
Powder Technology 400 (2022) 117256

Contents lists available at ScienceDirect

Powder Technology

j ourna l homepage: www.e lsev ie r .com/ locate /powtec
Fabric effect on the angle of repose in granular materials
Bei-Bing Dai a,b,⁎, Tian-Qi Li a, Lin-Jie Deng a, Jun Yang c, Wei-Hai Yuan d

a School of Civil Engineering, Sun Yat-sen University, Guangzhou, China
b Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai, China
c Department of Civil Engineering, The University of Hong Kong, Hong Kong, China
d College of Mechanics and Materials, Hohai University, Nanjing, China
⁎ Corresponding author at: School of Civil Enginee
Guangzhou, China.

E-mail address: daibb@mail.sysu.edu.cn (B.-B. Dai).

https://doi.org/10.1016/j.powtec.2022.117256
0032-5910/© 2022 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 6 October 2021
Received in revised form 24 February 2022
Accepted 1 March 2022
Available online 5 March 2022
In the present study, we perform a series of physical model experiments and numerical simulations to examine
the effect of fabric orientation on angle of repose. The results show that with the deposition plane orientation
angle θ varying from 0° to 90°, the angle of repose α reduces firstly and then rebounds, and the minimum values
emerge at θ = 30° ~ 45°. Numerical analyses indicate that the microstructure reorganization becomes more in-
tense as θ varies from 0° to 90°,making the anisotropymagnitude decrease and the principal anisotropy direction
transit to a specific direction.With the analysis based on a conceptual model, we make a clarification on the fun-
damentals underlying the effect of fabric orientation on the angle of repose α. By introducing a θ-dependent co-
efficient, we propose an expression of α as a function of principal anisotropy directions (ϕn and ϕp) of the contact
and particle orientations.
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1. Introduction

“Heap” is a characteristic presence pattern of powders and bulk
solids (i.e. particulate or granularmaterials), which is widespread in na-
ture and frequently encountered in our daily life [1–3]. Granular heaps
(piles) are generated by the accumulation of a great number of particles
under the effect of gravity or other external effects such as wind blow
and water flow, and this accumulation process is also interpreted as
the heaping (piling) of discrete particles. The maximum slope angle
for granular heaps is referred to as “angle of repose”, which is thought
to be one of the most important parameters characterizing the physical
and mechanical properties of granular materials. Angle of repose is ex-
tensively applied for various purposes in the scientific and industrial
fields which involve dealing with granular materials (e.g., geography,
geology, agriculture, food engineering, civil engineering, chemical engi-
neering, pharmaceutical engineering, etc.). The local “pressure dip” at
the bottom of a granular heap is a fascinating phenomenon as well,
which has long been observed in the experiments and reproduced in
the numerical simulations [4–14]. It is obviously of fundamental impor-
tance to understand themechanical properties associatedwith granular
heaps such as angle of repose and pressure dip.

Over the past several decades, researchers have devoted consider-
able efforts, through either experimental or numerical approaches, to
ring, Sun Yat-sen University,
examining the formation of granular heaps and exploring the related
fundamentals. Zhou et al. [15] carried out both experiments and numer-
ical simulations to investigate the influence of various factors, including
the basic particle attributes, on the macroscopic features of granular
heaps, and found that the angle of repose rises as the inter-particle slid-
ing or rolling coefficient increases, and reduces with the increasing par-
ticle size. The numerical simulations done byMatuttis [11] revealed that
the particle size distribution plays a vital part in the macroscopic prop-
erties of granular heaps, and that increasing the polydispersity of com-
posing particles contributes to the increase of angle of repose and also
helps strengthen the local pressure dip underneath granular heaps.
Goldenberg and Goldhirsch [8] reproduced through numerical simula-
tions, the local bottom pressure dip under the apex of a granular heap,
and found that this phenomenon becomes more apparent if the inter-
particle friction coefficient is getting small. Using molecular dynamics
simulation, Lee and Herrmann [16] and Maleki et al. [17] also came to
realize that the angle of repose increases with the increases of inter-
particle friction coefficient, which is congruous to the findings from
the DEM simulations conducted by Zhou et al. [15] and McDowell
et al. [18]. By focusing on the effect of particle shape, Robinson and
Friedman [19] performed the physical model tests with the alleged
Hele-Shaw cells and achieved the finding that the angle of repose pro-
motes as the circularity of outer particle surface decreases. The works
of other researchers (e.g. Dai et al. [20,21], Chen et al. [22], Alonso
et al. [23], Zhao et al. [24] and Zhou et al. [25]) have also evidenced
that the more irregular the particle shape is, the higher the angle of re-
pose is. It is observed by Zhu et al. [26] that the local pressure dip at the
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bottom of a granular heap tends to bemore conspicuous at a larger par-
ticle aspect ratio.

Interestingly, researchers have also brought forward several theo-
retical models to gain a fundamental understanding of angle of re-
pose [23,27,28]. Alonso et al. [23] developed on the basis of a simple
lattice model, an analytical expression of angle of repose as a function
of various microscopic factors such as particle shape and surface
roughness. Carstensen and Chan [27] established a mathematical re-
lationship between particle size and angle of repose for powders.
Similarly, through extensive DEM simulations, Elekes and Parteli
[28] proposed a theoretical expression of angle of repose by incorpo-
rating the factors of particle size as well as gravity. The previous
studies obviously suggest that there exists a strong correlation
between macroscopic characteristics of granular heaps and basic
particle properties.

