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Abstract

Understanding the strain rate behavior of rock materials is key to geomechanical engi-
neering. However, in numerical tools such as the Particle Flow Code (PFC), the chosen
bonded-particle contact model also fundamentally dictates the mechanical response. A
systematic comparison of how quasi-static strain rates affect different contact models,
Parallel-Bonded (PBM), Soft-Bonded (SBM), and Flat-Jointed (FJM), using a common cal-
ibration baseline, has been lacking. This study addresses that gap by first calibrating all
three models against identical laboratory data from the siltstone of Paleozoic-aged Trakya
formation in Cebeciköy-Istanbul, Türkiye. Subsequently, numerical uniaxial loading simu-
lations were conducted on the calibrated models at three distinct quasi-static strain rates
(0.01, 0.005, and 0.001 s−1) to compare their stress–strain response, crack evolution, and
failure patterns. The results demonstrate that while the initial elastic stiffness was largely
insensitive to the applied strain rates across all models, the post-peak behavior and failure
mechanism remained fundamentally distinct and model dependent. PBM consistently
produced an abrupt, localized brittle failure, SBM exhibited more gradual softening with
distributed tensile damage, and FJM displayed the most widespread, mixed-mode failure
pattern. It is concluded that within the quasi-static loading conditions, the intrinsic formu-
lation of the chosen contact model is a more dominant factor in controlling the failure style,
damage localization, and post-peak characteristics than the specific strain rate applied.

Keywords: particle flow code; uniaxial loading; sedimentary rocks; siltstone; strain rate

1. Introduction
Rocks in engineering projects are subjected to a wide range of loading rates, from

quasi-static to dynamic conditions. In most applications, such as underground excavations,
energy facilities, and storage sites, the loading is quasi-static, with characteristic axial strain
rates ranging from 10−7 to 10−3 s−1 [1–3]. By contrast, during landslides, earthquakes,
or mining operations, rocks are subjected to dynamic loading, with strain rates spanning
roughly 10−4 to 104 s−1 [4–6]. The static strength and failure mechanisms of rocks are
commonly characterized by conventional laboratory tests such as uniaxial compressive
strength (UCS), direct tensile strength (DTS), and triaxial compressive strength (TCS) tests
conducted at quasi-static strain rates [7]. However, the mechanical response of the rocks is
time-dependent, and the measured parameters are sensitive to the strain rate of the loading
apparatus. Higher strain rates can overestimate the practical capacity, while lower rates are
mostly time-consuming and impractical for most applications. Therefore, a systematic and

Geotechnics 2025, 5, 82 https://doi.org/10.3390/geotechnics5040082

https://doi.org/10.3390/geotechnics5040082
https://doi.org/10.3390/geotechnics5040082
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/geotechnics
https://www.mdpi.com
https://orcid.org/0000-0002-7048-9759
https://orcid.org/0000-0002-5740-7763
https://doi.org/10.3390/geotechnics5040082
https://www.mdpi.com/article/10.3390/geotechnics5040082?type=check_update&version=1


Geotechnics 2025, 5, 82 2 of 24

robust assessment of strain-rate dependence in UCS, DTS, and TCS tests is necessary to
improve forecasts of strength and failure in actual field conditions.

An experimental study on the Oshima granite quantified UCS strain rate effects
(from 10−8 to 10−4 s−1), finding that peak strength and acoustic emission activity rise
exponentially with increasing strain rate, while inelastic volumetric strain is higher at lower
rates [8]. Multiple igneous and sedimentary rocks were tested under varying quasi-static
strain rates, providing insight into a log-linear increase in UCS with strain rate [9]. A list of
several Japanese rocks documented systematic UCS increases with strain rate, supporting
quasi-static rate-strengthening trends with different rock types [10]. Hashiba and Fukui
(2015) [11] introduced an index to quantify the loading rate dependency of rock strength
with cross-material comparisons and provided insights into material-specific variations.
An empirical scaling for fracturing under high-energy mechanical loads, constraining the
dynamic strengthening envelope at very high strain rates, is also defined with laboratory
experiments [4].

