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Effect of adhesive interaction on strain stiffening
and dissipation in granular gels undergoing yielding
Sebanti Chattopadhyay1, Sharadhi Nagaraja1,2 & Sayantan Majumdar 1✉

Shear induced yielding in disordered solids, characterized by irreversibility and enhanced

dissipation, is important for a wide range of industrial and geological processes. Although

such phenomena in thermal systems have been extensively studied, they remain poorly

understood for granular solids. Here, using oscillatory shear rheology we study energy dis-

sipation in a disordered solid formed by dense granular suspensions of adhesive frictional

particles. We find non-linear flow regimes showing intra-cycle strain stiffening and plasticity

that strongly depend on both the applied strain amplitude and particle volume fraction, which

can be captured by the normalized energy dissipation. Furthermore, in-situ optical imaging

reveals irreversible particle rearrangements correlating with the spatio-temporal fluctuations

in local velocity across the yielding transition. By directly measuring the critical jamming

packing fraction using particle settling experiments, we propose a phase diagram that

unravels the effect of inter-particle interactions on flow properties of the system for a large

parameter space.
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D iverse disordered materials close to jamming show a finite
elasticity under small perturbations. When the applied
perturbations become large enough, plasticity and irre-

versible deformations take place as the material yields1–4. Yield-
ing in amorphous solids plays an important role in material
processing industries as well as catastrophic natural phenomena
like landslides and earthquakes5,6. Yielding also implies an
enhanced energy dissipation3,7 that eventually leads to fluidiza-
tion/fracture of the material. As opposed to crystalline systems,
due to lack of translational symmetry there is no obvious struc-
tural precursor (similar to crystalline defects) of yielding for
disordered materials8,9. This makes the understanding of yielding
phenomena in amorphous solids particularly challenging.

In recent years there have been extensive studies, both experi-
mental and theoretical, to understand failures in amorphous
materials3,10–30. Many of these studies are motivated by the gen-
eralized jamming phase diagram describing yielding in a variety of
disordered materials based on only a few control parameters31.
Dense particulate suspensions have been widely used as model
systems for studying the yielding behavior in such systems.
Depending on the inter-particle interactions, these systems show
striking non-linear flow properties like, yielding, shear-thinning,
shear-thickening, and shear-induced jamming32–37.

Although, yielding and failure in glassy and gel-like materials
formed by Brownian particles have been widely studied, experi-
ments probing the same in non-Brownian granular suspensions
of rigid particles are very few38–40. Besides being inherently out of
equilibrium, the main complexity arises from the fact that due to
the large size of the constituent particles, flow of granular
materials are dominated by contact interactions, since the stress
scale for contact formation (critical onset stress) between two
repulsive particles, σ*∝ 1/d2 (d: particle diameter)41. Moreover,
close to jamming, the average surface to surface separation
between two particles becomes negligible compared to the particle
size. As a result, van der Waals and other short-ranged attractive/
adhesive interactions become very important for granular
systems42. All these contributions make the flow behavior of these
systems extremely complicated.

To cut through the complexity arising due to the frictional and
adhesive/attractive interactions between non-Brownian particles,
recently proposed constraint rheology models have been quite
successful43–46. In these models, all the interactions are encoded
in the jamming packing fraction for the system, which gradually
decreases from the value obtained in the limit of hard-core steric
repulsion as the sliding and rolling degrees of freedom for the
particles become more and more constrained due to enhanced
inter-particle interactions. Measuring the jamming packing frac-
tions from numerical simulations and using a generalized version
of Wyart–Cates model47, the framework of constraint rheology
successfully captures many experimental aspects of yielding in
granular systems. The complex interplay between inter-particle
adhesion and friction demonstrated in recent experimental
studies44,45 emphasizes the difference in yielding mechanism in
adhesive granular and Brownian systems, despite some superficial
similarities in rheological response. Such difference mainly ori-
ginates from the inter-particle friction that plays a far more
important role in case of granular systems as compared to their
Brownian counterparts. It is also evident from these studies that
the existing framework of Brownian systems is not sufficient to
describe yielding in adhesive non-Brownian systems and a fresh
perspective is required.

In adhesive systems, stress-induced viscoelastic deformation of
fractal clusters can also play a key role in determining the
mechanical properties. Such deformations can reflect as quasi-
reversible strain stiffening response in bulk rheological mea-
surements as has also been observed in colloidal gels48–50.

Importantly, in granular systems, deformations of fractal particle
clusters involve both adhesive and frictional contacts between the
particles. Since the number of these contacts depends on both
applied perturbation and particle volume fraction, the strain
stiffening response should also depend on these parameters.
However, a detailed study of strain stiffening and its correlation
with inter-particle interactions in the context of yielding in
adhesive granular systems is currently lacking. The origin of such
non-linearities also remains beyond the existing theoretical
models for these systems. Such understanding is particularly
crucial in the light of the difference in microscopic mechanism of
yielding in colloidal and granular systems as mentioned above.
All these points further signify that the nature of strain stiffening
in granular systems can be quite distinct and the existing studies
on colloidal systems are not sufficient to capture the detailed
strain-stiffening phenomena in adhesive granular systems. Fur-
thermore, both thermal and athermal systems of attractive/
adhesive particles show significant strain-localization which gets
enhanced with increasing strength of interaction, as shown by
recent experimental and simulation studies51–58. However, any
possible connection between strain-stiffening and spatio-
temporal variation of velocity gradients in the system has not
been highlighted in these studies. Thus, a complete picture of the
yielding behavior requires the bulk non-linearity and energy
dissipation to be connected to the local strain distribution,
particle–scale interactions and irreversibility in these systems.

