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Abstract

Based on the realization that Newtonian fluids have the unique property to redirect the forces applied to them in a perpendicular
direction, a new apparatus, called the Granular Friction Analyzer (GFA), and the related GFA index, were proposed for character-
izing the internal friction and related flow behavior of granular materials under uniaxial compression loading. The calculation of the
GFA index is based on the integration of the internal pressure distribution along the cylinder wall, within which the granular material
is being uniaxially compressed by a piston. In this paper an optical granular friction analyzer (O-GFA) is presented, where a digital
image correlation (DIC) method is utilized to assess the cylinder strains used to calculate the internal pressure distribution. The main
advantage of using the DIC method is that the starting point (piston—powder contact point) and the length of the integration
considering the edge effects can be defined. By using the DIC full-field, instead of a few points strain measurements, a 2%
improvement of the GFA index’s accuracy has been achieved and its robustness with respect to the number of points has been
demonstrated. Using the parametric error analysis it has been shown that most of the observed total error (7.5%) arises from the DIC-
method-based measurements of the strains, which can be improved by higher-resolution cameras and DIC algorithms for the strain
evaluation. Additionally, it was shown that the GFA index can be used for determining the well-known Janssen model parameters.
The latter was demonstrated experimentally, by testing three SS 316 L granular material samples with different mean particle sizes.
The results confirm that the mean particle size regulates the internal friction of granular materials.
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Introduction

Granular materials are defined as collections of discrete solid
particles. Various examples of these materials, made from
metals, ceramics and polymers, are used in many branches
of industry. These include polymer and metal powders in
manufacturing, sand and cement in civil engineering, grains
and milk powder in the food industry, seeds and pulses in
agriculture, tablets and substances in the pharmaceutical in-
dustry, and coal, minerals and ores in mining industry. All
granular-material-based applications are faced with different
handling processes, such as the filling, conveying,
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transporting, vibrating and storing of granular materials
[1-3], which are influenced by the flowability of the granular
material. The ability of particles to flow is thus one of the
most important properties of granular materials as it directly
influences the quality and costs of manufacturing the product
[2]. As an example, in powder injection-moulding technolo-
gy, a too low flowability represents a serious risk in an in-
dustry that uses granular materials to manufacture critical
components for the automotive, aerospace, and mould/die
industries, where the density of parts and their mechanical
properties are of crucial importance [4]. Another example is
the pharmaceutical industry, which faces complications dur-
ing the tablet-filling process, where the proper and constant
flowability of granular materials plays a significant role in
maintaining a uniform mass and content of the tablets [5].
Therefore, knowing an accurate value for the flowability of
granular materials would enable engineers to carefully de-
sign the granular-material handling processes to avoid pos-
sible dramatic or catastrophic failures in granular-material-
based industries [3].
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Together with the material properties and the particle size,
the flowability of a granular material is also influenced by the
method of handling and the characteristics of the equipment
used for the handling. In this context flowability is not an in-
trinsic material property of the granular material, but also de-
pends on the handling process and the conditions under which
the flow takes place [6]. In relation to this, to characterise the
flowability of granular materials in general, we have to measure
the internal friction that takes place within the granular material
due to interparticle interactions and external particle interactions
related to the handling process, the conditions and the equip-
ment. Therefore, an experimental setup for the characterisation
of a granular material’s behaviour should more-or-less replicate
the handling process and equipment [2]. From this point of
view, many investigations have been focused on the character-
isation of complex interactions [7] and a related experimental
estimation of the friction in granular materials under various
loading conditions, such as gravity [8—10], shear [11, 12] and
uniaxial [2, 3] compressive loading.

The case of the uniaxial compression type of loading with
respect to granular materials in a confined volume more-or-
less replicates the real-time scenario in many real operations.
One of the archetypal examples [1] is silo storage, where
granular materials undergo uniaxial compressive deformation
(compactification) due to gravity. Another example is tablet
manufacturing, where granular materials are compressed un-
der high pressure. However, the complex interparticle interac-
tions and particle-wall interactions during the uniaxial com-
pression of granular materials in a confined volume are still
not well understood. Therefore, Chung et al. [3] developed a
uniaxial compression experimental setup for evaluating the
frictional properties of granular materials based on evaluating
the stresses acting within the granular materials and on the
walls of the storage container. Moreover, based on the reali-
zation that Newtonian fluids have the unique property of
redirecting forces applied to them in a perpendicular direction,
Bek et al. [2] independently used the same uniaxial compres-
sion approach, named the Granular Friction Analyzer (GFA),
to evaluate the internal friction and the conditions under which
granular materials will start to flow. For this purpose in [2], the
GFA index was defined based on the ratio between the mean
vertical internal pressure Py in the granular material and the
assumed hydrostatic pressure Pr of a Newtonian fluid both
acting inside a cylinder along its length due to the applied
uniaxial compression load. It was also shown by Schulze
et al. [13] that since the GFA apparatus follows Janssen’s
theory and equations, it would be easier to measure the GFA
index directly in an apparatus such as the GFA than to measure
the individual properties of granular materials, including the
internal friction and the lateral pressure ratio. The drawback of
evaluating the GFA index using an uniaxial compression ex-
perimental setup [2] is related to the small number of strain-
gauge-based measuring points of the cylinder wall strains
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along the length of the cylinder, which were used to calculate
the vertical internal pressure P, along the cylinder length. For
this reason, the stress-strain states between the measuring
points were not known, which decreased the accuracy of the
GFA index’s estimation. Moreover, in accordance with
Schulze et al, the validation of the GFA index should take
place close to the piston [13], but far enough away to avoid
edge effects, which might not always be possible due to the
size limitations of the strain gauges.

