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Crossover from mean-field compression to
collective phenomena in low-density
foam-formed fiber material

Tero Mäkinen, *a Juha Koivisto, a Elina Pääkkönen,b Jukka A. Ketoja b and
Mikko J. Alavaac

We study the compression of low-weight foam-formed materials made out of wood fibers. Initially the

stress–strain behavior follows mean-field like response, related to the buckling of fiber segments as

dictated by the random three-dimensional geometry. Our Acoustic Emission (AE) measurements correlate

with the predicted number of segment bucklings for increasing strain. However, the experiments reveal a

transition to collective phenomena as the strain increases sufficiently. This is also seen in the gradual

failure of the theory to account for the stress–strain curves. The collective avalanches exhibit scale-free

features both as regards the AE energy distribution and the AE waiting time distributions with both

exponents having values close to 2. In cyclic compression tests, significant increases in the accumulated

acoustic energy are found only when the compression exceeds the displacement of the previous cycle,

which further confirms other sources of acoustic events than fiber bending.

1 Introduction

Soft, bio-based materials offer a wide range of material combi-
nations and likewise a wide range of methods for synthesizing
such. Networks based on fibers with high aspect ratio form
as such a class of interesting examples. In particular, one
interesting route is using aqueous foams to set up the fiber
network geometry,1–5 whereby the air bubbles of the carrier
foam determine to a large degree the porous structure of the
‘‘fiber foam’’ after drying.6

The mechanics of random fiber networks depend first and
foremost on the network density, or likewise on the number of
contacts per fiber.7 Beyond that, the mechanical properties of
the individual fibers and their variation play an important
role,8 as does often the nature of the fiber-to-fiber bonds,9 in
particular the character of the stress transfer and the bond
failure mechanism. In what follows we study (see Fig. 1) the
compression deformation of low-weight foam-formed wood
fiber structures, in the density of 60 kg m�3. These structures
have a random structure typically, and a low number of con-
tacts per fiber. Using geometric arguments,7,8 the average

contact number would be 5–7 for homogeneous fiber distribu-
tion. However, the true number of inter-fiber bonds is probably
somewhat higher because of voids and large pores left in
samples after foam forming.

Earlier simulations10 have shown the build up of significant
axial stress in non-bonded fiber networks at high compaction
levels. The axial stress should develop more rapidly in well-
bonded networks with high fiber bending stiffness. Besides
normal bending11 and bond opening, possible local stress
release mechanisms in this case are also the sudden buckling
of the whole fiber segment or a localized buckling failure e.g. in
the heterogeneous fiber wall of a hollow wood fiber. The latter
could take place also in the case of fiber bending, where axial
stress outside the neutral plane can be high. Ketoja et al.8

postulated that the mean stress–strain behavior during com-
pression could be related to buckling failures of fiber segments.
Effectively fiber segments that undergo a buckling failure
would act as ‘‘stress sensors’’ that relate mean geometrical
changes of the network with the applied stress. The postulate
allows to solve for the stress–strain response using simple
mean-field arguments to account for the gradually increasing
fraction of fiber segments that have buckled.

In this work, we study what happens beyond the validity
of such theory, at large compressional strains, while also
providing further evidence for the mean-field argument at
small strains. A large literature has grown recently around the
presence of complex, collective phenomena in deformation
under compression.12–26 The main idea is the presence of
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‘‘labquakes’’ or bursts of deformation analogous in many ways
to earthquakes. Stress–strain curves and concomitant Acoustic
Emission (AE) and digital image correlation analyses allow to
characterize the burstiness and classify materials according to
the statistics observed. The purpose of our work is to both
explore the avalanches during the deformation of the foam-
formed fiber structures and to relate the changes in stress–
strain curves from mean-field-like behavior to the AE activity.

The next section discusses the experimental details, and
then we in section Results show for two kinds of foam-formed
fiber structures what kind of stress–strain behavior is found
and what kind of AE statistics are obtained. Finally, we present
conclusions and ideas for further study.

