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Interparticle attraction controls flow heterogeneity in calcite gels†

Teresa Libertoab, Marie Le Merrera, Sébastien Mannevillec and Catherine Barentinad∗

We couple rheometry and ultrasonic velocimetry to study experimentally the flow behavior of gels of
colloidal calcite particles dispersed in water, while tuning the strength of the interparticle attraction
through physico-chemistry. We unveil, for the first time in a colloidal gel, a direct connection
between attractive interactions and the occurrence of shear bands, as well as stress fluctuations.
This generalizes previous results on dense, jammed systems like emulsions [Bécu et al., Phys. Rev.
Lett., 2006, 96, 138302, Ragouilliaux et al., Phys. Rev. E, 2007,76, 051408].

1 Introduction
Calcium carbonate, including its most stable polymorph, calcite,
is one of the most abundant minerals on Earth1. It is found in
rocks like limestone, chalk or marble, and is one of the largest
carbon repositories2. Calcium carbonate has been used for thou-
sands of years as construction material, and more recently as a
raw material in the chemical industry and as filler in pharmaceu-
tical, paper or cement industries.

Adding calcite to water leads to the formation of colloidal gels
which are often used to mimic early age cementitious materi-
als3–6, whose mechanical properties depend on the calcite solid
fraction, the interparticle forces and the addition of superplasti-
cizers4,5,7 or of specific ions3,8. For pure calcite gels, large solid
fraction and/or attraction between calcite particles result in the
formation of a gel whose mechanical response depends on the ap-
plied stress. Below a critical stress referred to as the yield stress,
the system responds like an elastic solid while above this critical
stress, it flows like a liquid9. This observed intermediate behav-
ior between a liquid and a solid is interesting for applications but
makes the understanding of calcite gels more complex. Recent
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works have explored the links between elasticity and microstruc-
ture10 and between elasticity and interparticle forces8 in calcite
gels over a wide range of volume fractions. In particular, the
dependence of the elastic modulus on the calcite concentration
is well described by the classical fractal model for colloidal gels
proposed by Shih .11. This suggests that the microstructure of
the calcite gel consists of a dense suspension of jammed fractal
flocs10. Yet, the understanding of their flow characteristics, in-
cluding spatial homogeneity and temporal stability, and of their
link with the microstructure and with the interparticle forces is
still an open question.

From the experimental point of view, this question has been
addressed with dense emulsions12,13 which belong to the wider
category of jammed suspensions of soft elastic particles, to-
gether with foams or microgels. By playing on the interactions
between emulsion droplets through depletion12 or bridging13,
these studies have shown that purely repulsive emulsions be-
have as simple yield stress fluids characterised by homogeneous
flows, whereas attractive emulsions behave as thixotropic flu-
ids characterised by a critical shear rate, γ̇c, below which het-
erogeneous flows are observed where the sample separates into
a flowing liquid-like region and an arrested, unsheared region.
Such a phenomenon reveals the underlying non-monotonic na-
ture of the flow curve9: below γ̇c, the mean shear stress is a
decreasing function of the shear rate. This corresponds to a
system which is mechanically unstable. In this range of shear
rates, the system separates macroscopically into two dynamical
phases, one sheared and one arrested, a situation referred to as
shear banding. Critical shear rates, non-monotonic flow curves
and —possibly transient— shear banding have been reported in
a wide variety of colloidal gels14–19 as well as a number of other
yield stress materials beside emulsions20, including clay suspen-
sions15, two-dimensional foams21,22, granular suspensions23, ce-
ment pastes24,25 or drilling muds26 as well as star polymers27,
hard-sphere colloidal glasses28,29, and microgels30–32. Yet, the
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influence of interparticle forces on the flow properties and on the
existence of shear bands has not yet been explored experimentally
in colloidal gels.

From the theoretical point of view, two main physical inter-
pretations have been proposed to explain the non-monotonic na-
ture of the flow curves: inertial effects33,34 or strong coupling
between flow and microstructure associated to a long restructur-
ing time35–37. Inertial effects are relevant for suspensions of non-
Brownian particles (typically larger than 10-100µm) which are
not within the scope of the present article. The second interpreta-
tion makes no assumption about the particle size and is based on
the competition between shear rejuvenation and aging associated
respectively to the relaxation time and to the restructuring time
of the system. As the latter exceeds the relaxation time, the flow
curves show an unstable region with negative slope35,36. How-
ever, the link between the restructuring time and the microscopic
physics, such as gel network topology and the interparticle poten-
tial, is not straightforward, as underlined by simulations on soft
jammed systems by Chaudhuri et al.38 and on dense particle gels
in the vicinity of jamming by Irani et al.39.

The aim of this work is then to explore experimentally the link
between the interparticle forces in a colloidal gel made of cal-
cite nanoparticles and its mechanical response as suggested by
the work of Irani et al.39. More precisely, we tune the strength
of the attraction between calcite colloids and measure the result-
ing velocity profiles under steady shear. Our study provides the
first experimental evidence for a direct link between attraction
and shear banding in a colloidal gel, which generalizes previous
results on dense, jammed systems such as emulsions12,13.

The paper is organized as follows. Section 2 describes the
preparation of calcite gels and the way we tune the interparti-
cle interaction. We concentrate our study on two well-controlled
calcite gels: a pure sample which is weakly attractive and a sam-
ple with added sodium and calcium hydroxide which is charac-
terised by a stronger attraction. We use a rheometer combined
with an ultrasound velocimetry technique to investigate simulta-
neously the global rheology and the local flow field. In Section 3,
results are presented that show a strong influence of the colloidal
interactions on the velocity profiles, on the existence of flow het-
erogeneities and stress fluctuations. In Section 4, we discuss our
results and quantify the degree of flow heterogeneity for the two
systems under study. In the case of the more attractive gel, we
also correlate the fluctuations of the shear stress to those of ve-
locity profiles and of the size of the shear band.

