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Abstract 
 

This study presents a comprehensive investigation into the mechanical behavior of granular soils through a combined 
experimental and computational approach using triaxial testing and a coupled Discrete Element Method–Finite Element 
Method (DEM-FEM) framework. By integrating laboratory experiments with advanced numerical simulations, the research 
aims to enhance the realism and accuracy of soil behavior modeling under varying stress conditions. The use of flexible 
membrane modeling, realistic contact laws, and a coarse-graining strategy allows for detailed exploration of particle-level 
interactions and their influence on macroscopic deformation. Three coarse-graining coefficients (CGC = 3, 6, and 12) were 
evaluated to assess the trade-offs between computational cost and accuracy. The findings reveal that while higher CGC values 
improve efficiency, they introduce numerical artifacts, whereas lower CGC values deliver better alignment with experimental 
results at greater computational expense. CGC = 6 emerges as the optimal compromise, maintaining strong agreement with 
experimental stress-strain and volumetric responses across multiple confining pressures. The study also confirms that 
normalized stress-strain relationships are preserved across scales, validating the robustness of the DEM-FEM framework. 
Overall, this research offers a valuable methodology for bridging micro- and macro-scale mechanics in computational 
geotechnics and provides guidance on optimizing model resolution for practical engineering applications. 
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1. Introduction 

The mechanical behavior of granular materials, particularly 

soils, is fundamental to geotechnical engineering, influencing 

the design and construction of civil infrastructure. Triaxial 

testing, a cornerstone technique in this field, provides critical 

insights into soil stability, strength, and deformation under 

controlled stress conditions.[1,2] This experimental method has 

been pivotal in evaluating material behavior, offering essential 

data for understanding soil responses to varied loading 

environments, which is crucial for safe and effective 

engineering practices.[3,4,5] 

Consolidated drained (CD) triaxial tests are a cornerstone 

for characterizing the strength, deformation, and failure 

behavior of granular soils (e.g., sands and gravels) under 

drained loading. Experiments showed that loose and dense 

sand specimens converge to the same void ratio at large strains, 

defining a “critical void ratio” that separates dilative from 

contractive behavior.[6,7] This discovery laid the foundation for 

critical state soil mechanics (CSSM), which postulates a 

unique ultimate state. Later studies confirmed that the friction 

angle at critical state is governed by mineralogy (around 33° 

for quartz sands) and that dense sands mobilize higher peak 

strength due to dilation. (controlled by relative density and 

confining stress)[8] Bolton’s formulation quantified this 

strength–dilatancy relationship, linking extra shear resistance 

in dense samples to their tendency to dilate. 

Experiments with varying stress histories show that over 

consolidation increases sand stiffness and accelerates dilation 

onset, yielding a higher peak shear resistance.[9] Nonetheless, 

drained triaxial tests demonstrate that irrespective of initial 

density or preloading, sand accumulates shear strain until 

reaching the same critical state void ratio.[10,11] 

Classical interpretations of triaxial results assume uniform 

deformation, yet real specimens often develop localized shear 

bands at failure. Such strain localization violates continuum 

assumptions and complicates constitutive model calibration.[12] 

Moreover, inherent fabric anisotropy can make soil strength 

dependent on loading direction, which basic isotropic models 
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cannot capture. These complexities have prompted advanced 

modeling approaches such as nonlocal continuum 

formulations to handle shear banding and anisotropic critical-

state models that include fabric orientation. Discrete-element 

simulations are increasingly coupled with CD triaxial insights 

to better capture granular behavior beyond classical 

frameworks.[13] 
 

Table 1: Dimensions and Physical Properties of the Experimental 

Sand Specimen. 

Property Value 

Height (mm) 75.58 

Diameter (mm) 37.24 

Membrane thickness (mm) 0.45 

Volume (cm³) 82.280 

Mass (g) 145.247 

Particle density (g/cm³) 2.62 

Voids ratio 0.4456 

Porosity 0.3083 

 

Laboratory triaxial tests enclose the soil specimen in a thin 

latex membrane to allow free deformation under controlled 

confinement. Similarly, numerical studies have shown that 

boundary conditions strongly influence simulated behavior.[14] 

