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Dynamics of yielding observed in a three-dimensional aqueous dry foam

Florence Rouyer, Sylvie Cohen-Addad, Miche`le Vignes-Adler, and Reinhard Ho¨hler
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5 Boulevard Descartes, 77454 Marne-la-Valle´e cedex 2, France
~Received 25 June 2002; revised manuscript received 22 November 2002; published 24 February 2003!

We study the onset of yielding in stable three-dimensional dry foams following the start up of steady shear
flow. By means of a charge-coupled device camera equipped with a small depth-of-field objective, we visualize
the Plateau border network in the bulk of the foam. The onset of yielding is identified with the deformationgc

for which shear induced rearrangements start occurring. We show thatgc is independent of shear rateġ in a
quasistatic regime whereas at high strain rates, a rapid increase ofgc with ġ is observed, in qualitative
agreement with theoretical models. Moreover, spatiotemporal image analyses are used to determine the veloc-
ity profile in the gap. We find that this profile remains linear up to strains far beyondgc . Moreover, we have
studied the strain history dependence ofgc .
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I. INTRODUCTION

Aqueous foams are concentrated dispersions of
bubbles in a surfactant solution. Even though they are o
made of fluids, foams behave elastically under small app
stresses, whereas when subjected to large stresses they
like viscous non-Newtonian liquids. The crossover betwe
these two types of behavior is called yielding. In the cont
of macroscopic rheological measurements, the yield stra
usually defined as the strain corresponding to the maxim
of stress obtained in a strain growth experiment@1#. At the
scale of the individual bubbles, yielding may be defined
the crossover from reversible elastic behavior to a reg
where the deformation involves topological changes of
bubble packing@1,2#.

The first theoretical analysis of yielding in foams and co
centrated emulsions is due to Princen@3#. Based on the ob-
servation that this rheological behavior is common to a la
class of complex fluids, recent theoretical models have
tempted to identify a general framework providing a lin
between the macroscopic rheological response and the
structural changes that accompany the yielding process u
quasistatic conditions@4#. In these models, the strength of th
coupling between the rearrangements in neighboring ‘‘me
scopic regions’’ plays an important role. Numerical simu
tions of steady shear flow in foam often rely on simplifi
descriptions of the structure and the interactions betw
bubbles: Simulations based on the vertex model exhibit a
lanches of rearrangements@5#, whereas using the bubbl
model local rearrangements are predicted@6#. The surface
evolver software, allows to carry out highly accurate thre
dimensional~3D! simulations, but only in the quasistatic re
gime @2,7#. Concerning the dynamics of yielding, several 2
theoretical studies and simulations have shown that un
large strain rates, viscous forces in the foam strongly af
yielding behavior @8–11#. Since the pioneering work o
Khan et al., yielding of 3D foams has been studied on t
macroscopic scale by rheological measurements@12–15#.
The dynamics of bubble rearrangements in wet foams
undergo yielding have been studied using diffusing-wa
spectroscopy. This work has confirmed the crucial r
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played by these rearrangements for the rheological beha
@16,17#. Moreover, recent theoretical studies have sho
how yielding can be interpreted as a generic jamming p
nomenon@18,19#.

In this paper, we present direct observations of the lo
structural changes that accompany the onset of yielding
3D dry foam. We report the first measurement of the strain
which shear-induced rearrangement sets in a strain gro
experiment. These data are compared to theoretical pre
tions concerning the influence of the strain rate on yieldi

II. MATERIALS AND METHODS

We have developed a formulation based on we
characterized chemicals allowing to obtain highly sta
foams that do not exhibit coalescence under shear. The fo
ing liquid is an aqueous solution containing a mixture
sodium dodecyl sulfate~SDS!, polyethylene oxyde~PEO,
Mw533105 g mol21), dodecanol, and butanol. The prod
ucts were all purchased from Aldrich and used as receiv
The solution is prepared using pure water~MilliQ ! as fol-
lows: First, 0.02 g of PEO is dissolved in 100 ml of wat
and subjected to a gentle mechanical agitation for 1 h. Th
0.006 g of dodecanol is diluted in 5 ml of butanol. Th
alcoholic solution is added to the PEO solution, and furth
gently agitated for 15 min. Besides, 0.2 g of SDS is d
solved in 40 ml of water. The final foaming solution is o
tained by mixing the PEO solution with the SDS solutio
and completing with water up to 200 ml. It is gently agitat
for 15 min. The final concentrations are SDS 0.1%g/g, PEO
0.01% g/g, dodecanol 0.003%g/g, butanol 2%g/g. To
avoid aging effects, the solution is prepared no more than
h before use. The surface tension of the foaming solutions,
was measured by the de Nouy¨ method and found to be equa
to 23 mN m21 at 20 °C. Its viscosity was determined usin
an Ostwald capillary viscometer tube at 20 °C,m
51.08 mPa s.

