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Abstract. In the present work, the relaxation of several wood powders has been investigated in an annular 
shear cell. It is found that the slow logarithmic relaxation commonly observed for various materials 
including granular materials is interrupted by large events. Their frequency and amplitude are investigated 
with respect to particle size and stress-history by measuring stresses and strain. These large events during 
the relaxation appear to be controlled by the deformation. The coarser the particles are, the bigger is the 
deformation of the powder bed between two fast relaxation events and during the event.  

1 Introduction 

The logarithmic relaxation of compressed materials has 
been already evidenced for various materials like metals 
and granular matter [1]. The same behaviour is observed 
in SHS tests (Shear-Hold-Shear) in solid friction [2] or 
granular friction [3].   

In solid or granular media, this behaviour may be 
described by a rate-and-state friction [4-5]. More recently, 
a model with an assembly of parallel exponential relaxers 
with different relaxation times (DRT) has been introduced 
and then further developed to describe logarithmic and 
non-monotonic relaxations [6]. This latter model allows a 
good description of nonmonotonic relaxation experiments 
with granular media [7]. 

Here, we present some experimental data displaying a 
nonmonotonic behaviour of relaxing wood powders in 
Shear and Hold (SH) tests and in oedometric compression 
tests. The study of the rheology of fine biomass powders 
is gaining interest over the last few years, due to their 
applications in thermochemical processes such as 
gasification [8-9] or combustion [10]. Their flowability is 
crucial for a controlled conversion, but their fibrous 
nature and low apparent specific mass do not favour 
gravitational flows and may induce aging phenomena 
during storage.* 

2 Materials and methods 

2.1 Materials 

The powders used in this work are obtained by milling 
resinous wood chips, torrefied (thermally treated during 
55 minutes at 250°C under neutral atmosphere) or not. 

                                                
* Corresponding author : florent.thevenon@mines-albi.fr  

Different mills and various sieving screens have been 
used to produce powders having different characteristics:  
- A coarse powder of torrefied wood (Tor5), ground 

with a knife mill equipped with a 5 mm screen and 
sieved with a 1 mm screen. 

- A coarse powder of raw wood (Raw5), ground with a 
knife mill equipped with a 5 mm screen and sieved 
with a 1 mm screen. 

- A powder of raw wood ground in a vibration mill 
(RawVib) and sieved with a 1 mm screen. 

- A fine powder of torrefied wood (Tor1), ground with 
a knife mill equipped with a 1 mm screen. 

- A fine powder of raw wood (Raw1fine), ground with 
a knife mill equipped with a 1 mm screen and sieved 
with a 200 µm screen. 

2.2 Methods 

2.2.1 Particle and bulk characterizations  

A dynamic image analyser (Camsizer XT, RETSCH) has 
been used to characterize the particle size and aspect ratio 
(defined as the projected particle width over its length) 
distributions. The size and shape descriptors are 
respectively the median of the minimum Feret diameter 
and aspect ratio distributions, respectively named d50 and 
AR50. 
 The particle density ρparticle has been measured for all 
the samples by water pycnometry.  

The descriptors of these wood powders are listed in 
Table 1. The particles are quite elongated, although the 
smallest ones are rounder. The grinding of torrefied wood 
has resulted in finer particles than raw wood, with nearly 
similar shape. 
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The surface state of raw and torrefied wood differ, due 
to the Maillard reactions but the apparent bulk coefficients 
of friction of these samples are mainly the same. This 
friction coefficient µ has been measured in the apparatus 
described in the following paragraph.  

Initial loose packing characteristics—Table 1 also 
displays the bulk loose density ρbulk and initial bed 
porosity ε. The wood powders studied in this work are 
made of elongated particles and have a high initial 
porosity compared to the random loose packing of 
monodisperse spheres which is about 0.52. 

Table 1. Size and shape descriptors of the wood powders and 
bulk properties. 

Powder 
d50 

µm 
AR50 

ρparticle 
g/cm3 

ρbulk 
g/cm3 

ε µ 

Raw5 662 0.37 0.83 0.16 0.81 1.01 
Tor5 264 0.43 0.60 0.17 0.71 0.92 

RawVib 220 0.64 1.03 0.30 0.71 0.85 

Tor1 25 0.61 0.83 0.20 0.76 0.92 

Raw1fine 25 0.64 0.99 0.12 0.88 0.81 

2.2.2 Relaxation testing 

The relaxation behaviour of the wood powders has been 
studied with a Schulze Ring Shear Tester [11]. Two sizes 
of the annular cell have been used, a big cell (inner and 
outer diameters of 5 and 10 cm), and a small cell (3 and 6 
cm respectively).  

The shear stress is measured thanks to two load beams, 
each of them being connected to a tie rod with the same 
lever arm for both cells. During the shearing, the tie rods 
prevent the lid from rotating and transfer the tensile force 
to the load beams. A digital displacement indicator is used 
for the measurement of the lid, giving the height of the 
bulk solid sample. 

