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This study investigates the influence of particle size distribution (PSD) width on the internal friction and internal
pressure ratio of granularmaterials, and the related flowability of suchmaterial when uniaxially compressed in a
closed volume. For this purpose, an optical granular friction analyzer (O-GFA) was used to evaluate the granular
friction analyzer (GFA) index, whichmay be related to the internal friction and internal pressure ratio. By exam-
ining bronze powder samples with 3 different PSDwidths it was shown that as PSDwidth increases, the load in-
dependent GFA index increases, internal friction decreases and the internal pressure ratio remains constant.
Furthermore, our study confirms that, determining the GFA index using the O-GFA for characterizing the
flowability of uniaxially compressed granular material is an alternative to traditional methods, which require
the individual properties of granular materials i.e. internal friction and internal pressure ratio to be determined
through two separate tests.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Granular materials play an important role in numerous industries,
including manufacturing, construction, pharmaceuticals, the automo-
tive industry, powder metallurgy, paint-making, and agriculture, and
are of interest in various scientific fields including physics, chemistry,
mechanics, and engineering [1–3]. In industry, granular materials un-
dergo various technological processes such as storing, compressing,
mixing, filling and transporting, all of which are affected by the proper-
ties and behavior of the granular material. In addition to their mechan-
ical response [4], one of the most important properties of granular
materials is flowability, defined as the ability of particles to flow [5].

In general, the flowability of granular materials depends on their
properties and the conditions under which flow and technological pro-
cessing take place [5]. The main characteristics which influence the
flowability of a given granular material are the geometric parameters
of the particles, surface roughness, particle size distribution (PSD) and
material properties, which include the chemical composition of the par-
ticles, stiffness and density.

With regard to the analysis of the influence of granular material
properties and the associated flowability, studies reported in the litera-
ture have mainly focused onmonodisperse granularmaterials [6]. Most
ular friction analyzer.

r).
granular materials used in industry, however, consist of particles in a
wide range of sizes, and an associated PSD [6]. PSD affects the properties
of the granular materials, including the rearrangement of the particles
and their contact network, resulting in different compaction properties,
internal friction and flowability, which is important in any industry in-
volving technological processing. Understanding the relationship be-
tween PSD and flowability is therefore important for industries where
granular materials are processed.

Many different methods and types of test apparatus can be used to
investigate the influence of PSD on the flowability of granular material
[7]. Xinde et al. [7] studied the influence of PSDwidth on the flowability
of β-carotene powders using the Hausner ratio [8], the flow index
(Jenike shear test) [9], the angle of repose [10] and the bin-flow test
[7]. Kurz et al. [11] used the Jenike shear apparatus [9] to investigate
the same using limestone powders. Xinde et al. remarked that materials
would exhibit good flowability when they contain a smaller amount of
fine particles within larger particles, due to the “lubricating” ability of
the smaller particles. Too many smaller particles, however, would in-
crease the contact area (due to an increased surface to volume ratio),
and thus decrease the flowability. Both Xinde et al. and Kurz et al. con-
cluded that a wider PSD would lead to lower flowability. Luana et al.
[12] investigated the influence of PSD on the flowability of coarse and
fine sugar powders, using the Hausner ratio and repose angle method.
Their results show that a wide PSD leads to a higher flowability com-
pared to a narrow PSD, which is in direct contradiction to the results
of Xinde et al. [7] and Kurz et al. [11]. This could either be due to the
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Fig. 1. Schematic presentation of Newtonian fluid PF(z) and granular material vertical
pressure PV(z).
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material and geometric characteristics of the sugar powders used, or to
the interrelation between the PSD mean and the width (both of which
were varied).

In the cases mentioned above, the influence of the PSD of a granular
material on its flowability was investigated without considering the
conditions of technological processing. The flowability of a powder,
however is not only influenced by the PSD and physical properties of
the granular material, but also by the conditions under which flow
and technological processing take place. In order to characterize
flowability it is therefore important to perform experiments that repli-
cate real applications as far as possible. An example, common to various
powder industries, is the storage and conveyance of powder from a
large silo, where granular materials are subjected to high compression
due to gravity and the additional compressive force exerted to assist
the flow of particles from the silo [5,13]. Such an example was consid-
ered by Wicke et al. [14], who used 3D discrete element modeling sim-
ulations to analyze the effect of the PSD shape on stress-strain and
pressure transmission in granular materials under compression. Their
findings show that the shape of the PSD affects the pressure transmis-
sion in granular materials, resulting in changes in the internal pressure
ratio Kav, defined as the ratio of horizontal PH to vertical PV internal pres-
sure. A higher pressure-ratio Kav value was observed when PSD was
normal rather than skewed. Their results, however, were related to
the varying shape of the PSD, rather than the PSD width and its influ-
ence on flowability.