2 Experimental

The experimental setup is depicted in Fig. 1a where the foam-
formed block of 19 � 20 � 20 mm3 is compressed between a
compression piston and an AE sensor ensuring a good acoustic
coupling. To obtain uniform compression a thin plastic plate
wider than the sample was placed between the sample and the
AE sensor. The AE sensor is a wideband sensor F30a connected
to a preamplifier by Physical Acoustics Corporation. The steel
and ceramic casing of the sensors is rigid within measurements
accuracy under the small loads during the compression. The
amplified signal is then digitized by National Instruments
6040E digital acquisition card with f = 100 kHz sample rate.
The compressive piston is connected to a load cell with
nominal maximum load of 250 N with 1% repeatability. The
cell is connected to the Instron E1000 tensile testing machine
that digitizes the load displacement data in compliance with
the ASTM standards.

Additionally one face of the sample was imaged for Digital
Image Correlation analysis. The Fig. 1b shows some typical
compressive strain maps obtained using this method. The
plotted eyy is the yy-component (where y is the compression
direction) of the Green–Lagrange strain tensor obtained with
the ncorr27 software. The displacement calculations were done
using circular regions of interest with radius of 25 pixels and
grid spacing of 1 pixel which correspond to 0.75 mm and
0.03 mm. The component of the strain tensor considered is
then calculated from the displacements u = (u,v) as

eyy ¼
@v

@y
þ 1

2

@u

@y

� �2

þ @v

@y

� �2
" #

: (1)

The missing parts in the maps are due to the inability of
Digital Image Correlation to follow the extremely large strains.
Interestingly, these maps indicate that the heterogeneity of the
strain is relatively largest at the very beginning of the experi-
ment. This indicates large local variations in the compressional
modulus, which get smoothened out at larger strains.

2.1 Sample preparation

Two types of fiber materials were used to prepare the foam-
formed samples: unrefined bleached softwood kraft pulp

Fig. 1 (a) The experimental setup consists of Instron E1000 tensile testing
machine that compresses the sample between two steel pistons and
measures the applied force F. The acoustic emission is captured by a
sensor below the sample. (b) The yy-component of the Green–Lagrange
strain calculated by Digital Image Correlation for a CTMP sample at
different strains. The deformation to around 10% strain shows strain
concentration to the middle layer of the sample but this evens out after
the initial compression.
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(BSKP) and bleached spruce chemi-thermomechanical pulp
(CTMP) (see Fig. 2). BSKP was obtained from a Finnish pulp
mill (Metsä Fibre Oy, Äänekoski Bioproduct Mill, Finland) with
the Schopper–Riegler (SR) freeness value of 13, and CTMP was
gained from a Swedish pulp mill (Rottneros AB, Rottneros Mill,
Sweden) with the Canadian Standard Freeness value of 650.
Both freeness values describe dewaterability of pulp and
indirectly indicate fiber flexibility and fines content. The
average (length-weighted) fiber length was 1.98 � 0.02 mm
for BSKP and 1.86 � 0.03 mm for CTMP. The mean fiber widths
were 28.3 � 0.1 mm (BSKP) and 38.2 � 0.2 mm (CTMP). However,
the CTMP pulp included a much higher proportion of sub-
micron fine particles than the BSKP pulp.

In sample preparation, a nonionic surfactant polyethylene
sorbitan monolaurate (TWEEN 20, Sigma-Aldrich, St. Louis,
MO, USA) with the dosage of 6.5 g l�1 was used as foaming
agent. The high surfactant concentration, exceeding the critical
micelle concentration of 0.074 g l�1,28 was necessary to achieve
the target air content of wet foam. The wet fiber foams were
generated by mixing the pulp, surfactant and water in a vessel
with a starting volume of 3.08 liters, with a mixer (Netzsch,
Hedensted, Denmark). A rotational speed of 3800 rpm was used
to make the foam at the air content of 58%. After foaming, the
wet foam was poured into a hand-sheet mold along a tilted plate
and was left to drain for about 20 min by gravity. The sheets were
dried over night at 70 1C in an oven. The final targeted thickness
level was adjusted in a separate phase. The dried sheets were
firstly re-wetted to a 50% moisture content and then pressed to
the desired thickness (20 mm) and finally dried in an oven
(70 1C). This resulted in porous random fiber networks with
broad pore size distributions. Basis weights of the sheets were
about 1200 g m�2. Density of the CTMP and BSKP sheets were
60.6 and 63.6 kg m�3, respectively. For the experiments, blocks
of the size of 20 � 20 mm2 were cut from the sheets.