The foam is generated by mixing nitrogen gas and
foaming solution using a setup inspired by the one descri
by Khan @12#. In our device, the gas and the solution a
injected at constant flow rates~28 and 2.3 ml/min, respec
©2003 The American Physical Society05-1
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tively! at the entrance of a Plexiglass tube~200 mm long, 20
mm inside diameter! filled with compacted glass beads~1.5
mm diameter!. The porosity of the bead packing is abo
36%. Under these conditions, the gas volume fraction of
generated foam is 92% and the average bubble radius
the order of 0.1 mm. The output of the generator is c
nected to a flexible tube, allowing to fill directly a slidin
plate cell~cf. Fig. 1!. The air in contact with the sample i
saturated with humidity. After injection, the foam drainsin
situ for 75 min before the shearing experiment is started.
determine a typical gas volume fraction of the foam at t
time, a sample is prepared and injected into a cell wh
geometry corresponds to that of the sliding plate cell a
which is weighted after 75 min. We also measure the fo
volume and thus obtain an average gas volume fraction
the entire sample, it is larger than 99%. The liquid conten
the foam sample will be highest near the bottom due
drainage and we expect the gas volume fraction at m
height, where we study the foam, to be above 99%. All
experiments have been carried out at a temperature of
61) °C.

A charge-coupled device camera equipped with a v
thin depth-of-field objective allows to observe the structu
inside the foam. Since it is very dry, the films are so thin t
they are almost totally transparent and the only visible e
ments are the Plateau borders that appear as black line
the images~cf. Fig. 2!. The camera is focused on a region
mm inside the foam and captures images of a foam ‘‘slic
It is 2.5 mm deep, the width is equal to the gap between
plates and the height is chosen such that the volume of
servation, denotedVobs, is equal to 430 mm3 for all of the
experiments at different gap widths. Before applying t
shear, the disordered and polydispersed foam structure i
spected; the bubble size is estimated from the bubble c
tours drawn by the Plateau borders visible on the images@cf.
Fig. 2~a!#. This procedure yields an average bubble rad
R50.8 mm with a standard deviation of 0.4 mm, the min
mum and the maximum radii are equal to 0.2 and 2 m
respectively. The average bubble size remains constant
ing the shearing experiment. No film rupture is observ

FIG. 1. Experimental setup. The sliding plate cell consists
two parallel plates (100380 mm2). The observed slice is situated
a depth (h510 mm) at the midheight of the foam sample and is 2
mm thick. The arrowsV andg show the directions of the velocity o
the moving plate and of gravity, respectively.
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even during the shearing. The rate of coarsening indu
bubble rearrangements slows down considerably during
first 75 min of the foams existence. Indeed, observations
static foam show that right after the production of t
sample, of the order of 1% of the bubbles in the observ
volume participate in rearrangements during one seco
suggesting that the rearranged bulk volume fraction per s
ond is of the order of 1022 s21. At a foam age of 75 min,
this parameter is more than 60 times smaller. Besides
chemical composition and the bubble size distribution
scribed in this paragraph, the rheological response of foa
generally, also depends on strain history@15,17,20#. During
foam injection into the sliding plate cell, a complex flo
occurs which leads to trapped strains and stresses. We ex
coarsening to relax at least partially such macrosco
stresses,@21# in agreement with numerical simulations b
Kermode reported in Ref.@2#, as well as in recent experimen
@22#. In addition to relaxing slowly macroscopic stresse
coarsening also creates stresses on the bubble scale w
are intermittently released upon bubble rearrangements. S
stresses can be relaxed by controlled preshearing of

f

FIG. 2. ~a! Part of the image of a quiescent foam slice observ
at a depthh510 mm inside the sample.~b! Four successive image
showing a topologicalT1 transformation:~b-I! and~b-II! before the
T1, ~b-III ! instant ofT1, ~b-IV! after theT1. The dotted line indi-
cates a typical pixel line used for constructing spatiotemporal pl
5-2
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DYNAMICS OF YIELDING OBSERVED IN A THREE- . . . PHYSICAL REVIEW E 67, 021405 ~2003!
sample@17,23# as will be discussed in the following.
The sliding plate cell~plane Couette geometry! consists of

