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High-velocity compaction (HVC), an innovative approach to obtain green compacts with high
and uniform density, is widely used in the powder metallurgy industry. In this study, meso force
chains, macro stress transmission, and their relation were investigated using the discrete element
method. The simulation details of HVC and the quantitative characterization of force chains and
stress transmission were shown. Then, the relation between force chains and stress was investigated.
The evolution of force chains showed the same change tendency as the stress distribution. They
evolved from top to bottom and then reflected backwards in HVC while they did not show this
trend in conventional compaction. The strength of the force chains maintained good consistency
with the stress magnitude. Meanwhile, the length of the force chains presented a negative correlation
with the stress magnitude, and high stress may cause new force chains to shorten. The average
collimation coefficient was affected by the transmission of stress, and the short force chains had
better straightness. Furthermore, force chains parallel to the direction of gravity were observed in
the region with no stress concentration. The directional coefficient of force chains also had the same

fluctuation trend as the variation in the principal stress angle.
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I. INTRODUCTION

High-velocity compaction (HVC) is a novel forming
method in the powder metallurgy industry. The essen-
tial principle of HVC is to accomplish the densification of
a powder rapidly by applying a high impact load instan-
taneously. Compared to conventional compaction (CC),
HVC almost has the same steps as uniaxial die-pressing,
but the key difference is that HVC can be 500-1000 times
faster than CC. The powder is compacted by an impact
object traveling at a speed of 2-30 m/s, and in HVC den-
sification is accomplished in less than 20 ms. While CC
applies a load slowly by controlling the pressure or travel
and finishes compressing in seconds [1]. During HVC,
the powder undergoes quicker processes of reorganiza-
tion, rearrangement, and densification relative to CC.
Hence, HVC can achieve higher density and better den-
sity homogenization than CC. Experimental studies have
been widely carried out to investigate the green density,
spring back, Vickers hardness, bending strength, tensile
strength, and characteristics of the stress wave during
HVC [1-5]. The experimental method can present the
real condition of HVC, but it can only capture its macro
details. Numerical simulation methods, such as the fi-
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nite element method (FEM) [6,7] and the multi-particle
FEM (MPFEM) [8,9], have been used to investigate the
macro and the micro scale characteristics of powders.
But FEM disregards the interaction between particles,
and the MPFEM can only simulate a small amount of
powder that is far less than that in reality because limits
on the calculation costs. Powder, which is essentially
granular matter, can be considered a discrete flowing
medium in forming dies. Hence, the discrete element
method (DEM) is a feasible method to study HVC and
has been used to investigate the rapid motion and tem-
perature distribution of the powder in HVC [10,11]. The
DEM can also be used to examine the dynamic evolu-
tion of the mechanics of the powder on different scales
(micro, meso and macro scales) in HVC.

At the meso scale, force chains are quasi-linear struc-
tures of adjacent particles that squeeze one another un-
der gravity or an external load. They can play an im-
portant role in promoting the motion of the powder and
forming its stable skeleton. Meanwhile, the quantitative
characteristics of force chains in HVC may present more
dramatic and dynamic changes than those in CC. These
characteristics are helpful in understanding the evolu-
tions of the local structure and the motion of the powder
in HVC. At the macro scale, the local stress distribution
of the powder in HVC is also significant for densification
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and is different from CC because the impact load in HVC
may cause the stress to be transmitted sequentially [4,
12,13]. Hence, an accurate description of the stress dis-
tribution on a macro scale in HVC is necessary. As we
mentioned previously, the force chains and the stress in
HVC are all vital for further study and helpful for illus-
trating the mechanism of powder densification.

More importantly, the crucial problem about the
multi-scale mechanism of powder compaction involves
linking the force chains and the stress from different
scales. However, some researchers [14,15] only change
the stress to observe the corresponding alteration of force
chains. Different pressure levels have been applied to
the system. They point out that the increasing external
stress can make force chains denser and stronger and that
the force chain communities can be sensitive to external
stress. Others investigate the relation between macro
stress and the buckling of force chains [16,17] and the re-
lation between shear stress and force chain formation [18,
19]. They point out that the peak stress ratio is related
to the number of buckling force chains and that shear
strain localization can cause force chains to be sparse in
the shear band. Limitations exists in the explanation of
the interconnection between stress and force chains, and
the quantitative correspondence is not reflected well. An
external stress causes an inner stress response of the pow-
der and the inner stress can be related to the evolution
of meso-scale force chains. The stress may cause the
force chains to evolve, and the force chains may provide
transfer paths of stress. The relationship between force
chains and stress is also beneficial for examining densifi-
cation from the macro scale to the micro scale in HVC.
Thus, depicting the mutual action mechanism of stress
and force chains in HVC is essential.