Experimentally uniaxially compressed granular material was con-
sidered by Chung [15] and Bek et al. [5]. Both characterized the internal
friction of granular materials within the cylinder, based on the mea-
sured distribution of internal pressure. The first study experimentally
confirmed Janssen's theory of internal pressure transmission, whereas
the second introduced the so-called granular friction analyzer (GFA) ap-
paratus and GFA index to characterize the related flowability of
uniaxially compressed granular material. Schulze [16] further showed,
theoretically, that the GFA index can be related to Janssen's parameters,
i.e. internal friction μ and the internal pressure ratio K. The latter, as
stated in [16], makes the GFA index a potential single parameter for
characterizing the flowability of granular material, rather than using
Janssen's individual parameters. For this purpose, Venkatesh et al. [17]
introduced an optically improved version of the GFA apparatus (O-
GFA) to evaluate the GFA index of granular materials. In the same
paper the relationship between the GFA index and Janssen's parameters
was experimentally confirmed.

The above review of literature of granularmaterial clearly shows the
knowledge gap and lack of understanding of the influence of PSDwidth
on theflowability of granularmaterial under uniaxial compression load-
ing. Therefore, this paper focuses on characterizing the influence of PSD
width on the GFA index. For this purpose, samples of bronze powder
with 3 different PSD widths were evaluated in experiments using the
O-GFA apparatus. With this aim, the next section of the paper presents
a detailed description of the GFA index and its experimental evaluation.
In the third section the O-GFA experimental setup and themethodology
of the experiment is described. In the fourth section, preceding the con-
clusions, the results of the influence of the PSD width on the GFA index
are presented and discussed, together with an estimation of Janssen's
parameters.

2. The GFA index and its experimental assessment

To characterize the internal friction, μ, and the related flow behavior
of granular materials under compression loading, Bek et al. [5] intro-
duced the GFA index, which is based on the realization that Newtonian
fluids have the uniqueproperty of diverting theuniaxial forces acting on
themuniformly in all directions.With the aimof defining theGFA index,
Fig. 1 shows the distribution of the assumed hydrostatic pressure PF in a
Newtonian fluid, and the vertical internal pressure PV of granular mate-
rials along z, the axial direction of the cylinder. As defined by Schulze
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[16], the effect of gravity on the hydrostatic pressure PF in a Newtonian
fluid and on the vertical internal pressure PV can be neglected here due
to the high uniaxial compression loading compared to theweight of the
powder. Due to the presence of internal friction μ, the vertical internal
pressure PV of the granular material decreases along the z-axis of the
cylinder, as shown schematically in Fig. 1. On the contrary, the hydro-
static pressure PF of Newtonian fluid is constant along the z-axis of the
cylinder. Based on the pressure distribution PV(z) and PF(z) along the
z-axis, the GFA index is defined by:

GFAindex ¼
Sg
Sf

¼
R L
0PV zð Þ:dz
PF:L

¼ AC:
R L
0PV zð Þ:dz
FT:L

, ð1Þ

where Sg and Sf represent the area under the curves PV(z) and PF(z),
as shown schematically in Fig. 1. In the secondand third terms of Eq. (1),
L is the integration length of the vertical internal pressure PV and the hy-
drostatic pressure PF along the cylinder, and AC is the internal surface
area of the cylinder. Based on Eq. (1), the GFA index values are in the in-
terval [0,1]. The GFA index is equal to 1 in the case of a Newtonian fluid,
while a value of less than 1 indicates the presence of internal friction μ
and a decrease in flowability of granular materials. Since the vertical in-
ternal pressure PV decreasesmonotonically along the length L of the cyl-
inder, the GFA index and the related internal frictional properties of
granular materials can be evaluated by analyzing the decrease in verti-
cal internal pressure PV(z) along the length L of the cylinder. Granular
material with a regressive decrease in vertical internal pressure PV(z)
along the length Lwill have a lower GFA index and higher internal fric-
tion μ than materials with a linear or even progressive decrease in ver-
tical internal pressure PV(z) along the z-axis of the cylinder.