Rigid lateral boundaries, while convenient for applying 

pressure, can inhibit the specimen’s natural failure processes 

and deformations.[14] Such rigid walls permit only uniform 

lateral strain, preventing the local bulging (“barreling”) that 

real specimens exhibit.[15] This lack of deformability 

suppresses dilation and hinders the onset of strain localization 

(shear bands), often leading to an overestimation of strength 

or other discrepancies.[15] Moreover, simply applying 

confining stress without an actual membrane means that 

particle–boundary interactions are neglected.[14] The 

membrane in a physical test transmits pressure through direct 

contact with grains; without modeling this flexible interface, 

the simulation cannot capture how particles press into and 

deform the boundary, affecting force chains and failure 

patterns. To address these issues, researchers have 

incorporated flexible membrane models in Discrete Element 

Methods (DEM), ranging from bonded-particle membranes to 

coupled continuum meshes, to better replicate the latex 

membrane’s behavior.[14,16] These approaches allow realistic 

radial deformation and particle–membrane interaction, 

yielding responses closer to experimental observations. For 

instance, Qu et al. developed a strain energy-based DEM 

membrane calibrated to latex properties and validated it 

against lab tests. They found that while the overall stress–

strain curve was similar, the flexible boundary had a 

significant impact on volumetric dilation, bulging failure 

modes, and internal force networks, compared to a rigid wall

.[17] Likewise, recent simulations with flexible Finite Element 

Methods (FEM) membrane with DEM particles report more 

pronounced shear band formation, fabric anisotropy evolution, 

and realistic post-peak softening, aligning much better with 

experimental data than rigid or periodic boundaries.[18] Notably, 

using a flexible membrane improves the match to measured 

stress–strain behavior – reducing errors in peak strength and 

stiffness – versus rigid-wall simulations.[15] Researchers 

caution that the membrane’s properties must be chosen 

carefully, as an overly stiff or coarse membrane can impose 

extra confinement on the sample.[19] Overall, the literature 

suggests that modeling a deformable membrane is crucial for 

capturing the true deformation mechanisms (dilation, bulging 

and strain localization) in granular media. This motivates the 

present use of a coupled DEM–FEM approach with a realistic 

flexible membrane, in order to faithfully simulate particle–

membrane interactions and improve the predictive accuracy of 

triaxial test models. 

Coupling DEM with FEM leverages the strengths of each 

to model granular soils more realistically. DEM represents 

grain-scale physics (contact friction, dilation, particle 

rearrangements) that continuum models often idealize, while 

FEM efficiently handles large-scale boundaries and 

continuum regions.[20] Rather than choose one method, modern 

3D DEM–FEM frameworks use both “for what they are good 

at,” replacing phenomenological constitutive laws with a 

DEM-based micro-mechanical response inside an FEM 

macro-scale model. This integration naturally bridges micro- 

and macro-mechanics: the granular assembly’s emergent 

behavior informs the continuum response, and vice versa. As 

a result, coupled models capture complex phenomena like 

strain localization and shear banding that DEM reproduces at 

the grain scale (shear band thickness relates to grain size), 

without sacrificing the scale and flexibility advantages of 

FEM. 

 
Fig. 1: Initial state of the simulation process. 

In triaxial test simulations, DEM–FEM coupling has clear 

benefits. For example, a flexible rubber membrane can be 

modeled with FEM while sand or gravel particles are 
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Fig. 2: Schematic representation of the DEM-FEM coupling. 

 

simulated with DEM.[21] This allows realistic particle–

boundary interactions: each grain’s contact force on the 

membrane is mapped into the FEM as a distributed traction, 

causing the membrane to deform and apply back-pressure on 

the particles.[22] Such two-way force mapping reproduces 

confining pressure effects and sample deformation more 

faithfully than rigid or particle-based boundaries. Using a 

proper contact model (e.g. nonlinear Hertz–Mindlin law) for 

grain–grain and grain–wall contacts further improves realism, 

capturing elastic-frictional contact behavior.[23,24] To ensure 

accuracy, micro-parameters (particle stiffness, friction, etc.) 

are calibrated so that the DEM assembly’s stress–strain 

response matches lab data, and the FEM membrane’s material 

is tuned to mimic a latex enclosure. Studies confirm that 

DEM–FEM models can tackle complex soil behavior (e.g. 

particle breakage under high pressure) beyond the reach of 

DEM-only or FEM-only approaches.[25] By uniting grain-scale 

detail with continuum-scale context, the DEM–FEM approach  
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Fig. 3: Particle Size Distribution (PSD) – Comparison Between 

Experiment and Simulation for Different Coarse-Graining 

Coefficients. 

