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In this paper, we describe and compare the various physical phenomena which potentially lead to flow in-
duced particle migration in concrete. We show that, in the case of industrial casting of concrete, gravity in-
duced particle migration dominates all other potential sources of heterogeneities induced by flow. We
then show, from comparisons between experiments using model materials, dimensional analysis and numer-
ical simulations, that, from a quantitative point of view, the viscous drag force, which prevents particles from
migrating during a casting process, shall neither be computed from the apparent viscosity nor from the plas-
tic viscosity of the suspending phase but from its tangential viscosity. Finally, the transfer of this type of nu-
merical prediction tool to real concrete is discussed.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

At the scale of a structural element such as a beam or a slab, concrete
is a heterogeneous material. This is even more so the case if constitutive
aggregates get segregated during the flow induced by casting processes
or if they settle when concrete is at rest before setting.

In the traditional industrial description of self compacting con-
crete property requirements, the so-called “resistance to dynamic
segregation” is often distinguished from the “resistance to static seg-
regation”. The first one is associated with flow induced particle mi-
gration originating from various phenomena whereas the second
one is only associated with the aggregate settling process due to the
density difference between the components when the material is at
rest before or after casting.

Static segregation has been the topic of several papers [1-4]. These
papers either deal with the measurement or the prediction of this
phenomenon. They show that yield stress and thixotropy seem to dic-
tate static segregation for a given granular skeleton.

Dynamic segregation (i.e. flow induced particle migration) has
however been far less studied. Depending on the considered concrete
flow, different phenomena can dominate and dictate particle migra-
tion within the material.

In this paper, we first describe and compare the various physical
phenomena which potentially lead to flow induced particle migration.
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We compare their influence on the local aggregates volume fraction to
the geometrically induced particle heterogeneity due to wall effect.
We show for instance that shear induced particle migration and wall ef-
fect dominate in pumping processes whereas, in the case of industrial
casting of concrete, gravity induced heterogeneity dominates over all
other potential sources of heterogeneities induced by flow.

In the second part, we compare experimental measurements of flow
induced particle migration, dimensional analysis and numerical simula-
tions. We conclude on the value of the viscosity that has to be consid-
ered when studying particle migration during a casting process.

Moreover, based on the aforementioned results, it is found that it
is possible to numerically predict gravity induced particle migration
in the case of the casting of a model material, designed to mimic
self compacting concrete.

Finally, the transfer of this type of numerical prediction tool to real
concrete is discussed.

2. Flow induced particle migration

In this section, the consequences of the physical phenomena at the
origin of flow induced particle migration on local aggregates volume
fraction are compared. Although we do not deal with detailed proces-
sing problems, we provide here general orders of magnitude. Three
main types of flow induced particle migration are identified:

* Shear induced particle migration
 Gravity induced particle migration
* Granular blocking
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For each particle migration phenomenon, the maximum induced
local particle volume fraction variation and the characteristic time
of this migration are estimated. Then, in order to estimate the global
effect at the scale of the concrete flow, we ponder the local volume
fraction variation by the size of the zone where the particle migration
is expected to occur. We moreover compare the consequences of the
above phenomena with particle heterogeneity induced by the wall
effect.

2.1. Flow description

In the types of flow considered here, the smallest dimension will
be denoted the thickness H. The flows can be industrial casting pro-
cesses (the thickness is then the smallest dimension of the element
to be cast), pumping flows (the thickness is then the radius of the
pipe) or flows within rheometers or acceptance tests such as slump
or slump flow test. The characteristic flow time is denoted Ty In the
case of a transient flow, this could be, for instance, the duration of
the flow from flow start to stop. In the case of a steady state flow
such as pumping, it could be the time spent by the concrete in the
pumping pipe. The flow characteristic length (i.e. the propagation
length in transient flows or the largest flow dimension in steady
state flows) is denoted L. In the case of casting, this could, for in-
stance, correspond to the length or the half length of a beam depend-
ing on the casting process. In the case of pumping, this could
correspond to the length of the pipe. In these flows, the material
flows at an average velocity V and is subjected to an average shear
rate y. The quantities y, V,L, H and Tyare linked through the following
dimensional relations: Ty=L/V and y = V/H.

