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Abstract. We study the compression of depletion gels under the inﬂuence of a gravitational stress by
monitoring the time evolution of the gel interface and the local volume fraction, φ, inside the gel. We
ﬁnd φ is not constant throughout the gel. Instead, there is a volume fraction gradient that develops and
grows along the gel height as the compression process proceeds. Our results are correctly described by a
non-linear poroelastic model that explicitly incorporates the φ-dependence of the gravitational, elastic and
viscous stresses acting on the gel.
PACS. 82.70.Gg Gels and sols – 47.56.+r Flows through porous media – 82.70.Dd Colloids

1 Introduction
In the presence of attractive interactions, colloidal systems can form gels, which are kinetically arrested particlenetworks that span the space provided by the container.
Physically, gelation is related to an arrested spinodal decomposition process, where colloid-rich and colloid-poor
regions become kinetically trapped preventing the complete phase separation of the system [1,2]. The required
attraction between particles is often provided by adding
non-adsorbing polymer to a stable dispersion of particles
to induce a depletion interaction between them. In this
case, when two particles come close enough, there is a reduction in the excluded volume, V , where polymer chains
cannot penetrate, and an unbalanced osmotic pressure, Π;
the result is an attraction between particles with a magnitude U ≈ ΠV and a range that is determined by the
polymer size [3].
Formation of a network changes the mechanical properties of the system; gels are elastic at low frequencies
and thus can support stress. However, the presence of a
gravitational stress can cause the slow compression of the
structure and result in an elastic deformation of the gel.
Eventually, however, the compression process stops; this
steady state is reached when the elastic and gravitational
stresses are balanced everywhere in the gel. The overall
compressive behavior has been described using a linearized
poroelastic model [4]. Within this model, the gravitational
a
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stress is everywhere balanced by the sum of a frictional
stress, which results from the ﬂuid ﬂow through the particle network, and the elastic stress of the gel. Interestingly, at the end of the compression process, in the steady
state, the volume fraction, φ, is not constant and exhibits
a height dependence [5]: Since the gravitational stress increases in the settling direction, the elastic stress cannot
be uniform throughout the gel causing the observed volume fraction gradient along its height. This behavior is
also correctly described by a non-linear poroelastic model
that describes this φ-dependence and that also predicts
how it should continually evolve in time as the compression of the gel proceeds. This time evolution, however, has
never been measured experimentally.
In this paper, we present measurements of the compression of depletion gels in the presence of gravitational
stresses. The particle volume fraction as a function of
height at any time is measured with a non-invasive method
by monitoring the intensity of transmitted light through
the sample. We compare the experimental data to the predictions of the extended poroelastic model for the time
evolution of the gel interface and the dependence of particle volume fraction with height and time. We ﬁnd that the
agreement between our results and the theoretical predictions is very good.