Furthermore, the construction history has been identified to be an
important factor affecting the formation of granular heaps, as well as
their macroscopic attributes. Vanel et al. [5] constructed in the experi-
ments, the granular heaps by the “point-source release method”,
which refers to an approach of releasing particles from a point source,
and observed an obvious pressure dip at the heap bottom. However,
granular heapswhichwere constructed by the “rainfall releasemethod”
failed to demonstrate the phenomenon of pressure dip. The rainfall re-
lease method means that particles are dropped from an area source,
the covering area of which is not less than the bottom area of final gran-
ular heaps. Similarly, the molecular dynamics simulations of Matuttis
[11] andMatuttis et al. [12] indicate that the angle of repose of granular
heap built by the rainfall release method or in the layered sequence is
higher than that for the heap constructed by the point-source release
method. It is revealed by the photoelastic experiments of Geng et al.
[29] that the heaps generated by the point-source release method
tend to show the pressure dip, while those made by releasing particles
from a source with a relatively large width, do not display the pressure
dip at the bottom, and such observations have been confirmed by the
DEM simulations of Horabik et al. [30] and Zhou and Ooi [31]. From pre-
vious studies, it is therefore reasonable to come to the conclusion that
the construction history exerts a significant impact upon the formation
of granular heaps, as well as their basic characteristics such as angle of
repose and bottom pressure dip. It should be pointed out that the influ-
ence of construction history, in essence, results from the fabric created
during the construction process. It can be thus said that fabric plays a
crucial part in the macroscopic properties of granular heaps.
Fig. 1. The apparatus developed for testing: (a) the re
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It is noticed that in previous studies, researchers commonly built
granular heaps with thememory of construction history by various par-
ticle releasemethods (e.g., point source, line source, area source, sources
of varying width or height, etc.), and scrutinized the influence of con-
struction history (i.e. fabrics or grain-scale structures) on the macro-
scopic characteristics of heaps (e.g., angle of repose and bottom stress
distribution). Few works have been done till now to associate the
macro features of granular heaps such as angle of reposewith the fabric.
In present study, we perform the physical model tests and numerical
simulations, in which we construct granular heaps with the rainfall re-
lease method which, however, is practiced in a manner different from
that reported in the literature. The orientation angle of deposition
plane relative to the horizontal plane is varied from 0° to 90° degrees,
which helps produce fabrics with various orientations, such that we in-
vestigate the influence of fabric orientations on the characteristics of
granular heaps. For the convenience of experimental practice in creating
fabrics having various orientations, an apparatus with a rotatable con-
tainer is developed for containing particles deposited under gravity at
various container tilting angles (i.e. at different deposition plane orien-
tation angles), so that we are able to obtain granular heaps with various
fabric orientations. In this study, a comparison analysis on angles of re-
pose is made between the experiments and numerical simulations; by
virtue of the DEM simulations, we analyze the fabric anisotropy in gran-
ular heaps, and explore its linkage with the angle of repose from both
qualitative and quantitative perspectives. It is hoped that we can gain
from this study, an in-depth understanding into the role played by the
fabric in the formation of granular heaps and the related macroscopic
features.

2. Experimental and numerical implementation

2.1. Experimental implementation

We develop an experimental apparatus as shown in Fig. 1, which in-
cludes the container box, bottom base, rotatable shaft, gap at the corner
for discharging redundant particles, to perform the granular heap tests
with focus on the effect of fabric. With the aid of a jack, the container
box can be rotated freely around the rotatable shaft. The dimensions
of container box are l × h × b = 1020 mm × 1020 mm × 40 mm. Note
that this apparatus is different from a rotatable drum. This is because
the rotatable container used in the current study can only have a limited
rotation and is for the examination of the angle of repose for granular
al object; (b) schematic description of apparatus.



Fig. 2. Granular materials used in the experiment: (a) diatomite particles; (b) rice grains; (c) PVC particles.

Fig. 3. The experimental procedure for the rainfall release method: (a) stabilization of the
container at a tilting angle θ; (b) deposition of particles; (c) restoration to the normal po-
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materials in a static packing state, but a rotatable drum can enjoy a per-
sistent rotation and is mainly used to study the convection and segrega-
tion of granular materials in motion, as well as the dynamic angle of
repose. As shown in Fig. 2, three materials are used, and they are
made up of the diatomite particles, rice grains and polyvinyl chloride
(PVC) particles, respectively. Table 1 gives the basic attributes for the
three materials.

To build a granular heap with a particular fabric orientation, we
firstly employ a jack to stabilize the container box at a certain tilting
angle θ, as shown in Fig. 3a. Subsequently, we desiccate the material
used and deposit the particles layer by layer by releasing them in aman-
ner of rainfall, as depicted in Fig. 3b. It is worth noting that for a better
visualization of layered structures, we dyed the particles in two neigh-
boring layers with two different colors, to produce the pattern of visu-
ally alternating layers, whereas the material constituent is all the same
for various layers. The container tilting angle θ (i.e. the orientation
angle of deposition plane) considered includes θ = 0°, 15°, 30°, 45°,
60°, 75° and 90°. Upon the completion of particle deposition process,
we carefully rotate the container box, together with the deposited gran-
ular mass, back to the normal position (i.e. the box bottom being hori-
zontal and the lateral wall being vertical), as indicated in Fig. 3c, such
that the granular mass is expected to have a particular fabric orienta-
tion. We then discharge the surplus particles through the corner gap
until a stable granular heap is generated without any particle flows
(see Fig. 3d), and we measure the angle of repose α; that is, we do the
measurement of angle of repose after the avalanche of superficial parti-
cles on the top of the stable granular heap. Note that at a given orienta-
tion angle θ, we repeat the tests five times to obtain five heaps, and thus
we have five α values for a specific θ angle.
sition; (d) final granular heap.
2.2. Numerical implementation

We use the DEM program PFC3D to simulate the granular heap con-
struction in the experiments. The particles in the numerical model, as
shown in the inset in Fig. 4a, are composed of two spheres which are
clumped with each other, and the two children spheres cannot be
torn apart. The aspect ratio of a particle is given by the length ratio be-
tween the minor and major axes [32–35] and the value is specified to
be 0.556 in this study. It should be noted that we here focus on a
study of the effect of fabric on the angle of repose, and thus we use an
idealized elongated particle shape in the DEM simulation for the
Table 1
Parameters for granular materials.