2 Materials and methods

2.1 Materials

In order to explore the effect of the interparticle potential on the
flow behaviour of calcite gels, we mainly focus on two different
samples: (i) a dispersion of calcite particles in pure deionized
water at a solid volume fraction φ = 10% and (ii) a dispersion of
calcite particles at φ = 7% in an aqueous solution of 94 mM of
sodium hydroxide (NaOH, Sigma Aldrich) and 3 mM of calcium
hydroxide (Ca(OH)2, Sigma Aldrich). At these moderate con-
centrations, the two suspensions exhibit shear elastic (storage)

moduli much larger than the viscous (loss) ones, revealing the
attractive nature of interparticle forces and the gel-like structure
of the calcite suspension.

The change of solution physico-chemistry, due to the introduc-
tion of sodium and calcium hydroxide at these concentrations,
leads to an increase of attraction between the calcite particles,
which have been characterized in Ref.8 for the physico-chemical
conditions used in this study. The authors found that incorporat-
ing 97 mM sodium hydroxide and 3 mM calcium hydroxide in
a pure calcite paste leads to a decrease of both the zeta poten-
tial, from ζ = 9.3± 1 mV to ζ = −2.4± 1, and the Debye length,
from λD = 11 nm to λD = 1 nm. As a consequence, the electro-
static repulsion between the calcite particles is strongly screened
in the samples with sodium and calcium hydroxide, resulting in
a stronger attraction between the particles and in a larger elas-
tic shear modulus by a factor of order 2 when the solid volume
fraction is fixed (φ = 10%). As shown by Shi et al.11, such an
increase of the elastic modulus may result from an increase of the
fractal dimension of the flocs composing the calcite gel and/or a
decrease of the floc size. In the following, in order to distinguish
between the two gels, we refer to the pure calcite gel as “weakly
attractive” and to the calcite gel containing sodium and calcium
hydroxide as “strongly attractive”. Note that this denomination is
unrelated to the weak-link and strong-link regimes defined by Shi
et al.11.

In the present study, we choose to work with two different vol-
ume fractions so that the calcite dispersions result in colloidal gels
with similar elastic properties at rest. We can then focus on the
differences in the local response for comparable global properties.
We nevertheless found that our results are robust when the solid
volume fraction is kept fixed instead of the shear modulus (see
Appendix B).

Our calcite particles (Socal 31 powder from Solvay, now avail-
able from Imerys) have an average diameter a = 70 nm (pri-
mary particle size as provided by the producer), a density of
2710 kg.m−3 and a specific surface area of 17 m2.g−1. The pow-
der is homogeneously dispersed at volume fraction φ in about
20 mL of suspending medium in two steps. It is first mixed for
10 min using a vortex stirrer (IKA RW20 digital) at a mixing rate
of 1200 rpm. Immediately after this first mixing, the dispersion
is exposed to high-power ultrasound (Hielscher UP200St trans-
ducer operating at 26 kHz with an electrical power of 100 W and
a sonotrode of length 95 mm and tip diameter 7 mm) for up to
3 min while making sure that the temperature remains lower than
35◦C. This second step ensures a thorough, homogeneous disper-
sion of the calcite powder.

2.2 Rheological measurements

Rheological measurements are performed in a stress-imposed
rheometer (ARG2, TA instruments) equipped with a transparent
concentric-cylinder (or Taylor-Couette) cell composed of a rotat-
ing bob (inner cylinder) and fixed cup (outer cylinder). Both
cylinders are made of poly(methyl methacrylate) (PMMA). Most
experiments presented below are performed with smooth walls
(polished PMMA with a typical roughness of ≈ 15 nm). Rough
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walls (sandblasted PMMA with a typical roughness of ≈ 1 µm)
are also considered in Appendix C to test for the possible influ-
ence of boundary conditions40. The radii of the bob and cup
are R1 = 23 mm and R2 = 25 mm respectively, leaving a gap of
e = R2−R1 = 2 mm between the two cylinders. In such a small-
gap cylindrical geometry, the shear stress decreases only by 17%
from the rotating bob to the fixed cup and we shall assimilate the
imposed flow to a simple shear flow. The Taylor-Couette cell is
filled by the calcite dispersion to a height of 60 mm and closed
by a homemade lid which reduces the contact with atmosphere,
so that experiments can be conducted on the same sample for at
least 4 h without any significant impact of evaporation or carbon
dioxide exchange with the atmosphere8.

The rheological protocol starts with a long preshear step of
90 min under an imposed shear rate of γ̇ = 100 s−1. This allows
us to drastically reduce the subsequent evolution of the sample
mechanical properties over time and/or strain accumulation. Af-
ter preshear, a small-amplitude oscillatory strain is applied for
3 min with frequency f = 1 Hz and amplitude γ = 0.05% within
the linear viscoelastic regime8. During this so-called “restructur-
ing” step, which is systematically repeated after any other step,
the elastic modulus G′ and the viscous modulus G′′ are recorded
to check that no significant drift occurs in the linear viscoelasticity
of the gel once brought at rest for 3 min. As a first measuring step,
we record a flow curve, shear stress σ vs shear rate γ̇, by sweeping
logarithmically the shear rate from 100 s−1 down to 0.1 s−1 then
up again to 100 s−1 with 10 points per decade within 10 min. We
then impose a series of typically 12 steps at constant values of
the shear rate γ̇ decreasing between 100 and 1 s−1 and we record
the corresponding shear stress response σ(t) for durations rang-
ing from 2 min per step at larger shear rates to 35 min per step
at smaller shear rates. For each of these steps, once the shear
stress has reached a steady state (typically 20–100 s after shear
start-up), local velocity profiles are measured simultaneously to
the rheological data as described in the next paragraph. At the
end of the measurements, we repeat the “restructuring” step and
the flow curve measurement in order to check that both the vis-
coelastic moduli and the flow curve do not change by more than
10% over the course of the whole protocol.