2 Experimental set-up
We use polymethylmethacrylate (PMMA) particles (University of Edinburgh) [6], with radius a = (2.0 ± 0.2) μm
stabilized by a layer of polyhydrostearic acid (PHSA) in a
5 : 1 mixture by volume of bromocyclohexane and decahydronaphtalene which closely matches the index of refraction of the particles. The PMMA particles are labeled with
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Fig. 1. (Color online) Snapshots at diﬀerent stages during
the compression of various colloidal gels with φ0 = 0.08 and
diﬀerent polymer concentrations.
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Nile Red dye [7,8]. In order to induce an attraction between particles, we add non-adsorbing linear polystyrene
(Polymer Labs) of molecular weight Mw ≈ 1.3 · 107 g/mol,
w
and polydispersity index M
Mn ≈ 1.03, where Mn is the
number average molecular weight. Using static light scattering, we ﬁnd that the radius of gyration of the polymer under very dilute conditions, c → 0, is rg ≈ 150 nm,
and the overlap concentration is c∗ = 0.6 mg/ml. To
screen possible electrostatic interactions between particles [9], we add 8 mM of the salt tetrabutylammonium
chloride (TBAC); this results in a Debye screening length
of 8 nm [10].
All samples have the same initial volume fraction, φ0 ≈
0.08, and diﬀerent polymer concentrations ranging from
1.45 mg/ml to 2.44 mg/ml. In all cases, we conﬁrmed the
formation of gels by looking at the samples using confocal microscopy. Experiments are performed in 1 cm square
glass cuvettes ﬁlled up to a height h0 = 1 cm and sealed
to prevent evaporation. The solvent mixture matches the
density of the particles at room temperature as well as the
refractive index of the particles. We induce a controlled
density mismatch, Δρ, by setting a constant temperature
of 5 ◦ C; since the thermal expansion coeﬃcient of the organic solvents, which is around 10−3 /◦ C [11], is higher
than that of PMMA, which is around ≈ 2.5 · 10−4 /◦ C [12],
a density diﬀerence of Δρ ≈ −50 kg/m3 is induced at this
temperature. After vigorously shaking the samples for 1
minute, we monitor the settling behavior of the gel using a
charge-coupled device (CCD) camera. The cells are illuminated from behind with a lamp that provides acceptable
uniformity in light intensity.

3 Results and discussion
The snapshots in Figure 1 are representative examples of
the compression process at diﬀerent times for three diﬀerent polymer concentrations. All samples cream and eventually reach a steady-state regime characterized by the
absence of compression; the time scale associated to the
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Fig. 2. (Color online) (a) Interface height, h, as a function
of time, for diﬀerent polymer concentrations. : 1.45 mg/ml;
◦: 1.60 mg/ml; : 1.82 mg/ml; : 1.94 mg/ml; ♦: 2.15 mg/ml;
: 2.33 mg/ml; : 2.44 mg/ml. h is measured from the top of
the gel, as shown in the schematic. (b) Blow-up of the initial
compression stage for the 2.33 mg/ml sample. (c) Re-scaled velocity, obtained by multiplying the initial velocity of the gel and
the solution viscosity, as a function of polymer concentration.

whole process is about one week. To quantify the time
evolution of the gel, we analyze the images near the center of the cells and identify the gel interface separating
the dark upper phase, corresponding to the creaming gel,
and the brighter lower phase, corresponding to the solvent.
We ﬁnd that the height of this interface, h, measured from
the top of the cell, decreases with time as the compression
proceeds, as shown in Figure 2(a). This happens for all
polymer concentrations.
In the initial stages of the process, however, we observe
that there is a delay time, td , below which the interface
does not move. We estimate td from the crossover between
the horizontal and the initial slope of the creaming process, as shown in Figure 2(b). This time is constant for
small cp and increases with polymer concentration for the
highest cp , as shown in Figure 3. We believe depletion interactions between the particles and the bottom wall of
the cell are likely responsible for this behavior [13]. However, this corresponds to only a small fraction of the total compression time and we do not consider it in any
further analysis. After this initial time, the gels start to
cream. From the initial stages of the process we can determine the initial creaming speed, v0 , which we obtain from
the slope of a linear ﬁt of the ﬁrst points of the interface
evolution [4], as shown in Figure 2(b). We ﬁnd that this
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Fig. 3. Delay times obtained from the experimental height
proﬁles as a function of polymer concentration.

initial speed decreases with increasing polymer concentration. This essentially results from the viscosity increase
with cp , as shown in Figure 2(c), where we plot a re-scaled
velocity, obtained by multiplying the initial speed of the
compression and the solution viscosity, η, as a function
of polymer concentration; we ﬁnd that v0 η is essentially
constant throughout our polymer concentration range.
In the latest stages of the creaming process, the system
reaches a steady-state regime characterized by the absence
of compression. As a result, the interface height remains
constant with time. It, however, increases with polymer
concentration, as can be seen from the long-time behavior of h in Figure 2(a). This reﬂects the balance between
the elastic stress, σe , in the network and the gravitational
stress, σg ; the viscous stress does not contribute to the
stress balance in this case since there is no motion of the
gel nor of the solvent. Thus, for t → ∞
K(φ∞ )
dφ∞ (z) = Δρgφ∞ (z)dz = dσg ,
φ∞ (z)