2.2. Shear induced particle migration

Particle collisions in highly sheared and/or highly concentrated
zones force particles to migrate from these zones. This effect is coun-
terbalanced by the local increase in the suspension viscosity resulting
from this migration. Shear induced particle migration finds therefore
its origin in the competition between gradients in particle collision
frequency and gradients in viscosity of the suspension.

Leighton and Acrivos [5] and Phillips et al. [6] modeled the com-
plex diffusion process associated with shear induced particle migra-
tion. The diffusion coefficient D may be written as D=D(¢)ya? [7,8]
where ¢ is the solid volume fraction, 7y the shear rate, a the size of
the particles and D(¢) a dimensionless diffusion coefficient propor-
tional to the power two of the volume fraction D(¢)ccp? [9]. Note
here the power two of the particle diameter appearing in the value
of the diffusion coefficient showing that coarse particles are the
most prone to shear induced migration.

Shear induced particle migration is often strongly localized in
highly sheared zones at interfaces. It can therefore strongly affect
flow by creating lubricating layers such as the ones observed during
concrete pumping processes [10-13] or during rheometric testing
on concrete or mortars [14]. Recent and detailed numerical simula-
tions of shear induced particle migration were carried out in the
case of pumping [15]. The results showed that shear induced particle
migration is indeed inducing the slippage layer of several mm at the
interface between the material and the pipe during pumping process-
es. In this zone, not only the coarsest particles are migrating but also
sand grains.

Shear induced particle migration reaches equilibrium because of
the increase in viscosity of the zones where particles are migrating
to. It can then be expected that shear induced migration shall stop be-
fore the local particle volume fraction is high enough to reach the so-
called random loose packing (i.e. the lowest volume fraction value
allowing for a percolated network of contacts between particles). It
was shown recently that this random loose packing can be estimated

from the value of the maximum packing fraction ¢,, of the particles
and is of the order of 0.8¢,, [16-18].

As a consequence, it can be expected that the highest variation in
particle volume fraction due to shear induced particle migration after
an infinite time shall be lower than:

26"~ o (1= 545 ) 1)

where ¢y is the mix design particle volume fraction.

Let us now consider the characteristic time associated to shear in-
duced particle migration. Most experimental studies show that the
particle volume fraction profile reaches a steady state after a certain
critical deformation 7y, of the suspension [6,9,19-21]. Recent results
[9] have however shown, using MRI measurements, that, in the case
of concentrated suspensions, this critical deformation seems to be
one order of magnitude lower than expected. This peculiar effect
was attributed to a local shear thickening of the material, which en-
hances particle migration [9]. It can be estimated from the above
studies that the critical deformation, above which steady state is
reached, in the case of concrete or mortars shall be of the order of
Yc=H?/10a?¢?. Shear induced particle migration shall therefore
reach its full extent after a characteristic shear induced particle mi-
gration time T$"" of the order of:

shear __ H2 2
N e =

2.3. Gravity induced particle migration

We will only deal here with the case of materials which are stable
at rest [1,2] and focus on the particle migration induced by gravity
when concrete is flowing and/or being cast [22]. It can however be
reminded here that, in order to produce a concrete, which stays ho-
mogeneous at rest, the constitutive cement paste or mortar must ei-
ther have a sufficient yield stress [1,2,23] or sufficient thixotropic
structuration rate to quickly build up a structure able to support the
coarsest particles [24,25].

When the material flows, the stress generated by gravity in the
mixture is higher than the yield stress of the material. This means
that any additional stress, such as the one generated by a density dif-
ference between an aggregate and the surrounding mixture, could in-
duce a local flow around the aggregate even if this additional stress
itself is lower than the yield stress.

