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1. Localized stress fluctuations in dense suspensions of  spherical particles:  
Summary, recent results, open questions (Vikram Rathee, Dan Blair) 

2. Shear thinning and thickening in dense rod suspensions (Silica, Cellulose 
Nanocrystals):  Very preliminary results, plans, open questions (Vikram Rathee, 
Xiangwen Lai, Matt Sartucci, Jeff  Gilman, Bharath Natarajan) 

3. Shear-induced aggregation in suspensions of  attractive rods: 
Summary of  results from model system, simulations (Pramukta Kumar, Justin 
Stimatze, Dave Egolf, Aparna Baskaran)
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Rheology of  Dense Suspensions
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increasing concentration

J. Royer, Dan Blair, S.Hudson, PRL 2016

Bulk rheology only gives average stresses (net torque)

Fall et al., JoR 2012

1.5 µm silica+ Glycerol/water Cornstarch + water
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Experimental Technique : 
Boundary Stress Microscopy (BSM) 

silica  
colloids 

rheometer tool

200	µm	200	µm	
200 µm

BSM: reveal heterogeneous stresses

VR, DLB, JSU; PNAS 114 (33), 8740 (2017)

R.	Arevalo,	P.	Kumar,	J.	S.	Urbach,	D.	L.	Blair,	Plos	One	10(3):	e0118021	(2015)	



Continuous Shear Thickening 

β = 0.2

β = 0.5

β = 0.6

β = 0.8

Note:  Stress changes x10, but shear rate ~x1.5

1 μm diameter 
silica in  
glycerol/water



Boundary Stresses: φ = 0.56
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heterogeneous stresses propagate in shear direction

Stress at the Interface at σ = 1000 Pa



BSM at different applied stresses
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100	Pa	

200	Pa	

500	Pa	

750	Pa	

1000	Pa	

Conclusion 1:  CST is associated with intermittent, localized high stresses 
at the suspension boundary, frequency increases with applied stress
 

applied

𝜎_ BS
M

VR, DLB, JSU; PNAS 114 (33), 8740 (2017)
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Spatial Autocorrelation

Conclusion 2:  Characteristic size of high stress regions in flow direction 
set by gap.
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Fig. 2. figure

(a) Snapshots of the stress field at three consecutive time points. (b) Line profiles of g(x), the normalized two-dimensional
autocorrelation of ‡x(r̨) along the velocity direction at two values of the rheometer gap Inset: Profiles of g(y), the the
autocorrelation along the vorticity direction. (c) Evolutions of the average temporal cross-correlation, g(x, ”t) at di�erent time
lags (‡ = 1000 Pa, h = 100 µm). (d) Propagation velocity of high stress regions scaled by the velocity of the top boundary (h
= 100 µm).

propagating in velocity direction. The stresses within these
regions are approximately an order of magnitude larger than
applied stress. The average local viscosity calculated from
BSM matches fairly well with the bulk viscosity (Supplemen-
tary Fig. 6). We visualized the motion of the suspension in
this regime with tracer particles with an excitation/emission
di�erent from the fiduciary beads on the PDMS surface. We
find that the tracer particles intermittently become motion-
less, indicating that a localized portion in the suspension has
jammed into a fully solid (non-sheared) state. These localized
motionless regions often span the system height as shown in a
representative movie of the suspension 50 µm above the bot-
tom boundary at a radius where the gap is 100 µm (SI Video
7). The motionless regions are of finite extent, and therefore
are accompanied by complex flow fields in the surrounding
suspension. Interestingly, we observe a large degree of slip at
the top plate while jammed region remain static, suggesting a
fracture plane is formed at the top of the solid phase.

The existence of a fully jammed solid-like phase is reminis-
cent of the behavior of W-C model, where at su�ciently high
concentrations the strain rate goes to zero above a critical
stress(12). The fact that the boundary stresses associated with
that solid phase are motionless indicates that the boundary
slip observed at lower concentrations is eliminated, presumably
due to the dilatancy of the fully jammed suspension. This
behavior is consistent with the protrusion observed in colloidal
as well granular suspensions on the free surface near the outer
open boundary during shear thickening(14). These observa-
tions highlight the importance of the boundaries during the
transition to DST, and to the complexity of the spatiotemporal
dynamics in this regime.

5. Discussion

Based on our boundary stress microscopy measurements, the
suspension behavior can be divided into three di�erent regimes
(i) 0.3 < „ < 0.52, (ii) 0.52 Æ „ < 0.57 and (iii) „ Ø 0.57.
In regime (i) the boundary stresses are uniform and the bulk
shear thickening exponent — < 0.5. In regime (ii), propagating
regions of high stress appear with a frequency and intensity
that increases with applied stress and concentration, and that
increase accounts the observed shear thickening. Regime (iii) is
characterized by the appearance of very high non-propagating
boundary stresses, indicative of fully jammed regions.

