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Main reasons influencing on stability of the silo is non-symmetrical flow of the bulk
solid and non-controlled volume changes in the hopper [20]. Both of them are connected
with the shape and the dimension of the core of flow, created from the beginning of silo
emptying process. Knowledge about the flow profile and mechanism of concentration
changes, also at the core of flow allows to protect silo from the damage. This problem is
very crucial in case of silos with funnel flow. Due to discrete character of the granular mate-
rials stored in the silo monitoring of the volume changes needs to application of the non-
invasive methods to describe their behaviour.

X-ray radiation is one of the non-invasive measurements methods which can be apply
for monitoring the concentration changes in bulk solid. Earlier it was used not only for
monitoring the bulk solid flow in the silo [1, 9, 12], but also during other geotechnical tests
[6, 21]. X-ray method allows describe qualitatively the area of volume changes and also
monitoring the thickness of the shear zone along the silo walls and inside the bulk solid,
which influence of silo wall pressure. Till now mainly separate exposure of the X-ray ra-
diation was used for monitoring the concentration changes during deformation process
of the bulk solid. X-ray tomography allows for 3D measurement of concentration changes
during granular material deformation.

Particle Image Velocimetry (PIV) method is based on the numerical analysis of succes-
sive pairs of digital photographs of the side of deformed specimen. PIV measurement me-
thod was used with success for silo flow analysis [14, 15, 18] and similarly to X-ray radia-
tion it was also used for different geotechnical tests [13, 22].
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The main intentions of the paper are following:

? ��	 �&�<	 �&�	 ������!#'	 ,/3	���&�+�	 ��	 @�#��!�#�!(�'�	��#����	 (�'���	 %&#� ��	 #�	 �&�
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The experiments in model silo were carried out with different initial densities of sand
(loose and dense) and silo wall roughness (smooth and very rough wall and hopper). During
experiments continuous X-ray exposure for monitoring volume changes in a bulk solid dur-
ing silo flow was applied. Analysis of radiography allows to gather the additional informa-
tion about the volume changes, especially in the core of flow and over the outlet. Results
were presented as a volumetric strain changes for selected time parts of silo emptying.

$#����������
������	�

$#"#�� �����	�	�����������
�%��

The entire procedure of measurements during silo flow using X-ray tomography can be
summarized in 7 steps:

C ���%!���	 �'#%�����$

�C %&�!%�	�)	�#+!#�!��	�#�#������$

�C )!��!� 	�)	�D����#'	)!'���$

�C �!��	!��� �#�!��	�)	+���%���$

7C %#'!4�#�!��	 ���%�+���$

5C +!��%�	��#��������$

EC ����B���%���!� 	+#�#	&#�+'!� 	#�+	(!��#'!�#�!��C

The X-radiographs contain the information about the X-ray intensity reduction inside
the object. The transmission tomography with a 2D flat panel detector delivers a 2D map of
a linear attenuation coefficient μ. The attenuation value from X-radiographs informs about
the absorption of X-ray caused by the presence of a specimen between a source and detec-
tor. A linear attenuation coefficient for silo walls is constant and is the same for any stage of
silo discharge. For a quantitative analysis of the sand behaviour in a silo, it is necessary to
conduct a comparison of attenuation coefficient changes at different silo locations. In paper
[4] is described method which eliminate the influence of silo wall on later radiographs ana-
lysis. After proposed method of data processing (normalization data), the obtained X-radio-
graphs show the values of the absorption coefficient (an inverse of X-ray intensities de-
tected on a sensor and on source radiographs). The value range of new I' intensity is among
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(0–1), where the pixel value ‘0’ represents the minimum absorption coefficient (minimum
sand concentration – empty silo) and the value ‘1’ the maximum absorption coefficient
(maximum sand concentration – filled silo). Thus, the changes of intensity values I' in the
range (0–1) represent X-ray absorption coefficient changes depending on the sand concen-
tration. A decrease of the intensity I' means a decrease of the X-ray absorption coefficient
(volume increase – sand dilatancy), an increase of the intensity I' means a volume decrease
(sand contractancy). For PIV analysis methods was applied radiographs without correction.