Gravity induced particle migration during casting results therefore
from the competition between the difference in density of the mix-
ture components that force them to separate and the viscous drag
of the flowing suspending fluid that slows down the phenomenon.
Contrarily to shear induced particle migration, it is not a diffusion
process but an advection process. The force induced by the density
difference can be written as Fgraviey = gApma®/6, where Ap is the den-
sity difference between the aggregates and the suspending phase.
Viscous drag can be computed, as a first approximation, from Stoke's
law for dilute spheres in Newtonian fluids, Fiscous = 3mpaVs, where g
is the viscosity of the suspending phase and Vi is the relative settling
velocity of the aggregate in the suspending fluid. This relative veloci-
ty, in the case of aggregates heavier than the suspending fluid is a ver-
tical settling velocity and can be written as V;=gApa®/18u,. This
approach neglects any effect of the yield stress of the surrounding
fluid. It also neglects any other non Newtonian features. This aspect
will however be discussed further in this paper.

As in the previous section, it can be expected that gravity induced
particle migration shall stop before the local particle volume fraction
reaches the so-called random loose packing. As a consequence, the
highest variation in particle volume fraction due to gravity induced
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particle migration is the same as the one due to shear induced particle

migration:
%o
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The characteristic time associated to this process is however very
different. Being an advection process, it can be estimated as:

Vs gApa®’
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It is worth noting that the coarsest aggregates are once again most
prone to a fast migration because of the power two of the particle di-
ameter appearing in Eq. (4).

2.4. Granular blocking induced heterogeneities

We will not deal much here with this type of flow induced hetero-
geneity as we assume that, in proper industrial castings with properly
mix designed materials, the size of the coarsest particles is compatible
with the gap between reinforcement bars within the element to be
cast [26-30] or with the thickness of the flow.

It should also be kept in mind here that the granular blocking phe-
nomenon is of a probabilistic nature. The probability of granular
blocking increases with the number of particles crossing the obsta-
cles, their volume fraction and the ratio between the diameter of
the particles and the gap between the obstacles. As long as it is not
coupled with another source of flow induced particle migration,
which could increase the local particle volume fraction at the vicinity
of the obstacles, this phenomenon seems to only depend on geomet-
rical considerations and not depend on the rheology of the suspend-
ing fluid.

Finally, it shall be kept in mind that this type of particle migration
shall dominate all others when they occur as they are able to concen-
trate particle up to and above the loose packing fraction in the vicinity
of the obstacles. They may also prevent the proper filling of the form-
work [31-33].

2.5. Heterogeneity in particle distribution induced by the wall effect

Variations in local particle volume fraction may also be induced by
the presence of walls. This phenomenon is not induced by flow but,
because of simple geometrical considerations, it is not possible to
find the center of a particle of diameter a at a distance from a wall
lower than a/2 [34]. Because of this wall effect, there exists therefore
some heterogeneity at the vicinity of any solid interface within the
flow.

Thus, in a plane parallel to the wall, the coarse particle volume
fraction will be the sum of contributions from all coarse particles
with centers within a/2 of the plane. If the plane is at a short distance
6 from the wall compared to the size of the particles, the particle vol-
ume fraction at the plane is small since there are relatively few parti-
cles with centers within a distance a/2 of the plane (only those with
centers between a/2 and a/2+ 6 can contribute). As the plane is
moved further from the wall, more and more particles can contribute
to the coarse particle volume fraction. The coarse particle volume
fraction therefore increases from the wall. At a distance a, none of
the suspension within a/2 of the considered plane is devoid of coarse
particle centers. The coarse particle volume fraction reaches then its
bulk value. The coarse particle volume fraction increases therefore
from zero at the wall to the bulk volume fraction at a distance a. Its
average value in the depleted zone can be estimated as half the bulk
volume fraction ¢q/2.

This phenomenon however only concerns interface zones, the
characteristic thickness of which is, as shown above, of the order of

a and therefore smaller than the characteristic size of the concrete el-
ement to be cast. At the scale of the concrete flow of thickness H, the
variation in coarse particle volume fraction due to wall effect shall
therefore only be of the order:

A(bwalleffectE % . 5)

2.6. Induced heterogeneities during concrete casting or testing

As it was shown in the previous sections, most particle volume
fraction variations induced by flow are increasing functions of the di-
ameter of the particles and are therefore stronger at the scale of the
coarsest aggregates. We choose here to focus on this fraction of the
granular skeleton. As concrete contains in average 60 to 80% aggre-
gates and as at least half of them by volume are coarse aggregates,
we will therefore focus in the following on particles with a diameter
of the order of 1 cm and a mix design volume fraction of approxi-
mately 40%.

