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Simulation of shear thickening in attractive
colloidal suspensions

Sidhant Pednekar,ab Jaehun Chunc and Jeffrey F. Morris*ab

The influence of attractive forces between particles under conditions of large particle volume fraction,

f, is addressed using numerical simulations which account for hydrodynamic, Brownian, conservative

and frictional contact forces. The focus is on conditions for which a significant increase in the apparent

viscosity at small shear rates, and possibly the development of a yield stress, is observed. The high shear

rate behavior for Brownian suspensions has been shown in recent work [R. Mari, R. Seto, J. F. Morris and

M. M. Denn PNAS, 2015, 112, 15326–15330] to be captured by the inclusion of pairwise forces of two

forms, one a contact frictional interaction and the second a repulsive force often found in stabilized

colloidal dispersions. Under such conditions, shear thickening is observed when shear stress is comparable

to the sum of the Brownian stress, kT/a3, and a characteristic stress based on the combination of inter-

particle force, i.e. s B F0/a2 with kT the thermal energy, F0 the repulsive force scale and a the particle

radius. At sufficiently large f, this shear thickening can be very abrupt. Here it is shown that when attractive

interactions are present with the noted forces, the shear thickening is obscured, as the viscosity shear thins

with increasing shear rate, eventually descending from an infinite value (yield stress conditions) to a plateau

at large stress; this plateau is at the same level as the large-shear rate viscosity found in the shear thickened

state without attractive forces. It is shown that this behavior is consistent with prior observations in shear

thickening suspensions modified to be attractive through depletion flocculation [V. Gopalakrishnan and

C. F. Zukoski J. Rheol., 2004, 48, 1321–1344]. The contributions of the contact, attractive, and hydrodynamics

forces to the bulk stress are presented, as are the contact networks found at different attractive strengths.

1 Introduction

Particle dispersions, or suspensions, are found in numerous
settings. In geophysics, sediments and muds are examples, while
the petroleum, paint, ceramic, cement and concrete industries
handle flowing suspensions on a daily basis. In these natural and
engineered contexts, the flow behavior of the bulk mixture is
often of central interest, as it may determine the distribution of
naturally occurring materials or the processability of a mixture
in application. Solids dispersed in liquids are affected by
hydrodynamic interactions, which are largely independent of
details of the fluid, as well as an array of other interactions
which differ strongly depending on the solvent properties. The
present work is motivated by the goal of using simulations to
address the influence of the solvent, including ionic properties
and polarizability, on the interactions between particles in
nuclear waste materials, for example those found at the Savannah

River or Hanford sites.1,2 The particles in nuclear waste slurries
range widely in size, shape, and composition: accounting for all
of these features is clearly out of scope. Here, we focus on short-
range and contact interactions, exploring their influence on the
flow behavior of dispersions over a wide range of shear rates.

In nuclear waste material, as in the tailings in certain
mining operations, the solvent has high ionic strength owing
to dissolved inorganic salts as well as being of high pH.1,2 It is
well-known that at high ionic strength, the electrical double
layer associated with surface charge is typically very thin, and
thus close-range forces including van der Waals attraction, as
well as liquid structuring (hydration effects), are of greater
influence.3,4 Of particular interest here are attractive interactions,
which lead to increased low-shear viscosity and yield stress
behavior. Close interactions also influence the high shear rate
behavior, as shear forces can then drive particles into direct
contact. This work employs a simulation algorithm specifically
designed to capture hydrodynamic interactions and contact
forces5,6 to consider the flow properties of concentrated dispersions,
of solid volume fractions of f C 0.5, in which attractive and
frictional forces are both active.