$#$#������������������	��������&��'�����
�%��

The entire procedure of measurements during silo flow using PIV can be summarized
in 6 steps:

C ��4+!(!+�	�&�	!�# �	!���	!������ #�!��	%�''�$

�C %#'%�'#��	�&�	!�# �	!�����!��	)!�'+�	#�	�!��	�	#�+	��F Δ�	)��	���	!������ #�!��	%�''$

�C %#'%�'#��	�&�	%����'#�!��	4��<���	!�# �	!�����!��	)!�'+�	G�&�	����	'!;�'�	+!��'#%�����

!�	�&�	��#;	�)	�&�	)��%�!��?$

�C ����#�	�&�	���%�+���	)��	�#%&	!������ #�!��	%�''$

7C %��(���	�&�	��'��!#�	+�)���#�!��	)!�'+	!���	*# �#� !#�	+�)���#�!��	)!�'+$

5C %#'%�'#��	���#!�	������C

The strain vector is calculated with a strain-displacement matrix used in the finite ele-
ment method. The volumetric εv and deviatoric εp strain are presented in equation (1):

* * *
11 22

1
and with

3v p ij ij ij kk ijε = ε + ε ε = ε ε ε = ε − ε δ (1)

where:
ε – deformation vector,

εij – deformation tensor,

δij – Kronecker deltas.

(#�)*������
������� ��

(#"#����	��
��+��,��	�����������������������

The model tests with application of X-ray radiation and PIV method were carried out
with rectangular perspex symmetric funnel flow model silo consisting of a bin and a hopper.
The height of a funnel flow silo was h = 0.29 m, the width b = 0.15 m, the depth d = 0.07 m
(Fig. 1). The width of the rectangular outlet along the silo depth was 5 mm. The wall thick-
ness was 0.005 m. Smooth and very rough walls in a bin and a hopper were used. A wall
surface with a high roughness rw was obtained by sticking a sand paper to the interior wall
surfaces (rw ≈ d50). The tests were performed with a dry cohesionless sand with a mean
grain diameter of d50 = 0.8 mm and uniformity coefficient U = 5. An initially loose sand
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(unit weight γ = 14.5 kN/m3, initial void ratio eo = 0.80) was obtained by filling the silo from
a pipe located directly above the upper sand surface which was vertically lifted during fill-
ing. An initially dense sand (γ = 17.5 kN/m3, eo = 0.55) was obtained by filling the silo using
a so-called “rain method” (through a vertically movable sieve located always 250 mm
above the top of the silo.

���#�"#�2�%�#� �'#�	������D	�!'�	��+�'	���+	)��	)����'	)'�<	G+!����!���	!�	��?

(#$#�� �����	�	��������%�����
�

During measurement campaign tomograph produced by Phoenix® company was used.
Detector (PaxScan 2520V, PaxScanTM) in form of silicon flat panel was used, composed of
1920 rows and 1500 lines of sensitive pixels, the size of each is �E	D	�E	μ��C	/�	<#�	���+

in a 2×2 binning mode. The X-ray source (cone beam) was an open transmission nanofocus
X ray tube operated between 40 and 160 kV. In order to receive 3D image the investigated
sample was rotated in specimen. Distance between source and detectors during measure-
ment was establish 0.5776 m.

The main parameters chosen before measurement are:

?  ������!%#'	 �#�#������I

#?	)�%��B�4:�%�B+!��#�%�	J	��C�	��$

4?	)�%��B+���%���B+!��#�%�	J	7EEC5�	��$

%?	�# �!)!%#�!��	C56$

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


���������	
		�	�������	�����	���	������	����	�	�		�	
��	�
���� ���

�� ������	�	���������

��	������		���	��	����	��� ������	
	����	�			
�	�	!����	
�"�#�	����	
	�����	$%%	��&

'�	
��'�		�	������	�		'�	�
��������	$%&

��	
��'�		�	����'���	
	�	!����	
��	(%&

��	������		��#��	��)��	��*	%��(+	μ�&	�	*	%��(+	μ�&

��	
��'�		�	��#���	�
	���	������	��*	��%&	��*	,�-&

.� �	���	��������	K	/"��	��'�	���������

��	0	������	$+(	1�&

'�	���
��	$-%	μ�&
��	����
��	
		�	�	���	��	�	+	μ��

In order to reduce beam hardening it was additionally used hardware filtering by plac-
ing a filter on the X-ray tube output a thin copper (0.3 mm) plate. The low energy X-rays are
absorbed before the beam reaches the material. The received data from detectors were cor-
rected by applied two point calibration methods. For this calculations were used data from
offset and gain correction. The results of these procedures is the 2D X-radiographs image in
form of 16-bits*.tiff files, which were processed to obtain information about concentration
changes during gravitational flow of sand. Details about the X-ray tomography used during
experiments are presented in [5].