 

provides a more predictive and insightful tool for simulating 

realistic triaxial behavior of granular materials.Coarse-

graining (CG) techniques in DEM and DEM-FEM simulations 

offer a practical trade-off between computational cost and 

mechanical fidelity for granular materials. Instead of modeling 

every grain, groups of particles are replaced by a larger “super-

particle,” reducing particle count dramatically.[26,27] This 

approach can yield order-of-magnitude speed-ups – for 

example, a recent study achieved about nine times faster 

simulations using coarse-grained parcels while still matching 

the original model’s sand production rates and velocity 

profiles.[28] Proper scaling laws are crucial when increasing 

particle size so that bulk behavior (e.g. mass, contact stiffness, 

and energy dissipation) remains consistent with the fine-

grained system.[27] Studies have established rules to adjust 

particle density and contact parameters for enlarged grains, 

preserving volume fraction and mechanical response.[26] 

Indeed, when exact scaling laws are applied, the coarse-

grained model can closely reproduce the original system’s 

behavior, although some loss of precision is inevitable as the 

scale factor grows.[27] 

  
Fig. 4: Experimental stress-strain curves for different confining 

pressures. 

 

Different coarse-graining coefficients (CGC) have been 

tested to find an optimal balance. Increasing CGC greatly 

reduces computational cost but tends to degrade accuracy – 

errors in macro-scale stress or deformation responses grow as 

CGC increases.[27] At very high CGC, issues such as boundary 

distortion and an underestimation of contact interactions can 

emerge, since fewer, larger particles cannot capture fine 

contact network details.[29] To mitigate these effects, multi-

scale approaches have been proposed. For instance, 

Queteschiner et al. introduced multi-level CG, embedding 

fine-grained regions near boundaries within coarse domains to 

improve fidelity.[29] Overall, prior research indicates that a 

moderate coarse-graining factor (~4–6) provides the best 

compromise between efficiency and accuracy.[26,27] In light of 

these findings, using CGC = 6 is often recommended as an 

optimal choice – it substantially lowers computation time 

while maintaining bulk mechanical behavior within 

acceptable error bounds.[26,28] This balance has been validated 

by experiments and simulations, which show that CGC = 6 

retains realistic stress–strain and flow characteristics of 

granular assemblies, whereas higher ratios lead to pronounced 

deviations.[26] Such consensus in the literature underpins the 

selection of CGC = 6 for the present work as a viable trade-off 

between computational feasibility and mechanical realism. 

 
Fig. 5: Experimental volumetric strain versus axial strain 

behavior for different confining pressures. 

 

Despite the significant advancements in triaxial testing and 

DEM-FEM simulations, challenges remain in accurately 

modeling particle-membrane interactions and capturing 

nuanced soil behaviors under complex stress conditions. 

Simplified boundary conditions and contact laws often fail to 

represent the dynamic interactions within granular materials, 

limiting the predictive accuracy of simulations. 

This study aims to address these gaps by integrating 

advanced contact models and flexible membrane simulations 

within a DEM-FEM framework. By incorporating more 

realistic particle-membrane interactions and enhancing 

computational efficiency through coarse-graining techniques, 

this research seeks to improve the predictive capabilities of 

triaxial testing simulations, contributing to safer and more 

efficient geotechnical engineering practices. This coupled 

approach has broad applications across civil, mining, 

aerospace, and petroleum engineering. For example, it has 

been used to simulate soil-geogrid interlocking, seismic
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Fig. 6: Micromechanical localization at 10 % strain. (a) Rotation map reveals a 60° shear band. (b) Displacement vectors diverge 

along the same plane, confirming the band. 

 

responses of embankments, and interactions in hydraulic 

fracturing, as well as to investigate particle breakage in 

granular soils under high confining pressure, model 

hypervelocity impacts on spacecraft debris shields, and 

analyze the uplift behavior and failure mechanisms of suction 

buckets embedded in granular soil.[30,31,32] Recent research has 

also highlighted the transformative potential of incorporating 

contact models, such as the Hertz-Mindlin (HM) models, 

which provide more realistic depictions of particle-level 

interactions and elastic-plastic deformation transitions.[33,34] 

 
Fig. 7: Comparison of experimental and simulated deviatoric 

stress vs axial strain for CGC = 12.  

 

Moreover, the scope of triaxial testing has evolved with the 

integration of sustainable materials and innovative modeling 

techniques. Applications such as microbial-induced carbonate 

precipitation (MICP) and biochar have advanced sustainable 

geotechnical solutions, demonstrating the adaptability of 

triaxial testing to address modern engineering challenges.[35,36] 

Additionally, the use of flexible membranes in DEM-FEM 

simulations has improved the accuracy of modeling soil and 

rock behavior by capturing shear band formation, pore 

pressure evolution, and stress heterogeneity in granular 

materials, as well as replicating brittle-ductile transitions in 

rock samples under triaxial compression.[37,38] 

Despite these advancements, challenges remain in 

accurately modeling the complex interactions within granular 

materials. Many existing models rely on rigid boundaries or 

simplified contact laws, which fail to capture the nuanced 

behaviors of soils under realistic conditions. This study seeks 

to address these limitations by integrating advanced contact 

models and flexible membrane simulations within a DEM-

FEM framework. The aim is to improve the predictive 

capabilities of these simulations, making them more reflective 

of real-world soil responses under triaxial testing conditions. 

