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A B S T R A C T

The behavior of a suspension of spherical particles in a yield stress, shear thinning, thixotropic fluid is studied
under pipe flow at low Reynolds number. Three flow distances, imposed by large amplitude oscillations, are
investigated: 25 m, 48 m and 200 m, below and above the development length predicted for a Newtonian
suspension of identical bead size and pipe diameter. The base fluid is a cement slurry and the particles are
red glass beads, added at 0.3 vol. fraction (𝜙0).

The radial distribution of beads over the pipe cross-section is measured after the hardening of the cement
and shows a concentration gradient. No clear influence of travel distance is observed. Averaging all results,
an increase in bead concentration by 35% above 𝜙0 (reaching an average 𝜙= 0.41) is measured in the pipe
center region, and a decrease by 20% (reaching an average 𝜙= 0.24) near the pipe wall. The absence of further
densification of beads in the pipe center contrasts with results obtained in Newtonian fluids. This is attributed
to the paste increase in yield stress with time at rest, predicted to result in a plug flow zone of increasing
radius with time.

The radial migration of particles evidenced in this work for a low yield stress cement slurry may contribute
to the formation of plugs (zone of high concentration of aggregates) observed at the forefront of concrete during
pumping, explaining blockage.
. Introduction

The relative ease of pumping concrete through pipes has been
ssociated with the formation of a lubricating layer, sometimes called
oundary layer, that develops near the pipe wall during pumping and
here the shear concentrates [1,2]. This lubricating layer has been
efined as a layer of fluid mixture where the shear rate is high and
hat contains a lower portion of large (≈ cm-size) particles than the
ulk concrete. Its existence was experimentally confirmed in pumped
oncrete by ultra-sonic measurements and optical micrography, and its
hickness was shown to be approximately 2 mm (in pipes of internal
iameter 100–125 mm), depending on the initial particle concentration
n the concrete [1,3,4]. Ngo and co-authors [5] developed a shearing
evice that allowed to collect the mixture constituting the lubricating
ayer. They tested concrete mixes containing aggregates ranging from
icrometers to 40 mm and showed that the collected mixture contained

nly particles smaller than 0.25 mm. The formation of this layer has
een attributed to shear induced migration that contributed to particle
olume fraction heterogeneities beyond the geometric wall effect [1,4,
,7].

∗ Corresponding author.
E-mail address: agathe.robisson@tuwien.ac.at (A. Robisson).

While the migration of aggregates away from the wall has been
shown to be beneficial to reduce pumping pressure, their more central
position in the pipe results in their increased velocity, which may in
turn drive their accumulation at the concrete front and cause flow
blockage . Such particle accumulation at the interface between the front
of a flowing suspension (advancing meniscus) and air has been evi-
denced in Newtonian based fluid suspensions under pipe flow [8] and
under squeezing flow [9]. In fresh concrete, blockage during priming
(i.e., the process during which the pipes are being filled with concrete)
dominates pumping failure occurrences [10] but remains a poorly
understood phenomenon [6]. Failure was identified to be linked to
concrete ‘‘dewatering’’ or ‘‘desaturation’’ where the interparticle space
is not filled with fluid and the flow becomes frictional [11]. Therefore,
while the migration of aggregates away from the wall at distances of
millimeters has been linked to lower than expected pumping pressures,
their migration further away from the wall, and towards the center
of the pipe, may be linked to pumping blockage. This phenomenon,
which, to our knowledge, has not been experimentally shown in con-
cretes or other suspensions of cementitious slurries, motivated the
present work.
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Numerous studies have addressed particle migration in Newtonian,
generalized Newtonian, or viscoelastic fluids. Suspensions made with
non-Brownian particles can indeed experience de-mixing when sheared
under heterogeneous shear stress field, as in pipe flow. This effect
was first observed by Gadala-Maria and Acrivos in 1980 [12]. In this
study, a suspension of silicone oil and polystyrene particles of diameter
40–50 μm was sheared in a Couette rheometer at a constant angular
velocity, and a drift in the torque was measured over time (i.e., hours).
Leighton and Acrivos [13] later explained that this decrease in torque
was due to the particles migrating out of the sheared Couette gap into
the fluid reservoir below the bob, where the suspension experienced
lower shear rates.

In laminar pipe flow, particle migration was first studied in Newto-
nian base fluids using MRI [14,15] and optical tools [16,17]. Authors
demonstrated the migration of particles away from the wall, where
the shear gradient is high, and towards the center of the pipe, where
the shear gradient is low. For example, Koh and Leal [14] studied
suspensions prepared with initial solid volume fractions of particles
𝜙0 of 0.1, 0.2 and 0.3 in a rectangular channel with a particle radius
to channel width ratio of 0.019. They measured the development of
concentration gradients in all cases, with maximum concentrations in
the center of the channel equal to 0.2, 0.51 and 0.64 (i.e., near close
random packing), for the suspensions of initial 𝜙0 of 0.1, 0.2 and 0.3,
respectively. They also showed that the migration is accompanied by a
blunting, or flattening, of the particle velocity profile.

Shear-induced migration is mostly due to hydrodynamic interac-
tions that gradually drive the motion of particles to zones of lower
shear [18], and can occur at zero Reynolds number. This phenomenon
is to be distinguished from the migration occurring in dilute sus-
pensions, evidenced by Segre and Silberberg [19,20], where particles
migrate to an equilibrium position at a radius of about 0.6 R, (with R
being the pipe radius), at a relatively small (but not ignorable) Reynolds
number.

