


















































































































































































































































































































 
direction) is the dominating one. Fig. 5 (c) and (d) show the displacement fields in the yz-
plane at x=0.358 mm, and in the xz-plane at y=0.358 mm, respectively. Note that Fig. 4 (a) 
and (c) and Fig. 5 (c)-(d) indicate that the u- and v-displacement are nearly constant in the z-
direction, which is a behaviour that is expected on the macro structure level.  
The resulting strong variations in the longitudinal direction of the cells are interesting. This 
behaviour is not reflected on the macro-level of wood. However, these variations might 
influence the macro behaviour due to local stress concentrations that are likely to appear in 
these areas. Stress concentrations might in turn be of importance for the macro mechanical 
properties and fracture mechanics.  
A cause of the local longitudinal swelling might be influence of radial rays that interact with 
the tracheids. Also, longitudinal shrinkage is known to be influenced by the microfibril angle 
in the S2 layer and hence it would be interesting to further study that angle in cells in the 
regions of interest. Another cause could be strong local differences in MC, caused by for 
example water transport ways and local resin concentration. But this is not likely, since the 
discontinuities in longitudinal swelling caused by MC differences also would have been 
reflected in the other directions and this was not the case. A more likely cause is that this 
could be a measuring artefact of the DVC when calculating longitudinal displacements. The 
correlation region, Rc, is 0.447 mm in the longitudinal direction and hence 7-9 times shorter 
than the tracheids, which might be 3-4 mm in length. Tracheids are very uniform in the 
longitudinal direction and since the correlation algorithm is based on recognisable random 
patterns, it might be difficult to get good DVC correlation for longitudinal swelling of all 
tracheids. Though, apart from the tracheids, there are also far smaller features contributing to 
a recognisable pattern along the longitudinal direction, like for example the bordered pits and 
the radial oriented wood rays – as shown in Fig. 1. Also, during the correlation procedure, the 
significance estimates from the DVC-algorithm gave no clear indications of the analysed 
structure being de-correlated.  
If the great longitudinal displacements are not a coincident but frequently appearing, then it is 
likely that high local stresses can appear on micro level, stresses that result in fracture of the 
wood structure in the vicinity of the rays. If this is the case, then it is likely that the first 
drying from green state will cause stresses and fractures on micro level, which is in 
accordance with the findings of Kifetew et al. [19].The method used here was not able to 
detect internal checking in the S2 layers of the cell walls for the studied wood. However, 
when doing a preliminary visual inspection of not reported data from dry Scots pine, heat 
treated at maximum 170 C, micro cracks in the cell walls were found, Fig. 6. It is also 
interesting to note that the green MC of heartwood in Scots pine is not below fibre saturation 
point, but slightly above it. Maybe the reason for this is that the wood structure has the most 
advantageous mechanical properties for the living tree when cell walls are full of water. If this 
discussion is valid, then there is a reason to avoid cell wall drying prior to cell wall bulking 
modification of wood, in order to achieve a wood structure that is as intact as possible. This 
work then strengthens the findings of Thuvander et. al [20] were the tensile strength and the 
energy to failure of glycerol modified wood was increased by a factor two, if cell wall bulking 
was done in green state.  
Tschegg et al. [27] study crack propagation in larch and beech, showing that larger number 
and cross-section area of rays in beech makes the wood reinforced in the longitudinal-radial, 
LR, plane. In addition, it would be interesting to study local shrinkage in the vicinity of the 
rays, since it might have a correlation to the fracture behaviour. Maybe there are drying-
induced local shrinkage that causes stresses and micro-failures, i.e. it is not only the rays that  
 



 
Figure 6. Micro cracks in wood sample that has been dried at max 170 C dry bulb temperature from the green 

state. (a) shows a region with dimensions 0.715 x 0.715 mm2 that consist a full annual ring. (b) shows a close up 
on the region in (a). The dimensions are 0.267 x 0.267 mm2 and one or more cracks are visible in a majority of 

the tracheid cell walls. 
 
reinforce in one direction, the rays might also weaken the structure in the longitudinal-
tangential direction.  
 