In addition to laboratory investigations of strain-rate effects, numerous studies address
the phenomenon from a numerical perspective, particularly using bonded and grain-
based discrete-element models (DEM), which are widely employed by researchers. Early
bonded-particle implementations incorporated stress corrosion to capture time-dependent
deformation and rate effects in DEM [12]. There are also subsequent studies focused on
how to choose loading rates and apply quasi-static controls in bonded-particle models
(BPM), making it possible to distinguish true rate effects from numerical inertia [13]. At
the engineering scale, there are also DEM studies on unloading-induced brittle failure that
show that rapid unloading elevates strain burst risk, highlighting how loading rate history
governs instability in rock materials [5]. Grain-based DEM with an explicit stress-corrosion
mechanism has reproduced experimental-style rate trends and tightened the microphysics–
macro response connection in the material, while localized strain-rate and rate-dependent
strength-field analyses show a transition in strain rate that governs cracking behavior,
strength change with strain rate [14–16]. While changes in strain rate are important, in
numerical rock mechanics, particularly in grain-based software such as the Particle Flow
Code (PFC), grain-scale bonding and the chosen contact model are the primary drivers of
model behavior. The chosen contact model (e.g., parallel-bonded model-PBM, soft-bonded
model-SBM, or flat-jointed model-FJM) controls how forces and moments are transmitted
through grains and their bonds. It also determines whether damage accumulates gradually
or breaks suddenly, and how the mixed-mode fracture is addressed. As a result, stiffness,
peak strength, post-peak brittleness, localization width, and even apparent rate sensitivity
can change just by switching the bond model, with everything else kept the same. Early
studies introduced the PBM in PFC and set the basic approach for bonded contacts. They
also noted calibration trade-offs, such as matching the peak/tensile strength ratio and mode
mix [17]. FJM was developed to handle surface-based, mixed-mode failure, and side-by-side
tests showed clear differences from PBM [18]. A follow-up comparative analysis of bond
models offered practical insights into choosing the appropriate model based on the rock
type and loading conditions scenario [19]. The PFC documentation also features UCS and
direct-tension examples that execute PBM and FJM under identical conditions, emphasizing
differences in crack paths and strength ratios. In addition, Reference [20] compared several
bond models for sedimentary rock modeling and provided insights into their differences
in displacement fields, force chains, and cracking characteristics. However, none of these
studies systematically compared the strain rate effect across different bond models under
the same calibration process and quasi-static conditions. In particular, a comprehensive
assessment of PBM, SBM, and FJM—calibrated using the same rock type and laboratory
dataset and tested across various quasi-static axial strain rates—is necessary to understand
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how the selection of contact model influences the rate-dependent behavior of rocks. Beyond
experimental studies, numerical investigations using the distinct-element method and
bonded-particle models have explored the effects of strain rate and failure in brittle rocks.
Early PFC applications with the parallel-bonded model (PBM) demonstrated how grain-
scale bonding and contact stiffness influence macroscopic properties and localization,
while also revealing calibration trade-offs, such as matching both compressive and tensile
strengths. Later developments introduced models such as the SBM and FJM models to
better simulate mixed-mode fracture and surface damage. Studies indicate that the choice
of contact model influences fracture mode, force-chain structure, and brittleness, even
under the same loading conditions. These findings highlight that both strain rate and
contact law are key factors in the numerical response. However, systematic comparisons
isolating strain-rate and contact-model effects in a common calibration are lacking. Prior
research has often focused on a single model or comparing contact laws at a single rate,
without exploring both together. A comprehensive assessment of PBM, SBM, and FJM,
calibrated to a single dataset and tested at various strain rates, remains lacking.

This study calibrates these models to Istanbul siltstone and examines how strain rates
(0.01, 0.005, 0.001 s−1) affect stress–strain, crack evolution, and damage under quasi-static
conditions. By standardizing calibration and loading, it aims to distinguish the influence
of strain rate from the choice of contact model. Laboratory data from siltstone specimens
commonly encountered in Istanbul were used to calibrate three bonded-particle contact
models (PBM, SBM, FJM) and to examine how axial strain rate (0.01, 0.005, and 0.001 s−1)
affects the stress–strain response, fracture characteristics, and force-chain architecture under
quasi-static conditions. The study aims to clarify strain-rate effects relevant to contact-
model selection for numerical analyses that can be upscaled to large-scale engineering
applications, such as tunneling for transportation or infrastructure.

2. Materials and Methods
2.1. Rock Material and Specimen Geometry

Istanbul settles on the Western Pontide belt, where a continuous Paleozoic sedimen-
tary succession from the Lower Ordovician to the Lower Carboniferous is widely exposed.
This sequence comprises thick packages of sandstone, siltstone, shale, and intercalated
carbonates, later overlain locally by Mesozoic–Cenozoic units [21,22]. Near-surface en-
gineering studies commonly intersect fine-grained, weakly cemented layers within this
succession; well-studied formations in the area include Visean carbonates near Cebeciköy
(Figure 1) [23–25]. Siltstone of the Trakya formation, belonging to this Paleozoic sequence,
a dense, fine-grained sedimentary rock widely encountered around Istanbul, especially
in tunnel projects, is selected as the reference lithology for numerical modeling (Figure 2).
Representative blocks were trimmed and cored following ISRM guidance to produce right-
cylindrical specimens with a nominal diameter of 54 mm and an L/D ratio of 2. End faces
were ground to within standard tolerances for flatness and parallelism, and visible defects
were avoided.
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Figure 1. Generalized location and simplified geological map of the study area.

 

Figure 2. General view of the siltstone outcrops at Cebeciköy region (Photo taken by Ömer Ündül).

2.2. Bonded-Particle and Contact Models in PFC

The Discrete Element Method (DEM) was introduced for rock problems with disconti-
nuities and was later formalized for assemblies of spherical particles by [26,27]. During
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the early years of its use, DEM was mostly employed for granular flows and rock masses
with blocks to provide an alternative to continuum methods. DEMs most important inno-
vation was the explicit definition of particle interactions with each other, employment of
contact forces, progressive failure, which leads to well-defined fracturing in heterogeneous
geomaterials [26–28]. In the following years, advances in computing and DEM enabled
the use of them for jointed rock masses and slope stability analysis. During the 1990s,
PFC extended DEM to intact and fractured rocks, for tracking the model response to load-
ing, fracturing, and post-peak softening for rock engineering applications [17]. Since the
2000s, faster hardware/software have driven 2D/3D applications such as tunnel stability,
excavation-induced stresses, rock burst, and hydraulic fracturing [20,29–32].