We consider here the case (i) of the slump test for conventional
concretes, (ii) of the slump flow test for self compacting concretes,
(iii) of a typical concrete rheometer test and (iv) of typical casting
and pumping processes. The quantities ¢, a and Ap are respectively
considered as being around 40%, 0.01 m and 500 kg/m>. The consid-
ered values for T, H, L and V are gathered in Table 1.

The typical value of the viscosity of the so-called suspending fluid
is far more delicate to identify. The orders of magnitude of viscosities
of cementitious suspensions at typical industrial shear rates are 0.1-
1 Pas for cement pastes, 1-10 Pa s for mortars and 10-100 Pa s for
concretes [18,35]. If we consider that the suspending phase for the
coarsest aggregates shall locate somewhere between the mortar
scale and the concrete scale itself, we can consider tip=10Pa s as an
order of magnitude.

In Table 2, the expected variations in coarse aggregates volume
fraction are computed by considering that the fastest phenomenon
(i.e. the one with the shortest characteristic time) occurs first. Its
magnitude is proportional (and also limited) to the maximum parti-
cle volume concentration variation induced by this phenomenon
and also proportional to the ratio between the duration of the flow
and the characteristic time of the phenomenon. In the case of hetero-
geneities induced by the wall effect, we, of course, consider that it is
instantaneous and occurs prior to other induced particle migration.

It can be concluded from Table 2 that, although shear induced par-
ticle migration and wall effect dominate during pumping processes,
gravity induced particle migration dominates during typical industri-
al concrete casting processes.

The results in Table 2 moreover show that, although slump in the
case of conventional concrete is only weakly affected by flow induced
particle migration, slump flow for self compacting concrete is affected
by both a potential gravity induced particle migration and wall ef-
fects. Because of these effects, there is no generally applicable correla-
tion (i.e. independent of the concrete tested) between the slump flow
value and yield stress as shown in [36].

Finally, the results in Table 2 show that shear induced and gravity
induced particle migration shall affect the results obtained with

Table 1
Parameters describing typical concrete flows and the model casting studied in this
paper.

Flow L (m) Tr (s) H (m) V (m/s)
Slump 0.2 2 0.15 0.1
Slump flow 04 4 0.05 0.1
Rheometer - 60 0.1 0.5
Casting 5 50 0.2 0.1
Pumping 100 100 0.05 1
Model casting 0.6 90 0.055 0.007




636 J. Spangenberg et al. / Cement and Concrete Research 42 (2012) 633-641

Table 2
Origins and magnitude of average particles volume fraction variations due to flow induced particles migration in typical concrete flows and in the model casting studied in this
paper.
Flow Shear induced heterogeneities Gravity induced heterogeneities Wall effect induced heterogeneities
Slump Neglectable Neglectable 1-2%
Slump flow Of the order of 1% Of the order of 1% 3-5%
Rheometer 3-5% 1-2% 1-2%
Casting Neglectable 5-10% Of the order of 1%
Pumping 3-5% Neglectable 3-5%
Model casting (beads diameter =2 mm) Neglectable 1% Neglectable
Model casting (beads diameter =5 mm) Neglectable 5% Neglectable
Model casting (beads diameter =7 mm) Neglectable 7% Of the order of 1%

concrete rheometers. These phenomena, which depend on the exact
geometry of the rheometer, may be at the origin of the discrepancy
between the available concrete rheometers [37,38] as shown by re-
cent MRI measurements on model mortars [14].

3. Experimental measurements

We have shown, in the previous section, that gravity induced par-
ticle migration dominates during typical industrial concrete casting
processes. In order to reproduce this phenomenon in the laboratory,
a combination of a model material and a model formwork able to
mimic the casting of self compacting concrete is developed in this
section.

3.1. Materials

We prepare our model concrete with a polymer gel and glass
beads at a volume fraction of 10%, which aims at mimicking the be-
havior of a fluid (but transparent) concrete [39].

