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In this PhD, we wish to develop an Artificial Intelligence algorithm based on deep learning techniques to detect with
high accuracy the positions and sizes of particles in images of rheology experiments of concentrated suspensions.
These particles appear as black disks on a low-contrast background with spatial and temporal illumination inhomo-
geneities. These illumination issues make it difficult to detect these particles by classical segmentation algorithms
and to quantify the detection uncertainties.

To overcome these difficulties, we proposed in a previous work to rely on a convolutional network to perform the
particles segmentation. However, this solution requires to have at disposal a significant number of images where
the particles are delineated. The originality of our approach was to train the convolutional network on images
synthesized artificially using a morphological model. We demonstrated in particular that when trained on these
artificial images, the convolutional network had good generalization properties when applied to the experimental
images. In this new project, our aim is to foster this approach to quantify the detection errors. The research project
that we propose is therefore directly related to two major open problems in computer vision, namely the lack of
annotated data, which frequently prevents the use of supervised approaches in images problem related to physical
applications, and the quantification of the errors made by the algorithm.

Once the algorithm will be well characterized and trained, we will use it to study the viscous resuspension of a bed
of particles previously settled in a flow cell. By applying a very low shear to the particle bed, the concentrations
remain very high in the suspension and high precision measurements are required when we seek to quantitatively
describe the rheological behaviour of this material. This experiment will allow, for the first time, to characterize the
local rheological behaviour of a sheared suspension near the critical concentration for which the viscosity diverges.
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Key stages of the thesis

Development of the convolutional network detection algorithm (18 months)

• The candidate will get acquainted with the convolutional network algorithm in the Pytorch work environment.

• He will continue the development of the image synthesis algorithm and characterize the important parameters
to generate them (average brightness, brightness gradient, noise level, particle density, apparent particle size,
particle size distribution, ...).

• He will train the network with as many of the synthetically derived ground truths that are needed to study the
relevant parameters.

• The candidate will characterise, for each of the synthesis parameters, the success rate of BlobNet detections
using a hand segmented test database as a reference. This study will make it possible to quantify the error in
the experimental concentration measurement as a function of local illumination conditions.

Very low Shield resuspension experiments (18 months)

• The candidate will become familiar with the existing experimental device and will make the necessary im-
provements to it.

• He will carry out measurement campaigns of resuspension at very low Shield number with suspensions of
hard spheres.

• He will carry out the data processing.

Supervisors and collaborators :

• Frédéric Blanc (Thesis supervisor) from the Institut de Physique de Nice (UMR7010, Université Côte d’Azur)
will be in charge of the resuspension experiments.

• Elie Hachem (Thesis supervisor) from MINES ParisTech will be in charge of the Artificial Intelligence part
of the project.

• Bruno Figliuzzi from MINES ParisTech will be in charge of the computer vision and AI part of the project.

• Rudy Valette from MINES ParisTech will contribute to the rheological part of the project.

Project description

One of the activities of the group of suspension rhe-
ology of the Institut de Physique de Nice is to carry out
measurements of local mechanical quantities of suspen-
sions of very concentrated particles subjected to a shear
flow. Two quantities are of particular importance in the
characterization of suspension properties: the viscosity
field and the concentration field. We access these quanti-
ties by taking pictures of the suspension particles during
the flow at regular time intervals. The principle of the
device that allows us to take these pictures is schema-
tized in figure 1. A very thin flat laser sheet illuminates a
transparent suspension and excites the fluorescence of a
dye dissolved in the liquid. The fluorescent light is then
collected by a camera perpendicular to the laser plane.

Figure 2 shows an image obtained with this device. The
spherical particles of the suspension appear here as black
disks.
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Figure 1: Principle of the image recording device.

The viscosity field is deduced from the velocity field
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measurement by correlation of successive images. This
technique is robust and the results depend little on the
quality of the images. The measurement of the concen-
tration field requires the detection and segmentation of
the particles present in the image and is much more del-
icate. We have so far used classical image segmentation
algorithms based on morphological transformation tools
[1, 2, 3]. However, these are subtle to implement be-
cause the variability of the lighting conditions inherent
to transparent suspensions obliges to systematically read-
just their parameters of use.

Figure 2: Example of a real image to be processed.

To overcome these difficulties and to be able to detect
particles in a completely automated way, we started to
develop an image processing algorithm based on a convo-
lutional network (named BlobNet hereafter) [4, 5]. One
of the originality of our approach is to train the network
not from images of real experiments but from a series of
images generated from morphological models (figure 3).