If the shrinkage/swelling properties of wood on micro level cause lower mechanical strength 
on the macro level it may be of economical relevance for the wood industry. Mechanical 
strength of wood for construction has great variations and the relations between predicted and 
actual mechanical strength are quite poor. Only a small increase of the mechanical strength 
and a decrease of the variations in properties may be of economical importance. However, 
this is contradicted in [21]. The method presented here, possibly in combination with SEM, 
may be of use for studying micro structure properties related to mechanical strength.  
Shear strain in the tangential and radial planes can be denoted as yu  and xv . If the 
sample to be measured is rotated in the xy-plane it will be reflected in the u and v 
displacements, and both of them will get a linear variation along both x and y axes. When the 
u displacements have a variation in the y direction, then 0yu , which means that there 
are shear strains present.  
Water inside the lumen caused problems for the DVC algorithm, since the presence of 
capillary water altered the random recognisable pattern which is needed for correlation. This 
is the reason why the results from measurements after 5.5 and 9.0 h water immersion were not 
presented here, since no correlation was found in Rc.  
Fig. 7(a)-(h) shows image data of the cellular wood structure captured in dry state and in wet 
state after 5.5h, 9h and 12h water immersion. Fig. 7(a)-(d) shows the centre tangential-radial 
slice (xy-slice) trough the correlated region Rc, whilst Fig. 7(e)-(h) shows the 3D structure in 
a region that measures 83.8 x 126 x 126 μm3. 
Here the capillary water inside the lumen is visible, for the structures collected after 5.5 and 
9.0 h in water, (b), (f) and (c), (g), respectively. After 12 h immersion, Fig. 7(d) and (h), the 
sample shows no capillary water, which was not expected. The reason for this is not known,  



 
Figure 7. The cellular structure in two different regions of the wood specimen in four different hygro-states. Both 
regions have the dimensions 83.8 x 126 x 126 μm3. One can see that the structures exposed to water for 5.5 h 
and 9 h, shown in (b), (f) and (c), (g), respectively contain water in the lumen which decomposes the 
recognisable structure required for correlation analysis. However, the wood structure exposed to water for 12 h, 
(d) and (h), shows no visible signs of water filled lumens and has a structure comparable with that from the dry 
state, (a) and (e). 
 
but it is likely that a partial drying of the sample occurred prior to x-ray scanning, due to the 
experimental procedure. However, this gave usable data for swelling correlation, since the 
structure now is comparable with that in the dry state (Fig. 7(a) and (e)). It is probable that the 
MC was near the fibre saturation of the cell walls, which is believed to be the most swollen 
state of wood. To avoid this problem with low correlation it is suggested to develop methods 
for filtering away the capillary water from 3D data prior to applying the DVC algorithm. 
Maybe such a filtering is possible by slicing out data points with a density value near to the 
density of liquid water. Another way is to use phase contrast information for the SRμCT 
imaging of wood structure, as proposed by Trtik et al.[4], instead of absorption imaging as 
used here. In general, phase contrast imaging is carried out with higher photon energy and 
extended exposure time compared to conventional absorption contrast imaging. In pure phase 
contrast mode no information about the absorption (and hence density) is gathered from the 
material. Instead the information obtained describes the interfaces between the different (low 
absorption) materials within the specimen. Therefore phase-contrast images of a specimen 
with the constituents wood/air and wood/water/air are fully comparable with each other, from 
a structural point of view. However, since the scanning time, in general, is longer (due to the 
increased exposure time) this imaging method will be more sensitive to motion blur artefacts 
of the reconstructed structure, which occur as the wood structure dries and starts to shrink 
during scanning. These effects could hopefully be reduced through use of a climate chamber  