Particle migration to the pipe center also occurs when the flow is
oscillatory and the oscillation amplitude is large enough [21]. Snook,
Butler & Guazzelli [22] looked at suspensions based on a Newtonian
fluid and particles that matched the refractive index and density of
the fluid, with concentrations between 0.1 and 0.4 in volume. They
built a large-amplitude oscillatory flow setup to study the dynamics of
the shear-induced migration process while maintaining a static optical
system and confirmed that the behavior of the suspension was similar
to its behavior under unidirectional pipe flow.

Suspensions with non-Newtonian base fluids have also been stud-
ied, confirming the phenomenon of particle shear-induced migration
in these more complex fluids [23,24]. In shear-thinning fluids, other
effects come into play. Huang & Joseph [25] have shown with nu-
merical simulations at moderate Reynolds numbers and 𝜙0 = 0.21 (in
2D) that shear thinning causes some particles to migrate away from
the channel center towards the wall. Similar results were observed in
shear-thinning viscoelastic fluids [26]. Comparing Newtonian, shear-
thinning and shear-thickening fluids through computations, Martys and
co-authors [24] showed that the shear-thinning fluid experienced the
most blunted velocity profile, stemming from the shear localization
near the wall in their gravity driven flow. They called it an apparent
slip effect even though a strict no slip boundary condition was imposed
in the simulations.

For a description of the current modeling approaches capturing
shear-induced particle migration in Newtonian and non-Newtonian
fluids, we refer the reader to the work of Leighton & Acrivos (diffusion
model) [13], Nott & Brady (suspension balance model where normal
stresses arise from hydrodynamic interactions due to the presence of
particles) [18], as well as Morris & Boulay [27], Snook et al. [22],
and for non-Newtonian effects, Izadi & Frigaard [28], Hormozi &
Frigaard [29], Siqueira & de Souza Mendes [30], and finally D’Avino
et al. [31] for viscoelastic (second-order) suspending fluids. The mea-
2

surement of the normal stresses arising from the presence of particles a
has been performed using flush-mounted differential pressure transduc-
ers installed on the lower parallel plate [32] or on the outer cup of
a cylindrical Taylor–Couette cell [33] as well as using a customized
plate-plate geometry with imposed particle pressure [34,35].

Fresh cement paste can be considered a fluid of extreme complexity,
and, being the subject of the present study, the microstructural origins
of its rheological behavior are described next. Cement slurry is prepared
by mixing unreacted cement particles (ground clinker, size ≈10 μm) and
water (plus additives in most industrial applications). As soon as the
particles are put in contact with water, a dissolution-precipitation pro-
cess starts, raising the pH of the solution to ≈12 in a few seconds [36].

he resulting fluid is a paste that exhibits colloidal behavior due to
he nano-particles of calcium silicate hydrates (C-S-H) [37,38] that
recipitate on the surface of the cement grains and interact with each
ther and with the highly surface charged cement particles through
n interstitial solution of high ionic strength [39,40]. In a matter
f seconds, the ground clinker particles and nano-hydrates will form
strongly cohesive network that will further build up with time at

est [41–43], giving rise to the macroscopic yield stress of cement (and
oncrete) [44–46]. At rest, i.e., in quiescent conditions, the yield stress
ncreases with time. Upon flow, this multiscale network (micron-size-
ement and nano-size-C-S-H particles) is broken down (fluidized) and
he slurry flows [47]. This process appears, macroscopically, reversible
ver a time frame of ≈1 h and gives rise to the so-called thixotropic
roperties of cement. The dissolution-precipitation process happens
ontinuously over time until most of the cement clinker has reacted
provided enough water is present), the paste having long transitioned
nto a hard solid by that time.

The interactions described above are so strong that it is typically
ifficult to prepare a mixture from cement and water below a water-
o-cement ratio (w/c) of 0.3 (corresponding to 𝜙0 ≈0.52). To reduce
article interactions (i.e., reduce the yield stress), superplasticizers (SP)
an be used. These typically long organic polymeric chains adsorb on
he surface of newly precipitated hydrates, and reduce the strong at-
raction between (charged C-S-H/cement) particles [48]. The resulting
ow yield stress concretes are called self-compacting concretes (SCC)
ue to their property of self-leveling placement (they do not require
ibration to flow, unlike conventional concretes).

In this work, the study fluid, a cement slurry, was prepared with
white) ordinary Portland cement, water and a superplasticizer. It was
ombined with (red) spherical glass beads that replaced the irregularly
haped sand grains typically used in conventional mortars, and is rep-
esentative of the matrix of a self-compacting concrete. The absence of
arge aggregates enables us to reduce the size of the experimental setup
pipe diameter of 16 mm) and perform an extensive rheological char-
cterization in a conventional (regular size cup) rheometer. The work
ocuses on capturing the radial migration of beads when the mortar
s pumped in a pipe, beyond the mm-scale migration discussed in lit-
rature. To document particle migration over long pumping distances,
large amplitude oscillatory flow setup was built. Unlike suspensions

ited above where index match enabled the use of optical tools to
isualize migration, cement is non transparent and the quantification
as performed on hardened, cut and polished cement cores, using the

ontrast between the white cement matrix and the red beads.
This paper is organized as follows. Section 2 starts with the de-

cription of the materials, preparation and characterization method
i.e., rheology) and continues with the description of the setup and
umping protocol, along with the rationale behind the choice of flow
istances. The theoretical models used to calculate the velocity profiles
re also presented. Section 3 shows the extensive rheological character-
zation of the slurry, the image analysis of the core, the quantification
f bead radial concentration and offers a discussion that proposes a
nterpretation for the results. A conclusion and perspectives end the

rticle.
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2. Materials and methods