A crucial point in our protocol for velocity profile measure-
ments is that we decrease the shear rate step by step starting
from γ̇ = 100 s−1. This high shear rate first rejuvenates the sam-
ple, which leads to a reproducible initial condition where the gel
is fluidized, although the gel microstructure is most probably not
completely broken down into primary calcite particles but rather
constituted of small colloidal flocs. Decreasing progressively the
shear rate then allows us to follow the competition between shear
rejuvenation and re-aggregation of the colloidal flocs as a func-
tion of γ̇.

2.3 Flow velocimetry through ultrasound imaging

Rheological measurements under a constant shear rate are com-
plemented by simultaneous velocimetry thanks to ultrafast ultra-
sound imaging. Coupling ultrasound velocimetry to rheometry
has proved very useful to get deeper insights into the flow of com-

plex fluids, first through one-dimensional velocity profiles41,42

then through two-dimensional velocity maps43. In particular, this
technique gives access to time-resolved local velocity measure-
ments with a spatial resolution of 40–100 µm which is well suited
for mesoscale studies of flow heterogeneities such as shear band-
ing44. Note that this spatial resolution is much larger that the
typical floc size of 1 µm so that no microstructural information
on the gel network can be inferred from ultrasound imaging.

Here, we use an array of 128 piezoelectric transducers work-
ing at 15 MHz arranged along the vertical direction over 32 mm,
i.e. roughly half the height of the Taylor-Couette cell. To provide
acoustic coupling and maintain both the ultrasonic probe and the
sample at a constant temperature of 20.2±0.1◦ C, the whole cell
is immersed in a large water tank connected to a water bath. Full
technical details about our ultrasound imaging setup are given in
Ref.43. In brief, it outputs a map of the tangential velocity com-
ponent v at time t as a function of r the radial distance to the
rotating bob, i.e. along the velocity gradient direction, and as a
function of z the position along the axis of the Taylor-Couette cell
(pointing downwards with z = 0 taken at roughly 15 mm from
the top surface of the sample), i.e. along the vorticity direction.
The local velocity is measured by cross-correlating successive ul-
trasound images of the calcite gels. Such images are constructed
from the ultrasonic echoes scattered by the largest clusters consti-
tuting the gel after one plane pulse is transmitted through the gel
by the transducer array, which is also used in the receive mode to
collect the backscattered signal. The time interval between two
successive images is inversely proportional to the applied shear
rate, starting at 0.5 ms for γ̇ = 100 s−1. To get statistically reliable
estimates, velocity data are further time-averaged over 50 suc-
cessive cross-correlations. The resulting velocity maps, hereafter
noted v(r,z, t), are acquired every 1 or 2 s for typically 400 s.

3 Results

3.1 Global flow behaviour

As can be checked in the inset of Fig. 1, the elastic modulus of the
weakly attractive gel is comparable to that of the strongly attrac-
tive system and stabilizes around 10 kPa after a few minutes fol-
lowing preshear. The flow curves of those two calcite gels (main
panel of Fig. 1) point to a similar apparent yield stress of 6 Pa.
However, the flow behaviours significantly differ for γ̇ & 1 s−1.

On the one hand, the weakly attractive gel (black symbols in
Fig. 1) shows a monotonic increase of the shear stress with the
shear rate with insignificant hysteresis between downward and
upward sweeps. The kink around γ̇ ' 2 s−1 is typical of a transi-
tion from shear flow for γ̇ > 2 s−1 to total wall slip for γ̇ < 2 s−1.
Besides this signature of wall slip, which has already been re-
ported many times in the literature45–47, the flow behaviour of
the weakly attractive gel is indicative of a “simple” yield stress
fluid for which the steady-state flow is expected to remain homo-
geneous9,35,48.

On the other hand, the strongly attractive gel displays a more
complex flow curve (red symbols in Fig. 1). The viscosity of this
system at high shear rate is larger than the weakly attractive one
by about 30% but its flow curve is not simply shifted by such an
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Fig. 1 Flow curves, shear stress σ vs shear rate γ̇, of a weakly attractive
calcite gel [φ = 10% in pure water (black circles)] and of a strongly at-
tractive calcite gel [φ = 7% in a sodium (94mM) and calcium (3mM) hy-
droxide solution (red squares)]. The shear rate is first swept down (open
symbols) then up (filled symbols). Small symbols with light colors cor-
respond to the data recorded during velocimetry experiments that show
no arrested band, using filled symbols for raw data and empty symbols
for slip-corrected data as defined in Sect. 4.3. The gray (resp. light red)
dash-dotted line shows the best fit by a shear-thinning behaviour σ = Aγ̇n

with n= 0.15 (resp. n= 0.13) and A= 33.7Pa.sn (resp. A= 50.6Pa.sn) for
the weakly (resp. strongly) attractive gel and for “true” shear rates larger
than 10 s−1. Inset: evolution of the storage modulus G′ as a function
of time t after preshear for the two samples using the same symbols as
in the main graph. Experiments performed in a smooth Taylor-Couette
geometry. See Sect. 2.2 for detailed rheological protocol.

amount over the whole range of shear rates. Indeed, upon de-
creasing the shear rate, the transition from a monotonic branch
to a plateau at low stress starts around γ̇ ' 10 s−1, much larger
than the onset of total wall slip in the dispersion in pure wa-
ter. Moreover, the strongly attractive gel shows a larger degree
of hysteresis with a noticeable bump around γ̇ ' 10–20 s−1 along
the upward sweep (see arrows in Fig. 1). Such features, although
rather weak, hint at stronger slippage and time-dependent effects
and/or instability49,50. In order to elucidate the local flow be-
haviour and fully compare the two calcite gels, we turn to ve-
locimetry coupled to rheometry.