where the specimen is placed in an environment with constant humidity and temperature 
during scanning.  Recently it has also been reported that mixed phase and absorption imaging 
can be performed in parallel, based on the same projection data [28, 29]. Hence it would be 
possible to measure the swelling (or drying) through use of DVC on either of the data sets and 
through subtraction of the absorption and phase image data isolate the water inside lumen.  
Capillary water movement in wood can proceed relatively fast if pressure differences and 
capillary communication network exist. That makes it a drawback that the total scanning time 
is approximately 12 min, since a redistribution of moisture may occur during the on-going 
scanning sequence and hence influence the accuracy of the measurements. Also moisture 
changes within the cell walls may occur during the scanning, since the scanning volume is 
very small. Further investigation of the influence of scanning time on the measuring accuracy 
would be possible, but not simple, by a combined simulation of material structure, moisture 
flow and scanning. 
In this study density and displacements are achieved in 3D. In future work it is of interest to 
also derive strains and moisture content. A method used by Danvind [30] to derive MC in 3D 
data is based on identification of the same points, or small regions, in the material at different 
time steps or shrinkage/swelling states. This method will be difficult to apply here where there 
are many sharp changes in density in the data and the displacement data is smoothened over 
more than one cell. This means that it will be difficult to identify positions in for example a 
cell wall in the deformed state. How to do the MC estimation is therefore to be developed. 
One way forward might be to control the RH in a testing climate chamber and always wait for 
the sample to stabilise on equilibrium MC throughout the sample before scanning. However, 
that will not be a solution for more dynamical studies.  
Due to the resolution and averaging of the DVC calculations it may be difficult to fully 
resolve the sharp displacements caused by local material variations. Hence, there are 
possibilities of improving the displacement measurement, for example by adopting the sizes 
and positions of the sub volumes (correlation windows) to the micro structure and avoid 
averaging of calculated displacements in some regions of interest. In the SR CT data it seems 
to be possible to measure cell wall shrinkage and swelling, since there are recognisable 
individual structural irregularities of the cell walls, especially where there are bordered pits. 
However, not by using the sub-volume size of the DVC algorithm used in this study. Instead 
more manual image analysis can be done or the size of the sub-volumes might be decreased. 
Also, it would be possible to increase the magnification while performing the SRμCT imaging 
by a factor two and thus increase the (theoretical) spatial resolution a factor two, which would 
result in the field of view 0.715 mm2 and voxels with the dimension 0.349 μm3. With the 
higher spatial resolution it might be possible to perform DVC analysis on individual cells and 
entirely rely on the smaller features present in the cell walls. This is to be further investigated.  
It would be interesting to measure the micro swelling of the cell walls and the macro swelling 
over some annual rings in order to evaluate modelling approaches, for example Nakano [31], 
of the relationship between them. Pang [32] shows a micro structure modelling approach 
where this method may be useful for providing good data on both the geometrical structure 
and the shrinkage/swelling properties. Also when working with modification through 
compression of wood, for example Blomberg and Persson [33], this method is believed to be 
useful.  
The sorption isotherm of wood does not follow the same pattern in desorption and sorption 
[34]. Also, the first desorption from the green state does not follow the same pattern as 
desorption after re-wetting [35]. This also changes the shrinkage behaviour to some extent 
after re-wetting. This might be caused by the reduction of water bonding sites to the wood 
molecules, which in turn may be influenced by fractures on the micro structure level that 
appear during drying from the green state. This might also be the cause of different sorption 



behaviour of wood pulp and gross wood as found by Stamm [36]. The SR CT method may 
be usable for simultaneous studies of MC, shrinkage/swelling and changes on the micro 
structure level, to further understand the hysteresis of the sorption isotherm.  
The SR CT and DVC have some limitations (or disadvantages) that were noted for the study 
done in this work. The sample size is restricted to a field of view that ranges from 0.715 mm2 
to 11.4 mm2, depending on the magnifying optics used in the detector unit (the magnification 
ranges from 1.25x to 20x). This restricts the studies that can be done. The relatively long 
scanning times make it difficult to study dynamical phenomena. No climate controlled 
chamber for placing the samples in, during scanning, was available. The DVC algorithm did 
not measure displacements of individual cell walls, or within cell walls. Capillary water in 
lumen made it impossible to calculate displacements using DVC. The resolution was not good 
enough to directly resolve for example micro fibril angle and whether pits were opened or 
closed. Trtik et. al [[4]] proposes a promising water-shed methodology for studying the state 
of the pits.   
 
Conclusions
By bringing non-destructive 3D measurements for structure and algorithms for displacements 
calculations to the micro-scale level of wood, better understanding of wood will be achieved. 
It can be concluded that the methods presented here, SR CT in combination with DVC, are 
very useful for studying shrinkage and swelling in 3D on micro level of wood below fibre 
saturation point.  
The swelling in radial and tangential direction, found in this study, resembled the expected 
swelling on macro level. However, also unexpected phenomena was found within the results.  
The radial swelling was, for example, strongly influenced by the presence of a resin channel, 
while the tangential swelling seemed unaffected. 
The DVC had too low correlation for calculating displacements when comparing wood 
without water in cell lumen and deformed wood with capillary water. 
The longitudinal swelling showed local variations, which was not reflected on the macro 
level. The variations were suggested to be caused by material variations and/or weaknesses in 
the displacement measurement. The latter was assumed to be caused by the homogenous 
structure of the tracheids and their long elongation in longitudinal direction.  