In the current work, DEM simulations are employed
to study the evolution of force chains and stress in HVC.
Firstly, the details of the modeling are provided, and the
analysis methods of force chains and stress are shown.
The evolution of force chains and the distribution of
stress in HVC are compared to those in CC. Secondly,
the quantitative characteristics of force chains (such as
length, strength, directional coefficient, and collimation
coefficient [including their distribution]) and the distri-
bution and the direction of the stress in HVC are inves-
tigated to link the force chains and stress at the meso
and the macro scales, as well as to investigate their rela-
tion. Meanwhile, the mutual influence of stress and force
chains is discussed.

II. METHODOLOGY

1. DEM modeling

In this research, we use the DEM to simulate HVC.
The key motion formulations in the DEM to describe

the motion of one particle involve Newton’s second law
of motion:

mpg + 3 f; :mp%
T, (1)
Z ity = Pt

where m,,, v, and w, are the mass, translational velocity,
and angular velocity of particle p, respectively. f; and r;
are the contact force and the position vector from contact
to particle of the i-th contact, respectively.

The displacement, velocity, and acceleration of every
particle can be calculated by using Newton’s second law
of motion. The contact force is an important part of de-
scribing the interaction of particles. The Hertz-Mindlin
contact model [20] is used to calculate the contact force
between two particles, but that model can only describe
the elastic deformation of particles. However, the powder
in HVC can undergo plastic deformation. If the overlap
of two particles is greater than the threshold, then the
displacement softening model [20] is added to the Hertz-
Mindlin contact model, and the resulting scheme can de-
scribe the plastic deformation of particles. Any adhesive
effects are neglected in the analysis. The elastic-plastic
work can be reflected by the overlap of particles, and
the frictional work can be reflected by Coulomb’s law
of friction in the tangential contact model. The viscous
damping has also been considered in the energy dissipa-
tion. The normal contact force is determined as follows
[10,21]:
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Fe = gE\/ﬁa% — 1,0 (elastic region),
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(
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i (plastic region),
where o is the equivalent stress, o is the yield stress, «
is the overlap between two particles, 7, is viscous nor-
mal damping coefficient, and v is the relative velocity
between two particles. a is the contact radius, R and
FE are the equivalent radius and elastic modulus, respec-
tively, and <d> is the average diameter. The material
invariant is ¢ = 1.43 for ideally plastic material 1behav-
ior, and R = RITZFRI% and E = (1;:% + 1;?) , with
subscripts “1”7 and “2” meaning two particles in contact
labelled 1 and 2. Equation (2) depends on the Hertz
contact model. Equation (3) depends on the von Mises
yield criterion. By combining Eq. (2), Eq. (3), Eq. (4)
and Eq. (5), we can calculate the threshold of overlap as

9v/2c<d>0g

Y (6)

Omax =

The tangential contact force is determined as follows [10,
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where u; and vs are the relative displacement and the
relative slip velocity between two particles, n; is the vis-
cous tangential damping coefficient, y4 is the friction co-
efficient, G is the equivalent shear modulus and G =
%(G1+G2) If Ftij < MFnija A= 1.1If not, A = 0.
Equation (7) depends on the Mindlin contact model and
Coulomb’s law of friction.

The normal and the shear stiffnesses in compression
for the displacement softening model can be calculated
as follows [22]:

E
o= b
¢ \/ggl —31)) (8)

The normal stiffness in tension is the same as the normal
stiffness in compression. Other micro-parameters of the
displacement softening model are the same as shown in
Ref. [23].

Through the DEM, we establish the physical model of
HVC. As shown in Fig. 1, the ferrous particles are sur-
rounded by three fixed walls of the die and a top loading
plate, which is composed of 50 particles with diameters
of 200 um. Although the ferrous powder is not perfectly
round on reality, we suppose that they are disks to inves-
tigate the force chains and the stress more easily. Gravity
is applied to the model. The width and the height of the
model are W = 10 mm and H = 20 mm, respectively.
The simulation details of the HVC are described below.