Recent work has shown that frictional interactions can play
a role in shear thickening, the increase of suspension viscosity
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with shear rate. While the phenomenon of shear thickening has
been commonly observed in both dense Brownian and non-
Brownian suspensions having different shapes and sizes of
particles, its origin has not yet been fully resolved. In suspensions,
it is well-known that hydrodynamic interactions of close particles
result in lubrication flows which strongly resist relative motion and
should keep smooth particles separated. However, the lubrication
interactions have been shown to lead to arbitrarily small gaps
between particles,7 which the authors called lubrication break-
down and this appears to be related to two physical issues.
First, particles tend to form strong but transient lubrication-
bound clusters, or hydroclusters, which align roughly along the
compressional axis of the shear flow; these are associated with
mild shear thickening8 and, based on the validity of scaling
arguments balancing hydrodynamic and stabilizing forces6,9–11

to determine the critical (or onset) stress, also appear to be
related to the onset of strong or discontinuous shear thickening.
However, the hydrocluster argument must be augmented by the
introduction of an additional mechanism for stress transmission,
and a recent work12 has shown how non-hydrodynamic contact
forces would be responsible for shear thickening in some cases.
This leads to the second point related to the lubrication break-
down, namely that molecular-scale detail becomes relevant to
these non-hydrodynamic particle interactions and thus the bulk
rheology of colloidal dispersions. Friction implies comparable
resistance to tangential and normal motion of a pair of particles,
and such a generic behavior could arise from quite different
interactions, e.g., from roughness and direct contact as suggested
in previous works13 and as modeled here, but possibly also from
non-contacting (lubricated) interactions of interlocking asperities
or grafted polymer coating interactions.14 Discrepancies between
the frictional model6 and experimental findings15 for the first
normal stress difference point to a need for better understanding
of these near- or true-contact interactions.

Simulations including hydrodynamic as well as frictional
interactions, along with a stabilizing repulsive force often found
in colloidal dispersions, display a transition from lubricated to
frictional interactions as shear rate increases.5,6,16,17 Although
discrepancies remain in the behavior of the first normal
stress response,6,15 as noted above these simulations reproduce
quantitatively behavior of both continuous and discontinuous
shear thickening seen in a number of experiments with Brownian
and non-Brownian suspensions.18 Mechanistically, these
simulations lead to the following picture: when shear forces
are weak relative to the repulsive stabilizing force and the
entropic force from Brownian motion, the particle interactions
are through a lubrication film of liquid, whereas strong shearing
overwhelms the repulsive forces and the particles approach so
close that contact is assumed to occur. The singular hydro-
dynamic lubrication due to squeeze flow, scaling as the inverse
of the surface separation, is cut off by assuming contact at a
small distance (typically 0.1% of the particle radius) from the
smooth hydrodynamic surface. This contact model can, as an
example, be argued to represent the effect of slight roughness.
The frictional interactions cause an increased effective viscosity,
particularly at higher volume fractions.

Given these simple ingredients, it is argued that shear
thickening behavior is expected in many dense suspensions.19

However, early work19–21 suggested that shear thickening would
not be observed in suspensions which had an attractive inter-
particle force. Experiments have been performed to examine
the rheology of silica suspension as a function of pH.22 In polar
solvents, pH strongly influences the magnitude and sign of the
surface charge on particles via a charge regulation (i.e., protonation/
deprotonation) of surface charge groups. The charged particles
attract counter-ions to form a double-layer; the overlapping of
the double-layer of like-charged particles, leading to an osmotic
pressure, gives rise to a repulsive force. At a pH known as the
isoelectric point (iep), the net charge on the particle surface is
neutral and the double-layer repulsion vanishes. At pH values
near the iep, an obscuring of shear thickening has been
observed.22 A systematic study of the effect of attractive forces
between colloidal particles on shear thickening23 showed that
the increased viscosities due to increasing depletion-force
(attractive forces resulting from dissolved but non-adsorbing
polymer in the solvent) caused gelation that led to a predominantly
shear-thinning behavior while obscuring shear thickening. More
recent experiments considered shear thickening behavior of
non-Brownian suspensions in magnetic and electric fields,24

from which it is argued that shear thickening in some dense
suspensions may indeed be concealed by a yield stress.

