present study, they are varied up to φ̂f = 0.427, φc = 0.576,215

and φt = 0.707, respectively.216

Additional experiments are performed with polymer microgels of Carbopol217

Ultrez 10 (from Lubrizol) dispersed in purified water, which are well-known218

yielding and shear-thinning fluids [50]. The preparation of Carbopol dispersions219

needs some specific stages. Firstly, the dry powder of Carbopol is poured in220

water, then it is mixed with a magnetic agitator during one day, and finally the221

dispersion is neutralized by adding 10 mL of a sodium hydroxide solution (1M222

NaOH) per gram of Carbopol. The final pH of Carbopol dispersions is estimated223

at ∼ 7− 8 using an Elmetron pH-meter CP-411, while the weight concentration224

C = mCarbopol/(mCarbopol +mNaOH +mw) with mCarbopol, mNaOH , and mw225

the masses of Carbopol, sodium hydroxide solution, and water, respectively, is226

varied in the range C = [0.1 : 1.7]%.227

2.3. Domain of rheological measurements228

First of all, it is important to determine the range of parameters for which229

the rheological behaviour of coarse-grained clay suspensions could be investi-230
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gated at the laboratory scale. Figure 2 shows the set of measurements per-231

formed in this study (circles) and those provided by the literature (crosses) for232

estimating the rheological parameters of coarse-grained clay suspensions, in the233

([φt − φc]/φt, φt)-plane. Remind that (φt − φc)/φt represents the proportion of234

fine clay relative to that of solid (fine and coarse) materials and φt is the total235

solid volume fraction relative to the suspension (see Sec. 2.2). A wide range of236

configurations is covered here from natural to well-controlled suspensions (e.g.,237

natural muddy sediments, glass beads in kaolinite suspensions) characterized238

by various rheological devices and tests (e.g., parallel plates, coaxial cylinders,239

slumping test).240

Figure 2: Domain of rheological measurements for coarse-grained clay suspensions, in the
([φt − φc]/φt, φt)-plane. Circles and crosses represent the set of rheological measurements
performed in this study (green circles: illite, grey circles: kaolinite) and those provided by the
literature [crosses: 6, 23, 24, 33, 38, 40, 51, 52, 53, 54, 55], respectively. (—) Random close
packing of bimodal systems with φt = φRCP /(1−(φt−φc)/φt) and φt = φRCP /[1−(1−(φt−
φc)/φt)(1− φRCP )] below and above (φt − φc)/φt = 0.265, respectively, and φRCP = 0.64 is
the random close packing of unimodal systems [6, 56]; (- - -) iso-values of the fine clay volume

fraction φ̂f = 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 (from bottom to top); (· · · ) iso-values of the
coarse volume fraction φc = 0.58 and 0.6 (from bottom to top).

Firstly, the existing range of coarse-grained clay suspensions is indicated241

by the solid lines, in Fig. 2. In particular, the maximum total solid volume242

fraction φt of suspensions is limited by the random close packing of bimodal243

systems. When the difference in size is large enough between two types of244

spherical particles, the random close packing may be estimated theoretically as245

φt = φRCP /(1− (φt−φc)/φt) and φt = φRCP /[1− (1− (φt−φc)/φt)(1−φRCP )]246

at low and large (φt −φc)/φt, respectively [6, 56]. The random close packing of247

unimodal systems is set here to φRCP = 0.64 commonly used for hard spherical248
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particles [57], while it is expected to be a reasonable approximation for clay249

stacks [35].250

Now, the rheological measurements are praticable and reliable as long as the251

suspension is homogeneous during the measurement. This condition is failed252

when coarse grains settle significantly within the suspension, which can be at-253

tributed to the excess of the particle weight over the yield stress of the sus-254

pending clay suspension in absence of deformation [30]. As discussed in Sec. 1,255

the yield stress of pure clay suspensions is mainly controlled by the fine volume256

fraction φ̂f and the iso-values are therefore shown by dashed lines, in Fig. 2.257

All rheological measurements of coarse-grained clay suspensions are performed258

here with φ̂f > 0.05 (bottom dashed line), while most of them are included in259

the narrow range φ̂f ≈ [0.15 : 0.35]. Additionally, the fine clay volume fraction260

never exceeds φ̂f = 0.5 (top dashed line), above which the suspension is probably261

close to a purely solid-like behaviour at the laboratory scale. Disregarding now262

the clay material, heterogeneities may also be induced by the relative motion263

of individual coarse particles. At sufficiently high volume fractions, a granular264

material should dilate before flowing that causes local variations of the volume265

fraction [58]. This phenomenon is usually observed above a coarse volume frac-266

tion of φc = 0.58 − 0.6 [59, 60, 61], which is shown by the dotted lines in Fig.267

2.268

To conclude on this part, the rheological measurements of coarse-grained clay269

suspensions are practicable and relatively reliable in the domain delimited by the270

black dashed lines and the dotted lines, in which the suspensions are expected to271

be broadly homogeneous, at least at the initial time. Accordingly, the present272

study covers a wide range of volume fractions using both the cone-plate and273

the inclined blade vane-in-cup for pure clay suspensions, i.e. (φt − φc)/φt = 1,274

and only the inclined blade vane-in-cup for coarse-grained clay suspensions, i.e.275