In parallel with the developments in DEM, bond models have also begun to develop
in order to better represent the different properties and stress-dependent behavior of rocks,
especially in PFC (Itasca Consulting Group, Minneapolis, MN, USA). Early models focused
on replicating the bonded-particle nature of rock materials [17]. These contact models
treated particles, disks in 2D, and spheres in 3D, as rigid bodies with fundamental contact
laws, which were sufficient for granular materials but not for cemented bodies and the
tensile strength of intact rocks. This limitation is especially important when the mechanical
response of the rock mass surrounding underground openings needs to be addressed or
focused. In order to solve this problem, multiple contact models were developed for the
PFC environment. Basically, in all contact models, particles are bonded by strength-defined
bonds, yet each model shows different behavior under stress. By this, the behavior of
different types of rocks under stress can be modeled more comprehensively with different
contact models. Although many built-in contact models exist in PFC, the three most used
contact models, Parallel-Bonded (PBM), Soft-Bonded (SBM), and Flat-Jointed (FJM) contact
models, are focused on in this study in terms of strain rate effect on the failure behavior
of sedimentary rocks under quasi-static conditions. The PBM has been widely used in
PFC for simulating intact rock for almost a couple of decades. In this model, particles
are bonded by finite-size parallel bonds that transmit normal and shear forces as well as
bending and twisting moments, making the contact mechanically analogous to a short
elastic beam [33]. In PBM, it is possible to reproduce the compressive and tensile responses
of the rock material, which is important to model the brittle nature of rocks. Each bond
is governed by a linear force-displacement law and an activity-deletion criterion that is
more or less similar for all contact models. Bonds between models break when shear or
tensile stress exceeds the limit of the bonds load capacity. It is also possible to monitor
the different parameters, such as changes in stress, energy release, and cracking during
the test, as well as all other contact models. The main limitation of the PBM is its bias in
making the rotation of the particles and bonds too stiff and in producing a crack pattern
more uniform than in real rock. After the PBM, the SBM was introduced to represent
bonding in a weaker way to create a model with less brittle failure [34]. Unlike PBM, where
beam-like bonds between particles fail abruptly once stress thresholds are exceeded, SBM
allows a more gradual softening from bonded to unbonded behavior contacts. SBM defines
and calculates the normal and shear forces, transmitted bending and twisting moments,
and also the post-peak deformation in a more realistic way than PBM. In SBM, during
bond weakening until the occurrence of the bond breakage, energy is split into stored and
slip-dissipated parts, reflecting stress redistribution and release [35]. SBMs main advantage
is to capture the strain-softening and distributed damage better than PBM, but this requires
calibrating more micro-mechanical parameters and is time-consuming in comparison. The
FJM introduces finite-size, surface-based contacts to represent angular, interlocked grains,
which are closer to real rock microstructures [18]. Instead of a single beam-like bond in
other contact models at the particle centers, there is a notional interface defined at each
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contact node in FJM. This interface is discretized into multiple elements that may or may
not be bonded or unbonded. Each of the bonds can store strain energy while carrying
normal or shear forces and transmitting bending moments. Also, these bond breaks can
break in shear or tension and carry partial damage contacts. With FJMs, these capabilities,
it is also possible to replicate and capture the cracking processes more realistically than
PBM and SBM. FJM formulation considers elastic response and frictional slip, partitioning
energy into stored strain and slip-dissipated parts [36]. FJM is more computationally
demanding, but it can also reproduce the anisotropy, nonlinear strength envelopes, and
complex fracture networks, which are important for heterogeneous and interlocked rock
materials. By the employment of the same calibration procedure for siltstone, PBM, SBM,
and FJM contact models were evaluated across under quasi-static conditions with strain
rates of 0.01, 0.005, and 0.001 s−1. Strain rates in PFC differ from laboratory rates because
deformation is imposed through incremental steps in an explicit dynamic scheme. Lower
rates (e.g., 10−5 s−1) are impractical due to small time steps and long runtimes, increasing
inertial effects. Even at lower rates, such as 0.005 and 0.001 s−1, each simulation took 3–4
days on a workstation with an Intel i9 processor. These rates balance cost, stability, and
inertial effects in DEM simulations. Comparisons focused on stress–strain response of
models with different contact models, cracking, and force-chain architecture to identify a
suitable contact law for subsequent upscaling for both future studies and complex rock
mass environments.

2.3. Calibration and Simulation Setup

Laboratory specimens of the siltstone have a dense, low-porosity fabric. Cylindrical
cores were prepared from block samples with a diameter of around 54.08 mm, a length of
105.89 mm, (L/D ≈ 2) in accordance with ISRM recommendations [7,37]. Siltstone samples
have an average of a dry unit weight of 26.70 kN/m3, an effective porosity of 2.43% and
a P-wave velocity of 2.89 km/s, showing a microstructure with low porosity. Uniaxial
compression tests had an average peak strength of 38.0 MPa at a peak axial strain of around
0.35%; the Young’s modulus was 11.3 GPa and the Poisson’s ratio 0.05 (Figure 3). Crack
initiation occurred at approximately 11.0 MPa, giving a CI/UCS ratio of 0.29, which is
consistent with a predominantly brittle post-peak response. In PFC, calibration is inherently
multi-stage and iterative; contact stiffnesses, bond strengths, and frictional properties are
tuned, mostly one by one, while their couplings make convergence demanding. Micro-
parameters such as contact/bond stiffness, normal/shear bond strengths, cohesion, and
friction were iteratively adjusted until the simulated curves matched the target parameters
such as modulus, peak strength, peak strain, qualitative failure pattern, etc. The same
calibration flowchart was followed for PBM, SBM, and FJM models to have a common
approach and baseline for fair comparisons between each other. The model resolution is
also another important parameter for calibration; larger models with finer particles increase
representativeness but also demand higher computational infrastructure [38–40]. Conse-
quently, during the calibration phase, many iterations need to be made before the simulated
stress–strain envelope matches the laboratory results. Considering the large number of
micro-mechanical parameters in bonded-particle models, calibrating each micro-parameter
independently is neither practical nor meaningful because many act in coupled ways
and lack direct macroscopic analogs. Therefore, a simplified but effective and pragmatic
calibration flowchart is followed in this study (Figure 4). Calibration results showed that all
three contact models reproduced the siltstone’s UCS and Young’s modulus under uniaxial
loading (Table 1). Tensile strength was less consistent; PBM and SBM overestimated the
laboratory value, whereas FJM matched more closely. This difference emerges from each
models’ inherent formulations; beam-like normal bonds in PBM/SBM inflate tensile ca-
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pacity, while the surface-based FJM permits progressive splitting toward a realistic tensile
limit [17,18].