In this paper we propose an improved GFA apparatus,
which instead of strain gauges uses an optical measurement
setup based on the digital image correlation (DIC) method to
measure the strains along a selected length of the cylinder. In
this way, the number of measuring points is significantly in-
creased and, if necessary, the major stress-strain transforma-
tions can be captured closer to the applied compression load to
increase the accuracy of the GFA index. For this purpose, a
detailed description of the GFA index and the theoretical back-
ground are presented in the next section. In the third section
the experimental setup and methods, including the O-GFA
apparatus, determination of the GFA index calculation region,
the O - GFA apparatus validation, the used materials and the
performed experiments are described. In the fourth section the
results of the GFA-index calculation for SS 316 L powder
samples with three different mean particle sizes are presented
and the defined Schulze model [13] that relates the Janssen
parameters with the GFA index is experimentally confirmed.
At the end of the fourth section, preceding the discussion of
the results, the influences of the number of points and their
proximity to the piston on the GFA-index calculation are
analysed. Section five draws the conclusions.

GFA Index

The GFA index was introduced by Bek et al. [2]. It makes it
possible to characterise the internal friction p,, in granular
materials and the related flowability of the uniaxially com-
pressed granular material in a cylinder by considering the
inter-particle and the particle-cylinder-wall interactions. For
this purpose, as shown in Fig. 1, the behaviour of a Newtonian
fluid and a granular material within a closed cylinder subject-
ed to a uniaxial compression force Fr are considered and
compared. Under a uniaxial compression force Fr in the
Newtonian fluid (Fig. 1(a)) the internal hydrostatic pressure
Pr is developed. The vertical internal pressure Py and the
horizontal internal pressure Py are proportional to the constant
tangential strain &, whereas the constant axial strain £, occurs
just due to the Poisson effect, as indicated in Fig. 1(a) [1, 2]. In
contrast, in the case of a granular material the internal friction
Lay 18 present. In relation to this, a difference in the vertical
Py/(z) and horizontal Py(z) internal pressures, which are de-
creasing along the axial direction z, can be observed [13], as
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Fig. 1 Schematics of the vertical Py(z) and horizontal Py(z) internal pressures, tangential € (z) and axial , (z) strains in the case of compressed (a)

Newtonian fluid (b) granular materials

schematically indicated in Fig. 1(b). In this case the maximum
of the tangential strain £, will be close to the piston where the
force Fr is applied and will decrease in the same way as the
horizontal internal pressure Py. On the other hand, the axial
strains €, will increase as the tangential strain ¢, decreases,
because the applied force Fris being transmitted to the cylin-
der walls as an axial load due to the internal friction ,, caused
by the particle—wall interaction.

Based on this consideration, and according to Bek et al. [2],
the dimensionless GFA index is defined as the ratio of the
integral of the mean vertical internal pressure Py(z) in the
granular material along the length L of the cylinder, and the
assumed theoretical pressure caused by the Newtonian fluid,
under the same compression loading conditions:

CiPv@d: A

S
GFAindex = = &
de Pr.L Fr.L

L
[oPv(z) dz = s,

(1)

In equation (1) S, denotes the surface area under the graph
of the vertical internal pressure Py(z) of a granular material
and Sf is the surface area under the assumed theoretical con-
stant hydrostatic internal pressure P of the Newtonian fluid,
as shown in Fig. 2(a). The symbol Ft denotes the applied
uniaxial compression force on the granular material, A is the
internal area of the cylinder, and L is the integration length
equal to the filling height of the granular material after the
applied uniaxial force F. Based on the definition, the value
of the GFA index is in the range between 0 and 1. Granular
materials with a GFA index close to 1 behave like a fluid. If
the GFA index decreases, it indicates the amplification of the
internal friction p,, and the decreased flowability of the gran-
ular material. Since the vertical internal pressure Py(z) is a
monotonically decreasing function, we can evaluate the inter-
nal friction f1,, properties of granular materials and the related
GFA index by analysing the decrease of vertical internal pres-
sure Py along the length L of the cylinder. Granular materials
with a rapid decrease of the vertical internal pressure Py have
a lower GFA index and higher internal friction p,, than the

materials with a lower decrease of the vertical internal pres-
sure Py,

In order to determine the GFA index experimentally, the
interrelation between the vertical internal pressure Py and the
corresponding strains generated at the outer surface of the
cylinder [3], defined by:

4.Fy

=, 2
v 7D2.(1 4 &) @

is needed. In the above equation, the unknown vertical internal
force Fy can be calculated by considering the free-body dia-
gram shown in Fig. 2(b), as follows:

Fy = FT+’/TD,'.(1 +€t).lw.0'a (3)

The unknown axial stress o, on the cylinder wall in equa-
tion (4) can be calculated [14] using the following expression:

Ey(ea + vy.&r)

gp = —t U (4)

_2
1=z,

Here, E,, and v, denote the Young’s modulus and the
Poisson’s ratio of the cylinder wall, whereas ¢, and ¢, denote
the tangential and axial strains of the cylinder wall. Taking the
measurements of the tangential £, and the axial €, strain on the
cylinder wall at » points along the z axis, the related vertical
internal pressure Py/(z) can be calculated using equations (2),
(3) and (4). Knowing Py(z), the related surface area S, can be
computed with a numerical integration. Based on this, it is
evident that the accuracy of the calculated surface area S,
and the related GFA index are affected by the number of n
measurement points.

By considering the case of a confined compression of gran-
ular materials, also the parameters of the Janssen model [8],
including the internal pressure ratio K,, and internal friction
coefficient (i, can be evaluated. The internal pressure ratio
K, is defined as the ratio of the horizontal Py to the vertical
Py, internal pressure:
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Fig. 2 (a) Schematic graphical definition of GFA index. (b) Free-body diagram of the piston, cylinder and granular material assembly
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(5)
Here, the horizontal internal pressure Py is calculated
based on the thin-walled-pressure-vessel theory:

(DO_Di) Ot

Py = o Zi)0
H Di.(l+€t)

(6)
where D, and D; denote the outer and inner diameters of the
cylinder, and o and ¢, the tangential stress and strain on the
cylinder wall, respectively. The tangential stress o, on the cyl-
inder wall is calculated based on the plane stress equation:

Ey(et + vy.e

o0 = Enler ¥ Vuea) ‘1_ = o) (7)
l/W
The second Janssen parameter, the internal friction coeffi-

cient y,,, is defined as the ratio of shear stress 7, and the

horizontal internal pressure Py:

Tw

Hay = P_H (8)

Since the shear stress 7, is not known we cannot evaluate
the internal friction coefficient f,, exerted by the granular
material on the cylinder wall, using equation (8). However,
using the calculated values of the vertical internal pressure
Py(z) and Janssen’s simplified vertical internal pressure Py
equation [13]:

Py(2) = .ovg.e Kt 9)
where o, denotes the applied vertical stress on the top of the
granular materials and z denotes the vertical coordinate along

the length L of the cylinder, the internal friction coefficient j,,
can be evaluated using the exponential regression method.

SEM

Furthermore, based on the known Janssen parameters K,
and p,,, and taking into account the vertical internal pressure
Py, instead of the horizontal Py, by using the procedure de-
scribed in [13], the GFA index can be defined by:

Di —“4.Kay.lay L
GFAinger = .{1—67‘% ] (10)

4Ky L1y,

It is evident from equation (10) that the GFA index, in

addition to the internal pressure ratio K,, and the internal

friction coefficient p,,, also depends on the Dy/L ratio of the
cylinder.

Experimental Setup and Methods
0-GFA apparatus and DIC method

As described above, to evaluate the GFA index experimentally
the tangential ¢, and axial €, strains along the axial direction z
of a cylinder filled with a granular material and uniaxially
compressed should be measured. For this purpose, a GFA
apparatus was designed [2], which consists of a closed-
bottom stainless-steel cylinder and a stainless-steel piston, as
shown in Fig. 3(a). The stainless-steel piston is used to apply
the uniaxial compression force Fr to the granular material
contained in the cylinder. Due to the applied compression
force Fr on the granular materials, the vertical Py, and hori-
zontal Py internal pressures are developed, and the cylinder
undergoes deformations in the tangential and axial directions.
To measure these deformations, Bek et al. [2] proposed an
apparatus based on strain-gauge measurements at three differ-
ent points along the axial direction z of the cylinder, as shown
in Fig. 3(a). The major drawback of this method is the ability
to measure strains at only a few points, and the fact that the
vertical internal pressure Py between the strain gauges and the
changes of the vertical internal pressure Py close to the piston
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Fig. 3 Schematics of: (a) the strain-gauge-based GFA apparatus and (b) the DIC-based O-GFA apparatus

cannot be captured due to the strain gauge’s dimensions and
the lack of the space, which all affect the accuracy of the GFA
index calculation.