2.1. Materials and mixing process

White cement (CEM I 52.5 N, Danucem, 𝜌 ≃3.1 g cm−3) was used
together with spherical red beads (Kugel Pompel, 𝜌 ≃2.5 g cm−3)
o ensure high contrast between the particles (beads) and the matrix
cement slurry) and facilitate the image analysis. The bead particle size
istribution was measured with a laser diffraction particle size analyzer
Mastersizer 3000 Malvern), showing D10 = 360 μm, D50 = 470 μm,
nd D90 = 620 μm. The cement slurry was formulated with a water-
o-cement ratio (w/c) of 0.35, 0.80% by weight of cement (bwoc)
f a polycarboxylether (PCE)-based superplasticizer (ACE 430, BASF,
= 1.06 g cm−3) and 0.39% bwoc of retarder (SikaTard®-930, Sika,
= 1.10 g cm−3). The amount of superplasticizer was optimized to ob-

ain a cement slurry with a dynamic yield stress of approximately 20 Pa.
he retarder was added to help maintain the rheological properties
onstant over the time of the experiment. The resulting fluid, i.e., the
ement slurry, although a suspension in itself, is treated as a continuum.
ts density was calculated from composition and is equal to 2 g cm−3.
inally, beads were added to the cement slurry at a targeted solid
olume fraction 𝜙0= 0.3. The 20 Pa yield stress is sufficient to suspend
he glass beads in the slurry under quiescent conditions, despite the
ensity difference [49].

The same quantity of slurry (800 mL) was prepared for each ex-
eriment following the exact same protocol, using an overhead stirrer
IKA STARVISC-200). The rheological properties of cement slurries
eing dependent on the mixing protocol and the quantity of slurry
ixed [50,51], reproducibility errors were therefore minimized. First,
istilled water, PCE and retarder were gently mixed (100 rpm) for 30 s.
hen, cement was slowly added and mixed at an increasing velocity
100 to 800 rpm) during two minutes. Glass beads were eventually
dded to the homogeneous paste until a visually uniform distribution
red color) was observed (less than 1 min). The mixer was then stopped,
he slurry scraped from the container wall and remixed for additional
0 s at the maximum speed (800 rpm). The obtained mortar was then
eft to rest for 10 min and finally stirred for an additional minute at
aximum velocity. This procedure was followed after a preliminary

tudy showed that the yield stress of the fresh mortar reached a plateau
fter a 10 min rest and re-mix, leading to a fairly constant rheological
ehavior over the experimental time. Note that the complete rheolog-
cal characterization was performed in the presence of beads as their
resence during mixing was observed to modify the rheology of the
ement matrix.

.2. Rheological characterization

Fresh cements, and by extension fresh mortars, typically exhibit a
iscosity that varies with shear rate (they are shear thinning and/or
hear thickening), are thixotropic (their viscosity varies with the flow
istory) and have a yield stress (they behave like a viscoelastic solid
elow their yield stress and like a fluid above) [52–55]. Their prop-
rties strongly evolve over time (i.e., structuration buildup) and with
emperature [56–58]. These rheological characteristics are crucial to
etermine the velocity profile, and in particular the yielded regions, of
he mortar flowing in the pipe, which in turns dictates the region where
hear-induced particle migration can occur [30,59]. This explains the
xtensive rheological characterization performed in this study and
escribed below.

A stress-controlled rheometer (Anton Paar MCR 302) was used
ith a vane geometry and a sand blasted cup (Anton Paar ST22-4V-
6 + CC27S). This geometry was chosen to maximize the volume of
heared slurry within the cup [60,61]. A lid was always used to
inimize sample drying. Tests were performed at 20 ◦C to represent

oom temperature and at 35 ◦C to represent the mortar upon heating
uring pipe flow. The mortar characterization described below includes
1) flow curves and dynamic yield stress measurement (2) structura-
ion and static yield stress measurement, both over time and at two
3

emperatures.
low ramp for dynamic yield stress measurement. A portion of the mortar
from the original 800 mL batch prepared with the mixing procedure
escribed in Section 2.1) was characterized under flow (i.e., imposed
otational velocity).

The flow protocol (Fig. 1, up) consists in an initial pre-shear (PS) of
20 s at 300 s−1 to fluidize the mortar, followed by a descending shear
ate ramp from 100 to 0.01 s−1 (i.e., ramp down) and a subsequent
scending shear rate ramp from 0.01 to 100 s−1 (ramp up). Overall,
he entire duration of the ramp flow curve was kept as short as
ossible (240 s) in order to minimize the structuration of the paste that
nevitably occurs at low shear rates and results in a hysteresis loop
uring the ramp-down-and-up measurement [62,63].

To capture the power-law-yield-stress behavior of the mortar, a
erschel-Bulkley (HB) model 𝜏 = 𝜏0 + 𝑘 ⋅ �̇�𝑛 (for 𝜏 > 𝜏0), where 𝜏0 is

he dynamic yield stress, 𝑘 the consistency index and 𝑛 the exponent
f the power law, was chosen. The descending flow curve was fitted
sing Origin with a Levenberg–Marquardt algorithm to minimize the
esidual. The curve fitting was performed between the shear rate (�̇�)
orresponding to the minimum shear stress (𝜏) reached, and a max-
mum �̇� covering ca. two orders of magnitude, and resulting in an
ptimal HB fit (i.e., R2 ∼1). Fig. 2 shows a typical curve and the fitted
B model.

tructuration and static yield stress measurement. Similarly to the pre-
ious test, a portion of the mortar was used to characterize the paste
‘at rest’’ (i.e., under small amplitude oscillatory strain or SAOS) and
apture both its structuration (progression of its elastic modulus) and
he evolution of its static yield stress over time.