Granular materials Aspect ratio Bulk density (g/cm3)

Diatomite particles 0.53 0.427
Rice grains 0.39 0.582
PVC particles 0.57 0.593

3

isolation of the effect of particle shape. It is well accepted that the parti-
cle shape in reality is rather complex, and researchers have devoted
many efforts to exploring the linkage between particle shape and mac-
roscopic bulk behaviors of granular systems [36–38]. In particular, the
effect of particle shape may be coupled with the effect of fabric. For in-
stance, the deposition of elongated particles tends to give a more aniso-
tropic fabric as comparedwith rounded particles. This is the reasonwhy
we employ an idealized elongated grain shape in the DEM simulations
in this study, which helps produce anisotropic microstructures and fa-
cilitates the examination of the fabric effect on the angle of repose.
Major axis (mm) Intermediate axis (mm) Minor axis (mm)

8.05–11 5.11–7.99 3.98–6.71
8–9.99 3.02–3.93 2.98–3.76
4.95–5.99 3.06–3.02 2.86–3.42



Fig. 4. Construction of a granular heap (θ = 45°) in numerical simulations: (a) particle deposition completed; (b) final granular heap.
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The particle density is 2.65 g/cm3. The particle sizes (in diameter)
range between 1.7 cm and 1.9 cm. For the reduction of scale effect and
the ease of particle deposition, the dimensions of container box are
adopted to be l × h × b = 2000 mm × 2000 mm × 160 mm. The
particle-wall stiffness in both normal and tangential directions is set to
be 1.0 × 105 N/m. The contact behavior between particles is governed
by a linear elastic model. The particle-particle stiffness in the normal
and tangential directions is 1.0 × 105 N/m as well. The contact friction
behavior obeys the Coulomb friction law and the friction coefficient is
given to be 0.5 for both particles and walls. The damping ratio is 0.5.

Owing to that the gravity direction can be adjusted in the DEM sim-
ulation, we create the fabric with various orientations by depositing
particles under the effect of gravity (g = 9.8 m/s2) at different
directions; that is, we do not rotate the container box in the numerical
simulation. Take the numerical case with the gravity direction at θ =
45° as an example. Fig. 4a presents the numerical model after the
layer-by-layer deposition of particles, and the layer thickness is con-
trolled to be around 200mm.When the deposition is finished, the grav-
ity is restored to a normal state, with its direction reset to be in the
vertical downward direction. Fig. 4b shows the eventual granular heap
after the discharge of redundant particles under the effect of gravity in
the vertical downward direction. The number of particles in such a nu-
merical model is around 5 × 104. With the numerical model in Fig. 4b,
we can perform themeasurement of angle of repose and the fabric anal-
ysis. Note that an important index, namely, mratio (i.e., the ratio of the
maximum unbalanced force against the mean value of the contact
force, applied force and body force magnitudes over all bodies), is em-
ployed in PFC3D to ensure the equilibrium state for the final granular
heap, and the reference value is set to be 1.0 × 10−3 in this study. If
the mratio value is less than or equal to 1.0 × 10−3, a granular heap is
considered to have arrived at an equilibrium state; otherwise, additional
cycling is needed to meet the mratio requirement.
3. Micromechanical index and anisotropy characterization

The fabric of a granular assembly is usually referred to as the spatial
arrangement of the particles and contacts in this assembly. For a quan-
titative description of fabric, a number of vectors such as the particle and
contact orientation vectors are proposed to characterize themicrostruc-
tures in an assembly, and employed to formulate the alleged “fabric ten-
sor” [39–44]. Take the contact orientation vector for example. For each
contact between two particles, we define a pair of unit vectors, which
are normal to the contact plane and possess opposite directions. This
4

pair of unit vectors are called as “contact unit normal vectors”. Suppose
there are N contacts within an assembly. There will be in total 2 N con-
tact unit normal vectors, and a fabric tensor is formulated through an
averaging procedure as [39].

Fijlm⋯ ¼ 1
2N

∑
2N

k¼1
nk
i n

k
j n

k
l n

k
m⋯ ð1Þ

where nik (i=1, 2, 3 for a 3D case, and i=1, 2 for a 2D case) are the
direction cosines of a contact unit normal vector nk with respect to the
reference axes Xi (i = 1, 2, 3, and i = 1, 2 for a 2D case) in a Cartesian
coordinate system. Fijlm⋯ can be rewritten as a second-ranked tensor
for simplification.

Fij ¼
1
2N

∑
2N

k¼1
nk
i n

k
j ð2Þ

In addition, a density function E(n) is introduced to characterize the
spatial distribution of unit vectors over the representative elemental
volume (REV), such that the fabric tensor in Eq. (2) is re-expressed in
the integral form [40].

Fij ¼
Z
Ω

E nð ÞninjdΩ ð3Þ

whereΩ denotes the REV, and the density function E(n) is given as.

E nð Þ ¼ E0 1þ dijninj
� � ð4Þ

where E0 refers to the distribution probability density of unit vectors at
an isotropic state and equals 1/(2π) for a 2D case; dij is a second-ranked
deviatoric tensor characterizing the deviation from an isotropic distri-
bution. E(n) in Eq. (4) for a 2D case is a periodic function with a period
of 2π. With the substitution of ni and nj with the direction cosines,
Eq. (4) can be further derived to be.

E ϕð Þ ¼ E0 1þ d11 cos 2ϕþ d12 sin2ϕð Þ ð5aÞ

E ϕð Þ ¼ E0 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d211 þ d212

q
d11ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d211 þ d212

q cos2ϕþ d12ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d211 þ d212

q sin2ϕ

0
B@

1
CA

8><
>:

9>=
>;

ð5bÞ
where ϕ refers to an interested direction. Rothenburg and Bathurst [40]
alternatively used the following expression for the density function



Fig. 5. The relations of angle of repose α with the orientation angle θ of deposition plane.