����������	
���������
�	��������������������

During experiments industrial digital foto camera with resolution of 1280×960 pixels
was used. Images were recorded in *.bmp format in grayscale. The dimension of the AOI
(area of interest) was chosen experimentally, equal to ≈0.15×0.2 m2. Interrogation cell was
fixed as a area 64×64 pixels with the displacement of the middle on the first and second
images with 12 pixels. Images were recorded in constant form during whole time of silo
emptying with the frequency of 40 frames per second (Δt = 0.025 s). The camera was fixed
at a distance of s = 0.4 m from the silo model with the axis oriented perpendicular to the
plane of deformation. To reduce a shadow effect, two 500-watt flashes were used for conti-
nuous illumination. The flashes were situated at distance of 1.0 m from the silo under the
angle of 45o. No polarization filter was used for the camera.

The accuracy of the PIV method for application at the granular flow was discussed in
[15, 22]. Details about application of PIV for silo flow were presented in [18].

Results presented in this paper were performed using the program GeoPIV, elaborated
in [15, 22], used to determine displacements and strains in sand. It is a MatLab module
which implements Particle Image Velocimetry (PIV) in a manner suited to 2D geotechnical
testing, which runs at the MatLab command line. Accuracy of the GeoPIV in aspect to
another commercial PIV programs was discussed in [11].
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Tests were performed in 5 steps:
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In case of experiments with X-radiation and PIV the same methods of filling were
used. The sand paper used to increase the wall roughness was also the same.

-����.���
�	������������

In case of experiments with loose sand and smooth walls localization in form of shear
zone along the walls at the bin were not observed due to creation of the dead zone (stagnant
zone). The width of the core of the flow, which appeared from the beginning of the silo
opening increased from the 65 mm (81×d50) at the initial state to 107 mm (134×d50) at the
advanced flow (Fig. 2a). The flow was symmetrical.
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Increasing of the initial density not influence on the type of flow. Localization along
the bin walls were not noticed, similarly to tests with loose sand. The width of the core of
the flow decreased-from the 56 mm (70×d50) at the initial state to 100 mm (125×d50) at the
advanced flow (Fig. 2b). The flow also was symmetrical.

Increasing of the wall roughness significantly not influence at the flow profile. The
width of the core of flow decreased ≈2 mm (2.5×d50) during tests with loose sand and
~3 mm (4×d50) during tests with dense one.

-����� �����������!�����������

On Figure 3 is presented position of horizontal cross-section profiles along silo height
used during the sequences of X-radiographs analysis for different initially packing density
of sand and smooth and rough silo wall.

�������	,��!�!��	�)	�&�	&��!����#'	%����B��%�!��#'	���)!'��	#'�� 	�&�	�!'�	&�! &�	���+	+��!� 	AB�#�
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�����;	&�! &�	�)	�&�	�#�#''�'	G(���!%#'?	�#��	�)	�&�	�!'�?

In case of experiments with loose sand and smooth walls creation of the core of flow
was observed just from the beginning of silo emptying. The width of the core of flow
changed dynamically-increased from the 70 mm (88×d50) at the initial state to 110 mm
(138×d50) at the advanced flow (Fig. 4Aa). At the end of emptying of the silo the angle of
inclination of the stagnant zone was ≈60o. The localizations along the bin walls and also
parabolic dilatants zones inside the core of low were not observed. During experiments with
dense sand and smooth walls core of flow appeared as in case of test with loose sand-after
start of silo discharging. The width of the core of flow was narrower-increased from the
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45 mm (57×d50) at the initial state to 100 mm (125×d50) at the advanced flow (Fig. 4Ab). At
the end of emptying of the silo the angle of inclination of the stagnant zone was ≈85o. The
localizations along the bin walls did not appeared.
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In case of experiments with loose sand and very rough walls creation of the core of
flow was observed just from the beginning of silo emptying. The width of the core of flow
changed rapidly- from the 65 mm (81×d50) (initial state) to 105 mm (132×d50) (advanced
flow) (Fig. 5Aa). At the end of emptying of the silo the angle of inclination of the stagnant
zone was ≈65o. Due to presence of one the sand did not moved along the bin walls.