The sample is poured uniformly in the cell without 
applying force onto the surface to obtain a homogeneous 
porosity inside the sample. The powder surface is erased 
with a spatula and the sample is weighted to determine its 
initial bulk density ρbulk and porosity ε (Table 1). 

The relaxation test is a four-step procedure, as 
illustrated by Figure 1.  

First, a normal load is applied to the lid and the sample 
is sheared until steady flow at a rotational velocity of 0.9 
mrad/s. Once the shear stress and the powder height are 
constant, the rotation of the cell is stopped and hold during 
15 to 30 minutes depending on the experiment. In this 
time period, both the shear stress and the sample height 
relax. Finally, the shear stress is removed by reversing the 
rotation of the cell during a few seconds. The system 
relaxes its height about 20 minutes more with only the 
normal loading. Both the height and the shear stress are 
recorded during the whole procedure.  

The behaviour of the powders during the relaxation 
has been studied under normal stresses  varying from 0.9 
to 10.5 kPa in the big cell, and from 2.7 to 30.0 kPa in the 
small cell. It is typically the range of stresses applied on a 
powder at the bottom of an industrial hopper. Experiments 
have been performed by increasing the normal load so that 

the powder bed is considered to be in a loose state before 
the experiment. 

.  

 

Fig. 1.  Shear stress evolution (upper black) and height or 
relative volume change of the powder bed (lower blue with 
respectively left or right scale) versus time. Before the holding 
period, the sample is sheared at constant rotational velocity. 
After the hold, the shear stress is released to zero. Powder used: 
coarse torrefied powder (Tor5);  = 1.8 kPa; Big cell. 

2.2.3 Relaxation modelling 

For all the experiments performed, the mean long time 
behaviour (for holding time greater than 100 s, or time 
delay greater than 100 s after the release of the shear 
stress) is observed to be logarithmic. The shear stress 
signal and/or the height signal X may be fitted by the 
expression: 
 

X(t) = X(0) + CXln(1 + t/to,X)                                   (1) 
 
where the origin of the time is chosen at the beginning of 
the hold (or shear stress release) [12]. This long time 
logarithmic model usually does not fit the short time 
behaviour, in particular, dX/dt(0) ≠ CX/to,X. Such 
relaxation mechanism has already been proved to be a 
two-step process [13]. The first step is a fast relaxation 
argued to a single or few particles relaxation process 
whereas the slow relaxation is the consequence of a 
collective motion of particles [13].  

3 Results and discussions 

3.1 Behaviour of the relaxation 

For sake of clarity, only one example of the stress 
relaxation and bed height during a hold test of a wood 
powder (Tor5) is presented in Figure 2 in both cells for a 
normal stress of approximately 10 kPa. The two lower 
curves in black are for Δτ =  - (0) and the two upper 
curves in blue represent Δh = h – h(0). The experiment 
where the hold stands for more than 30 min is for the 
smallest cell. The experimental stress data are shown with 
the fitting curve from eq. (1) — dashed curves in red.  

The logarithmic model fits correctly all the data with 
a correlation coefficient higher than 0.99. Regarding the 
stress relaxation, the time to, is found roughly constant: 
0.7 ± 0.1 s. The coefficient C is found proportional to the 
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normal stress or equivalently to the initial stress (0) = µ. 
This indicates that the normal stress applied remains the 
relevant stress scale for the relaxation process, like for the 
frictional behaviour. 

 

Fig. 2. Shear stress relaxation (two lower curves in black) with 
their logarithmic fit (dashed red lines) and height decrease (two 
upper curves in blue) versus holding time. Powder: Tor5. Upper 
and lower curves: small cell,  = 10.2 kPa. Middle curves: big 
cell,  = 10.5 kPa. 

The relaxation of the shear stress in the small cell is 
slightly greater than in the big cell. The influence of the 
aspect ratio of the experimental setup has been previously 
shown to affect the relaxation behaviour by a different 
initial density of the powder bed [14], but in this setup, the 
stiffness and sheared surface are also different.  

Regarding the height relaxation, we observe a 
characteristic time greater than for the stress relaxation, 
with to,h = 2.6 ± 0.3 s. The logarithmic coefficient for 
height decrease Ch is found slightly dependent on the cell 
with the values of -19 ± 2 µm and -25 ± 3 µm for 
respectively the small and big cell. There is some 
scattering on Ch as exemplified by Figure 3, where the 
relative height decrease curves do not superpose nor have 
a monotonous behaviour relatively to the normal stress. 

Other powders— Furthermore, the relaxation of the 
shear stress and the deformation of the powder bed are 
more important (up to 50%) with the powders produced 
from raw wood. It could be explained by the greater 
roughness of the particles of raw wood. Miksic et al. [12] 
showed that the worn beads with flattened asperities 
display smaller creep deformation or stress relaxation 
than new beads with significant surface asperities. Lastly, 
the stress relaxation and the creep deformation are more 
significant for the coarse powders than for the fine 
powders. This observation could be explained by the 
fibrous nature of coarse particles, resulting in increased 
compressibility [15]. 