(1)

where we have used the deﬁnition of the compressional
e
modulus, K = −φ ∂σ
∂φ [14], which is the relevant modulus
in our problem. Here, φ∞ (z) is the volume fraction in the
steady state at a distance z from the top of the gel. Since
the elastic stress depends on the volume fraction as [5]
σe (z, t) = α

φ(z, t) − φg
,
φrcp − φ(z, t)

(2)

with α a stiﬀness parameter accounting for the particleparticle interaction, φrcp = 0.64 and φg ≈ 0.03 the minimum volume fraction to have a gel [8,15], we can integrate
equation (1) to obtain the volume fraction proﬁle in the
steady state as a function of z

200
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Fig. 4. Calibration of the grayscale intensity and the particle
volume fraction, φ. The solid line is the best ﬁt to a logarithmic
function (see text), with A1 = 0.9 ± 0.2 and A2 = 271 ± 5.

where hf is the ﬁnal height of the experiment, which depends on the polymer concentration.
We measure the volume fraction proﬁles from the
grayscale intensity, I, of the optical images taken during
the compression process [16,17]. For this purpose, we perform an intensity-concentration calibration and adjust the
illumination intensity to maximize the range of grayscale
intensity and prevent saturation of the CCD camera. We
measure I from samples of known volume fraction, which
we vary within a range of 5–50%. The results indicate that
I increases with decreasing φ, as shown in Figure 4. The
calibration can be ﬁtted with a logarithmic function of
the form
 
A2
,
(4)
φ = A1 log
I
where A1 and A2 are two ﬁtting parameters accounting for sample properties and incident light intensity, respectively. From the experimental calibration, we obtain
A1 = 0.9 ± 0.2 and A2 = 271 ± 5. In general, these parameters will depend on the choice of light illumination; this
would require their determination for each experimental
cell, since there could be slight diﬀerences in sample illumination among them. Instead, we calculate A1 and A2
for each cell using two boundary conditions: i) the initial intensity at t = 0, I0 , which corresponds to the initial volume fraction, φ0 , and ii) mass conservation, which
must be fulﬁlled at any time during the compression process. Since the mass of all particles in the compressed
 h(t)
gel, 0 φ(z)dz, should be equal to the total mass in
the initial state, φ0 h0 , this condition can be expressed as
 h(t)
φ(z)dz = φ0 h0 . We obtain
0
A1 =

φ0 [h0 − h(t)]
,
h(t) log I0 − B
φ0

A2 = 10 A1 I0 ,

φrcp (φ∞ (z) − φ0 )
(φrcp − φ∞ (z))(φrcp − φ0 )
Δρg(z − hf )φ2rcp
φ∞ (z)(φrcp − φ0 )
=
,
+ ln
φ0 (φrcp − φ∞ (z))
α(φrcp − φg )

150

grayscale intensity

cp [mg/ml]

dσe = −

100

2.4

(3)

(5)
(6)

where I0 is measured from the initial image and B =
 h(t)
log Idz is determined from the images at any inter0
mediate time, t; we checked that the particular choice of
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Fig. 5. Dependence of the volume fraction with a normalized distance from the sample top in the steady state. cp =
2.15 mg/ml. The line shows the best ﬁt based on the predictions of the poroelastic model (see text). The only ﬁtting parameter is α. We obtain α ≈ 0.1 Pa. Inset: image at t = 25 h.
The rectangle shows the slice we consider to obtain the intensity grayscale variation with height in the experiment. For a
given height, we average over the width of this rectangle. The
data points have a 10% error corresponding to the standard
deviation of three independent experiments.