2.2 Acoustic emission

The observed acoustic emission signal A is divided into discrete
events by thresholding it just above the noise level. The energy
of each event is then calculated as the square integral of the
amplitude over the event duration

E ¼
ð
A2dt: (2)

The energy is therefore in arbitrary units but as the amplifica-
tion and the sensor placement are kept the same, the energies
are equivalent for all experiments. The occurrence time of the
event ti is defined as the time of the maximum amplitude and
the waiting times are obtained as the time difference between
successive events ti = ti � ti�1.

The event count n denotes the cumulative number of
acoustic events and similarly the cumulative energy EAE ¼Ð
Edt is the sum of the energies of the acoustic events. Similarly

the event rate :
n and the energy rate

:
EAE at time t are calculated

by counting the number of events per unit time or the sum of
their energies per unit time in a 0.5 s window around the time t.

2.3 Compression testing

The compression protocol consists of three displacement con-
trolled cycles illustrated in Fig. 3a. The first compression is a
slow one with a displacement rate of :z = 32 mm s�1 lasting
60 seconds corresponding to a strain rate of _e = 10% min�1

(strain rate being calculated just as the displacement rate
divided by the initial sample height). The first loading protocol
up to 10% strain is based on a standard for thermal insulation
materials.29 The strain rate for the next loading phases is
increased by the factor 10 in order to speed up the measurement.
We observe the nearly linear increase in stress (which is propor-
tional to the force F shown in Fig. 3b) and few individual acoustic
emission events (Fig. 3c). After the loading has reached e = 10%
strain, the sample is unloaded with a faster rate :z = 320 mm s�1

( _e = 100% min�1). This return to the starting position is done
manually with a few second delay after the loading has ended.

The second compression cycle uses a faster displacement
rate :z = 320 mm s�1. Here, we observe clearly a non-linear stress–
strain behavior and significantly more acoustic events. It also

Fig. 2 Microscopic images of the two fiber types. The fibers in (a) bleached
softwood kraft pulp (BKSP) appear more curved and flexible than the (b)
chemi-thermomechanical pulp (CTMP) fibers that appear more stick-like.

Fig. 3 The compression protocol consists of three cycles. (a) The dis-
placement z data illustrates the linearity of the loading and the beginning
and end of each loading cycle with dashed lines. (b) The measured force
F corresponds to the loading cycles. (c) The cumulative acoustic emission
energy is shown as dots when an event is detected. The data shows that
there is a significant increase in acoustic event energy release rate when
the compression exceeds the displacement of the previous cycle high-
lighted by green arrows.
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looks like the behavior changes as the strain exceeds the strain of
the previous cycle and we start to compress the ‘‘virgin strain’’
portion of the sample. The green arrows highlight the location
with a bump in the stress and significant increase in acoustic
activity. The loading lasts for 30 seconds and the sample reaches
e = 50% strain. Again, after a few seconds we manually start the
unloading ramp with the same faster displacement rate.

The third cycle is similar to the second one, except we
compress until the stress limit of the load cell is reached. Also
here we observe a bump in the stress data and a significant
increase in acoustic activity as we move to ‘‘virgin strain’’ region
of the sample.

In the analysis that follows we have excluded all other parts
except the virgin loading by stitching together the corresponding
parts of the loading. This is done by attaching the end of one
portion of virgin loading to the beginning of the next one as seen
in Fig. 4. We can compare the resulting force curve to two reference
experiments (which are not included in the further analysis) with
continuous loading and different strain rates (slower one done
with _e = 10% min�1 and faster one with _e = 100% min�1). This
is done by normalizing the time-axis with the maximum time
tmax (which for all experiments corresponds to the same stress).
The force response is the same for both cases and we lose only a
very tiny part of the acoustic emission data.

3 Results
3.1 Stress–strain response

Fig. 5 shows the resulting averaged response for both sets of
samples and zoomed-in views of the initial parts in the Insets.
The curves are obtained from the cyclic experiments by joining
together the parts of increasing compression. Ketoja et al.8

explained similar data for an extended set of trial points by
making assumptions on the average order in which fiber
segments (from a bond to subsequent bond) buckle during
compression. The segment lengths a of the random network
are exponentially distributed,

pðaÞ ¼ 1

a0
exp � a

a0

� �
(3)

where a0 is the mean segment length. Long segments are
generally less supported by the neighbouring ones and are
expected to yield first. By assuming that on average fiber
segments longer than a = a0s(e) undergo buckling and bending
in order to scope with the mean strain e, the following equation
can be derived for the function s:8