Here, we study non-linear mechanics, energy dissipation, and
plasticity in soft solids formed by dense granular suspensions of
cornstarch particles in paraffin oil over a wide range of particle
volume fractions and applied strain amplitudes. We find that the
normalized energy dissipation and intra-cycle strain stiffening
show a non-monotonic variation that depends on both strain
amplitude, as well as, particle volume fractions. To our knowl-
edge, such complex behavior has never been reported in the
context of yielding in granular or colloidal gels. To gain a
microscopic insight we experimentally determine critical jam-
ming packing fractions for the adhesive granular system. These
critical parameters encode complex, many-body interparticle
interactions in the system and also automatically take into
account the amorphous shape of the particles. We further show
that these critical parameters can explain the complete flow
behavior of the system, as described in the detailed phase
diagram.

Results and discussion
Dense suspensions are prepared by dispersing cornstarch (CS) par-
ticles in paraffin oil for different volume fractions ϕ (see the section
“Materials andmethods”). CS particles are amorphous having mean-
diameter ≈ 15 μm with a polydispersity of 30% (Fig. S1). The parti-
cles have an average Young’s modulus ≈ 5 GPa (see ref. 59 and
references therein) and can be considered to be rigid (see the section
“Materials and methods”). For rheological measurements, we per-
form oscillatory amplitude sweep at a constant frequency (see the
section “Materials and methods”). We show the variation of Elastic
(G0) and Viscous (G″) moduli as a function of strain amplitude (γ0)
for ϕ= 0.4 in Fig. 1a. The system remains predominantly elastic
(G0 >G00) till intermediate γ0. For larger strain amplitudes, a cross-
over to fluidization is observed with G00 >G0. However, we do not
find any linear visco-elastic region (where G0 and G″ become inde-
pendent of γ0) even for γ0 values as low as 0.0001 (see Fig. S2a). This
implies that some rearrangements are always present in the system.
In fact, we also find an absence of linear response regime for sus-
pensions of CS particles dispersed in a density matched hydrophobic
organic liquid (see the section “Materials andmethods” and Fig. S2b)
as well. This indicates that such behavior is not caused by density
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mismatch. This non-linear response is further confirmed by sig-
nificant contribution of the higher harmonics ofG0 (Fig. S3). In some
cases we observe noticeable even harmonic values, as also reported
for highly non-linear polymeric systems60. However, we find that for
repeated experimental runs, the average even harmonic contribu-
tions remain negligible compared to the odd harmonics (Fig. S3).

To study the effect of inter-particle interactions in controlling
the mechanical properties of the system under small perturba-
tions, we plot G0 values averaged over strain amplitude range
0.001 < γ0 < 0.005 (shaded region in Fig. 1a) for different ϕ values
in case of both adhesive (CS in oil) and repulsive (CS in water)
suspensions in Fig. 1b. We find that the adhesive interactions give
rise to significant elasticity at ϕ values much lower compared to
that required for the repulsive suspension to have a similar
elasticity, as has been observed in numerical simulations54 and
other experimental studies61 as well. For adhesive inter-particle
interactions, contact networks comprising of fractal aggregates
(Fig. S4 and Supplementary note 1) impart stability to the system
for average coordination numbers well below the Maxwell iso-
staticity criterion62. Using confocal imaging (see the section
“Materials and methods”) we indeed observe such a system
spanning porous structure inside a stable bed settled under
gravity (inset, Fig. 1b and also Supplementary Movies 1 and 2).
These porous structures are stabilized by the adhesive interactions
to support their own weight which also explains the origin of bulk
elasticity in the system for volume fractions far below the random
close packing limit (≈0.56) obtained in the presence of steric
repulsion alone63. As expected, we see that such porous structures
are not stable under gravity in presence of steric-repulsive inter-
particle interactions alone (Supplementary Movies 1 and 2). We
observe that the variation of G0 as a function of ϕ is compatible
with a proposed empirical law61: G0 ¼ Gϕðϕ� ϕJÞα for both

adhesive and repulsive suspensions (Fig. 1b). However, we find
that the exponent α and the parameter ϕJ are different for these
two suspensions. This is not surprising, since, these parameters
depend on detailed inter-particle interactions, as also observed
earlier61.

For different ϕ values, we also record intra-cycle stress (σ) vs.
strain (γ) for each data point of G0;G00 vs. γ0 to obtain Lissajous
plots. One such plot is depicted in Fig. 1c showing a clear sig-
nature of non-linear strain stiffening when the differential shear
modulus K ¼ d σ

d γ increases with increasing strain. The area
enclosed by the Lissajous plot gives the intra-cycle energy dis-
sipation per unit volume (dissipated energy density): E= ∮σ(γ)dγ.
We compare the variation of E as a function of γ0 for both
adhesive (CS in oil) and repulsive suspensions (CS in
water–glycerol mixture) in Fig. 1d. We observe that E increases
monotonically with increasing γ0 as well as ϕ values (see Fig. S5).
Importantly, we see that the dissipated energy for the adhesive
system remains several orders of magnitude higher than that for
the repulsive system over the entire strain range. CS particles are
hydrophilic, so when dispersed in paraffin oil, they form an
adhesive suspension (see the section “Materials and methods”).
We should note that in both repulsive (CS in water, see the
section “Materials and methods”) and attractive/adhesive (CS in
paraffin oil) suspensions, steric repulsion is present but addi-
tionally in case of attractive/adhesive suspensions, the particles
stick together on contact and there is an energy cost to break such
contacts. This explains the hugely enhanced dissipation in the
attractive/adhesive system compared to the repulsive one. In all
cases, we find that the analytical expression E ¼ πG00γ20 captures
the variation of the dissipated energy accurately (Fig. 1d). How-
ever, in our case G″ is not a constant but decreases with γ0
roughly as a power law over the entire range of strain amplitudes
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Fig. 1 Variation of energy dissipation of the system across yielding transition. a Typical variation of elastic (G0) and viscous (G″) moduli as a function of
applied strain amplitude (γ0) for cornstarch (CS) particles dispersed in Paraffin oil for a volume fraction (ϕ)= 0.4. The data shown correspond to a single
measurement. b G0 vs. ϕ for CS in water (black circles) and CS in Paraffin oil (red squares). The error bars represent the standard deviation of G0 values
over the range of γ0 indicated by the shaded region in panel (a). The solid lines are fits to the empirical relation G0 ¼ Gϕðϕ� ϕJÞα (ϕJ is the jamming volume
fraction of the system) with α= 5.1, ϕJ= 0.02 for CS in oil and α= 4.6, ϕJ= 0.44 for CS in water. Inset shows maximum intensity projection of typical
confocal z-stack images for CS in oil system inside a gravitationally settled bed. Scale bar: 150 μm. c A typical elastic Lissajous plot (orange curve) showing
intra-cycle strain stiffening. The peak stress σ0 and strain amplitude γ0 for the Lissajous plot are also indicated. The bounding box denotes the Lissajous plot
for an ideal plastic material for the same σ0 and γ0. d Variation of dissipated energy density (E) as a function of γ0 for CS in oil (ϕ= 0.42), CS in
water–glycerol mixture (ϕ= 0.48) and pure solvent (oil) as indicated by different symbols. The solid lines indicate E ¼ π γ20 G

