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HIGHLIGHTS GRAPHICAL ABSTRACT

Caving Like Caving Polygons Caving Disks

Granular discharge obeys Beverloo scal-
ing regardless of particle shape and pack-
ing density.

Particle interlocking strongly reduces flow
rate and caveability.

Stress redistribution differs fundamen-
tally between disks and fragmented blocks.
Fragmentation-driven packings sustain
quasi-static cave-shaped flow zones.

1.0
g 0.8
o
2
E 06 %
<
o &
5 0.4 E
=
‘0‘3 0.2
=
0.0
10"
&
2
g
=
z
E 107~
5
£
1%}
S
ot
K]
<o
Q
= X . i y i 10%
0 -25-20-15-10 -5 0 5 10 15 20 2 -25-20-15 <105 0 5 10 1520 25 =
z/d z/d z/d
ARTICLE INFO ABSTRACT
Keywords: Silo analogies are commonly used in block caving research to study gravity-driven flow and stress redistri-

Block caving
Discrete-element modeling
Silo

bution. However, most existing models rely on idealized granular assemblies composed of random granular
packings, which might differ from fragmented rock masses. The aim of this numerical study is to investigate the
influence of material characteristics on flow dynamics and internal stresses in a silo. Using the Discrete Element
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Method (DEM), we compare three silo models: (i) a caving-like (CL) configuration, generated by progressively
de-bonding a tessellated solid column during draw, thus emulating rock fragmentation; (ii) a caving-polygons

(CP) configuration, in which the same fragments are deposited randomly into the silo; and (iii) a caving-disks
(CD) configuration, representing a traditional granular silo composed of circular particles; all three models
share the same particle size distribution. These configurations enable comparing the effects of granular packing,
particle shape, interlocking, and fragmentation mechanisms on discharge behavior. Results show that flow
velocities, displacement fields, and internal pressure distributions differ markedly between traditional granular
silos and fragmentation-driven systems. The CD configuration develops the highest pressures surrounding the
outlet, whereas the CL configuration redistributes stresses more efficiently, with forces preferentially supported
by the silo walls; the CP system exhibits intermediate behavior.

The findings highlight key limitations of conventional silo analogs and underscore the need for more
representative material descriptions in block caving simulations. This work provides a basis for selecting
appropriate DEM modeling strategies, with perspectives of improving DEM cave-flow predictions.

1. Introduction

Block caving is the most efficient and cost-effective underground
mining method for extracting large, low-grade ore bodies at depth [1].
Caving relies on the ability of the ore column to fragment, collapse, and
flow under gravity as material is progressively extracted from draw-
points. Understanding the evolution of the caved rock mass (e.g., its
fragmentation, flow behavior, and the associated stress redistribution)
remains essential for improving safety, draw control, and production
planning [2-5].

Failures associated with draw extraction damage [6], air-gap col-
lapse [7] and rockbursts [8] have highlighted persistent operational
hazards in cave mining. These events emphasize the need for reliable
design methods to ensure safe and efficient mining operations. Due to
inherent uncertainties and complexities of the caving process, empirical
design methods have been established [3,9,10]. These widely applied
approaches were developed from operational experience, case histories,
and large datasets from major caving mines [5]. Physical modeling
has also played a key role in understanding gravity flow during cav-
ing. Laboratory studies have used silo analogs to reproduce granular
discharge from caved material [11,11-14]. These scaled models have
demonstrated flow features directly relevant to block caving, including
formation of isolated extracted zones, dilution, and drawpoint inter-
action. However, while silos effectively capture gravity-driven flow,
they fail to represent critical mechanisms such as in-situ fragmentation,
breakage patterns, arching, and the evolving mechanical response of
the collapsing rock column. This has motivated the need for more
representative physical models, such as centrifuge testing of caving
processes [15].