two vertical parallel glass plates (100380 mm2). To prevent
wall slip, we use plates that are rough on the scale of abo
mm and rendered hydrophobic using a chemical treatm
One plate is fixed, while the other can be moved in thz
direction at a constant velocityV ~cf. Fig. 1!. This velocity
can be chosen in the range from 0.02 to 3 mm/s. The
between the plates,d, can be set to either 11.5 or 16.0 mm
The shear rate is defined asġ5V/d. During a strain growth
experiment, successive images of the deformed structure
recorded as the strain grows from 0 up to a maximum va
1.7. The image grabbing rate can be adjusted between 5
25 images per second. Such movies enable us to detec
onset of yielding in the sample, as well as to measure
velocity profile in the gap.

To measure the velocity in thez direction inside the foam
as a function of the distancex from the fixed plate, we gen
erate spatiotemporal plots; pixel lines corresponding to
given value ofx are extracted from successive images, a
then juxtaposed to form the new plot~cf. Fig. 3!. For immo-
bile foam, one expects horizontal lines of constant brig
ness. If the evolution of the foam structure under stead
increasing shear were affine, one would expect space-
plots containing tilted straight lines of constant brightne
with a slope equal to the local and instantaneous velo
vz(x,z,t). Nonaffine deformation of the foam structure lea
to deviations from such a pattern. In particular, strain

FIG. 3. Spatiotemporal plot generated for a pixel line located
x53.3 mm. The gap width isd511.5 mm and the shear rate
equal to 0.043 s21. The vertical and horizontal axes correspon
respectively, to the position in the shear directionz and to timet.
The two arrows on the horizontal axis indicate the beginning
the end of shear. The inset shows a zoom on a kink due to a
rangement.
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duced bubble rearrangements give rise to marked irregu
ties in the space-time plots that occur over a brief time int
val ~cf. Fig. 3!.

To quantify the bubble flow induced by shearing, we d
termine a mean velocity in thez direction, v̄(x), averaged
over a pixel line for a given value ofx and over a time
interval. Let us denoteI (x,z,t) the intensity of a pixel at a
position ~x, z! and at a timet in a spatiotemporal plot. We
quantify the extent to which the evolution of a pixel line fo
a given value ofx, during a time intervalDt, can be de-
scribed as a translationDz of the pixels in thez direction by
calculating the correlation function̂I (x,z,t)I (x,z1Dz,t
1Dt)&z . The distanceDz corresponding to the strongest co
relation is calledDzm(x,t). For each experiment,Dt has to
be sufficiently short to resolve rapid structural changes s
as rearrangements and long enough to obtain good prec
in the measurement ofDzm . As a compromise between thes
criteria, we chooseDt5R/(2V). We thus obtain an estimat
Dzm(x,t)/Dt of the instantaneous mean velocity. The tim
evolution of this quantity is studied by calculating its temp
ral average, denotedv̄(x), and the corresponding standa
deviation. Using this procedure, we are able to establish
average foam velocity profilev̄(x), throughout the gap using
a set of spatiotemporal plots for values ofx ranging from 0
to d.

Moreover, in the aim to study the effect of strain histo
on the onset of yielding, we perform strain cycling expe
ments; upon each cycle, the sample is subjected to a s
that rises at a fixed rateġ up to a maximum value, denote
gmax, then stays constant for 1 s and finally comes back to
zero strain. Up to three such cycles of equal maximum str
were applied successively to the sample, with strain ra
ranging from 0.04 to 0.18 s21. We choose a fixed time inter
val of 1 min between the instants where the maximum str
is reached in successive cycles, whatever the maxim
strain and the strain rate. This choice ensures that the
duration and, thus, the influence of coarsening is the sa
for all of the experiments. Before and after each cycle, i
ages of the initial and final foam structures are record
They do not differ significantly in average and variance
intensity. Therefore, we quantify the extent of the irreversi
structural changes induced by shearing using a correla
factor defined as follows:

C5
^~Ai~x,z!2^Ai&!~Af~x,z!2^Af&!&

^~Ai~x,z!2^Ai&!2&
. ~1!

Ai(x,z) andAf(x,z) are the intensities of pixels at the pos
tion ~x, z! and the indicesi and f distinguish between initial
and final images. The angular brackets represent aver
over the pixels. The correlation factor is 1 for identical initi
and final images and it decreases as irreversible struc
changes occur during the cycle.