time for the calculation does not alter the values of A1
and A2 , as expected, since illumination within one cell
does not change with time. We conﬁrm the validity of our
approach by performing an experiment with a sample at
a polymer concentration cp = 1.9 mg/ml under the illumination conditions of the calibration. We obtain A1 = 0.98
and A2 = 278 from equation (5) and equation (6), which
are in a very good agreement with the values obtained
experimentally for the calibration.
Using equation (4) and the boundary conditions to calculate A1 and A2 , we obtain the volume fraction proﬁles,
φ∞ = φ∞ (z), for a gel formed at cp = 2.15 mg/ml. We
observe that φ∞ (z) decreases with increasing z, as shown
in Figure 5; similar results are obtained for other polymer
concentrations, as shown in Figure 6. We also ﬁnd that φ
is equal to φ0 at the bottom of the gel and close to 0.5
at the top; the upper part of the gel supports the weight
of the remaining structure causing a rearrangement in the
particle concentration within the network to increase φ up
to the observed values. We can ﬁt the experimental volume fraction proﬁles using equation (3), leaving α as the
only ﬁtting parameter. We ﬁnd that the prediction of the
poroelastic model for the long-time volume fraction proﬁle
is consistent with our observations, with α ∼ 0.1 Pa.
Based on equation (2) for the elastic stress and on its
balance with the gravitational stress in the steady state,
the value of α must be of the order of σg . In the experiment
of Figure 5, σg = 0.4 Pa, which is of the order of the value
of α obtained from the ﬁt. The stiﬀness parameter modulates the (φrcp − φ)−1 dependence of the elastic stress; it
accounts for the attractive interactions between particles
that ultimately induce gelation and provide strength to
the gel [5]. Since it has units of stress, it must scale with
the force between particles, which we take as the energy

Fig. 6. Dependence of the volume fraction with the normalized distance from the sample top in the steady state.
(a) cp = 1.82 mg/ml, (b) cp = 2.33 mg/ml. The lines represent the best ﬁt to the poroelastic model predictions, with α
as ﬁtting parameter. We ﬁnd α ≈ 0.07 Pa for cp = 1.82 mg/ml
and α ≈ 0.14 Pa for cp = 2.33 mg/ml.
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Fig. 7. (Color online) Linear dependence of α with the attractive force, U/rg , per unit area, πa2 . Our experimental points
are represented by circles (with their error bars), while the
squares correspond to the experimental results of Kim et al. [5].

over the width of a particle-particle bond, U/rg , divided
by a cross-sectional area, a2 . Thus, α ∼ U/(rg a2 ). This
scaling is conﬁrmed by our experimental results, as shown
by the circles in Figure 7. In this same ﬁgure, we also show
with squares the experimental values of α for a system of
emulsions and either polymer or micelles as depletants [5].
In this case also, α depends linearly on U/(rg a2 ) and is
of the order of the gravitational stresses applied to induce
the creaming of the emulsion gel.
During the compression of the structure, ﬂuid is expelled through the pores of the gel. The ﬂuid ﬂow associated to this process can be related to the pressure gradient
along the gel by means of Darcy’s law [18]
v=−

κ(φ) ∂p
,
η ∂z

(7)

where v is the velocity of the interface, p is the ﬂuid pres2

φ0
sure, and κ(φ) = κ0 [ φ(z,t)
] 3−df is the permeability of the
network [4], with κ0 its permeability in the initial compression stages, when φ = φ0 , and df its fractal dimension. Using confocal microscopy, we estimate that df ≈ 2
for our gels [19].
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The frictional stress between the gel and the background solvent is given by
 z
 z
∂p 
σv (z) =
γvdz  = −
dz ,
(8)

∂z
h(t)
h(t)
η
where we have used Darcy’s law and γ = κ(φ)
is the friction coeﬃcient per unit of volume.
At any time, the evolution of the interface is governed
by the balance between the gravitational stress gradient
and the elastic and frictional stress gradients in the gel [4]