Fig. 6. The relations of fabric anisotropy indices an and ϕn with the orientation angle θ of
deposition plane.
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E ϕð Þ ¼ E0 1þ an cos 2 ϕ−ϕnð Þf g ð6Þ

where an and ϕn are two important indices characterizing the fabric
anisotropy relating to the contact unit normal vector, with an giving
the magnitude of anisotropy and ϕn defining the principal direction of
anisotropy, and they are expressed as.

an ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d211 þ d212

q
and ϕn ¼ 1

2
arctan

d12
d11

� �
ð7Þ

The value of E(ϕ) in Eq. (6) gives the distribution probability density
of contact unit normal vectors at a specified directionϕ. Rothenburg and
Bathurst [40] put forward as well other continuous functions similar to
Eq. (6), to describe the angular distributions of other essential vectors
characterizing the microstructures and contact force network in an as-
sembly, and the functions for the particle orientation unit vector and
contact normal force vector are given to be

P ϕð Þ ¼ E0 1þ ap cos 2 ϕ−ϕp

� �n o
ð8Þ

f ϕð Þ ¼ f 0 1þ af cos 2 ϕ−ϕf

� �n o
ð9Þ

where f0 is themeasure of mean contact normal force with the contacts
in different directions given equal weight; ap and af represent the
anisotropy magnitudes of the particle orientation unit and contact
normal force vectors; ϕp and ϕf denote the principal directions of
anisotropy.

In the experiments and numerical simulations, particles are released
through a line source, with the deposition plane oriented (or equiva-
lently oriented) at an angle varying from 0° to 90° degrees. In this con-
text, the anisotropy associated with the distribution of internal
structures and contact force network in a granular heap is supposed to
develop principally in the plane where particles precipitate; that is,
the fabric and force anisotropy, as indicated by the coordinate system
in Fig. 1b, exists primarily in the plane of xoz. Hence the anisotropy anal-
ysis in terms of the microstructures and contact force network in gran-
ular heaps centers on their distributions in the particle precipitation
plane. To this end, all vectors concerned here are projected onto this
plane for a statistical analysis of anisotropy.

4. Results and analyses

4.1. Observed angle of repose in granular heaps

Fig. 5 describes the relations between the observed angle of repose α
and the orientation angle of deposition plane θ for granular heaps in the
experiments and numerical simulations. It is found that α does not
show amonotonically increasing or decreasing trendwith the variation
of θ, and it suffers from an interim dip at the range of θ = 30° ~ 45°, ir-
respective of which material is used in the test. The relation of angle of
repose with θ in the numerical simulations also shows good agreement
with the experimental observation. That is, with the increase of θ from
0° to 90°, the angle of repose α decreases at first, with the minimum
value taking place at θ = 30° ~ 45°, and then undergoes a rebound
with the further increase of θ. The minimum α values for PVC particles
and rice grains, which emerge at θ=30°, are 40.13° and 42.34°, respec-
tively, and for diatomite particles, the minimum value of α is 40.06°
when θ = 45°. The minimum angle of repose in the numerical simula-
tions occurs at θ = 30°, and the value is 39.1°. In addition, the angles
of repose for rice grains are in general higher than those for the PVC
and diatomite particles, and the angles of repose for the latter two ma-
terials are a little bit close to each other. This is probably because rice
grains possess more irregular particle shapes as compared with the
PVC and diatomite particles, as indicated in Fig. 2.
5

It is also interesting to note that the angles of repose given by the nu-
merical simulations are in general smaller than those obtained from the
tests, and this is presumably ascribed to the use of idealized numerical
model of granular heap in theDEMsimulations. The detailed reasons in-
clude but are not limited to: firstly, the idealized particle shape in the
numerical model may not capture the shape complexity in the real
sense; secondly, the particle-scale contact model used is a linear elastic
contact model whichmay fail to completely characterize the true inter-
particle contact behavior; thirdly, the particle rolling resistance is not
taken into account in the DEM simulations.

4.2. Observed fabric and force anisotropy in granular heaps

(a) Contact orientations
Fig. 6 describes the variations of the fabric anisotropy indices of an

and ϕn relating to contact orientations, with the deposition plane
orientation angle θ. It is observed that the anisotropy magnitude an
before the avalanche of redundant granular masses (i.e. before the
formation of granular heap), which is obtained by a statistic analysis
with focus on the zone corresponding to the profile of final granular
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heap, is basically around 0.2, despite that it exhibits a weak increasing
trend as θ varies from 0° to 90°. The principal anisotropy direction ϕn

prior to the avalanche of granular masses, decreasing from 88.82° to
1.95° when θ increases from 0° to 90°, is almost perpendicular to the
deposition plane orientation direction (θ). After the removal of surplus
granular masses under the effect of gravity in the vertical downward
direction, the anisotropy magnitude an with respect to the distribution
of contact unit normal vectors in the eventual granular heaps, is seen
to decrease with the variation of θ from 0° to 90°, and ϕn, as indicated
in Fig. 6, is around 90° (i.e. near the vertical direction). However, we
are still able to find that the principal anisotropy direction (ϕn) of
contact unit normal vectors in the final granular heaps suffers from a
temporaryminor dropwithin the range of θ=45° ~ 75°; that is, it firstly
reduces and then rebounds as θ varies from 0° to 90°.

