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Abstract

The investigation of rockfill materials poses challenges due to their large particle size, associated high cost, and long laboratory
testing duration. As a result, empirical correlations based on historical experimental studies are commonly used to design and
analyse rockfill structures. However, the extensive use of rockfill in a wide range of applications and limited understanding of its
mechanical behaviour emphasize the need for further research. These make it necessary to develop a robust technique capable
of capturing key parameters such as particle shape and breakage, allowing for the simulation and study of large-scale assemblies
with realistic boundary conditions. Given that the behaviour of rockfill is highly scale-dependent, primarily due to particle
breakage, the simplified laboratory tests on the scaled-down assemblies can be misleading. Particle breakage is a fundamental
phenomenon in the mechanical behaviour of rockfill and significantly affects shear strength, deformability, and porosity under
different stress levels. The particle breakage is influenced by factors such as the rockfill’s maximum particle size, mineralogy,
particle shape, gradation, and confining stresses. This study adopts a computationally efficient breakage method called the Modi-
fied Particle Replacement Method (MPRM) based on the Discrete Element Method. A Tile-Based Flexible Membrane (TBFM)
for triaxial test modelling has been developed by employing segmental rectangular walls to create a deformable membrane.
The effects of critical parameters, including particle shape, confining stress, membrane resolution, degree of flexibility, and the
characteristic strength of the particles, are examined. The findings of the combined MPRM-TBFM approach demonstrate the
significant influence of membrane flexibility on volumetric-related behaviour.

Keywords Rockfill - Particle breakage - Discrete element method (DEM) - Large-scale triaxial test - Flexible membrane -
Particle replacement method

1 Introduction still needs to be improved. Due to their large particle sizes,

conducting laboratory tests on rockfill materials is challenging

Rockfill is a widely used construction material in a range of
geotechnical applications such as embankment dams, railway
subgrades, and offshore structures. It comprises an assembly
of rock aggregates ranging in size from less than 1 cm to over
1 m, typically falling within the range of 10 cm to 80 cm.
Despite its extensive use, the current understanding of the
mechanical behaviour of rockfill and its influential parameters
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and resource-intensive. As a result, the design methods and
analysis of rockfill structures heavily rely on a limited number
of historical large-scale experimental studies [1, 2].

Several studies have employed a parallel particle size grad-
ing technique to address the scarcity of large-scale triaxial test-
ing machines worldwide [3—5]. This technique involves testing
and analysing a downscaled assembly of rockfill particles that
exhibit a parallel particle size distribution (PSD) similar to the
actual rockfill PSD. However, it is essential to note that the appli-
cability of the parallel grading technique may be limited, as the
behaviour of rockfill is significantly influenced by scale, primar-
ily due to rock particle breakage [3, 6]. Consequently, there is a
need to develop alternative analysis techniques that effectively
account for essential parameters, such as particle shape and
breakage, to comprehend rockfill’s mechanical behaviour better.
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Particle breakage is a fundamental phenomenon that signifi-
cantly impacts the shear strength, deformability and porosity,
among other characteristics of rockfill under different stress
conditions [2, 6, 7]. Particle breakage is influenced by vari-
ous factors, including rock mineralogy, particle shape, surface
roughness, particle size distribution, and confining stresses,
albeit to different extents [8, 9]. Substantial settlements exceed-
ing 1% of the dam height in rockfill dams often arise from rock
particle breakage and rearrangement [10]. The breakage pro-
cess leads to changes in the void ratio and PSD of the rockfill,
which can be quantitatively assessed using the Relative Break-
age Index (B,) [11]. It is understood that particle breakage
exerts a more pronounced impact on angular particles’ shear
strength than rounded particles. This phenomenon primar-
ily arises from substantial alterations in the contact points of
angular particles during breakage and a heightened probability
of asperity breakage within angular particles. In the case of
rounded particles, larger rock particles enhance interlocking
and shear strength, while in the case of angular particles, parti-
cle breakage becomes more prominent with larger particle sizes
[12]. The investigation of particle breakage in granular mate-
rial, especially in the context of rockfill where breakage plays
a significant role, has been explored through various methods,
including single particle crushing [13] and X-ray tomography
[14], as well as laboratory tests such as oedometer [15] and
triaxial tests [16, 17]. However, most experimental studies have
primarily focused on the characterization of particle breakage
and related parameters at the end of testing [18]. On the other
hand, numerical methods have provided researchers with the
means to explore the evolution of breakage and its impact on
the mechanical behaviour of rock particle assemblies.

Fig. 1 Illustration of angular
particle geometry using a)
bonded non-overlapped sub-
particles, along with b) contact
geometry based on Hertzian
theory
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DEM has gained significant popularity for investigating
the behaviour of granular materials. This method involves
simulating individual particles that interact with each other
through equations of motion. The unique capability of
DEM to capture intricate interactions among discrete ele-
ments makes it particularly suitable for modelling granular
materials, including rockfill. In DEM modelling, various
particle shapes can be represented, ranging from spherical
and elliptical to more complex angular assemblies such as
overlapped configurations like Fourier-based shapes [19]
and bonded non-overlapped sub-particles. Figure 1(a) pro-
vides visual examples of bonded non-overlapped spherical
sub-particles to generate angular shapes. To simulate more
intricate shapes, computational efficiency may be compro-
mised by employing numerous finer sub-particles. Several
techniques have been introduced within DEM to simulate
particle breakage. For instance, coupled DEM with Finite
Element Methods (FEM) can accurately capture breakage
surfaces by integrating DEM and FEM [20, 21]. In this cou-
pled approach, the interactions between particles are mod-
elled using DEM, while individual particles are discretised
and analysed using FEM.

A more computationally efficient approach involves the
use of bonded particles, where particle breakage is modelled
by altering the bond strength between sub-particles [22]. In
this method, each mother (original) particle is represented
by bonded sub-particles. While the simulation of granular
assemblies using bonded particles is faster compared to
the coupled DEM-FEM approach, it still requires signifi-
cant computational resources when modelling assemblies
of a reasonable size. Although these methods provide a
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comprehensive understanding of the micro-mechanics of
particle breakage [23], alternative techniques have been pro-
posed to balance accuracy and computational demand. One
such technique is the particle replacement method [24, 25],
which offers improved computational efficiency while main-
taining acceptable accuracy. In the replacement method, a
broken particle is identified based on specific breakage cri-
teria [26, 27] and replaced by an assembly of finer parti-
cles. Typically, the particles in this method are simulated
as spherical or circular elements. A more sophisticated
model can be developed by considering different breakage
patterns and particle sizes for the newly introduced smaller
particles, considering the mother particle’s stress condi-
tions [28]. However, there are two critical aspects of the
replacement method that require further improvement: (i)
the representation of the shape of the mother particle and (ii)
accounting for the mass loss resulting from the replacement
of the mother particle by an assembly of daughter particles
with a smaller volume (mass). To address these aspects, an
advanced replacement method is introduced [29] to investi-
gate the mechanical behaviour of rockfill materials.