With the aim of experimentally determining the GFA index and the
related internal friction μ in granular materials, the thin-walled
pressure-vessel elastic theory [18] was used to calculate the vertical in-
ternal pressure PV(z). Based on this theory [18], the assumed theoretical
hydrostatic pressure state developed inside the cylinder, therefore the
internal pressure PF, is constant in the case of Newtonian fluid, and the
corresponding strains |εa| and εt, which develop on the outer surface
of the cylinder, are proportional to the internal pressure PF and constant
along the z-axis, as shown in Fig. 2(a).

Furthermore, in the case of granular materials, the vertical internal
pressure PV that develops inside the material-filled cylinder of internal
diameter Di (Fig. 2(b)), and is uniaxially compressed by the force FT,
can be calculated [18] via:

PV zð Þ ¼ 4:FV zð Þ
πD2

i : 1þ εtð Þ2
: ð2Þ

Considering the vertical equilibrium of forces in the free-body dia-
gram of granular materials under uniaxial compression loading FT by a
piston, schematically shown in Fig. 3, the unknown vertical force.



Fig. 2. Schematics of vertical PV(z) and horizontal PH(z) internal pressure; and tangential εt(z) and absolute axial |εa(z)| strains under uniaxial compression in the case of (a) Newtonian
fluid and (b) granular materials.
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FV along the granular material in Eq. (2), is defined by:

FV zð Þ ¼ FT−πDi: 1þ εtð Þ: Do−Dið Þ
2

:σa zð Þ ð3Þ

where Do is the outer diameter of the cylinder and σa is the axial
stress along z, the axial direction of the cylinder. The unknown axial
stress σa in Eq. (3) can be calculated with the use of Eq. (4) as follows:
Fig. 3. Free body diagram (FBD) of granular materials filled in a cylinder and exposed to
the uniaxial compression force FT.
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σa zð Þ ¼ Ew εa þ νw:εtð Þ
1−ν2

w
ð4Þ

where Ew is Young's modulus and νw the Poisson ratio of the cylinder
material. In Eqs. (2), (3) and (4) the remaining unknown variables are
the tangential and axial strains, respectively εt and |εa|, along the axial
direction z of the cylinder wall.

Since the calculation of the GFA index is based upon confined com-
pression of granular materials, Janssen's parameters, including the in-
ternal pressure ratio K and the internal friction μ, can also be
calculated [16]. The internal pressure ratio K(z) is defined as the ratio
of horizontal internal pressure PH(z) to vertical internal pressure PV(z)
[13]:

K zð Þ ¼ PH zð Þ
PV zð Þ : ð5Þ

In order to determine K(z), Pv(z) can be derived from Eq. (2), and PH
(z) can be calculated by:

PH zð Þ ¼ Do−Dið Þ:σ t zð Þ
Di: 1þ εt zð Þð Þ , ð6Þ

where σt(z) represents the tangential stress on the cylinder wall, de-
fined by the stress-strain relationship using the measured strains:

σ t zð Þ ¼ Ew: εt þ νw:εað Þ
1−ν2

w
: ð7Þ

In order to determine the second of Janssen's parameters, the inter-
nal friction μ, the simplified Janssen's vertical internal pressure PV
Eq. [16] can be used:

PV zð Þ ¼ σv0:e
−4:Kav:μ: zDi : ð8Þ

In Eq. (8), σv0 represents the vertical stress applied on the granular
materials at z = 0 and Kav denotes the average internal pressure ratio
calculated from K(z). Based on the experimental data for Pv(z), and cal-
culated Kav, the only unknown in the Eq. (8) is the internal friction μ,
which is evaluated using the exponential regression method [4].

Therefore, the primary goal of a GFA apparatus is the calculation of
local tangential εt(z) and axial |εa(z)| strains along the axial direction z
of the cylinder wall which are given by [19]:
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εt zð Þ ¼ ∂u
∂x

þ 1
2

∂u
∂x

� �2

þ ∂v
∂x

� �2
" #

ð9Þ

εa zð Þ ¼ ∂v
∂y

þ 1
2

∂u
∂y

� �2

þ ∂v
∂y

� �2
" #

ð10Þ

where, u and v are displacements along the tangential and axial direc-
tion measured by the DICmethod along the axial direction z. The calcu-
lated strains εt(z) and |εa(z)| are then used to evaluate the vertical
internal pressure PV(z), the related GFA index and the internal friction,
μ, according to the above equations.