[s(e) + 1]exp[�s(e)] = e. (4)

On the other hand, the mean stress required for these buck-
lings to happen can be estimated using Euler’s formula:8

sðeÞ ¼ s0
sðeÞ½ �2

: (5)

By solving s from eqn (4), we obtain the response

sðeÞ ¼ s0
1þW�1ð�e=eÞ½ �2

(6)

where W�1 is the second principal branch of the Lambert
W-function, with one single fitting parameter s0. There are
two main observations that one can draw based on Fig. 5. The
first is that the theory fits the experiments up to a material-
dependent strain/stress well. The agreement up to this point is
very good for the BSKP samples that consist mainly of long
fibers. Slightly larger deviation is seen for the CTMP samples
probably due to their high fines content.30 The second observa-
tion is that for both types of samples, the cumulative AE energy
(depicted in Fig. 5 as a comparison) exhibits a strong

Fig. 4 The cyclic experiment can be re-scaled to a continuous loading.
(a) There is a clear difference between when the strain exceeds the level of
the previous cycle, highlighted in red. (b) Stitching the loading parts together
overlaps with continuous compression experiments (blue and green). Here,
the time is scaled. For the cyclic experiment the scaling is different for the
first (slow) cycle. (c) The results appear the same in linear scale.

Fig. 5 (a) The stress–strain curves for the BSKP samples (light grey,
decreases in strain from experiment cycles removed), their average (blue),
the fitted model (red), the cumulative AE energies (dark grey) and their
average (magenta). The fitting is done for the part below 50% strain. The
Inset shows the same stress–strain response but zooming in on the part
below 50% strain. (b) Same for the CTMP samples.
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increase in the region where the eventual discrepancy starts to
be noticeable.

3.2 Acoustic emission and heterogeneous deformation

In cyclic compression tests, we observed a significant increase
in the accumulated acoustic energy only when the compression
exceeded the displacement of the previous cycle. Moreover, very
few events were observed during the unloading of the sample
between the cycles (see Fig. 3c). This suggests that acoustic
events correspond to other failure mechanisms than fiber
bending, which takes place also during unloading. The above
mean-field theory based on fiber segment failures allows esti-
mating the AE accumulation during compression. The propor-
tion of buckled segments at strain e is given byð1

a0sðeÞ
pðaÞda ¼ exp �sðeÞ½ �: (7)

We found the power a E 3.0 of this function to describe the
number of AE events with increasing strain (or stress), see
Fig. 6. To compare the estimate for buckled segments to the AE
event count we first normalize the event count n by the total
number of events observed in an experiment ntot. As the
compression is stopped at a finite strain we do additional
normalization with the predicted proportion of buckled seg-
ments at that maximum strain emax yielding

n� ¼ n

ntot
e�as emaxð Þ (8)

and similarly for the event rate _n� ¼ _n

ntot
e�as emaxð Þ. The normal-

ized measured values of n* and :
n* agree with the theoretical

predictions e�as(e) and �ae�asðeÞds
de

_e, respectively, up to the strain

level at which deviation between the measured and predicted
stress–strain behavior was seen in Fig. 5.

Moreover, the accumulated AE energy followed quite closely
the total number of events for strains in the range of 10–50%
(see Fig. 7a). In other words, the mean released acoustic energy

per event was fairly constant in this region. For small strains
below 10% this correspondence was lost but in this region
there are only rather few events and the deformation is far from
homogeneous as shown by Fig. 1b.

Beyond e = 0.5, the energy integral increases rapidly (see
Fig. 5). This coincides for both fiber structures with the devia-
tions of the stress–strain curve from the mean-field like. Plot-
ting the deviation

Ds ¼ s� s0
sðeÞ½ �2

(9)

versus the AE energy integral shows that these two are roughly
correlated in a power-law fashion with two different exponents
close to 0.5 (see Fig. 7b). The consequence for the compression
behavior of the foam formed structures is a hardening effect
compared to the expected response (Fig. 5). The natural interpreta-
tion of this is the appearance of a different deformation mode,
where further buckling events lead to localized avalanches and
bursts of collective deformation. Similar avalanches have been
earlier observed in simulations of non-bonded fiber networks.26