To eliminate these drawbacks and to improve the accuracy
of the GFA index calculation, a new optical granular friction
analyser (O-GFA) was designed, as schematically presented in
Fig. 3(b). It consists of an aluminium cylinder of outer diam-
eter D, =19.83 mm, a stainless-steel piston, a digital mono-
chromatic USB 3.1 camera of 5 MP, and two LED illumina-
tion sources. To ensure higher strains caused by the uniaxial
compression of the granular material contained inside of the
aluminium cylinder, a thin-walled cylinder of thickness
0.91 mm was selected. Additionally, the inner surface of the
aluminium cylinder was polished to decrease the friction be-
tween the powder grains and the inner surface of the cylinder,
and the potential indentation of the grains into the surface.

Similarly, as in the case of using the GFA apparatus, the
Zwick Z050 universal testing machine was used to apply a
uniaxial compression force F in a controlled manner to the
piston. To ensure symmetrical uniaxial loading, the loading
force was applied in the axis of the piston and the cylinder
through the SS bearing balls which were placed between the
load cell and the piston, and between the SS base cap and steel
base, as shown schematically in Fig. 3(b). A digital camera
was used to capture digital images of random speckle patterns
applied to the cylinder in the DIC region used for the mea-
surement of the tangential ¢, and axial ¢,, strains. For this
purpose, digital images of random speckle patterns before
and after the achieved pre-set uniaxial compression loading
Fr of the sample were taken. Using the DIC method, the
random speckle patterns of the two digital images [15] are

compared using an image-correlation-and-processing algo-
rithm Ncorr [16] to determine the deformation and related
tangential €, and axial e, strains fields [17]. In the Ncorr algo-
rithm the parameters used for the DIC were: subset size 25 x
25 pixels, spacing 3 pix, iteration resolution 1e-006, and num-
ber of iterations 50. Examples of a contour plot of the tangen-
tial €, and axial ¢, strain field obtained by the DIC method,
represented by 25 points along the width w and 270 points
along the z axis, are shown in Fig. 4.

Determination of the GFA index calculation region

In accordance with equation (1), the GFA index depends, in
addition to the vertical internal pressure Py/(z) calculated from
the measured average strains &, (z) and g, (z), on the integra-
tion length L along the z axis, starting at the piston-powder
contact point. Theoretically, as defined in Section 2, the inte-
gration length L is equal to the height of the granular material
contained in the cylinder. However, in the experiment the
average strains g, and g, along the length L are influenced
by several factors that should be considered to ensure accurate
and repeatable measurements of the strain. At the top of the
cylinder the strains are affected by the edge effect due to the
piston, and at the bottom by the DIC method based strain
measurement resolution due to the decrease of the tangential
g, strains along the length of the cylinder and by the edge
effect due to the base cap. Therefore, the piston-powder con-
tact point, the proper integration length L, considering the DIC
method’s strain measurement resolution, and the boundary of
the edge affected regions at the top and bottom of the cylinder
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Fig.4 Examples of contour plot of (a) tangential £, and (b) axial , strain fields of width w = 3 mm along the axial direction z of the aluminium cylinder

defining the GFA index calculation region should be deter-
mined accordingly.

For this purpose, based on a seven average of the tangential
&, (z) and axial g, (z) strains calculated over the 25 points along
the 3 mm width w of the contour plot of the strain fields, the
average tangential Z; (z) and axial g, () strains and the related
vertical internal pressure Py(z) have been calculated. In Fig. 5
an example of graphs of average tangential & (z) strain and
vertical internal pressure Py(z), calculated for the case of the
powder of mean particle size m = 105 pm, are shown. In the
average tangential strain g (z) signal shown in Fig. 5(a) a peak
value can be observed. The peak value corresponds to the
piston-powder contact point defining the origin z=0, i.e.,
the starting point of the integration length L in the calculation
of the GFA index along the z axis. Based on the DIC method’s
strain measurement resolution the integration length L =
65 mm was selected to ensure the tangential €, strains are
above 400 pe. Furthermore, a pressure Py(z) higher than the
applied stress o,9=19.02 MPa, can be observed in the region
close to the piston (Fig. 5(b)). Using the criterion Py(z) > oy,
the distance z.r= 18 mm from the piston was defined as the
boundary of the edge effect due to the piston. Based on the
presented consideration, the upper and bottom boundaries of
the speckle pattern region used for the DIC method based
calculation of the GFA index were selected to be 18 mm and
65 mm below the piston—powder contact point. Further, by
taking into account the design of the O-GFA apparatus, the
bottom boundary of the speckle pattern and the related GFA

Axial strains ¢,
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p 2| ]
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index calculation region was 90 mm above the bottom base
cap (Fig. 6), which ensures that the captured speckle pattern is
not affected by the edge effect due to the bottom base cap.

A digital image of the speckle pattern of width w=3.0 mm
and height 7=47.0 mm composed of 75 x 690 pixels was
used in the DIC-method-based calculation of the strains &,
and e,, related internal pressure Py(z) and the GFA index.