Although coupled Discrete Element Method–Finite 

Element Method (DEM–FEM) frameworks have been applied 

to triaxial testing before, the present study advances the 

technique by uniting three key innovations in a single, 

rigorously validated pipeline: (i) a deformable latex-like 

membrane modeled with FEM that exchanges forces 

bidirectionally with DEM particles at every timestep, 

faithfully capturing particle–boundary interactions often 

overlooked in earlier rigid-wall studies; (ii) a systematic 

coarse-graining protocol that quantifies the trade-off between 

computational cost and stress–strain fidelity across three 
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scaling factors (CGC = 3, 6, 12), thereby offering clear 

guidance on model resolution for practical engineering use; 

and (iii) calibrated Hertz-Mindlin contact laws and force-

mapping algorithms that reproduce micromechanical 

phenomena—shear-band localization, force-chain evolution, 

and dilation—consistently with laboratory data. Together, 

these elements transform an otherwise traditional DEM–FEM 

setup into a micro-to-macro simulation framework that 

delivers both high accuracy and computational efficiency, 

providing a demonstrable step beyond conventional triaxial‐

test modeling approaches. 

 
Fig. 8: Comparison of experimental and simulated deviatoric 

stress vs axial strain for CGC = 6. 

 

In this research, the focus is on enhancing the accuracy and 

applicability of DEM-FEM simulations by: 

1. Incorporating advanced contact models that 

simulate elastic and plastic deformation behaviors more 

precisely. 

2. Integrating flexible membranes that adapt to natural 

soil deformations, providing a more realistic representation of 

stress states. 

3. Leveraging a coupled DEM-FEM framework to 

ensure seamless transmission of forces and deformations 

across the soil sample. 

By addressing these objectives, this study aims to 

contribute significantly to the field of geotechnical 

engineering, offering a robust framework for understanding 

soil behavior under complex loading conditions and 

facilitating the design of safer and more efficient infrastructure. 

The findings are expected to advance the state of the art in 

triaxial testing and computational modeling, paving the way 

for innovative geotechnical solutions. 

 

2. Methods 

2.1 Experimental design 

Drained triaxial compression tests, conducted in accordance 

with ASTM D7181 and D4767, provided the experimental 

benchmarks for this study. A cylindrical sand specimen (height 

≈ 75 mm, diameter ≈ 37 mm) taken from a cleaned reservoir 

core was encased in a latex membrane and mounted in a water-

pressurised triaxial cell (Fig. S1). Key geometric and physical 

properties—including membrane thickness, bulk density, 

porosity and void ratio—are summarised in Table 1. After 

saturation to a B-value ≥ 0.96, the specimen was isotropically 

consolidated under effective confining stresses of 50, 200 and 

350 kPa, then sheared at a constant axial-strain rate of 0.05 

mm min⁻¹ while drainage was maintained. Axial load, axial 

displacement (±0.001 mm via external LVDTs) and specimen 

volume change (±0.01 cm³ via a burette system) were recorded 

continuously to produce deviatoric stress–strain and 

volumetric strain–axial strain curves that serve as quantitative 

reference data for validating the coupled DEM–FEM 

simulations. 

 

2.2 Simulation framework 

This study utilizes a coupled DEM-FEM approach to simulate 

the mechanical behavior of granular materials confined within 

a flexible membrane, as observed in triaxial compression tests 

(see Fig. 1). The DEM solver, Aspherix®, models the granular 

particles, capturing their individual and collective interactions. 

The FEM solver, Elmer, represents the flexible membrane, 

allowing for the analysis of its deformation in response to 

particle-induced forces. This coupling enables a detailed 

examination of the interactions between the granular assembly 

and its confining boundary, providing insights into the 

material's macroscopic behavior under load. 

 
Fig. 9: Comparison of experimental and simulated deviatoric 

stress vs axial strain for CGC = 3. 

 

2.3 DEM-FEM coupling 

The integration of Aspherix® and Elmer is achieved through 

a co-simulation strategy that enables dynamic information 

exchange between the DEM and FEM solvers at each 

simulation timestep. Fig. 2 illustrates the schematic 

representation of the DEM-FEM coupling, detailing the 

iterative process between the two solvers for accurate 

simulation. The coupling begins with the DEM computation, 

where Aspherix® calculates the contact forces acting between 

particles as well as between particles and the flexible 

membrane. These interaction forces, particularly those exerted 

on the membrane surface, are identified and prepared for 
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transfer to the FEM solver. 