The structuration protocol (Fig. 1, bottom) is composed of a series
f successive amplitude sweep (AS) and time structuration (TS) steps.
he TS step consists in imposing a constant strain amplitude of 𝛾 =
0−5 to the mortar at a fixed frequency of f = 1 Hz. This maintains
he paste within its linear viscoelastic (LVE) regime [43]. The AS step
onsists in imposing a strain amplitude logarithmically increasing with
ime, starting from 10−5 until the storage modulus 𝐺′ starts to drop,
efining the end of the LVE. The linear elastic modulus 𝐺′

𝑙𝑖𝑛 is calculated
rom the average of the 𝐺′ plateau values in the LVE. The critical
train amplitude 𝛾𝑐𝑟 is defined as the strain amplitude at which the
lastic modulus 𝐺′ drops by 20% from the LVE plateau value [43].
S and TS steps are applied successively and last respectively 1 to
min (depending on the deformability of the mortar) and 5 min (Fig. 1,
ottom). The entire test has a duration of about 25 min, corresponding
o the approximate duration of the pumping experiment.

From the AS step (i.e., 𝐺′ vs 𝛾), the static yield stress was calculated
as 𝜏𝑠 = 𝐺′

𝑙𝑖𝑛 ⋅ 𝛾𝑐𝑟. Microscopically, 𝜏𝑠 represents the stress necessary to
detach the first neighboring particles in the gel paste without breaking
down its microstructure [43,46,64–66].

Effect of temperature on the behavior of the mortar. The two protocols
described above (Fig. 1) were performed at both 20 ◦C and 35 ◦C. The
latter temperature was reached by heating the sample directly in the
rheometer. Immediately after loading the sample in the rheometer
cup, a thermocouple (VWR Traceable digital thermometer, with an
accuracy of ±0.05 ◦C) was inserted in the cup and used to manually
stir the slurry. About 5 min were necessary to reach the temperature of
35 ± 1◦C. After the temperature was reached, the vane geometry was
inserted in the cup and the measurement started.

The rheological characterization of the cement slurry was performed
at 35 ◦C to capture the fluid behavior upon experiencing a temperature
increase while flowing in the pipe due to viscous dissipation. Tem-
perature increase is known to accelerate the hydration reactions and

amplify the paste yield stress increase over time [56–58].
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Fig. 1. Rheological characterization: sketch of flow and structuration (SAOS) protocols.
Fig. 2. Representative flow curves (shear stress 𝜏 as a function of shear rate �̇�) obtained
on the mortar at 20 ◦C and 35 ◦C. Bold violet and red curves (□) were acquired during
ramp-down and used for the model identification. Light violet and red curves (○)
correspond to the ramp-up and show the hysteresis linked to the structuration of the
paste with time. Solid lines (bold violet and red at 20 ◦C and 35 ◦C respectively) are
the fitted Herschel-Bulkley model covering ca. two orders of magnitude.

2.3. Setup oscillatory flow and experimental pumping protocol

Setup. To be able to cover large distances of straight pipe flow and
inspired by the works of Snook, Butler & Guazzelli [22], and Mechtcher-
ine, Nerella & Kasten [2], a customized oscillatory pumping setup was
built (Fig. 3). A Plexiglas pipe of internal diameter 2 R of 16 mm was
selected to obtain a pipe to D50 particle size (radius 𝑎) ratio of R/𝑎= 34.
Wood beams and plates held the Plexiglass pipe while allowing it to
move back and forth vertically. Two shafts, acting as pistons, were
equipped with dynamic double seals (sourced from HydraulikDichtun-
gen) in their end to prevent leakage of the cement mortar (5 and 6
in Fig. 3). Both shafts were fixed to the wood frame. The distance
between the two dynamic seals was about 45 cm (giving the length
of the cement core) and the 1 m long plastic pipe could translate
up and down by 35 cm, i.e., stroke length L𝑖 = 35 cm. This results
in an equivalent traveling distance of 70 cm per cycle and a ratio of
amplitude of oscillation to pipe diameter L𝑖/2R ≈22, close to the ratio
of 28 used by Snook et al. [22]. At this large amplitude of oscillation,
migration towards the center of the pipe has been shown to be similar
to the migration observed during steady pumping [21]. Note that this
4

Fig. 3. Customized set-up of oscillatory flow pumping of cement mortar. It is composed
of 2 static shafts equipped with dynamic seals (visible in 2 & 3) and a 1 m-long plexiglas
pipe that was moved up and down to achieve final flow distance. The applied triangle
wave oscillation is schematically plotted.

setup is different from the setup of Snook et al., as here, the suspension
remains in the same location while the pipe itself is moved back and
forth.

Flow distance. Suspensions need to travel a certain distance in a pipe,
called the development length, for particles to reach their steady state
position after shear-induced radial migration [18]. In Nott & Brady’s
model, where the base fluid is Newtonian and the particles monodis-
perse, the distance to achieve steady-state is shown to scale as 𝐻3∕𝑎2,
with 𝐻 being the channel width and 𝑎 the radius of the particle. Al-
though our suspension is neither Newtonian nor exactly monodisperse,
and our flow is oscillatory, we used this model, neglecting the pre-
factor, to estimate the development length of the glass bead filled
cement slurries described here. Using a channel width 2 R of 16 mm
and a bead radius of 235 μm, the development length was estimated to
be 74 m. Using this result, the travel distances for the suspension were
chosen below and above this value to reach 25, 48 and 200 m, in three
different experiments.