Δρgφ(z, t) =

∂p
K(φ) ∂φ(z, t)
+
.
∂z
φ(z, t) ∂z

0.75

Fig. 9. (Color online) Dependence of the volume fraction with
the normalized distance from the cell top for t = 24 h (black
squares), t = 60 h (red circles) and (d) t = 100 h (blue triangles). cp = 2.15 mg/ml. The lines correspond to the predictions
of the poroelastic model without ﬁtting parameters.
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Fig. 10. (Color online) Comparison between experimental results and poroelastic model predictions for cp = 1.60 mg/ml.
(a) Normalized interface height versus the re-scaled time, t−td .
(b) Volume fraction versus normalized distance measured from
the gel top, for t = 30 h (black squares), t = 100 h (red circles)
and for the steady state (blue triangles).

Combining equations (9) and (10), we obtain the following equation:


Δρgφ(z, t)κ(φ) ∂p
∂p K(φ) ∂ φ(z, t)κ(φ) ∂p
−
−
= 0,
∂t φ(z, t) ∂z
η
∂z
η
∂z
(11)
which we can solve numerically together with equation (10) to obtain φ(z) at any given time. Once the volume fraction height dependence is known for that time,
we can determine the interface position, h(t), by considering that all mass lies in the gel region and thus
 h(t)
φ(z, t)dz = φ0 h0 . A comparison between the ex0
perimental results and the theoretical predictions, for
cp = 2.15 mg/ml, is shown in Figure 8. In the experiment, we do not consider the initial delay time and thus
present the results in terms of a relative time scale, t − td .
The solid line is a ﬁt to the poroelastic model, with α and
κ0 left as ﬁtting parameters; we obtain α = 0.21 Pa and
κ0 = 7.25 · 10−11 m2 , which agree with the steady-state
result obtained for the stiﬀness parameter and with the

permeability derived from the initial slope of the creaming proﬁles, κ0 = (7.7 ± 0.1) · 10−11 m2 [20].
The time dependence of φ(z, t) also agrees with the
experimental data, as shown in Figure 9. In this case,
there are no ﬁtting parameters; we use the independently
obtained parameters that correctly describe the interface
evolution.
As an additional example of our typical results, we
also present in Figure 10 the experimental interface height
and volume fraction proﬁle for cp = 1.6 mg/ml, together
with the theoretical predictions of the poroelastic model.
From the ﬁt of the gel interface to the theory, we obtain
α ≈ 0.07 Pa and κ0 = 6.8·10−11 m2 , which is in reasonable
agreement with the permeability value obtained from the
initial compression stages, κ0 = (5.7 ± 0.1) · 10−11 m2 .
Finally, we note that there is a noticeable change in
the curvature of the φ(z) proﬁles as time proceeds. While
at the beginning of the compression process the shape of
φ(z) is concave, at later times, φ(z) has become convex.

In addition, mass conservation must be fulﬁlled
∂
∂φ(z, t)
+
(φ(z, t)v) = 0.
∂t
∂z
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This change in shape results from the migration of particle from the bottom of the gel towards its top, where the
gravitational stress is larger. During the ﬁrst compression
stages, some particles move to the top part of the gel in order to support the weight of the whole column of material
lying below. As time proceeds, however, it is increasingly
more diﬃcult to place particles at the top part of the gel,
and the intermediate regions start to get ﬁlled with particles. The result is the shape change observed in Figures 9
and 10(b).

4 Conclusion
We have shown that the compression of a gel under gravitational stress induces a particle volume fraction gradient along the gel height, which evolves continuously until
steady-state conditions are reached. The experiments allow the determination of this gradient in situ without perturbing the compression evolution. Our results are in very
good agreement with a non-linear poroelastic model that
explicitly accounts for the height dependence of the volume fraction. We show that this model correctly describes
the gel height evolution, the steady-state volume fraction
proﬁle and its time dependence, highlighting the generality of the theory to accurately describe the compression
of gels.
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thank support from the Harvard MRSEC (DMR-0820484),
NSF (DMR-0602684), Ministerio de Ciencia e Innovación
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