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Numerical modeling is an essential tool in engineering analysis, particularly
within the fields of geoscience and geotechnics. The PFC2D software stands out
in this field, using the Distinct Element Method (DEM) to simulate processes
related to engineering geology and geotechnical assessment. This study focuses
on the analysis and comparison of two common contact models: the Flat Joint
Model (FIM) and the Linear Parallel Bond Model (LPBM). The Unconfined
Compressive Strength (UCS) test is chosen as a the benchmark for calibrating
and validating the PFC models. Sandstone samples for this study are taken from
the Aghajari Formation located on the southern limb of the Madar Anticline. The
results show that both contact models have a high ability to simulate the UCS in
the calibration process. As this test is primarily used to calibrate the failure point
(oc) and Young's modulus, the output values for both models are almost identical.
However, the post-failure behavior in the stress-strain curves differs between the
models, with the FIM demonstrating a more brittle response compared to the
LPBM. The ability of the FIM model to simulate rough surfaces and material
discontinuities allows for the representation of tensile cracking.

Introduction

simulate the mechanical behavior of granular

Numerical methods are now widely used in
geological  activities, including engineering
geological analysis, today. The integration of
geological  knowledge and  engineering
techniques with numerical methods can lead to
effective and reliable understanding and analysis
of various problems. In addition, the limitations
encountered in  empirically solving or
reproducing certain problems, such as the
initiation and propagation of fractures in rocks,
have contributed to the widespread acceptance
and popularity of numerical approaches. The
Particle Flow Code (PFC) is a powerful
modeling tool based on the Distinct Element
Method (DEM), specifically designed to

materials and rocks, and has gained considerable
popularity among geotechnical and engineering
geology researchers. Ofthe eleven models
available in version 6.00.13, the Flat-Joint
Material (FJM) and Linear Parallel Bond
(LPBM) models are particularly favored by
addressing rock mechanics researchers. This
study employs the two-dimensional version of
the software (PFC2D) to compare and analyze
the strengths and weaknesses of these contact
models in simulating uniaxial tests on the
Aghajari sandstone formation. The rock samples
required for the study were selected from the
Aghajari formation in Hormozgan province,
situated within the Zagros folded structural zone.
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This area is located on the southern limb of a fold
structure where only the Aghajari formation,
consisting ofmarlstone, gypsum, and sandstone,
is exposed (Figure 1). The fold is characterized
as asymmetric, with a dip of 35 degrees on the
southern limb and 15 degrees on the northern
limb. The trend of this fold aligns with the
general trend of the Zagros, which runs from
northwest to southeast, and is located between
the provinces of Bushehr and Hormozgan,
adjacent to the shores of the Persian Gulf (ljani,

Materials and Methods
Location of rock sampling
The geographical coordinates of the study area
are illustrated in Figure 2. This area is situated
within the folded structural zone of the Zagros
Mountains. The selection of this region is

2024). This study explores how two behavioral
models—FJM  and  LPBM—affect the
simulation of failure mechanisms. The
comparison between the flat-joint and linear
parallel bond models is critical, as each model
provides distinct methodologies for simulating
rock behavior. This comparison may Yyield
different insights into rock stability and failure,
thereby influencing engineering decisions and
practices.

S

Fig. 1.Viw of the gjari Formation facie in the study area (ljani, 2024)

attributed to the presence of significant industrial
structures, which are integral to the Parsian
Special Economic Zone.

Geographic(deg. Min. sec.) UTM

long(X)

lat(Y) Easting(X) | Northing(Y)

52°53'16.8"E

27°10'48.0" N | 687038.830|3007780.140

Fig. 2. Geographic coordinates of the study area

Contact models in PFC

The formulation of each of the eleven contact
models leads to variations in the impact and
simulation of particle interactions within a given
simulation. The behavioral models selected for
this study can accommodate both ball-ball and
ball-facet contacts. In the two-dimensional
version of this software, particles are represented
as disks. The PFC software has certain
limitations in terms of the number of particles it

can generate, which can be attributed to software
constraints (ljani, 2024).