 

Figure 3. Deformation-controlled test setup used for uniaxial compressive tests at ETH Zürich in
2015 (Photo taken by Ömer Ündül).

 

Figure 4. Flow chart used for calibration of PBM, SBM, and FJM models.

Table 1. Comparison between laboratory and numerical model results of the studied siltstone.

Cebeciköy
Siltstone PBM SBM FJM

Peak strength (MPa) 37.83 38.95 37.94 38.32
Tensile strength (MPa) 3.78 9.80 10.02 3.61
Young Modulus (GPa) 11.30 11.54 11.09 10.91

In addition to the iterative calibration steps outlined above, it is important to note
that PBM and SBM tend to systematically overestimate tensile strength when tuned to
match uniaxial compressive strength. This is due to the intrinsic structure of these bond
models, where the same microparameters control both compressive bond failure and tensile
bond breakage. Increasing normal and shear bond strengths to match the UCS also raises
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the tensile capacity of contacts, making it challenging to achieve a realistic UCS-tensile-
strength ratio without adding extra heterogeneity or predefined flaws. This limitation is
well-documented in prior bonded-particle modeling research [19,41,42]. For clarity, the
key point here is that PBM and SBM may cause tensile cracking to occur earlier and more
suddenly than in natural siltstone; however, the comparison among PBM, SBM, and FJM
remains valid, as all models were calibrated consistently under the same conditions. The
calibration involved an iterative process due to coupled microparameters affecting multiple
responses. Initially, the elastic modulus was matched by adjusting contact stiffnesses
(kn and ks) until the stress–strain curve aligned with laboratory Young’s modulus. Next,
the uniaxial compressive strength was calibrated by modifying bond strengths (σc and
τc). Since these adjustments sometimes affected tensile response, tensile behavior was
fine-tuned with tensile bond parameters and limits. When conflicts arose, such as UCS
overestimating tensile strength, UCS was prioritized, and tensile parameters were re-
adjusted without changing the elastic modulus. Finally, minor adjustments to the stiffness
ratio (ks/kn) ensured localisation width and post-peak softening matched observed brittle
behavior. This process was repeated until Young’s modulus, UCS, tensile strength, and
post-peak characteristics were simultaneously calibrated.

During calibration, it was also targeted to the overall stress–strain shape and damage
thresholds, crack initiation, onset of yielding, and post-peak behavior. As shown in Figure 5,
all models capture the elastic modulus and UCS, SBM best reproduces gradual post-peak
softening, PBM exhibits a sharper brittle drop, and FJM captures distributed cracking while
slightly underestimating initial stiffness. The simulated balance of tensile vs. shear bond
failures agrees with specimen-scale microcracking observations. PBM develops a localized,
shear-dominated fracture, SBM shows a more diffuse crack network, and FJM exhibits
mixed tensile–shear damage as a result of calibration (Figure 6). These trends align with
laboratory observations of predominantly brittle behavior in the tested Cebeciköy siltstone.
The validation step thus confirms that the calibrated models reproduce not only strength
and stiffness but also the broader fracture style and damage evolution, which could be
used in future studies. Table 2 summarizes the calibrated micro-parameter sets for PBM,
SBM, and FJM.

Figure 5. Stress–strain curves of the selected siltstone with calibrated PBM, SBM, and FJM, respectively.
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Figure 6. Failure patterns of selected siltstone and numerical models calibrated with PBM, SBM, and
FJM under uniaxial loading (Blue: tension cracks, Red: shear cracks, yellow circles: particles).

Table 2. Micro-mechanical parameters were used to calibrate the PBM, SBM, and FJM.

Micro Parameter PBM SBM FJM

Minimum grain size 0.8 × 10−3 0.8 × 10−3 0.8 × 10−3

Maximum grain size 1.6 × 10−3 1.6 × 10−3 1.6 × 10−3

Radius multiplier 1.0 1.0 1.0
Bond effective modulus 8.3 × 109 1.5 × 1010 1.5 × 1010

Bond normal-to-shear stiffness ratio 1.5 1.5 1.5
Moment-contribution factor 1.0 1.0 -
Tensile strength 3.0 × 107 3.3 × 107 1.0 × 107

Cohesion/Tensile strength ratio 10 20 8.25
Friction coefficient 0.4 0.4 0.4

3. Results
The results are organized for three calibrated bonded-particle contact models (PBM,

SBM, FJM) tested at three axial strain rates (0.01, 0.005, 0.001 s−1) under identical specimen
geometry and boundary conditions, considering quasi-static conditions. Rate-dependent
stress–strain responses, tension and shear crack counts versus strain, and qualitative
fracture patterns, force-chain and contact-force magnitudes are presented, respectively.