It is interesting to note from the data in Fig. 6 and the rose diagrams
in Fig. 7 that the anisotropymagnitude an after avalanche is enhanced at
θ = 0°, with the principal anisotropy direction ϕn being almost
unchanged. This is probably ascribed to that the reorganization of
microstructures during the avalanche of redundant particles induces a
“strengthening” effect on the fabric anisotropy of contact orientations
in case that the principal anisotropy direction is coincident with the
direction of gravity field. It is also seen from the contour maps of
fabric anisotropy indices in Fig. 8 that an is increased in the zone near
the slope surface of granular heap, and ϕn within the granular heap,
which is on the average close to 90°, does not change dramatically
after avalanche. In the low θ region (θ < 45°), with the increase of θ
the angle deviation between the vertical direction of gravity field and
the principal anisotropy direction before avalanche escalates, which
leads to increasingly intense microstructure reorganizations and
reduction of “strengthening” effect on the fabric anisotropy during
avalanche. As a result, the anisotropy magnitude an after avalanche
reduces with θ (< 45°), but it is still higher than the value prior to
avalanche. In the meantime, the principal anisotropy direction ϕn
Fig. 7. Comparison of angular distribution probability densities (%) of contact unit no
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adjusts through the microstructure reorganization, to the vertical
direction (90°). Despite this, it seems to become more difficult for the
microstructure reorganization to take place if the principal anisotropy
direction before avalanche increasingly deviates from the vertical
gravity direction as θ increases. Therefore ϕn after avalanche shows a
slight reduction with θ, with the increase of the gap between ϕn and
the vertical direction (90°).

As θ continues to increase, the angle deviation between the vertical
gravity direction and the principal anisotropy direction before avalanche
gets larger and larger, which brings aboutmore andmore intensemicro-
structure reorganizations upon the avalanche of surplus granularmasses
under the effect of gravity. Interestingly, the angle deviation is so large at
a high θ angle that the intense microstructure reorganizations may even
cause a “crushing” effect, rendering a sharp transition of the principal an-
isotropy direction. It is clear that ϕn at θ = 90° transits from about 0°
(before avalanche) to about 90° (after avalanche) as indicated by the
data in Fig. 6 and the rose diagrams in Fig. 7. In this connection, the
anisotropy magnitude an keeps decreasing when θ varies from 45° to
90°, and the principal direction of anisotropy ϕn undergoes a minor
increase beyond the range of θ = 45° ~ 75°.

The contourmaps in Figs. 8-10 show that the distributions of the an-
isotropy indices of an and ϕn before avalanche are, to some extent, in a
uniform pattern. In the avalanche process of redundant granular
masses, the microstructure reorganizations have substantially affected
the original uniform distribution of fabric anisotropy. It is observed
that the zone near the slope surface is subject to the most severe
influence, in which ϕn is almost in the vertical direction and the
anisotropy magnitude an is relatively large as compared with the
values in other regions. This is because this zone is exposed to the
disturbance of granular flows generated by the avalanche of
redundant particles in the upper part under the effect of gravity. Note
that the unit of the coordinates in all contour maps is meter.

(b) Particle orientations
rmal vectors at the states prior to and after the avalanche of redundant particles.



Fig. 8. Comparison of contour maps for the distribution of fabric anisotropy associated with contact orientations at the states prior to and after the formation of granular heap (θ= 0°).

Fig. 9. Comparison of contour maps for the distribution of fabric anisotropy associated with contact orientations at the states prior to and after the formation of granular heap (θ= 45°).
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Fig. 11 shows the relations between the fabric anisotropy character-
ized by particle orientation unit vectors and the deposition plane orien-
tation angle θ, by focusing on the granular heaps constructed through
particle avalanching, as well as the corresponding zone of granular
heaps in the deposited granular masses before avalanche. It is seen
that the anisotropy magnitude ap before the avalanche of superficial
granular masses above the top surface of granular heap, exhibits a
decreasing tendency against the angle θ, and meanwhile the principal
direction of anisotropy ϕp evolves from about 180° (the horizontal
direction) to about 90° (the vertical direction) as θ varies from 0° to
90°, with ϕp and θ being basically supplementary to each other. The
anisotropy magnitudes after the avalanche of redundant particles are
seen not to differ considerably from the values before avalanche, and
the principal anisotropy direction also does not change significantly in
the low θ (< 45°) region, while it displays remarkable differentiations
in the high θ (≥ 45°) region. In particular, it is interesting to note that
there also exists a temporary drop in ϕp around θ = 75°.

At θ = 0°, it seems that the microstructure reorganization fails to
contribute to an obvious alleged “strengthening” effect, since both
the anisotropy magnitude ap and principal direction of anisotropy ϕp,
as indicated by Figs. 11 and 12, do not differ distinctly from those
before avalanche, meaning that the microstructure reorganization
does not proceed in a fierce manner. In fact, when θ is lower than 45°,
the microstructure reorganization in terms of particle orientations is
not that intense to induce noteworthy variations in both ap and ϕp

(see Figs. 11 and 12). When θ is above 45°, increasing θ appears to
lead to more intense microstructure reorganizations in respect of
particle orientations, which are manifested by the notable transitions
of principal anisotropy directions. Nevertheless, the anisotropy
magnitude ap is seen not to alter markedly. The minor increase of
ϕp after the interim dip at θ = 75° suggests a kind of “crushing” effect
Fig. 10. Comparison of contourmaps for the distribution of fabric anisotropy associatedwith co
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caused by the intense microstructure reorganizations, which give rise
to a significant transition in the principal anisotropy direction. It is
inferred that the reorganization of microstructures relating to particle
orientations is not as intense as that for contact orientations, in that
the latter is involved with the variation of both anisotropy magnitude
and principal anisotropy direction, but the former exerts a distinct
impact merely on the principal direction of anisotropy.

Figs. 13-15 present the contour maps describing the distribution of
fabric anisotropy of particle orientations in granular heaps. It is obvious
that the fabric anisotropy distributions, similar to the observations from
Figs. 8-10, are more or less in a uniform fashion. Upon the avalanche of
redundant particles during the construction of granular heaps, the mi-
crostructure reorganizations have contributed to a nonuniform distri-
bution of fabric anisotropy. Also, the zone near the slope surface is
most seriously influenced by the disturbance of granularflows in the av-
alanche process, with ϕp being nearby the horizontal direction and ap
being relatively large in this zone.