Validation of the O-GFA apparatus

The calculation of the GFA index using the O-GFA apparatus
is based on a DIC measurement of the tangential ¢, and axial ¢,
strains. Therefore, the accuracy of the strain measurements is
of primary importance. To validate the DIC method’s strain-
measurement accuracy, the strains of an empty cylinder load-
ed with a uniaxial compression force F, obtained experimen-
tally by the O-GFA apparatus, were compared to the strains
calculated from the analytical model of an empty aluminum
cylinder exposed to a known uniaxial compression force Fr.
To validate the measurements of tangential ¢, and axial ¢,
strains measurements using the DIC method, the empty alu-
minium cylinder was loaded five times at each of the pre-set
compression forces F'r=3010 N, 4510 N and 4910 N using
the Zwick machine and related mean tangential £, and axial e,
strains over the GFA index calculation region were calculated.
Additionally, for the experimental evaluation of the axial
stress o, of the cylinder wall and for the purpose of analyti-
cally modelling, the mean strains, the mean values and related

Fig. 5 (a) Example of the mean 12?;()’_4 30 )
value of a tangential strain & (z) AN — m=105m
and determination of the piston- 1 -
powder contact i.e. starting point 5 °
of the integration in calculation of 10 % g
the GFA index for the mean g £ £ 1002 0,
powder particle size m =105 um, w 9o 2 % B
(b) Example of the vertical inter- £ 2Z 45l
nal pressure Py(z) and the deter- 8 g 8 3 Zet
mination of the edge-effected re- 5 £
gion due to the piston at the top of 71 & z 10p
the cylinder Edge effect
region
%0 0 10 20 30 40 50 606570 40 0 10 1820 30 40 50 606570
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Fig. 6 Position of the DIC region and DIC method based GFA index
calculation region. All dimensions are in mm

standard deviations of the inner D;=18.01+0.01 mm, and
outer D, =19.83 £0.01 mm diameters of the aluminium cyl-
inder were calculated based on the 30 measurements with a
digital calliper.

In Fig. 7(a) a scatter plot of experimental mean axial strain
€, of the aluminium cylinder denoted by square vs. theoretical
axial strain €, calculated using the Young’s modulus Ey, =
69.5 GPa[18] of the aluminium material is shown. The related
regression coefficient »=0.98, and the experimentally evalu-
ated Young’s modulus E, =69.0+3.2 GPa, which deviates
by less than 1% from the theoretical value, indicate a high
accuracy of the measured axial strain £,. Similarly, in Fig.
7(b), the experimental values of the tangential strain & vs the
theoretical tangential strain e calculated by considering the
Poisson’s ratio vy, =0.33 [19] of aluminium are shown. The
calculated regression coefficient »=0.84 and the experimen-
tally evaluated Poisson’s ratio vy, =0.34£0.03, deviates by
2.9% from the theoretical value, which indicates a slightly
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lower accuracy of the tangential strain ¢, measurements.
Low accuracy of the measured tangential strains &, could be
related to the relatively low resolution of the camera and to the
curvature of the cylinder that has not been taken into account
by the planar image of the digital camera.

In addition to the measurement accuracy of the strains, the
calculation of the GFA index is influenced by the uncertainty
of the calculated vertical internal pressure Py from the mea-
sured tangential ¢, and axial ¢, strains. For the purpose of a
comparison of the results reported in [2], the uncertainty of the
vertical internal pressure Py was evaluated using a parametric
error-analysis method [2, 20]. By substituting equation (4)
into (3) and (3) into (2) and implementing the parametric
error-analysis method, the uncertainty of the vertical internal
pressure APy is given by:

OPV aPV aPV
APy= AD, ——AD; —AE,,
VE[aD, A7 T ‘GDi * ‘6EW
an 8PV aPV
—A —A —A
+‘61/W W +‘65t o +‘6€a ca
OPy
—AF 11
AN (1)

where A denotes the standard deviation of a particular param-
eter. To estimate the standard deviations that take place togeth-
er with the partial derivate of each variable, in addition to
geometrical measurements of the cylinder diameters D, and
D, five trials of the measured tangential €, and axial e, strains
at the compression load Fr=4510 N were considered. The
calculated error contributions of each of the variables are
shown in Table 1. It can be seen that the relative error in the
measured pressure APy/Py is approximately 7.54%, which is
lower than reported in [2]. Similarly, the highest contribution
to the error arises from the Young’s modulus £, (33.8%) and
the Poisson’s ratio v, (28.6%), followed by the axial strains €,
(23.3%), and the tangential strain e, (5.28%), while the total

x 16%
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Fig. 7 Scatter plots: (a) Measured ¢, vs. theoretical €, axial strains (b) Measured ¢, vs. theoretical tangential & strains
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Table 1 Contribution of the individual terms to the total relative pressure

Parameter [Zean| | rap|  [ean,  |[Zean|  |[Ras|  [Zeae|  [Zear|  Tow

A 0.01 mm 0.01 mm 3.2 GPa 0.03 29 E-6 43 E-6 38 E-6 /

Ap—jif’ in% 0.3 0.38 2.55 2.16 0.39 1.76 0.001 7.54

Contribution of error to total error 3.96 5.03 339 28.58 5.28 23.28 0.0001 100
in %

error arising from the cylinder geometry and the force sensor
is (9.03%).