Once computed, the contact forces from Aspherix® are 

mapped onto the corresponding nodes or finite elements of the 

membrane model within Elmer. This force mapping ensures 

that the membrane’s structural response to localized particle 

interactions is accurately captured by the FEM solver. Elmer 

then proceeds to compute the resulting deformation of the 

membrane under these applied loads, updating the nodal 

displacements and internal stresses accordingly. 

 
Fig. 10: Normalized experimental stress-strain curves for 50 kPa, 

200 kPa, and 350 kPa. 

 

Following the FEM computation, the updated displacement 

data of the membrane is communicated back to Aspherix®. 

The DEM solver uses this information to adjust the positions 

and boundary conditions of the particles that interact with the 

deformed membrane, ensuring consistency in the particle-

environment interactions. 

This coupled process iterates within each timestep, and 

convergence is assessed by monitoring the changes in forces 

and displacements exchanged between the solvers. Once these 

changes fall below a predefined threshold, convergence is 

considered achieved. Through this iterative and synchronized 

exchange, the simulation accurately captures the complex 

interactions between the granular particles and the deformable 

membrane, maintaining numerical stability and physical 

realism throughout the simulation. 

 

2.3.1 Contact models 

1. Particle-Particle Interactions: The Hertz-Mindlin 

contact law was used to simulate normal force Eq. (1) and 

tangential force Eq. (4) between particles when their distance 

r is less than their contact distance 𝑑 = 𝑟𝑖 + 𝑟𝑗. Normal force: 

𝐹𝑛 = 𝑘𝑛𝛿𝑛 − 𝛾𝑛𝑣𝑛                                  (1) 

• 𝑘𝑛 is the normal stiffness as shown in Eq. (2). 

• 𝛿𝑛 = 𝑑 − 𝑟 is the overlap. 

• 𝛾𝑛 is the damping constant as shown in Eq. (3). 

• 𝑣𝑛is the relative normal velocity. 

The normal stiffness k_n is given by: 

𝑘𝑛 =
4

3
𝑌∗√𝑟 ∗ 𝛿𝑛                                          (2) 

• 𝑌∗  and 𝑟∗  are equivalent material properties based on 

Young's modulus and Poisson's ratio of the interacting 

particles. 

The damping constant is: 

𝛾𝑛 = 2√
5

6
𝛽√𝑆𝑛𝑚∗                                          (3) 

where 𝑆𝑛 = 2𝑌∗√𝑟∗𝛿𝑛  and β is a function of the 

coefficient of restitution e. 

Similarly, the tangential contact force is defined as: 

𝐹𝑡 = 𝑘𝑡𝛿𝑡 − 𝛾𝑡𝑣𝑡                                        (4) 

• 𝑘𝑡  and 𝛾𝑡  denote the tangential stiffness and damping 

coefficients as in Eq. (5) and (6), respectively. 

• 𝛿𝑡  is the accumulated tangential displacement. 

• 𝑣𝑡  is the relative tangential velocity at the contact 

interface. 

The normal stiffness 𝑘𝑛 is given by: 

𝑘𝑡 = 8𝐺∗√𝑟 ∗ 𝛿𝑛                                   (5) 

• 𝐺∗is the equivalent shear modulus. 

The tangential damping coefficient is expressed as: 

𝛾𝑡 = 2√
5

6
𝛽√𝑆𝑡𝑚∗                                          (6) 

• where 𝑆𝑡 = 8𝐺∗√𝑟∗𝛿𝑛.  

For scenarios requiring more physically accurate modeling, 

especially under varying normal loads, Aspherix® supports 

the Hertz–Mindlin model, a nonlinear formulation that 

captures the deformation-dependent nature of contact stiffness. 

This model considers the geometric and material properties of 

the particles and provides more reliable predictions for 

dynamic systems and dense particle assemblies. The choice 

between these models depends on the specific characteristics 

of the granular material and the objectives of the simulation. 

 
Fig. 11: Comparison of normalized simulated stress-strain 

responses (CGC = 3) across different confining pressures. 
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Table 2: Comparison of Experimental and Simulated Parameters for Different Coarse-Graining Coefficients. 
Parameter Experiment Simulation 

(CGC=12) 

Simulation 

(CGC=6) 

Simulation (CGC=3) 

Young's modulus (Pa) 70e9 2250e9 915e9 125e9 

Friction coefficient 0.35 4.5 2.8 1.3 

Simulation time (hours) 16 32 66 135 

Number of particles   8500 71600 622400 

The linear model offers simplicity and computational 

efficiency, while the Hertz–Mindlin model introduces greater 

realism at the cost of increased computational demand. These 

mechanics are visually illustrated in Supplementary Fig. S2, 

which shows two particles in contact, highlighting the 

direction of normal and tangential forces, the overlap between 

particles, and the associated relative velocities. 