3. Experimental section

In the methodology presented above for evaluating the GFA index,
which relies on vertical internal pressure PV, calculated on the basis of
themeasured stress-strain relationship of the cylinderwall, thematerial
properties of the alumina cylinder, including Young's modulus Ew and
the Poisson ratio νw, are very important. For this reason, following the
description of the experimental setup, results are presented from the
experimental estimation of Young's modulus Ew and the Poisson ratio
νw through uniaxial compression testing of an empty cylinder. In the
last part of this section the properties of the used powder and the exper-
iments performed are described.

3.1. Experimental setup

With the aim of experimentallymeasuring theGFA index and the re-
lated internal friction μ in granular materials, apparatus known as the
optical granular friction analyzer (O-GFA) [17], and the above men-
tioned thin-walled pressure-vessel elastic theory were used. As shown
schematically in Fig. 4(a), the O-GFA apparatus consists of an alumin-
ium cylinder, a stainless-steel base cap, a stainless-steel piston for ap-
plying an uniaxial compression force FT to granular material in the
aluminium cylinder, and an optical system for measuring the deforma-
tions and related strains. The optical system consists of two LED
(OSRAM LED star classic A 75 E27) illumination sources and a Point
Grey USB 3.1 digital camera (5MP – GS3-U3-50S5M-C) to implement
a digital image correlation (DIC) method-based measurement of the
axial |εa(z)| and tangential εt(z) strains [17] on the outer surface along
the z-axis of the cylinderwall, causedby uniaxially compressed granular
Fig. 4. Schematics of (a) O-GFA apparatus and (b) Position of the DIC and GFA indexwindow us
and the GFA index.
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material inside the cylinder. The Zwick Z050 universal testing machine
was used in the test arrangement to apply the uniaxial compression
force FT in a controlled manner. To prevent unbalanced deformations
due to axial misalignment of the compressive axial loading a self-
aligning system with bearing balls at the top end of the piston and at
the bottom of the cylinder was used, as shown in Fig. 4(a). The USB
3.1 digital camera was used to capture a digital image of the cylinder
wall before and after the uniaxial loading of the granular material.

For the DIC method-based measurement of strains εt(z) and |εa(z)|,
and the related internal vertical pressure PV(z), a DIC window of
ws= 3mmwidthwas used, consisting of 25 horizontal and 270 vertical
points along the axial direction z, as indicated by the solid black line in
Fig. 4(b). The captured images were analyzed with NCorr DIC software
[19]. The DIC parameters used were: subset size of 25 × 25 pixels, spac-
ing of 3 pixels, iteration resolution of 1e-006, number of iterations of 50
and strain smoothing filter of size 50. The related deformations and the
calculated tangential εt(z) and axial |εa(z)| strains at a given position z
along the DIC window were defined as the mean value over the 25
points within the considered 3 mm width. Using the described O-GFA
apparatus the vertical internal pressure PV is measured with less than
7.5% error [17]. However, in order to avoid the edge effect at the top of
the cylinder due to the piston [17], the GFA index calculation window
of width ws = 3 mm and height h = 47 mm (75 × 690 pixels),
consisting of 25 horizontal and 230 vertical points along the axial direc-
tion z, was positioned 18 mm below the piston, as indicated by the
dashed red line in Fig. 4(b). To avoid the edge effect at the bottom,
and to exceed the strain resolution limit (400 με) of the DIC setup, the
bottom edge of the DIC window was positioned 90 mm above the
stainless-steel base cap.

3.2. Estimation of Young's modulus and the Poisson ratio of the cylinder
wall

Using the definitions of Young's modulus

Ew ¼ σa

εa
¼ FT

εa:Aw
¼ 4:FT

εa:π: D2
o−D2

i

� � ð11Þ

and the Poisson ratio νw,

νw ¼ −
εt
εa

����
����, ð12Þ
ed for strain εt(z) and |εa(z)| measurements, and calculation of vertical internal pressure PV,



Table 1
Powder sample particle size distribution parameters.

Sample i D90 (μm) D50 (μm) D10 (μm) mi (μm) σi (μm) w

1 241.87 202.49 168.85 203.61 24.45 0.36
2 273.93 180.93 115.44 188.57 58.86 0.87
3 302.75 196.77 99.74 200.74 76.95 1.03
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Young's modulus Ew and the Poisson ratio νw of the aluminium cyl-
inder used can be estimated experimentallywith a linear regression ap-
proach, by considering the applied uniaxial stress σa = FT/Aw and
measurements of the related tangential εt(z) and axial |εa(z)| strains
on the cylinder wall using the O-GFA apparatus described above. For
this purpose, using the experimental set up shown in Fig. 4with a piston
of larger diameter, the empty aluminium cylinder was loaded 28 times
at each of four predefined compression force FT values (1510 N, 3010 N,
4510N and 4810N) using the Zwick universal testingmachine. For each
compression force FT, the related tangential εt(z) and axial |εa(z)| strains
of the cylinder wall were evaluated using the DIC method. To evaluate
the applied uniaxial stress σa = FT/Aw at the cylinder wall, the area of
the cylinder wall thickness, Aw, was estimated on the basis of the
mean inner Di = 18.01 mm and outer Do = 19.87 mm diameters,
which were calculated using 30 measurements along the cylinder
circumference.