Table 1. Simulation parameters.

Name of parameter Symbol Value
Number of particles N 4500
Particle density p 7800 kg/m?
Particle size d 150 ~ 270 pm
Normal contact stiffness (particle to wall) kn 1.E8 N/m
Tangential contact stiffness (particle to wall) ke 1.E8 N/m
Initial porosity Bo 0.2
Viscous normal damping coefficient Nn 0.079
Viscous tangential damping coefficient e 0.079
Friction coefficient (particle to wall) Hp-w 0.3
Friction coefficient (particle to particle) Hp-p 0.3
Poisson’s ratio v 0.25
Elastic modulus E 209 GPa
Yield stress o) 394 MPa
Impact height h 0.25 m

We attribute the initial velocity vo = 2.21 m/s, which
satisfies the condition of HVC (calculated by v, = /2gh,
impact height & = 0.25 m), along the y-direction and an
equivalent mass of 50 kg to the top loading plate to sim-
ulate the loading progress of dynamic impacting. Then,
we record the first position and other information about
the particles. Subsequently, we iteratively calculate new
information on the particles to satisfy the conditions of
equilibrium of force. Finally, we finish the calculation
when the kinetic energy of the system becomes zero and
the relative error is less than 0.005%. Under this condi-
tion, the entire simulation time is 4.59 ms. Although the
final overlaps between particles may be larger than 5% of
the average radius, the overlap is reasonable in this sim-
ulation. Because non-linear contact model is used and
the normal force in displacement softening model is not
calculated directly from the overlap [20]. Martin et al.
[24] also apply the elastic-plastic contact law to simulate
powder compaction with a relative density larger than
90% based on the DEM. Moreover, we only analyze the
first loading stage of the powder in HVC because the
compact pressure dominants the first peak [4], and the
loading stage has the most significant influence on the
densification of the powder.

The initial porosity in this system is 0.2, which was cal-
culated by using the ratio of the area deviation between
the system and all particles (not including the area of
overlap) to the area of system. We suppose that the par-
ticle size distribution is an uniform distribution [4] and
is in the range of 150270 um, with an average diameter
of 210 um. For problems involving impact between par-
ticles, local damping is inappropriate [20], the coefficient
of restitution (¢) is 0.78 [25], and the viscous normal
damping coefficient can be calculated as follows [26]:

In(e)

Ny = ——————.
\/In?(g) + 72

The viscous tangential damping coefficient is the same as
the viscous normal damping coefficient. A lower safety

(9)
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Fig. 2. Distribution of MCs.

factor of 0.25 on the time step is chose to ensure the so-
lution precision during rapidly changing conditions [20].
Details of the simulation parameters are shown in Ta-
ble 1.

2. Analysis method of stress distribution

Stress is a continuous medium tensor and exists at
any position in the continuum. As stress in a discrete
medium only occurs in a range of parts, it should be cal-
culated by averaging the contact force at each particle of
the selected parts. To ascertain stress transmission and
capture the dynamic change of stress localization, we use
the dynamic measurement circle (MC) [20] to calculate
the stress in each part and to realize the distribution of
stress. In each MC, we obtain the average stress tensor
by averaging all the contact forces with the volumes and
relative positions of the particles. The positions and the
number of MCs can be changed with the progress of HVC
to ensure that the powder system is filled with MCs with
a radius of approximately eight times that of the average
radius of powder (Fig. 2). Stress can be quantitatively
described as [20]

i S STl

N, N.
1

= 7‘/ E E |XC - )(p|rlc7p:E‘C7
MC TN

where 8 is the porosity in the MC; N, and N, are the
number of particles in the MC and the number of con-
tacts of each particle, respectively; V;, is the volume of
the particle; V¢ is the volume of the measure circle; z.
and z, are the positions of the contact and the parti-
cle, respectively; F° is the contact force; and n®P is the
unit normal vector from the contact to the particle, with
subscripts ¢ and j representing the z-direction and the
y-direction, respectively.

(10)
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Fig. 3. Numerical calculation of the spatial distribution of
force chain characteristics.