The multi-scale nature of caving processes has led to the implemen-
tation of various advanced numerical approaches, including kinematic
models to assess caved rock flowability [3,16], Smoothed Particle Hy-
drodynamics for modeling cave initiation and propagation [17], Finite
Element Methods to evaluate stress—deformation responses around the
cave [7,18], and Discrete Fracture Network approaches that explic-
itly represent persistent joints and fragmentation [19,20]. However,
these methods do not always capture the defining characteristics of
gravity-driven granular flows, which are more effectively represented
by particle-based approaches. The Discrete Element Method (DEM) has
therefore been widely used to simulate granular flow kinematics, in-
cluding fines migration and dilution [13,21,22]. Nevertheless, conven-
tional particle-based DEM struggles to adequately represent caveability
and the associated stress field evolution. Alternatively, block-based
DEM formulations using deformable blocks bonded by joints, such as
UDEC [23], allow the simulation of crack propagation and arching,
and capture the influence of joint orientation and persistence on cave-
ability [24-26]. Yet, these approaches fail to reproduce the essential
characteristics of gravity-driven granular flow. Therefore, a persistent
challenge remains in ensuring the representativeness of the granular
analogs used to model caving processes, and there is a clear need
for alternative modeling strategies capable of simultaneously capturing

granular-flow kinematics and the geomechanical response of the caved
rock mass.

Following this motivation, the present study performs a systematic
comparison of three distinct DEM representations of a caving column
modeled as a silo. The first configuration uses a tessellated 2D solid
block that fully fills the silo and undergoes disassembling to mimic
fragmentation; the tessellation is constructed with a prescribed particle
size distribution (PSD). Thus, once extraction starts from the drawpoint,
the model captures fragmentation through unbonded block deconstruc-
tuction, which collapses into smaller pieces and flow under gravity.
The second configuration employs the same fragments as the tessellated
block, but arranges them as a random granular assembly into the silo.
A third configuration corresponds to a traditional 2D granular assembly
of disks, which is constructed to exactly match the PSD of the previous
cases. The approach compares samples with the same PSD, but different
fragment shapes, initial packings, and formation histories. The results
are analyzed in terms of caveability, flow characteristics, and stress
distributions.

This manuscript is organized as follows: Section 2 describes the
numerical DEM approach used to create two-dimensional silos of tes-
sellated solid, polygons and disks. Section 3 presents the results and
discussions, focusing on gravity flow, stress distribution and cave-
ability. Finally, Section 4 concludes and raises perspectives on this
work.

2. Methodology and numerical procedure

We performed two-dimensional numerical simulations of silo dis-
charge with rigid boundaries using the Contact Dynamics method. We
investigated the discharge behavior of three distinct granular configu-
rations: (i) a block-caving-derived tessellation into unbonded polygonal
particles, (ii) a disordered arrangement of the same polygons generated
by random gravitational deposition, and (iii) a packing of disks that
preserves the equivalent size and mass of the original polygonal grains.
From this point onward, we refer to these configurations as caving-like
(CL), caving-polygons (CP), and caving-disks (CD) systems, respectively.
The simulations are conducted in two dimensions as a methodological
choice. Although quantitative differences between 2D and 3D systems
are expected, the fundamental mechanisms governing granular flow,
arch formation, contact network evolution, and stress redistribution
remain qualitatively similar. Two-dimensional DEM simulations have
been widely used to investigate force chains, arching, and confined
granular flow in geomechanical contexts [27-31]. The 2D framework
enables systematic exploration of particle shape and initial structure at
a significantly lower computational cost, allowing us to identify robust
mechanisms and trends expected to remain valid across dimensions.

The numerical simulations were carried out using the open-source
software LMGC90 [32,33], which solves the equations of motion for
rigid bodies through an implicit non-smooth formulation. Contact
forces and particle velocities are obtained iteratively using a nonlinear
Gauss—Seidel scheme [34,35]. The Contact Dynamics method enables
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Fig. 1. Particle size distribution (PSD) over all samples (CL, CP and CD).

accurate simulations of systems exhibiting a wide range of particle
shapes and high size polydispersity.

CL is generated by tessellating a rectangular domain into 2 x 10*
polygonal particles using the Software Neper [36]. This approach has
been successfully used to model the fragmentation of discrete media,
including the behavior of crushable granular materials [37], anisotropic
fracture persistence [38], and size effects on rock strength [39]. The
width of the tesselated domain is W ~ 56d and its height is H = 6W,
where d is the mean equivalent diameter of the grains resulting from
the tesselation. The equivalent diameter of each grain is computed as

deq = \/g , with A the area of the polygonal particle. The PSD of the
polygons is represented by a normal distribution, with a polydispersity
A= d:;‘—fz = 1.66, where deq .00 and deq10 are the equivalent diameters
from which 90% and 10% of the particles are finer, respectively. Fig.
1 shows the resulting PSD. The mean particle roundness, defined as
R = %, with ¢ the particle perimeter and A its area, is 0.90 + 0.05.
R quantifies how close the particle shape is to a circle, with R = 1
being a disk. Note that, by construction, the initial packing fraction of
this configuration is ¢ = 1 (with ¢ the volume of solid over the total
volume), as highlighted in the red zoomed-in view in Fig. 2a. Finally,
the particles interact through purely frictional contacts (i.e., without
bonding).