(φt −φc)/φt < 1 (circles, in Fig. 2). However, some caution has to be exercised276

on this global representation because the limiting curves are dependent on the277

properties of clay and coarse materials used, while heterogeneities may also278

be caused by other physical processes (e.g., particle migration) disregarded here279

because of their dependency on the rheological devices and the shear conditions.280

3. Validity of the inclined blade vane-in-cup281

Prior to investigate the rheological behaviour of pure clay and coarse-grained282

clay suspensions, the flow curves of Carbopol dispersions estimated with the283

inclined blade vane-in-cup are compared to those of both the cone-plate and284

coaxial cylinders using the same protocol with the aim of assessing the reliability285

of rheological measurements. In particular, Carbopol dispersions represent a286

suitable yielding and shear-thinning fluid analogous to pure clay suspensions,287

while they have been intensively studied in the literature [50].288

Contrary to both the cone-plate and coaxial cylinders, the complex shape289

of the inclined blade vane-in-cup does not permit to relate theoretically both290

the shear stress τ and the shear rate γ̇ to the torque T and the rotational rate291
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Figure 3: (a)-(b) Shear stress τ and (c)-(d) apparent viscosity η as a function of the shear
rate γ̇ measured by the inclined blade vane-in-cup (circles), the cone-plate (triangles), and
coaxial cylinders (squares) with protocol I, for Carbopol dispersions with C ∼ 0.2% (opened
symbols, dashed lines) and C ∼ 0.9% (closed symbols, solid lines). For the inclined blade
vane-in-cup, the quantities are estimated as τ = C1T , γ̇ = C2Ω and η = τ/γ̇ = C1T/C2Ω,
with (a)-(c) C1 = 138 Pa.(mN.m)−1 and C2 = 1 min.s−1 used by the manufacturer software
and (b)-(d) C1 = 41.7 Pa.(mN.m)−1 and C2 = 0.45 min.s−1 proposed by Matignon et al.
[16]. The lines are the best fits of the Herschel-Bulkley model, i.e. (a)-(b) τ = τy +Kγ̇n and
(c)-(d) η = τy/γ̇ +Kγ̇n−1, where τy , K, and n are the yield stress, the consistency, and the
flow index, respectively.

Ω, respectively. Hence, both quantities are estimated empirically as τ = C1T292

and γ̇ = C2Ω, where C1 = 138 Pa.(mN.m)−1 and C2 = 1 min.s−1 are the con-293

version factors used by the manufacturer software. In Fig. 3(a)-(c), the flow294

curves of Carbopol dispersions estimated with the inclined blade vane-in-cup295

using the conversion factors of the manufacturer software (circles) are com-296

pared to those obtained with the cone-plate (triangles) and coaxial cylinders297

(squares) with protocol I, for two different weight concentrations C (opened298

vs. closed symbols). Note that the rheological measurements performed with299

the cone-plate and coaxial cylinders cannot excess the weight concentration of300

C ∼ 1% and 0.5%, respectively. Regardless of the geometry used, Carbopol301

dispersions behave as yielding and shear-thinning fluids dependent on C, as302

expected. However, quantitative differences may be observed between the flow303

curves obtained with the inclined blade vane-in-cup and those of both the cone-304
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plate and coaxial cylinders despite the same protocol used. In fact, similar305

conclusions have already been reported for Newtonian and shear-thinning fluids306

measured with both the inclined blade vane-in-cup and coaxial cylinders [16].307

This difference was attributed to the conversion factors used by the manufac-308

turer software, and Matignon et al. [16] proposed more appropriate values of309

C1 = 41.7 Pa.(mN.m)−1 and C2 = 0.45 min.s−1 based on their own calibra-310

tion. Figure 3(b)-(d) shows a better collapse of flow curves estimated with the311

three different geometries by considering the Matignon et al.’s correction [16]312

for the inclined blade vane-in-cup. Some slight differences can be still reported313

probably due to experimental artefacts related to the geometry used (e.g., ad-314

herence condition), but these discrepancies remain relatively low compared to315

those associated to the variations of different parameters considered in the fol-316

lowing. Finally, the flow curves of Carbopol dispersions can be well fitted (least317

square method, here and elsewhere) by the Herschel-Bulkley model, i.e. (a)318

τ = τy +Kγ̇n and (b) η = τy/γ̇ +Kγ̇n−1 (solid and dashed lines), from which319

the yield stress τy, the consistency K, and the flow index n are extracted.320

Figure 4: (a) Yield stress τy, (b) consistency K, and (c) flow index n estimated by the in-
clined blade vane-in-cup using the Matignon et al.’s correction [16] (circles), the cone-plate
(triangles), and coaxial cylinders (squares) with protocol I, as a function of the weight con-
centration C for Carbopol dispersions. Black and grey crosses correspond to data available in
the literature for Carbopol Ultrez 10 dispersions measured with a roughened cone-plate [62]
and Carbopol 940 and 980 dispersions measured with different setups [50], respectively.