3. Quantitative analysis of force chains

Many methods, like minor principal stress method
[27], can be used to identify force chains. To analyze the
force chains more easily, we first define the force chain
that satisfies the three conditions mentioned in Ref. [2§],
that is, (1) length condition: a force chain should in-
clude more than two particles; (2) magnitude of the con-
tact force condition: the contact force that constitutes
the force chains should be greater than the average con-
tact force of the system; and (3) orientation of contact
force condition: the adjacent contact pairs should have
a sharp angle less than the threshold, which is 180° di-
vided by the average coordination number. According
to the above conditions, we extract information on the
force chains from the DEM model at selected time steps.
Noticeably, the algorithm for identifying force chains will
search all particles from top to bottom according to their
y-coordinates, and force chains that coincide with other
longer force chains will be eliminated.

After acquiring the information on force chains in
HVC, we use number, length [;, strength p;, directional
coefficient o;, and collimation coefficient §; to describe
the force chains quantitatively. Details of the force chain
quantitative characteristics are presented in Eq. (10),
Eq. (11) and Eq. (13). Moreover, we analyze the distri-
bution of some force chain characteristics. First, we es-
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Fig. 4. (Color online) Structure of force chains at different moments (0.5, 0.8, 1.3, 1.7, 2.25, and 4 ms).

timate whether a particle belongs to force chains. Then,
we attribute a quantitative value to the particle if it be-
longs to force chains. Finally, we search all particles in
this system and draw the contour plots of the spatial dis-
tribution of the characteristics of force chains by using
the interpolation method. Specifically, the quantitative
characteristics are averaged if a particle belongs to more
than one force chain. The detailed numerical calculation
is shown in Fig. 3.

IIT. RESULTS AND DISCUSSION

1. Evolution of force chains and distribution of
stress

Figure 4 shows the structure evolution of force chains
at different moments. A thick line means great contact
force. The structures of force chains can intersect as a
network to provide load supporting capacity. The total
simulation time is 4.59 ms, and it describes the first im-
pact of the top loading plate. Accordingly, we choose
particular moments (0.5, 0.8, 1.3, 1.7, 2.25, and 4 ms)

that can clearly show how the force chains alter their
structure and distribution, and the chosen moments are
the same as there in Ref. [29]. First, at 0.5, 0.8, and
1.3 ms, the force chains seem to spread downward in this
system. At the same time, the force chains with greater
contact force evolve from top to bottom. Then, they
concentrate in the middle part at 1.7 ms. Next, they
converge at the top of this system at 2.25 ms. Finally,
they gradually spread within the whole system at 4 ms.
In general, we observe that positions of force chains with
greater contact force change from top to bottom and
then from bottom to top, ultimately becoming uniform
gradually. Moreover, the relation between the spread
velocity of force chains and the sound velocity in the
particles may reveal the link between dynamic charac-
teristics at the meso scale and at the macro scale. Every
force chain is composed of particles with different veloc-
ities and will be able to break or reorganize in different
moments, so the spread velocity of force chains is dif-
ficult to define and capture. The force chains’ velocity
may be calculated from the differences between the po-
sitions of the force chains in a very short time, but the
algorithm would be complex. Another interesting topic
would be to capture and characterize the force chains’
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Fig. 5. (Color online) Distribution of stress at different moments (0.5, 0.8, 1.3, 1.7, 2.25, and 4 ms).

velocity and compare it to the sound velocity in the par-
ticles in the future. Furthermore, the stress distribution
change is dynamic. The parts with stress concentration
change from top to bottom, then reversely reflect, and
become uniform in the end (Fig. 5). Interestingly, the
distribution of stress shows the same changing trends as
the structure of force chains.

The powder in HVC is condensed by an impact force.
The evolution of force chains and the distribution of
stress are related to the stress wave in HVC [4]; the
same is not true for CC [30]. When the load attaches
to the powder, the powder surface begins to move first.
A collision occurs between the surface of the powder and
the adjacent powder. Then, the adjacent powder be-
gins to move. The disturbance is transferred layer by
layer from top to bottom. Therefore, the force chains
and the maximum stress distribution change from top to
bottom. Meanwhile, the force chains and the maximum
stress distribution can be reflected from the bottom. Fi-
nally, the force chains and stress become uniform. As a
result, the distribution of stress shows an up-and-down
moving trend. Changes in stress cause the evolution of
force chains. When stress is concentrated in some parts,
the force chains become dense. Meanwhile, a stable net-
work of force chains promotes the distribution of stress
change in the powder. The stress and the force chains

interact and influence each other.