The LPBM model does not prevent the
possibility of slip (Potyondy and Cundall, 2004).
This contact model has the capability to transfer
both force and moment between the pieces,
which  significantly contributes to load
distribution and the maintenance of structural
integrity within the model. The parallel
connections are conceptualized as a series of
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elastic springs, each exhibiting constant normal
and shear stiffness, uniformly distributed over a
two-dimensional rectangular surface. The forces
and moments generated between the contacting
components are influential in the overall
behavior of the system. Failure within this
contact model arises from the rupture of these
connections. In addition, the FIM framework
describes the macroscopic behavior of a limited
linear elastic material, incorporating a bond or
frictional interface that may endure minor
damage (Potyondy, 2016). Each element within
this model is categorized as either bonded or
unbonded, with bonded elements initially
exhibiting linear elastic behavior, which is
sustained until bond failure occurs. Unbonded

elements also demonstrate linear elastic and
frictional characteristics, and the model adheres
to the force-displacement law.

Uniaxial Compression Test (UCS)

This software requires a calibration process for
all modelling tasks. The purpose of calibration is
to reconcile discrepancies between numerical
results and laboratory outcomes, ensuring
consistency between these two sets of values.
This process is achieved by adjusting the input
parameters of the numerical model. Typically,
the UCS test is one of the two necessary
assessments in this context. Table 1 presents the
values and results from the uniaxial test on the
sandstone sample.

Table 1. Dimensions and laboratory results of uniaxial testing (UCS) of sandstone samples

Density Porosity Young’s modulus | Stress, oc Sample height Sample diameter
(kg/m?®) (%) (GPa) (MPa) (mm) (mm)
2200 2.38 8.45 39.59 100 50

Post-failure diagram of the LBP model
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Post-failure diagram of the FIM model
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Fig. 3. Post-failure diagram of the two FJM and LPBM models

Results and Discussion Conversely, the LPBM model demonstrates a
The input values (cohesion and elastic modulus) greater ability to maintain continuity between
varied between the twomodels. The elastic balls even after fracture. As a result, FIM
modulus input for the FIM model was closer to experiences a more rapid post-failure decline,
the laboratory value by a factor of 1.24 compared due to its more accurate simulation of cracks and

to the input for the LPBM model. In contrast, the fractures. The LPBM model exhibits greater
cohesion value input for the LPBM model was ductility than FJM, highlighting the distinct

almost twicethat of the FIM model. mechanical characteristics of both models, as
The slope of the graph after failure, as illustrated shown in Figure 8. In the LPBM model, stress
in Figure 3, differs between the two models. In reduction occurs gradually, whereas FIM
the FIJM model, the slope decreases by experiences a sudden stress reduction, reflecting
approximately five units more than in the LPBM different failure mechanisms.

model following failure. This indicates a more
brittle behavior in FIM compared to LPBM.

PFC2D 6.00

2019 liasea Gonsuling Group, Inc.

Fracture din name
Fractures (21888)
crack_shear )
crack_tension {21667
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Fig. 4. Initiation and propagation of tensile and shear cracks in both FIM and LPBM models

Conclusions

Both the FIM and LPBM models used are
popular, but each has different characteristics.
The FIM model, with its abilityto simulate
uneven surfaces and material discontinuities,
proves advantageous in scenarios where fracture
and crack propagation are critical. Conversely,
the LPBM model, which excels in simulating
elastic and continuous behavior, is more suitable

for applications requiring the modeling of
materials with high continuity and a more
uniform structure. Additionally, the geological
process in question can influence the choice of
contact model; in other words, the same material,
such as sandstone, may be assessed as either
continuous or discontinuous under different
geological conditions.
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Keyword Name Behavior Summary
null null No mechanical interaction.
linear linear Linear elastic, frictional and viscous behavior.
linearcbond linear contact bond Linear model and contact bonding for BPM.
linearpbond linear parallel bond Linear model and parallel bonding for BPM.
Linear softening bond model for BPM or
sofbond soft bond . g
granular applications.
. . . . Linear model and rolling-resistance mechanism
rrlinear rolling resistance linear ..
for granular applications.
. . Linear model, rolling-resistance mechanism
. adhesive rolling . . .
arrlinear . . and adhesion to give a cohesive granular
resistance linear .
material.