(c) Contact normal force
Fig. 16 presents the variations of the force anisotropy indices af and

ϕf before and after avalanche, with the orientation angle θ of
deposition plane. It is seen that the relations of af and ϕf with θ are
somewhat analogous to those observed in Fig. 6 for the indices of an
and ϕn. With θ varying from 0° to 90°, the anisotropy magnitude af
prior to avalanche is at an approximately constant level (around 0.3),
and the principal direction of anisotropy ϕf transits from about 90°
(the vertical direction) to about 0° (the horizontal direction). Given
the state after the avalanche of redundant granular masses, the
anisotropy magnitude af exhibits a monotonic decrease from about
0.3 at θ = 0° to about 0.07 at θ = 90°, and the principal anisotropy
direction ϕf is beside the vertical direction (90°), with a temporary
drop occurring at θ = 45° ~ 75°.
ntact orientations at the states prior to and after the formation of granular heap (θ=90°).



Fig. 11. The relations of fabric anisotropy indices ap and ϕp with the orientation angle θ of
deposition plane.
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In general, if the principal direction of anisotropyϕf before avalanche
coincides with or approximates to the vertical gravity direction, the
distribution anisotropy of contact normal forces, as evidenced by the
values of af and ϕf at θ = 0° in Fig. 16 and the rose diagrams in Fig. 17,
will be less affected by the microstructure reorganizations during the
avalanche of redundant particles, and af has in fact slightly decreased.
With θ increasing from 0° to 90°, the escalation of the angle deviation
between the principal anisotropy direction (before avalanche) and the
vertical gravity direction tends to lead to more intense microstructure
Fig. 12. Comparison of angular distribution probability densities (%) of particle orientati
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reorganizations, making af (after avalanche) reduce and ϕf adjust to
the vertical direction (see Figs. 16 and 17). The slight decreasing trend
of ϕf in the low θ region is due probably to that it is a little more
difficult for the reorganization of microstructures to take place at a
relatively large angle deviation, and this will in turn make the
transition of principal direction of force anisotropy more difficult.
However, if the angle deviation between the principal anisotropy
direction (before avalanche) and the vertical gravity direction is
adequately large, the alleged “crushing” effect associated with intense
microstructure reorganizations, is expected, which is responsible for a
minor increase of ϕf beyond the range of θ = 45° ~ 75°.

In addition to the variations of the force anisotropy (i.e. the anisot-
ropy magnitude af and principal anisotropy direction ϕf) amid the
formation process of granular heaps, the overall force magnitude
decreases as well. As observed from the angular distributions of
average contact normal forces in Fig. 17, the maximum force
magnitude has decreased from a value around 1.5 N to a value around
1.0 N, owing to the removal of granular masses above the final
granular heap. The absence of the alleged “strengthening” effect on
the force anisotropy magnitude, which, in fact, suffers from a minor
decrease at a given low θ value, may be linked with the unloading
effect resulting from the removal of redundant granular masses.
Figs. 18-20 show the contour maps characterizing the distribution of
force anisotropy. The distributions prior to avalanche are also seen to
be in an almost uniform pattern, and the distributions after avalanche
are influenced by the involved microstructure reorganizations during
the avalanche process. The zone right underneath the slope surface of
granular heap is mostly affected as the anisotropy magnitudes are
higher than those in other regions and the principal anisotropy
directions are next to the vertical direction.
on unit vectors at the states prior to and after the avalanche of redundant particles.



Fig. 13. Comparison of contour maps for the distribution of fabric anisotropy associated with particle orientations at the states prior to and after the formation of granular heap (θ= 0°).

Fig. 14. Comparison of contour maps for the distribution of fabric anisotropy associatedwith particle orientations at the states prior to and after the formation of granular heap (θ=45°).
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Fig. 15. Comparison of contour maps for the distribution of fabric anisotropy associatedwith particle orientations at the states prior to and after the formation of granular heap (θ=90°).

Fig. 16. The relations of force anisotropy indices af and ϕf with the orientation angle θ of
deposition plane.
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5. Discussion

5.1. Explanation on the effect of deposition plane orientation angle on angle
of repose

The literature [15,25,45–49] shows that the angle of repose for gran-
ularmaterials which are commonly encountered in the daily life, gener-
ally falls in a typical range of 25° ~ 50°. The measured values of angle of
repose in this experimental and numerical study are apparently within
this range. It is easy to find from Fig. 5 that the angle of repose is the
smallest when θ is within the traditional range of angle of repose; that
is, the angle of repose tends to be the smallest when θ (= 30° ~ 45°)
is close to the slope angle of granular heap, and the more θ deviates
from the traditional range, the greater the angle of repose is.

As indicated in Fig. 21a, the formation of a granular heap through the
avalanche of redundant granular materials can be regarded as a kind of
sliding shear failure under the self weight of avalanche part. In case that
thedynamic effect during the sliding shear process is neglected, thedown-
ward force fromthe avalanchepart, as a component of its selfweight along
the sliding plane (i.e., the potential slope surface), is in balance with the
upward sliding friction force, and this equilibrium relation is expressed as

mg sinα ¼ μmg cosα ð10Þ

whereα is the slope angle of granular heap (i.e., angle of repose), μ is the
sliding friction coefficient along the sliding plane. μ is in fact related to
the shear strength of granular materials and expressed as μ = tan ϕ,
wherein ϕ is the friction angle characterizing the shear strength. Thus
Eq. (10) is transformed into

μ ¼ tanϕ ¼ tanα ð11Þ
11
The equation above suggests that angle of repose is a manifestation
of shear strength of granular materials, and α is to some extent equiva-
lent to ϕ. Therefore, in terms of the relationship between α and θ, the
statement in the texts above can be restated as.

“The closer the orientation of deposition plane is to the potential
sliding failure plane (i.e., the potential slope surface of granular heap),
the smaller the angle of repose is, and themore the deposition plane ori-
entation deviates from the potential sliding failure plane, the larger the



B.-B. Dai, T.-Q. Li, L.-J. Deng et al. Powder Technology 400 (2022) 117256
angle of repose is. It can be also said that the more the deposition plane
orientation approximates to the potential shear failure plane, the
smaller the friction angle (i.e., shear strength) is, and the more the ori-
entation of deposition plane deviates, the higher the friction angle is.”