CP uses exactly the same polygonal particles as CL, but is generated
by random deposition under gravity in a box of width W, producing
a disordered packing with a height in average 1.2 times that of the
CL configuration (see Fig. 2b). Logically, the solid fraction is lower
than in CL, with average ¢ = 0.80 (see Fig. 2b). Finally, CD consists
of circular particles with diameters equal to the equivalent diameters
of the polygons in CL (i.e., the same area and PSD), placed randomly
under gravity in a box of width W. In this case, the resulting height is
lower than that of CP, reaching in average 1.1 times the height of CL,
with ¢ = 0.86 (see Fig. 2c).

As shown in Fig. 2, an outlet door of width D is positioned at the
center of the bottom boundary of each configuration, allowing particles
to flow as in a silo. To guarantee sufficiently large samples and steady-
state flow in both CP and CD, a refilling procedure was implemented.
Any particle that exited the door and reached a distance of 0.5W below
it, was randomly reintroduced into a W x 0.5W region at the top of
the silo immediately above the highest stable particle (see Figs. 2b and
c) [40].

Since H > W, particle reintroduction does not influence the
dynamics near the outlet nor the stresses at the silo base, where
measurements are performed, as stress saturation is ensured by the
Janssen effect [40-43]. This allows CP and CD to maintain a statisti-
cally stationary flow over extended time windows. For CL, the refilling
procedure was not applied in order to preserve the geometrical unity of
the system. Nevertheless, the simulations naturally reach a steady-flow

Powder Technology 476 (2026) 122409

Table 1

Simulation parameters.
Parameter Symbol Value
Gravity g 9.81 ms™?
Particle Mass Density p 2.7-10° kgm™
Mean Particle Diameter d 0.0188 m
Maximum Particle Diameter d o 2.6d
Minimum Particle Diameter. i 0.36d
Friction Coefficient u 0.4
Width and Height w, H 56d, 6W
Number of Particles N 2. 10*

regime for a sufficiently long period of time to allow reliable mea-
surements. To ensure statistical robustness, 25 independent simulations
were performed for CL for each door size, whereas three independent
realizations were conducted for CP and CD for each door size.

The friction coefficient was fixed at y = 0.4 for particle-particle and
particle-wall interactions in all configurations. Simulations were con-
ducted for several normalized door widths: g = [8, 10, 12, 14, 16, 18,
20, 22, 24, 26]. Table 1 summarizes the main parameters of the simu-
lations. Keeping the same PSD between different configurations, our
framework allows a direct comparison of the effects of particle shape,
packing order, and initial fabric on the discharge behavior, linking silo
observations to flow mechanisms relevant in block-caving operations.

3. Results and discussion
3.1. Gravity flow

The flow rate was obtained by following the evolution in time of
the cumulative number of particles N(r) exiting the silo. Figs. 3a—c
show representative examples of N () for CL, CP and CD for different
door sizes D/d, plotted from dark purple to light yellow in ascending
order. Time is normalized by the characteristic scale ¢, = \/m The
cumulative count N(¢) is normalized by N* = 16212, 13871, and
33139, which is the total number of particles discharged at ¢/1, = 2200
(~95 s) for the smallest opening, for the CL, CP, and CD configurations,
respectively. Note that particle refilling is implemented only in the CP
and CD cases.

In cases where a clog occurred, it was cleared by removing the
particle closest to the center of the outlet [40,43]. Clogging events were
identified from a near-complete loss of kinetic energy, detected numer-
ically when X, /K, < 1073. As expected, clogging was predominantly
observed for the smallest outlet openings, consistent with previous
studies showing that constriction size and particle shape strongly influ-
ence the probability of interlocking and therefore arch formation [42,
44]. As commonly reported in granular flow studies [21,40,45], the
function N(r) increases monotonically with time for all configurations,
with its slope defining the flow rate Q, which increases with door
opening size.