3.2 Time-averaged flow profiles
In order to explore the influence of the interparticle attraction on
the flow behaviour, we first consider velocity profiles averaged
over time t and over the vertical position z, v(r) = 〈v(r,z, t)〉z,t . The
temporal dependence of the velocity profiles will be presented in
Sect. 3.3. Regarding the z-dependence, the comparison of veloc-
ity profiles at different heights z shows that, for both gels, the flow
can be considered as homogeneous along the vorticity direction
(see Fig. 8 in Appendix A). Therefore, we report in Fig. 2 the aver-
aged velocity profiles v(r) recorded in both the weakly attractive
gel (black symbols) and the strongly attractive gel (red symbols)
at different shear rates ranging from 100 to 15 s−1.

At γ̇ = 100 s−1, the velocity profiles in both gels are homoge-
neous and almost indistinguishable [Fig. 2(a)], which confirms

that both samples are fully fluidized and behave like liquids at the
highest, initial shear rate. However, they strikingly differ at lower
values of γ̇. At γ̇ = 60 s−1 [Fig. 2(b)], the velocity profile of the
strongly attractive gel clearly deviates from the smooth, curved
profile of the weakly attractive gel and shows a kink at r ' 1 mm.
Even more remarkably, for γ̇ < 40 s−1, the strongly attractive gel
displays a heterogeneous, shear-banded flow characterized by the
coexistence of a sheared, flowing region close to the rotating bob
and an arrested, solidlike region close to the fixed cup. As the
shear rate is decreased, the flowing region shrinks [Fig. 2(c,d)]
down to the point where a fully arrested, pluglike flow is observed
for γ̇ . 15 s−1 [Fig. 2(e)]. The onset of such total wall slip roughly
corresponds to the beginning of the sharp kink in the flow curve
during the downward shear rate sweep. Across the whole range
of shear rates, the velocity profiles of the weakly attractive gel al-
ways remain homogeneously sheared with no obvious separation
into shear bands. We checked that this sample flows as a plug for
applied shear rates smaller than about 5 s−1.

The differences unveiled above in the flow behaviour of a
weakly and a strongly attractive calcite gel are robust to changes
in the surface roughness of the walls of the shearing device. Al-
though the degree of wall slip depends on the boundary con-
ditions, we checked that calcite dispersions in pure water with
volume fractions φ = 8–10% always undergo homogeneous shear
while dispersions at φ = 6–10% made strongly attractive by the
addition of sodium and calcium hydroxide always display het-
erogeneous flows (see Fig. 9 in Appendix B and Fig. 10 in Ap-
pendix C).

3.3 Time-resolved flow profiles

In order to get further insight into the differences in flow be-
haviour evidenced in the previous section, we now focus on the
time-resolved data v(r, t) and compare the two systems sheared
over a few minutes under the same shear rate γ̇ = 30 s−1 in Figs. 3
and 4 and in Supplementary Movie 1. In both cases, a stationary
state is reached, in the sense that the shear stress and the local
velocity fluctuate around a well-defined average with no system-
atic drift over long times. However, fluctuations are much larger
in the strongly attractive gel than in the weakly attractive gel, as
seen both from the temporal variations of the stress in Fig. 4(a,b)
and from those of an iso-velocity line in the spatiotemporal dia-
grams v(r, t) in Fig. 4(c,d). Examples of individual velocity pro-
files recorded at different times are shown in Fig. 3 to further
highlight the widely different degree of velocity fluctuations in
the two samples. Moreover, the large fluctuations of the shear-
banded flow in the strongly attractive gel persist at least for ∼ 1 h
(see Fig. 11 in Appendix D and Supplementary Movie 2).

4 Discussion

4.1 General physical considerations

Our main result is that increasing the degree of attraction be-
tween calcite particles by decreasing the electrostatic barrier
strongly impacts the flow: weakly attractive gels exhibit homoge-
neous flows whereas strongly attractive gels exhibit shear band-
ing for a given range of shear rates. We recall that in our exper-
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Fig. 2 Time-averaged velocity profiles v(r) = 〈v(r,z, t)〉z,t for a weakly attractive calcite gel [φ = 10% in pure water (black circles)] and for a strongly
attractive calcite gel [φ = 7% in a sodium (94mM) and calcium (3mM) hydroxide solution (red squares)] for various decreasing shear rates: (a) γ̇ = 100,
(b) 60, (c) 35, (d) 25 and (e) 15 s−1. Experiments performed in a smooth Taylor-Couette geometry. See Sect. 2.3 for detailed velocimetry protocol.
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Fig. 3 Individual velocity profiles v(r, t) = 〈v(r,z, t)〉z at three different
times t in (a) a weakly attractive calcite gel [φ = 10% in pure water]
and (b) a strongly attractive calcite gel [φ = 7% in a sodium (94mM)
and calcium (3mM) hydroxide solution] for a fixed shear rate γ̇ = 30 s−1.
Experiments performed in a smooth Taylor-Couette geometry.

iments, initial conditions are set by imposing a high shear rate
such that the systems under study are initially fully fluidized, at
least within our spatial resolution. Therefore, as we decrease γ̇,
the flow that we measure results from a competition between two
mechanisms: the re-aggregation of small aggregates of attractive
particles and the shear-induced breakup of the floc network. Our
results strongly suggest that the interparticle attraction has a deep
influence on such a competition. To explain such a remarkable ef-
fect of the interactions, we may examine separately the two mech-
anisms at play. First, the aggregation mechanism is expected to
depend on the interparticle forces. For instance, it is well known
that higher attraction leads to faster aggregation times and to sig-
nificant structural differences in the gel network topology at rest,
e.g. in its fractal dimension51.

On the other hand, under shear, the link between the second
mechanism, namely the breaking up of the gel network by shear,
and the details of the attractive interactions between primary par-
ticles composing the gel is not obvious, in spite of many works on
the effect of flow on the floc structure52–54. In particular, once

in contact, the forces needed to separate two aggregated colloids
should be essentially dominated by van der Waals attraction in
both types of gels. A possible explanation for differences in shear-
induced break up between strongly and weakly attractive gels can
be inferred from the theoretical work of Shih et al.55 who showed
that yielding of the gel network may occur through lateral mo-
tions between particles rather than radial motions. Under that
condition, Shih et al.55 found that the yield strain depends on
the electrostatic barrier, even when the contact is dominated by
van der Waals attraction. Our results suggest that the breaking
up of calcite gel networks mainly occurs through relative lateral
motions of the particles and that the strength of the weakest links
is impacted by interparticle attraction and electrostatic effects.