3.2 Fast relaxation events  

Figure 2 shows the nonmonotonic behaviour of the 
relaxation of the wood powder in the big cell only. The 
slow stress relaxation of the granular medium is 
interrupted by huge relaxation events, which are 
associated with a corresponding sudden compaction of the 
powder bed. Such a fast relaxation event, associated with 
a large reconfiguration of the particle bed, has been 

previously reported [1,7]. However, the authors 
mentioned only one isolated event, which had led to a 
renewal of the logarithmic decay in stress [7].   

In the present study, the powder relaxation has been 
performed during a few dozen of minutes, allowing the 
observation of recurring large events: the first large event 
after 2 min., the second after 4 min. and a total of 5 events 
in the experiment displayed in Figure 2. These several fast 
relaxation events appear with some regularity, not 
randomly. The study of the amplitude and temporal 
occurrence of these large rearrangements has been 
conducted during the hold or the last part of the procedure, 
when the shear stress is removed, for which the same 
phenomena are observed for the height evolution only.  

For all the biomass powders used, the staircase shape 
of the relaxation is observed in the big cell for both 
signals, but not in the small cell where the shear stress and 
height decrease smoothly in a logarithmic way. This 
dependency on the cell size suggests that these large 
instabilities are triggered by a mechanism which depends 
on the powder bed apparent stiffness or the size assembly 
of particles to reconfigure and merits further investigation 
on its origin. 

3.2.1 Evolution in time 

Figure 3 displays several height decreases under normal 
stress where 3 or 4 jumps are observed in 25 min. of 
relaxation. The delay between two consecutive large 
events increases with the time of relaxation. However, the 
decrease in height during a large event, Δh = h, and 
between two events, Δh = Dh, remain mainly constant 
with the time of relaxation.  

 

Fig. 3. Height decrease for the coarse torrefied powder (Tor5) 
for different normal stresses during the last part of the procedure. 
In red:  = 1 kPa. In black, from the top to the bottom,  = 7.0, 
8.8 and 5.3 kPa. Thin red line: Initial loose state, thick red line: 
Initial dense state. 

3.2.2 Influence of the stress history 

The influence of the initial bed density has been observed 
by repeating the experiment with the lowest normal stress 
(1 kPa, red curves in Figure 3) with the initial loose state 
(thin red line) or with a denser state obtained after 
shearing under a normal stress of 10.5 kPa (thick red line). 
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In the latter case, the height relaxation is lower. Generally, 
the powder bed displacement between two successive fast 
relaxation events is much smaller with a dense sample and 
their occurrence rate is lower. The porosity of the Tor5 
sample has decreased from 0.70 in the loose state to 0.65 
in the dense state, for the 1 kPa experiments (red curves 
in Figure 3). It means that the grains are more in contact 
with each other, making the rearrangements more 
difficult. For the RawVib sample in this dense state, the 
fast relaxation events do not occur. This particular 
behaviour could be due to the fact that this sample is the 
most spherical and compact sample.  

3.2.3 Influence of the particle size 

For each powder, the mean height jump h and the mean 
compaction between two jumps Dh are plotted versus the 
median particle diameter in Figure 4. The mean values are 
taken over seven experiments performed under the 
following normal stresses: 0.9, 1.8, 3.6, 5.3, 7.0, 8.8 and 
10.5 kPa.  

 

Fig. 4. Bed deformation between two fast relaxation events Dh 
(black circles), and bed deformation during a fast relaxation 
event δh (red squares) versus the median particle diameter, with 
associated standard deviations.  

It is observed in Figure 4 that h and Dh increase with 
the median of the minimum Feret diameter d50. However, 
this increase is non-linear. It suggests that this particle size 
is not the only parameter. The amplitude and the 
occurrence of these sudden rearrangements may depend 
also on others non-dimensional characteristics of the 
powders such as the median aspect ratio, the porosity or 
also the particle size distribution. This dependency still 
remains to be defined. 

Nevertheless, we observe that Dh and h are 
proportional in size, with our different samples. It 
indicates that they are scaled by the same characteristic 
length.  

4 Conclusions 

With wood powders, we observe that the logarithmic 
relaxation or creep may be intermittently interrupted by 
large events, attributed to sudden rearrangements of 
particles.  

These large events appear for a given deformation and 
give place to a settlement which is mainly independent of 
the normal stress. The bed deformation between two large 
events or during one event increases with the median 
particle size. 

To investigate the origin of that phenomenon, the 
fibrous character and surface state of the particles have 
been modified. The preliminary results indicate that only 
the powder constituted of the most spherical particles in a 
dense state has a smooth logarithmic relaxation without 
intermittency. 

More investigations are needed to determine the 
influences of the fibrous character, of the initial density 
and compressibility of the powder bed, and of the 
dimensions of the powder bed, observed when changing 
the size of the sheared powder bed. 
 
The authors thank Göknur Esra Hasbay for her contribution in 
the experiments. This work was supported by the French 
Environment and Energy Management Agency (ADEME) and 
CEA. 
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