Element testing with DEM has traditionally relied on
periodic boundaries or rigid frictionless walls [30]. How-
ever, in specific scenarios, such as testing highly breakable
materials, determining clay strength, and when studying
the shear band zones, particularly for rockfill and other
coarse-grain materials, results are significantly influenced
by boundary conditions, deformable membranes, and shear
localization, as observed in this study. To tackle these chal-
lenges, this research adopts a model capable of integrating
physical boundaries, allowing for the simulation of realistic
boundary conditions and the investigation of deformable
membrane behaviour. This approach markedly enhances the
accuracy and applicability of the simulations in situations
where traditional boundary conditions fall short.

Two techniques are commonly employed to simulate the
physical boundary condition and membrane using DEM: (i)
the assembly of spheres/balls surrounding the sample, and (ii)
the use of rigid walls, which is the more prevalent approach.
In the first technique, bonded marginal particles can be placed
at the perimeter of the sample and treated as a membrane dur-
ing the simulation. Alternatively, the marginal particles can
be considered as the membrane without any bond in each
simulation cycle. However, when using the unbonded mar-
ginal element method, the boundary particles may shift into
a loose assembly, decreasing computational efficiency as the
search for peripheral elements becomes more challenging in
each cycle. Although efforts have been made to develop strate-
gies for calibrating microparameters, particularly those related
to bonded particles [31], the model can be further improved
by addressing the following factors: (i) calibration of mem-
brane bonds under different stress conditions, particle sizes,
and shapes; (ii) necessary adjustments to the bonded particles

to account for large deformations; and (iii) incorporation of a
sufficient number of marginal particles to accurately capture
the performance of the membrane [32]. Consequently, the use
of rigid walls has become the most common boundary condi-
tion in DEM modelling, often taking the form of a semi-rigid,
frictionless [33] cylinder acting as the membrane in triaxial
and other element test simulations.

In the context of triaxial test modelling, a cylindrical wall
constructed from rectangular platens can be employed, with
the number of platens varying depending on the desired reso-
lution. This approach ensures symmetrical consolidation of the
sample and prevents local bulging. Liu et al. [34] conducted a
study on the impact of resolution in segmenting the cylindri-
cal wall into rigid vertical segments and deformable articu-
lated wall segments composed of triangular parts, focusing
on rockfill’s compaction and mechanical behaviour. Another
option is to segment the wall horizontally into small cylindri-
cal rings, as proposed by Zhao & Evans [35], to achieve a
flexible boundary. However, in this method, the sample experi-
ences symmetric confinement in the diagonal direction, as the
independent rings can contract or expand while their centroid
remains fixed. To combine the simplicity and computational
efficiency of a rigid wall with a fully deformable membrane
in all directions, a hybrid approach involving both horizontal
and vertical segmentation, known as tile theory, has been sug-
gested by Khoubani & Evans [36].

In this study, the authors investigate the mechanical
behaviour of rockfill using the Modified Replacement
Method [29], an algorithm previously introduced by the
authors for simulating particle breakage. Additionally,
the effect of a flexible boundary on particle breakage and
mechanical behaviour is explored through the application of
tile theory, where independent small rigid rectangular walls
are utilised to form a cylindrical deformable membrane that
can freely move inward and outward to achieve the desired
confining stress. To streamline the investigation of deform-
able boundaries, an idealized prototype of uniform particle
size using rockfill material in this study is developed. The
objective is to comprehend the impact of boundary condi-
tions on particle breakage and the behaviour of rockfill mate-
rial, thereby laying the groundwork for more advanced and
realistic rockfill modelling.

2 Numerical modelling

2.1 Modified particle replacement method (MPRM)
The modified particle replacement method can efficiently
capture the particle breakage phenomenon. The details of
this method are presented and discussed in another publi-

cation [29]. DEM-based methods that utilise the traditional
particle replacement mechanism often employ circular or

@ Springer



70 Page 4 of 21

R. Asadi et al.

spherical shapes for computational efficiency and later
replace them with a finer assembly of sub-particles fol-
lowing breakage. The MPRM model differs from other
methods due to its ability to simulate particle shape, which
has yet to be considered by others. Any particle shape is
simulated using non-overlapped spherical particles and
Apollonian packings, which is one of the advantages of
this method. The second key advantage of this method
is its computational efficiency, achieved by modelling
the particles as rigid clumps from the outset. Due to the
rigidity of the clump particles, the computational demand
is significantly reduced since there is no need to analyse
internal contacts between sub-particles. This advantage
becomes evident when contrasting rigid clumps with
bonded assemblies of particles, where numerous bonds
must be examined for potential breakage in each simula-
tion cycle [37]. Throughout the simulation, the maximum
contact force of each particle is monitored at specified
intervals. Using the maximum contact force as the break-
age criterion has been proven to capture the macroscopic
behaviour in particle breakage accurately. Additionally, it
effectively accounts for the continuous breakage of smaller
daughter particles and generates coherent, normally con-
solidated lines and fractal PSDs in alignment with exper-
imental data [27]. Several breakage criteria have been
proposed and utilised in DEM simulations for studying
particle breakage, such as; (i) Octahedral shear stress, (ii)
Mean particle stress, (iii) Major principal stress, (iv) Par-
ticle stress derived from the maximum contacts force and
its diameter (a = Fuaf » ) [27], (v) Particle characteristic
strength which is derived from the tensile and compressive
properties of the particle and applied as a limit stress to
the contact stress of particles calculated based on Hertzian
contact theory [38].

De Bono and McDowell [27] evaluated the criteria men-
tioned above through DEM simulation of one-dimensional
consolidation tests. As previously mentioned, different stud-
ies [27, 38, 39] have demonstrated that the maximum con-
tact force criterion exhibited significant compatibility with
experimental results and observed behaviour. The maximum

Rigid Clump Diagnosed in
Critical Stress Condition

Fig.2 Schematic illustration of
Modified Particle Replacement
Method
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contact force at breakage (F,,,,) can be derived from the par-
ticle's characteristic strength (o, ) at the reference diameter
(dy) as shown in Eq. 1.

-3 2 3
F__=|o X i /- X 3ravg / (1
max Oldo dO 4Eavg

where the contact area (illustrated in Fig. 1(b)) is calculated
using the average contact radius (r,,,) and average modulus
of elasticity (E,,,), and the characteristic strength may be
scaled for different particle sizes using Weibull’s modulus
[40]. The characteristic strength of particles can be evaluated
using the compressive (c¢) and tensile (¢”) strengths of the
particle [26]. Utilizing this method and equation, the experi-
mental tests conducted on a reference particle with a diam-
eter of d,, facilitate the derivation of the reference character-
istic strength (6, ). Subsequently, this reference strength

can be extrapolated for various particle sizes by employing
-3

a scaling factor of ( di) ! [41], accounting for the statisti-
0

cal strength distribution based on the Weibull modulus
across different sizes. Ultimately, the scaled strength can be
transformed into the maximum contact force by applying
Hertzian theory, considering the average contact area
between the interacting particles [23].