00 and the error bars are the
standard deviation from two independent measurements. e Normalized energy dissipation (EN) as a function of γ0 for different ϕ values indicated in the
figure. Data points represent the mean values and error bars represent the standard deviations of at least three independent experimental runs (except for
ϕ= 0.15, where only two runs are considered).

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-022-00904-4 ARTICLE

COMMUNICATIONS PHYSICS |           (2022) 5:126 | https://doi.org/10.1038/s42005-022-00904-4 |www.nature.com/commsphys 3

www.nature.com/commsphys
www.nature.com/commsphys


(Fig. 1a). This implies E � γα0 with the exponent α < 2, unlike the
case of pure viscous or linear visco-elastic materials7 (α= 2).

We find that dissipated energy E, which has a monotonic
dependence on both γ0 and ϕ, does not provide much informa-
tion about the non-linearity in the system, as indicated by the
self-similar nature of the curves in Fig. S5. Thus, to capture the
non-linearity and dissipation in the system over a wide range of
parameters, we define normalized energy dissipation (see ref. 64

and references therein), EN ¼ E
σ0 γ0

, where σ0 is the peak stress
corresponding to an applied strain amplitude γ0. Physically, the
quantity 4σ0γ0 denotes the dissipation for an ideal plastic material
as indicated by the bounding box in Fig. 1c. We plot the variation
of EN as a function of γ0 over a range of ϕ values (Fig. 1e). We
find that EN shows a non-monotonic variation as a function of
both γ0 as well as ϕ. The decrease in EN with increasing γ0 arises
due to the strain stiffening behavior shown by the system
(Fig. 1c). Similar strain stiffening and plasticity is also observed
for the density matched system (Fig. S2b) mentioned earlier.
These observations demonstrate that our experimental results for
adhesive granular suspensions are independent of gravity induced
effects.

We now take a closer look at the non-monotonicity of EN to
understand the yielding behavior of the system. Figure 2a shows
the typical variation of EN as a function of γ0 for CS in oil system
(ϕ= 0.4). For small γ0, the average value EN is denoted by E0

N .
With increasing γ0, the value of EN first decreases from E0

N and
reaches a minimum. At intermediate values of γ0, EN increases
and becomes larger than E0

N , finally saturating beyond γ0 ≥ 0.2 for
the higher γ0 values (Fig. 2a). In the region where EN ≤E0

N , the
system displays strain stiffening response which disappears in the
region with EN > E0

N , where the mechanical response shows
strain-weakening/plasticity as indicated by the Lissajous plots in
Fig. 2d–g. For soft viscoelastic solids under an oscillatory shear,

the yield strain is defined by the critical strain amplitude beyond
which the elastic modulus G0 starts to drop from its constant
(linear response) value65. This yield point is usually close to the
crossover point of G0 and G″ (flow point). Since in our system we
do not find a linear response regime even for strain values far
below the flow point as seen in Fig. 1a (also, Fig. S2a), the yield
strain in our case cannot be defined by the conventional man-
ner.Also, as our system is highly non-linear, the fundamental
harmonics (G0 and G″) alone are not sufficient to capture the flow
behavior accurately. Hence, we define the yield strain as the strain
amplitude (γy) beyond which the normalized dissipation EN
exceeds E0

N as indicated in Fig. 2a. We find that γy comes fairly
close to the flow point (Fig. S6). Beyond γy (indicated in Fig. 2a),
the dissipation in the system shows a significant increase as
shown by the Lissajous plots in Fig. 2d–g. Similar enhancement of
dissipation beyond the yielding transition has also been observed
earlier15.

Next, we look at the flow behavior of the system by mapping
out the velocity profiles across the shear gap using boundary
imaging during the applied oscillatory deformations. The sche-
matic of rheology and in-situ optical imaging set-up of the sample
boundary is shown in Fig. S7. Due to the opaque nature of par-
ticles, we can image only a thin layer of sample near the
suspension–air interface. Since we apply an oscillatory strain,
instantaneous velocity of the moving bottom plate v0 con-
tinuously increases from 0 to vmax over one quarter of a sinusoidal
cycle of strain deformation (measured from a turning point).
Here, vmax is the maximum plate velocity for a given strain
amplitude γ0: vmax= ωγ0d (d: shear gap, ω: angular frequency).
We show the velocity profiles across the shear gap obtained from
a single measurement for few discrete values of v0 varying
between 0 to vmax for two different γ0 values in Fig. 2b (γ0= 0.04)
and 2c (γ0= 0.5), corresponding to the two regions identified in
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Fig. 2 Correlation between dissipation and flow profile in different strain amplitude regimes. a Normalized energy dissipation EN vs. strain amplitude γ0
for volume fraction ϕ= 0.4. The horizontal black line indicates EN ¼ E0N , the average small strain value of EN. The points for which EN < E0N and EN > E0N are
marked with red stars and blue circles, respectively. The arrows indicate the γ0 values for which the velocity profiles are shown in (b, c). The yield strain
value (γy) is also indicated in the figure. Velocity profiles across the gap between the the top cone and the bottom plate normalized by the instantaneous
maximum velocity (v0) of the moving bottom plate for γ0= 0.04 (panel b) and γ0= 0.5 (panel c). The color gradients indicate the instantaneous maximum
velocity in the sample (approximately equal to the bottom plate velocity at that instant) during one quarter of an oscillatory applied strain cycle.
d–g indicates typical Lissajous plots corresponding to different regions of the EN vs. γ0 curve (marked by vertical dashed lines) shown in panel (a). The
corresponding γ0 values are also indicated. In panel a the data points indicate the mean values and the error bars denote the standard deviations of three
independent measurements. The velocity profiles in panels b, c are for one such independent measurement.