Since the Poisson’s ratio v, and Young’s modulus E,, are
related to the tangential ¢, and axial €, strains we can conclude
from the results of the parametric error analysis that the un-
certainty of the vertical internal pressure Py can be decreased
by a decrease in the measurement uncertainty of the tangential
¢, and axial g, strains. In our case this can be done by using a
camera with a higher resolution and a cylinder with lower E,.

Materials and experiments

For the purpose of the performance demonstration for the O-
GFA apparatus, the GFA index of three samples of stainless-
steel 316 L granular material with different mean particle size
values m =69 um, 105 um and 130 um and related standard
deviations A reported in Table 2 were considered. The related
particle size distributions obtained with an image analysis of
the particles are shown in Fig. 8.

For each sample of granular material, seven repetitions of
the experiment were performed. Although the plastic defor-
mation of the grains was not observed with a visual inspection
using a microscope, with the aim to avoid the potential influ-
ence of the plastic deformation of the grains on the
compression-load experiments, for each repetition of the ex-
periment the cylinder was filled with a sample of unused gran-
ular material to the same level and tapped without pre-consol-
idation. The level was confirmed by checking the cross-head
starting position of the Zwick universal testing machine. At
zero load the reference image of the speckle patterns on the
surface of the cylinder filled with the granular material was
taken. After this, a uniaxial compression force Fr=4510 N
was applied to the granular material through the piston and an
image of the speckle pattern of the deformed cylinder was
taken. During the short period of the image’s acquisition, no
time dependent changes related to the presence of the creep
were observed. The acquired images of the speckle patterns of
the unloaded and loaded cylinders were then analysed using

Table 2 Sample mean particle size (um) and its related standard
deviation

Mean particle size m (pm) 69 105 130
Standard deviation A (um) 6.6 7.6 14

SEM

the DIC method to calculate the tangential ¢, and axial ¢,
strains required for internal vertical pressure Py and related
GFA index calculation.

Results and Discussion
Calculation of GFA index

In Fig. 9(a) and (b) the mean values g (z) and &, (z) of the
measured tangential and axial strains vs. the vertical position
7> zoralong the cylinder for each of the different particle mean
sizes m =69 um, 105 pum and 130 um are shown. The mean
values g (z) and g, (z) were calculated based on seven repeti-
tions of the measurements of the tangential ¢, and axial ¢,
strain fields taken within the defined GFA index calculation
region, as shown in Fig. 6.

From Fig. 9 it is evident that the positive tangential strains
g, (Fig. 9(a)) decrease and the negative axial strains g, (Fig.
9(b)) increase along the axial z direction of the cylinder. The
observed dependencies of the tangential £, and axial g, strains
on the vertical position z are due to the internal interparticle
and particle-wall friction p,,. Based on the tangential £; and
axial £, strains, the vertical Py and the horizontal Py internal
pressures acting inside the cylinder along the z axis at the
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Fig. 8 Considered sample particle size distributions with three different
mean values
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Fig. 9 Mean values of the strains vs. position z for different mean particle sizes m =69, 105 and 130 pum. (a) tangential €(z) and (b) axial €,(z) strain

vertical position z> z.r were calculated using equations (2)
and (6).

Figure 10 shows the normalized calculated values of
Py(z) and Py(z), using the applied vertical stress o=
19.02 MPa corresponding to the uniaxial compression load
Fr=4510N. Similarly, and for the same reason as in the case
of the strains, the vertical Py/(z) and horizontal Py(z) internal
pressures are decreasing with the coordinate z. Additionally,
it is also evident from Fig. 10 that the pressures Py(z) and
Py(z) decrease with the decrease of the mean size of the
particle. As reported in [1, 2], this effect occurs because the
smaller particles exhibit more cohesion and related increases
ofthe internal friction pi,,. The above-presented results of the
dependence of the strains £ and g,, and the internal pressures
Py and Py on the coordinate z along the cylinder below the
piston as well as the observed influence of the mean particle
size on the internal pressure are in agreement with the results
presented in [2, 3, 13].
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Fig. 10 Calculated and extrapolated mean values of the normalized
vertical Py and horizontal Py internal pressures vs. the vertical position z

However, to calculate the GFA index using the definition,
the values of the vertical internal pressure Py in the interval [0,
Zef] are also needed. Because the applied vertical stress o on
the granular materials is known, the vertical internal pressure
Py at the contact point of the piston and the granular material
is equal to the applied vertical stress o, and the related nor-
malised vertical internal pressure Py is 1. Therefore, to de-
scribe the vertical internal pressure Py in the interval [0, z.],
the vertical internal pressure Py(z = z¢) can be linearly extrap-
olated to 1, as shown in Fig. 10. On the other hand, as reported
in [3, 13], due to internal friction 1, between the piston and
the granular material during the compression loading, the hor-
izontal internal pressure Py close to the piston is not equal to
the applied vertical internal pressure Py Therefore, to define
the extrapolation value of the horizontal internal pressure Py
at the piston, as shown in Fig. 10, first the internal pressure
ratio K,, = Py/Py was calculated and averaged along the 230
points of the GFA index calculation region (Fig. 6) for each
considered powder. Knowing K,,, the horizontal internal pres-
sure Py at the extrapolated point at the contact with the piston
is then given by Py =K, Pv.