As shown in Fig. 2, during the simulation cycling, if an
initial non-breakable particle (clump) is diagnosed in criti-
cal stress (i.e., 90% of its characteristic strength), it will be
replaced by a cluster of bonded sub-particles (balls) of identi-
cal size occupying the same position. In this way, the model
will only investigate the internal contacts of a particle that is
near breakage, so the simulation will be fast and computa-
tionally efficient. The linear parallel bond method has been
utilized to model the bonding between sub-particles of the
substituted breakable particles. In a single particle crushing
test, where the particle is compressed between two parallel
platens, the bond parameters have been calibrated to ensure
that the particle’s strength at the point of breakage matches
its characteristic strength. The mobilised stress of the particle
is computed based on the contact force between the particle

Breakable Assembly of

/ Replaced Balls

Bonds between Replaced Balls
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and the platens, and the particle’s diameter [29]. In this test,
a single particle, randomly oriented between two platens, is
gradually compressed until it reaches its maximum strength
and ultimately fractures. The parallel bond parameters are
adjusted iteratively to achieve the desired characteristic
strength, with calibration continuing until a variation of less
than two percent from the target is attained. To validate this
calibration procedure, the crushing tests will be repeated for
the same number of tests as during calibration. The strength
variation will be monitored to ensure it remains within the
previously mentioned maximum allowable range. A detailed
procedure for MPRM and parameter calibration is outlined
in the authors’ previous publication [29].

2.2 Tile-based flexible membrane (TBFM)

The deformable boundary conditions and flexible mem-
brane in this study are simulated using a group of rectangu-
lar segments known as Tiles. ITASCA PFC?P software has
been used for the DEM simulation. The difficulties with; (i)
calibration, and (ii) the limited confining pressure available
through bonded circumferential individual elements (bonded
ball particles) serving as a deformable boundary, render this
method constrained and challenging to employ. Conversely,
the presence of dissociated and independent walls in the PFC
platform paves the way for the concept of TBFM, offering
an optimum and novel approach for the simulation of the
flexible membrane in triaxial testing.

The cylindrical flexible membrane in triaxial testing has
been traditionally simulated using a semi-rigid membrane.
As shown in Fig. 3(a), the membrane is divided into rectan-
gular vertical strips (walls) which move forward and back-
ward together to apply target confining stresses.

A fully flexible membrane can be achieved by a series
of overlapped tiles generating rings around the sample.
These rings together form a flexible cylinder, as illustrated
in Fig. 3(b). In contrast to a semi-rigid cylinder in which all
segments must move together, here, each tile can indepen-
dently move forward or backward to reach any stress levels.
Hence, bulging and block shearing of the sample can be
adequately captured in this method. The top and bottom caps
are simulated as a platen wall, as shown in Fig. 3(c).

The number of tiles and their size should be adjusted to
create a balance between the computational demand and
deformability of the membrane. The minimum dimension of
a tile should also be larger than the smallest particle size so
it remains in contact with the particles and the target con-
fining stress could be calculated. Each tile is overlapped
(Fig. 3(c)) with its neighbours in a ring of tiles so that no
gap can form due to the backward movement of the tile. The
number of stacked rings vertically should be enough to accu-
rately capture the sample’s volumetric deformation (bulging
or shearing) of the assembly. The circular cross-section of the

membrane can be estimated by different number of tiles in
each ring (H,,,,). The area difference with the circumscribed
circle for different numbers of tiles is illustrated in Fig. 3(d).
It is clear that for H,,,,,> 20, the area difference is below %1.
Hence, in this study, the number of tiles in each ring is lim-
ited to 20 with different numbers of rings (V,,.) investigated.
Furthermore, taking into account the stipulated minimum tile
dimension necessary for maintaining contact with the parti-
cles, as previously discussed, Fig. 3(d) also illustrates the ratio
of tile width to the uniform particle size of 2 cm in this study.

The servo program controls the stress condition of each
tile independently, so considering the contact forces acting
on each tile, it will move forward or backward to achieve a
given stress level. Taking into account the lateral overlap of
tiles to prevent horizontal gaps between them, a sub-program
has been developed to determine the active area of each tile
by considering its position and adjacent tiles. The loading
rate and the velocity of tiles are limited in a way that the
confining stress remains constant, and a quasi-static condi-
tion is attained. Hence, the maximum inertial number (/), as
presented in Eq. 2, is limited to 10~* which is strictly below
the recommended value of 107 [36].

@

where ¢ stands for strain rate, ds is the average particle
diameter, p’ is the average mean effective stress across the
sample, and p, is the particle density.

Given that the walls in the PFC platform are two-dimen-
sional without thickness, a significant difference in displace-
ment between a pair of top and bottom walls could result
in a gap large enough for particles to escape. Dividing the
height of the cylinder into sufficiently small ring segments
(i.e., increasing the number of vertical segments, denoted as
V) ensures a smoother stress distribution among all rings,
thereby limiting the differential displacement between two
adjacent vertical tiles. In essence, increasing the number of
vertical segments (Vsec) serves as a means to mitigate sub-
stantial gaps between tile rings.

In addition to the strategy of limiting tile size to pre-
vent the generation of gaps between vertically adjacent
tiles, sub-programs have been integrated into the model to
monitor and control vertical gaps. Within the gap-control
sub-program, if a gap larger than the minimum particle
size present in the assembly is detected, adjustments are
made to the servo control program. These adjustments
depend on the sign and direction of the velocities of the
tiles between which the gap occurs. The positive direc-
tion is defined as toward the central axis of the cylindrical
membrane, as illustrated in Fig. 4(a). The flowchart for the
vertical gap control sub-program is depicted in Fig. 4(b).

@ Springer
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30

25

Area Difference with the Circumscribed Circle
(%)

Fig. 3 Triaxial membrane model: a) Semi-rigid (Solid) vessel com-
posed of vertical strips, b) Cylindrical membrane generated by inde-
pendent rectangular tiles (V,,.=36), ¢) Plan view of the top platen

When a gap (g,) opens between the n-th and (n+ 1)-th
tiles and reaches the minimum particle size, the velocity
of tile (V,) is adjusted to decrease the gap size below the
minimum particle size. If both tiles are moving toward or
away from the central axis (i.e., sign(V,)=sign(V,,;)), the
relative velocity is temporarily reduced to close the gap.
However, if the tiles are moving away from each other
(i.e., sign(V,)#sign(V,, ), the relaxing mechanism is
triggered (V, =V, ,,=0) to facilitate stress redistribution.
If the newly calculated velocities based on the stresses fol-
lowing relaxation result in gap reduction, the walls become
active once again.
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Through the utilization of the gap-control sub-program
alongside meticulous attention to tile sizing, the average con-
fining stress experienced by the tiles exhibits a deviation of
no more than 0.1% from the intended confining stress level.
Consequently, the modelling can be extended to encompass
significant axial and volumetric strains.