Fig. 5 shows the scatter plots σa - |εa| and εt - |εa|, with strong linear
regression fits in each case, yielding the respective mean estimates of
the Young'smodulus E̅w=73GPa and the Poisson ratio νw̅= 0.42. Tak-
ing individual measurements into account, the associated standard de-
viation intervals of Young's modulus and the Poisson ratio of the
aluminium cylinder were defined as ±2.2 GPa and ± 0.04 respectively.

3.3. Powder sample characteristics and experiments

To evaluate the influence of the PSDwidthw, on the flowability, and
to characterize the internal friction μ, of granular materials, the GFA
indexwas calculated for the three samples of bronze (CuSn 89) granular
material with PSD widths ofw=0.36, 0.87 and 1.03, respectively. Here
the PSD width w is defined as:

w ¼ D90−D10

D50
, ð13Þ

where D90, D10 and D50 denote the 90th, 10th and 50th percentile of
the powder sample particle size, as given in Table 1. Powderswith tree
different PSD widths were prepared using a sieve method in accor-
dance with the ISO standards and the associated cumulative probabil-
ity functions are shown in Fig. 6 (a). Microscopic images of the
granular materials in each sample were taken before the experiment
and are shown in Fig. 6 (c), (d) and (e), and the related PSDs and their
parameters were estimated using a digital image processing software.
Fig. 5. Linear regression-based estimation of (a
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As can be seen from the powder images shown in Figs. 6 (c)-(e), the
particles of granular materials were spherical. An example of the re-
lated estimates of the cumulative PSDs is shown in Fig. 6(b), which
shows qualitatively good agreement with the PSDs shown in Fig. 6
(a) despite a low number of particles (ni = 1812, 1881 and 1608) in
the particular sample, “i”, being analyzed. Based on the fact that the
number of particles in the test samples used to evaluate the GFA index
was much larger than ni, due to the large size of the cylinder, it can be
assumed that the PSDs and the related PSD width of the test samples
used in the test performed matched well with the PSD of the supplied
powder from which the test sample was taken. Furthermore the stan-
dard deviation of the mean sample particle sizemi (σm = 7.98 μm), is
significantly smaller than the standard deviations σi of the particle
size distributions of individual samples (i = 1 to 3), as shown in
Table 1 and graphically presented in Fig. 7. Based on this, we can con-
clude that the variation in the mean particle size of powder samples,
mi, and its influence on the PSD width, w, is insignificant, whereas
the variation in the standard deviation of powder samples, σi, is signif-
icant. The later was further confirmed by statistical analysis with the
F-test evaluating the equality of standard deviations of samples, σi,
yielding the highest p value of 0.0018.

For each of the three granular material samples considered, 6 repeti-
tions of the experiment were performed. Each time the cylinder was
filled with unused powder to the same level, which was ensured by
checking the height of the crosshead starting position on the Zwick uni-
versal testing machine. A reference image of the speckled pattern of the
filled cylinderwas then taken at zero load, FT=0N. After taking the ref-
erence image, the piston applied continuous incremental uniaxial com-
pression loading to the granular material until a selected force of FT =
4810 N was reached and an image of the speckled pattern of the de-
formed cylinder was recorded. The two acquired images of the speckled
pattern, respectively corresponding to the undeformed and deformed
cylinder, were then analyzed using the DIC method to estimate the
) Young's modulus Ew (b) Poisson ratio νw.