ARTICLE COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-022-00904-4

4 COMMUNICATIONS PHYSICS |           (2022) 5:126 | https://doi.org/10.1038/s42005-022-00904-4 | www.nature.com/commsphys

www.nature.com/commsphys


Fig. 2a. Here, the plane of imaging is x–y with the flow direction
along ‘x’ and velocity gradient along ‘y’ (Fig. S7). Different v0
values are color-coded as indicated by the colourbars in the fig-
ure. Also, as the variation of v0 is significant (0 to vmax) it is
difficult to show the absolute velocity profiles in the same plot for
all v0 values. Thus, in Fig. 2b, c the profiles are normalized using
the corresponding v0 values. In both the cases we observe strong
shear-banding as also reported for other adhesive/attractive
systems51,53,54. We also observe that for γ0= 0.04, the velocity
fluctuations are neither systematic in space nor in time (Fig. 2b),
whereas, for γ0= 0.5 such fluctuations are absent and the velocity
profiles become much more self similar, particularly, for the
higher v0 values (Fig. 2c).

We now focus on the spatio-temporal distribution of velocity
gradients in the system over a complete cycle of strain defor-
mation. We define a dimensionless gradient given by the ratio of
the local velocity gradient and the average velocity gradient across
the shear gap (assuming an affine deformation) measured at the
same instant of time: δ v=δ y

v0=d
. In Fig. 3a, b, we show space–time

plots of the dimensionless velocity gradient over an entire cycle of
strain deformation. We consider discrete velocity profiles across
the shear-gap equally spaced in time over one full cycle of sinu-
soidal strain deformation for γ0= 0.04 (Fig. 3a) and 0.5 (Fig. 3b),
respectively. Here, the horizontal axis represents the time and the
vertical axis represents the position along the direction of the
velocity gradient (Fig. S7). The color-coding represents the
strength of the gradient. We observe that strong local gradients
appear in spatio-temporally random locations for γ0= 0.04
(Fig. 3a), but, such gradient distribution remains smooth for
γ0= 0.5 (Fig. 3b), except for the regions near the boundaries at
the turning points. Importantly, both below and above yielding,
the velocity gradient over a significant portion of the sample
(away from the shearing boundaries) remains negligible. This is
also evident from the slope of the velocity profiles shown in

Fig. 2b, c. This indicates that across the fluidization/yielding
transition, there are coexisting solid-like and fluid-like regions
inside the sample. Even deep inside the fluidized phase at large γ0
values, such coexistence remains, with the fluidized regions
confined near the shearing boundaries. We note that particularly
for higher γ0 values beyond yielding, the velocity gradient near
the top cone is stronger than that near the bottom plate (Fig. 3b)
as also observed for other ϕ values. Although, at high volume
fractions (ϕ > 0.22) the system forms a yield stress solid, there can
still be a slight asymmetry in the strength of inter-particle con-
tacts induced by the gravitational stress due to the density mis-
match between CS and paraffin oil. Owing to the slightly weaker
contacts, the suspension near the top cone gets fluidized relatively
easily under a significant applied shear strain.

Next, we look at the irreversible particle reorganizations in the
system by calculating stroboscopic image difference as obtained
from the boundary imaging. Basically, for a given γ0, we calculate
the difference between two gray-scale images of the sample
boundary across the shear gap captured at time t and t+ T (Fig.
S8). If the strain deformation inside the sample layer is com-
pletely reversible, such difference image should show zero
intensity (within the dark-noise limit of the camera) everywhere.
On the other hand, finite intensity in specific locations indicates
irreversible particle rearrangements (localized plastic deforma-
tions) in the system. We see from Fig. 3c, d that irreversible
rearrangements take place uniformly throughout the sample
below yielding, but such events get strongly localized near the
shearing boundaries for larger strain values above yielding. This
behavior is strongly correlated with the velocity gradient dis-
tribution in the system (Fig. 3a, b): the plastic rearrangements
predominantly take place at spatial positions where the local
velocity gradients are significant, as expected.

As mentioned earlier, inter-particle interactions in dense sus-
pensions are extremely complex and many body in nature with an
intriguing dependence on the applied stress. Recent studies44,46