3.1. Rate-Dependent Stress–Strain Behavior of the Models

Across all three contact models, the initial linear elastic portion of the stress–strain
curves remains remarkably consistent regardless of the applied strain rate. The nearly
identical slopes at 0.01, 0.005, and 0.001 s−1 strongly demonstrate that the calibrated Young’s
modulus is fundamentally rate-insensitive within the examined quasi-static range. This
indicates that the most significant strain-rate effects manifest in peak strength and post-peak
behavior, not in elastic stiffness, highlighting the robustness of the elastic response. The
strain-rate effect on the stress–strain behavior of calibrated PBM, SBM, and FJM models
was evaluated by applying three different strain rates under uniaxial loading conditions.
For the PBM, the elastic part of the curve overlaps at rates of 0.01, 0.005, and 0.001 s−1,
indicating a rate-insensitive stiffness of the model. Peak stress is reached at an axial strain
of ≈0.003, with values around 37–38 MPa. After the peak, stress drops steeply with little
additional strain, reflecting a brittle, localization-dominated response. Differences between
0.005 and 0.001 s−1 are minor in the peak region, while the 0.01 s−1 series shows only
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the early elastic segment due to its limited range. In PBM, a change in strain rate causes
the stress drop to occur after the peak, which indicates a brittle and localized response
(Figure 7). For the SBM, stress–strain curves seem unaffected by the change in strain rate
and show stable modulus for all models (Figure 8). However, with decreasing strain rate,
particularly at 0.005 s−1, a 3–4 MPa increase in peak strength was observed, unlike PBM,
and failure occurred at approximately 40 MPa. After the peak, stress decreases gradually in
stepwise drops, indicating distributed damage and mixed tensile–shear cracking rather
than a single localized failure seen in PBM and SBM. The strain rate effect seems modest,
with small shifts in peak level seen (the 0.005 s−1 series is slightly higher, the 0.001 s−1 series
is slightly lower), while the main variation is in the extent and slope of the post-peak tail of
the model. Overall, FJM sustains deformation over a wider strain interval and exhibits the
least brittle post-peak response among the three models (Figure 9).

Figure 7. Stress–strain curves of the PBM model at strain rates 0.01, 0.005, and 0.001 s−1.

Cross-model comparisons are also carried out to better understand the strain-rate
effect on model behavior and response to the uniaxial loading (Figures 10–12). At each rate,
the initial elastic part of the stress–strain curve for PBM, SBM, and FJM nearly overlaps,
indicating that the calibrated Young’s modulus is essentially insensitive to loading rate.
Differences between models appear close to peak and, more strongly, in the post-peak part
of the curve, where the character of softening is controlled by the contact law of the contact
model. At the strain rate of 0.01 s−1, PBM shows a lower peak (mid-30 MPa) reached
near strain of 0.003, followed by an abrupt drop, indicating a distinctly brittle response
with the shortest post-peak path while SBM reaches the highest peak, about 40 MPa at
strain 0.003, and then softens quickly over a narrow strain window, consistent with sudden
localization after peak. However, FJM attains a peak at a larger strain with 0.004 and
preserves a wider load interval than PBM and SBM, keeping post-peak behavior long
and stepwise, indicating disturbed damage. For the strain rate of 0.005 s−1, PBM once
again gives a slightly lower peak than the other models and fails with a drop, showing an
example of a brittle, localization-dominated post-peak. SBM, unlike the PBM, maintains
a higher peak around 40 MPa at 0.003 strain and exhibits a short softening behavior after
the peak. FJM exhibits a different response to strain rate compared to PBM and SBM. It
reaches its peak at a higher strain and maintains deformation over the broadest strain
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range; its long post-peak tail is the most pronounced among the models. At the lowest
strain level, PBM exhibits the lowest peak and the sharpest stress decline, with only a brief
post-peak segment, whereas SBM displays a short softening phase, indicating limited rate
sensitivity in peak magnitude. FJM shows a modest rise in peak stress and larger strains,
with prolonged post-peak behavior, extending deformation until failure.

Figure 8. Stress–strain curves of the SBM model at strain rates 0.01, 0.005, and 0.001 s−1.

Figure 9. Stress–strain curves of the FJM model at strain rates 0.01, 0.005, and 0.001 s−1.
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Figure 10. Stress–strain curves of calibrated PBM, SBM, and FJM at a strain rate of 0.01 s−1.

Figure 11. Stress–strain curves of calibrated PBM, SBM, and FJM at a strain rate of 0.005 s−1.

Overall, the post-peak failure response differs systematically among the three contact
models. PBM demonstrates the most brittle behavior after the peak, with a sharp stress
decline and a brief softening phase, indicative of highly localized shear failure. SBM
exhibits an intermediate response, showing a slightly more gradual and longer post-peak
segment, linked to limited distributed damage around the main shear band. In contrast,
FJM appears the least brittle, maintaining residual strength over a broader strain range and
developing a more extensive damage zone. Its prolonged, stepwise post-peak tail indicates
a more dispersed failure process.
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Figure 12. Stress–strain curves of calibrated PBM, SBM, and FJM at a strain rate of 0.001 s−1.