While the noted experimental works show obscuring of
shear thickening with increased attraction (or ‘cohesion’), this
trend has not been successfully captured by computer simulations.
The purpose of the present work is to use simulations in which
contact interactions are allowed to study the effect of interparticle
attractions on the rheology of dense shear thickening colloidal
dispersions. We explore the increase in low-shear viscosity and
development of a yield stress, seeking to reproduce experimentally-
observed obscuring of shear thickening and to relate the behavior
to the particle organization and in particular to the interparticle
contact network.

2 Models and methods

The simulation tool used in this work combines a short-range
or ‘lubrication’ flow (LF) description of hydrodynamic inter-
actions between particles with a contact model commonly
employed in discrete element modeling (DEM) of granular
materials,5,6,16,17 and is denoted here as LF-DEM. This method
has successfully reproduced important aspects of both continuous
and discontinuous shear thickening. For most of the work
described here, a bidisperse suspension having equal volume
fractions of spherical particles of radii a and 1.4a is simulated to
mimic real systems having slight polydispersity while avoiding
ordering. For small particles (of density rp) in a viscous solvent (of
density r and viscosity Z0), the Reynolds number Re = r_ga2/Z0 { 1
and Stokes number St B (rp/r)Re { 1. We hence assume
Stokes flow, so that the Langevin equation governing particle
motion reduces to a force balance,

FH + FC + FB + Fcons = 0, (1)
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in which hydrodynamic (FH), contact (FC), Brownian (FB) and
conservative colloidal forces Fcons = FA + FR (broken into
attractive, A, and repulsive, R, contributions) are considered
here. Only the dominant hydrodynamic force, the lubrication
or near-contact form, is included,25 while the long-range hydro-
dynamic interactions are omitted. Owing to the linearity of
the Stokes regime, the hydrodynamic forces retains the form:
FH = �RFU�(U � UN) + RFE:EN, where the driving flow velocity
UN = _gyêx is that from the imposed simple shear flow under
study and EN is the associated rate of strain tensor. Denoting
the surface separation of a pair of spheres as h, the resistances
RFU and RFE are prevented from diverging at h - 0 by inserting
a cutoff length scale d = 10�3a which mimics particle roughness,
thus permitting interparticle contacts.5 The Brownian force
is stochastic and delta-correlated in time (white noise):

FB tið ÞFB tj
� �� �

� FB tið Þh i FB tj
� �� �

¼ 2kBT

Dt
RFUdij and in this

overdamped formulation, the mean (or drift) force is related
to the configurational variation of the mobility (M = RFU

�1),
i.e. hFB(tj)i = kTRFU�r�RFU

�1(XN(tj)), where XN represents the
N-particle configuration. It should be noted, as discussed in
work which developed this algorithm for Brownian shear
thickening dispersions,6 that this form is dynamically equivalent
to the underdamped Langevin equation mdU/dt =

P
F for

colloidal particles of mass m integrated over a time step
Dt ctD where the inertial relaxation time scale is tD = m/(Z0a)
and then taking the limit tD - 0 to describe the motion of particles
with diffusion and avoid persistence of motion. It is necessary
for accurate evaluation of quantities dependent on XN that Dt is
also small relative to the time for Brownian diffusion a2/D with
D = kT/(6pZ0a) and the flow time scale _g�1. The Péclet number,
Pe = 6pZ0a3_g/kT, is used to characterize the shear rate dependence
of the rheology in terms of the relative strength of hydrodynamic
and Brownian forces. The shear-repulsion number (NSR) and
shear-attraction number (NSA) used elsewhere26 to measure the
competition between shear and repulsive–attractive forces
respectively, can be readily obtained from Pe by dividing with
the particular colloidal force magnitude (FR, FA) represented in
terms of thermal force magnitude (kT/a).