2. Flexible Membrane Model: The flexible membrane 

is modeled using FEM, where the stress-strain relationship is 

used to describe the deformation behavior. For small 

deformations, the strain-displacement relationship is 

expressed as in Eq. (7). 

𝜖 = 𝐵𝑢                                         (7) 

• ϵ is the strain.  

• B is the strain-displacement matrix.  

• u is the displacement vector. 

Although the model applies a small deformation 

assumption, the membrane is allowed to undergo noticeable 

displacement during loading, which may exceed the limits of 

linear strain theory in some cases. Nodal displacements 

resulting from contact forces between particles and the 

membrane are resolved at each timestep and are essential for 

maintaining realistic boundary conditions. Accurate modeling 

of this deformation within the DEM-FEM framework is 

critical for representing particle-boundary interactions and 

ensuring reliable simulation results. 

The stress is calculated as in Eq. (8). 

𝜎 = 𝐷𝜖                                           (8) 

where D is the material stiffness matrix, based on the 

Young’s modulus and Poisson’s ratio of the membrane 

material. 

3. Particle–Membrane Interactions: In the coupled 

DEM–FEM framework, particle–membrane contact forces are 

detected and computed by Aspherix®, then transferred to 

Elmer, which returns the corresponding membrane 

deformation; the force–mapping sequence is illustrated in 

Supplementary Fig. S3. 

a. When a particle approaches and penetrates the 

membrane surface (modeled by finite elements), a contact is 

registered. Similar to particle–particle contact, a spring-

dashpot model or a Hertzian formulation is applied to compute 

the interaction force.  

i. Normal contact force: 

𝐹𝑛
𝑝𝑚

= 𝑘𝑛
𝑝𝑚

𝛿𝑛
𝑝𝑚

− 𝛾𝑛
𝑝𝑚

𝑣𝑛
𝑝𝑚

                                        (9) 

• 𝑘𝑛
𝑝𝑚

  is the normal stiffness between the particle and 

membrane. 

• 𝛿𝑛
𝑝𝑚

 is the overlap between the particle and membrane. 

• 𝛾𝑛
𝑝𝑚

   is the damping constant between the particle and 

membrane. 

• 𝑣𝑛
𝑝𝑚

 is the normal component of relative velocity at the 

contact point. 

 

ii. Tangential contact force: 

𝐹𝑡
𝑝𝑚

= 𝑘𝑡
𝑝𝑚

𝛿𝑡
𝑝𝑚

− 𝛾𝑡
𝑝𝑚

𝑣𝑡
𝑝𝑚

                                     (10) 

• 𝑘𝑡
𝑝𝑚

   and 𝛾𝑛
𝑝𝑚

   are tangential stiffness and damping 

parameters respectively. 

• 𝛿𝑡
𝑝𝑚

  is the tangential displacement accumulated at the 

contact interface. 

• 𝑣𝑡
𝑝𝑚

 is the relative tangential velocity. 

b. Force Mapping to FEM Mesh: 

The contact forces computed by Aspherix® are not 

applied at a single point but are distributed over the nodes of 

the impacted FEM elements in Elmer. This ensures 

equilibrium and compatibility of forces at the contact surface, 

smoother deformation of the membrane and physically 

accurate feedback to the DEM solver. Elmer receives these 

nodal forces and updates the membrane deformation, which is 

then interpolated back to the DEM as updated particle 

boundary constraints. 

c. Coupling Considerations: 

• Contact stiffness 𝑘𝑛
𝑝𝑚

   is often calibrated based on 

experimental data or derived from contact mechanics. 

• Penetration depth is kept small to maintain numerical 

stability and realism. 

• Time integration schemes in Aspherix® (typically 

explicit) are matched in resolution with the FEM solver's 

timestep to avoid instability in the exchange. 

 

2.3.2 Coarse graining approach 

The particle size distribution (PSD) in the numerical model 

was designed to closely match the experimental PSD obtained 

from real granular soil samples. A polydisperse particle size 

distribution was implemented to reflect the natural 

heterogeneity of the material. The experimental PSD and its 

numerical representation for different CGCs are compared in 

Fig. 3. 
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To achieve a computationally feasible simulation, a coarse-

graining strategy was employed. With the real particle sizes, 

the total number of particles required for an accurate 

numerical representation would be approximately 13500000, 

which is computationally impractical. 

To reduce the computational burden while maintaining 

mechanical consistency, CGC of 3, 6, and 12 were evaluated. 

Increasing CGC results in a shift toward larger particle 

diameters, modifying the PSD compared to the experimental 

distribution. The number of simulated particles was reduced to 

622400 for CGC = 3, 71600 for CGC = 6, and 8500 for 

CGC = 12, significantly lowering computational costs. 