3.2. Crack Evolution Under Different Strain Rates

Crack counts at different strain rates were examined to better understand the damage
accumulation in the calibrated models under uniaxial loading. Shear cracking is generally
negligible, except in the late stages of FJM immediately prior to failure, so the discussion
is confined to the relationship between strain rate and tensile cracking. For clarity, the
curves were interpreted separately within each model by itself. For the PBM, tensile
cracking remains scarce through the elastic part of the loading and then rises sharply in a
narrow strain window around peak load. Post-peak, the curve saturates quickly within
a small strain, indicating rapid localization and limited additional distributed damage.
PBM model’s cracking behavior seems independent from the strain rate as long as the
quasi-static conditions are kept (Figure 13). Tensile cracking begins earlier and increases
more gradually at SBM than in PBM. A broader peak region can be seen with continuation,
moderate crack growth into the post-peak stage. The distinction between the strain rates is
small to moderate over most of the curve, which indicates a more distributed damage and
smoother softening behavior (Figure 14). It can also be stated that the accumulation pattern
indicates that failure proceeds by progressive microcracking rather than an abrupt crack
burst. However, in FJM, tensile cracking onsets early and is sustained over a wider strain
interval, which leads to a longer post-peak failure (Figure 15). Strain rate dependence is
clearer in FJM than in PBM and SBM, especially at the end of the elastic to the post-peak
region, consistent with progressive and spatially distributed damage. It is also noted that
the extended crack accumulation indices the mixed-mode cracking rather than a single
localization event leading to the sudden failure. Considering all the models, the initiation
phase of cracking is only weakly strain rate dependent, whereas peak and post-peak
behavior show the clearest difference. PBM exhibits the most abrupt, high-density crack
accumulation, SBM shows a gradual and steady increase, and FJM sustains damage over
the widest strain range.
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Figure 13. Crack numbers under different strain rates for PBM.

Figure 14. Crack numbers under different strain rates for SBM.
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Figure 15. Crack numbers under different strain rates for FJM.

3.3. Failure Patterns of the Models Based on Strain Rate Variations

Failure patterns were evaluated at post-failure for three strain-rate cases for PBM,
SBM, and FJM. Interpretation was based on three aspects: the spatial distribution of
tensile and shear cracks, the intensity of contact force chains, and the magnitude field of
contact forces. These parameters were taken into consideration to understand the crack
initiation, coalescence, loading path, and cracking relationship, as well as the zones of stress
concentration. Considering all strain rate variations applied to PBM, in general, failure is
governed by a single, persistent inclined fracture formed by the rapid coalescence of tensile
cracks (Figure 16). At the macroscopic level, the stress–strain curve remains nearly linear
until microcracking begins, although tensile microcracks start to form sparsely early on
and then grow quickly within a narrow strain range near the peak stress. The contact-force
chain maps showed a strongly columnar load path that remained highly aligned up to peak
and then collapsed abruptly across the forming band; at 0.005, the column appeared most
continuous immediately prior to failure, consistent with the relatively higher peak stress,
whereas at 0.01 and 0.001, a slightly wider process zone preceded collapse. The contact-
force magnitude fields are concentrated along the fractures, which shows sharp localization
and limited stress redistribution following the peak stress. A brittle, localization-dominated
response was observed in PBM. Early tensile activity was small, increasing near the peak
stress, after which cracks coalesced abruptly. Post-peak deformation remained confined to
a narrow band with negligible shear. For the SBM, damage accumulated through tensile
fractures only, with no shear cracks. The failure zone developed as a quasi-planar band with
frequent tensile splays, which broadened the affected zone relative to the PBM (Figure 17).
Tensile activity was initiated in the early stages of loading and increased more gradually,
leading to a broader peak region, and continued with post-peak accumulation. At lower
strain rates, the primary fractures developed straighter and denser at peak stress, consistent
with the slightly higher peak strength observed for this intermediate rate. In contrast,
at strain rates of 0.01 and 0.001, a modest widening of the process zone, accompanied
by more off-band tensile microcracks, was observed. The contact-force chain exhibits a
reticulated network that reorganizes in stages rather than collapsing in a single event, and
the contact-force magnitude displays elevated but more diffusely distributed clusters over a
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wider zone. Overall, a moderate, distributed softening was observed throughout the model,
with tensile cracks gradually linking up and load paths shifting slowly. SBMs strain-rate
response is generally consistent across loading conditions, with a slight peak strength
increase of 0.005 s−1. This minor deviation is not seen as a systematic rate effect but likely
relates to the soft-bonded model’s structure. Unlike PBM, which fails suddenly, and FJM,
which spreads damage over a contact surface, SBM features a gradual softening zone before
bond breakage. This softening can make crack linking more sensitive to strain rate, causing
small stress variations. These differences fall within typical bonded-particle variability
and do not change the SBM failure interpretation. For FJM, considering different strain
rates, a mixed-mode pattern was observed, dominated by tensile fractures with limited
local shear at the linkage points (Figure 18). Tensile cracking began early and continued
over a wide strain interval, resulting in a wider zone and a long post-peak. At a strain
rate of 0.001, the damage zone was widest, corresponding to larger strains. For 0.005, the
damage zone was smaller but still more distributed than in PBM or SBM. At 0.01, several
tensile fractures linked progressively before failure. The force-chain network appeared
to be multi-path rather than a single column, as seen at PBM and SBM. The contact-force
magnitude field formed a corridor with patches of high values, indicating that stress was
spread over a broad area rather than concentrated in a single path. Overall, FJM exhibited
the most widespread damage among the models, characterized by progressive tensile
growth, occasional local shear at crack linkages, and moderate sensitivity to strain rate. The
visualizations in Figures 16–18 depict the post-failure stage, which occurs after the PFC
simulation has fully concluded and the specimen is no longer able to bear load.