The onset of the stationary regime depends on both D and the
packing configuration. For CL, a steady state is reached at ¢/z, = [500,
400, 200, 300, 150, 150, 80, 70, 60, 50] for the corresponding door sizes
D/d in ascending order. For CP and CD, both with refilling procedure,
we set 1/t, = 1000 as the onset of steady flow, after which the discharge
rate remains constant.

Fig. 4 presents the flow rate as a function of the normalized outlet
size D/d. The values shown correspond to the mean flow rate over all
simulated samples in the stationary regime, normalized by the CL flow
rate with the largest aperture O* = 2182 particles/s. For all D studied,
CD yields discharge rates substantially higher than the other two cases,
with the difference becoming more pronounced at larger apertures. The
differences are attributed to particle shape, as polygonal grains develop
geometric interlocking that resists gravity-driven motion. This effect is
stronger in CL, where both the packing fraction and the structural con-
figuration enhance resistance to flow. Consequently, representing block
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Fig. 2. Methodology and numerical setup of the simulations. Panels (a), (b), and (c) correspond to the CL, CP, and CD configurations, respectively. Red circular

insets zoom in the arrangement and shape geometry of the particles.
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Fig. 3. Time evolution of the cumulative number of discharged particles, N(z), for: (a) CL, (b) CP, and (c) CD. Curves correspond to different door sizes D/d,
plotted from dark purple to light yellow in ascending order. The cumulative count N(¢) is normalized by N* = 16212, 13871, and 33139, the total number of
particles discharged at ¢/¢, = 2200 (~95 s) for the smallest opening, for the CL, CP, and CD configurations, respectively.
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Fig. 4. Flow rate Q/Q* as a function of the normalized outlet size, D/d, for
CL, CP and CD. Q* corresponds to the flow rate of CL for the largest aperture.
The dashed lines correspond to the best fit of the Beverloo equation, Eq. (1).

caving with silos composed of particles that lack the initial geometric
unity of a fractured rock mass leads to a systematic overestimation of
the discharge rate. This occurs even when the PSD and particle shapes
are identical, but the particles are arranged in a random manner. such
as CL and CP. CL and CP, for small D, both exhibit nearly identical flow

rates, but with their behavior progressively diverging as the size of the
door increases.

The dashed lines in Fig. 4 correspond to fits using the Beverloo
equation [46,47]:

0=Cpg'* (D-kay/?, e}

where C is a dimensionless prefactor associated with the velocity field
near the outlet, particle polydispersity, and particle shape, and k is a
geometrical factor accounting for an effective outlet size smaller than
the physical opening. Here, p is the particle mass density. The fitted
values are C = (0.9,1.1,1.5) and k = (3.1,4.4,3.5) for the CL, CP, and
CD configurations, respectively. The lower value of C for CL reflects
a reduced flow-rate scale due to enhanced interlocking and arching of
angular particles, which reduce particle mobility near the outlet. The
velocities are larger for CD than for CL, with CP taking intermediate
values, consistent with the observed variation in C. These results fur-
ther demonstrate the dependence of the discharge rate on both particle
shape and the initial packing structure. No clear monotonic trend is
observed for k. This geometrical factor depends on both particle shape
and packing density: angular particles tend to reduce the effective
outlet section (larger k) due to stronger excluded-volume and arching
effects, whereas higher packing density can counterbalance this reduc-
tion by the closer particle arrangements near the outlet, effectively
increasing (D — kd). This interpretation is a preliminary hypothesis,
and a systematic study of particle shape from highly angular to circular
would be needed to fully separate shape and packing effects.
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Fig. 5. (a) Vertical velocity profiles at the outlet for different opening
sizes (dark purple to light yellow) and for the three configurations from top
to bottom: CL, CP, and CD. (b) Corresponding normalized vertical velocity
profiles, where the vertical velocity is scaled by the central velocity at the
outlet and the horizontal coordinate is scaled by half the outlet width. When
rescaled, all profiles collapse onto a single master curve, with the red line
representing the best fit to Eq. (3).

To further study the gravity flow behavior, we analyze the veloc-
ity field of the particles at the outlet. The velocity distribution was
obtained by dividing the outlet region into bins of width Ax = 0.1d
and computing the mean vertical velocity v, of the particles exiting
through each bin. In this calculation, the mean value corresponds to
the combined set of all particles passing through the outlet during
the steady-flow regime across all samples. Fig. 5 presents the result-
ing velocity profiles for the outlet sizes, colored from dark purple to
light yellow in ascending order, and for the three configurations. As
expected, the vertical velocity profiles exhibit a parabolic shape [47],
with a maximum at the center of the outlet (x = 0) that increases
systematically with D.