2.3 Triaxial testing simulations
For triaxial testing, the clumps are assembled in a larger

vessel to ensure sufficient space for particle generation with-
out overlap. The non-overlapping particles form a porous
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Fig.4 Gap controlling system
between vertically adjacent
tiles; a) schematic illustra-

tion of vertically adjacent tiles
and their velocities (V,) and
distance from the central axis of
the cylinder (R,); b) the flow- V,

(@

4 —

chart for vertical gap control t—
sub-program & N
Yo
n+1

4__‘

cloud, which is then compressed to the final desired mem-
brane size by moving the walls and particles towards the
centre of the vessel. During this stage, the wall velocity is
maintained at a very low level to prevent the generation of
excessive velocity and stress in the particles. Once the target
size is achieved and the particle assembly is compacted,
the simulation proceeds without further wall movement,
allowing the particles to reposition themselves and release
any accumulated stresses and out-of-balance forces. The
relaxation stage of the simulation persists until the maxi-
mum unbalanced force ratio falls below 0.1%, and the mean
effective stress, which has been observed in three distinct
spherical zones located at the top, middle, and bottom of the
sample, becomes negligible, registering at less than 1 kPa.

During the compaction and shearing stage of triaxial mod-
elling, the prepared sample from the previous stage is utilised.
To achieve the desired confining stress for each triaxial model,
the tiles independently adjust their positions and move towards
or away from the central axis of the cylindrical membrane con-
sidering the target confining stress and current existing stress
exerted by the particles in contact. Hence, the tiles are servo
controlled based on the difference between the current and
target confining pressure. To ensure the stability and consist-
ency of the applied confining stress, the maximum allowable
velocity of the tiles is set at a negligible value of 0.01 mm/s.
This serves two main purposes: (i) preventing the application
of excessive forces and stresses on the particles, and (i) main-
taining a constant and stable confining stress level, thereby
preventing any fluctuations in the confining stress.

In this study, two different particle shapes composed of
14 and 4 balls have been employed as shown in Fig. 5(a) and
(b), respectively. The sphericity index (@?=A/A,), defined
as the ratio of the surface area of a sphere with the same
volume as the particle (4,) to the surface area of the parti-
cle (Ap) [42], measures 0.86 for the 14-ball clump and 0.71
for the 4-ball clump. Therefore, as anticipated, the 4-ball

(b)

Cycling for
relaxing
(Va=Vpq=0)

Sign (V)

Sign (Ve1)

f gap is growing
(V1| < IV |

f gap is growing
(V1> V1]

Gradually closing the gap
(Vlgpay = 09+ Vlg,,.)

[ [

Gradually closing the gap
(Vrmin = 09 Vigyar)

ormal servo

controlling

clump exhibits less roundness and a more angular shape
compared to the 14-ball particle. For the parametric study
of the numerical model, a series of triaxial tests on cylindri-
cal samples (30 cm diameter and 70 cm tall with a porosity
of 58%) have been modelled. The adopted DEM parameters
are listed in Table 1. The triaxial testing simulations have
been conducted using semi-rigid and tile-based flexible
membranes with H,, =20, and V=12, 24, and 36 that
account for 240, 480, and 720 tiles in total, respectively.
The linear contact model is employed for the interaction
of particles, with the parallel bonding adopted between the
sub-particles of replaced critical particles.

The samples, prepared in accordance with the previously
outlined procedure and measuring 30 cm by 70 cm, were
employed for the triaxial modelling. It is worth noting that
a uniform particle size of 2 cm is used in the parametric
study. The target confining pressure is achieved by servo-
controlled movement of the walls, and finally, the shearing
load is applied by the top and bottom platens’ strain-con-
trolled movement. In addition to the inertial number criteria,
the shearing rate and the velocity of all the walls are limited
to a very slow rate so that the target confining stress is main-
tained at a constant level (tolerance < 0.1%) throughout the
simulation.

(a) (b)

Fig.5 Particle shapes employed for numerical simulations: a) 14
Balls, b) 4 Balls
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Table 1 DEM parameters

Parameters Value
Weak Medium Strong
Characteristic Strength of particle (MPa) 232 43.2 350.7
Linear Parallel Bond Tensile Strength (N/mz) 0.3 % 108 0.5 x 108 42x10%
Linear Parallel Bond Cohesion (N/m?) 0.6 x 108 1.0x 108 8.4x 108
Young’s Modulus, E (GPa) 46.8
Poisson Ratio, v 0.3
Linear Normal Stiffness (N/m) 5.8% 10°
Linear Shear Stiffness (N/m) 2.9 x10°
Linear Parallel Bond Normal Stiffness (N/m) 9.6 x 108
Linear Parallel Bond Shear Stiffness (N/m) 4.8%108
Top/Bottom Platen Normal Stiffness (N/m) 32 %108
Tile Normal Stiffness (N/m) 3.2 % 10°
Coefficient of Friction 0.3
Sample Initial Porosity 58%

3 TBFM resolution

The number of tiles employed in the triaxial modelling has
a direct impact on the membrane’s flexibility and its ability
to capture deformations. However, it is crucial to ensure that
the minimum dimension (width) of the tiles remains larger
than the minimum particle size. This guarantees that there is
always a potential for contact between the tiles and particles,
preventing the tiles from penetrating the inter-particle voids.
Additionally, the dimensions of the tiles are determined to
allow for a certain degree of overlap between adjacent tiles.
This overlap ensures that as the tiles move towards or away
from the cylinder axis, there is continuous overlap between
them, eliminating any gaps that might allow particles to
escape.

It is important to note that in the PFC3P platform, the
walls are represented as two-dimensional elements, assum-
ing they have negligible and insignificant thickness. Conse-
quently, the vertical overlap alone cannot prevent the gen-
eration of gaps between a given ring of tiles and the rings
above and below it. To address this concern and prevent gap
formation in the vertical direction, it is necessary to have a
considerable number of vertical sections (rings), ensuring
that the difference in tile displacement remains smaller than
the minimum particle size. This effectively renders any gen-
erated gaps negligible. In other words, the number of vertical
segments and tile rings should be large enough to ensure a
gradual change in stress conditions between two consecutive
rows, minimizing the gradient of displacement and ensuring
that any generated gaps remain substantially smaller than
the minimum particle size. However, it is important to con-
sider that increasing the number of tiles leads to a substan-
tial logarithmic increase in simulation time, as well as an
elevated computational demand. Consequently, the selection

@ Springer

of the number of tiles should strike a balance between meet-
ing deformation modelling requirements, minimizing gap
formation, and maintaining computational efficiency within
acceptable and practical limits.