In order to strengthen the relevance of the Matignon et al.’s correction [16],321

Fig. 4 shows (a) the yield stress τy, (b) the consistencyK, and (c) the flow index322

n estimated by the inclined blade vane-in-cup using the Matignon et al.’s cor-323

rection [16] (circles), the cone-plate (triangles), and coaxial cylinders (squares),324

as a function of the weight concentration C for Carbopol dispersions. Moreover,325

data available in the literature for Carbopol Ultrez 10 dispersions measured with326

a roughened cone-plate (black crosses) and Carbopol 940 and 980 dispersions327

measured with different setups (grey crosses) are also reported for comparison.328

Overall, both τy and K increase and n decreases with increasing values of C,329

which is consistent with data from the literature (black and grey crosses). More-330

over, both K and n are in excellent agreement with data of Gutowski et al. [62]331

(black crosses) corresponding to Carbopol Ultrez 10 dispersions as used here.332
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Quantitative differences on the yield stress τy can be reported between our data333

and those of Gutowski et al. [62], while remaining broadly included in the typi-334

cal variation of Carbopol dispersions (black and grey crosses). In the following,335

the shear stress τ and the shear rate γ̇ are still estimated from the torque T336

and the rotational rate Ω of the inclined blade vane-in-cup using the conversion337

factors proposed by Matignon et al. [16].338

4. Application to complex suspensions339

4.1. Rheological properties and modelling of pure clay suspensions340

The influence of the fine clay volume fraction φ̂f on the rheological behaviour341

of pure clay suspensions, i.e. without coarse materials, can be now addressed342

using the inclined blade vane-in-cup. Some measurements are also performed343

with the cone-plate to cover a wider range of volume fractions. It can be re-344

minded that pure clay suspensions are controlled here by the type and the fine345

clay volume fraction, given that φ̂f ≡ φt and φc = 0.

Figure 5: (a)-(c) Shear stress τ and (b)-(d) apparent viscosity η as a function of the shear rate
γ̇ measured by the inclined blade vane-in-cup with different protocols [see legend, in (b)-(d)],
for (a)-(b) pure kaolinite suspensions and (c)-(d) pure illite suspensions with various fine clay

volume fractions φ̂f (≡ φt, here) [see legend, in (a)-(c)]. The lines are the best fits of the
Herschel-Bulkley model, i.e. (a)-(c) τ = τy +Kγ̇n and (b)-(d) η = τy/γ̇ +Kγ̇n−1, where τy,
K, and n are the yield stress, the consistency, and the flow index, respectively.
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346

Figure 5 shows (a)-(c) the shear stress τ and (b)-(d) the apparent viscosity347

η as a function of the shear rate γ̇ measured by the inclined blade vane-in-348

cup with different protocols (see symbols and lines), for pure kaolinite (grey)349

and pure illite (green) suspensions increasing the fine clay volume fraction φ̂f350

(from light to dark colors). For decreasing values of the shear rate γ̇, the shear351

stress τ tends towards a constant value and the viscosity η increases, which is352

consistent with a yielding and shear-thinning behaviour as expected for pure clay353

suspensions [63]. Moreover, one clearly observes that the dissipative behaviour354

of suspensions is mainly controlled by the fine clay volume fraction φ̂f due to355

both cohesion and viscous effects. The addition of clay materials increases the356

number of links between clay particles consolidating the network, while the size357

of interstices, in which the interstitial fluid is sheared, is reduced promoting358

viscous dissipation. On the other hand, the matching of the flow curves using359

different protocols confirms the independency of results on the experimental360

procedure, while quantifying the accuracy of measurements. In each case, the361

flow curves can be well fitted by the Herschel-Bulkley model (lines) defined as362

(a)-(c) τ = τy+Kγ̇n and (b)-(d) η = τy/γ̇+Kγ̇n−1, from which the yield stress363

τy, the consistency K, and the flow index n are extracted. Note that similar364

conclusions are drawn from the flow curves of suspensions obtained with the365

cone-plate.366

Figure 6: Yield stress τy as a function of the fine clay volume fraction φ̂f for (a) pure kaolinite
suspensions and (b) pure illite suspensions, measured by the cone-plate (triangles) and the
inclined blade vane-in-cup (circles) with protocols I, II, and III (from light to dark colors).
Crosses are data from the literature - In (a): [6, 23, 24, 53, 54, 55]; In (b): [52, 53]. (—
) Exponential law (Eq. 1) with (a) (α1, α2) = (0.4, 20), and (b) (α1, α2) = (0.3, 20); (-
- -) Zhou-Spearman model (Eq. 2) with (a) (β1, β2, φm) = (5.103, 4.1, 1) (dark grey) and
(β1, β2, φm) = (250, 3, 0.64) (light grey), and (b) (β1, β2, φm) = (104, 5.8, 1) (dark green) and
(β1, β2, φm) = (120, 4.8, 0.64) (light green); (· · · ) Yodel model (Eq. 3) with (a) (δ, φp, φm) =
(400, 0.02, 0.45), and (b) (δ, φp, φm) = (800, 0.1, 0.5).