Fig. 6. (upper section): (a) cumulative probability function of the powders consideredwith PSDwidths ofw=0.36, 0.87, and 1.03, (b) examples of cumulative probability functions of test
samples with related PSD widths ofw=0.15, 0.61, and 075, (lower section): microscopic images taken before the experiment of bronze powders with different PSDwidths (w) (c)w=
0.36; (d) w= 0.87, (e) w = 1.03.
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tangential εt(z) and axial |εa(z)| strains. The latter were then used to cal-
culate the vertical internal pressure PV(z) and the related GFA index, as
described in section 2.
Fig. 7. Powder sample particle size grand mean value mm = 197,64 μm and mean values
mi of powder samples with associated standard deviation ± σ intervals vs. PSD width w.
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4. Results and discussion

This section of the paper presents the results of DIC-based measure-
ments of tangential εt(z) and axial |εa(z)| strains on the cylinder wall,
and the related vertical PV(z) and horizontal PH(z) internal pressure
along the z-axis of the cylinder. The internal pressure of the cylinder
was caused by the uniaxial compression load FT applied to the powder
inside it. Furthermore, using the vertical PV(z) and horizontal PH(z) in-
ternal pressures, the results of the GFA index and Janssen's parameters
as a functions of the PSD width, w, are presented.
4.1. DIC method-based strain measurements

Fig. 8 shows the tangential ε̅t(z)and axial |ε̅a(z)| strains along the
axial direction z of the cylinder wall, as the mean value of six measure-
ments, for the three different PSDwidthsw. Thediagrams of εt̅(z) and |εa̅
(z)| are shown for z-positionswithin the interval [18, 67]mm, excluding
the edge-influenced region at the top near the piston, and at the bottom
of the cylinder in the vicinity of the base cap [17]. Theoretically, and as
shown experimentally in Fig. 8(a), the tangential strains ε̅t(z) at the cyl-
inder wall will decrease as the distance z from the piston along the axial
length of the cylinder increases, due to the presence of internal friction μ
when granular materials are compressed within a confined volume. On
the contrary, as shown in Fig. 8(b), the absolute values of axial compres-
sive strains |ε̅a(z)| at the cylinder wall increase as the distance z in-
creases, due to the presence of internal friction μ.



Fig. 8. Graphs of (a) mean tangential εt̅(z) and (b) absolute mean axial |εa̅(z)| strains vs. distance from the piston, z, for three different PSD widths w = 0.36, 0.87 and 1.03.

Fig. 9. Calculated normalized vertical PV and horizontal PH mean internal pressure with
respect to the axial direction z along the considered DIC window for different PSD
widthsw.
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In addition to the position z-dependent properties of the tangential
εt̅(z) and axial |εa̅(z)| strains, Fig. 8(a) and Fig. 8(b) show that, as PSD
width w increases, so does the tangential strain εt̅, whilst the compres-
sive axial strain |εa̅| decreases. Apart from the mean strains εt̅(z) and |εa̅
(z)| shown in Fig. 8, the related set of six experimental data exhibitmea-
surement scatter around their means, which is higher in the case of the
tangential strains εt(z). This may be related to the resolution limitation
when measuring tangential strains εt(z) using the DIC method and to
the application of the 2D DIC method to a curved surface. However,
based on the result of the ANOVA test on the significance of the GFA
index, the difference in the curves of the mean strains εt̅(z) and |εa̅(z)|
can be considered as statistically significant with respect to the varying
values of the PSD width w, as shown in the following section 4.2.

4.2. Internal pressure and calculation of the GFA index

Based on the mean tangential εt̅(z) and axial |εa̅(z)| strains, the ver-
tical PV(z) and horizontal PH(z) internal pressure along the axial direc-
tion z of the cylinder wall were calculated, according to Eqs. 2 and 6.
In all cases the granular materials were loaded with an uniaxial com-
pression load of FT = 4810 N. The normalized values with respect to
the applied stress of σv0= 20.2MPa, corresponding to an uniaxial com-
pression load of FT = 4810 N, are shown in Fig. 9. As evident from the
graphs in Fig. 9, the internal vertical PV(z) and horizontal PH(z) pressure,
calculated from strains measured in the range z> 18 along the axial di-
rection of the cylinder, decrease in a non-linear fashion, due to interpar-
ticle and particle-wall friction. It can also be observed that the vertical
internal pressure PV(z) is higher than the horizontal internal pressure
PH(z), and that both increase with an increase in w, the width of the
sample PSD. The latter can be explained by the roller bearing effect,
whereby smaller particles act as rollers between the larger particles,
which results in a lower decrease in pressure throughout the granular
material [13].