Oscillatory flow protocol. Before filling the pipe with mortar, it was
translated to its bottom position and the upper shaft (equipped with
a seal) removed. About 90 mL slurry, prepared following the protocol
described in Section 2.1, was then poured into the pipe (Fig. 4) and
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Fig. 4. Suspension (cement slurry with beads) while being poured in the pipe.

the piston carefully put back into place. Small holes near the top of the
pipe, just above the piston, were cut to allow the removal of the air
and the surplus mortar, ensuring that the pipe is completely filled with
mortar.

In parallel, a pipe of same radius and length of about 15 cm was
also positioned vertically with its bottom sealed, filled with the mortar,
and left to harden with no further shear applied. This constituted
the reference sample (no flow) and was used to draw the baseline of
particle radial distribution in the pipe.

Once the filling sequence was achieved, the pumping could start. It
was achieved by manually moving the pipe up and down, as steadily
as possible, achieving a nearly triangle wave oscillation (Fig. 3). One
cycle (up and down movement) covered 70 cm of mortar travel distance
and was achieved in an average time of 5 s, giving an average fluid
velocity of ≈14 cm/s. This velocity is in the range of velocities typically
investigated in concrete (5 to 50 cm/s in [11], 0.5 m/s in [10], 0.3 m/s
in [7]) and allowed us to perform the longest test (200 m) in about
25 min.

The particle Reynolds number, defined as 𝑅𝑒𝑝 = 𝑈𝑚𝑎𝑥 .𝜌.𝑎
𝜇 with 𝑈𝑚𝑎𝑥

the maximum velocity (approximated to twice the average velocity), 𝜌
and 𝜇 the density and the viscosity of the suspending fluid respectively
(2 g cm−3 and 4.55 Pa⋅s at 70 s−1, the calculated wall shear rate for a
Newtonian fluid), and 𝑎 the particle radius [14], was calculated to be
0.029. The channel Reynolds number 𝑅𝑒, defined as 𝑅𝑒 = 𝑅𝑒𝑝

𝑘 with 𝑘
the particle size to pipe diameter ratio (0.03) was calculated to be 0.96.
This confirms the laminar regime of the pumped mortar, as most often
the case for pumped concrete [6].

After a few minutes of up and down movement, temperature in-
crease could be felt, and was estimated to be between 5 and 10 ◦C
above room 𝑇 (no sensor was placed inside the pipe to avoid disrupting
the flow). At this point, the experiment was briefly stopped and wet
cool tissues were applied around the pipe to cool it down. Minimizing
temperature increase was important to avoid the acceleration of cement
hydration which modifies the rheological properties of the slurry (see
Section 2.2).

After the total mortar traveling length was achieved, the experiment
was stopped and the mortar left to set for at least 3 days. It is assumed
that no relative movement of beads occurred during this time. Six
samples (pipe filled with hardened mortar) were obtained: 3 reference
samples (ref-25 m, ref-48 m and ref-200 m) and 3 flow samples (flow-
25 m, flow-48 m and flow-200 m). The flow samples were then cut in 3
(and in one case 4) locations: 0 cm (i.e., middle), (−3 cm, flow-48 m),
−2 cm and +2 cm, all far from the pipe ends to avoid end effects in
our analysis (Fig. 5). The reference samples (no flow) were cut 2.5 cm
above and below the sample middle length (ref-25 m and ref-200 m
cores) and additionally cut in the middle for the ref-48 m sample. These
sections were polished and photographed with a Canon EOS 80 camera
equipped with a Canon 100 mm lens.
5

Fig. 5. Schematic of cores and cutting locations in (a) sheared sample and (b) quiescent
sample. Each section was polished and photographed for image analysis.

Image treatment. The images of each cross-section were analyzed with
ImageJ. Before the image binarization was performed, particles with
low contrast were individually digitally colored in red. The contrast
was particularly low in case of particles dislodged during sample prepa-
ration (either cutting or polishing, even though these steps were per-
formed carefully). After the threshold was set on ImageJ and the image
converted to black and white, the binary image was carefully compared
with the original picture to ensure no bead was missed. In each image,
the cross-section was then divided into 7 circular rings of thickness
1 mm and one circle of radius 1 mm in the center, following the axial
symmetry (Fig. 6). Each domain was analyzed individually and the
solid volume fraction calculated as the area fraction of beads divided
by the total surface area of the domain. The bead local solid volume
fraction 𝜙 was then normalized by the total solid volume fraction (𝜙0)
measured over the whole cross-section. We call this value ‘‘normalized
𝜙’’ and plot it as 𝜙∕𝜙0. The results presented next are averages from the
counts performed on 3 cross-sections (or 4 for the 48-m sample where
results displayed large variability) for each flow sample, resulting in a
total of 10 analyzed flow cross-sections, and 2 cross-sections (or 3 for
the 48 m) for each reference (no-flow) sample, resulting in a total of 7
analyzed reference cross-sections.

2.4. Herschel-Bulkley fluid velocity profile calculation

The velocity profile of a Herschel-Bulkley fluid flowing in a circular
pipe can be calculated using the rheological parameters 𝜏0 (dynamic
yield stress), 𝑘 (consistency), and 𝑛 (power-law exponent).

