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reconfiguration of the matrix in the absence of significant external pressures
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Tim Dowling / The Guardian

syneresis

Grae Worster

swelling

Stoychev et al. – Soft Matt. 7 (2011)

stimulus response

Pressure-driven flows can be 
important!

• Fluid flow in sedimentary 
basins

• Squeezing water through 
paper fibres

• Water flow in intestinal 
boluses

• Shock absorbers in the knee

• Coffee brewing?



Gels + flow

Traditionally, flows in porous, elastic, materials are slow and occur at the same rate as the slow 
reconfiguration of the matrix in the absence of significant external pressures

GeologyIn

Reference Module in Biomedical Sciences 
(2018), ed. S. A. Saghir (Elsevier)
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Pressure and stress 

Take, as a base state, an isotropic, uniform, material where the solid volume fraction is everywhere

This will depend on temperature, chemical stimuli, electrostatics, chemistry, … but we ignore all of 
that for today.
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Like normal, we define a stress tensor such that the force per unit 
area across a surface with normal n is given by

This stress comes from both the matrix (elasticity etc.) and the fluid
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Osmotic?

Isotropic elastic & hydrophilic 
effects captured by a generalised 
osmotic pressure

Peppin et al. (2005) Phys. Fluids 17:053301

JJW & Worster (2023) J. Fluid Mech. 960:A37



Pressure and stress 

This “generalised osmotic pressure” captures everything gel-like about the material

• Needs to be zero at the uniform state

• There’s a maximum “drying state” where it will grow to 
be very large

• For small deformation, looks somewhat linear

isotropic deviatoric

“measure of how and why a gel 
wants to take on or expel water”
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Pressure and stress 

This “generalised osmotic pressure” captures everything gel-like about the material

• Needs to be zero at the uniform state

• There’s a maximum “drying state” where it will grow to 
be very large

• For small deformation, looks somewhat linear

isotropic deviatoric

data from Feng et al. J. Mech. Phys. Solids 
201:106166 (2025) 

“measure of how and why a gel 
wants to take on or expel water”

JJW & Worster (2023) J. Fluid Mech. 960:A37



Deviatoric stresses and strains

Making these assumptions,

where                        - deviatoric stresses depend only on deviatoric 
strains. Making the simplest, linear elastic assumption,

shear modulus depends 
on swelling state (dry 

gels are stiffer)

effect of isotropic 
strains dealt with in Π
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Deviatoric stresses and strains

Making these assumptions,

where                        - deviatoric stresses depend only on deviatoric 
strains. Making the simplest, linear elastic assumption,

shear modulus depends 
on swelling state (dry 

gels are stiffer)

effect of isotropic 
strains dealt with in Π

This is not linear elasticity – can capture nonlinearities in swelling state, which is important

JJW & Worster (2023) J. Fluid Mech. 960:A37



This is a fluids seminar.

…so we need to model flow through a gel – for which we use Darcy’s law:

Permeability

Clearly depends on solid fraction. 
How?

• Kozeny-Carman

• Etzold et al. (2021) JFM 925:A8

• Feng et al. (2026) arXiv:2609.29904

+ various pore-closure models…

idealised spherical particles; 
not very gel-like

small deswelling/swelling; 8x volume 
shrinkage for 4x permeability reduction!?

gradients in pore 
pressure drive flowrelative fluid flux

Conservation of polymer + conservation of water gives

phase-averaged 
(solid+fluid) flux

JJW & Worster (2023) J. Fluid Mech. 960:A37



Shear modulus characterises the stiffness of a hydrogel and describes the initial elastic response 
before water diffuses through the structure

Osmotic pressure characterises the affinity for water (‘desire’ to swell or deswell)

Permeability describes the resistance to viscous flow through the pore scaffold

1

2
3

4

1 2 3 4

force on plate

time

Governing parameters JJW & Worster (2023) J. Fluid Mech. 960:A37
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Governing equations

We look for steady state compression profiles so eliminate solid velocities and time derivatives

Top surface

Match stress and 
continuity of pore 
pressure; remain fully 
swollen.

Bottom surface

Match pore pressure 
but stress not 
continuous.

scaled with



Compression under flow

In steady state, the top remains swollen, whilst the base compacts more for a larger P

low pressures;
some pressure 
drop contributes to 
deformation

high pressures;
near-linear 

relationship



Compression under flow

There is more compaction if the maximum deswollen state is drier

very little capacity 
for compression;
polymer fraction is 
close to uniform 
throughout

high polymer 
fraction in bulk;
only swollen near 
surface



Compression under flow

In steady state, the top remains swollen, whilst the base compacts more for a larger P

low shear stiffness;
can support sharp 

gradients in composition

high shear stiffness;
shear balances pressure 
drop, so remains mostly 
swollen throughout
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What about α?

Increasing the dependence of permeability on polymer fraction actually leads to less 
compaction. To see why,

                                          (independent of α)

so the base is a much greater hydraulic bottleneck 
when α is increased

the compacted layer ‘shields’ the rest of the
gel from compaction, taking up much of the

pressure drop
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Do we ever see these profiles?