show that jamming packing fractions (ϕJ) can be used to quantify
such inter-particle interactions. To directly measure the jamming
packing fractions for our system, we use particle settling experi-
ments (see the section “Materials and methods”). Although, to
our knowledge, there are no reports of such experiments to
understand inter-particle interactions in adhesive granular sus-
pensions, settling under centrifugation have been used in earlier
studies to obtain insights into the rheologial behaviors in repul-
sive frictional systems showing shear thickening66,67. The basic
principle of such settling experiments involves an evolution of the
system from an under-constrained initial state (a suspension with
relatively lower volume fraction of particles), so that, under a
given forcing condition (gravity/centrifugation) the particle pack
can get more and more compact and able to evolve towards the
jamming packing fraction in the asymptotic/long-time limit. The
jamming packing fraction for a given forcing condition is solely
determined by the interparticle interactions and is invariant for a
given system. The details of the settling dynamics depends on the
initial volume fraction of the under-constrained state and is not
important in this work, as well as, the studies mentioned
earlier66,67. In our case, we denote the average volume fraction
inside a stable settled bed for a particular forcing condition as
ϕbed that indicates the corresponding jamming packing fraction.
Essentially, ϕbed is the minimum particle volume fraction
required to constrain the sliding/rolling motion of the particles
against the stress acting on the bed. We show the typical images
of stable settled beds formed under gravity (Fig. 4a) and cen-
trifugation at 2000 rpm (Fig. 4b) for different inter-particle
interactions tuned by addition of surfactant (also see Fig. S9). We
observe from Fig. 4a that for pure CS in oil system, ϕbed ≈ 0.22
that corresponds to the adhesive loose packing of the system
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Fig. 3 Spatio-temporal velocity gradient distribution and irreversible
particle rearrangements. a, b show the space–time plot (in y–t plane) of
dimensionless velocity gradient (indicated by the colourbar) across the
shear gap in the system (volume fraction ϕ= 0.4) over a complete cycle of
oscillation for strain amplitudes γ0= 0.04 and γ0= 0.5, respectively. Here,
time t varies from 0 to T (time period of the applied oscillatory strain).
c, d indicates the stroboscopic difference between images captured at
applied strain γ(t) and γ(t+ T) for γ0= 0.04 and γ0= 0.5, respectively.
These results are obtained from the boundary imaging that probes a thin
sample layer near the suspension-air interface.
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(ϕalp). This value of ϕalp is far below the volume fraction for
random close packing of CS particles having steric-repulsive
interaction63. This indicates a highly porous particle arrangement
inside the settled bed for the adhesive system. When we add the
non-ionic surfactant (Span-60) to the system, the hydrophilic part
of the surfactant molecules gets adsorbed onto the surface of the
particle while the hydrophobic part easily extends into the par-
affin oil. With the addition of increasing amount of surfactant,
the particle surface is expected to get gradually covered with
enough surfactant molecules so that it becomes hydrophobic
(Supplementary note 2). This effectively reduces the solvent
induced adhesive interaction between the particles and makes
them disperse better (see schematics in Fig. 5a–c) which leads to a
disintegration of the fractal clusters resulting in a more efficient
packing of the particles. As a result, the settled bed height
decreases due to more compact particle organization. In Fig. 4c
we show the variation of ϕbed as a function of surfactant con-
centration (c) for gravitational settling. With increasing c, ϕbed
increases from ϕalp (for c= 0) and saturates beyond c > 0.3%.
Similar trend of ϕbed vs. c is also observed under centrifugation

(Fig. 4d), where the effective acceleration (geff) is much higher
than the acceleration due to gravity (g) (see the section “Materials
and methods”). We choose the value of geff such that the resulting
inter-particle stress scale is much higher than that probed in the
rheology measurements (see Supplementary note 3). Under this
condition, ϕbed (for c= 0) gives the adhesive close packing (ϕacp)
and the saturation at higher values of c > 0.6% gives the random
close packing (ϕrcp) of the system in the limit of hard-sphere
repulsion. We find ϕacp ≈ 0.45 and ϕrcp ≈ 0.55. This value of ϕrcp is
close to that reported for CS particles with repulsive
interactions63. We also confirm that the obtained values of ϕacp
and ϕrcp are not sensitive to the starting volume fractions (see Fig.
S10) and the different geff values that we use. Such invariance
further indicates that jamming packing fractions are directly
correlated to the inter-particle interactions in the system, as
mentioned above. From Fig. 4c, d, we find that the change in ϕbed
as a function of surfactant concentration is much more abrupt
under gravitational settling as compared to settling under cen-
trifugation. A possible explanation can be that for the minimum
amount of added surfactant, under gravitational settling the
average coordination number of particles inside the settled bed
(which depends on the jamming packing fraction46) remains
much lower compared to that for settling under centrifugation.
Thus, beyond the critical surfactant concentration a sudden
compaction is possible for gravitational settling due to lack of
constraints for particle rearrangements (due to lower coordina-
tion number). However, owing to the higher coordination
number, such sudden compaction is not possible for settling
under centrifugation and compaction happens only gradually.
However, understanding the detailed microscopic dynamics
needs future studies.

Our ability to tune the inter-particle interactions enables us to
investigate the role of adhesion on the observed non-linear strain
stiffening and the energy dissipation in the system. In Fig. 5a–c,
we show the schematics depicting how the fractal clusters of the
hydrophilic particles disintegrate and finally disperse in the
hydrophobic solvent with increasing surfactant concentration.
From rheological measurements, we find that increasing the
amount of surfactant causes a dramatic reduction of the energy
dissipation (E) in the system (Fig. S11). We show the variation of
EN vs. γ0 for ϕ= 0.35, with different surfactant concentrations (c)
in Fig. 5d. We find that the non-monotonic behavior of EN
(Fig. 5) completely disappears with the addition of sufficient
amount of surfactant implying that strain stiffening also goes
away under this condition (Fig. S12). This observation further
confirms that adhesive interactions give rise to the non-linear
strain stiffening in the system through the shear induced defor-
mation of fractal particle clusters. Moreover, with increasing
values of c, the velocity across the shearing gap also approaches a
linear profile from a shear-banding one (Fig. S13).