The velocity distribution as a function of radius 𝑟 can be written
as [67,68]:

𝑢(𝑟) = ( 𝑛
𝑛+1 ) (

𝜏𝑤
𝑘 )1−𝑛 𝑅 [(1 − 𝜉)

1+𝑛
𝑛 − ( 𝑟

𝑅 − 𝜉)
𝑛+1
𝑛 ] for 𝑟 > 𝑅𝑃 , with 𝑅𝑃

the radius of the plug flow, 𝜏𝑤 is the wall shear stress, 𝑅 is the pipe
radius, and 𝜉 = 𝑅𝑃

𝑅 = 𝜏0
𝜏𝑤

The parameters 𝜏𝑤 and 𝜉 can be identified from the expression of
the average velocity 𝑈 , known from experiment:

𝑈𝑃
𝑈 = [1− 2𝑛

3𝑛+1 (1−𝜉)− 2𝑛2𝜉(1−𝜉)
(3𝑛+1)(2𝑛+1) ]

−1 with 𝑈𝑃 being the plug velocity

𝑈𝑃 = ( 𝑛
𝑛 + 1

) (
𝜏𝑤
𝑘
)1−𝑛 𝑅 (1 − 𝜉)

1+𝑛
𝑛 [1 − 2𝑛

3𝑛 + 1
(1 − 𝜉) −

2𝑛2𝜉(1 − 𝜉)
(3𝑛 + 1)(2𝑛 + 1)

]

This calculation can be considered representative of the oscillatory
flow performed in this study using three assumptions. First, we have
checked that the transition (or entry) length is much smaller than
the stroke. For a homogeneous Newtonian fluid, it can be calculated
using the particle Reynolds number 𝑅𝑒𝑝 (calculated earlier and equal to
0.029) [18], and gives a value of order 1 mm, far below the amplitude
of 35 cm. Transition lengths have also been estimated for yield stress
fluids and have been shown to stay below a pipe radius [69]. Second,
it is assumed that the velocity profile reached during the movement of
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Fig. 6. Picture of a polished cross-section of a sample of hardened cement. The image is divided into 8 axisymmetric domains for image analysis, with the domain boundary
visualized by the black circles digitally added to the image.
Table 1
Herschel-Bulkley rheological parameters identified from fitting the flow curves at 20
◦C and 35 ◦C (see Fig. 2) with 𝜏0, the dynamic yield stress, 𝑘, the consistency, and 𝑛,
the power-law exponent.

𝑇 (◦C) 𝜏0 (Pa) 𝑘 (𝑃𝑎 𝑠−𝑛) 𝑛

HB-20C 20 24.1 ± 5.1 3.4 ± 0.2 1.05 ± 0.02
HB-35C 35 93.8 ± 58.4 2.5 ± 0.2 1.04 ± 0.01

the pipe (flow-boundary motion) is the same as the one reached during
a pressure driven flow. This equivalence has often been assumed but it
was recently pointed out that this issue requires more attention [70].
Third, we neglect the non-steady rheological properties of the cement
(thixotropic characteristics) -in particular its yield stress increase with
time at rest-. The development of a model that could capture the flow
of a thixotropic fluid under flow produced by an oscillating pipe is
beyond the scope of this paper. The velocity profiles plotted for the
homogeneous non-reactive cement pastes characterized by rheology are
aimed at supporting the discussion.

3. Results and discussion

3.1. Rheology

Dynamic yield stress (𝜏0) measurement. The mortar flow curves (Fig. 2)
show a typical thixotropic behavior [71]. On the descending flow curve,
the value of shear stress reaches a minimum and then rises with further
decreasing shear rate (and increasing time) due to the predominant
contribution of the paste structuration against the competing shear flow
de-structuration. The Herschel-Bulkley model parameters (𝜏0, 𝑘, and 𝑛),
calculated from the flow curve fitting between ca. 1 s−1 and 100 s−1

(Section 2.2), are reported in Table 1 as averages from four sets of
parameters identified on 4 tests (20 ◦C) performed on 4 different mixes,
and at times between 0 and 35 min from the initial mixing. These
values are considered representative of the slurry during the pumping
sequences (that last about 20–30 min) and are used to calculate the
velocity profile reported in Section 2.4. The standard deviation shows
the modest variation in the properties of the mortar prepared on
different days and tested at different times from mixing.

Note that the 𝑛 exponent is slightly above 1, indicating a fluid that
is slightly shear thickening [54,71,72], likely linked to the presence of
superplasticizer [73,74].

Structuration and static yield stress (𝜏𝑠) measurement. The temporal evo-
lution of 𝜏𝑠 is shown in Fig. 7 (20 ◦C: purple data points). The evolution
of the elastic modulus 𝐺′(𝑡) measured in the interval periods and that
represents the mortar structuration over time is shown in Appendix. As
expected from a cement paste, 𝜏𝑠 increases over time, rising by close to
an order of magnitude over 25 min at 20 ◦C.
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Fig. 7. Static yield stress values (𝜏𝑠) obtained by SAOS measurements on the cement
mortar (cement slurry with beads) at 20 ◦C (▽) and 35 ◦C (△) as a function of time
(see protocol in Fig. 1). The error bar is on both 𝑥 and 𝑦 axis.

Effect of temperature on the behavior of the mortar. The effect of temper-
ature on both dynamic and static yield stresses is shown in Fig. 2 and
Fig. 7, respectively. The flow curves (Fig. 2) show a larger hysteresis
at 35 ◦C than at 20 ◦C, suggesting a faster structuration of the paste at
higher temperature (related to the faster precipitation and aggregation
of C-S-H nano-particles), leading to a stronger gel.