The contact force FC in (1) between two particles is modeled
as a linear spring, which follows the Coulomb friction law,
FC,tan r mFC,nor, relating the normal and tangential contact force
components. The normal overlap is maintained below 0.04a by
selecting appropriate spring constants and the friction coefficient (m)
is chosen as16 1.0. Unless otherwise stated all of the simulations are
run for N = 500 particles in a cubic domain, periodic in all directions
with Lees–Edwards boundary conditions to impose shear.

2.1 Conservative forces

2.1.1 Attractive force. A van der Waals force form is chosen
as the force of attraction. van der Waals forces between macro-
scopic objects arise from interactions between fluctuating
electromagnetic fields that exist in macroscopic bodies (e.g.,
colloidal particles) and are radiated into an intervening medium
(e.g., water), as a form of travelling waves.27 The classical force
description has an infinite force at zero separation. In reality,

there is a breakdown of the continuum approximation at molecular
length scales which prevents the singularity. The radial attractive
interaction force is written

FAðhÞ ¼
KA�a

12 h2 þH2ð Þ (2)

where KA has dimensions of energy and is scaled by the thermal
energy kT and ā is the harmonic mean radius ā = 2a1a2/(a1 + a2)
where a1 = a and a2 = 1.4a. A parameter H is introduced to
maintain finite attraction amplitude at contact. The value of H
used in the simulations is 0.1ā. Eqn (2) is plotted in Fig. 1 in the
form of force curves with different magnitudes of cohesion and
labeled by their values at contact (FA(0), referred to as FA in future).
These force curves (characterized by FA) are used to systematically
study the effect of cohesion on Brownian suspension rheology.

2.1.2 Force of repulsion. A purely radial force of repulsion
is added in some cases to study the effect of increasing
cohesion on the rheology of Brownian suspensions stabilized
by electrostatic forces. We choose a simple form28 which decays
exponentially with interparticle surface separation (h) over a
characteristic length scale defined by the Debye length k�1:

FR(h) = KRā exp(�kh). (3)

Here, KR has dimensions of force over distance (or energy over
squared distance) and gives the magnitude of repulsion such
that the repulsive force has a fixed magnitude at contact of
FR = 1000kT/a with a Debye length, k�1 = 0.02a. The total
interparticle force is described by a linear superposition of
the cohesive and repulsive forces. The cohesive forces plotted in
Fig. 1 (except FA = 5000kT/a) are added to the fixed repulsion
force profile (governed by eqn (3)) and plotted in Fig. 2.

3 Results
3.1 Effect of attraction on non-repulsive colloidal suspension

We first show the influence of increasing force of attraction on
the rheology of frictional Brownian suspensions, considering

Fig. 1 van der Waals attractive force described by eqn (2), parameterized
by cohesive force magnitude at contact: FA = 0, 50, 200, 1000 and
5000kT/a from upper to lower curves.
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friction coefficient m = 1, without repulsion at f = 0.5. In the
case of Brownian particles without cohesion shown in Fig. 3, we
observe shear thinning, which results from the Brownian stress
growing less rapidly than linearly with the shear rate.8 As Pe
increases further, the shear thinning gives way to continuous
shear thickening. This increase in viscosity at large Pe is due
both to hydrodynamic and contact stresses, as hydrodynamic
forces become dominant and Brownian motion is unable to
prevent particle accumulation near or (in this method) at contact.6