Finally, we summarize our results for the CS in paraffin oil
system using a generalized phase diagram in Fig. 6. For lower
values of ϕ (below ϕalp), gravitational settling forms a bed of
particles near the bottom plate and a solvent layer is observed
near the top cone of the rheometer, as shown by the schematic
Fig. 6a. The contact networks formed by the particles cannot span
the entire gap between the shearing cone and plate, and the
system behavior remains viscosity dominated over the entire
range of strain amplitude (Fig. 6d). However, for values of ϕ
larger than ϕalp, the settled particle bed can span the entire shear-
gap (schematic Fig. 6b). The system develops a finite yield stress
like a soft visco-elastic solid. In the regime ϕ > ϕalp (but well below
ϕacp), the system shows significant resistance in response to
applied strain due to the stretching of adhesive contacts, however,
ϕ is still low enough to not support system spanning force chains
along the compression direction. Here, the system transforms

c = 0 % c = 0.15 % c = 0.3 % c = 0 % c = 0.15 % c = 0.3 %
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Fig. 4 Estimation of critical jamming packing fractions from particle
settling experiments. a Stable settled bed heights obtained under gravity for
different surfactant concentrations (c) as indicated in the figure. b Same
obtained under centrifugation at a rotation rate of 2000 rpm (geff= 455 × g, g:
acceleration due to gravity). The red arrows indicate direction of g and geff. Each
tube is marked by red-yellow arrows and dashed red lines indicating the total
suspension height and the settled bed height inside the tubes, respectively.
Scalebar≈ 6.5mm. Variation of the packing fraction inside the settled bed
(ϕbed) under gravity (panel c) and under centrifugation at 2000 rpm (panel d)
with increasing surfactant concentrations. In all cases the initial volume fraction
of the sample is 0.2. The value of ϕbed at zero surfactant concentration under
gravitational settling gives the adhesive loose packing ϕalp for the system as
shown by the horizontal dashed line in (c).ϕbed at zero surfactant concentration
for centrifugal settling gives the adhesive close packing ϕacp and for high
surfactant concentration at saturation gives the random close packing ϕrcp limit
for the system, as indicated by the dashed horizontal lines in (d). In c, d the
error bars are the standard deviation and the data points represent the mean
values obtained for four independent measurements.

ARTICLE COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-022-00904-4

6 COMMUNICATIONS PHYSICS |           (2022) 5:126 | https://doi.org/10.1038/s42005-022-00904-4 | www.nature.com/commsphys

www.nature.com/commsphys


from a quasi-linear visco-elastic solid to a strain-stiffening solid
(EN < E0

N ) and finally to a viscous/plastic material (EN > E0
N) with

increasing γ0, as shown in Fig. 6d. We note that the strain stif-
fening does not take place for γ0 < 0.003 (Fig. 6d). This indicates
that significant deformation of the fractal clusters are required for
the observed strain stiffening response. Also, the strain stiffening
disappears for ϕ values close to ϕacp. For such high volume
fractions, the system spanning force chains can also form along
the compression direction (Fig. 6c)44,63. Thus, strain deforma-
tions give rise to considerable frictional interaction between the
particles. This results in an enhanced dissipation masking the
strain stiffening response. This explains the fact that despite
significant adhesive interactions, EN remains higher than E0

N in
this regime. Although, strain stiffening has been reported for
colloidal gels formed by Brownian particles48,50 such complex
non-monotonic variation of strain stiffening as a function of both
strain amplitude and particle volume fraction have never been
observed for these systems. We also observe that close to ϕacp
sample mixing becomes extremely difficult and sample appears
almost dry. Due to this we can not experimentally probe the
regime ϕacp < ϕ < ϕrcp (Fig. 6d). Based on our present statistical
accuracy, the complex nature of the phase boundaries seems to be
a genuine feature of the system. Nonetheless, in future an
improved statistical accuracy by considering much larger number
of independent experimental runs and varying system sizes can
reveal the nature of the phase boundaries more accurately. We
want to reemphasize that the complex dynamics originating from
the stretching/breaking of adhesive contacts and formation of
frictional contacts take place near the shearing boundaries, while
the bulk of the sample moves like a solid-plug as pointed out in
Fig. 6b, c. This is a major addition to the existing physical picture
of the flow behavior in similar systems suggested by ref. 44.

Conclusion
We study yielding and energy dissipation in granular suspensions
of adhesive frictional particles. We find that the normalized
energy dissipation EN shows a non-monotonic dependence on
both applied strain amplitude (γ0) and volume fraction (ϕ). We

show that such non-monotonic behavior is intimately linked to
the interplay between inter-particle adhesion and friction in the
system. From optical imaging, we observe strain localization and
random spatio-temporal fluctuations in local velocity gradients.
Using stroboscopic image sampling, we demonstrate a direct
correlation between such fluctuations and irreversible particle
rearrangements. We find that the non-monotonic variation of EN
for intermediate γ0 values is similar to that observed for variation
of system energy in poorly annealed glasses15,68,69, where the
applied oscillatory strain can mechanically anneal the system
which can compete with the initial thermal annealing. However,
contrary to the numerical studies mentioned above, for our sys-
tem we observe non-monotonicity in a derived quantity EN, but,
the dissipated energy density (E) remains monotonic in γ0
(Fig. 1d). Furthermore, we do not observe any increase in the bulk
rigidity of the system for intermediate strain values as confirmed
by the steady drop in G0 with increasing γ0 (Fig. 1a). This indi-
cates that the nature of non-monotonicity observed in EN is
different from that observed in numerical studies on poorly
annealed glasses. We also find that pre-shearing (mechanical
annealing) does not have an effect on the non-monotonicity of EN
(Fig. S14). However, possible connection between the observed
non-monotonicity in glassy and adhesive granular systems needs
more detailed exploration in future.

A salient feature of our study is that we directly measure the
critical jamming packing fractions using particle-settling experi-
ments. We show that the critical jamming packing fractions,
estimated from these experiments, successfully capture the
essential physics behind the different flow regimes observed over
a wide range of volume fractions and applied strain amplitudes.
For particle settling experiments, density mismatch between the
particles and the solvent is required. However, the different
rheological responses like non-linear strain stiffening and plasti-
city are found to be quite a general feature of adhesive granular
suspensions which are unaffected by gravitational effects.