The high stress regions in regime (ii) show nearly Newto-
nian apparent viscosities ÷H , although it is important to note
that ÷H , like the average viscosity reported from macroscopic
rheology, is calculated from average quantities. If, for example,
the shear rate within the high viscosity phase is highly non-
uniform in the gradient direction, ÷H would not characterize
a true local viscosity. Nonetheless, the behavior in regime (ii),
where regions of the suspension transition abruptly to a high
viscosity phase, is reminiscent of the bifurcation between low
viscosity and high viscosity branches described in the W-C
model, representing states with di�erent fractions of frictional
contacts created when the stress between particles exceeds the
critical stress necessary to overcome the repulsive forces that
stabilize the suspension. Because the value of „ at which the
viscosity diverges depends on the fraction of frictional contacts,
an instability arises in certain regimes due to positive feedback
between the increased local stress and viscosity resulting from
the added frictional contacts between particles. Our results
are consistent with a model where the high stress state appears
intermittently in localized clusters with a size determined by

4 | www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX
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Large stresses propagate in velocity direction 
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Conclusion 3:  Regions propagate (on average) in the flow direction with 
speed of the suspension mid-plane (assuming symmetric flow profile).
 



Two-fluid Model

Lab Frame Center of mass frame.
Percolating network of  high inter-particle forces - spans gap, at rest in CM 
frame.  Size determined by shearing boundaries.

⌘L = �L/�̇R

⌘H = �H/�̇R

200 µm

 6,000 Pa  

 5,000 Pa  

  4,000 Pa  

 3,000 Pa  

 2,000 Pa  

 1,000 Pa  

 0 Pa  

a

β = 0.2

β = 0.5

β = 0.6

β = 0.8
σ = 100 Pa

σ = 200 Pa

σ = 500 Pa

σ = 750 Pa

σ = 1000 Pa

b

 d

-1

c
⌘H = �H/�̇R

⌘L = �L/�̇R



Two-fluid Analysis

19.

I(SM)2
SYNTHESIS AND METROLOGY
INSTITUTE FOR SOFT MATTER

19-A.

I(SM)2
SYNTHESIS AND METROLOGY
INSTITUTE FOR SOFT MATTER

19.

I(SM)2
SYNTHESIS AND METROLOGY
INSTITUTE FOR SOFT MATTER

19-A.

I(SM)2
SYNTHESIS AND METROLOGY
INSTITUTE FOR SOFT MATTER

φ = 0.56 Viscosity
Contribution to Total

⌘A = (1� f)⌘L + f⌘H

f = high viscosity fraction

Conclusion 4:  CST arises from an increasing fraction 
of the suspension existing in the high (effective) 
viscosity phase 



Concentration Dependence
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Conclusion 5:  High viscosity phase has roughly Newtonian 
viscosity that increases rapidly with concentration over a 
relatively large range of concentrations.



Summary, Open Questions and Work in Progress
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1. Connection between stress and velocity, density fluctuations. 
2. Role of  boundaries, boundary slip 
3. Evolution of  high stress regions 
4. Connection to normal force 
5. Connection to DST, shear jamming 
6. Relevance to other systems (different particles, different geometries) 
7. Connection to simulations, theory

1. CST is associated with intermittent, localized high stresses at the suspension 
boundary, frequency increases with applied stress

2. Characteristic size of high stress regions in flow direction set by gap.
3. Regions propagate in the flow direction with speed of the suspension mid-plane
4. CST arises from an increasing fraction of the suspension existing in the high 

viscosity phase 
5. High viscosity phase has roughly Newtonian viscosity that increases rapidly with 

concentration

Some Open Questions

VR, DLB, JSU; PNAS 114 (33), 8740 (2017)



Motion of  Tracer Particles
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Tracking flow in first ~5 microns from the bottom of  the suspension.

φ = 0.56
σ = 500 Pa

Substantial non-affine flow, but continually straining 
Fluctuations small compared to speed of  high stress regions. 
No substantial flow in gradient direction 
Likely fluctuations in slip velocity. 



Lower magnification, smaller tool
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5.2 mm

Can visualize entire suspension. 



Dynamics of  heterogeneous events
applied stress = 75 Pa  

φ = 0.56 



applied stress = 200 Pa     

φ=0.56 



Small tool has complicated dynamics
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Connection to Normal Force
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Tentative Additional Conclusions: 
(a) High stress regions are associated with large positive normal stress.
(b) Regions appear above a critical shear rate, with a probability of 
nucleation that increases with shear rate.
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Oscillatory Shear - 1 rad/sec,    =25
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φ = 0.56, CP25



Oscillatory Shear - 10 rad/sec,    = 3
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Pipkin Diagram
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• Peak shear rate primary determinant, modest period dependence. 
• Instability can have some periodicity in flow direction



Close to DST
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Blob of jammed solid

No-slip contact, large 
normal stress

φ ~ 0.58, 2200 Pa 

200	µm	