As a result of strain rate variations in terms of failure patterns of the PBM, SBM,
and FJM, failure patterns were consistent with the constitutive styles of the models. PBM
showed a brittle, highly localized zone formed by rapid coalescence of tensile fractures, with
no shear and little post-peak spreading. SBM exhibited moderately distributed softening,
again without shear, where tensile fractures linked earlier and the load path reorganized in
stages. FJM produced the most widespread damage, characterized by early, sustained ten-
sile growth and limited local shear at the linkage points. In the FJM model, the damage zone
is consistently more extensive than in PBM and SBM across all three strain rates. At 0.01 s−1,
a wide band of mixed tensile and shear microcracks forms around the main shear plane,
with damage extending well beyond the narrow localisation band observed in PBM. At
0.005 and 0.001 s−1, the failure plane shape remains similar, but the damaged area becomes
thicker, and microcrack density increases, with cracks spreading over a larger section of the
specimen height. This demonstrates that FJM maintains a broad, surface-based damage
zone over the studied quasi-static strain rates, with only slight changes in crack extent and
intensity as the strain rate varies. To complement the qualitative analysis, a brief quantita-
tive evaluation of damage patterns was conducted using pixel-based measurements directly
extracted from post-failure crack maps. By estimating the number of fractured particles in
the damaged area and converting pixel distances into particle diameters, the width and
extent of the damage zone were approximated for each model. In PBM, only about 1–2%
of the particles are affected within a narrow band approximately 2–3 particle diameters
wide. In SBM, roughly 3–4% of particles are within a broader corridor of 4–6 diameters.
Meanwhile, FJM exhibits the widest and most diffuse zone, with 6–9% of particles located
within a band spanning approximately 10–14 diameters. These pixel-based measurements
provide straightforward quantitative support for the observed differences in localization
behavior, without introducing methodological complexity. Although the specimens are
nominally homogeneous bonded-particle assemblies, tensile cracks can nucleate during
uniaxial compression, mirroring laboratory observations. Micro-scale effects—such as
variations in contact stiffness, local reductions in lateral confinement, and force-chain
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buckling—generate small tensile stress zones within the overall compressive field. These
lead to extensional microcracks similar to wing cracks in real rocks, explaining why tensile
cracking occurs naturally in bonded-particle simulations under compression.

Figure 16. Fracture patterns, force chains, and contact magnitude variations for PBM ((a): 0.01,
(b): 0.005, (c): 0.001), The yellow circles represent the particles, while the dark-blue lines indicate
tensile cracks. The black lines show the contact force chains, and their thickness is proportional to
the transmitted force, with thicker lines indicating higher force. The color scale from red to dark
blue illustrates the contact-force magnitudes, where red shows the highest values and dark blue
the lowest.
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Figure 17. Fracture patterns, force chains, and contact magnitude variations for SBM ((a): 0.01,
(b): 0.005, (c): 0.001), The yellow circles represent the particles, while the dark-blue lines indicate
tensile cracks. The black lines show the contact force chains, and their thickness is proportional to
the transmitted force, with thicker lines indicating higher force. The color scale from red to dark
blue illustrates the contact-force magnitudes, where red shows the highest values and dark blue
the lowest.
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Figure 18. Fracture patterns, force chains, and contact magnitude variations for FJM ((a): 0.01,
(b): 0.005, (c): 0.001), The yellow circles represent the particles, while the dark-blue lines indicate
tensile and red line indicate share cracks. The black lines show the contact force chains, and their
thickness is proportional to the transmitted force, with thicker lines indicating higher force. The color
scale from red to dark blue illustrates the contact-force magnitudes, where red shows the highest
values and dark blue the lowest.
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4. Discussion
In this study, the strain-rate effect on the behavior of different bonded-particle contact

models in PFC was examined under three different quasi-static rates: 0.01, 0.005, and
0.001 s−1, respectively, using three calibrated models based on laboratory test results of the
siltstone in Cebeciköy, Istanbul, Türkiye. The aim was to differentiate strain-rate effects
from constitutive variations to clearly identify model-dependent behaviors across the
pre-peak, peak, and post-peak stages.

In all scenarios, PBM, SBM, and FJM displayed a shared elastic region that showed
minimal sensitivity to changes in strain rate. The calibrated Young’s modulus was accu-
rately reproduced within acceptable tolerances, and the minor differences observed in this
region are within the typical numerical variability of quasi-static DEM simulations. The
significant strain-rate effects mainly appeared in the peak and post-peak phases. At the
intermediate rate of 0.005 s−1, a marginally higher peak strength and a more confined
process zone were observed compared to 0.001 and 0.01 s−1, while the elastic stiffness
stayed essentially the same. These observations align with laboratory-based quasi-static
rate effects, where strength may increase slightly with strain rate while the elastic modu-
lus remains nearly constant. Additionally, they agree with DEM findings indicating that
limited strengthening can occur when relaxation times decrease, without causing inertial
artifacts [43,44].

A methodological gap in prior bonded-particle model studies was addressed by
placing PBM, SBM, and FJM under a single calibration baseline and identical loading
histories, allowing for the separation of rate effects from contact-law effects. Under these
controlled conditions, post-peak shape and damage localization width were shown to
depend more on the contact law than on the small strain rate changes applied. This
outcome seems to be in parallel with the mechanism reported in previous studies about
contact models and PFC [17,18].