The values of the HB model parameters identified at 35 ◦C are shown
in Table 1. They were calculated as an average of two sets of parameters
identified on two different tests, performed on two different mixes and
at two different times (0 and 25 min at 35 ◦C). The large standard
deviation comes from the rapid evolution of the mortar properties at
35 ◦C.

The temporal evolution of 𝜏𝑠 at 35 ◦C (Fig. 7, red data) confirms that
the structuration (paste in quiescent conditions) is much faster at 35 ◦C
than at 20 ◦C. The static yield stress reached a value of 1.5⋅103 Pa after
ca. 7 min at 35 ◦C and rises up to 2⋅104 Pa after ca. 25 min, gaining
almost three orders of magnitude after 25 min ‘‘at rest’’ and at 35 ◦C.

3.2. Pipe velocity profile prediction and size of plug core

Using the theory shown in Section 2.4 and the Herschel-Bulkley
models identified on the mortar tested at 20 ◦C and 35 ◦C ( Table 1),
the velocity profiles were calculated (Fig. 8). Also plotted are the
velocity profiles of a Newtonian fluid, for reference, and a third model
using 𝑘 and 𝑛 as in HB-35C and a yield stress 𝜏𝑠 = 1500 Pa (measured
after 7 min at 35 ◦C using SAOS protocol, i.e., static yield stress).

The radius of the plug flow region was evaluated to be 0.075 R at 20
◦C and 0.28 R at 35 ◦C, with R the radius of the pipe, or resp. 1.3 and
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Fig. 8. Velocity profiles calculated for a Newtonian fluid, and for 3 HB fluids following
Table 1 and using 𝜏𝑠 = 1500 Pa (Fig. 7), 𝑘 = 2.5, and 𝑛 = 1.04.

4.8 particle diameters. Using 𝜏𝑠=1500 Pa, the radius of the plug flow
region is calculated to cover about 0.75 R, or 13 particle diameters.

These profiles show that, at 20 ◦C, the diameter of the plug flow
is negligible, and the fluid is initially predicted to be sheared nearly
over the whole section of the pipe diameter, setting the conditions
for particle migration. While this profile was calculated considering
the fluid homogeneous, i.e., no migration has happened yet, it will,
upon migration, get blunted [17,24,75], and, within this blunted re-
gion, low shear will occur, setting up the conditions for further paste
structuration i.e., fluid local yield stress increase.

3.3. Radial particle distribution in pipe: reference and flow samples

Fig. 9 shows representative cross-sections of four samples coming
from the four experiments: no flow, and traveled distances of 25 m,
48 m and 200 m. Visible to the naked eye is a noticeable difference
between the reference sample and the flow samples. The latter exhibit
a seemingly higher concentration of particles in the center region of the
pipe and a lower concentration in the region near the pipe wall.

The average bead nominal concentration on all samples (17 cross-
sections in total) was found to be 31.6 ± 1.9%. Note this is slightly
above the target concentration (30%), likely due to an overestimation
of the glass density (beads may contain air bubbles). The samples
showed no dependence of nominal concentration on the vertical po-
sition of the examined cross-section, confirming that sedimentation
effects can be neglected [49].

The averaged normalized bead contents (𝜙/𝜙0) plotted as a func-
tion of the normalized radial position (r/R) are shown Fig. 10. The
error bar represents the standard deviation measured over all available
samples (3 to 4 cross-sections for each flow samples, 7 cross-sections
for the reference sample). A horizontal line is added at a normalized
concentration of 1 to help visualize a perfectly uniform distribution.

The reference sample shows a uniform distribution over the whole
pipe cross-section, within the error bar. The error is large towards the
center of the pipe, likely due to the small surface area considered. Near
the wall, there is a tendency for the bead concentration to drop.

All flow cases exhibit radial variations of bead content over the
pipe cross-section, with a higher concentration near the center (25 to
46% higher than the nominal concentration at r/R ≤ 0.2) and lower
at the pipe wall (5 to 30% lower than nominal concentration at r/R
> 0.9). This is consistent with results obtained in other fluids and
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discussed in the introduction, where shear-induced particle migration
drives particles from high shear (near pipe wall) to low shear rate (pipe
center) regions. The low concentration near the pipe wall is not only
due to the presence of the wall but is a result of the particle migration
towards the pipe center causing depletion of particles at its periphery.

The 25 m flow sample shows a slightly different concentration
profile, with a normalized bead content non-uniformly increasing from
the pipe wall towards its center. It displays a minimum normalized
concentration (≈20% below nominal concentration) not near the wall
but closer to the center at 0.5 < r/R < 0.7, and a concentration close
to nominal towards the wall (≈3% below nominal concentration at
0.7 < r/R < 1.0). Particle wall attraction, described before in shear thin-
ning fluids [25,26], and that opposes shear-induced migration towards
the pipe center, may explain this result. The present mortar, with a
power 𝑛 slightly above 1 (in the shear rate region explored, i.e., below
100 s−1), indicates a slightly shear thickening suspension, rather than
shear thinning. Nevertheless, the reduced bead content near the wall
locally modifies the rheology (lower bead content will lead to a lower
viscosity), and in turn the shear rate, making a definite explanation
difficult. This effect is not visible anymore when the mortar is pumped
over longer distances (and times). Here, the evolution of the mortar
properties over time, i.e., increase of yield stress at rest (especially at
35 ◦C), may modify the plug core radius and consequently the velocity
profile, which could play a role in changing the wall attraction.