Unless you’re careful, granular porous media will always channel when a pressure-driven flow is 
forced through

localised 
swelling

localised increase in 
‘conductivity’

more 
swelling

reddit.com/r/espresso

but the dynamics in cross-linked media are 
diffusive!
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Instabilities in gels

Compressive stress

Anchoring from base

Elastic instability
Differential swelling 
gives regions of 
compressive stress 
that relieve through 
buckling (a bit like a 
beam)

Swelling instability
Relief of deviatoric stresses drives 

preferential swelling in some regions 
that creates wrinkles

JJW & Worster, Phys. Rev. E 
109:044602 (2024)

?



Probing the stability

The stability problem is 2D – choose axes aligned with the “horizontal” deformation and let γ be the 
horizontal component of the wavevector

Displacing elements from their steady state positions creates regions of swelling and deswelling

positive s gives instability;
γ gives the (reciprocal) 
horizontal lengthscale
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Probing the stability

Base 3 conditions

• No displacement

• Continuity of pressure

Free surface 3 conditions

• Continuity of pressure

• Continuity of stress

Normalisation 1 condition



Horizontal banding instability

Solving this full problem is nasty, so let’s make two simplifying assumptions:

• Osmotic pressure is linear;
Under small deformation we don’t envisage nonlinearity to be important, so qualitatively this 
doesn’t change matters. 

• The deformation is horizontally uniform; γ = ξ∥ = 0
Before modelling “channels”, consider only vertical displacement to get a handle on the 
mechanism for instability.
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Horizontal banding instability

stable

unstable

increasing stiffness gives 
more stability; deforming 

a stiff gel is harder and 
there is less deviatoric 

displacement built in

increasing permeability 
dependence on swelling 
gives less stability; the 
shielding effect is greater

increasing pressure 
destabilises; more 
deformation and 
compression built in to 
the base state



Horizontal banding instability

limit appears to be α=2/3 
as M approaches zero



Horizontal banding instability
stable

unstable

Playing around with these instabilities shows two key 
things are going on:

• Nonzero α is necessary for shielding
This instability grows by deswelling some regions 
which ‘shield’ the rest from the pressure drop, 
allowing them to reswell

• Banding relieves deviatoric stresses
But this doesn’t mean growth rates grow with 
stiffness because a stiff gel has less deviatoric strain 
baked into the base state 

‘shield’



Horizontal banding instability
stable

unstable

Can we justify this instability in terms of energy?

Wrinkling instabilities

• Inhomogeneous swelling introduces elastic 
stresses in the partly-swollen material

• The swollen surface is anchored to a drier 
base, and the total elastic energy stored in 
the gel is released by the formation of 
wrinkles/buckles/creases/folds…
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seen some deviatoric stresses may be 
relieved along the way)
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Can we justify this instability in terms of energy?

Wrinkling instabilities

• Inhomogeneous swelling introduces elastic 
stresses in the partly-swollen material

• The swollen surface is anchored to a drier 
base, and the total elastic energy stored in 
the gel is released by the formation of 
wrinkles/buckles/creases/folds…

Our situation

• There are indeed elastic stresses in the 
compacted base state, and these are 
balanced by the work done driving the fluid 
flow (viscous resistance)

• This instability grows as a fluid-mechanical 
effect, not an elastic snap (though we’ve 
seen some deviatoric stresses may be 
relieved along the way)

What resists instability?
The base is fixed and so there is 
forced anisotropy in any banding 

pattern formation…
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From banding to channelling

M = 1, α = 2

P = 19

P = 18.5

P = 18

P = 100

1. Neither banding nor 
channelling unstable

2. Banding not seen, but 
channelling unstable

3. Both unstable:
a) Channelling most 

unstable behaviour
b) Banding most 

unstable behaviour

long wavelengths 
stabilised by anchoring 

from the base

short wavelengths 
stabilised by diffusion 

(reswelling)

intermediate wavelengths 
therefore preferred 

(sometimes…)
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Effect of parameters

Teasing out the individual effect of a parameter value is hard:

- Is the effect based on changing the base state (e.g. large M creates an undeformed base state)?
- Is the effect based on the mechanism for growth (e.g. large M creates a strong desire to relieve 

deviatoric strains)?

greater shielding; growth 
rate is faster and looks 
more like banding

low shielding; growth rate 
is slower and looks more 

like channels to relieve 
deviatoric strain
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Effect of parameters

Lower growth rate for stiffer gel;
less compression in the base state 

and reduced tendency to form 
deviatoric channels

Longer wavelengths for ‘softer’ gel;
must be a base state effect as we’d 
expect shear to favour longer 
‘wrinkles’

Less stability and more horizontal 
banding as α increases;

as seen before



The state of play

• Poroelastic materials appear in industry, nature and biology and their response to pressure 
differences involves a complex coupling between deformation and flow. 

• Compaction depends on the permeability-porosity relationship, stiffness, isotropic elastic 
properties and the loading pressure. Importantly, compaction is nonuniform.

• Compaction profiles are unstable but to two 
different forms of instability: banding and 
channelling.

• The effect of stiffness, permeability and 
osmotic pressure on the instability is difficult 
to tease out, since these properties modify 
the base state and the mechanism for 
instability.
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More details available in Banding instabilities in 
poroelastic media under flow-driven 
compaction

Draft manuscript; happy to share for comments!

With thanks to:

Tom Montenegro-Johnson, Ellen Jolley
Warwick

Grae Worster, Ducan Hewitt
Cambridge
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