Scaling laws ensured mechanical consistency between 

coarse-grained particles and real granular materials. 

Parameters, including the friction coefficient and Young's 

modulus, were calibrated through systematic calibration tests, 

comparing numerical and experimental stress-strain behaviors 

to minimize deviations. Table 2 summarizes these parameters 

and illustrates the trade-offs between accuracy and 

computational efficiency for each CGC. The differences in 

parameters between simulations and experimental values 

reflect adjustments needed to maintain accurate mechanical 

responses under various coarse-grained resolutions, as 

determined from calibration analyses. 

 

2.3.3 Computational implementation and solver details 

Simulations were performed using Aspherix®, a 

comprehensive DEM software developed by DCS Computing 

GmbH. Aspherix® offers advanced capabilities for simulating 

complex particle systems and built-in coupling interfaces for 

seamless integration with FEM analyses. The DEM-FEM 

coupling within Aspherix® allowed efficient force and 

displacement data exchange. 

The computational setup consisted of a high-performance 

workstation with two Intel Xeon E5-2699 v4 processors (22 

cores, 44 threads each), totaling 88 threads. The system 

included 503 GiB RAM and GPU acceleration provided by an 

NVIDIA Quadro P6000 (24 GB VRAM), ensuring numerical 

stability and efficiency during intensive computations. 

Simulation timesteps were set to 10⁻⁹ s (DEM) and 10⁻⁷ s 

(FEM), ensuring precise force-displacement updates. The full 

set of computational and material parameters used in every run 

is summarised in Supplementary Table S1, which was 

validated through calibration tests. 

 

2.3.4 Particle generation and boundary setup 

In the DEM-FEM simulations, particles were generated within 

the triaxial cell using a randomized spatial distribution to 

replicate the initial density and arrangement observed in the 

experimental setup. Initially, the particles were generated 

above the membrane and allowed to fall under gravity into the 

enclosed space. To achieve the target porosity, the top cap was 

used to gently compress the particles, ensuring a realistic 

packing structure before external stresses were applied. Fig. 1 

presents the initial state of the simulation process, depicting 

the particle distribution and boundary setup for the coarse-

graining cases. 

The boundary conditions were designed to reflect the 

experimental triaxial test conditions. A confining pressure of 

50 kPa, 200 kPa, and 350 kPa was applied through the flexible 

membrane in different simulation cases, allowing realistic 

lateral deformation during compression. Axial loading was 

applied through both the top and bottom caps, which moved at 

a controlled velocity to replicate the uniform compression 

process in the physical test. Unlike conventional setups where 

the bottom boundary is fixed, in this study, it was displaced in 

coordination with the top cap to ensure proper stress 

distribution and deformation behavior. 

To balance numerical accuracy and computational 

efficiency, different axial strain velocities were tested in the 

DEM-FEM simulations. The velocities considered were 0.05 

m/s, 0.02 m/s, 0.01 m/s, and 0.005 m/s, with their impact on 

stress-strain response and volumetric strain behavior carefully 

evaluated. The relative error was assessed by comparing 

results between consecutive strain rates. First, the 0.05 m/s 

case was compared with 0.02 m/s, followed by a comparison 

between 0.02 m/s and 0.01 m/s, and finally, between 0.01 m/s 

and 0.005 m/s. This stepwise approach allowed for a 

progressive refinement of strain rate selection while ensuring 

that computational costs remained manageable. As shown in 

Supplementary Table S2, the 0.02 m/s velocity was chosen, as 

its stress-strain response differed by less than 5% from the 

0.01 m/s case, while still significantly reducing computational 

time compared to lower strain rates. Higher velocities, 

particularly 0.05 m/s, led to a noticeable increase in relative 

error, especially in volumetric strain. Since the relative 

difference between 0.01 m/s and 0.005 m/s was minimal, 

further reduction in strain rate was deemed unnecessary. The 

final selection of 0.02 m/s ensured an optimal balance between 

simulation accuracy and computational efficiency, making it 

the most suitable strain rate for further numerical analyses. 

 
Fig. 12: Simulated volumetric strain vs. axial strain curves for 50, 

200, and 350 kPa (CGC = 3). 

 

To accurately model particle-membrane interactions, friction 

parameters were incorporated based on experimental values. 

The particle-wall and particle-membrane contact properties 

were calibrated to ensure that stress transmission and 
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deformation behavior aligned with physical observations. 