Still, the above considerations do not provide any clear-cut ex-
planation for the occurrence of a shear-banding instability when
attraction is made strong enough. This question remains an open
issue and obviously requires further theoretical efforts. In order to
pave the way for such future research, we now proceed to quan-
tify thoroughly the differences in the flows reported in the weakly
and strongly attractive calcite gels. In the rest of this section,
we analyze in more details the velocity profiles by calculating
for each of them a flow heterogeneity parameter that measures
the distance between the measured velocity profiles and the ho-
mogeneous profile inferred from the global rheology. In such an
approach, we first need to subtract wall slip from the velocity pro-
files in order to focus on the bulk flow only. We also compare the
features of the shear-banding scenario revealed in the strongly
attractive gel to classical results from the literature. Finally, we
highlight the presence of strong fluctuations that go along with
these heterogeneous flows.

4.2 Wall slip determination

As mentioned above, both calcite gels show a significant degree
of wall slip. We measure the slip velocities at both walls by ex-
trapolating linear fits of the time-averaged velocity profiles v(r)
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Fig. 4 Time-resolved analysis of the flow of a weakly attractive calcite gel [φ = 10% in pure water (left panels)] and of a strongly attractive calcite
gel [φ = 7% in a sodium (94mM) and calcium (3mM) hydroxide solution (right panels)] for a fixed shear rate γ̇ = 30 s−1. (a)-(b) Shear stress σ

as a function of time t. (c)-(d) Spatiotemporal maps of the z-averaged velocity v(r, t) = 〈v(r,z, t)〉z. The white lines correspond to a fixed velocity
v = 32mm.s−1 in (c) and v = 16mm.s−1 in (d). Experiments performed in a smooth Taylor-Couette geometry. Every “instantaneous” velocity map
corresponds to an average over 50 successive ultrasonic acquisitions performed over a total duration of 83ms. Such a map is recorded every 1 s in (c)
and every 2 s in (d). The time origin t = 0 corresponds to the beginning of ultrasound acquisitions, which start with a delay of 60 s in (a,c) and of
100 s in (b,d) relative to start-up of shear. See also Supplementary Movie 1.

close to each wall [see Fig. 2(c)]. Adding up the slip velocity
v(r = e) at the fixed cup and the slip velocity v0− v(r = 0) at the
rotating bob, where v0 is the velocity of the bob, leads to the total
slip velocity vs. As shown in the inset of Fig. 5(a), the relative
amount of wall slip vs/v0 is a decreasing function of the applied
shear rate γ̇. Interestingly, both gels show a very similar evolu-
tion of vs/v0, although the strongly attractive system shows total
wall slip (vs/v0 ' 1) over a larger range of shear rates, as already
pointed out in Sects. 3.1 and 3.2. Together with the sudden obser-
vation of shear-banded velocity profiles in the strongly attractive
gel below γ̇ ' 40 s−1, this continuous dependence of wall slip on
γ̇ suggests that the behaviour of the lubricating layers that are
responsible for slippage is mostly decoupled from the bulk flow
behaviour.

4.3 Predicting velocity profiles from slip-corrected flow
curves

As already proposed in various previous works on the flow of com-
plex fluids12,31,56–58, we may combine wall slip measurements
and rheological data to predict velocity profiles. To this aim, we
first compute the “true” average shear rate in the bulk fluid from

the fluid velocities extrapolated at both wall through

γ̇true =

(
1− vs

v0

)
γ̇ . (1)

The shear stress σ recorded simultaneously to velocity profiles
and averaged over the last 120 s of each step is then plotted as
a function of γ̇true to yield the slip-corrected flow curve. As seen
in Fig. 1, while the raw rheological data precisely match the flow
curve measured from shear rate sweeps, the slip-corrected data
point to a significantly different rheology. Restricting the analy-
sis to shear rates where no shear bands are observed, the σ vs
γ̇true curve can be well-fitted by a power-law behaviour σ = Aγ̇n

true
with exponents n = 0.15 and n = 0.13 respectively for the weakly
and the strongly attractive gel. Such values indicate strong shear-
thinning of the bulk material.

Finally, in the presence of a slip velocity v(e) at the fixed wall,
one may compute the full theoretical velocity profile for such a
shear-thinning behaviour as56

vth(r)= v(e)
R1 + r

R2
+

n
2
(R1+r)

(
2R2

1
R2

1 +R2
2

σ

A

)1/n[(
R2

R1 + r

)2/n
−1

]
.

(2)
Note that the choice of a purely shear-thinning fit σ = Aγ̇n

true does
not imply that the gels have no yield stress but only that the
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Fig. 5 (a) Degree of bulk flow heterogeneity Φ [defined in Eq. (4)] and
(b) relative amplitude of the stress fluctuations δσ/σ̄ as a function of the
applied shear rate γ̇ for the weakly attractive calcite gel [φ = 10% in pure
water (black circles)] and the strongly attractive calcite gel [φ = 7% in a
sodium (94mM) and calcium (3mM) hydroxide solution (red squares)].
In (a), error bars on Φ are computed by allowing v(e) to vary by 10%
in Eqs. (2)–(4). In (b), δσ/σ̄ is computed as the ratio of the standard
deviation of the stress δσ to the average stress σ̄ taken over the last
120 s of each step. The red vertical dashes indicate the shear rate below
which an arrested band is observed in the strongly attractive gel. Open
symbols in (a) indicate total wall slip. The inset in (a) shows the relative
slip vs/v0, where vs is the total slip velocity and v0 is the velocity of the
rotating bob, as a function of γ̇ for both calcite gels (same symbols as
in the main panels .

ranges of stresses considered in these fits lie too far above the
yield stress. In particular, one may get a similar fit quality by
fitting the data using a model with a yield stress, such as the
Herschel-Bulkley model, but the confidence on the three parame-
ters would be too poor. In the absence of data close enough to the
yield stress, we therefore use Eq. (2) with the fitting parameters
n and A inferred from Fig. 1 together with the experimental slip
velocity at the fixed wall.