The polymer used in this work is Carbopol Ultrez (manufacturer
Noveon), a transparent material that disperses faster than other con-
ventional grades. Carbopol is used here at a volume fraction of 0.3%.

The dehydrated Carbopol powder is first slowly added to distilled
water through a fine metal mesh using a variable speed mixer. The
solution is then neutralized by a sodium hydroxide solution at 18%.
A mixing period of 6 h follows this neutralization phase. Finally, the
products are conserved at 25 °C for 2 days. The prepared carbopol
suspension can then be diluted in distilled water in order to produce
mixtures with yield stresses between 15 and 125 Pa. Before use, air
bubbles are removed by a slow manual shearing. Because of the low
polymer concentration, the density of the carbopol gel is very close
to the density of water.

The Carbopol suspension used in this study is not thixotropic as
shown by the superposition of measurements obtained for increasing
and decreasing shear rate ramps in Fig. 1. We use a HAAKE ViscoTester
VT550 equipped with coaxial cylinders, the inner cylinder of diameter
18.9 mm being in rotation whereas the outer cylinder of diameter
20.5 mm remains fixed. Both surfaces of the cylinders are covered
with sand paper in order to avoid wall slip. The modified gap width is
identified using a reference Newtonian oil. The behavior of the carbopol
gel can either be fitted with a Bingham model (7 = 7 + 1, ) mixture
with a yield stress 7o of 40 Pa and a plastic viscosity u, of 1 Pa s or fitted
with a Herschel Bulkley model (7 = T + Ky") with a yield stress 7 of
40 Pa, K=15.8 Pasand n=0.48.

The Bingham model parameters for the carbopol alone are used
further in this work for the prediction of the global flow of the glass
beads and carbopol mixture in the model formwork. Because of the
low volume fraction of the glass beads, the behavior of the glass
beads and carbopol mixture does not strongly differ from the rheo-
logical behavior of the carbopol alone. It can indeed be expected
from the theoretical work of Chateau et al. [40,41] that the yield stress
of the mixture shall be around 1.09 times the yield stress of the

carbopol whereas its plastic viscosity shall be around 1.3 times the
plastic viscosity of the carbopol. Because of these low fluctuations of
the rheological parameters with the local concentration of glass
beads, the influence of flow induced heterogeneities on local rheolog-
ical properties and on the global flow of the mixture will be neglected
in the following.

Both Bingham and Herschel Bulkley model parameters will be
alternatively used to model the gravity induced particle migration
in the last part of this paper. Results obtained with the two models
will be compared and discussed.

The glass beads used here are SiLibeads® (Type M, Sigmund Linder
GmbH). Three diameters are used (2, 5 and 7 mm). The density of the
glass beads is 2500 kg/m>. In order to ensure that these particles behave
as rough aggregates, they were first roughened by abrasion and then
cleaned by ultrasound in water (Cf. Fig. 2). To prepare the mixtures,
the glass beads are slowly added to the carbopol gel and gently stirred
manually until a homogenous material is obtained (Cf. Fig. 3).

3.2. Model formwork

The experimental setup used in this study is shown in Fig. 4 [39].
The setup consists of a 20 x 20 x 60 cm container made of transparent
Plexiglas, enabling observation of the flow front of the poured fluid.
Approximately 6 1 of the carbopol containing a 10% volume fraction
of glass beads are slowly poured at one side of the form. The pouring
speed is roughly 0.1 /s to avoid any inertia effect [33,42]. We checked
that final shape did not depend on pouring rate in this range and we
kept the pouring height constant for each test. When the flow stops,
image analysis allows for the recording of the final shape of the mate-
rial. The material is then divided into 6 zones by insertion of metal
plates (Cf. Fig. 5). The content of each zone is washed and the volume
fraction of glass beads in a given zone is computed from the weight of
the beads.
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0 20 40 60 80 100 120
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Fig. 1. Flow curve of the carbopol gel.
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Fig. 2. Surface of the glass beads after abrasion treatment.

4. Numerical simulations
4.1. Prediction of the global flow of the mixture

There exist various numerical techniques allowing for the simula-
tion of the flow of cementitious suspensions [43]. In this paper, a sim-
ple and time efficient numerical technique is introduced in order to
capture gravity induced particle migration.