Future work 
During the work the computational speed and RAM requirements of the DVC algorithm has 
been improved. Hence the correlation volume, Rc, may be enlarged in future work, or 
alternatively, the analysis may be performed with increased spatial resolution, without loss of 
speed. For future work, it is of great importance that methods for handling the capillary water 
in lumen are developed. A possible solution is to perform the 3D imaging based on phase-
contras information, as discussed in the text. Furthermore, there are several examples for 
future work based on the methodology used in this study. It would be of interest to carry out 
similar experiments with improved spatial resolution, and determine the structural response 
within individual cells. Also, it would be of interest to carry out calculation of moisture 
content and study moisture flow. A further possibility is to also introduce fracture mechanics 
in the study, for investigation of crack propagation through loading to failure, as a function of 
moisture content.  
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Abstract

Understanding the displacement of granular beds under compaction is important for a range of 
industrial, geological and civil engineering applications.  Such materials exhibit 
inhomogeneous internal displacements, including strain localisation, which mean that a 
method for in-situ evaluation of internal 3D displacement fields at high spatial resolutions 
would be a major development.  This paper presents results from the compaction of a 
cylindrical bed of sugar, with the dimensions Ø7.0 mm and height 8.2 mm, using X-ray 
microtomography to evaluate the internal structure, and Digital Volume Correlation to 
calculate 3D displacement information from these data.  In contrast to previous studies, which 
generally track a small number of marker particles, the research here uses the natural structure 
of the sugar to provide a random pattern for image correlation, thus allowing full-field 
information to be captured. The maximum displacement parallel with the compressive force is 
240 μm and obtained in the top region of the bed, and induces approximately 7 % 
compressive strain. The results show good agreement when compared with a well established 
2D image correlation technique.   

1. Introduction 

The behaviour of granular materials and powders under compaction is an important area of 
study with relevance to a range of industrial, civil engineering and geophysical applications 
including production of ceramics, metals, pharmaceuticals and explosives [1-3].  The 
behaviour of granular beds is also important for explosives safety, where suitable compaction 
laws, which relate intergranular stress to porosity, are required to understand processes such 
as the deflagration to detonation transition [4, 5].  The behaviour of granular materials is often 
characterised by the formation of shear bands.  As well as affecting density homogeneity of 
the bed, and thus the mechanical integrity of a finished product, shear bands, which are 
regions of large relative flow, act to dissipate mechanical work as heat in a localised region, 
which may have important consequences for explosive safety [6].
For these reasons, it is important to develop experimental capability for better investigating 
the behaviour of granular beds under compaction.  A key aspect of this development is the 
ability to measure local displacements fields within a specimen.  Whilst the use of optically 
transparent confinements allows a range of important quantitative measurements to be 
performed [3], edge effects mean that representative results cannot be obtained for many 
processes.  Full-field three dimensional displacement measurements, such as can be obtained 
from a combination of X-ray microtomography and 3D Image Correlation, will provide an 
important extension to the range of obtainable data and the processes that can be investigated. 
X-ray microtomography or micro computed tomography (μCT) is a non-destructive (non-
contact) imaging method where the 3D density distribution of an object is obtained from a 
sequence of 2D X-ray projections, captured from different angles during a rotation of the 



object. The reconstructed volumetric data gives a full representation of the micro-architechure 
of the investigated material and has become a popular tool for structural analysis of materials 
[7].
There exist a number of publications where structure or motion within granular materials has 
been analysed by x-ray computed tomography (CT) or microtomography in combination with 
various image processing techniques [1, 8-11].  In particular, the nature of CT is that free and 
occupied volumes within a compacting material, and thus the density of the bed, can be 
calculated from the acquired data [9, 12]; reconstruction and characterisation of particle-
particle interactions has also been performed [1].  A number of authors have used tracer 
particles to obtain information about the movement of the bed  [8, 10, 11, 13]; however, such 
measurements only give pointwise information, even though, in principle, full field 
measurements should be achievable from CT data. 