Fig. 6 displays the velocity at the center of the outlet for each
configuration. Following the trend observed for the discharge rate, the
central velocities are higher in CD, intermediate in CP, and lower in
CL, with the latter two being relatively similar. The data follow a
power-law relation given by

v. = pVeD, (2)

which arises from a free-fall energy argument for particles located at
the centerline of the silo [40,45,47]. The factor f scales the velocity
according to the geometrical and frictional properties of the parti-
cles [47]. In this study, we obtained g = (0.16, 0.17, 0.22) in CL, CP and
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Fig. 6. Central vertical velocity v, as a function of outlet size D for the three
configurations. CD exhibits the highest velocities, followed by CP and CL. The
solid line corresponds to the power-law fit v, = f1/gD.

CD, respectively, highlighting the reduced kinetic energy of particles
discharging in the CL configuration compared to the other two cases.

The self-similar behavior of the velocity profiles was examined by
normalizing the vertical velocity by the corresponding central value
v,/v., and the horizontal position by half the width of the outlet
x/(D/2) [47]. For all three configurations, the normalized profiles
collapse onto a single master curve, independent of D, as shown in Fig.
5b. This curve is well described by the functional form [47]

hey)”

c
confirming that, despite clear quantitative differences in flow rate and
velocity magnitude, the overall dynamical behavior remains qualita-
tively similar across all three cases. In other words, particle geometry
and initial structural arrangement affect the discharge quantitatively,
but do not modify the fundamental flow mechanism that governs the
velocity field at the outlet.

3.2. Stress distribution

To better understand the dynamical and mechanical properties of
the particle flow, we compute continuum fields using a coarse-graining
methodology [48,49]. Coarse-graining provides a consistent way to
transform discrete particle data into smooth macroscopic fields. Fol-
lowing [45], the macroscopic mass density of the granular flow, 5(r,?),
is defined as

N

0=y mG(r—rm), )
i=1

where the sum runs over all particles and G(R) is the coarse-graining

function. In this study, we use a truncated Gaussian coarse-graining

function,

2
L el (IR
GR) = Soan &P < \/§d> , %)

with a cutoff radius r, = 3d.
Following this coarse-graining approach, the stress tensor o,,(r) is
defined as

1 N Nc,- 1

_1 a B _

Oop(r) = 5 Z;Z]fij’rijA G(r ri+srij)ds, (6)

i=1 j=

where the sum N run over all the particles i, and the sum N, runs over
the contacting particles j of i, with r; and r; their respective positions.
r;; =r; —rj is the branch vector and f;; is the force exerted by particle
j on particle i. In this definition, the kinetic contribution to the stress
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Fig. 7. Spatial distribution of the normalized mean local stress near the door for three aperture sizes, D/d = 8, 16, 24 (shown from left to right), and for the
three configurations: (a) CL, (b) CP and (c) CD. The stress maps are scaled by the maximum stress measured in CL for D/d =24, P,,. = 70kN/m; black contours

indicate iso-stress lines; vertical dashed lines show the opening size.

tensor is neglected because it is several orders of magnitude smaller
than the contact stress, as also reported in [45].

Fig. 7 shows the mean local stress P, defined as the trace of the
stress field o,,, calculated within a window W x W at the outlet for
three aperture sizes D/d = 8,16 and 24, for the three configurations.
The stress maps are scaled by the maximum stress measured in CL
for D/d = 24: P,,, = 70kN/m. The colormap ranges from dark blue
(low stress) to bright yellow (high stress), allowing a direct visual com-
parison of the stress concentrations between door sizes and granular
configurations; vertical dashed lines show the door size.