III. RESULTS AND DISCUSSION

Figure 3 is a typical spatiotemporal plot obtained for
strain growth experiment. Up to the beginning of the sh
deformation, the lines of constant brightness are horizo
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and continuous, indicating a static structure. Following
start of the strain growth, we observe a first regime where
lines are all tilted, continuous and parallel. Thus, the strain
the foam sample is to a good approximation homogene
and there are not any topological changes of the bub
packing. Note that the nonaffine deformation that is kno
to exist at the scale of the individual films@7# is beyond the
resolution of our experimental technique. Beyond a char
teristic strain denotedgc , a second regime can be identifie
where kinks appear on the lines, indicating that the Plat
border displacement is no longer a smooth function of tim
the kinks correspond to sudden topological transformati
of the Plateau border network, as illustrated in Fig. 2~b!. In
principle, kinks in the spatiotemporal plots could also ar
due to motions of bubbles in thex or y directions that are no
directly related to topological rearrangements. We have v
fied experimentally that such effects are rare by compa
unprocessed images and spatiotemporal plots. Beyon
characteristic strain denoted byg* which is significantly
larger thangc , a third regime progressively appears whe
the lines are neither continuous nor parallel, and their slo
differ from the one observed in the previous regimes, in
cating nonaffine bubble motion that strongly fluctuates
space and time.g* presents extremely large fluctuations:
30% of the experiments, it exceeded 1.7, the maximum st
applied to the samples. We choose not to extend the rang
applied strains further, since due to the free lateral bound
conditions of the sample, a sliding plate configuration is
trinsically inadequate for applying very large fully homog
neous strains.

Figure 4 shows typical velocity profilesv̄(x) obtained for
shear strain values in the three regimes. In all cases,
velocities of the bubbles in contact with the glass plates
x50 andx5d correspond to those of the respective plat
allowing to exclude artifacts related to wall slip. In the ran
of investigated shear rates,v̄(x) remains globally linear up to
the strain valueg* . This observation implies that forgc
,g,g* , the rearrangements are localized and rando
distributed in the sample. A direct study of the spatiotem
ral plots such as Fig. 3 confirms this finding. Indeed,
signature of avalanchelike, large scale collective rearran
ments would be kinks that simultaneously appear for a w
range ofz. Visual inspection of the foam images shows th
the extent in thex direction of bubble clusters undergoin
rearrangements is comparable to that in thez direction. For
strains beyondg* , the strain rate is no longer homogeneo
throughout the foam. In this regime, we observe tempo
fluctuations of the velocityv̄(x) that are much larger than fo
g,g* . The profile and its fluctuation do not present a
systematic variations with strain rate and gap size, within
investigated range of parameters.

To detect quantitatively the onset of yielding of the foa
corresponding to the passage from the first to the sec
regime defined above, we analyze spatiotemporal plots f
closely spaced set ofx values ranging from 0 tod. To define
gc precisely, we identify it with the strain at which the fir
rearrangement appears in these plots for a given experim
Let us relate this parameter to the number of strain indu
rearrangements per total sample volume, denotedr, which is
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an increasing function of the applied strain and which
expect to be a bulk property of the foam forg,g* . A simple
statistical argument given in the Appendix allows to relater
to the probabilityp that no rearrangement occurs in the o
served volumeVobs for strains up tog: r52 ln@p#/Vobs. We
estimate the straing for which p50.5 as the average ofgc ,
obtained in a set of experiments for a given strain rateġ. In
our experiments, we thus obtain a bulk density of rearran
mentsr equal to 1.7 cm23. To summarize this analysis, w
note that the average value ofgc corresponds to the averag
amount of strain that induces the onset of rearrangeme
detected with a level of sensitivity of 1.7 rearrangements
cm3.

In the previous discussion, we assumed that the first r
rangement observed during a shear start-up experimen
induced by the applied strain. However, this hypothesis

FIG. 4. Normalized velocity profilesv̄(x)/V for different shear
strains and strain rates.~a! The symbols indicate the strain interva
over which the data have been averaged;~s! 0,g,gc , ~3! gc