Increasing the attractive interaction from FA = 0 to FA = 50kT/a
results in a mild increase in viscosity at low Pe. The low-Pe
viscosity continues to grow as the attractive force increases
further. The slope in a logarithmic plot of the viscosity as a
function of shear rate, in the dimensionless form given by Pe, is
shown to approach �1 in Fig. 3a, while a divergence at small
stress is seen in Fig. 3b, both indicating the development of a
yield stress. The increased low-shear viscosity progressively

leads to a flow curve in which the underlying shear thickening
appears to weaken, but in fact it is obscured, eventually becoming
unobservable. In cases where shear thickening is not completely
obscured, the onset is pushed towards higher stress/Pe values
with the observable shear thickening occurring over narrower
ranges. These results are in qualitative agreement with experi-
mental observation of obscured shear thickening,24 which has
been seen due to attractive interactions in mineral oxides22 and
depletion attractions.23 Development of a yield stress may not
be essential for obscuring of shear thickening, as discussed
below for different f but we find that for the f = 0.5 suspension
considered here, attractive interactions of FA = 200kT/a developed
a yield stress (as seen in Fig. 3b) while still exhibiting some shear
thickening. Another observation from Fig. 3 is that the relative
viscosity curves at all FA converge at large Pe. Conservative
interparticle forces in this regime are overwhelmed by hydro-
dynamic shearing forces, which effectively tear apart any
suspension clusters arising out of cohesion. A comparison is
made between the results of the mildly bidisperse system under
study with a strictly monodisperse system having FA = 1000kT/a
(open red symbols in Fig. 3a). The results are quantitatively
similar indicating that the slight bidispersity has little effect on
the rheology of these cohesive frictional colloids. Finite size
scaling was also tested at the same cohesion with N = 2000
particles (open black symbols in Fig. 3a). The results are very
similar, indicating that system size effects are minimal for the
conditions studied.

The snapshots of contact networks in Fig. 4 provide insight
to the origin of the increased low-Pe viscosity seen in Fig. 3. In
the ‘pure’ Brownian case (FA = 0) at Pe = 0.01, particles remain
well-dispersed. As attractive forces are introduced, interparticle
contacts are promoted. On further increasing cohesion at this
solid fraction of f = 0.5, clusters of particles develop which are
capable of elastically resisting applied shear, leading to substantial
increase in viscosity and development of a yield stress. The
contributions to the total relative viscosity from the various

Fig. 2 Overall interparticle force function for different cohesion strength
profiles, FA = 0, 50, 200 and 1000kT/a from upper to lower curves as
shown in Fig. 1, superimposed onto fixed repulsive profile described by
eqn (3) with FR = 1000kT/a.

Fig. 3 The effect of varying force of attraction FA on the rheology of f = 0.5 colloidal suspension with FA = 0, 50kT/a, 200kT/a, 1000kT/a, and 5000kT/a.
Relative viscosity Zr as a function of (a) Péclet number Pe and (b) reduced shear stress with friction coefficient m = 1. Open symbols (left) are results with
strictly monodisperse particles (red) and bidisperse particles with N = 2000 (black) for f = 0.5 and FA = 1000kT/a.
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mechanisms (hydrodynamic, cohesive, and contact forces) are
shown in Fig. 5 for FA = 5000kT/a; note that the Brownian
contribution to the viscosity is insignificant for this condition.
The separation of the total shear stress in this way shows that
the dominant contribution to low-Pe relative viscosity arises
from the resistance of the interconnected network structure.
This result is in agreement with previous work examining the
yield stress of dense cohesive suspensions.29,30 Cohesion is
seen to indirectly lead to high viscosities, as the cohesion drives
the contact network formation which then provides the ability
to resist shear deformation. However, it is not the resistance of
motion by the cohesive forces which generate the large viscosity.

The development of a yield stress is clearly demonstrated by
our data at finite shear rate, but the yielding behavior itself has
not been explored in detail here. The yielding of the solid
network is expected to depend sensitively upon the details of

the particle interaction forces; in simulation, the possibility for
an elastic response arising from particle deformation as well as
from the longer-range interparticle forces demands great care
in order that a realistic response is represented.