In accordance with the definition of the GFA index [5], the normal-
ized vertical internal pressure PV(z) along the cylinder z-axis should
be considered from the piston-powder contact at z = 0, at which the
PV(z) has its maximal value, equal to the known applied vertical stress
σv0. Therefore, the normalized vertical internal pressure PV at z = 0 is
equal to 1. Based on this, the normalized vertical internal pressure PV
(z) values in the interval z ∈ (0,18) are defined by a linear extrapolation
from PV(z = 18) to the normalized vertical internal pressure PV(z =
0) = 1, as demonstrated in [5]. Similarly, to define the extrapolation
value at the horizontal internal pressure PH(z=0), the average internal
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pressure ratio Kav is calculated using the 230 data points along the GFA
index calculationwindow. The horizontal internal pressure at PH(z=0)
is thendefinedusing the pressure ratio PH=Kav·PV(z=0). Based on the
defined normalized vertical internal pressure PV, the GFA indexwas cal-
culated using Eq. (1) for the samples of granularmaterialwith three dif-
ferent PSD widths (w = 0.36, 0.87 and 1.03). Based on 6 repetitions of
the experiment performed at a given PSD width w, the mean value of
the GFA index and the related 95% confidence intervals were calculated
(see Fig. 10(a)). It can be seen that the GFA index increases with an in-
crease in the PSD width, w. The influence of PSD width, w, on the GFA
index was statistically significant, as confirmed by the ANOVA test p-
value = 0.002.

Fig. 10(b) shows themean value of the internal pressure ratio Kav(z)
from 6 trials, calculated for 230 data points along the z-direction. As
mentioned by Schulze [13], and observed in Fig. 10(b), Kav(z) does not
change significantly along the z axis. The mean value of the internal
pressure ratio Kav was therefore calculated from Kav(z) in order to char-
acterize it. The values of themean internal pressure ratio Kav against the
PSD width, w, are shown in Fig. 10(c), alongside 95% confidence inter-
vals. It can be seen that the internal pressure ratio Kav increases as the



Fig. 10. (a)Mean GFA index value with 95% confidence intervals vs. PSDwidthw; (b) internal pressure ratio K(z) along the axial direction z of the cylinder; and Influence of PSDwidth,w,
on the mean (c) internal pressure ratio Kav and (d) internal friction μav.

Fig. 11. Influence of the magnitude of the uniaxial force FT on the GFA index, with 95%
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PSD width, w, increases. However, as evident from the graph and re-
ported in [16], this relationship is statistically insignificant.

To evaluate the internal friction μ, the simplified Jansen's formula
(Eqs. (8)) can be used. By using the experimentally evaluated vertical
internal pressure PV(z) and the mean internal pressure ratio Kav, for
each of the 6 trials of the experiment, the related internal friction μ
was obtained by the regression method [4], and the related mean inter-
nal friction μav, and coefficient of determination R2=0.93, 0.96 and 0.88
were calculated for PSDwidthw=0.36, 0.87 and 1.03 respectively. The
relationship betweenmean internal friction μav and PSDwidthw is pre-
sented in Fig. 10 (d), alongside 95% confidence intervals. It can be seen
that as the PSD width, w, increases, the internal friction μav decreases.
This was confirmed as statistically significant by the ANOVA test p-
value = 0.005.

The observed increase in GFA index and decrease in mean internal
friction μav associated with an increase in the width of PSD, w, are re-
lated to the presence of smaller particles between the larger particles.
When a certain amount of small spherical particles get between the
larger particles, they induce a rolling effect, which acts as a lubricant
for the large particles and improves flowability [6,7]. However, as
noted in [7,20], too many small particles would increase the contact
area and consequently reduce the flowability. A similar observation
that granular materials with a broad PSD flow better than those with a
narrow PSD has been made by Diner et al. [21].
confidence intervals.
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Fig. 12. Microscopic images of the 3 bronze samples of varying PSD widths, w, taken after the experiment at maximal load FT = 5510 N (a) w = 0.36, (b) w= 0.87, (c) w = 1.03.
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4.3. Discussion

The O-GFA apparatus presented, combined with the DIC method,
proves to be an interesting and promising alternative method to tradi-
tional methods used for the characterization of granular materials, and
the results show that the width of the PSD, w, significantly influences
the GFA index. Venkatesh et al. [17] discussed the advantages of both
the O-GFA apparatus and the ability to use the GFA index alone to char-
acterize the flowability of granular material, rather than needing to use
individual properties such as internal friction μav and internal pressure
ratio Kav, They further addressed several open questions in their study,
including the material and elasticity of the tube wall, the standardiza-
tion of the cylinder diameter Di, and the integration length L, which
would allow better comparison and interpretation of GFA index values
in the future and help establish the O-GFA apparatus as a promising
tool to characterize the flowability of granular materials.