Now, the rheological parameters extracted from the Herschel-Bulkley model367

can be adressed as a function of the volume fraction φ̂f of clay material. In368
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particular, Fig. 6 shows the yield stress τy as a function of φ̂f for (a) pure369

kaolinite suspensions and (b) pure illite suspensions, measured by the cone-370

plate (triangles) and the inclined blade vane-in-cup (circles) with protocols I371

to III (from light to dark colors). As previously mentioned, the protocol of372

measurements does not affect the results quantifying thus their accuracy, and373

the measurements performed with both geometries match fairly well together.374

Moreover, one observes that τy increases significantly over several decades by375

increasing φ̂f up to ∼ 0.4, regardless of the type of clay material. At low376

φ̂f , a sharper increase of τy can be reported up to φ̂f ≈ 0.15 and φ̂f ≈ 0.3377

for kaolinite and illite suspensions, respectively. This could suggest threshold378

values for the structural modification of the network within the suspensions.379

For pure kaolinite suspensions, our results are broadly included in the scatter of380

data reported in the literature (grey crosses). It is more difficult to conclude on381

suspensions made of illite because there are few and less accurate data available382

in the literature (green crosses). Finally, it is found that the yield stress of383

illite suspensions is lower than that of kaolinite suspensions, at given φ̂f . In384

the literature, it is usually reported that illite is more cohesive than kaolinite385

due to a larger specific surface area and a larger cation exchange capacity [64].386

In the present study, this reverse behaviour can be explained as both kaolinite387

and illite materials are not pure clays and the cohesive material (i.e., kaolinite388

and illite) is of a higher proportion in kaolinite material (67% kaolinite and 16%389

illite) than in illite material (only 47% illite).390

Different models were proposed in the literature to predict the dependency391

of the yield stress τy on the clay volume fraction φ̂f (see Sec. 1), and they are392

thus confronted to our experimental data to assess their relevance. Firstly, at393

low φ̂f , the sharp increase of τy with φ̂f is fairly well captured by the Zhou-394

Spearman model (Eq. 2) with both φm = 1 (dark dashed lines) and φm = 0.64395

(light dashed lines). By contrast, the exponential law (Eq. 1) overestimates the396

values of τy (solid lines), while the concordance of the Yodel model (Eq. 3) with397

data is dependent on the clay material (dotted lines). It has to be reminded398

that the yield stress τy should diverge at φ̂f → 0 recovering the Newtonian399

behaviour of the interstitial fluid, which is inconsistent with the exponential law.400

At moderate values of φ̂f , the trend of different models becomes similar and all401

of them are in good agreement with experimental data. Finally, at large φ̂f , a402

further sharp increase of τy is expected according to phenomenological models,403

which is attributed to the divergence of the yield stress τy at the maximum404

volume fraction φm. Unfortunately, no rheological measurements are performed405

above a fine clay volume fraction of φ̂f ≈ 0.4, which does not allow to conclude406

on. Further work should be dedicated to the yield stress of hyperconcentrated407

clay suspensions, but numerical tools would probably be required. In any case,408

the Zhou-Spearman model (Eq. 2) represents the most appropriate model type409

to predict the dependency of the yield stress on the fine clay volume fraction in410

the wide range of parameters considered here, for which the fitting parameters411

are related to the properties of clay materials. Note, however, that all models are412

consistent with experimental data through a linear-linear representation (insets413
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of Fig. 6).414

Lastly, both the consistency K and the flow index n may also be extracted415

from the best fits of the Herschel-Bulkley model. However, these two rheological416

parameters are poorly constrained leading to an important scatter of results417

(they are not shown here). In any case, both K and n do not represent a418

physical property of pure clay suspensions because such materials are expected419

to evolve from a solid-like to an apparent Newtonian behaviour at low and high420

shear rates, respectively [23, 25]. Thus, both K and n only allow to describe421

the nonlinear transient behaviour of clay suspensions over a given range of shear422

rates. It can still be mentioned that the increase of φ̂f broadly promotes an423

increase of consistency K and a decrease of flow index n from 1 to ∼ 0.3, in the424

range of parameters considered here.425

4.2. Extension for coarse-grained clay suspensions426

The rheology of pure clay suspensions is mainly controlled by the fine volume427

fraction φ̂f (see Sec. 4.1), but it is expected that the inclusion of noncolloidal428

coarse grains also affects their rheological properties. In this case, coarse-grained429

clay suspensions should be characterized by two independent parameters quan-430

tifying the content of each material, namely the fine clay volume fraction φ̂f431

(relative to the pure clay suspension), and the total solid volume fraction φt or432

the coarse volume fraction φc (see their definitions, in Sec. 2.2). In the follow-433

ing, the rheological behaviour of coarse-grained clay suspensions is investigated434

with the inclined blade vane-in-cup, for which the type and the volume fraction435

of both fine clay and coarse materials are varied.436

Figure 7: (a) Shear stress τ and (b) apparent viscosity η as a function of the shear rate γ̇
measured by the inclined blade vane-in-cup with different protocols [see the legend, in (b)], for

111 µm-sand kaolinite suspensions with φ̂f = 0.203 and various total solid volume fractions
φt [see the legend, in (a)]. The lines are the best fits of the Herschel-Bulkley model, i.e. (a)
τ = τy + Kγ̇n and (b) η = τy/γ̇ + Kγ̇n−1, where τy , K and n are the yield stress, the
consistency, and the flow index, respectively.