Figure 6 presents the results of the triaxial test performed
on a 14-ball-shaped rock particle sample using a flexible
membrane with varying numbers of tile rows (V,.) and solid
(semi-rigid) membrane under a confining stress of 2 MPa. In
these models, each row/ring consists of 20 tiles (H,,,,,), and
the impact of tile resolution is investigated using 36, 24, and
12 rows of tile rings. The behavioural trends and outcomes
observed in these triaxial tests on breakable particles align
with other researchers’ findings [43, 44]. The difference in
the anticipated stress—strain behaviour between the flexible
and solid membranes is comparatively negligible for the
sample with stronger particles, but it becomes more conspic-
uous in the case of weak particles, where notable particle
breakage is evident. For assemblies containing Medium to
Strong particles with limited breakage, as shown in Fig. 6(a)
and (b), the predicted deviatoric stress in the solid vessel is
slightly higher than that in the flexible membrane. How-
ever, in the case of weak particles where breakage is more
prevalent (as shown in Fig. 6(c)), the analyses using flexible
membranes demonstrate higher peak and residual strengths.
The residual strength is primarily associated with the state of
deviatoric stress after reaching the peak stress, also for axial
strains exceeding 20%. Therefore, it can be inferred that
the utilisation of a flexible membrane facilitates the rear-
rangement of particles and leads to the generation of higher
strength. Moreover, as the resolution of tiles and flexibility
of the membrane increase, the stress-related behaviour of the
sample transitions from a dense to a loose-type behaviour.
Instead of reaching a peak strength and subsequently drop-
ping to an almost constant deviatoric stress, the strength



Effect of flexible membrane in triaxial test on the mechanical behaviour of rockfill material...

Page90of21 70

exhibits an increase to the peak and gradually demonstrates
continuous decrease within the residual zone.

When it comes to impact of using TBFM method on vol-
umetric response, the volumetric strain diagrams indicate
that samples confined by the semi-rigid or solid membrane
display a more dilative behaviour. Furthermore, even weak
particles (Fig. 6(c)) exhibit less contraction when tested
with the solid membrane compared to the flexible mem-
brane. This can be attributed to the restricted longitudinal
movement and lack of bending flexibility of the semi-rigid
membrane, along with the strain localization in the middle
of the samples. In other words, when shear bands form in
the middle of the sample and exert high pressure on the
membrane, the entire membrane resists dilation to maintain
constant confining stress. Consequently, the entire sample
demonstrates a noticeable apparent dilative behaviour. The
influence of membrane flexibility and deformable boundary
conditions on the volumetric behaviour and deformation of
samples is evident. While transitioning from a semi-rigid
or solid vessel to flexible membranes leads to a consider-
able reduction in dilation, an increase in the number of tile
rings and resolution results in a rebound of dilation and a
shift towards positive volumetric strains. Finally, it can be
concluded that the (20 x 36) tile arrangement produces the
highest accuracy for the simulation of the breakable rockfill
particles.

To investigate the impact of confining stress along with
the effect of tile resolution on the mechanical behaviour
of breakable particles, i.e. Weak and Medium particles,
a reduced confining stress of 1.5 MPa was examined, as
depicted in Fig. 7. Some differences in the mobilized devia-
toric stress for the medium-strength assemblies (Fig. 7 (a))
between the solid wall and flexible (36-row tiles) membranes
are observed after the initial stage of shearing and prior to
converging at residual stress levels. The variation in volu-
metric behaviour followed a similar pattern to that of 2 MPa
confining stress for medium-strength assemblies in which
the solid membrane has resulted in a significant degree of
dilation, compared to larger contractions for samples with
a flexible membrane. Additionally, at lower tile resolution
(Tile 24), increased breakage led to greater contraction,
while higher tile resolution (Tile 36) produced a smoother
stress distribution that prompted particle rearrangement
and resulted in slightly higher levels of dilation. Taking into
account the findings for less breakable particle assemblies,
namely medium and strong particles under both 1.5 and 2
MPa confining stresses, the lower tile resolution may result
in delayed deviatoric stress mobilization and hence the peak
strength is reached at higher axial strains.

The significant, continuous particle breakage, followed
by the rearrangement of broken particles, leads to the
observed fluctuations in deviatoric stress and volumetric
strain in Fig. 7(b) with 24 rows of tiles (representing a weak

assembly). The relationship between the development of
axial deviatoric stress and the increasing number of fractures
is also depicted in Fig. 7(b). This diagram reveals a distinct
surge in fracture events for a lower membrane resolution
of Tile 24, coinciding with a decrease and fluctuation in its
deviatoric stress diagram. Conversely, the increment of frac-
tures for a higher resolution of Tile 36 progresses smoothly,
resulting in minimal fluctuation observed in the deviatoric
stress diagram for this assembly. Consequently, it becomes
evident that for weak and highly breakable particles, the
mechanical response of the assembly is exceptionally sensi-
tive to both membrane flexibility and tile resolution. Fig-
ure 7(b) highlights a clear example of this sensitivity. Simi-
lar to weak samples subjected to 2 MPa stress (Fig. 6(c)),
for samples with 1.5 MPa confining stress, the tiled mem-
brane (Tile 36) exhibits higher deviatoric stress, while the
dilation captured within the semi-rigid or solid membrane
consistently exceeds that observed in the tiled membrane.
The trends of fluctuations in deviatoric stress and volumet-
ric strain across varying confining stresses and for differ-
ent characteristic strengths exhibit strong compatibility and
agreement with the results reported in numerical modelling
[45] and experimental investigations [18, 46] of triaxial test-
ing for rockfill material.

A clearer understanding of how membrane deformabil-
ity affects particle breakage and stress localization can be
gained through Fig. 8. This figure illustrates the develop-
ment of fractures with increasing axial strain for weak parti-
cles in both Tile 24 and Tile 36 membranes. It is evident that
with lower membrane resolution, particle breakage events
primarily occur near the top and bottom platens, resulting in
a significantly higher number of fractures compared to the
higher resolution membrane.

The distribution of fractures and breakage events within
the cross-section of the triaxial sample, along with their
respective magnitudes, can provide insight into the varia-
tions in the breakage phenomenon and its impact on the
mechanical behaviour of the assemblies. \* MERGEFOR-
MAT Fig. 9 illustrates the fracture rosette diagram for the
cross-section of triaxial cylindrical cells with different tile
resolutions under confining stress of 2 MPa, at residual and
post-peak strains. These rosette diagrams illustrate the aver-
age frequency of breakage events and their associated direc-
tions along the cylindrical triaxial sample.