Basically, the numerical technique consists in combining the com-
putation of both the global flow of the carbopol and glass beads mix-
ture and, in parallel, the evolution of the local volume fraction of
beads. The global flow of the mixture is computed by solving the
mass conservation (continuity) equation together with the momen-
tum conservation equations.

In addition, the constitutive behavior of the fluid (carbopol and
glass beads mixture) is described with a Bingham material model
(see the above section) in which the fluid is at rest when the von
Mises stress is below the yield stress and flows according to the plas-
tic viscosity when the von Mises stress is larger than the yield stress.
In the numerical formulation, this is approximated with the so-called
bi-viscosity model in which the initial viscosity wy; which is used
below the yield stress (expressed in terms of the threshold shear
rate) is very high as compared to the plastic viscosity p, which is
used above the yield stress, i.e.:

”Linit’)./ref ’yref<70 } (6)

ref
T = . . .
{ Y™+ 7o = gV ¥ 20

2 N2 1.
where (Tref> =37T; Ty =0;—6;04/3 and (yref) =19V

Fig. 3. Homogeneous carbopol gel and glass beads mixture at the end of the mixing
phase.

It should be noted here that the threshold value for this imple-
mentation is expressed in terms of the threshold strain rate, which re-
lates to yield stress the following way:

To

=— 7
Hini @)

Yo
When the flow is dominated by shear stress 7 and shear rate vy,

and the initial viscosity is infinitely large, the equations shown
above simplify to the Bingham scalar model:

T=To+MyY when 727, (8)

The above numerical technique is implemented in the Computa-
tional Fluid Dynamics (CFD) code Flow3D®, which is a general pur-
pose software capable of modelling different fluid flow and heat
transfer problems. This software allows the user to program subrou-
tines which take into account specific physical phenomena.

4.2. Prediction of the gravity induced particle migration

The evolution of the particle volume fraction is computed by an
advection and a settling calculation. The advection makes the volume
fraction follow the streamlines of the global flow, while the settling
calculation captures the actual settling of the beads. The settling cal-
culation is derived from a mass conservation of the particles:

%—‘er div(qb V) -0 9)

where ¢ is the local particle volume fraction and V is the local particle
velocity.

In the settling problem studied here, the local particle velocity is a
vertical downward settling velocity Vs, which can be derived from
Stokes law (Cf. Section 2.3).

_gd’Ap
18u,

v, - (10)

Fig. 4. Model formwork filled with the model material.
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Fig. 5. Zones separation in the model formwork before beads weighting.

where a is the diameter of the glass beads, Ap is the density difference
between the carbopol gel and the glass beads and py is the local vis-
cosity of the gel around the particle.

As the surrounding fluid is non Newtonian, the question of the
nature of the scalar value of this local viscosity arises. The problem
is highly three dimensional meaning that several components of the
stress tensor may be different from zero. When the components of
the stress tensor due to gravity fulfill the von Mises flow criterion,
the mixture is flowing. The density difference between the particles
and the suspending fluid generates additional stresses in the system.
These are combined with the existing stresses at the origin of the
global flow of the mixture. Two options can then be considered for
the local viscosity of the surrounding fluid. It could either be equal to
the apparent viscosity of the material at a shear rate imposed by the
flow of the mixture or, as the von Mises criterion is already fulfilled
by other components of the stress tensor, to the tangential viscosity
(Cf. Fig. 6). In the case of a Bingham fluid model for the suspending
fluid, this would be equivalent to considering the plastic viscosity.
The gel used in this work can however be described either by a
Bingham model for the sake of simplicity or, for a better fit, by a
Herschel Bulkley model (Cf. Section 3.1). In the following, we will test
the consequences of choosing as an input for the settling numerical
simulation the plastic viscosity from the Bingham model, the apparent
viscosity from the Herschel Bulkley model or the tangential viscosity
from the Herschel Bulkley model (Cf. Fig. 6).

Tangential viscosity f,, = nKy

Shear stress

Apparent viscosity

Ty el
K =—.+K}’
app 7

Shear rate

Fig. 6. Apparent and tangential viscosities for a suspending fluid behaving as a Herschel
Bulkley material.