Image correlation methods are a special type of image processing techniques where the 
displacement field, describing the structural deformation of an object, is determined from 
cross-correlation of two images, taken before and after the change of state. In two-
dimensions, based on planar image data, this technique is called Digital Image Correlation 
(DIC)  [14] or Electronic Speckle Photography (ESP) [15]. The analysis is typically carried 
out in a number of sub-regimes (correlation windows), within the object, which together give 
the full representation of the displacement field. It is of great importance that the imaged 
structure contains random features – either natural or synthetic – that the correlation analysis 
is based upon. The smaller features there are, the smaller the correlation windows can be 
made, and hence the better resolution in the image correlation procedure. 
There are a number of previous studies in which DIC has been used that are relevant to the 
current paper.  Using optical image data, researchers have performed analysis of shear band 
formation in sand due to compressive loads [16], and for granular flow analysis, with strong 
resemblance to particle image velocimetry (PIV) used in fluid mechanics [17].  An important 
development is to combine DIC with X-ray imaging to analyse internal deformation 
processes.  This may be done for impact processes, using flash X-ray to capture the high 
speed deformation [18].   In another paper, granular flow analysis in a hopper was performed; 
velocity fields and strain fields were obtained in the centre plane of the granular material, 
defined by a single sheet of seeded tungsten particles  [19]. 
More recently, McDonald et al. combined DIC and X-ray microtomography for analysis of 
internal deformation and particle movements during loading by a punch into a die containing 
a mixture of aluminium and tin powder.  Here, the tin (volume fraction 15%) was used as a 
high contrast ‘tracer’.  However, unlike the studies discussed above, individual particles were 
not tracked, rather, the random distribution of the tin particles gave the required pattern for 
image correlation to be performed, based on both 2D slices and 3D volumes of the 
reconstructed image data, thus giving much improved data density and spatial resolution [2].   
The emphasis of this study was the flow field of particles around the indenter, rather than the 
compaction behaviour of the powder, which will be the focus of the current paper. 
Correlation based analysis in three dimensions, based on volumetric data, is called Digital 
Volume Correlation (DVC) and was first proposed by Bay et al. for strain analysis in bone 
tissue exposed to compression loads [20].  The use of DVC combined with x-ray 
microtomography enables the full 3D displacement field and strain field to be determined 
throughout the material.  DVC is continuously under development and has during the last 
decade been applied to a number of different materials such as argillaceous rock [21], alumina 
foam [22] and wood [23].  
In the current paper, Digital Volume Correlation is applied to X-ray microtomography data 
from a compacted bed of sugar.  The random spatial distribution of particles is ideally suited 



to the application of correlation techniques, without the use of tracer particles that may affect 
the overall behaviour of the bed.  Apart from the 3D displacement fields that are the direct 
outcome of the correlation algorithm, the experimental results also cover calculations of strain 
and identification of a shear band. 

2. Experimental procedure 

The experimental procedure is here divided into two separate sub-sections. The first describes 
the pure experimental work and methods. The second gives a brief description of the 
correlation methodology together with specific details about the analysis performed.    

2.1 Experimental set-up and imaging procedure
Experiments were performed on sugar, which is commonly used as a simulant of explosive 
crystals in mechanical experiments [6].  Fig. 1 shows the loading device used in the 
experiment, where the sugar (c) is encapsulated in a hollow Perspex cylinder (b). The inner- 
and outer diameter of the cylinder are 7.00 mm and 10.1 mm, respectively. The compaction of 
the material is achieved by applying a compressive load in the axial (z) direction with a 6.95 
mm diameter solid cylinder, made out of brass (a). 
The main components of the X-ray microtomography system are a microfocus X-ray source 
from Hamamatsu Photonics (L7901-01), a motorized rotation stage from Linos Photonics (RT 
120 ST) and an X-ray detector unit from Hamamatsu Photonics (C7876-10). The X-ray tube 
has a voltage range of 20 – 100 kV and the tube current ranges from 0 – 250 A. In these 
experiments the voltage and current were held at 25 kV and 100 μA, respectively. With these 
settings the effective source spot size is 5μm. The rotation stage has a microstep resolution of 
0.002  and an absolute positioning accuracy of 0.05 . The detector consists of an image 
intensifier and a 17 mm CCD of 600 x 800 pixels. The effective field of view of the detector 
is 72 x 54 mm and the spatial resolution is 4.5 Lp/mm. The source-to-specimen and source-to-
detector distances were 72 mm and 320 mm, respectively, resulting in a 4.44 times 
magnification of the specimen. 
During the experiment 545 projections were captured, distributed at equal angles over 360 
degrees. The exposure time for each acquired projection was 2.56 s. 

Figure 1. Photo showing the loading device used for the compaction experiment, the most significant parts are 
marked: (a) Brass rod, (b) Perspex tube, (c) Sugar crystals, (d) Strip with tungsten markers. 



Figure 2. The reconstructed cylindrical bed of granular sugar. Here, one quarter of the volume data has been 
removed for better visualisation of the features.  The reconstructed data reveals that the spatial range of the 

features is rather large. The material is dominated by large sugar crystals.  

The reconstruction was carried out with a Feldkamp cone-beam reconstruction algorithm [24], 
on a standard PC with dual CPUs (Pentium4 XEON 2.2 GHz processors) and 2 GB of RAM. 
Prior to reconstruction a set of correction schemes is applied to the projection data. These are  
used to reduce image artefacts in the reconstructed data, such as ring artefacts and double 
structures. More information about the image quality assurance methods used here is given in 
[25]. The reconstructed data has dimensions 7.98 x 7.98 x 8.87 mm3, described by 342 x 342 
x 380 voxels and the region includes the granular sugar as well as the innermost parts of the 
Perspex cylinder. Fig. 2 shows a volume rendering of the reconstructed granular sugar. 