In order to investigate the differences in the force
chains and the stress between HVC and CC, we carry
out CC by using the same size model and powder pa-
rameters. The loading method is uniaxial compaction
with a constant velocity of 2.2 mm/s, which is 1/1000 of
the initial impact velocity in HVC. The CC stops when
the final packing height is the same as that in the HVC.
We use the normalized time to compare the evolution of
force chains and stress (Fig. 6 and Fig. 7) because the
entire simulation time of HVC is 4.59 ms while CC needs
3.26 s to achieve the same packing height as that in HVC.

The distributions of force chains and stress in CC are
different from those in HVC. Although the value of the
stress and the strength of force chains become higher
with time in CC, the higher stress and the stronger force
chains are always concentrated in the upper area of the
powder. The area of stress concentration becomes larger
as shown in Fig. 7(f) because it forms relative denser
powder packing. The force chains and the stress in CC
also do not show an up-and-down moving trend. The re-
markable differences in the evolutions of the force chains
and the stress can be attributed to the differences in the
loading methods. The high-velocity impact load in HVC
can cause powder to move sequentially and rapidly under
an inertia effect while the constant low velocity load in
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Fig. 6. (Color online) Structure of force chains at equivalent moments (0.35, 0.57, 0.92, 1.2, 1.6, and 2.84 s).

CC can cause powder to change its arrangement slowly.
Thus, the force chains and the stress in HVC are different
from those in CC.

2. Relation between force chain length and
change of stress

The force chain length can be influenced by the struc-
ture and the evolution of the powder. Note that stress
in HVC has a considerable influence on the motion of
the powder. Hence, stress can cause changes to the force
chain length to a certain extent. To quantitatively cap-
ture the relation between force chain length and stress,
we analyze the normalized length of the force chains and
the stress (Fig. 8). The correlation coefficient between
the force chain length and the stress is —0.8559. Force
chain lengths decrease as stress increases gradually. The
high stress in HVC can cause the force chains to break
and reorganize into shorter ones. The proportion of the
different force chain lengths, which means the number
ratio of different length force chains to all force chains,
can explain this finding to some extent.

The PDF's of the force chain length show an exponen-

tially decreasing trend, as shown in Fig. 9(a). Note that
force chains with lengths longer than 15<d> can not
be considered because they only occupy a small propor-
tion of all force chains. Iikawa et al. [31] reported that
the PDF's of force chain length can be fitted by using a
linear function under manual tapping. Although man-
ual tapping is also an instantaneous loading process, the
strength of the load in HVC is dissimilar; thus, the evo-
lution of different force chain lengths varies. The PDFs
of force chain length can be fitted as P(l) = Ae Bl
With HVC, the parameters A and B of the exponential
function increase gradually. This trend means that the
proportion of short force chains grows steadily. The pro-
portion of force chains with three particles differ at 0.5,
0.8, and 1.3 ms, but they are almost the same at 1.3,
1.7, 2.25 and 4 ms. The proportion of force chains with
three particles is greater than the others and increases
constantly. The comparison of Figs. 4 and 9 indicates
that the force chains spread over all the powder with the
proportion of force chains with three particles increasing
sharply. As mentioned, the proportion of force chains
with three particles rises quickly when the force chains
and the stress begin to spread to all the powder. More-
over, the change in the proportion of force chains with
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Lr chain lengths with time are shown in Fig. 9(b). The
proportion of force chains with lengths that are shorter
0.8 than 4<d> (include 3<d> and 4<d>) increases grad-
© ually. Conversely, the proportion of force chains with
£ lengths that are longer than 8<d> decreases gradually.
= 0.6} Meanwhile, the proportion of force chains with lengths
RS that are shorter than 8<d> and longer than 4<d> (in-
E 045 clude b<d>, 6<d>, 7<d> and 8<d>) keeps fluctuating.
S This outcome suggests that long force chains may break
correlation coefficient: -0.8559 under stress and become shorter force chains in HVC.
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Fig. 8. (Color online) Comparison of normalized average
values of the stress and the force chain length at 0.5, 0.8, 1.3,
1.7, 2.25, and 4 ms.