During experiments with dense sand and very rough walls core of flow appeared as in
case of test with loose sand-after start of silo discharging. The width of the core of flow was
narrower-increased from the 40 mm (50×d50) (initial state) to 90 mm (113×d50) (advanced
flow) (Fig. 5Ab). At the end of emptying of the silo the angle of inclination of the stagnant
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zone was ≈85o. The flow was non-symetrical, internal parabolic localization inside the
flowing sand at the core of flow were not observed.
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During experiments both deviatoric εp and volumentric εv strain were calculated, in the
paper only the last one are presented (due to similarity of the volume changes observed on
radiographs). The magnitude of contractancy (volume decrease) is denoted by numbers
with the sign (+) and dilatancy (volume increase) is described by numbers with the sign (–).
The colour scale division is similar with initially loose and dense sand, independly of the
wall roughness.

During experiments with loose sand and smooth walls any localization along the bin
walls were not observed (Fig. 6a). Shear zones were created along the flow core edges-
contractancy on the basis of εv between the core of flow and stagnat zones was observed.
Also at the lower part of the silo the contractancy appeared. Distribution of the volumetric
strain εv at the core of flow was non-uniform. The width of the core of flow changed-at the
advanced flow increased to 108 mm (135×d50). The angle of inclination of the stagnant
zone was ≈58o. The flow was slightly non-symetrical. At h/hbin = 0.25 at the 6 s of silo
emptying at the core of flow dilatancy was ≈15O of the value of the initial state.

�����0���(�'��!��	�)	�&�	(�'�����!%	���#!��ε�	!�	�#�+	�7��J	�CH	��	#)���	5	�	�)	�����!� 	��%�#� �'#�

�!'�	<!�&	)����'	)'�<I	#?	'����	�#�+$	�����&	<#''�=	4?	+����	�#�+$	�����&	<#''�	G �#(!�#�!��#'	)'�<?

G��	�&�	4#�!�	�)	�&�	+! !�#'	!�# ��?

In case of experiments with dense sand and smooth walls rapid dilatancy at the core of
flow appeared at the beginning of silo emptying (Fig. 6b). Contractancy took place over the
outlet, along the core of flow. Non-uniformity volumetric strains εv at the core of flow was
registred. The width of the core of flow got value of 80 mm (100×d50) (advanced flow), due
to the angle of inclination of the stagnant zone ≈82o. At h/hbin = 0.25 at the 6 s of silo
emptying at the core of flow dilatancy was ≈31O of the value of the initial state.

During experiments with loose sand and very rough walls volumetric strains εv ob-
served in the sand were similar to one during experiment with smooth walls (Fig. 7a). On
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the basis of volumetric starin εv contractancy along the flow core edges and at the lower part
of the silo were obserwed. Distribution of the volumetric strain εv at the core of flow was
non-uniform. Increasing of the wall roughness not influenced on the width of the core of
flow-either at the initial state of flow or during advanced flow. Dilatancy at the core of low
was equal to one during tests with loose sand and smooth walls.

In case of experiments with dense sand and very rough walls sand flowed similary to
one during test with smooth walls (Fig. 7b). Not only the non-uniformity of the core of flow
was noticed, but also the lack of symmetry of flow appeared. The width of the core of flow
was similar to observed during test with smooth walls. The dilatancy was also at the same
range as in case of tests with smooth walls.

�����1���(�'��!��	�)	�&�	(�'�����!%	���#!��ε�	!�	�#�+	�7�	J	�CH	��	#)���	5	�	�)	�����!� 	��%�#� �'#�
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G �#(!�#�!��#'	)'�<?	G��	�&�	4#�!�	�)	�&�	+! !�#'	!�# ��?

The results from both methods show the same evolution tendency of volume changes.
Similar agreement at the tendency was observed during experiments both with loose and
dense sand, independly of the wall roughness (due to similarity in the paper the compari-
sons of the results for smooth walls are presented). Both methods (X-ray and PIV) show the
tendency to dilatancy at the core of flow. On the basis of received results we can conclude
that the X-ray method provides larger volume changes. The differences are probably caused
by the fact that volume changes in PIV were determined on the specimen surface (under
friction). In turn, volume changes by X-rays were calculated from a certain relatively large
volume by taking into account the silo depth.

-�-� �����	
���������
�	���������������������

����!��"������#��!��� �����������!�����������

The radiographs received from tomography measurement were additionally tested with
PIV method. The idea of the correlation of the next to one radiographs using PIV method
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was to find additional information called spatial information not possible to receive in case of
analysing the digital images of the displacement of the sand at the transparent silo wall [10].