2.2 Volume correlation procedure 
It is of great importance that the investigated material contains an isotropic distribution of 
random features – a unique 3D microstructure on which the correlation analysis can be based. 
Here, the sugar grains are stochastically shaped and distributed and meet these structural 
requirements. If, however, the grains had been perfect spheres this would have caused 
problems since the individual features are no longer unique.
During the correlation procedure the correlated volumes are divided into smaller regions - 
sub-volumes or correlation windows, each containing a small number of features. The size of 
these sub-volumes is here 0.753 mm3, corresponding to 323 voxels.  The displacements within 
each of these sub-volumes are found through minimization of the cross-covariance function 
between the reference- and the deformed sub-volume data. The result gives the displacement 
field that deforms the original volume to fit into the grid of the deformed structure. The 
displacements are here represented continuously as Chebyshev polynomials. The correlation 
windows (sub-volumes) overlap each other by 16 pixels (half the side of the correlation 
window) in each direction. Thus, each point in the full correlated region, except those near the 
borders, is a member of eight individual correlation windows. The Chebyshev-approximation 
of the displacements is very effective and accurate if the displacements are small. However it 
is only valid for a limited range of displacements. Therefore, to ensure successful correlation,  



Figure 3. (a) shows a volume rendering of the reconstructed granular sugar inside the perspex cylinder. 
Furthermore, a schematic of the correlated region, Rc, is shown (b) together with a rendering of the reconstructed 
data inside this region (c). 

when the deformations are large, an initial correlation routine is used. The initial routine 
makes a coarse estimation of the displacements and supplies the main routine with adequate 
initial values that ensure convergence of the cross-covariance minimization. The full set of 
results from all sub-volumes is finally mapped together to one continuous displacement field, 
covering the whole investigated volume.  A more thorough description of the methodology is 
given in [26].
The correlation analysis is carried out in a region Rc, with dimensions 6.72 x 6.72 x 8.21 mm3,
described by 288 x 288 x 352 voxels. The theoretical spatial resolution, determined by the 
dimension of the cubic voxels, is thus 23.3 μm. The shape of the region has been optimised to 
describe as much of the cylindrical specimen as possible, with the given sub-volume size, as 
shown in Fig. 3 (a)-(c). Here, the reconstructed cylindrical specimen is shown (a) together 
with a schematic representation of Rc, describing the shape and location of the region within 
the reconstructed cylinder. Fig. 3 (c), finally, shows a volume rendering of the reconstructed 
granular sugar inside this region. The homogeneous structure of the perspex cylinder that 
holds the sugar is avoided in order to prevent de-correlation, which apart from degrading the 
results also leads to longer calculation times.

3. Results 

The w-displacement field, describing the motion of the sugar along the z-axis, parallel to the 
applied load, is shown in Fig. 4 (a)-(d). (a) to (c) describe subsets of the w-displacement field, 
obtained by cuts in the yz-plane through the region Rc at x-positions 1.68 mm, 3.36 mm and 
5.04 mm, respectively. In (d) the full w-displacement field is shown. The displacements range 
from 55 to 240 μm in the negative z-direction. As expected, the largest displacements occur in 
the top region, where the force is applied. This region is rather well defined and the large 
movements in the sugar decline rapidly with distance from the top face. The smaller sugar 
crystals can move more freely than the bigger ones. This figure also shows how edge effects 
can affect the material behaviour.  As expected, there is a variation of displacement across the 
top face; regions near the walls of the tube move less due to the friction between the sugar 
crystals and the walls. At the bottom region, the sugar crystal displacement reaches its  



Figure 4. The 3D w-displacement field in region Rc, describing the displacements parallel with the applied force. 
(a)-(c) each show subsets of the displacement field where cuts have been made at different positions along the x-
direction, at x=1.68mm, x=3.36 mm and x=5.04 mm, respectively. (d) finally shows the full 3D w-displacement 
field.

minimum of 55 μm. The base of the sugar filled cylinder, where the displacement is zero, is 
outside the field of view in these measurements. 