Finite-size, linear elastic and either bonded or
flatjoint flat joint frictional interface with partial damage for
BPM.

smoothjoint smooth joint Provides a joint within a BPM.
Non-linear elastic, frictional and viscous
hertz hertz behavior for granular applications including
impact problems.
. . Similar to hertz model but for impact problems,
hysteretic hysteretic . . - .
directly specify normal restitution coefficient.
, Provides a creep mechanism for granular
burger Burger’s -
applications.
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Fig. 1. View of the Aghajari Formation facies in the study area (ljani, 2024)
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Second interface was bonded when g_ > 0, and subsequent motion
has moved the pieces apart so that (§\ = ZA(S,,) >0, but

the parallel bond has not broken.

piece 2
(wall facet)

piece 1 ;
(ball or pebble) @

Glass beads cemented with
epoxy. The above-left case
corresponds with the beads
having been separated at the
time of epoxy installation.
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Fig. 2. Theoretical finite-size surface (green and red) and spacing of parallel bonding surfaces in parallel bonding
contacts in ball-ball (left) and facet-ball (right) modes. Glass balls photograph by (Holt et al., 2005)

s 5 85 b5 Jlog lagis S & s
o ML: Ja....:]a ‘ow‘f JLQ.C‘ Jq}au ML> » J.:j.u oole
Qg plorinl 5l b s JiSlas ol 51 Gy a5 S a0
oole 5 050 o0 LSl 20 (55l50 Wiga g, 41,8 dbog o
ol b by lagbus g 55lesd s ol o 4y Wigy
izl g ,ks, Slas F IS s selys Bds Jowe
2 solil b b silse Wa Joe S (3855,

by 5l Slasgazs Glyie @ Gl oo 1) Sl N S
Gas cd S oo cob b g by she b Sy
&5F da 99 ) (shelatus mhaw Sy (59, p CS19SH sk
ahio (o a5 Wloals b glaes a4 byud cpl ailoads
50 aS A e ol wled alass (o 1) (Slopls gaman
Silae Do oy pl s Slae oyl 118 alads -l 55 1o
Mg i gm0 589 4 (Slge Wgm Sbml Ty

2 9B g 95 (nl 0gd e Wgm oole y5 5liiS g g



Fojlads VA 0,98 ¢ pwiign (ol yae

oYY

Dashpot force (F“‘ ), not shown.
Linear force (F'], linear clastic

(no tension) and frictional.
Bond load (F and 1\_’1).

linear elastic & bonded.
/

D —0
piece 1

|L 2R |

Fc=F'+F"+F. M‘,:l\v’_l

bonded
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Fig. 3. Behavior and rheological components of the linear parallel bond model with inactive dashpots (Potyondy,

2019).
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Interface load (f‘ and 1\71).

Element load (F‘” and M“'}),

linear elastic & either
bonded or frictional.

notional-surface element

M =M= {(r(“’xF“’))+M“‘)}

Ve

/
piece 2 ///

bonded
a’.
klf
unbonded
l g 5
k, yZ
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n

(Potyondy, 2019) FIM gl S i mhaw Joo 59055, 9 ,L3, . F IS
Fig. 4. Behavior and rheological components of the flat-joint model (Potyondy, 2019).
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Table 3. Dimensions and laboratory results of uniaxial testing of sandstone samples
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Fig. 6. Stress-strain diagrams of the two behavioral models FIM and LPBM
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Table 4. Input and output data values in both models to achieve the laboratory elastic modulus

s> 9,5 odls

©%5,9 oolo ,lade

8.56e° 6.2¢e°

FIM

8.32¢° 5.0e°

LPBM

ez e s Li> 5 IS 0 LPBM Jus
25 lye (SinS g S5 g9y 5l o (S LS
slaaily g olon, b Shy bl » FIM - Jus
& rore Siw o azil alie woad Ja8 pa jo 5 oyl
) S5z ] Sl 3B a5 08 oo (giluand 1) was oo
E3o90 opl (Potyondy, 2016) S’ oo ably 1o § Joxs
FES gileans cle 4 FIM Jos a5 598 oo o
4,75 1) Sy S8 eSSl g o Sl g S 5

el

oads oolatuwl (gams g0 b O rCawSl I g HLS,
Sialesl a5 cesl oud ola 5528 & sk ol sl
Joged s 09 CaBgie gl alais 3l 1350 51wy UCS
ol dnlne V S Bllao Joo 95 58 )3 CenS 5l gy
SealS (Jow g0y aS o eawlice (el 5l el
a5 ol ol azgs Bl S Lol .S oo a5 1) (Li5) g,
axls 8 sgu> FIM - Jow jo caSlis 5l s Hloges s
ol (V USs) wiS e 8l LPBM Jaw loged 51 i
o (6 poaiiSs |13, FIM ko a5 ams oo ol 43,

e 2l Gl e 1y ol cde el ls LPBM Jow &



OYA

Ol 5 Soml | ) 2 oS s3lse Sl g s Sl (55058, Joko 93 3l

Post-failure diagram of the FIM model
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Table 5. Summary of comparison of the two models FIM and LPBM in failure pattern
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