We find, using stroboscopic imaging, a clear difference between
irreversible particle arrangements above and below yielding:
below yielding such events happen throughout the system,

10-3 10-2 10-1 100

1

Fig. 5 Role of inter-particle adhesion on non-monotonic energy dissipation. a–c Schematics showing the gradual dispersion of fractal clusters with
increasing surfactant concentration. The blue borders of the particles in a indicate the bare cornstarch (CS) particles when they are hydrophilic as seen by
the non-polar solvent (oil). With increasing surfactant concentration, the adsorption of the surfactant molecules on the CS particle surfaces is indicated by
the increasing thickness of the red borders of the particles in (b, c). We show a magnified schematic view of the surfactant adsorption in (c). d Variation of
normalized energy dissipation (EN) as a function of strain amplitude (γ0) for volume fraction ϕ= 0.35 for increasing surfactant concentrations as indicated .
Here, the error bars indicate standard deviation for two independent experimental runs.
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whereas, above yielding they remain confined near the bound-
aries. To our knowledge such difference has not been reported in
the context of yielding in adhesive granular suspensions. Fur-
thermore, existing theoretical models generally assume a system-
wide fluidization beyond yielding which need not be true always,
as we clearly demonstrate from the coexisting solid- and fluid-like
regions in these systems. Thus, our experiments put additional
constraints on the recently proposed models43,44 of yielding in
adhesive granular suspensions. As mentioned earlier, boundary
imaging can probe only a thin layer of the sample near the
suspension-air interface. It will be important to extend similar
stroboscopic analysis for the entire system in three-dimension.
For this, one can consider techniques like ultrasound velocimetry

as mentioned in ref. 51. However, this remains outside the scope
of the present study.

The non-linear strain stiffening observed for intermediate
applied strain values is reminiscent of similar phenomena in
semi-flexible biopolymer networks70 and colloidal gels forming
strand-like structures48,50. Using fluorescently labeled CS parti-
cles, we indeed observe system-spanning network-like connected
structures formed by fractal clusters of adhesive particles. Thus,
for intermediate packing fractions, the strain stiffening can take
place due to the stretching of these contacts for moderate strain
values, but larger applied strains can break the contacts giving rise
to enhanced plasticity and dissipation. Addition of surfactant
inhibits the adhesive interactions and thus disrupts the formation
of such system spanning connected structures. Consequently, no
strain stiffening is observed. Importantly, the nature of strain
stiffening and its complex dependence on both strain amplitude
and particle volume fractions, as observed here for the granular
systems, is distinct from that reported for colloidal gels. This is
not surprising in view of the difference in yielding mechanism in
these two classes of systems as highlighted in recent studies44,45.
However, a detailed phase diagram over a large parameter range
similar to our study is currently lacking for colloidal gels and is a
topic of future research. It is important to note that the presence
of surfactant molecules on the particle surface not only reduces
the interparticle adhesion, but can also significantly modify the
interparticle friction coefficients. However, quantifying such
effects in our system still remains a future challenge.

Our study provides a complete picture of flow and yielding
behavior in dense granular suspensions of adhesive amorphous
particles and can have important implications for both theoretical
as well as experimental studies in future.

Materials and methods
For our measurements, the samples are prepared by dispersing Cornstarch (CS)
particles (Sigma Aldrich) in Paraffin oil (SDFCL). Since, the Young’s modulus of
CS particles is ≈ 5 GPa, for the maximum stress scales probed in our experiments
( ≈ 150 Pa, see Supplementary note 3), the strain deformation produced in the
particle: � 150Pa

5GPa � 10�8 which is negligibly small. Thus, the particles can be con-
sidered to be rigid. CS particles are hydrophilic in nature due to the presence of
–OH groups on the surface71 and hence they are well dispersed in polar solvents
like water. In the absence of external stress, hard-core repulsion is the only
interaction present in the systems like CS in water (neglecting van der Waals
interaction which is always present at very short range). Under this condition, the
system is referred to as a repulsive system. When CS particles are dispersed in a
non-polar solvent like paraffin oil, the particles form clusters to minimize the
interactions between the surface –OH groups and the hydrophobic solvent, giving
rise to a solvent-mediated attractive/adhesive interaction between the particles. The
density of CS particles is ≈ 1.6 g/cc and that for the paraffin oil is ≈ 0.89 g/cc at
room temperature. Despite this density mismatch, for ϕ > 0.22, the system develops
yield stress and no particle settling is observed over few days in this volume
fraction range.

The CS particles are dispersed in the oil at different volume fractions ϕ ranging
from 0.15 to 0.44. To prepare the samples for ϕ ≤ 0.3, CS powder is gradually added
to the oil and mixed thoroughly using a magnetic stirrer. For samples with higher ϕ
values, a combination of hand mixing and magnetic stirring is employed to ensure
homogeneity of the sample. For density-matched adhesive suspensions, we disperse
CS particles in a density-matched hydrophobic organic liquid (Cargille labs heavy
liquid organic series, Cat. no. 12410, density= 1.6 ± 0.005 g/cc at room tempera-
ture) using the sample preparation method same as for CS in paraffin oil. For
making the suspensions with repulsive inter-particle interactions, we disperse CS in
either water or in a water–glycerol mixture having viscosity matched with the
paraffin oil at room temperature (25 °C). The suspensions prepared using water-
glycerol mixture are sonicated for 20–30 min after hand mixing to ensure homo-
geneity. To tune the inter-particle adhesive interactions, we use a nonionic sur-
factant Span® 60 (Sigma Aldrich). To make the CS suspensions in oil with added
surfactant, we first weigh out the required amount of surfactant (in powder form)
and then crush it in a mortar pestle to get rid of big clusters, if any. Next, CS
particles are added and dry mixed thoroughly with the surfactant. After that, the oil
is added to the dry mixture and then the sample is mixed well in the mortar pestle
followed by mixing with a magnetic stirrer till homogenized. All the samples are
degassed overnight under vacuum at room temperature in a desiccator (Borosil)/
vacuum oven (Allied Scientific) before rheology/particle settling experiments.
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Fig. 6 Yielding phase diagram. Schematics showing the configurations
under gravity for different volume fractions (ϕ) of cornstarch (CS) in
Paraffin oil during the rheology measurements. a For volume fraction
ϕ < ϕalp (ϕalp: adhesive loose packing), the adhesive particle contacts (red
solid lines) cannot span the entire gap due to settling. b ϕalp < ϕ < ϕacp