Friction has been identified as a critical component to
explain the shear thickening seen in certain suspensions with
the friction coefficient influencing the extent of shear thickening
at a fixed concentration.5,31,32 Fig. 6 compares the rheology of
frictionless suspensions with that of the frictional systems
discussed earlier, at different attractive strengths (FA = 200kT/a
and 1000kT/a) at f = 0.5. Frictional suspensions having little
or no cohesion shear thicken at high Pe as the shear forces
overwhelm the Brownian and repulsive forces which tend to
maintain surface separation, driving particles into contact
and activating frictional contacts. Frictionless suspensions, in
contrast, are seen to display only shear thinning behavior
whatever the magnitude of the cohesive forces simulated. The
cohesive networks which exist at lower Pe are progressively
broken down toward single particles as Pe increases, causing a
decrease in viscosity. The frictionless contacts that form at
higher Pe do not cause the increase in viscosity associated with
frictional interactions. A frictionless suspension thus shear
thins to a lower viscosity plateau than the frictional suspensions
of the same f. It should be noted that these suspensions also do
not show the weak shear thickening due to hydrodynamic forces,8

as the allowance for contact at a distance d cuts off singular growth
of the lubrication hydrodynamic stresses which result in this
thickening. From Fig. 6, we observe that the contribution of friction
between particles on the cohesive contact network is apparently
inconsequential to the low-Pe rheology of these dense suspensions,
which is dominated by the ability of the contact network to
resist deformation.

In Fig. 7 we see the effect of varying volume fraction in the
range 0.4 r f r 0.56 on the rheology of the suspension for a
fixed FA = 200kT/a. The cohesive force required for the complete
obscuring of shear thickening depends on volume fraction at a
fixed friction coefficient m. While the cohesive force is sufficient
to completely obscure the weak shear thickening at f = 0.4,

Fig. 4 Contact network snapshots at Pe = 0.01 at f = 0.5 for different
attractive strengths. (a) FA = 0kT/a, (b) FA = 50kT/a. (c) FA = 200kT/a, and
(d) FA = 1000kT/a.

Fig. 5 Total relative viscosity (Zr) and the contributions arising from
hydrodynamic interactions, cohesive forces, and contact forces, plotted
as a function of Pe for Brownian suspension (f = 0.5) with FA = 5000kT/a.

Fig. 6 Frictional (m = 1, solid curve) and frictionless (dashed) cohesive
Brownian suspensions at f = 0.5 for FA = 200kT/a and 1000kT/a.
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there is noticeable shear thickening at higher volume fractions
as seen in Fig. 7. Shear thickening of more concentrated
suspensions is hence found to be less obscured by a given level
of cohesion. This agrees with certain experimental results24

except at very high packing fractions in a non-attractive jamming
transition; in this case yield stress was seen to increase drastically
with volume fraction. Increasing volume fraction has two con-
sequences: (1) it increases the extent of shear thickening and (2)
it increases the yield stress and overall viscosity at low shear rate
by increasing average coordinate number,29,33 which tends to
conceal shear thickening. The role of particle concentration in
cohesive shear thickening dispersions depends on the competition
between these two effects.

3.2 Effect of attraction on repulsive colloidal suspension

A repulsive force between the particles, whether due to electro-
static interactions or to steric effects associated with a bound or
adsorbed layer of macromolecules, is often found in colloidal

suspensions. In this section, we focus on the effect of cohesion
on the rheology of Brownian suspensions with a repulsive force
of FR = 1000kT/a and k�1 = 0.02a, described by the DLVO
(Derjaguin-Landau-Verwey-Overbeek) force plots in Fig. 2.
As discussed in prior work,6 the ‘pure’ Brownian shear thickening
transition in Fig. 8 is pushed to higher Pe with the introduction
of the repulsive force. This behavior is readily rationalized, as
a larger hydrodynamic forcing is required to overcome the
combined effects of Brownian motion (an ‘entropic’ spring
force) and the conservative repulsive force to activate frictional
contacts. The low-Pe viscosity increase results from electrostatic
repulsion (double layer overlap), which makes the particles
appear larger and thus leads to a larger effective volume
fraction. These interactions are, however, soft and with increasing
Pe shear thinning is observed. Interestingly, the addition of weak
cohesion (FA = 50kT/a) causes a decrease in the low-Pe viscosity.
A similar trend was noticed in the shear thickening of sterically
stabilized silica particles with the introduction of a depletion
force of small magnitude.23 The overall force plot in Fig. 2
shows that the added cohesion at this level does not result in a
significant attractive force, but simply reduces the magnitude
of repulsion.