Firstly, Fig. 7 shows the influence of the total solid volume fraction φt (i.e.,437

both fine clay and coarse materials) on the flow curves (a) τ = f(γ̇) and (b)438
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η = f(γ̇) for 111µm-sand kaolinite suspensions. Here, the fine clay volume frac-439

tion φ̂f = 0.203 is kept constant, and the increase of φt is therefore attributed to440

the addition of coarse materials within the suspension. Overall, coarse-grained441

clay suspensions are characterized by a yielding and shear-thinning behaviour442

by analogy with pure clay suspensions, which is fairly well described by the443

Herschel-Bulkley model (lines). Moreover, the increase of φt promotes the in-444

crease of viscous dissipation within the suspension. It has to be reminded that445

the coarse material corresponds to noncolloidal solid particles not contributing446

to cohesion forces within the suspensions, unlike the fine clay material. It can447

also be reported that the similarity between the different protocols is less sat-448

isfactory which is mainly attributed to the accuracy of measurements, but the449

discrepancies remain much lower than those associated to the variations of φt.450

The main consequence is a poorly constrained Herschel-Bulkley model at high451

shear rates γ̇, limiting the estimate of both the consistency K and the flow452

index n not considered in the following. At low shear rate γ̇, however, the best453

fits of the Herschel-Bulkley model match fairly well for a given φt, which means454

that the bulk yield stress can be estimated accurately for coarse-grained clay455

suspensions.456

Figure 8: Yield stress τy as a function of the total solid volume fraction φt, for pure kaolinite

suspensions (crosses) and 111 µm-sand kaolinite suspensions with φ̂f = 0.153 (circles), φ̂f =

0.25 (squares), and φ̂f = 0.34 (diamonds) using protocols I to III (from light to dark grey).
(—) Zhou-Spearman model (Eq. 2) with (β1, β2, φm) = (250, 3, 0.64).

In Fig. 8, the extracted yield stress τy of pure kaolinite suspensions (crosses)457

and 111 µm-sand kaolinite suspensions (other symbols) is shown as a function458

of the total solid volume fraction φt, in comparison. Note that crosses and459

the solid line correspond to the set of experiments shown in Fig. 6(a) and460

the Zhou-Spearman model (Eq. 2) with (β1, β2, φm) = (250, 3, 0.64) being the461

most appropriate model describing data of pure clay suspensions, respectively.462
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Other symbols are 111 µm-sand kaolinite suspensions with different fine clay463

volume fractions, i.e. φ̂f = 0.153 (circles), φ̂f = 0.25 (squares), and φ̂f = 0.34464

(diamonds). One clearly observes that the trend of τy with φt strongly differs465

between both pure clay and coarse-grained clay suspensions. This highlights the466

different contribution of fine and coarse materials on the rheological behaviour,467

and more particularly, on the yield stress of suspensions. In fact, this observation468

could be expected because the inclusion of coarse grains mainly affects viscous469

dissipation, while a larger amount of fine clay material promotes cohesion and470

viscous dissipation within the suspension. This also supports that the yield471

stress τy of coarse-grained clay suspensions is still lower than that of pure clay472

suspensions at a given φt, as already reported from the slumping test for sand473

and glass beads in kaolinite suspensions [6].474

Figure 9: Yield stress τy(φc) of coarse-grained clay suspensions normalized by the yield stress
τy(0) of the suspending pure clay suspension, as a function of the coarse volume fraction φc

(inset: as a function of φc/φRCP , with φRCP the random close packing of coarse grains).
The lines and grey areas correspond to Eq. 4 with (—) φm = 0.57 and λ = 2.5, (- · - · -)
φm = 0.57 and λ = 3.4 ± 0.6, and (- - -) φm = 0.52 and λ = 5.5± 1.0. The values and error
bars of data correspond to the average and the variation of measurements with eventually
different protocols, respectively.

With the aim of highlighting the relative influence of coarse grains, the yield475

stress τy(φc, φ̂f ) ≡ τy(φc) of coarse-grained clay suspensions is normalized by476

the yield stress τy(φc = 0, φ̂f ) ≡ τy(0) of the suspending pure clay suspension477

and plotted as a function of the coarse volume fraction φc, in Fig. 9. It can478

be first noted that the normalized yield stress τy(φc)/τy(0) increases with φc479

in consistence with most observations reported in the literature [6, 38, 39, 40].480

Moreover, this trend seems to be independent on the clay volume fraction φ̂f ,481

the type of clay material, and the mean diameter dc of coarse materials that482
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suggests a purely mechanical contribution of coarse grains to the suspension,483

independently on the physicochemical properties of the materials [42, 43, 41,484

44, 45]. However, two different trends of τy(φc)/τy(0) may be distinguished485

depending on the type of coarse material, i.e. sand (opened symbols) vs. glass486

beads (close symbols). This difference cannot be fully attributed to the random487

close packing φRCP of coarse grains that slightly differs between sand and glass488

beads due to their morphology (Appendix B). In fact, the inset of Fig. 9489

shows that data of both coarse materials deviate significantly from each other490

at φ/φRCP ∼ 0.4 − 0.5 (i.e., φc ∼ 0.3), above which direct particle contacts491

become non-negligible [19, 21, 65]. Moreover, frictional dissipation is expected492