three particles is small when the force chains and the
stress fill all the powder. A high-velocity impact load
can cause the force chains and the stress to fill all the
powder gradually according to Figs. 4 and 5. It can
also promote the evolution of the distribution of force
chain lengths, as shown in Fig. 9. The variations in force

3. Relation between force chain strength and
stress magnitude

The above analysis of force chain lengths in HVC can
represent the length geometric structure of force chains.
The substantial impact load in HVC may cause the con-
tact force to change rapidly. Hence, force chain strength
and stress magnitude may change significantly. Many
researchers [32,33] emphasize the value of force chains
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and ignore their relation to geometric structure. Force
chain strength can show the relation between force and
length. It can represent the loading condition of force
chains accurately.

We the introduce force chain strength p; to describe
the load bearing capacity of force chains. It is defined as

S
> fr
Pi = k:ll. ) (11)

where fi is the contact force of the k-th contact, I; is
the length of the i-th force chains, S is the number of
contacts of the i-th force chain, and the value of S is
equal to Ni-1, with Ni being the number of particles of
the i-th force chain. High strength shows that the con-
tact force is concentrated on this force chain. The dis-
tribution of force chain strengths changes from top to
bottom, reflects back, and ultimately becomes uniform
(Fig. 10). Force chains are strong at bright parts. At 0.5
and 0.8 ms, strong force chains are located in the upper
area of the powder. While at 1.3 ms they are concen-
trated in the lower area of the powder. With HVC, the
distribution of force chain strengths is spread throughout
the whole powder. Strong force chains are concentrated
in most areas of the powder at 1.7 ms and in the upper

parts at 2.25 ms. Finally, the distribution of force chain
strengths represents a disordered state. Compared with
the distribution of stress in Fig. 5, parts with strong force
chains are due to stress concentration. Force chains can
become strong such that the stress can transfer through
them. Compared with the structure of force chains in
Fig. 4, dense force chains may have great strength. Dense
force chains have complex crossings with one another and
stable structures, making them strong. Force chains and
stress are interrelated in HVC. When impact loads are
applied on the surface of the powder, the force chains or-
ganize and spread gradually, and the stress is transferred
through the force chains. Thus, parts with strong force
chains change with the evolution of the stress concentra-
tion.

To quantitatively determine the relation between force
chain strength and stress, we analyze the averaged and
the normalized strength of force chains and value of stress
in the entire sample (Fig. 11). Force chain strength in-
creases slowly, then sharply, and finally slowly. With
HVC, the force chains spread over all the powder grad-
ually such that force chain strengths increase slowly.
When the force chains begin their growth in the whole
system, their strength increases sharply. Force chain
strength increases slowly at the end of HVC due to the
low velocity load. The average stress value in the entire
sample has the same changing trend as the strength of
force chains. Their correlation coefficient exceeds 0.9773.
This outcome confirms that they are interrelated and
closely related.

4. Relation between the variations in the colli-
mation coefficient and the stress

The straightness of force chains plays an important
role in supporting the great external load in HVC. It
represents the capability to resist the buckling of force
chains. The force chains in HVC can experience quicker
buckling, collapse, and reorganization than those in
CC. Thus, investigating the relation between stress and
straightness of the force chains is necessary.

We introduce the collimation coefficient of force chains
0; to judge whether the force chains represent a linear
chain structure. This coefficient is defined as

M
> Op
p=1

§=1- -1
180° x M

(12)
where 6, is the included sharp angle between p-th ad-
jacent contact pairs of the i-th force chain, M is the
number of adjacent contact pairs of the i-th force chain,
and the value of M is equal to Ni-2. The value of §; is
limited to [0, 1]. A small collimation coefficient means a
large probability of buckling and collapse.