In the case of medium particles with limited breakage
events, increasing the membrane resolution generally leads
to a smoother distribution of fractures in all directions. This
is evident when comparing Fig. 9(a) for the solid membrane
with Fig. 9(c) and (d) for 24 and 36 rows of tiles, respec-
tively. However, the quantity of fractures and the number
of breakage events exhibit no discernible pattern and show
fluctuations with an increase in tile resolution. For medium
particles, which exhibit greater strength compared to weak
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«Fig. 6 Numerical triaxial test results for different number of tiles’
rows (V,,.) and solid (semi-rigid) vessel for 2 MPa confining stress

sec

and a) Strong, b) Medium, and ¢) Weak particles. (The shortened
titles in the legend indicate: Particle shape-Solid or Tiled (including
resolution) — Particle strength — Confining stress in MPa)

ones, stress redistribution primarily occurs through the relo-
cation and rearrangement of particles. A slight increase in
flexibility, as seen when transitioning from Solid to Tile 12
(i.e. Figure 9(a) to (b)), results in a slightly smoother move-
ment of the particles, leading to a slight reduction in the
number of fractures. However, it is important to note that
the central region of the sample, where most particle shift-
ing and translation occur, is confined by a limited number
of tile rings. Considering that particle breakage tends to
concentrate in zones with a high gradient of relative par-
ticle translation, a significant increase in flexibility and the
addition of more tile rings offer the potential for the creation
of zones with a high gradient of relative translation, result-
ing in an increase in fracture events. This is evident when
comparing Fig. 9(a) and (b) with Fig. 9(c). Conversely, a
further increase in flexibility and transitioning from 24 to
36 rows of tiles leads to smoother stress distribution and
relative displacement between two successive rows of tiles.
Consequently, this results in a slight decrease in the amount
of breakage, as observed when comparing Fig. 9(c) and (d).

As anticipated, the fractures demonstrate a more uniform
distribution across all directions in the case of weak parti-
cles, characterized by their high susceptibility to breakage.
Augmenting the membrane resolution by incorporating a
greater number of tile rows yields an escalated occurrence
of fractures in all directions, as vividly illustrated in Fig. 9(f)
to (h) (note that the graphs are not to scale, and the quantity
of fractures varies in each graph e.g., the fractures increase
from 1131 to 1490 between Fig. 9(f) and (h)). This elevated
number of breakages facilitates an improved reorganization
of particles, consequently resulting in slightly heightened
deviatoric stresses within the membrane of Tile 36, shown
in Fig. 6(c).

The impact of confining stress on fracture distribution can
be analysed through a comparison of the findings depicted
in \* MERGEFORMAT Fig. 10, which illustrates the frac-
ture results under a lower confining stress of 1.5 MPa, with
the previously discussed fracture diagrams obtained under
a confinement of 2 MPa. When examining relatively lower
confining stresses for medium-strength particles, transition-
ing from a semi-rigid membrane (Fig. 10(a)) to a tile-based
membrane with a resolution of 24 (Fig. 10(b)) leads to a
higher number of broken particles but a smoother distribu-
tion in all directions. This trend is reversed when the reso-
lution is increased to 36, wherein the frequency of fracture

events decreases while the variation in different directions
increases, as evident in Fig. 10(c). The trends observed for
medium particles remain consistent even with the higher
confining stress of 2 MPa, and these trends are attributed
to the variations in zones with different gradients of rela-
tive translation mentioned earlier. In the case of weak par-
ticles and highly breakable materials, employing a flexible
membrane and increasing resolution and flexibility generally
results in a reduction of fracture events in all directions.
Additionally, a flexible membrane and higher resolution
compromise the smoothness of the fracture rosette, leading
to a fluctuating fracture distribution, as obvious in Fig. 10(f).
Comparing the fracture distribution among weak particles
subjected to low and high confining stresses (i.e., 1.5 and 2
MPa) through Figs. 10 and 9 reveals that an increase in flex-
ibility and the number of tile rows leads to a smoother stress
redistribution under relatively low confinement (1.5 MPa),
resulting in a decrease in fracture events. It is important to
note that under low confining stresses, particle rearrange-
ment facilitates stress redistribution, and increased flexibility
aids in this rearrangement, preventing breakage. Conversely,
at relatively high confining stresses of 2 MPa, achieving sig-
nificant confinement requires substantial displacement of tile
walls, leading to a higher incidence of particle breakage. In
other words, under relatively high confining stresses, particle
breakage becomes the primary mechanism for stress redistri-
bution. Consequently, an increase in the number of tile rows
results in a higher occurrence of fracture events.

4 Particle shape effect

As previously stated, MPRM offers the advantage of incor-
porating particle shape in the modelling process with opti-
mal computational efficiency from the beginning of mod-
elling. To examine the stress—strain behaviour of samples
comprised of various particle shapes, Fig. 11 presents the
results of triaxial modelling using two distinct particle
shapes composed of 14 and 4 balls (shown in Fig. 5(a) and
b)) at two different confining stresses of 1.5 MPa and 2 MPa,
using uniform particle sizes of 2 cm.

It is evident from the comparison of Figs. 6 and 11 that
the difference in mobilised deviatoric stress between the
solid and flexible membranes is lower for particle shape
4B than for particle shape 14B, particularly when con-
sidering the weak particles (Figs. 6(c) and 11(c)). How-
ever, the trend in volumetric behaviour for both shapes is
almost identical. The assembly of 4B particles shows a
higher strength in comparison to that of 14B particles due
to higher angularity. This distinction becomes more pro-
nounced in the case of weak particles for both semi-rigid
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and flexible membranes. Further elaboration on this topic
is provided in the next section, where the mobilized fric-
tion angle as a strength factor is discussed. Considering
the mobilised deviatoric stress, this effect is particularly
evident at lower confining stresses (1.5 MPa), where fewer
particles are broken. The increased angularity of 4B parti-
cles causes greater dilation at lower axial strains. However,
as axial strain increases, the breakage phenomenon over-
comes the effect of angularity, resulting in lower dilation
at the residual stage compared to 14B particles. This trend
is more obvious for the strong (Fig. 11(a)) and medium
(Fig. 11(c)) particles confined under 1.5 MPa stress.

In the case of 14B particles, the emergence of finer
daughter sub-particles following the replacement of the
mother particle under critical stress conditions leads to
greater compaction of the assembly which can be seen
through Fig. 9, particularly for weak particles (Fig. 11(c)).
This phenomenon is particularly exaggerated at high con-
fining stresses of 2 MPa (where breakage is higher than 1.5
MPa) and in the case of weak particles where the majority
of mother particles are broken, as shown in Fig. 11(c).

The Diagram of particle displacement confined under
2MPa stress using TBFM with H,,, of 20 and V. equal to
36 (labelled as "Tile 36" in the triaxial models’ results) for
the assembly of Medium particles for two different shapes of
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14B and 4B are shown in Fig. 12. The critical daughter par-
ticles are also highlighted in Fig. 12. It is apparent that these
fractured particles are clustered in two regions: (i) the shear
band zones, and (ii) the areas where the particle displace-
ments are markedly distinct, resulting in increased relative
displacement and higher applied stresses on the particles in
these regions.

As previously noted, the 14B particles possess smaller
sub-particles compared to the 4B particles. This finer sub-
division results in a cushioning effect when the particles are
crushed during the shearing stage of the triaxial test model-
ling, leading to a more densely packed sample. As a result,
the displacement of the particles within the assembly of 14B
particles is generally higher than that in the assembly of 4B
particles (Fig. 12(a)). The accumulated effect of this phe-
nomenon at high axial strains results in higher dilation and
lower mobilised deviatoric stress or shear strength of the
assembly in comparison to the assembly of 4B particles as
demonstrated in Fig. 11(b).