(ϕacp: adhesive close packing) contact networks span the gap. In this
region, the system forms load bearing chains under extension but not along
the compression direction. For even higher ϕ values (panel c), such
compressive force chains (dashed black lines) stabilized by inter-particle
friction can also form. The shaded region midway from both the plates
(panels b, c) indicate the solid-like region inside the sample and the red
arrows indicate shearing of the sample by the cone and plate. These
scenarios are summarized in a phase diagram in panel d in the parameter
plane of ϕ and strain amplitude (γ0). Different regions are marked based on
the rheological response of the system. For ϕ < ϕalp we get a viscous
behavior (light blue circles) over the entire range of γ0. For ϕalp < ϕ < ϕacp

we observe a non-monotonic strain response of the normalized energy
dissipation EN related to the stretching and breaking of particle chains. The
data points shown by green triangles indicate the region where EN � E0N
(the average small strain value of EN); red stars indicate the region where
EN < E0N and strain stiffening is observed; light blue circles mark the region of
EN > E0N where the system shows progressively larger dissipation. Such non-
monotonicity disappears (dark blue diamonds) near ϕ→ ϕacp, where
EN > E0N for all values of γ0. ϕ= ϕrcp indicates the random close packing for
CS particles in the limit of hard-sphere repulsion. For ϕ≥ ϕrcp, the system is
isotropically jammed. The critical volume fractions ϕalp, ϕacp, and ϕrcp are
obtained from the particle-settling experiments. The red shaded region
indicates the strain stiffening phase of the system. The dark red hollow
square symbols indicate the boundary of the strain stiffening phase and the
error bars at the boundaries are estimated from the standard deviation of
three independent measurements indicating fuzziness associated with the
strain stiffening boundaries. The horizontal bands at the top and bottom
end of panel (d) (for ϕalp < ϕ < ϕacp) indicate the regions we have not
explored experimentally, but we expect a continuous behavior as indicated
by the color variation in the bands similar to the neighboring data points.
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For particle settling experiments, the degassed samples are first transferred to
15 mL graduated Falcon tubes very gently. Next, the tubes are either kept in a
vertical position and left undisturbed for 3 weeks (for settling under gravity) or,
centrifuged (Remi, R-8C BL) in a swinging-bucket type holder with rotation speed
varying between 1000 and 2500 rpm for 2 h. For this range of rotation speeds and
considering slight sample to sample variation in bed heights, we find that the
average acceleration approximately varies between 114g and 711g (g: acceleration
due to gravity). We confirm that in all cases the waiting time is sufficient to get a
stable bed formation.

For confocal microscopy, we use the fluorescent ink extracted from Faber Castell
Textliner Supefluorescent markers as the dye. The excitation and emission wave-
lengths are 435 and 570 nm, respectively, as obtained from the absorption (using
UV–visible spectroscopy, Perkin Elmer Lambda 35) and the emission spectrum
(using Photoluminescence spectroscopy, Horiba Jobin Yvon-Edison, NJ USA).
Sample preparation for confocal microscopy involves adding the CS particles to a
petri dish containing the dye dissolved in ethanol. The solvent is then evaporated at
room temperature to get the dyed CS particles. The particles are dried further in a
vacuum oven. For making dense suspensions using these dyed CS particles dis-
persed in oil (with/without surfactant) we follow a similar mixing protocol as
described above. For confocal imaging we use a Leica DMI6000 microscope and a
confocal scanner (Sp8 Germany). The z-stack images are obtained with a z-spacing
of 0.68 μm.

Rheological measurements are performed using a stress controlled rheometer
(MCR-702 Anton Paar, Austria). We use a cone-plate geometry with diameter of
50 mm and cone angle of 2°. Both the surfaces are sand-blasted to minimize
slippage at the sample boundaries. We use Large amplitude oscillatory shear
(LAOS) protocol for all our rheological measurements in the separate motor
transducer (SMT) mode, where the bottom plate is moving and the top cone is held
stationary. LAOS measurements are done at an angular frequency (ω) of 0.1 rad/s.
The rheometer measures the intra-cycle stress and strain to measure the G0 and G″
values (first harmonics) for each data point of the measurement over a strain
amplitude range of 0.001–2 (we have also checked over a range 0.0001–2 which we
show in Fig. S2). We acquire 15 data points per decade of strain variation for the
strain range of 0.001–2 and 12 points per decade for the strain range of 0.0001–2.
LAOS measurements also provide higher harmonic values of the moduli. For the
rheological measurements on repulsive systems (using water–glycerol mixture as
solvent), an in-house built humidity chamber is used to prevent solvent evapora-
tion. For LAOS measurements, after loading the sample in the cone-plate geo-
metry, we wait for the normal force response from the loaded sample to reach zero
before starting the measurements. We observe that for ϕ ≤ 0.3, the normal force
almost immediately goes to zero, but for higher ϕ values, we have to wait for a few
minutes before the normal force vanishes. We find that this protocol provides a
fairly good reproducibility, as seen from the multiple independent experimental
runs (Fig. S14a and S14b). Although we did not apply any pre-shear to our
samples, we verified that applying a pre-shear before the measurements does not
significantly alter the results (Fig. S14c).

The in-situ imaging is done using a Lumenera Lt545R camera fitted with a 5X
Mitutoyo objective. For image analysis, the images are taken at discrete values of γ0
with frame rate varying between 1 and 40 Hz.

Data availability
The data types used in the manuscript and supplementary materials are in: .DAT format
(text data), .JPG format (image data) and .MP4 format (movie data). All data
corresponding to the reported results are available from the corresponding author under
reasonable request.
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