,g,g* . The standard deviation of the strain dependent fluct
tions of v̄(x)/V is indicated by the error bars. It is of the order
the experimental resolution. The straight line corresponds to
curve expected for uniform strain. The strain rate is 0.04 s21. Com-
parable results are obtained in the entire range of strain rates~b!
Velocity profiles averaged over the strain intervalg* ,g,1.7. The
symbols correspond to experiments with the following paramet
~s! ġ50.22 s21 and g* 50.85, ~n! ġ50.14 s21 and g* 50.76,
~h! ġ50.04 s21 and g* 51, ~j! ġ50.03 s21 and g* 50.60. The
gap widthd is equal to 11.5 mm in all experiments except the o
for ġ50.03 s21, whered516 mm. The dashed straight line corre
sponds to uniform strain. Typical strain dependent fluctuation
v̄(x)/V is illustrated by an error bar drawn in the top left corner
5-4
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DYNAMICS OF YIELDING OBSERVED IN A THREE- . . . PHYSICAL REVIEW E 67, 021405 ~2003!
valid only if rearrangements due to the coarsening proc
are sufficiently rare; the number of such rearrangements
tected in the observed volume per unit time, multiplied
gc /ġ must be much smaller than one. This argument, ba
on the assumption that coarsening and strain induced r
rangements are independent phenomena, implies tha
must restrict our study to strain rates much larger th
1023 s21. To rule out artifacts related to the finite size of th
sample, the measurements have been performed for two
ferent gap widths; results are indeed independent of this
rameter for a fixed amount of observed volume.

The data shown in Fig. 5 indicate thatgc is nearly con-
stant for low strain rates ranging from 0.002 to 0.07 s21. At
higher strain rates, the onset of yielding occurs at strainsgc
that strongly increase withġ. This evolution of the yield
stress with strain rate can be understood qualitatively by
ing that in the quasistatic limit, the stress is dominated
surface tension forces whereas at high strain rates, vis
stresses play an important role. We expect on dimensio
grounds that the limit of the quasistatic regime should
governed by a characteristic capillary number Ca5mRġ/s.
This criterion should allow to compare yielding in foams
different liquid viscosity, surface tension, and bubble rad
for a gas volume fraction comparable to that of our samp
Our experiments cover the range 731028,Ca,731026

with a crossover at a capillary number of the order of
31026. Previous rheological determinations of yie
stresses and strains at well defined strain rates have gene
been carried out at much lower capillary numbers, cor
sponding to the quasistatic regime@12#. This is consistent
with the fact that yield strains and stresses have been
ported to be independent of strain rate.

More insight is provided by the theoretical analyses
Khan and Armstrong@8# and Kraynik and Hansen@9# who
used a model of film-level viscous flow to study simp
shearing flow of perfectly ordered two-dimensional foam
They showed that the effect of viscous forces under ste
shear is governed by a modified capillary number C8

FIG. 5. Onset of yieldinggc as a function of strain rateġ. Open
circles and disks correspond to experiments with a gap width e
to 11.5 mm and 16.0 mm, respectively. The continuous line co
sponds to the fit explained in the text. Error bars indicate the m
surement errors due to the finite image grabbing rate.
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5ama(12f)ġ/s, where a is the initial length of a cell
side,f the gas volume fraction, anda a geometrical prefac-
tor of the order of 1. They further predicted that the mo
significant effect of the viscous forces consists in slowi
down any length changes of the films separating bubb
Thus, for high shear rates, bubbles will rearrange only a
having reached very strong deformations. The yield straingc
is predicted to be independent of Ca8 up to a characteristic
value above which a rapid increase ofgc with Ca8 is ex-
pected. Furthermore, the cited theoretical studies presen
merical values ofgc(Ca8) that may be described by a rela
tion of the form gc5gc,o1ACa8, where gc,o is the
quasistatic limit ofgc andA'20 is a dimensionless param
eter. This expression is equivalent togc5gc,o1Tġ, whereT
is a characteristic time. The fit in Fig. 5 shows that our d
is in agreement with the expected functional relation w
gc,o50.0560.02 andT51.0860.14 s. However, the prefac
tor A deduced from our experimental data exceeds the th
retical value by at least five orders of magnitude. This m
partly be due to the fact that the theoretical model descri
ordered 2D foam. In this context, new theoretical work ta
ing into account mechanisms related to fluid flow in the
cinity of the Plateau borders@10#, viscous flow along the
Plateau borders which is specific to 3D foams as well
interfacial viscoelastic effects@24# would be of great interest
A better understanding of the maximum strain rate wh
yielding behavior is quasistatic is crucial for the comparis
of experimental data with simulations obtained using the s
face evolver software. Indeed, the results of this much u
tool for theoretical investigations are only valid in the qu
sistatic regime@2,7#. Moreover, in applications of flowing
foam such as mineral flotation@25#, bubbles are of the orde
of a millimeter, and thus flow behavior at capillary numbe
beyond the quasistatic regime is of great practical intere