As a matter of fact, a number of researchers have investigated the
effect of orientation angle of deposition plane on the shear strength of
granular soils, and found that when the orientation of deposition
plane is close or parallel to that of the potential shear failure plane,
the shear strength is the lowest. For instance, Fu and Dafalias [50]
did a numerical simulation of biaxial compression test, as shown in
Fig. 21b, and revealed that when δ, the angle formed between the de-
position plane and the shear failure plane, is 0°, the shear strength
reaches a minimum value. Miura et al. [51] conducted the hollow cyl-
inder torsion shear experiments and also validated that theminimum
shear strength is achievedwhen the deposition plane is parallel to the
potential sliding plane. Cao et al. [52] developed a strength criterion
for the transversely isotropic sandy soil, andmadewith it a prediction
that if the deposition plane is oriented around 45° + ϕ/2, i.e., the de-
position plane is almost parallel to the shear failure plane, the shear
strength will be the smallest. Such studies have in fact tacitly proved
that the closer the orientation of deposition plane is to the potential
sliding failure plane, the smaller the angle of repose will be, and the
more the deposition plane orientation deviates, the larger the angle
of repose will be.

Zuriguel and Mullin [53] performed a photo-elastic test of sand-
pile formation and observed that when particles are deposited
under the effect of gravity, their orientations are mostly distributed
nearby the deposition plane, and this has also been verified in the
current DEM simulations. As described in Fig. 22a, if the orientation
of deposition plane is close to the potential sliding failure plane, par-
ticle orientations tend to be parallel to the sliding failure plane, such
Fig. 17. Comparison of angular distributions of mean contact normal forces
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that the interlocking effect between particles along the potential
sliding failure plane is supposed not to be that strong. As a conse-
quence, particles need to do less work to overcome the resistances
in the sliding process, and it is comparatively easy for the granular
mass to arrive at a lower-energy state, contributing to a relatively
small angle of repose. Note that less work required to overcome
the resistances in the sliding process means lower shear strength
mobilized during the sliding failure of avalanching granular mass.
However, if the deposition plane orientation, as seen in Fig. 22b, de-
viates considerably from the potential sliding plane, most particle
orientations deviate from the potential sliding plane, leading to a
more marked interlocking effect between particles. In this connec-
tion, there needs to be more work done to overcome the resistances,
and it is not easy for granular mass to avalanche and reach a state of
low energy. Thus a relatively large angle of repose is desired. It is also
worth pointing out that more work needed to overcome the
resistances denotes higher mobilized shear strength for the sliding
granular mass.

The illustrations above have clarified the reason why α is prone to
have aminimumvalue in case that the orientation (θ=30° ~ 45°) of de-
position plane is close to the potential sliding failure plane (i.e., the po-
tential slope surface of granular heap). It should be noted that the
orientation of potential sliding failure plane lies in the typical range of
25° ~ 50°.

5.2. Correlation of angle of repose with fabric anisotropy

We note from the experimental and numerical results that the angle
of repose is dependent on the particle deposition direction, the variation
of which helps create the fabric having various preferred orientations in
granular heaps. It is thus natural to establish a link between the angle of
(N) at the states prior to and after the avalanche of redundant particles.



Fig. 18. Comparison of contour maps for the distribution of force anisotropy associated with contact normal forces at the states prior to and after the formation of granular heap (θ=0°).

Fig. 19. Comparison of contourmaps for the distribution of force anisotropy associatedwith contact normal forces at the states prior to and after the formation of granular heap (θ=45°).
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Fig. 20. Comparison of contourmaps for the distribution of force anisotropy associatedwith contact normal forces at the states prior to and after the formation of granular heap (θ=90°).
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repose and the fabric anisotropy, and to bridge the gap between the
macroscopic properties and micromechanical responses of granular
heaps. It should bementioned that there exists a superficial zone under-
neath the slope surface of a granular heap, which suffers from severe
disturbance due to granular flows in the avalanche process. We here
do the fabric anisotropy analysis of granular heaps, with the exclusion
of the zone of strong disturbance since the original microstructures in
this zone are almost destructed and thememory of construction history
(i.e., the fabric anisotropy induced by particle depositing at various di-
rections) can be easily erased.

By a close examination of Figs. 5, 6 and 11, we find that the
angle of repose and the principal anisotropy directions (after
Fig. 21. Schematic illustration of (a) the sliding shear failure of avalanche part under its selfweig
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avalanche) of ϕn and ϕp, to some extent, show similar variations
with the deposition plane orientation angle θ. It is thus inferred
that there may exist a correlation between the angle of repose
and the principal anisotropy directions of ϕn and ϕp. Thus we
attempt to establish an expression of angle of repose as a
function of ϕn and ϕp, by introducing a weight factor λ, and this
expression is given as

α ¼ λϕn þ 1−λð Þϕp ð12Þ

where ϕn and ϕp are the principal directions of anisotropy
relating to the contact unit normal and particle orientation unit
ht, and (b) the biaxial shear considering various orientation angles for the deposition plane.