Overall, the collimation coefficient increases gradually
as shown in Fig. 12(a). Specifically, the slope of the
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Fig. 10. (Color online) Distribution of force chain strengths at different moments (0.5, 0.8, 1.3, 1.7, 2.25, and 4 ms).
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Fig. 11. (Color online) Comparison of the normalized val-
ues of the stress and the strength of force chains at 0.5, 0.8,
1.3, 1.7, 2.25, and 4 ms.

increase is high from 0.5 ms to 2.25 ms. By contrast,
the slope of increase is low from 2.25 ms to 4 ms. The
difference in slope increase is attributed to the character-
istics of HVC. An instantaneous impact load can cause
the stress to transmit upward and downward alternately
(Fig. 5). When stress transmits from the top to the bot-

tom of the powder and transmits reversely from 0.5 ms to
2.25 ms, the average collimation coefficient has high in-
creased slope because force chains should form a stable
supporting structure and the organizational process of
force chains is rapid. When the stress becomes uniform
in the powder from 2.25 ms to 4 ms, the average colli-
mation coefficient has a small increasing slope because
the structure of the powder does not change as much as
before.

Compared with the value of stress in Fig. 5, the
straightness of force chains improves with increasing
stress during HVC. This finding means that stress may
cause force chains to have good straightness. The ratio
of long force chains (longer than 6<d>) decreases, but
the ratio of short force chains (shorter than 6<d>) in-
creases, as shown in Fig. 12(b). Short force chains have
better straightness in general, as shown in Fig. 12(c),
because the short force chains can be more easily made
straight under stress. Besides, the long force chains have
better straightness at about 1.3 ms because the stress
transmits from bottom to top and may readily cause
long force chains to improve their straightness. When
the stress gradually becomes uniform in the system, the
short force chains will have better straightness again.
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5. Relation between the directional coefficient
of the force chains and the direction of the principal
stress

The above analysis focuses on the value of the stress
and its relation to the quantitative characteristics of force
chains. Stress has direction and may also cause force
chains to change their directions. The principal stress
angle is calculated as follows [34]:

%)7 (13)

Ymax = = arctan(
2 Ozz — Oyy

where 04y, 04, and oy, are the average shear stress, X-
stress, and Y-stress, respectively. The principal stress
angle changes from isotropic and irregular (0.5 and
0.8 ms) to anisotropic (1.3, 1.7, 2.25, and 4 ms) grad-
ually, as shown in Fig. 13. The direction of maximum
principal stress is expressed by the long axis with cross
symbols, and the direction of minimum principal stress
is expressed by the short axis with cross symbols. This
outcome indicates that the direction of stress tends to
change to the direction of the impact load in HVC. The
impact load can generate pressure along the y-direction,
and the powder begins to move and rearrange such that
the stress shows anisotropy. Moreover, the direction of
the principal stress angle near the wall tilts to the central
axis of the powder. This phenomenon may be attributed
to the friction characteristics of compacting powder [35].
The powder near the wall may be influenced by friction
and exhibit low probability to flow. By contrast, the
inside powder has high probability to flow. Hence, the
principal stress angle shows tilting near the wall.

We introduce a directional coefficient o to describe
the orientation of force chains. The directional coeffi-
cient shows the whole directionality and the extended
direction of force chains. Each force chain is composed
of many segments, where the k-th segment has length dy,
and angle 6 relative to the direction of gravity. This
coefficient is defined as [36]

S
2 § 2
g; = (ll 2 dkCOS 9k> —1. (14)

The value of o; is limited to [—1,1]. If o; is closer to %1,
then the force chain shows great anisotropy.

Figure 14 shows the distribution of the directional co-
efficients at different moments. The red part shows the
force chains that spread toward the direction parallel to
gravity. Meanwhile, the blue part indicates force chains
that spread toward the direction vertical to gravity. The
color bar in Fig. 14 is not limited in [—1, 1] because of
the interpolation method of the cloud map. Force chains
parallel to the direction of gravity are concentrated along
the border at 0.5 and 0.8 ms according to Fig. 4. Force
chains that are parallel to the direction of gravity are
spread over all the powder, but they are more concen-
trated in the middle-lower areas of the powder at 1.3 ms.
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Fig. 12. (a) Variation of the collimation coefficient at dif-
ferent moments (0.5, 0.8, 1.3, 1.7, 2.25, and 4 ms). (b) Ratio
of long and short force chains. (c)Collimation coefficients of
long and short force chains. Fig. 13. Distribution of principal
stress angle at different moments (0.5, 0.8, 1.3, 1.7, 2.25, and
4 ms).