to be more important with faceted and angular sand grains than with smooth493

spherical glass beads (see the SEM images, in Appendix B), supporting larger494

yield stresses of sand clay suspensions compared to glass beads clay suspensions,495

at a given φc.496

A further step is to quantify the influence of coarse material types, discussed497

above as the contribution of particle contacts, on the bulk yield stress. In this498

way, the model of Chateau et al. [41] given by Eq. (4) is used because it is499

based on a purely mechanical contribution of coarse grains within the suspen-500

sion. The solid line shows Eq. 4 with (λ, φm) = (2.5, 0.57) commonly used for501

spherical monodisperse particles [42], in qualitative agreement with our data of502

glass beads in clay suspensions. Quantitative differences between the model and503

data may be attributed to the macroscopic approach that usually differs from504

local measurements [39]. Both λ and φm are therefore adjusted to obtain the505

best agreement between the model and experimental data, while the quantita-506

tive value of parameters reflects microscale interactions. In the present case, it507

is found (λ, φm) = (5.5 ± 1.0, 0.52) (dashed line and grey area) for sand clay508

suspensions, and (λ, φm) = (3.4± 0.6, 0.57) (dashed-dotted line and grey area)509

for glass beads clay suspensions. Note that, in the latter case, the value of φm510

is in agreement with that reported for spherical monodisperse beads in a yield511

stress fluid from local measurements [42]. Both parameters are affected by the512

coarse material type, and more particularly, λ increases and φm decreases when513

frictional contacts are expected to increase within the suspension. Similar con-514

clusions on both parameters have already been reported regarding numerically515

the power law evolution of the relative viscosity of apparent Newtonian suspen-516

sions varying the effective friction coefficient of grains [19, 20, 21, 22]. More517

recently, Blanc et al. [66] highlighted experimentally the importance of solid518

friction on the apparent viscosity and the jamming volume fraction of suspen-519

sions through shear reversal experiments of smooth spherical polystyrene beads520

and faceted sugar particles suspended in a Newtonian silicon oil. Hence, fric-521

tional contacts represent a suitable physical mechanism to explain the different522

trends of the yield stress with the coarse volume fraction for sand and glass523

beads in clay suspensions.524
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5. Conclusion525

Rheological measurements on pure non-thixotropic clay and coarse-grained526

clay suspensions have been addressed using a rotational rheometer equipped527

with an inclined blade vane-in-cup, where the type and the volume fraction of528

both fine clay and coarse materials were varied. As a first step, the reliabil-529

ity of rheological measurements performed with the inclined blade vane-in-cup530

was assessed by comparing the flow curves of Carbopol dispersions with those531

obtained from the cone-plate and coaxial cylinders, as well as with data from532

the literature. It was shown that both the shear stress τ and the shear rate533

γ̇ should be recalculated from the torque and the rotational rate using the534

conversion factors proposed by Matignon et al. [16], proving the deficiency535

of the manufacturer software that overestimates both τ and γ̇ by a factor 3.3536

and 2.2, respectively. Then, both pure clay and coarse-grained clay suspensions537

were studied by extracting the rheological parameters from the Herschel-Bulkley538

model τ = τy +Kγ̇n, with τy the yield stress, K the consistency, and n the flow539

index, fitted successfully on the flow curves τ = f(γ̇) of suspensions and inde-540

pendently on the protocol of measurements. The rheological behaviour of pure541

clay suspensions made of kaolinite and illite, was shown to be mainly controlled542

by the fine clay volume fraction φ̂f . In particular, the yield stress τy increased543

significantly with increasing φ̂f as τy = β1[φ̂f/(φm − φ̂f )]
β2 , where β1, β2, and544

φm are the fitting parameters depending on the clay materials, similar to the545

model type of Spearman [35] and Zhou et al. [36]. The inclusion of coarse546

grains in clay suspensions through the coarse volume fraction φc also increased547

the bulk yield stress from a purely mechanical point of view. The yield stress548

of the suspension relative to that of the suspending pure clay suspension was549

fairly well predicted as τy(φc)/τy(0) =
√
(1 − φc)(1− φc/φm)−λφm based on550

the model type of Chateau et al. [41], where λ and φm are two fitting param-551

eters. Even though both parameters λ and φm differed from those commonly552

established for monodisperse spherical particles in a yield stress fluid from local553

measurements, they allowed to hold accountable for the dependency of the yield554

stress on the type of coarse materials attributed here to frictional contacts.555

For the purpose of industrial and environmental applications, this study556

showed that the inclined blade vane-in-cup may be particularly useful to esti-557

mate the rheological properties of complex fluids containing coarse grains. When558

the field conditions prevent experimental tests, the appropriate predictive mod-559

els could also provide a relatively accurate estimation for the yield stress of pure560

clay and coarse-grained suspensions. However, future work should be dedicated561

to assess the dependency of fitting parameters on microscale interactions.562
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Appendix A. Limitations of rheological measurements570