3.1 Comparison to DIC 
As well as performing DVC analysis of the 3D reconstruction, it is also possible to perform 
2D DIC on planes cut through the cylinder. Here, two-dimensional correlation analysis is 
carried for comparison reasons by use of a well established DIC-algorithm [15, 27, 28].  In 
Fig. 5 (a)-(c) a comparison is given of the results obtained from the two techniques.  Fig. 5 (a) 
shows a vector plot describing the v- and w-displacements in the yz-plane at x=3.36 mm, 
obtained from DVC. The vector plot is overlaid onto the continuous w-displacement field, 
which is the same as that shown in Fig. 4 (b). In Fig. 5 (b) the results from DIC analysis in the 
same yz-plane is shown. The DIC analysis has been performed with correlation parameters 
comparable with those used for DVC: the correlation windows were 32 x 32 pixels in size and 
there was a 16 pixels overlap between them in both directions. More details about the DIC 
algorithm used can be found in ref [15].  It is important to note that the vectors in Fig. 5 (a) 
represent a subset of the full result, which has been chosen so that they corresponds the ones 
from (b). The full representation of the w-displacement is given by the coloured field. 
Comparison of the vectors in Fig. 5 (a) and (b) shows that the w-displacements are fully 
comparable with each other. This is more apparent in Fig. 5 (c), which shows the results for 
the w-displacement along the z-direction at two different y-positions. The first is taken at 
y=3.36 mm, which is the centre column of the vector field in (a) and (b). Globally, this 
represents the absolute centre of the cylinder. In (c) these results are denoted I. The second set 
of data is taken at y=6.35 mm, which correspond to the border region at the right hand side in 
(a) and (b). These results are in (c) denoted II.  
These graphs show that the results from DVC and DIC give highly comparable 
representations of the w-displacement in both these regions. The fluctuations of w that 
observed in the results obtained by DVC also show up in the DIC results. Generally, the DVC 
method presents slightly lower displacement values, especially in the upper regimes of the  



Figure 5. The DVC-results compared with results from DIC. The analysis have been carried out in the yz-plane 
at x=3.36 mm (the centre plane). (a) and (b) shows vector representations of the v- and w-displacements for 

DVC and DIC, respectively. In (a) the vector plot have been overlaid on the continuous w-displacement field, 
obtained by DVC. In (c) the results from the two methods are compared for two columns along the z-direction - 

at y=3.36 mm (the centre) and at y=6.35 mm (right hand side border).       

cylinder. However, these discrepancies are small, and in several regions the two methods give 
close to identical results. Fig. 5(c) also shows how differently the granular material behaves in 
the centre region and at the border (near the cylinder walls). From these data, the sugar 
crystals in the border region have a displacement approximately 20 μm less than those in the 
centre. Towards the top of the cylinder, however, this difference increases to approximately 
40 μm.  By comparison of the vector fields in (a) and (b) it is also observed that the results 
from the DIC-analysis report a slightly larger displacement in the y-direction. The lack of 
DIC-results in the uppermost region in Fig. 5 (b) and (c) is due to the large displacements, 
which resulted in de-correlation. 

3.2 Strain calculation 
The DVC procedure gives three full field displacement maps, representing the displacement 
of each voxel in the x, y and z directions.  This allows all nine components of strain to be 
calculated at the voxel scale which should enable principal strains, effective strain and shear 
strains to be derived. 
However, an effect of the procedure used to find 3D displacement maps does cause 
discontinuities in displacement at the borders of the subvolumes used for the correlation 
procedure.  When differentiating to find the gradient, these discontinuities cause a ‘grid’ 
effect on the data. 
Therefore, in order to perform strain calculations, the displacement data were first smoothed 
to remove the underlying grid.  Another approach would be to calculate strains for the data 
corresponding to each subvolume individually, and then stitch the results together for the 
whole specimen.  The effect of smoothing is shown in Fig. 6(a), a smoothed version of figure 
5(a) using the csaps cubic spline in Matlab with a smoothing parameter of 0.000125.  The 
strains described by w y  and w z are shown in Fig. 6(b) and 6(c) respectively, and are 
discussed further below. 



Figure 6. (a) shows the smoothed 2D w-displacement field in the yz-plane at x=3.36 mm. (b) and (c) shows  the 
displacement gradients , respectively, from the data in (a). 