The force chains that are parallel to the direction of grav-
ity are more concentrated in the upper and the lower
areas of the system at 1.7 ms. Furthermore, the force
chains that are parallel to the direction of gravity are
concentrated in the middle-lower areas of the powder at
2.25 ms. Finally, the distribution of the directional coef-
ficient becomes uniform again at 4 ms. Other reports [16,
26] demonstrate the anisotropy of force chains in gran-
ular matter. However, the quantitative analysis of the
directional distribution can present the direction of force
chains directly.
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Fig. 13. (Color online) Distribution of principal stress angle at different moments (0.5, 0.8, 1.3, 1.7, 2.25, and 4 ms).

Compared with the distribution of stress in Fig. 5,
that in Fig. 14 illustrates that stress can promote the
spread of force chains toward the direction of the external
impact load in HVC. The parts in which force chains are
parallel to the direction of gravity (red parts) do not
encounter the phenomenon of stress concentration. In
parts with stress concentration, the stress may cause the
force chains to change their direction across one another,
making the absolute direction coefficient relatively low
in general. Specifically, parts in which force chains are
parallel to the direction of gravity have phenomenon of
stress concentration at 1.3 ms because the substantial
difference in stress in the lower and the middle areas of
the powder can cause the force chains to spread in the
direction of gravity.

Compared with the change in the principal stress an-
gle shown in Fig. 13, the principal stress angle is almost
isotropic at 0.5 and 0.8 ms, and only small parts have
force chains that are parallel to the direction of grav-
ity. Furthermore, the principal stress angle is anisotropic
and is inclined to the direction of gravity at 1.3, 1.7,
2.25, and 4 ms, and most parts have force chains that
are parallel to the direction of gravity. The direction of

force chains and the principal stress angle may exhibit
the same change from isotropy to anisotropy because the
great impact energy of HVC can promote alternations of
the direction of stress and force chains in the powder.

Establishing the quantitative relation between the
principal stress angle and the directional coefficient is
necessary. The principal stress angle coefficient of the
i-th force chain is calculated as &; %. A small &;
means that the principal stress angle is close to the y-
direction. The principal stress angle coefficient decreases
initially and then remains stable, as shown in Fig. 15.
By contrast, the averaged and the normalized directional
coeflicients of force chains increase initially and then re-
main stable. A negative correlation exists between them,
and the correlation coefficient is —0.9317. Such an out-
come means that they have good correlation and are in-
terrelated. The principal stress angle coefficient suggests
that the stress changes from isotropy to anisotropy un-
der an impact load. The directional coefficient reveals
that the force chains change from isotropy to anisotropy
as well.
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Fig. 14. (Color online) Spatial distribution of the directional coefficient of force chains at different moments (0.5, 0.8, 1.3,

1.7, 2.25, and 4 ms).
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Fig. 15. (Color online) Comparison of normalized values
of the principal stress angles and the directional coefficients
of force chains at 0.5, 0.8, 1.3, 1.7, 2.25, and 4 ms.

IV. CONCLUSION

In this study, HVC was simulated by using the DEM,
and the stress and force chains were investigated. Fur-

thermore, the relation between the stress and force
chains was examined. The following main conclusions
were drawn:

(1) The stress and force chains in HVC evolve from
top to bottom and then reflect backwards. Parts with
stress concentration correspond to locations that have
dense force chains with great contact force. However,
the higher stress or stronger force chains are always con-
centrated in the upper areas of the powder in CC and do
not show an up-and-down moving trend.

(2) An increase in the stress can cause the length of
force chains to become shorter. Such a relation may be
explained by the fact that when the proportion of long
force chains decreases, the newly organized force chains
may be shorter. The short force chains may generally
have better straightness under stress.

(3) Parts with force chains with high strength have a
corresponding stress concentration. The increase in the
average collimation coefficient of the force chains also
shows good agreement with the transition of the stress.
Force chains parallel to the direction of gravity are con-
centrated in parts that lack stress concentration. Fur-
thermore, the normalized average principal stress angle
and directional coefficient of force chains show a good
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correlation. The force chains and the stress all change
from isotropy to anisotropy.

We find some interesting conclusions about force
chains, stress and their relations in HVC. Experiments
on capturing the force chains and the stress of the pow-
der directly will be carried out in the next research. In
order to verify the results in this paper, we are consider-
ing that use a transparent powder and a photoelasticity
method in the next research.
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