As can be expected from the presence of heterogeneous flows
at lower shear rates, Eq. (2) only describes correctly the velocity
profiles of the strongly attractive gel at the highest shear rates
γ̇ = 60 and 100 s−1 [see light red lines in Fig. 2(a,b)]. Still, even
for the highest shear rate, the predicted profile seems to underes-
timate the curvature. For the weakly attractive gel (see gray lines
in Fig. 2), however, the theoretical velocity profiles provide a very
good description of all measured velocity profiles. In particular,
they nicely capture the large curvature of v(r) indicative of strong

shear-thinning. This curvature shows up here due to the small
yet non-negligible decrease of the local shear stress from the in-
ner cylinder to the outer cylinder by ∆σ/σ ' 2e/R1 = 17%, which
gets enhanced by the rather small value of the exponent n = 0.15.

4.4 Bulk flow heterogeneity

Next, in order to quantify bulk flow heterogeneity only, we con-
sider the following slip-corrected velocity profile normalized be-
tween ṽ = 1 at the moving wall and ṽ = 0 at the fixed wall:

ṽ(r) =
v(r)− v(e)
v(0)− v(e)

, (3)

where v(0) and v(e) are the fluid velocities extrapolated respec-
tively at the moving wall and at the fixed wall, as explained
above. This definition obviously requires that v(0) 6= v(e). There-
fore, in the total wall slip regime where v(0) = v(e), we define
ṽ(r)≡ 0. We then introduce the following dimensionless measure
adapted from previous works59,60 to the case of an underlying
shear-thinning flow:

Φ =

∫ e
0 |ṽ(r)− ṽth(r)|dr∫ e

0 ṽth(r)dr
, (4)

where the normalized theoretical velocity profile ṽth(r) is defined
as in Eq. (3) by replacing v(r) by vth(r) taken from Eq. (2). Fig-
ure 5(a) shows Φ as a function of the applied shear rate. Note
that in case of total wall slip, ṽ(r) = 0 implies Φ = 1 [see open
symbols in Fig. 5(a)].

As reported in the main panel of Fig. 5(a), the degree of het-
erogeneity Φ remains negligible for the weakly attractive gel
down to γ̇ . 10 s−1 where the flow transitions directly from ho-
mogeneous shear to total wall slip. This confirms that the flow
in the weakly attractive system can be described by a homoge-
neous shear-thinning flow throughout the whole range of shear
rates under study. On the other hand, upon decreasing γ̇ in the
strongly attractive system, Φ abruptly jumps to values larger than
0.4 for γ̇ . 40 s−1 and further increases up to 1 as the arrested
band grows in size. Meanwhile, no such abrupt transition is ob-
served on the slip velocity [inset of Fig. 5(a)], suggesting that the
shear-banding phenomenon is not directly linked to slip at the
walls. Finally, Φ quantitatively confirms the strikingly different
flow behaviours of the two calcite gels and the sharp transition
from quasi-homogeneous flow to shear-banded flow at low shear
rates in the strongly attractive gel.

4.5 Shear-banding scenario in the strongly attractive gel

In order to fully investigate the heterogeneous flow regime of the
strongly attractive system, we now turn our attention to the anal-
ysis of the shear-banded profiles recorded below γ̇ ' 40 s−1. As
usually done in such analysis,30,31 we focus on the local shear
rate γ̇loc in the two different shear bands and on the distance δ

of the interface between the bands from the rotating bob, i.e.
the width of the sheared region. As indicated with blue lines in
Fig. 2(c), γ̇loc is measured as the slope of linear fits of the velocity
profiles in the two bands and δ is given by the position where the
two fits intersect.
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Fig. 6 Analysis of the time-averaged velocity profiles in the strongly
attractive calcite gel. (a) Local shear rate γ̇loc in the flowing band (filled
symbols) and in the arrested band (open symbols) as a function of the
slip-corrected shear rate γ̇true. The dotted line shows the scaling γ̇loc ∼
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3/4
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arrested band normalized by the gap width e as a function of γ̇true. The
dotted line is δ ∼ γ̇0.35

true. δ is measured from the rotating bob so that δ/e
reflects the proportion of the flowing band. Error bars indicate a ±50 µm
uncertainty on δ . Inset: δ/e as a function of the shear stress σ measured
simultaneously to the velocity measurements. The dashed line is Eq. (5)
with σc = 57.7 Pa.

One could first argue that shear localization may be due to the
combination of the gel yield stress and the stress heterogeneity
inherent to the Taylor-Couette geometry, where the local shear
stress decreases by 17% from the rotating bob to the fixed cup, as
σ(r) ∼ 1/(R1 + r)2. Even if the global stress σ is larger than the
yield stress σc, the portion of material close to the fixed cup can
then be arrested if σ(r)≤ σc, i.e. for r ≥ δ with

δ = R1

(√
σ

σc
−1
)
. (5)

This equation is valid as long as δ < e. However, this does not cor-
respond to the observed dependence of δ (σ) [inset of Fig. 6(b)].
We therefore rule out this explanation, all the more since the es-
timated σc ≈ 58 Pa is much larger than the one estimated by vis-
coelastic measurements,10 of the order of 10 Pa.