Moreover, the assembly of 14B particles is in the bulging
condition which stems from the smoother stress distribu-
tion due to the rearrangement of daughter sub-particles. It
is worth noting that the cushioning effect and redistribution
of stress resulted in fewer number of broken particles. On
the other hand, the assembly of the 4B particles shows two
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distinct shear blocks sliding against each other, as shown
in Fig. 12(b). Also, the number of broken particles in this
assembly is higher than in the 14B particles’ assembly which
is due to (i) the lower intrinsic strength of bigger sub-par-
ticles, and (ii) bigger daughter sub-particles of this particle
shape and concentrated stress on the critical particles.

The angularity and shape of particles substantially affect
the extent and distribution of breakage. This effect primar-
ily relies on the characteristic strength of the particles,
the applied confining stress, and the boundary conditions.
Figure 13 presents a comparative analysis of normalised
fracture events and breakage phenomena for the two dif-
ferent particle shapes 14B and 4B under varying confin-
ing stresses of 1.5 and 2 MPa, considering both semi-rigid
(Solid) and flexible (Tile 36) boundary conditions. It should
be noted that in Fig. 13, the number of fracture events is
normalised using the number of bonds between each mother
particle for 14B and 4B shapes. Upon examining Fig. 13(a)
to (c), it becomes evident that the ratio of particle breakage
between 4 and 14B particles decreases when transitioning
from a semi-rigid to a flexible membrane, as well as when

reducing the confining stress. In addition to the magnitude
and frequency of fractures, it is noteworthy that breakage
events are unevenly distributed in different directions for
4B Particles.

In the case of weak and highly breakable particles, par-
ticularly when a solid membrane is employed, the fracture
rosette diagrams for both 14B and 4B particles exhibit a
similar pattern, as depicted in Fig. 13(d). However, the dif-
ference becomes more pronounced when a flexible mem-
brane is used, as evident in Fig. 13 (e). Therefore, when a
relatively large number of breakage events occur within the
assemblies, the fracture distribution will be nearly identi-
cal for both 4B and 14B particle shapes under the flexible
membrane conditions of Tile 36. However, the magnitude
of fractures notably decreases for the more angular shape of
4B particles. Interestingly, reducing the confining stress to
1.5 MPa alters this pattern, as illustrated in Fig. 13(f). Under
relatively low confining stress of 1.5 MPa, and particularly
in the case of weak particles, the 4B particles exhibit not
only a higher fracture magnitude but also greater fluctuations
in the distribution of breakage events.
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The variation in the mean effective stress, along with
the deviatoric stress, during the shearing stage of a triaxial
test plays a crucial role in altering the mobilized friction
angle within an assembly. This parameter holds significant
importance in the engineering design of rockfill structures.
Figure 14 showcases the maximum friction angle obtained
for different configurations, including varying resolutions
of a flexible membrane, distinct particle shapes, and differ-
ent confining stresses. Analysing Fig. 14(a), it is apparent
that the maximum friction angle is mobilized at higher
mean effective stresses for both strong and medium par-
ticles confined within a solid membrane. However, the
difference in the mobilized friction angle between highly
breakable weak particles and strong particles is substan-
tially larger when compared to the difference observed in
the case of a flexible membrane, which is illustrated with
arrows in Fig. 14(a) (red arrow shows the difference for
the solid membrane and the blue one illustrates the differ-
ence for Tile 36). Therefore, the flexibility of the mem-
brane has a considerable effect on the maximum friction
angle of breakable particles. Moreover, as the resolution
of TBFM increases and the membrane becomes more flex-
ible, the disparity between the maximum friction angles
of strong and weak particles diminishes.
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The effect of particle shape (4B versus 14 B) under
different confining stresses (1,5 and 2.0 MPa) for solid
and flexible membranes is depicted in Fig. 14(b). As
anticipated, the maximum friction angle of 4B particles
surpasses that of the 14B particles which exhibit a more
rounded shape. Furthermore, this higher maximum fric-
tion angle is mobilized at higher mean effective stresses.
Interestingly, the difference in the maximum mobilized
friction angle between weak and strong particles is less
pronounced for 4B shape under 2 MPa stress compared
to the difference observed for the 14B shape, regardless
of whether a flexible or solid membrane is utilised. This
phenomenon can be attributed to the cushioning effect
provided by broken particles, which facilitates stress
redistribution among the relatively angular 4B particles.
Consequently, finer broken daughter particles enhance the
efficiency of stress redistribution among the angular 4B
particles, resulting in a higher maximum mobilized fric-
tion angle for weak particles.

Notably, the flexible membrane intensifies this effect,
leading to a slightly higher mobilized friction angle for Tile
36 compared to the solid membrane under 2 MPa confine-
ment. These effects and phenomena become less prominent
and diminish for relatively lower confining stresses of 1.5
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MPa. However, for all three characteristic strengths, the
maximum friction angle of 4B particles remains higher than
that of the 14B particles, although the difference in mobi-
lized friction angles for particles with different strengths
becomes negligible.

As previously discussed, the utilisation of a flexible
boundary condition and tile-based membrane primarily
influences the volumetric behaviour of rockfill assem-
blies. Building upon the earlier section and the analysis
of the mobilized friction angle, which is predominantly a
stress-related parameter, it becomes apparent that stress-
related parameters for the non-breakable strong particles
are relatively consistent between the semi-rigid and flexible
membrane conditions. However, a distinct difference can be
observed in terms of void ratio and volumetric conditions
for various resolutions and flexibility of membrane, even for
non-breakable particles, as depicted in Fig. 15(a) and (b)
where change in minimum normalised void ratio (Y axis)
is shown against mean effective stress (X-axis).

The capacity of semi-rigid membranes to capture changes
in volumetric strain and void ratio is limited due to the uni-
form displacement of each solid segment from bottom to
top of the cell. Consequently, the difference in minimum
normalized void ratios for the solid membrane is less pro-
nounced compared to the flexible membranes. In the case
of the solid membrane, medium and strong particles exhibit
nearly identical normalized void ratios, whereas weak
particles are compacted to lower normalized void ratios.
Although the difference in normalized void ratio between
medium and strong particles becomes less significant for
flexible membranes, the difference in the amount related to
the weak particles becomes more prominent with an increase
in tile resolution, as demonstrated in Fig. 15(a).

Furthermore, it is evident that the minimum normalised
void ratio is captured in higher mean effective stresses for
the flexible membranes in comparison to the solid one,
which may be attributed to a more favourable condition for
particle rearrangement. Observing Fig. 15(b) clarifies that
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the increased angularity of 4B particles leads to a higher
minimum normalized void ratio for weak particles, which
is also captured in higher mean effective stresses. Although
the difference between 4 and 14B particles becomes negli-
gible under relatively lower confining stress of 1.5 MPa, 4B
particles still reach higher minimum normalized void ratios
at higher mean effective stresses.