The stress fields exhibit a strong dependence on both particle shape
and structural arrangement. Overall, CD sustains the highest mean local
stresses close to the outlet, while CL shows the lowest values, with CP
lying in between. These differences can be traced to the nature of in-
terparticle contacts. In CD, contacts occur at isolated points, generating
concentrated stress chains and a highly heterogeneous force network.
In contrast, polygonal particles form extended face-face contacts that
distribute forces over larger areas, producing a more uniform stress
field [50,51]. Additionally, for particles of equal equivalent diameter,
disks have a smaller effective contact area compared with polygons,
which further amplifies local stress intensities in CD. This enhanced
geometric interlocking in assemblies of polygonal grains also promotes
arching, transferring a larger portion of the load onto the vertical walls
of the silo. Consequently, stress concentrations along the walls are
more pronounced in CL. In practice, these observations indicate that
the CD configuration may overestimate stresses around the drawpoints,
leading to conservative assumptions. Conversely, both CP and CD may
underestimate stresses along the boundaries, eventually resulting in
non-conservative assessments of dilution-triggering stresses in cave
panels.

Another important observation concerns the influence of the outlet
width D on the stress field, as illustrated by the iso-stress lines (black

contours) in Fig. 7. Considering, for instance, the contour P/P, = 0.2
(highlighted in white) for a given configuration, the lateral extent of the
iso-stress region increases proportionally with the outlet size, whereas
its vertical extent remains essentially independent of D. This behavior
can be attributed to the Janssen effect [52], whereby friction between
the granular material and the silo walls supports part of the overburden
weight, leading to a saturation of stresses with height. Consequently,
the characteristic height of the stress field is governed primarily by
particle properties and container geometry, rather than by the outlet
dimensions. Nonetheless, the vertical extent of the stress-influenced
region differs markedly among the three configurations: it is nearly
an order of magnitude smaller in CL than in CD, while in CP it is
approximately twice that observed in CL. This interpretation is again
consistent with the Janssen effect, since polygonal particles exhibit
geometric interlocking that enhances frictional support along the walls,
causing the stress to saturate more rapidly with height than in the
disk assembly [53]. The effect is logically more pronounced in the CL
configuration, where the initial tessellated structure represents a highly
dense and interlocked fragmented medium.

3.3. Caveability

To distinguish it from gravity flow, we use the term caveability
to describe the tendency of an undercut rock mass to propagate a
cave column upward through the orebody. Thus, evaluating caveability
requires analyzing the relative particle velocities that develop within
the silo during flow, rather than focusing solely on the outlet. Ac-
cordingly, the dynamical regimes generated in each configuration must
be quantified for comparison. This can be achieved by examining the
spatial variation of the local inertial number, computed as [54,55]
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Fig. 8. Spatial distribution of the local inertial number, I, for three aperture sizes, D/d = 8, 16, 24 (shown from left to right), and for the three configurations:
(a) CL, (b) CP, and (c) CD. The colormap ranges from dark purple (quasi-static regime, I < 1073) to light yellow (inertial regime, I > 10~'). White and black
contour lines denote these two threshold values, respectively. Vertical dashed lines show the opening size.

where 7 is the local shear rate, P the local pressure, and d the mean
particle diameter. The shear rate y is obtained from the velocity field
V(r, ) through the two-dimensional strain-rate tensor. The components
of this tensor are computed as

£, =0,V,, £y, =0,V,, xy

. 1

Ey =3 (0,V,+0,V,),

and its scalar norm is defined as

p=qf2(2,+ e, +28). ®)

The velocity field itself is obtained using the coarse-graining formula-
tion,

X
V(r, 1) = D ) m v, G(r —r,(1)), 9
where m; and v; are the mass and velocity of particle i, and G is the
coarse-graining kernel [45,48].

Fig. 8 shows the spatial map of I, calculated over the same W x W
window at the outlet as the local pressure, for three outlet sizes. In
the maps, I < 10=3 and I > 107! represent the quasi-static and
dynamic flow limits [56], respectively, shown in color gradient from
dark purple to light yellow. Black and white contours lines indicate
these two threshold values of I, respectively. Vertical dashed lines show
the opening size.

Starting with CL, high inertial values form a parabolic shape above
the silo outlet. This indicates that particles predominantly slide collec-
tively downward during most of the discharge, with relative motion
(i.e., deconstruction of the tessellated block) becoming significant only
near the outlet. This behavior can be explained by two factors prevent-
ing relative particle motion: (1) the polygonal shapes of the particles
creating a geometric interlocking, and (2) the high initial packing

fraction resulting in a fully interlocked system. Similarly to the pressure
distribution, which is functionally related to I, the area affected by this
dynamics scales with the width of the outlet but maintains a roughly
constant vertical extent, regardless of the size of the opening. The
quasi-static contours (I < 1073) in Fig. 8a demonstrate that arching
develops as the cave roof forms. In practice, this dynamic configuration
is responsible for the potential generation of air gaps within the cave.