Moreover, it can be stressed here once more that, in the simulations
carried out in this work, as the influence of the local volume fraction on
the local rheology is very low in this range of low volume fractions (see
Section 3.1), there is no coupling between the local volume fraction of
the glass beads and the rheological behavior of the mixture. Finally, a
boundary condition at the bottom of the formwork is implemented to
prevent the particles from leaving the computation zone. Additionally,
particles are numerically prevented from moving into a cell, in which
the dense packing fraction of spheres has already been reached (i.e.
64%).

It can be noted that, in the case of the higher particle volume
fractions of real concretes, the above approach would be clearly in-
appropriate. Particle migration would create a heterogeneous ma-
terial, in which local viscosity fluctuations due to this migration
could play a dominant role in the segregation process. It can be
expected that, from a numerical point of view, either advanced
discrete methods [44,45] or continuum methods integrating a cou-
pling between local particle volume fraction and drag force [22]
would be necessary.

5. Result analysis and discussion
5.1. General description of the experimental results

The measured glass bead volume fractions after the filling of the
model formwork are reported in Fig. 7 for the three glass bead diam-
eters. We can first see in this figure that some particle migration is in-
duced by the flow and that the material becomes heterogeneous. This
heterogeneity is increasing with the diameter of the glass beads and
with the distance from the pouring point. After a flow propagation
of 0.6 m, the volume fraction decreases respectively from 10% to 8%,
3% and 1% for the 2, 5 and 7 mm beads. Close to the pouring point,
the particle volume fraction is increasing as settling particles gather
at the bottom of the model formwork (Cf. Fig. 8).

5.2. Origin of the flow induced particle migration in the model casting

We apply here to our experiments the results from Section 2.6
considering a flow length L of 0.6 m and a flow thickness H of
0.055 m. The initial glass beads concentration ¢ is 10%. The density
difference Ap is 1500 kg/m> and the beads diameter a varies between
2 and 7 mm. The flow duration is of the order of 90 s and the flow ve-
locity is therefore of the order of 1 cm/s. The shear rate shall then be
of the order of 0.1 s~ !. tiy may either take the value of the tangent vis-
cosity (around 50 Pa s, Cf. Fig. 1 and Fig. 6) or the apparent viscosity
(around 450 Pa s, Cf. Fig. 1 and Fig. 6).
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Fig. 7. Measured glass beads volume fractions as a function of the distance in the model
formwork.
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Fig. 8. Glass beads layer at the bottom of the model formwork at the vicinity of the pouring point (7 mm beads).

It can be shown using the relations in Section 2.6 that both shear
induced migration and wall effect induced migration are neglectable
(Cf. Table 2). This means that, in our experiment as in the casting of
fluid concretes, gravity induced heterogeneity dominates all other
potential sources of migration. The variations in glass beads volume
fraction induced by gravity are then predicted dimensionally to be
of the order of 2, 5 and 7% for the glass beads with diameters of 2, 5
and 7 mm if the tangent viscosity is considered and shall respectively
be of the order of 0.5, 1 and 2% for the glass beads with diameters of 2,
5 and 7 mm if the apparent viscosity is considered. We can conclude
from these estimations that considering the apparent viscosity of the
gel results in a strong underestimation of the induced heterogeneity.
It can moreover be noted that using the tangential viscosity results in
a rather good prediction of the induced migration after 60 cm propa-
gation of the material despite the simplicity of the approaches devel-
oped in Section 2.

5.3. Comparison between numerical simulations and experimental
results

In Fig. 9, the computed glass beads volume fraction as a function
of the distance for three different assumptions on the value of the
viscosity of the surrounding carbopol gel is plotted for the 5 mm
beads. If we consider for the surrounding fluid the apparent viscosity,
numerical simulations underestimate particle migration. If we con-
sider an approximate constant plastic viscosity from the data in
Fig. 1, then simulations overestimate the particle migration. It is
only when the tangential viscosity is used in the calculation that we
obtain a good agreement between simulations and experiments.