An additional open issue and potential avenue for improvement re-
lates to the limitation of the 2D DIC method used to measure the 3D
curved surface and out of plane deformations.When strains on a curved
surface are measured using a 2D DIC-based method, only a very small
surface can be considered in the tangential direction on the cylinder
wall, in order to fulfill the required assumption of being a flat surface.
In relation to this, a 3 mm width window was considered as a flat sur-
face in the current paper. Furthermore, as reported by Venkatesh et al.
[17] based on parametric error analysis, one of the major sources of
error in the calculation of the GFA index comes from uncertainty of
Poisson's ratio, which is primarily related to the strain measurement
resolution of the O-GFA apparatus. Therefore, in order to further im-
prove the measurement accuracy of tangential strains and the GFA
index, a 3D DIC-based method of higher resolution should be used.

Another still open question, considered below, is the influence of the
magnitude of the uniaxial compression force FT on the GFA index. For
this purpose, the GFA index was calculated at various loads of uniaxial
compressive force FT, namely 3010 N, 3510 N, 4010 N, 4510 N, 5010 N
and 5510 N, acting on a powder with a PSD width of w = 0.87. For
each load magnitude, 8 repetitions of the experiment were performed.

Fig. 11 shows the calculated GFA index with respect to the applied
uniaxial force FT, alongside 95% confidence intervals. From Fig. 11, and
the related ANOVA test (p-value = 0.99), it can be concluded that the
GFA index does not depend on the magnitude of the uniaxial compres-
sive force, FT, applied, within the test interval used (from 3010 N to
5510 N). However, this could not be the case if the force FT was further
increased, such that the granular material started to plasticize at the
grain-level. This would alter the properties of the granular material,
thus affecting its flowability and the GFA index. In order to verify the re-
gime of grain deformation, a visual inspection of the powder was carried
out by digitalmicroscope once experimentationwas complete. No signif-
icant changes in grain shape could be observed qualitatively, as shown in
Fig. 12, indicating that no visible plastic deformation had occurred.
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Furthermore, considering the influence of the PSD width, w, on the
flowability, Schulze et al. [13] has shown that a PSD width above a cer-
tain level, i.e. with a larger number of smaller particles, would increase
the internal friction μav and thus decrease the flowability, due to the co-
hesive nature of these particles, whereas a PSD width below this level
leads to an increase in flowability. It is therefore necessary to investigate
such a limit to PSD width in future work, also for uniaxial compression
of granular materials under a constrained volume.

5. Conclusion

In this paper the GFA index was used to assess the influence of
particle sample distribution (PSD) width, w, on the flowability of
uniaxially compressed granular material. The Janssen formula was
used to evaluate the internal friction μav and the internal pressure
ratio Kav. An optical granular friction analyzer (O-GFA) and the digital
image correlation (DIC)methodwere used to evaluate the GFA index.
The DICmethod is used tomeasure tangential and axial deformations
and related strains of the cylinder caused by uniaxially compressed
granular material in the cylinder. From the induced strains, the verti-
cal PV(z) and the horizontal PH(z) internal pressure along the axial di-
rection z of the cylinder and the related GFA indexwas calculated and
further used to calculate the internal pressure ratio Kav and friction
μav. Samples of bronze powders with 3 different PSD widths (w =
0.36, 0.87, and 1.03) were used in the experiments to demonstrate
the influence of PSD width, w, on the GFA index and the associated
μav and Kav,. The results show that as the PSD width, w, of the
uniaxially compressed powder material increases, so does the GFA
index, meaning that the internal friction μav decreases and the
flowability of the granular material increases. The observed increase
in the GFA index and the associated increase in flowability is due to
the “roller bearing effect”, which reduces internal friction μav (as re-
ported in [13]). In addition, our findings indicate that the mean inter-
nal pressure ratio Kav does not significantly increase with an
increasing width of PSD, w. This can be observed, as reported in
[16], when the internal vertical PV(z) and horizontal PH(z) pressure
decrease at the same rate. Further the presented results show inde-
pendency of GFA index on the magnitude of the applied uniaxial
compressive force, FT, being in the elastic range of granular material
what is an additional convenient property of GFA test. From the re-
sults presented regarding the GFA index and the associated internal
friction μav and pressure ratio Kav, as well as from the results pre-
sented in [13,16], it can be concluded that the GFA index is a mean-
ingful indicator of the flowability of uniaxially compressed granular
material. The results presented show that O-GFA apparatus and the
GFA index can be used as an alternative method to characterize the
flowability of granular material, rather thanmeasuring the individual
properties of granular materials, i.e. the internal friction μav and pres-
sure ratio Kav.
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