To improve the understanding of changes in volume and
void ratio, Fig. 16 presents an illustration of the organi-
zation of non-breakable mother particles alongside the
replaced critical daughter particles. Within this figure, the
distribution of non-breakable mother particles (depicted
as red clumps) and critical breakable daughter particles
(represented by green clusters) are shown. These parti-
cles pertain to the category of Weak and Medium strong
particles under a 2 MPa confining stress that are enclosed
within a solid and flexible membrane consisting of 36 rows
of tiles. The difference in void areas between assemblies of
weak and medium particles is more pronounced and evi-
dent for the solid membrane (Fig. 16(a) and (b)) compared
to the difference observed in the void area of the Tile36
flexible membrane (Fig. 16(c) and (d)). When examining
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assemblies of highly breakable particles (Weak particles)
at the end of the shearing stage, confined within both solid
(Fig. 14(a)) and flexible (Fig. 14(c)) membranes, a distinct
difference in stress distribution due to boundary conditions
emerges. In the case of the solid or semi-rigid membrane,
the broken particles and shear band zones tend to concen-
trate predominantly near the rigid cylindrical wall, with
zones primarily oriented horizontally. Conversely, within
the flexible membrane, where the influence of membrane
solidity is reduced, the broken particles and shear band
zones develop at the middle sample, extending from the
top to the bottom and exhibiting a diagonal orientation.

5 Discussion and conclusions

In this paper, the effect of particle shape, confining stress,
breakage phenomenon, and boundary condition on the
mechanical behaviour of rockfill particles is studied using the
Modified Particle Replacement Method (MPRM) previously
introduced by the authors as the breakage simulation algorithm.
Furthermore, the effect of a flexible membrane in the triaxial
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Fig. 16 Arrangement of non-
breakable mother particles
(depicted in red clumps) and
critical breakable daughter
particles (illustrated in green
clusters) under 2 MPa confining
stress, within a platen cross-
section (X—Y plane) at the
middle of the samples and at the
end of shearing stage (25% axial
strain). This depiction concerns
14B particles and encompasses
a) Weak particles with Solid
membrane, b) Medium particles
with Solid membrane, ¢) Weak
particles with Tile36 flexible

(b)

membrane, and d) Medium
particles with Tile36 flexible
membrane

test modelling on the particle breakage and mechanical behav-
iour is investigated through the Tile-Based Flexible Membrane
(TBFM) theory in which independent small rigid rectangular
walls form a cylindrical deformable membrane that can freely
move inward and outward to achieve the target confining stress.

In this study, two different particle shapes composed of
14 and 4 balls have been employed in the numerical simula-
tions. For the parametric study of the numerical model, a
series of triaxial tests have been conducted on a sample of
30 (diameter) X 70 cm (height) using semi-rigid (solid) and
flexible membranes with H,,,,, =20, and V,.=12, 24, and
36. The number and size of the tiles were adjusted to bal-
ance computational demand and membrane deformability. It
was found that for a minimum tile dimension larger than the
smallest particle size, the area difference between tile-based

and circular cross-sections was below 1% for H,, > 20.

(d)

Thus, the study limited the number of tiles in each ring to 20
and investigated different numbers of rings (V) to achieve
the desired flexibility.

The deviatoric stress in the samples with solid membranes
is slightly higher than that in the samples with flexible mem-
branes for assemblies of Strong and Medium particles. How-
ever, the results showed that using a flexible membrane leads
to higher peak and residual mobilized strengths compared
to a solid (semi-rigid) membrane, particularly for Weak
particles prone to breakage. The rearrangement of parti-
cles facilitated by the flexible membrane contributed to the
generation of higher strength. Additionally, increasing the
resolution of the tiles and the flexibility of the membrane
resulted in a transition from a dense to a loose behaviour in
the stress—strain response of the sample, with a continuous
decrease in strength within the residual zone.

sec
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The flexible membrane mainly affects volumetric behav-
iour. This becomes more pronounced for weak particles,
where a large number of breakages are observed. Samples
confined by a solid membrane displayed a more dilative
behaviour, while those tested with a flexible membrane
exhibited reduced dilation. Increasing the number of tile
rings and resolution reversed the reduction in dilation and
shifted the volumetric strains towards positive values. Fur-
thermore, the use of a flexible membrane captures changes
in volumetric strain and void ratio more effectively than a
solid membrane. Weak particles tend to have lower nor-
malized void ratios compared to medium and strong parti-
cles, and this difference becomes more pronounced with an
increase in tile resolution and flexibility of the membrane.

The fracture distribution analysis showed that higher
membrane resolution led to a smoother distribution of
fractures in all directions for medium particles. In the
case of weak particles, an increased number of tile rows
resulted in an escalated occurrence of fractures in all
directions. The confining stress also influenced fracture
distribution, with higher confining stresses generally lead-
ing to a smoother distribution of fractures.

The variation in mean effective stress and deviatoric stress
during the shearing stage of a triaxial test has a significant
impact on the mobilized friction angle within an assembly,
both are crucial considerations for the engineering design of
rockfill structures. The flexibility of the membrane used in the
test setup plays a considerable role in determining the maxi-
mum friction angle, particularly for breakable particles. As
the resolution of the test setup increases and the membrane
becomes more flexible, the difference in maximum friction
angles between strong and weak particles diminishes.

The particle shape had a significant impact on the mechan-
ical behaviour of the assemblies. The angular particles exhibit
higher maximum friction angle values. The cushioning effect
provided by broken particles enhances stress redistribution
among angular particles, leading to higher maximum fric-
tion angles for weak particles. The flexible membrane further
intensifies this effect. Particle shape 4B, with higher angu-
larity, exhibited higher strength compared to particle shape
14B due to its higher angularity, especially at lower confining
stresses where fewer particles were broken. However, as axial
strain increased, the breakage phenomenon overcame the
effect of angularity, resulting in lower dilation at the residual
stage compared to particle shape 14B. In other words, the
assembly of particles with higher angularity shows a higher
strength and greater dilation at lower axial strains. This effect
is particularly evident at lower confining stresses.

The Diagram of particle displacement using coupled
MPRM and TBFM shows that the fractured particles are
clustered in two regions: (i) the shear band zones, and (ii)
the areas where the particle displacements are markedly
distinct, resulting in increased relative displacement. The

@ Springer

finer daughter sub-particles result in a cushioning effect
when the particles are crushed during the shearing stage,
leading to a more densely packed sample and higher dila-
tion and lower shear strength.

Moreover, the assembly of 14B particles is in the bulg-
ing condition which stems from the smoother stress distri-
bution due to the rearrangement of finer daughter sub-par-
ticles. On the other hand, the assembly of the 4B particles
shows two distinct shear blocks sliding against each other.
Also, the number of broken particles in this assembly is
higher than that in the 14B particles assembly which is due
to; (i) the lower intrinsic strength of bigger pebbles, and
(i) the bigger daughter sub-particles of this particle shape
and concentrated stress on the critical particles.
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