Based on the vertical internal pressure values Py(z) cal-
culated in the interval [0, L] for each of the three granular
material samples with different mean particle sizes m =
69 pum, 105 um and 130 um of the particles, the GFA index
was calculated using equation (1) for each of the seven rep-
etitions of the experiment. In Fig. 11 the GFA index’s mean
values with the related 95% confidence intervals vs. the
mean particle size m are shown as a solid line. The observed
increase in the GFA index is in agreement with the results
reported in [2] and has also been statistically confirmed by an
ANOVA test. The calculated p value of 0.007 of the ANOVA
test performed on the GFA index’s mean values from seven
repetitions statistically confirms the significant differences
of the GFA index mean values and the related strains &t
and €a, and the internal pressures Py, and Py, used to evaluate
the GFA index.
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model-based calculation of the GFA index

Along with the GFA index evaluation, based on the analytical
model developed by Schulze [13], the relation between the GFA
index and Janssen’s parameters, including the internal pressure
ratio K, and the internal friction p,, (equation (10)), was also
verified. For this purpose, using equations (5) and (9), the internal
pressure ratio K, and the internal friction coefficient 1, for the
three considered granular materials were calculated based on the
experimentally obtained data. Taking into account that K, does
not change along the axial z of the cylinder [13] a mean value of
K, along the entire GFA index calculation region was calculated.
Furthermore, using the mean value of K, from equation (9), the
internal friction coefficient p,, was calculated. In Fig. 12 the
dependence of K,, and the related mean value of the internal
friction coefficient pi,, vs. the particle mean size m are shown.
It is clear that K,, and the internal friction coefficient i, show
similar, nonlinearly increasing and decreasing trends vs. the par-
ticle size means, as reported in [1].
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Fig. 12 Influence of the mean particle size m on the internal pressure ratio
K, and the internal friction jiyy

SEM

Based on the calculated internal pressure ratio K,, and in-
ternal friction p,, the GFA index was calculated using the
relation described by equation (10) and compared with the
experimental result, as shown in Fig. 11. It is clear that the
GFA index (solid line) calculated from the experiments and
the model (dashed line) are well correlated.

Influence of the number of points on the GFA index

When using a strain-gauge-based evaluation of the GFA index
[2] the number of measurement points as well as a consider-
ation of the granular material’s behavior close to the piston are
limited. In contrast, the O-GFA apparatus makes it possible to
consider a larger number of points that can be located close to
the piston. In Fig. 13(a) the GFA index of granular material
with a mean particle size of 69 um vs. the number of mea-
surement points in the range from 3 to 230 of vertical internal
pressure Py, curve along the length L = 65 mm obtained by the
O-GFA apparatus is shown. It is clear that having fewer points
the GFA index value increases exponentially after a certain
threshold value of points considered in the length L and that
a 2% difference in the GFA index is observed when compar-
ing the GFA index using 3 and 230 points.

Additionally, the influence of the distance z.r of the first
measured point with respect to the piston on the GFA index
was evaluated. In Fig. 13(b) the GFA index values, related to
the relative distance z.¢/L of the first measured point with
respect to the piston, are shown, The closest distance to the
piston, z.¢= 18 mm, was used, which reduces the influence of
the cylinder’s edge effect on the measurement. The graph
shows a nonlinear dependence of the GFA index on the dis-
tance z. The maximum difference in the GFA index value of
1.29% was found to be at a 44.6% distance of the total length
L. From the above analysis we can see that the GFA index is
relatively robust with respect to both the number of points and
the proximity of the first measured point to the piston is
influencing the value of the calculated GFA index.

Discussion

The presented O-GFA apparatus using the DIC method and
the concept of the GFA index are shown to be a relatively
simple approach to analyze and characterize the internal fric-
tion and the related flowability of the granular materials ex-
posed to uniaxial compression loading. As stated by the
Schulze et al. [13], the GFA index alone might be used to
characterize the flowability of a granular material instead of
measuring the individual properties of granular materials, in-
cluding the internal friction and the lateral pressure ratio. One
of the main expected benefits of the O-GFA apparatus was an
increased number of points and their closeness to the piston
used in the GFA index calculation considering the edge
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effects, which brought 2.0% and 1.3% improvements in the
GFA index accuracy. However, experimental results show that
there are open issues, including the standardization of the
integration length, and the granular material particle and cyl-
inder diameter ratio, which should be further considered to
increase the accuracy, precision of the O-GFA apparatus and
the physical interpretation of the GFA index.