Besides this contrast in behavior near the pipe wall, results obtained
for the three pumping distances are similar, showing no trend with flow
distance. More specifically, further densification of beads towards the
pipe center is not observed for longer shear distances, as it is observed
for Newtonian fluids. The experimental data obtained from the three
experiments (25 m, 48 m and 200 m flow) were then combined to build
a unique curve (Fig. 11), showing a normalized concentration 𝜙/𝜙0 of
1.35 at 0 < r/R <0.2 (pipe center) and of 0.8 at 0.875 < r/R <1.
In contrast, Koh et al. [14] observed that a suspension prepared with
a Newtonian fluid and particles at 𝜙0 = 0.3 would exhibit a particle
concentration in the center region of 𝜙= 0.64, or 𝜙/𝜙0=2.13.

We hypothesize that further migration is hindered by the evolution
of the cement matrix rheology, and in particular the increase in yield
stress with time. Indeed, upon migration of particles to the pipe center
and without considering any fluid thixotropy, the velocity profile of a
Newtonian fluid is predicted to evolve from a near-parabolic velocity
profile to a blunted or (near-)plug flow velocity profile. This blunting
was observed experimentally and numerically in Newtonian fluids [14,
15,17], shear thinning [25] and shear thickening fluids [24]. Within
the (near-)plug flow region, the cement paste is not (or only slightly)
sheared, and under these quiescent conditions (‘‘at rest’’), will build up
its structure, increasing its static yield stress (as shown in Fig. 7). This,
in turn, will further increase the radius of the central plug core and
move the sheared (i.e. yielded) region closer to the pipe wall. Fig. 8
illustrates this effect: the plug radius covers about 75% of the pipe
radius when the yield stress is increased to 1500 Pa (reached in the
paste after 7 min at 35 ◦C). Within this plug region, no shear gradient
occurs and consequently no bead migration can take place. In summary,
the paste increasing yield stress with time, that results from cement
structuration, may explain why further bead compaction does not occur
at larger pumping distances in this slurry. Other effects, still debated
today, such as the finite particle to pipe size ratio and the dependence
of the particle normal stress on the initial particle concentration, may
play a role [17,22,76].

4. Conclusion

In this work, we built a rather simple but effective oscillatory flow
setup where a circular pipe is used to pump cement mortars composed
of white cement and 0.30 vol. fraction red glass beads. Three pumping
distances were used, 25, 48 and 200 m, chosen below and above the
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Fig. 9. Representative cross-sections of cut and polished hardened cement samples after no flow (quiescent conditions), and flow with 25 m, 48 m, and 200 m traveled distance.
(Bead red color was digitally enhanced for better visualization.).
Fig. 10. Average normalized concentration profile of beads plotted as a function of
normalized radial position: reference (×), 25 m flow (□), 48 m flow (⋄), and 200 m
flow (△). Relative bead size is indicated.

Fig. 11. Average normalized concentration profile of beads plotted as a function of
normalized radial position: reference (×) and all flow samples (25 m, 48 m, 200 m)
combined (◦).

development length predicted for a Newtonian monodisperse suspen-
sion [18]. An extensive rheological characterization of the mortar was
performed as a function of time and temperature (i.e., 20 ◦C and
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35 ◦C, a temperature that may have been reached during pipe flow
due to viscous dissipation). It enabled the identification of Herschel-
Bulkley models, used to predict velocity profiles inside the pipe, at
both temperatures. Both dynamic and static yield stresses increased with
temperature, linked to cement reactivity. The static yield stress (paste
‘‘at rest’’) increased with time, gaining a factor of ca. 5 in 25 min
at 20 ◦C, and a factor of ca. 450 during the same time at 35 ◦C.
The analysis of the radial bead distribution was performed after the
cement core had hardened, was cut and polished. All samples at all flow
distances exhibited particle migration to the pipe center, reaching a
bead content 35% higher, on average, than the nominal concentration.
No correlation with flow distance was observed. We attributed this
result to the static yield stress increase likely happening in the mortar
present in the center flow region where limited shear occurs (‘‘at rest’’),
although other effects may play a role [17,22,76].

This work shows that shear-induced particle migration occurs in
cement mortars of moderate yield stress when sheared in pipe un-
der oscillatory flow. This migration goes beyond the formation of a
lubrication layer near the wall and takes place over the whole pipe
cross-section. The particle motion seems to be eventually impaired by
cement structuration (build-up of yield stress) that happens over time.

Further work is needed to consolidate these results. The pumping
velocity should be controlled and varied to study its influence on
particle migration and size of plug flow region. Mortars of various rheo-
logical properties and various reactivities (rate of structuration) should
be explored as well. Measuring normal stresses on cement slurries filled
with beads would be clearly valuable, although difficult. Finally, the
relationship between the ability of the aggregates to migrate to the pipe
center and the risk of pipe blockage during concrete pumping should
be investigated through steady pumping experiments.
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Fig. 12. Effect of temperature on the storage modulus 𝐺′ of the mortar. Colored
windows indicate the amplitude sweep tests.

Appendix

Time structuration of mortar. The mortar is tested at temperatures of
20 ◦C and 35 ◦C for ca. 23−27 min (inside the rheometer), as shown in
Fig. 12 for two typical curves (see Section 2.2).

As already shown in Fig. 7, a rise in 𝜏𝑠 over time is measured at
both temperatures. This result is a direct effect of the precipitation-
dissolution process experienced in cement, mortar and concrete pastes.
As discussed in the main manuscript, temperature accelerates this pro-
cess, resulting in the development of a stiffer and stronger gel (higher
𝐺′, 𝜏𝑠 and 𝛾𝑐𝑟).
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