Second, by plotting γ̇loc and δ/e as a function of the “true” shear
rate γ̇true in Fig. 6, we show that our strongly attractive gel dis-
plays a strikingly non-standard shear-banding scenario. Indeed,
contrary to the classical shear-banding scenario governed by a
critical shear rate γ̇c and recalled in the introduction, the shear
rate in the flowing region does not remain constant but rather

strongly increases with γ̇true. Furthermore, the normalized width
of the flowing band does not increase linearly from 0 to 1 when
increasing the shear rate as expected from the classical “lever
rule”9,17,19,35. Here, δ/e rather increases sublinearly with γ̇true

and seems to saturate at a value of about 0.3 for γ̇true ' 15 s−1.
For γ̇true & 15 s−1 (or equivalently for γ̇ & 40 s−1), δ/e effectively
jumps to 1 since no arrested band is observed at larger shear rates.

To the best of our knowledge, such an original shear-banding
scenario has not been reported so far and raises important theo-
retical issues. In particular, whether or not the power laws shown
in Fig. 6 can be modelled and interpreted remains an open ques-
tion. Although the sudden onset of shear banding is not linked
to an abrupt change in the slip velocity [see Fig. 5(a)], a subtle
interplay between shear banding and wall slip61 may also explain
some of the unusual features of the shear banding reported here.

4.6 Temporal fluctuations and instability in the strongly at-
tractive gel

Besides the shear banding revealed by time-averaged velocity
data, another striking difference between the strongly and the
weakly attractive calcite gels lies in the fluctuations of the flow.
As evidenced in Figs. 4(b) for γ̇ = 30 s−1 and as further analysed
in Fig. 5(b), the strongly attractive gel displays large stress fluc-
tuations below γ̇ ' 40 s−1, namely in the shear-banding regime.
At the lowest shear rates, these fluctuations increase in both gels
concomitantly to the transition to pluglike flow. We note that for
both gels, the amplitude of the stress fluctuations δσ/σ̄ follows
an evolution with γ̇ that is qualitatively similar to that of the de-
gree of heterogeneity Φ in Fig. 5(a).

The slow time scales revealed by the stress fluctuations in the
strongly attractive gel hint at an instability of the shear-banded
flow. Shear banding often goes along with fluctuations and flow
instability due, for instance, to the coupling between microstruc-
ture and water release in multilamellar vesicles62, to the elastic
instability of the shear-induced phase in viscoelastic surfactant
wormlike micelles63,64 or to avalanche-like behaviours in silica
gels19. Here, in order to try to uncover the origin of the fluctuat-
ing behaviour, we report in Fig. 7 a thorough analysis of the shear-
banded velocity profiles recorded at γ̇ = 30 s−1 during the exper-
iment presented in Figs. 3(b) and 4(b,d). This analysis is based
on the observables δ and vs defined above for time-averaged ve-
locity profiles but computed here in a time-resolved fashion on
individual velocity profiles.

Figure 7 shows that both the shear heterogeneity quantified by
1− δ (t)/e and the wall slip characterized by vs(t)/v0 are corre-
lated to the shear stress σ(t). The values of the corresponding
Pearson correlation coefficients are 0.68 and 0.73 respectively,
meaning that larger stresses correspond to larger slip velocities
but also to more heterogeneous flow profiles, i.e. to a greater
extension of the arrested band. Such a strong increase of flow
fluctuations with attraction has also been reported in simulations
of jammed systems with tunable interaction38, showing that het-
erogeneous velocity profiles and slip strongly fluctuate both in
space and time as soon as the interparticle attraction is turned
on. In the present experiments, the anti-correlation between σ
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Fig. 7 Time-resolved analysis of local velocity measurements in the
strongly attractive calcite gel sheared at γ̇ = 30 s−1. (a) Normalized shear
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The corresponding velocity data are shown in Fig. 4(d). The vertical
dotted lines at t = 40 and 250 s indicate the location of the two main
maxima in σ(t).

and δ may be expected since a system with more arrested ma-
terial (i.e. smaller δ) should be more viscous and thus show an
increased stress under a fixed global shear rate. However, the
correlation between σ and vs seems highly non-trivial and sug-
gests that whenever the sample builds up a larger stress, i.e. a
larger arrested region, more water gets expelled from the gel net-
work, which contributes to larger and/or less viscous lubrication
layers, leading to an increase in apparent wall slip. Clearly, more
experimental work, including a microstructural investigation of
the sliding layers, is required to uncover the full physics of the
correlation between wall slip and bulk dynamics.

More generally, we emphasize that strong fluctuations seem
inherent to the shear-induced dynamical transitions of soft ma-
terials. Indeed, dense suspensions of frictional particles that
undergo discontinuous shear thickening also display large tem-
poral variations of global and local quantities, both in experi-
ments6,65–69 and in simulations70,71. Thus, fluctuations are not
restricted to shear-banding systems, whether yield stress fluids or
shear-thinning fluids, but appear as much more widespread. Al-
though models for such “rheochaos” have been proposed for a
long time72,73, a complete physical picture for such unstable be-
haviours is still lacking. In particular, it remains unclear whether

a general coarse-grained approach can be developed or whether
system-dependent details are important to understand the com-
plex interplay between local bulk and interfacial observables and
their impact on the global rheological response.

5 Conclusion
We have explored the influence of interparticle forces on the me-
chanical and flow properties of colloidal gels made of calcite par-
ticles. We have considered two systems: a pure calcite gel and
a calcite gel containing sodium and calcium hydroxide. Adding
sodium and calcium hydroxide to calcite dispersions reduces both
the Debye length and the zeta potential, leading to the complete
screening of the electrostatic repulsion between particles which
interact only through van der Waals attraction. By measuring
the local velocity profiles, we have shown that the weakly attrac-
tive pure calcite gels always undergo homogeneous flows, well
predicted by the global rheology, whereas the strongly attrac-
tive calcite gel containing sodium and calcium hydroxide exhibit
shear bands within a given range of applied shear rates. Associ-
ated with shear banding, we reported large fluctuations in both
stress and velocity profiles, that were shown to be strongly corre-
lated in time. The increase of fluctuations with the attraction be-
tween particles is in good agreement with simulations of sheared
jammed systems38. The local characterization of the flow field
also revealed that both gels undergo wall slip and the detailed
analysis of the velocity profiles allowed us to assert that slippage
is mostly decoupled from the bulk flow and is not obviously linked
to shear bands.