In this section, the limitations of rheological measurements performed in this571

study are discussed in detail depending on both the technical characteristics572

of the rheometer devices and experimental artefacts. Note that the following573

issues are mostly attributed to the wide range of volume fractions considered574

from dilute to hyperconcentrated suspensions.575

Firstly, the measuring range of the torque for the RheolabQC rheometer576

is broadly included between 0.1 and 75 mN.m, which prevents the rheological577

measurements of relatively lowly- and highly-viscous materials using the proto-578

cols defined in Sec. 2.1. All measurements that exceed this range are therefore579

unreliable and disregarded. This limitation is not reported with the Physica580

MCR 501 rheometer equipped by the cone-plate thanks to its wider measuring581

range of the torque. However, the establishment of highly-viscous or coarse-582

grained materials may cause an excessive normal force on the upper cone that583

also prevents the rheological measurements.584

Figure A.10: Normalized apparent viscosity η/ηmin (inset: apparent viscosity η) as a function
of Re/Rec (inset: as a function of the shear rate γ̇), for pure illite suspensions (green) and
pure kaolinite suspensions (grey) measured with protocol II. The Reynolds number is defined
as ReCP

c = ρRCP eγ̇/η for the cone-plate and ReV = ρ(Rcup − Rrotor)2γ̇/η for the inclined

blade vane-in-cup, where ρ = ρw(1 − φt) + ρf (φt − φc) + ρcφc (≡ ρw(1 − φ̂f ) + ρf φ̂f , here)
is the bulk density of the suspension. The viscous-to-inertial flow transition is defined at a
critical Reynolds number of ReCP

c = 103 and ReVc = 2× 102, respectively.

Secondly, a viscous-to-inertial flow transition of suspensions may be observed585
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with increasing the shear rate γ̇. As shown in the inset of Fig. A.10, this586

transition promotes an apparent shear-thickening behaviour (i.e. η increases587

for increasing values of γ̇) of pure clay suspensions, as already reported for588

Newtonian fluids, shear-thinning fluids, and starch suspensions with different589

geometries [15, 16]. In order to overcome such a misinterpretation of results, we590

quantify the viscous-to-inertial flow transition by a critical Reynolds number591

defined according to our results as ReCP
c = ρRCP eγ̇/η = 103 for the cone-592

plate and ReVc = ρ(Rcup − Rrotor)
2γ̇/η = 2 × 102 for the inclined blade vane-593

in-cup, where ρ = ρw(1 − φt) + ρf (φt − φc) + ρcφc is the bulk density of the594

suspension (Fig. A.10). Note that the critical value ofReVc is consistent with the595

criterion proposed by Matignon et al. [16], namely γ̇/η = 1662 (≡ ReVc ≈ 250596

with ρ = 1000 kg.m−3), quantifying the viscous-to-inertial transition of various597

fluids using the inclined blade vane-in-cup. In the present study, the rheological598

measurements satisfying Re > Rec are therefore disregarded for all suspensions599

considered.600

Figure A.11: Normalized shear stress τ/τy as a function of the normalized shear rate Kγ̇n/τy ,

for (a) pure illite suspensions with φ̂f ∼ 0.216 (inset: Carbopol dispersions with C ∼ 0.5%)
measured by the cone-plate (triangles) and the inclined blade vane-in-cup (circles) with proto-

cols I to III (from light to dark green), and (b) 111µm-sand illite suspensions with φ̂f = 0.28
and different φc (see the legend) measured by the inclined blade vane-in-cup with protocols I
(opened symbols) and II (closed symbols). The solid red line corresponds to the normalized
Herschel-Bulkley model τ/τy = 1 + Kγ̇n/τy , for which the asymptotic trends τ/τy = 1 and
τ/τy = Kγ̇n/τy are shown by the dashed lines.

Finally, at low γ̇, some rheological measurements are not considered because601

they deviate surprisingly from the trend of the Herschel-Bulkley model τ =602

τy + Kγ̇n, with τy the yield stress, K the consistency, and n the flow index.603

More specifically, two different trends can be reported due to different physical604

mechanisms (Fig. A.11). Firstly, an abrupt decrease of τ/τy with decreasing605

values of γ̇ may be observed when both pure clay suspensions [Fig. A.11(a)]606

and Carbopol dispersions [inset of Fig. A.11(a)] are measured by the cone-607

plate. This is probably attributed to wall slip because both the upper cone and608

the bottom plate are smooth, as already reported for different types of fluids609

[67, 68]. By contrast, such effects are expected to be significantly reduced with610
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the inclined blade vane in a roughened cup [11], as shown in Fig. A.11(a).611

In the case of coarse-grained clay suspensions, Fig. A.11(b) shows that a612

nonmonotonous trend of the shear stress τ with the shear rate γ̇ may be ob-613

tained. More specifically, the shear stress τ first decreases and then increases614

with increasing γ̇. The decreasing trend of the flow curve is hardly repeatable615

quantitatively as shown by the discrepancy between the two different proto-616

cols of measurements. However, this behaviour is broadly observed and more617

pronounced at large coarse volume fractions φc. It can be reminded that coarse-618

grained clay suspensions are only investigated with the inclined blade vane-in-619

cup, and a such behaviour cannot be reported with other geometries. In any620

case, the decrease of τ with increasing γ̇ is usually associated to unstable flows621

of materials, for which the macroscopic characterization cannot reveal their real622

behaviour [69, 70, 71, 72]. The transition from stable to unstable flows is usually623