A further increase in cohesion force to FA = 200kT/a (Fig. 2) is seen
to make the overall force profile attractive at surface separations over
5% of a radius, and repulsive at smaller separations. Fig. 8 shows
rich behavior in such a system. The low-Pe viscosity shows the
development of a �1 slope, indicative of yielding, despite the
presence of short range repulsion. Contact network analysis,
similar to that illustrated in Fig. 4, confirms that a cohesive
network does not form, and hence the dominant contribution to
the low-Pe viscosity is from conservative forces (repulsion and
attraction). The increase in viscosity in this case is not enough to
obscure shear thickening at higher Pe.

The repulsive Brownian system having FA = 1000kT/a has a
force profile with an attractive well (B800kT/a) at a small
surface separation (E0.04a), with zero attraction at contact.
This condition shows a yield stress in the low-shear limit, while
at high Pe shear thickening is obscured. The absence of a short
range repulsive force in this system allows the formation of a
cohesive network which can resist an applied shear.

4 Conclusions

Our simulations show that the influence of attractive forces on
a dense colloidal dispersion leads to increased low-shear viscosity
that can obscure shear thickening at higher rates. This is in
agreement with prior experimental studies, and to our knowledge
is the first demonstration of this behavior by simulation. Increasing
cohesion between the suspended particles is seen to lead to the
development of a yield stress and large low-Pe viscosities. These
large viscosities in the weak-shear limit lead to a flow curve which
exhibits only shear thinning to a high-shear rate plateau viscosity.
Our results show that this plateau corresponds to the shear-
thickened plateau of the same suspension in which the attractive
forces are not present. A connected network structure is developed

Fig. 7 Volume fraction dependence of relative viscosity as a function of
Pe for FA = 200kT/a. Dashed line is the ‘pure’ Brownian shear thickening
result (no attractive or repulsive forces) at f = 0.4.

Fig. 8 The effect of varying force of attraction FA on the rheology at
f = 0.5 with FR = 1000kT/a. FA = 0, 50kT/a, 200kT/a and 1000kT/a. The
dashed line is the ‘pure’ Brownian viscosity curve for reference.
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under the influence of strong attractions. The bulk contribution to
increased low Pe viscosity in these dense attractive colloids was
found to arise from contact forces, as a consequence of the
contact network resistance to applied stress, rather than from
the resistance of the cohesive forces themselves.

A study of the effect of varying f at fixed cohesive strength
showed that while the mild shear thickening was completely
obscured at f = 0.4, higher volume fractions which exhibit
more abrupt shear thickening, e.g. at f = 0.56, displayed a
noticeable shear thickening even with strong cohesive forces.
The overall form of the flow curve would depend on the friction
coefficient (m), which influences the extent of shear thickening
(larger thickening at larger m), and volume fraction (f), which
influences both yield stress and extent of shear thickening.
Here we have not varied the friction coefficient, keeping m = 1,
while we have varied f. The tendency for the shear thickening
to be obscured depends on the developed yield stress, which
governs the magnitude of the low-shear rate stresses. Friction is
critical to the strong shear thickening within the model system
studied here, but the low-Pe viscosities at conditions leading
to a yield stress were seen to be nearly independent of friction.
For suspensions with combined attraction and repulsion, the
simulations captured subtle trends observed in prior work,
including a decrease in low-Pe viscosity with the addition of weak
cohesion23 and the appearance of a yield stress in suspensions
with short-range repulsion and longer-range attraction between
particles.34
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