The statistics of the AE are quite different as regards the
development with increasing strain. We therefore have divided
the experiments into four strain bins (see Fig. 8) and consider the
statistics of the events occurring in each strain bin separately. For
the event energies we find in general P(E) B E�2.1, which is larger
than what is found in the compression avalanches of other
materials (Fig. 8a). Xu et al.31 have pointed out the possible
existence of two different universality classes with more homo-
geneous materials tested (e.g. Vycor, wood19) resulting in a value
of about 1.4 whereas more disorder leads in some cases (charcoal)
to about 1.7, both in other words values again lower than 2.1. Here
the fit is done as an maximum likelihood estimate to the set of all
event energies (as the exponent does not change between the
strain bins) and on the part of the distribution where the black
line in Fig. 8a is drawn.

The waiting time distribution evolves during the compres-
sion (Fig. 8b). As usual for AE waiting time statistics cut-off

Fig. 6 (a) Cumulative event counts (grey), their average (blue) and the
theoretical prediction e�as(e) (red) for varied strain e. Here the measured

values n have been normalized to n� ¼ n

ntot
e�as emaxð Þ according to eqn (8).

The inset shows the same plot with logarithmic axes. (b) Event rates (grey)

with the same normalization _n� ¼ _n

ntot
e�as emaxð Þ , their average (blue) and the

theoretical prediction (red).

Fig. 7 (a) The ratio of the AE energy and event rates or in other words the
average energy per AE event in a moving time window for BSKP (blue) and
CTMP (magenta) samples. The average energy per event seems to be
roughly constant until it starts increasing rapidly. This happens around the
same point where the mean-field prediction for the stress–strain response
starts to fail. (b) The deviation of the stress from the mean-field prediction
versus the cumulative AE energy for the BSKP (blue) and CTMP (magenta)
samples. The black line represents a power-law EAE B Ds1/2.
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behavior is seen, so that at small strains the maximum times are
larger and a power-law P(t) B t�(2+x) with an exponent close to�2 is
found for the tail (Fig. 8c shows the results of fitting to distributions
binned to strain windows). Again the fit is done as a maximum
likelihood estimate and on the part where the solid black lines in
Fig. 8b are drawn. The strong dependence of the distribution makes
us expect that this is connected to the variations of event rate.14 If the
probability distribution of the rates is broad enough this will show
up in the waiting time distribution due to the rescaling of the
waiting times even without any inter-event correlations as such.
Fig. 6b demonstrates indeed that there is a change in the evolution
of the rate, which grows approximately as a power-law in strain.
Another typical feature of waiting time statistics in compression is
that with small t a small portion of the distribution seems to follow
P(t) B t�(1�n), here n being close to 0.6 as seen from the dashed
black line in Fig. 8b. This is related to Omori-type aftershock
sequences with an event rate proportional to t�(1�n) when time is
measured from the mainshock,14 and indicates correlations in the
waiting times at short times. The tail of the P(t) is on the other hand
linked to the rate distributions, Fig. 8d, which has the easy inter-
pretation that the probability of a large waiting time is dominated by
the periods in the time series when the event rate is small.

4 Conclusions

We have studied the compression of foam formed fiber-based
low-weight structures. These materials deform in their own,

particular way which can be to a quite large degree be described
by mean-field arguments. This includes not only the stress–
strain behavior but also the measured accumulated AE events
during compression. We found an explicit mathematical
coupling between these two properties.

However, as one might expect, with increasing compression the
deformation behavior changes. The main empirical observation is
the hardening of the response as seen in the stress–strain curve,
compared to the mean-field-picture. This change in behavior can
be easily detected by AE observations. In a strain region around
50% the avalanche activity increases tremendously.

The AE bursts exhibit energy statistics that are not much
dependent on the strain window of observation, thus on the
main mode of deformation. Instead, the temporal, waiting time
statistics show substantial changes. This is connected with the
ramp-up of the AE event rate, and our results show that this is
the fundamental reason behind the change in the waiting time
statistics. We thus conclude that these materials differ from what
has thus been observed in ‘‘non-soft’’ matter, including wood.

As the mean-field argument is very general, it will be
interesting to seek for other similar systems where it could be
applicable. In this context, a further topic is to investigate
mechanisms by which the theory breaks because of possible
collective or other complex phenomena, as seems to happen
here at larger strains.
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