Figure 3: Example of a synthetically generated image.

Such an approach brings an advantage over tradi-
tional machine learning techniques. Indeed, like all su-
pervised learning algorithms, convolutional networks re-
quire a dataset of annotated experimental images to be
trained, referred to as "ground truth". To construct the
images of the ground truth, it is necessary to identify
manually the objects to be detected, i.e. the positions and
sizes of the particles for the subject that concerns us. The
annotation is a time consuming task, which renders the
use of supervised algorithm difficult in a lot of problems
related to physical applications. With our approach of ar-
tificial synthesis of the "ground truth", the positions and
sizes of the particles are known by construction, which
allows us to get rid of the difficulty of obtaining a reli-
able learning database.

The objective of the thesis is to continue the work
already started by characterizing precisely the detection
biases of the BlobNet algorithm. The knowledge of these
biases is of utmost importance to finely measure the rhe-
ological properties of concentrated suspensions. As an

example, figure 4 shows radial profiles of particle con-
centration in the gap of a cylindrical Couette. These
profiles, which illustrate the migration phenomenon in
sheared suspensions, were measured using BlobNet (or-
ange curve) and a traditional segmentation algorithm
(blue curve) [3].
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Figure 4: Influence of the detection algorithm on the
concentration profiles of a sheared suspension in the gap
of a cylindrical Couette. BlobNet (orange) vs classical
segmentation (blue).

The discrepancy between these measurements, al-
though subtle, has important consequences on the mea-
surement of rheological properties that we deduce from
these profiles. Furthermore, giving a confidence inter-
val for these measurements is extremely tricky because
the biases are difficult to quantify, especially for the tra-
ditional segmentation algorithm which depends on the
slight spatial and temporal variations in brightness inher-
ent to these experiments. The learning process of Blob-
Net with the help of a synthetic ground truth will allow
us to go beyond this difficulty and to get a better under-
standing of these detection biases. Indeed, by building
the training dataset with well controlled parameters (av-
erage luminosity, luminosity gradient, noise level, parti-
cle density, apparent particle size, particle size distribu-
tion, ...) and by determining the detection success rate
of BlobNet as a function of these parameters, we will be
able to measure the impact of these parameters on the
measurement of the local particle density.

Once BlobNet will be well characterized and trained,
we will use it to study the viscous resuspension of a
non-Brownian particle suspension in a very concentrated
regime (figure 5). In such experiments, a bed of nega-
tively buoyant particles is suspended vertically by a shear
produced by the rotation of the internal cylinder (rotor).
In order to take pictures of the particles, a vertical laser
sheet thinner than the particles illuminates the transpar-
ent suspension.
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Figure 5: Experimental device for local resuspension
measurements [3].

In a previous work, the measurement of the vertical
concentration profiles allowed us to deduce the particle
normal stresses that develop in the suspension when the
suspension is sheared [3]. In this study, we also found an
unexpected behavior when the shear stress is very low
compared to the apparent weight of the particles (low
Shield number). Instead of expanding under the effect
of a low shear, the initially sedimented particle bed col-
lapses and the flow is localized near the rotor. In this
experiment, the particle concentration is very close to the
critical "jamming" concentration for which the suspen-
sion viscosity diverges. Close to this jamming concentra-
tion, very small differences in concentration have a sig-
nificant impact on the rheology. At these very high con-
centrations it is therefore of utmost importance to have at
our disposal a powerful and well-characterized measure-
ment tool like BlobNet.

This very low Shield number resuspension experi-
ment is a fundamental rheology study and will follow on
from the important work on imposed pressure rheology
by Boyer et al [6]. In that study, the authors used an in-
novative device to shear a suspension (figure 6).

(ii) polystyrene (PS) spheres (d ¼ 0:58" 0:01 mm) in
polyethylene glycol-ran-propylene glycol monobutylether
(!f ¼ 2:15 Pa#s). In both systems, the density of the
carrier fluid is closely matched to that of the suspended
particles so that sedimentation can be neglected. The large
size of the particles ensures that both colloidal forces and
Brownian motion are negligible.