The quantitative comparison of our results concerninggc
with rheological yield strain data is not straightforward, sin
there is at present no proven theory relating quantitativ
the onset of structural changes to macroscopic rheolog
behavior. Yield strains for dry foams reported in the literatu
@8,14# strongly vary according to the experimental techniq
and yield criterion used, the values are in the range from 0
to 0.5. Surface evolver simulations of the yielding of dry 3
foams also give values in this range@26#, even though sys-
tematic statistical studies to our knowledge have not yet b
published in the literature. A fundamental problem for e
perimental as well as for numerical studies of yielding is t
great variety of microstructures possible for a random foa
Surface evolver simulations of sheared 3D dry foams h
recently shown that an ‘‘annealed’’ structure of decreas
energy can be obtained by strain cycling of an amplitu
large enough to provoke many rearrangements but sm
enough to prevent the buildup of residual stress@27#. We
expect that prolonged coarsening can be considered as
other way to obtain a statistically well defined distribution
internal strains that naturally appears in any sufficien
stable foam. The onset of yielding should be observed
much higher strains if annealed rather than coarsened fo
are studied. To verify this prediction, we have carried o
successive strain cycle experiments as described in Se

al
-

a-
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ROUYER et al. PHYSICAL REVIEW E 67, 021405 ~2003!
Figure 6 shows image correlation factors that allow to co
pare the onset of irreversible changes induced by a firs
second, and a third shear cycle. The first cycle leads to
versible rearrangements starting at deformation amplitu
in the range 0.1–0.15. Remarkably, the second as well as
third cycles do not induce a significant amount of furth
rearrangements below strain amplitudes of the order of 0
At larger strain amplitudes, all three cycles induce rearran
ments. These findings concerning the interplay of strain
tory and yielding will help to guide the future developme
of mesoscopic foam rheology models.

IV. SUMMARY AND CONCLUSION

Using video observation of dry aqueous foams combin
with spatiotemporal image analysis, we have studied the
set of yielding at the start up of a steady shear flow a
function of strain rateġ. We have shown by direct observa

FIG. 6. The image correlation factorC @cf. Eq. ~1!# is repre-
sented as a function of the maximum straingmax applied in a strain
cycling experiment.C is measured for the first~disks!, the second
~crosses!, and the third~triangles! of three successive cycles. Th
gap width is 11.5 mm, the strain rate is 0.18 s21.
ds
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tion in the bulk that the strain induced rearrangements
occur at small strains are distinct, localized events. In a ra
of strains extending well beyond the onset of yielding, w
have explicitly verified that the bubble velocity profile in th
gap is linear. For very large strains, fluctuating nonline
profiles are found. Furthermore, we have observed a tra
tion from a quasistatic regime at lowġ to a regime where the
onset of yielding occurs at strains that rapidly increase w
ġ. These findings are in qualitative agreement with previo
theoretical studies of viscous effects in 2D dry foams ev
though the underlying physical mechanism may not yet
well understood. Moreover, we have performed strain
cling experiments showing that the onset of rearrangem
in a shear start-up flow strongly depends on strain histo
Experimentally, reproducible histories may be obtained
ther by prolonged coarsening or by shear cycling, leading
onsets of yielding at widely differing strains.
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APPENDIX

Let us calldV a small element of the foam sample volum
corresponding to the typical extent of structural changes
served upon a shear induced rearrangement andr the number
of such rearrangements per volume. Since here, we are i
ested only in the onset of yielding, we restrict our discuss
to the caser dV!1. Our observations show thatr is inde-
pendent of the position in the sample and we therefore
scribe shear induced rearrangements using a Poisson pr
in space. As a consequence, the probabilityx of not finding a
rearrangement in the observed part of the sample volu
Vobs is: x5(12r dV)Vobs/dV. SinceVobs@dV, we obtain to a
good approximation;x5e2rVobs.
ci.

ol.

eol.

tt.
@1# R. G. Larson,The Structure and Rheology of Complex Flui
~Oxford University Press, Oxford, 1999!, Chaps. 1 and 9.

@2# D. Weaire and S. Hutzler,The Physics of Foams~Clarendon
Press, Oxford, 1999!, Chaps. 1 and 8.

@3# H. M. Princen, J. Colloid Interface Sci.91, 160 ~1983!.
@4# P. Sollich, F. Lequeux, P. He´braud, and M. E. Cates, Phys. Re
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