In contrast, CD exhibits a markedly different behavior. Even for the
smallest outlet sizes, high I values are observed not only near the outlet
but also along the silo walls, indicating substantial relative motion
between particles in these areas. Consequently, the upper regions of the
silo do not discharge completely as a coherent block, suppressing arch
formation—unlike the behavior observed in CL. Finally, CP shows an
intermediate behavior. Although geometric interlocking is present due
to the polygonal shapes, the relatively lower packing fraction allows
the particles above the outlet to move more freely. This demonstrates
the importance of considering both particle shape and packing density
in the analysis of block-caving systems, as they significantly influence
both local dynamics and stress distributions, which are critical for
practical applications and flow control.

4. Conclusions

In this work, we investigated the discharge dynamics of granular
silos as analogs for block caving systems. Using two-dimensional DEM
Contact Dynamics simulations with rigid boundaries, we compared
three configurations sharing the same particle size distribution but
differing in shape and structural arrangement: a caving-like tessellated
solid block into unbonded polygons (CL), a randomly deposited packing
of the same polygons (caving-polygons, CP), and an equivalent system
composed of disks (caving-disks, CD). This setup allowed us to isolate
the influence of particle shape, interlocking, and initial fabric on outlet
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flow, caveability and internal stress redistribution during discharge.
The main findings of our study are the following:

« First, the global discharge behavior showed that all three con-
figurations follow a Beverloo scaling, revealing a qualitatively
similar gravity flow mechanism. However, the flow rates differed
substantially: CD exhibited the highest discharge capacity, CP an
intermediate one, and CL the lowest. These differences arise from
particle interlocking and structural continuity, which opposes
motion more effectively in the CL configuration.

Second, the velocity profiles at the outlet displayed a consistent
parabolic shape across all systems and collapsed onto a universal
curve when rescaled by the central outlet velocity v,. Despite sig-
nificant differences in the magnitude of v,, this collapse demon-
strates that the overall dynamical behavior is preserved across all
three cases.

Third, the stress fields revealed markedly different internal me-
chanics. The CL assembly showed the most efficient stress redis-
tribution, with forces transmitted through polygonal faces and
supported laterally by the silo walls. Conversely, the CD configu-
ration exhibited strong stress localization near the outlet. The CP
system lay between these two extremes. These distinctions, absent
in traditional silo analogs, are fundamental for understanding
cave propagation and drawpoint pressure behavior.

Finally, the inertial number field exposed clear contrasts in the
internal rheology. The CL configuration maintained a cave-shaped
quasi-static region above the outlet, with flow concentrated along
a central channel and persistent interlocking in the upper portion
of the column. In contrast, the CD assembly developed a broad
dynamic zone surrounding the aperture, reflecting a more homo-
geneous and less constrained flow. The CP configuration again
displayed an intermediate behavior, with partial interlocking but
more diffuse dynamic regions than the CL case.

Overall, our results demonstrate that particle shape, fragmentation
structure, and initial packing fabric exert a strong quantitative influ-
ence on discharge behavior, stress transmission, and local rheology,
even though the fundamental kinematic scaling of silo flow remains
unchanged. Although our numerical DEM tests rely on small-scale,
idealized 2D conditions, the contrasting granular-flow kinematics ob-
served across the three configurations can still inform future advances
in caving models. The outcomes provide a basis for identifying DEM
approaches that more accurately reproduce the kinematics and stress
transfer mechanisms governing caving. Qualitatively, the strong diver-
gences observed in stress redistribution indicate that assessments of
rockburst initiation and drawpoint damage are less conservative than
those obtained using traditional silo models when flow is driven by
fragmentation, as in the CL configuration.

Despite these advances, direct experimental validation remains es-
sential to quantitatively assess the predictive capability of the findings.
Physical models of granular silos are well established in mining, powder
technology and fundamental granular physics, yet controlling fragmen-
tation and granular discharge experiments are extremely challenging.
A perspective of this study is to implement fragmentation-driven DEM
models to study the formation of isolated extracted zones, dilution and
draw points interaction. Also, systematic sensitivity analyses, including
particle-size polydispersity, frictional variability, anisotropic fracturing,
and full 3D effects, are expected to further refine fragmentation-driven
DEM approaches.
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