Finally, a question that remains open is to determine the exper-
imental conditions, such as the volume fraction or the attraction
range, for which the attractive gel exhibits shear banding corre-
sponding to underlying non-monotonic flow curves. At low solid
fraction, the dispersion is no longer a percolated gel displaying
a yield stress, while at high volume fraction, the flow curve be-
comes monotonic again39 or the shear bands are hidden by other
experimental features such as total slippage or gel fracture. More
generally, understanding the origin of the shear-banding insta-
bility in colloidal gels remains a challenge. In this direction, it
will prove crucial to obtain detailed information on the gel mi-
crostructure under flow. Coupling rheometry to spatially and
temporally resolved scattering techniques such as small-angle X-
ray (rheo-SAXS) or neutron (rheo-SANS) scattering is a vital first
step to identify structural differences between the sheared and
unsheared regions. Moreover, one should also characterize the
local heterogeneities in the colloid volume fraction and in the gel
connectivity39. While the former has recently become accessible
through time-resolved X-ray measurements74,75, the latter can
in principle be characterized through fast confocal microscopy
in dedicated colloidal systems76–79. Another interesting issue is
whether shear banding is involved in the hysteresis observed in
the flow curve of the strongly attractive gel and how the gel mi-
crostructure evolves during such hysteresis. We anticipate that
the present results coupling global rheometry and local velocity
measurements will serve as a basis for such microstructural inves-
tigations as well as further numerical modelling and theoretical
approaches of shear banding in attractive colloidal systems.
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Appendix A: Flow homogeneity in the vorticity direc-
tion
Figure 8 compares the velocity profiles v(r) obtained at different
heights z for two different times and for the two types of calcite
gels. We find that there is no significant variations of the velocity
profiles along the vorticity, except perhaps at the top and bottom
of the ultrasonic transducer array. Therefore, for both gels, the
flow can be considered as homogeneous along the vorticity direc-
tion and we may focus only on velocity profiles averaged over the
z-direction, v(r, t) = 〈v(r,z, t)〉z.

Appendix B: Influence of interparticle forces at fixed
solid volume fraction
Figure 9 compares the velocity profiles obtained at various shear
rates for two samples at the same solid volume fraction φ = 10%
with physico-chemical conditions leading to either weakly [pure
calcite] or strongly [3 mM Ca(OH)2 + 97 mM NaOH] attractive
gels. Under these conditions, we find the same results as when
keeping the shear modulus constant, i.e. we observe shear band-
ing for the strongly attractive gel (in the range γ̇ = 10–50 s−1) but
not for the weakly attractive one. Here, the sample was pres-
heared at γ̇ = 10 s−1 for 1 min then in the reverse direction at
γ̇ = −10 s−1 for 1 min, after which steps of constant shear rate
were applied. Note that at fixed φ = 10%, the shear modulus for
the strongly attractive gel is G′ ' 20 kPa, about twice the value
measured for the weakly attractive gel. We also emphasize that
the experiments in Fig. 9 were performed under rough bound-
ary conditions. Although sandblasting strongly mitigates wall slip
when compared to Fig. 2, it does not fully eliminate slippage, es-
pecially when shear banding is present. Still, as also shown in
Appendix C below, our main findings are robust to a change of
the roughness of the cell walls.

Appendix C: Robustness of shear banding under var-
ious boundary conditions
Figure 10 reports supplementary experiments performed under
different conditions of wall roughness and for a weakly attrac-

tive gel with a lower calcite volume fraction than in the main
text. These measurements confirm that the flow of the weakly at-
tractive gel remains homogeneous with a highly curved velocity
profile typical of strong shear thinning. On the other hand, the
strongly attractive gel displays a shear-banding regime as well as
large slippage at the rotating bob whatever the boundary con-
ditions. At this stage, however, it is not fully clear whether the
arrested band actually extends all the way to the fixed cup or
whether a small sheared region exists close to the cup wall [see
also Fig. 11(b) below for mixed boundary conditions under a dif-
ferent shear rate]. In particular, the slope of the velocity profile
for r & 1.7 mm could also result from a systematic underestima-
tion of the velocity due to the presence of the fixed echo of the
cup when the ultrasonic speckle intensity is low43. Still, from
the present data and in view of the complex shear-banding sce-
nario reported in Sect. 4.5, we cannot exclude the existence of a
three-banded state similar to that reported previously in the flow
of copolymer micelles80.

Appendix D: Persistent flow fluctuations in the
strongly attractive calcite gel
Figure 11 and Supplementary Movie 2 show that shear banding
and fluctuations persist over long times in the strongly attractive
gel. Note that the data in Fig. 11 were obtained using a smooth
cup and a rough bob, thereby providing another confirmation
that boundary conditions do not play a crucial role in the flow of
calcite gels. Figure 11(b) displays the velocity profiles averaged
over the various time intervals shown with different colors on the
stress signal of Fig. 11(a). These averages are indistinguishable
from each other. This indicates that the shear-banded state is a
stationary state. Moreover, sharp peaks with a relative amplitude
of about 1% are observed in the shear stress σ(t) for over 40 min,
involving characteristic time scales of 50–200 s. In the Fourier
spectrum of σ(t) [Fig. 11(d)], faster time scales also appear as
broad maxima around 0.08 Hz and 0.2 Hz superimposed to an
f−0.8 decay. The slow overall increase of σ(t) for t & 1500 s is
most likely due either to solvent evaporation or to calcite clus-
ter sedimentation at long times. Finally, the spatiotemporal map
v(r, t) in Fig. 11(c) highlights the correlation between flow and
stress fluctuations over 2000 s. As investigated in more details in
Sect. 4.6, a stress maximum is associated with a transient growth
of the arrested region and with a drop in the velocity close to the
rotating bob.
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