From the parametric error analysis of the vertical internal
pressure Py, it can be seen that most of the error in the GFA
index calculation arises from the DIC-method-based measure-
ments of the tangential ¢, and axial ¢, strains of the cylinder
wall. This is related to the relatively low strain resolution
provided by the current digital camera and the DIC method
when compared to strain gauges and fiber optic strain gauges,
which have resolutions of 1 and 0.1 micro strain, respectively.
Therefore, to improve the accuracy of the calculated vertical
internal pressure Py and the related GFA index a higher-
resolution camera should be used to acquire the image of the
speckle pattern. Furthermore, since the DIC method depends
on the speckle pattern’s contrast, the speckle size, the lighting
on the surface of the specimen, the subset size used for finding
the two images correlated by in the DIC method, the strain
smoothing filter size used in the DIC method [21], the noise in
the digital image [22], etc., there are many possibilities for
further improvements to the O-GFA apparatus.

Apart from the DIC method, an improvement in the accu-
racy of GFA index can be achieved by the selection of a thin
walled cylinder of relatively highly deformable material, for
example, aluminum, which has been used in our case. From
the cylinder material point of view, another source of error in
the experiment and the GFA index’s inaccuracy could be the
additional friction due to the indentation of a harder material’s
powder grains into the surface of the softer material of the
aluminum cylinder’s inner wall. To avoid this, the surface of
the aluminum cylinder was polished before the start of our
experiment. However, the inspection of the cylinder’s inner
wall surface with a digital optical microscope has shown the
presence of indentation marks of the stainless steel 316 L

powder grains into the polished inner wall surface of the alu-
minum cylinder. In further experiments, this should be
prevented by the selection of the proper material combination
of the powder and the cylinder wall.

Furthermore, increasing the diameter of the thin-walled cylin-
der would additionally contribute to a decrease of the influence of
the wall fiction on the calculated GFA index, and as motioned
above the standardisation of the integration length and the related
length of the cylinder, and the granular material’s particle and the
cylinder diameter ratio, would contribute to a better comparison
and a better physical interpretation of the GFA index values in the
future, which would make the O-GFA apparatus a promising tool
for a granular material’s GFA index calculation and the related
internal friction characterization.

Conclusions

To characterise uniaxially pressure-loaded granular materials
and the related internal friction a GFA index can be used. In
the paper a novel Optical Granular Friction Analyzer (O-GFA)
apparatus using a digital camera and digital image correlation
(DIC) method to estimate the GFA index has been presented.
To estimate the GFA index a granular material contained in a
cylinder is uniaxially loaded by applying a compression force.
The related tangential and axial deformations of the cylinder
are measured using a DIC method. From the DIC-measured
deformations and the related strains on the outer wall, along
the axial direction of the cylinder a decrease of the internal
vertical Py in the axial direction of the cylinder is calculated.
On the basis of the vertical internal pressure Py, along the axis
of the cylinder a GFA index was calculated.

The capabilities of the O-GFA and the DIC method to
calculate the GFA index were demonstrated experimentally
on three samples of stainless-steel 316 L granular materials
with different mean particle sizes m =69 um, 105 pum and
130 um. Apart from the simplicity of the proposed method,
the results obtained with the O-GFA analyser were also in
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good agreement with the results from the literature [2]. By
means of the parametric error-analysis method, it was shown
that based on the strains measured by the DIC method the
vertical internal pressure Py that is directly related to the
GFA index can be obtained within a 7.54% error.

Besides the relatively low error in the calculation of the
vertical internal pressure Py and the related higher accuracy
of the GFA index, the advantages of the DIC method are the
ability to determine the location of the piston—powder contact
point and the edge-affected regions, the determination of the
integration length L based on the piston—powder contact point
and the resolution of the DIC method, a larger number of
measurement points and the fact that the points closer to the
piston can be used to calculate the GFA index, which all re-
sults in a higher accuracy of the GFA index. The analysis of
the results showed that the GFA index nonlinearly depends,
i.e., exponential and quadratic like, on the number of points
and the distance of the first measurement point from the pis-
ton. In the presented case the maximum observed variations of
the GFA index with respect to the number of points and the
distance of the first measurement point from the piston were
2% and 1.3%, which indicates that the GFA index is relatively
robust with respect to these two parameters.

Additionally, an analytical relation between Janssen’s pa-
rameters i.e. the internal pressure ratio K,, and internal friction
Iy, and the GFA index, similar to the expression developed
by Schulze et al. [13], was experimentally confirmed. The
later suggests that the GFA index alone can be used to char-
acterize the flowability of a granular material instead of mea-
suring the individual properties, including the internal friction
and the lateral pressure ratio of the granular material.
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