Fig. 22. Amicroscopic illustration of the effect of fabric on the sliding failure of avalanche part: (a) the deposition plane is parallel to the potential sliding failure plane; (b) the deposition
plane deviates from the potential sliding failure plane.
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vectors, respectively, and they are determined as the angles of
the two principal anisotropy directions relative to the vertical
direction.
Fig. 23. (a) Correlation ofλwith the orientation angle of deposition plane θ, and (b) a com-
parison of angles of repose measured in the DEM simulations with the values predicted.
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With the data of α, ϕn and ϕp, we back analyze the values of
coefficient λ for each deposition plane orientation (θ) case. Since α, ϕn

and ϕp are all dependent on θ, we are strongly motivated to see
whether λ is correlated with θ or not. In this connection, we plot λ in
Fig. 23a, against the orientation angle θ of deposition plane. As
indicated in Fig. 23a, we interestingly identify that the relation of λ
with θ can be described by a best fitting cosine curve, the function of
which is given to be

λ ¼ k cos θ ð13Þ

where the coefficient k is calibrated to be 0.5602 in this study. With the
substitution of Eq.(13) into Eq. (12), the angle of repose α is re-
expressed as

α ¼ ϕp þ 0:5602 cos θ ϕn−ϕp

� �
ð14Þ

Using Eq. (14), we make a prediction of angle of repose as shown in
Fig. 23b, and compare the predicted angle valueswith those obtained by
the DEM simulations. It is seen that the prediction with Eq. (14) can ba-
sically capture the variation trend that the angle of repose decreases at
first and then rebounds as θ varies from 0° to 90°. Also, the predicted
angle values seem not to differ considerably from the measured values
from the numerical simulations, except for the case of θ = 90°.

In the industrial processes involved with handing a great amount of
discrete particles (e.g. rice grains, powders, sands, pharmaceutical cap-
sules/tablets, etc.), the angle of repose and Hausner ratio are treated
as two important indicators of the flowability of granular materials
[54–60], the latter of which is defined as the ratio of the tapped bulk
density to the aerated (loosely packed) bulk density. The packing den-
sity, fabric anisotropy, Hausner ratio, and angle of repose are assumed
to be interrelated with each other. A granular assembly at a loosely
packed (low packing density) state, which means that the granular as-
semblymay possess a relatively homogeneous or less anisotropic fabric,
tends to have a relatively small Hausner ratio or angle of repose. A well
packed (high packing density) state is expected to be linked with a fab-
ric of relatively high anisotropy degree, and it is prone to giving a rela-
tively large Hausner ratio or angle of repose. In other words, the
degree of fabric anisotropy is positively correlated with the packing
density and the values of flowability indicators such as the angle of re-
pose and Hausner ratio.

6. Conclusion

We conducted an experimental and numerical study of the effect of
fabric created by the deposition of particles as rainfall at various
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directions, on the macro and micro properties of granular heaps. The
main findings are summarized as follows:

(a) When the orientation angle θ of deposition plane varies from 0°
to 90°, the angle of repose α firstly decreases and then increases, with
the minimum value appearing at θ = 30° ~ 45°.

(b) The fabric anisotropy relating to contact orientations before ava-
lanche is featured by an almost constant anisotropy magnitude an and a
principal anisotropy direction ϕn decreasing from about 90° to 0° as θ
varies from 0° to 90°. The microstructure reorganizations during the
avalanche under the effect of gravity become more and more intense
as the angle deviation between the principal anisotropy direction and
the vertical gravity direction escalates, making the anisotropy
magnitude an decrease and the principal anisotropy direction ϕn

transit toward the vertical direction (90°). At the low θ (< 45°) region,
the microstructure reorganization gives rise to a kind of
“strengthening” effect which makes an higher than that before
avalanche, and at the high θ region, it contributes to a “crushing”
effect which is responsible for a sharp transition of principal
anisotropy direction and a minor increase of ϕn (after avalanche)
beyond the range of θ = 45° ~ 75°.

(c) The relations of the force anisotropy indices af and ϕf with θ, as
well as the involved microscopic mechanism, are basically the same as
those revealed for the fabric anisotropy characterized by contact
orientations. One distinct difference lies in the absence of the
“strengthening” effect of microstructure reorganizations on the force
anisotropy magnitude af at the low θ region, and this is due probably
to the unloading effect arising from the avalanche of surplus granular
masses.

(d) The fabric anisotropy associated with particle orientations is
characterized by a slight reduction of anisotropy magnitude ap (before
avalanche) and variation of principal anisotropy direction ϕp

from about 180° to about 90° as θ varies from 0° to 90°. During
the formation of granular heaps, the involved microstructure
reorganization in terms of particles orientations is not that intense in
the low θ (< 45°) region, so that both anisotropy magnitude and
principal anisotropy direction do not change greatly as compared with
their values prior to avalanche. Within the high θ (≥ 45°) region, the
microstructure reorganization amid the avalanche of redundant
particles gets more intense with the further increase of θ, leading to
notable transitions in ϕp, though ap does not alter remarkably. The
“crushing” effect of the intense microstructure reorganization is
present, which causes a marked adjustment of ϕp and a minor
increase of ϕp (after avalanche) following the interim drop at θ = 75°.

(e) The contour maps describing the distribution of various fabric
and force anisotropy indices show a similar distribution pattern: the
distributions of both anisotropy magnitude and principal direction of
anisotropy are in a somewhat uniform mode before avalanche, and
they are in a nonuniform fashion owing to the impact of microstructure
reorganizations during avalanche; the superficial zone beneath the
slope surface of granular heap is mostly influenced, in which the anisot-
ropy magnitude and principal anisotropy direction may both change
significantly.

(f) The closer the deposition plane orientation is to the orientation of
potential sliding failure plane, the smaller the angle of repose is; the
more the deposition plane orientation deviates, the larger the angle of
repose is. This is presumably because the interlocking effect along the
potential sliding failure plane is comparativelyweak if it is almost paral-
lel to the deposition plane, and thework required to overcome the resis-
tances is relatively small when surplus particles avalanche, contributing
to a relatively small angle of repose; the interlocking effect is compara-
tively strong if the orientation deviation between the deposition plane
and the potential sliding failure plane gets larger, and there needs to
be more work done to overcome the resistances, giving rise to a rela-
tively large angle of repose.

(g) With the introduction of a coefficient λ, a linkage between the
angle of repose α and the fabric anisotropy indices of ϕn and ϕp, has
16
been established. The parameter λ is revealed to be a function of θ,
and expressed to be λ = 0.5602cosθ in current study.
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