4. Discussion 

4.1 Results from this experiment 
Fig. 4 (a)-(d) and Fig. 5 (a)-(c) clearly shows that the greatest response to the applied force is 
found in the top region of the cylinder, directly beneath the tip of the brass cylinder. The 
applied load leads to a compaction of the sugar with greatest displacement at the top of the 
tube. The gradient of the curves in Fig. 5(c) also decreases with increasing distance along the 
negative z-direction.  This is expected, since the frictional effect of the sides becomes more 
important further down the tube, and is reflected in the strain fields shown in Fig. 6(c). 
With reference to the inhomogeneous deformation of granular materials, a further feature of 
the deformation is highlighted in the plots in Fig. 7.  The contours of constant displacement 
are at approximately constant values of z in the centre of the plot, whilst they slope upwards 
on the left and right hand sides.  As expected, these correspond to regions of increased (more 
negative) strains in Fig. 6(b) and 6(c).  Of particular interest are those contours for 
displacements between -100 and -146 m; the advantage of full field displacement 
measurements is the ability to confirm the relevance of such features with reference to the 
whole of the specimen, as indicated in 7(b).  In this case this behaviour is repeated in the 
isosurface (in 3D) throughout the specimen.   
These angled contours represent regions of shear in the specimen; however, sensible 
calculations of effective and shear strain at a voxel level have not been made.  This is due to 
noise in the displacement data, which it amplified on taking gradients and again on rotating to 
principal axes.  Small amounts of noise in the displacement field can have a large effect on  



Figure 7. Visualisation of a region of shear deformation that occurs in the specimen. 

the principal strain calculation.  An approach to deal with this would be calculation of strain 
fields over volumes consisting of a number of voxels: selecting a suitable length scale for 
strain measurements.  Whilst this would reduce the spatial resolution of the strain 
measurements, it should improve the calculation of both the magnitude and direction of the 
principal strains.  From Fig. 7, it is seen that the length scale over which displacement 
inhomogeneity is observed, which is determined by the size of the sugar crystals, is much 
larger than the voxel size, so the reduction in spatial resolution would not prevent useful data 
from being obtained. 
In addition to this problem, the issue of displacement discontinuities at the subvolume 
boundaries must also be addressed.  Therefore, two areas of development that will be 
addressed in a future paper are calculation of strains over a suitable length scale, and stitching 
together of strain fields from different subvolumes,  

4.2 Digital Volume Correlation
In correlation based analysis, the spatial resolution is normally described by the size of the 
correlation windows - the smaller the windows, the higher the resolution. Furthermore, the 
sizes of the correlation windows are limited by the features used in the correlation. Here, the 
sugar crystals are rather large and the size of the correlation windows has been set to 323.
However, with the continuous representation of the displacements with Chebyshev-
polynomials the resolution is no longer strictly dependent on the size of the correlation 
windows.
An advantage of image correlation methods is that they rely on the distribution of features, 
rather than tracking individual grains.  In the experiment reported here, the size distribution of 
the features was far from uniform, as shown in Fig 2; however the correlation procedure was 
performed without any noticeable degradation of the results. Although there is a preferable 



size of the features, for a given size of the correlation window, the correlation method has a 
good tolerance. In the current set-up, it would be possible to investigate materials with 
significantly smaller grains, which would also allow the size of the correlation windows to be 
reduced. This would allow the region of interest, Rc, to be better adapted to the cylindrical 
shape of the specimen.  Alternatively, for the current grain size, a larger specimen could be 
used, with correlation windows of the same size. Thus, the technique is very flexible, and 
adaptable to the application or material to be investigated. 
If the sugar crystals break during the compaction process, entirely new features are created 
and the microstructure is partially changed. This will make the correlation process more 
difficult in these regions and partially degrade the results. The correlation procedure 
successfully handles continuous deformations of the structure, such as for example 
translation, shear and rotation. However, problems arise when large discontinuities occur, or 
when there are large micro-structural changes. Therefore in order to have a successful 
correlation analysis it is important that the applied load does not reach the limit where it 
crushes the features beyond recognition between successive image acquisitions. 
The DVC analysis is carried out based on additional information from a third dimension, 
compared with DIC. The increased amount of data about the structure and the displaced 
features yield a better statistical representation of the deformation process. This might be an 
explanation to why the specimen was analysed successfully by the DVC method while the 
DIC suffer from de-correlation effects in the uppermost region, where the largest 
displacements occur.  

5. Conclusions 

Digital Volume Correlation has been used successfully to calculate the full field 
displacements of a tube of compacting sugar, using the structure of the granular material to 
provide the texture required for the correlation procedure.  The procedure therefore avoids the 
addition of marker particles to the specimen.    The displacements obtained from the volume 
correlation procedure have been compared to those from 2D Digital Image Correlation on a 
slice through the same specimen.  The expected features of granular compaction were 
observed in the data; displacements and strains are larger at the top of the cylinder, and in the 
centre, where edge effects are less.  Further, a continuous region of shear deformation is 
observed in the displacement data.  Future research will concentrate on more robust strain 
calculations, in particular the calculation of principal and maximum shear strains, as well as 
application to a series of experiments on the force-displacement response of sugar as a modal 
granular system. 
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