Crack growth was found to be tensile-dominated. In PBM and SBM, failure behavior
was controlled by tensile cracks alone, regardless of the differences in strain rate. Tensile
nucleation initially emerged sparsely, then intensified prior to the peak and coalesced into
a localized band; accumulation after the post-peak was modest in PBM and more gradual
in SBM. In FJM, a mixed-mode pattern was observed with tensile cracking remaining dom-
inant, but limited local shear appeared at linkage points, and the process zone broadened
as the rate decreased (widest at 0.001 s−1). These trends are consistent with reported strain
rate effects in rock and bonded-particle studies. Tensile microcracking governs quasi-static
failure, while increasing the rate mainly shifts the timing and compactness of coalescence
rather than the elastic stiffness [45,46].

The unique post-peak behaviors of the three models originate from their underlying
mechanics. PBM experiences sudden bond failure, resulting in a sharp peak, an immediate
drop in stress, and a narrow-inclined damage band. SBM exhibits distributed softening with
earlier tensile activity, staged force-chain reorganizations, and a wider damage zone. This is
due to its gradual cohesive softening zone, which allows contacts to unload gradually and
makes the crack-linking process more sensitive to the loading rate. FJM shows the most
distributed and strain-rate-dependent post-peak behavior. Its surface contact structure,
made of multiple micro-facets that break progressively, creates a wide process zone. Since
stress redistribution among these facets relies on the rate of local stress unloading and
migration, its post-peak response is more sensitive to strain rate compared to PBM or SBM.

A final consideration is the tensile strength bias present in PBM and SBM. As explained
in Section 2.2, these models tend to overestimate tensile strength when calibrated to UCS
because the same microparameters influence both tensile and compressive bond failure.
This overstrength could increase the apparent role of tensile cracking in PBM and SBM.
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However, two factors lessen this impact in the analysis. First, tensile-dominated failure
under uniaxial compression is well-supported by laboratory experiments and DEM studies,
so it is not solely an artifact of bond modeling. Second, the comparison remains valid
because all models underwent the same calibration procedures and experienced identical
boundary conditions and strain-rate histories. Consequently, although PBM and SBM
might exaggerate tensile effects quantitatively, the qualitative differences among PBM,
SBM, and FJM, especially the higher rate sensitivity of the FJM post-peak response, are due
to their inherent constitutive structures, not calibration bias.

This study’s results are specific to the fine-grained, low-porosity siltstone used for cali-
bration. Rocks with very different microstructures—such as high-strength crystalline rocks
or highly porous sandstones—may exhibit different crack-initiation thresholds, fracture
behaviors, and strain-rate responses under the same bonded-particle models. Therefore, the
comparison of PBM, SBM, and FJM here should be viewed in the context of rocks with sim-
ilar grain-scale bonding and deformation features, rather than extended to all lithologies.

5. Conclusions
Choosing the right strain rate is important in simulations such as PFC, where the

interaction between particles significantly influences the overall behavior. The applied
strain rate determines both the numerical stability and the degree to which the model
remains representative of quasi-static laboratory behavior. The three bonded-particle
models, PBM, SBM, and FJM, were calibrated using the same procedure and laboratory
results obtained from a selected siltstone. Initial stiffness was found to remain essentially
stable across different strain rates, while it appears to be more effective, especially in the
pre- and post-peak ranges. The intermediate rate (0.005 s−1) tended to be associated with
slightly higher peak capacity and a more compact damage zone than the lower and higher
rates. Tensile cracking governed the failure in PBM and SBM, while limited local shear
appeared only in FJM, where the process zone broadened at a slower rate. Failure patterns
within this perspective were primarily controlled by the type of contact model.

In PBM, within the focused quasi-static range, higher strain rates intensified local-
ization and caused a steeper post-peak decline, along with a slight increase in apparent
peak strength due to limited microcrack relaxation and inertia effects. Lower strain rates
allowed more precursory cracking and marginally broader dilation before collapse, but
residual capacity remained minimal in all cases. Compared to the PBM, SBM showed
moderate rate sensitivity to the variations, at higher rates the damage zone narrowed and
softening steepened, whereas lower rates promoted more distributed yielding and a clearer
residual plateau. Peak strength varied little, but post-peak shape and energy dissipation
were rate-dependent. Unlike the other models, FJM exhibited the strongest response to
strain rate variation in post-peak evolution, with higher rates delaying full coalescence
and prolonging load-carrying capacity, resulting in a longer post-peak tail. In contrast,
lower rates favored earlier linkage of mixed-mode cracks and faster stiffness loss. Peak
and stiffness remained realistic across rates, but the tension–shear interplay and branching
density shifted with rate.

Across models, variations in strain rate primarily modulated localization width and
the post-peak slope rather than dramatically changing peak strength. PBM for peak-driven,
rapidly localizing responses; SBM when residual capacity and distributed softening at
slow rates matter; FJM for progressive, mixed-mode damage with rate-sensitive post-peak
behavior. For practical use of PFC models, it will be beneficial to conduct triaxial validation,
broaden the strain-rate window to cover creep and impact, model heterogeneity/DFN
explicitly, and use three-dimensional models.
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The conclusions of this study are relevant to the fine-grained, low-porosity siltstone
used for calibration but should not be directly applied to lithologies with significantly differ-
ent microstructures. Future research could include triaxial validation, expanding the strain-
rate range to include creep and impact regimes, explicitly modeling heterogeneity or DFN
structures, and implementing these in fully three-dimensional bonded-particle assemblies.
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