The originality of the experimental system is twofold.
First, the interstitial fluid can pass through the top plate
which is porous having 5 mm holes covered by a 200 "m
Nylon mesh. Second, the normal force F applied to the top
plate is imposed (but not its vertical position). The volume
fraction is thus not fixed, but adjusts to the imposed shear.
The experimental procedure is the following. The cell is
filled with the desired amount of fluid and particles. The
porous top plate is then lowered to the initial position for
which # ¼ 0, see Fig. 1(c). The amount of particles is
chosen such that the volume fraction at this initial stage
is equal to $ 0 ¼ 0:565 (for most of the experiments).
Changing $ 0 does not significantly affect the results as
seen by the good collapse of the data seen in Fig. 2. This
suggests the absence of shear-banding effect. The top plate
is driven by a MCR 501 (Anton Paar) rheometer at a given
torque M and normal force F, and the rotational speed !
and relative position # are measured. This leads to the
determination of the shear stress % ¼ 3M=2&ðR3

2 % R3
1Þ,

the granular pressure Pp ¼ ~F=&ðR2
2 % R2

1Þ [ ~F being the
normal force F compensated for the top plate buoyancy],
the mean shear rate averaged across the annulus _' ¼
h!r=hðrÞi, and the particle volume fraction $ ¼
$ 0=½1þ fð#Þ) with fð#Þ ¼ ½3R2ðR2

2 % R2
1Þ#)=½2ðR3

2 %
R3
1ÞH 2). After a transient shown in Figs. 1(d)– 1(f), where

both $ and _' evolves in time, the system eventually

reaches a steady state (in typically 30 min which corre-
sponds to the slow vertical displacement of the top plate in
the viscous fluid). In this steady state, the applied normal
force ~F is only balanced by the shear-induced granular
pressure Pp exerted by the particles on the top plate and
this experiment then mimics the configuration of Fig. 1(b).
Note that no hysteresis is observed and that the long time
records show no slow variation. This suggests that particle
migration effects are negligible in the present system.
The flow curves %ð_'Þ obtained at different applied pres-

sures Pp are shown in the inset of Fig. 2(a). When Pp is
imposed, the shear stress % is an increasing function of _'
and presents a yield stress %y at vanishing _'. Increasing Pp

drastically shifts the flow curves to higher values. In order
to test the relevance of the dimensional argument ex-
pressed by Eq. (1) and (2), the effective friction coefficient
" ¼ %=Pp is plotted against the viscous number Iv ¼
!f _'=Pp in Figs. 2(a) and 2(b). All the data obtained for
different particle size, material, fluid viscosity, and initial
number of particles collapse on a single curve "ðIvÞ. The
friction coefficient " tends to a finite value "1 ¼ %y=P

p ¼
0:32" 0:03 at vanishing Iv and increases with increasing
Iv. The quasistatic value "1 is similar to values obtained
for dry-granular media. In contrast with the dry-granular
rheology, "ðIvÞ does not saturate at large Iv. As discussed
below, this behavior is consistent with the additional vis-
cous contribution to the total shear stress %.
The second constitutive law relative to the volume frac-

tion Eq. (2) can also be tested. In Figs. 2(c) and 2(d), the
particle volume fraction $ is plotted versus Iv for the same
experimental conditions. Again, the relevance of the vis-
cous number Iv is demonstrated by the collapse of all the
data on a single curve $ðIvÞ. The volume fraction is a

FIG. 1 (color online). Paradigmatic configurations of pressure-imposed shear of dry (a) or immersed (b) granular media;
(c) experimental setup; Variation of shear rate (e) and volume fraction (f) in response to a change in applied normal stress (d), the
shear stress being fixed (here, % ¼ 150 Pa).
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Figure 6: Experimental device for rheology under im-
posed pressure from Boyer et al. [6].

A grid that acts as a rotor and that can let the suspend-
ing fluid pass freely, imposes a particle pressure by press-
ing on the solid phase. During the shear imposed by the
rheometer, the rotor (in blue on figure 6) adapts its verti-
cal position in order to maintain the set pressure. In this
imposed pressure experiment, the particle concentration
adapts to the rotation speed of the rotor. At low rotational
speeds, Boyer et al. explored concentrations very close
to the packing concentration, which is extremely difficult
with conventional rheology tools.

The proposed resuspension experiment can also be
interpreted as an imposed pressure rheology experiment.
The pressure is here imposed by gravity and the negative
buoyancy of the particles. While to exploit their macro-
scopic measurements Boyer et al. made the assump-
tions of a homogeneous suspension, in particular without
vertical concentration gradient, and of a uniform shear
throughout the flow cell gap, our experiment will allow
us to have access to all these data without prior assump-
tions. The possibility to perform, thanks to BlobNet, fine
measurements of the concentration field will allow us to
revisit the work of Boyer et al and to bring a more com-
plete vision to this fundamental topic.
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