In case of results for test with loose sand and smooth walls the non-uniformity of core
was observed (Fig. 8a). Additionally the formation of the semi-arches at the core of flow
was observed which collapsed during the advanced flow. Interesting situation was observed
during tests with dense sand and smooth walls, loose and dense sand during tests with very
rough walls (Figs. 8b and 9ab). The situation was observed in the strongest form in case of
experiment with dense sand and smooth walls (Fig. 8b). Contractancy observed on the basis
of the volumetric strain εv took place in the middle of the dilatants core of flow.

�����2���(�'��!��	�)	�&�	(�'�����!%	���#!��ε�	!�	�#�+	�7�	J	�CH	��	#)���	5	�	�)	�����!� 	��%�#� �'#�
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The exploitation of the appearance of the contractancy at the central part of the core of
flow are following:

? �!��#;��	�)	�&�	,/3	���&�+	%����'#�!��$

�? %!�%�'#�	 ��%!''#�!��	 #�	 �&�	 %���	 �)	 )'�<	 +!�%�(��	 +��	 ��	 )#%�	 �&�	 �#+!� �#�&�	 !�%'�+�

!�)���#�!��	#4���	�&�	��#�!#'	(�'���	%&#� ��C

According to the first reason X-ray images were performed with lower resolution
(960×768) compare to images received from digital photos (1280×960). Also the time inter-
val was higher (0.1 s to 0.025 s). Above situation could cause that contractancy observed at
the central part of the flowing material is form of artefact as a result of the lack of correla-
tion-the grain at the central part of silo flow with high speed so the correlation at this profile
is only stochastically, not real. The reason of the results as a correlation problems looks with
very strong basement. To confirm this theory is worth mansion that local contractancy at the
central part of the silo appeared also at the hopper in case of experiments with mass flow
silo (Fig. 10) – contractancy was not observed during classical PIV experiments (Fig. 11),
but were registered during trial of correlation of the X-ray radiographs (Fig. 12). According
to the second reason during flow local oscillation at the low part of the silo appeared. Turbu-
lents and oscillations in the granular materials, not only at the silos, were the subject matter
of analysis for many years [8]. This problem was simulated with numerical models [7, 24].
The similarity of the turbulent flow of the bulk solid to flow of the water thru the outlet was
suggested in [19]. They pointed, that this type of phenomenon could be appear during silo
emptying process as three-dimensional formation of local volume increase. Is worth think-
ing if observed contractancy is the circumferential oscillation of the sand which appeared
during the silo emptying. This type of formation of flow can be compare to water flow thru
the circular outlet, due to conception about the similarity of flow of bulk solid and the water
near the outlet formulated earlier in [19]. The weak part of this theory is that outlet is not
circular but strip (along the whole deep of the silo).

������4��2�%�#� �'#�	������D	�!'�	��+�'	���+	)��	�#��	)'�<	G+!����!���	!�	��?
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The Particle Image Velocimetry (PIV) method can be used as a non-invasive optical
technique to measure deformations on the surface of granular materials on the basis of
processing successive digital images performed without any physical contact. During
emptying funnel flow silo the wall roughness did not influence the flow kinematics. The
distribution of volumetric strain was non-uniform in the flow core independently of
the initially density, the shape of the flow core was symmetric for loose sand only. The core
width increased with increasing initial sand density. Dilatancy occurred mainly in the flow

#? 4?

#? 4?

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


���'!%#�!��	�)	,#��!%'�	/�# �	3�'�%!�����	���&�+	)��	���!���!� CCC E�6

core. Contractant shear zones were created at the flow core edges during experiment with
loose sand.

Application of the X-ray radiation with continuous exposure on the basis of the X-ray
tomography allows for monitoring the bulk solid concentration during silo emptying. At the
stagnant zones, along the silo walls at the bin contractancy of the bulk solid was mainly
observed on the basis of the light intensity function. The width of the core of flow was
similar to one performed using PIV measurement technique. Frequency of the radiation
with 10 frames per second is enough to quantitatively description both of concentration
changes and localization formation at flowing sand.

Connection of X-radiation with continuous exposure and correlation of the radio-
graphs using PIV method allows to detect unexpected contractancy at the core of flow. Lack
of correlation between radiograph and low resolution of the images are probably the major
reasons of the mistakes.

The experiments will be continued to solve the problem of the creation of the local
contractancy a the core of flow. Tests with cylindrical model silo equipment with circular
outlet will be performed. X-ray tomography with higher frequency of registration of the
frames will be used.
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