defined by a critical shear rate below which a coexistence of static and flowing624

regions exists. Hence, the decreasing trend of flow curves should be disregarded625

in order to estimate properly the rheological behaviour of suspensions.626

Appendix B. Physical properties of materials627

The grain size distribution of fine clay and coarse materials is measured with628

a Malvern Mastersizer 2000 analyser and shown in Fig. B.12. For the clay ma-629

terials, the measurements are performed with (light colors) and without (dark630

colors) an ultrasonic bath for 10 seconds beforehand, but no significant differ-631

ences are observed here. Remind that the elementary sheet of clay materials632

is usually found in the range of 10−1 − 101 µm in length and 10−1 − 100 nm633

thick [6, 24, 73]. Thus, the reported value of grain size is more representative of634

the mean diameter of clay stacks formed by van der Waals attractions. In the635

present study, kaolinite and coarse materials (i.e., sand and glass beads) have636

an unimodal distribution, while illite material is characterized by a bimodal637

distribution. The two different grain sizes can be clearly visualized when illite638

is rehydrated after being air-dried, as shown by the picture of Fig. B.12(b). By639

contrast, such an observation is not reported when the suspension is initially640

prepared by mixing tap water and illite powder. In the following, the grain size641

distribution of different materials used is characterized by the diameters d10,642

d50, and d90, for which 10%, 50%, and 90% of the total volume of grains is643

below, respectively.644

Secondly, a specific attention has been paid to the estimate of the density645

of different materials used to provide an accurate value of the fine clay, coarse646

and total solid volume fractions of the suspensions. In this way, the procedure647

consists in pouring a granular mass m1
p into a graduated cylinder filled with tap648

water [Fig. B.13(a)]. Then, the cylinder is gently tapped to release trapped air649

by compacting the granular material. The volume V 1
p of particles is measured650

from the displaced volume of water, and this stage is repeated several times until651

to reach a constant value of the estimated density ρ = mp/Vp [see the dashed652

lines, in Fig. B.13(b)]. This procedure also allows to determine the maximum653
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Figure B.12: Grain size distribution (inset: cumulative size distribution) of fine clay materials,
namely (a) kaolinite and (b) illite, and coarse materials, namely (c) sand and (d) glass beads,
where Vp, Vc, and Vt are the volume, the cumulative volume, and the total volume of grains,
respectively. For the clay materials, the measurements are performed with (light colors) and
without (dark colors) an ultrasonic bath for 10 seconds beforehand. The given values of the
grain size correspond to the diameters d10, d50, and d90, for which 10%, 50%, and 90% of the
total volume of grains is below, respectively.

random packing of coarse materials by measuring the apparent volume of com-654

pacted grains at the end. Here, it is found equal to φRCP = 0.64, 0.63, and 0.66655

for 111 µm-sand, 345 µm-sand and glass beads, respectively.656

To conclude, the size and the density of fine clay and coarse materials used657

in the present study can be summarized as (df , ρf )=(4+10
−3 µm, 2500 ± 25658

kg.m−3) and (7+16
−5 µm, 2550± 30 kg.m−3) for illite and kaolinite, respectively,659

(dc, ρc)=(111+46
−32 µm, 2650± 20 kg.m−3) and (345+152

−105 µm, 2620± 30 kg.m−3)660

for the two types of sand material, and (dc, ρc)=(247+91
−68µm, 2500±30 kg.m−3)661

for glass beads.662

The typical morphologies of clay stacks, sand materials and glass beads are663

investigated using scanning electron microscopy (SEM), as shown in Fig. B.14.664

As mentioned above, both clay materials, namely kaolinite [Fig. B.14(a)] and665

illite [Fig. B.14(b)], are composed of stacks formed by van der Waals attractions666

with a wide variety of sizes and shapes. Here, the stacks of illite are broadly667

smaller than those of kaolinite, which is consistent with the lower grain size668
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Figure B.13: (a) Sketch of the procedure for estimating the density of fine clay and coarse
materials. (b) Estimated density ρ = mp/Vp of materials as a function of the total added
volume Vp of particles into the graduated cylinder. The dashed lines indicate the density of
each material used.

reported for illite compared to that of kaolinite, i.e. df = 4+10
−3 and 7+16

−5 µm for669

illite and kaolinite, respectively. Moreover, smaller clay stacks are attributed to670

lower cohesion forces between clay particles that support the lower yield stress671

τy of pure illite suspensions compared to that of pure kaolinite suspensions, as672

concluded in Sec. 4.1. By contrast, the coarse materials (i.e., sand and glass673

beads) are characterized by a collection of individual solid grains [Fig. B.14(c)-674

(e)]. The sphericity S = 2
√
πA/P , with A and P the area and the perimeter675

of individual grains, is estimated at S ∼ 0.9 for the sand material and S = 1676

for spherical glass beads [74]. Moreover, the two sizes of sand material may677

be defined as faceted and angular grains, which constrasts with spherical and678

smooth glass beads.679
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• Rheological measurements on various pure clay and coarse-grained clay suspensions
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The inclined blade vane estimates well the rheology of complex fluids with grains

The yield stress of suspensions can be quantified using the appropriate models

The type of coarse materials affects the yield stress due to frictional contacts
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