This result suggests that the stresses generated by the weight of
the mixture fulfill the von Mises flow criterion and are at the origin
of the flow. The density difference between the particles and the sus-
pending fluid generates additional stresses in the system. These are
combined with the existing stresses at the origin of the global flow
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Fig. 9. Glass beads volume fraction as a function of distance for the 5 mm beads. Com-
parison between experimental results and numerical simulations for various assump-
tions for the viscosity of the suspending fluid. The yield stress is 40 Pa.

of the mixture. As the von Mises criterion is already fulfilled by
other components of the stress tensor, these additional stresses only
contribute to the viscous dissipation and do not have to overcome
the yield stress to generate a relative flow between the particles
and the gel. As a consequence, the settling process is the same as
the one that would occur in a zero yield stress fluid. The only param-
eter of interest is therefore the tangential viscosity.

We compare in Fig. 10 the numerical predictions based on the tan-
gential viscosity and the experimental results for the various glass
bead sizes. The overall agreement is satisfactory especially if we
bear in mind the simplifying assumptions on which the numerical
model is built.

6. Relevance of results to real concretes

There exist two main difficulties when expanding the approach
proposed here to the case of real concretes.

First, as the volume fraction of coarse aggregates in concrete is far
higher than 10% (it is of the order of 40%), the local rheological prop-
erties shall depend on the local volume fraction of coarse aggregates.
The problem of particle settling becomes therefore a strongly coupled
problem as it does not only create heterogeneity in component pro-
portions but also heterogeneities in local rheological properties,
which may in turn affect the global flow of the mixture and therefore
particle settling (Cf. Section 4.2).

Second, although the behavior of the suspending fluid can be mea-
sured in the case of the model material used here, it is not the case for
real concrete. It can be expected that the rheological properties to be
taken into account shall be between the concrete scale and the mortar
scale. Also, the behavior shall be shear thinning as for the carbopol
used here. It is however difficult to identify this behavior apart except
by using an inverse analysis of a real life flow induced segregation
case. As this behavior shall strongly depend on mix design, this type
of approach shall only give data for the specific case studied.
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Fig. 10. Glass beads volume fraction as a function of distance for the 2, 5 and 7 mm

beads. Comparison between experimental results and numerical simulations consider-
ing the tangential viscosity of the surrounding fluid.
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We have shown in this paper that the tangential viscosity of the
suspending fluid is dictating particle settling. It shall also be the
case for real concretes no matter the rheological behavior of the sus-
pending fluid to be considered. The characteristic time of gravity in-
duced segregation (Eq. (4)) then becomes:

permins H _ 18nKy" 'H. an
Vs glpa®

The dimensionless ratio between the duration of the casting pro-
cess Trand the above characteristic time gives an idea of the magni-
tude of the gravity induced segregation for a given process and
element to be cast. It scales with the casting velocity as:
%zvf”. (12)

Cc

As n shall always be positive, it can therefore be expected that,
from a practical point of view, the magnitude of gravity induced seg-
regation shall decrease for fast casting processes. Though intuitively
correct, this result has however still to be validated at the scale of
concrete. It could indeed be affected by the thixotropic nature of con-
crete: at high flow rates, the structural break down of the cement
paste could lower the tangential viscosity and enhance gravity in-
duced segregation.

7. Conclusions

In this paper, we have described and compared the various phys-
ical phenomena which potentially lead to flow induced particle mi-
gration in concrete. It was shown that shear induced particle
migration and wall effect induced particle migration dominate in
the pumping process whereas, in the case of industrial casting of con-
crete, gravity induced particle migration dominates all other potential
sources of heterogeneities induced by flow.

In the second part, we have shown, from comparisons between
experiments using model materials, dimensional analysis and numer-
ical simulations, that, from a quantitative point of view, the viscous
drag force, which prevents particles from migrating during a casting
process, shall neither be computed from the apparent viscosity nor
from plastic viscosity of the suspending phase but from its tangential
viscosity.

We have moreover shown that it is possible to numerically predict
flow induced particle migration during casting of a model material,
which was designed to mimic self compacting concrete.

Finally, the transfer of this type of numerical prediction tool to real
concrete was discussed.
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