To validate the membrane’s deformation and internal 

volume changes during the simulation, a custom Python script 

was developed. This script processes the VTU/PVTU mesh 

output from Aspherix®, calculates the internal volume of the 

flexible membrane, and tracks its evolution over time. Using 

a Convex Hull approximation, the script ensures an accurate 

representation of membrane deformation and boundary 

movement. The computed volume data is exported as a 

function of time, allowing for direct comparisons with 

experimental measurements. The full implementation of this 

script is available in the GitHub repository associated with this 

study. 

 

2.3.5 Parameter-sensitivity check 

To verify that the calibrated inputs were not coincidental, we 

repeated the 50 kPa simulation at every coarse-graining level 

and perturbed the two parameters that control macroscopic 

stiffness and strength, namely the particle Young’s modulus 

and the inter-particle friction coefficient, by roughly ±25 % 

around their baseline values. All other inputs (membrane 

properties, cap velocity, damping) were held fixed. After every 

trial the simulated stress-strain curve was compared with the 

experimental benchmark and the root-mean-square deviation 

was recorded. Supplementary Table S3 summarizes the sweep: 

for CGC = 3, 6 and 12 the RMS error drops steadily to a 

distinct minimum, and those minima define the parameter sets 

used in all subsequent simulations. The monotonic trend 

indicates that the model response is locally well behaved, and 

that the chosen calibrations lie near a joint optimum rather 

than an arbitrary point in a flat landscape. 

 

2.3.6 Macroscopic Shear-Band Orientation 

For dense granular materials, the inclination β of a shear band 

with respect to the major principal-stress axis is commonly 

related to the peak (bulk) friction angle φ by the Coulomb 

orientation rule,  

𝛽 = 450 +
𝜑

2
                                         (11) 

as given in Eq. (11). The friction angle itself is defined by 

the shear-to-normal stress ratio acting on the failure plane, 

tan 𝜑 =
𝜏

𝜎𝑛
                                         (12) 

shown in Eq. (12). These two expressions are invoked in 

Section 4.2.2 to translate the simulated shear-band inclination 

into the experimentally measured peak friction angle and to 

verify the model’s macroscopic strength response. 

 

3. Results 

3.1 Experimental observations 

3.1.1 Overview of experimental procedure 

The experimental study involved conducting a series of CD 

triaxial tests on a real sand specimen to investigate the 

 
Fig. 13: Comparison of experimental and simulated volumetric 

strain for 50 kPa at different CGCs. 

 

mechanical behavior of granular soil under varying confining 

pressures. The specimen was enclosed in a flexible membrane 

and subjected to controlled axial loading while maintaining 

drained conditions to prevent excess pore pressure buildup. 

Three different confining pressures—50 kPa, 200 kPa, and 

350 kPa—were applied to assess their influence on the soil’s 

stress-strain response and volumetric strain behavior. 

 

3.1.2 Final deformed specimen and failure mode 

Upon completion of the shearing phase, the sand specimen 

exhibited a characteristic barrel-shaped deformation, a 

commonly observed failure mode in granular soils subjected 

to triaxial compression. The deformation pattern was 

indicative of strain localization and dilation effects, 

particularly at higher confining pressures. The extent of lateral 

bulging is shown in Supplementary Fig. S4. 

 

3.1.3 Experimental stress-strain behavior across different 

confining pressures 

The experimental stress-strain responses for different 

confining pressures were analyzed to assess the strength 

characteristics of the sand specimen. Fig. 4 illustrates the 

deviatoric stress versus axial strain curves for confining 

pressures of 50 kPa, 200 kPa, and 350 kPa. The results indicate 

an expected trend where higher confining pressures resulted in 

greater peak deviatoric stress values, demonstrating increased 

shear strength due to enhanced particle confinement. The 

curves also reveal strain-hardening behavior, with the stress 

reaching a peak before stabilizing at large strains. 

 

3.1.4 Experimental volumetric strain-axial strain behavior 

The evolution of volumetric strain during axial loading was 

also examined to understand the dilative and contractive 

tendencies of the granular assembly. Fig. 5 presents the 

volumetric strain versus axial strain curves for the three 

confining pressures. At lower confining pressures (50 kPa), 

the specimen exhibited noticeable dilation, characterized by 

an increase in volume at large axial strains. In contrast, at 

higher confining pressures (200 kPa and 350 kPa), the material 

initially showed a contractive response, transitioning into 
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dilation at later stages of deformation. This behavior aligns 

with expected trends in dense granular materials, where 

dilation becomes more pronounced at lower confinement 

levels. 

 

3.1.5 Key observations from stress-strain and volumetric 

strain analysis 

• The peak deviatoric stress increased with higher 

confining pressures, confirming the dependency of shear 

strength on confinement. 

• The lower confining pressure case (50 kPa) showed a 

more distinct dilation phase, while higher confining pressures 

exhibited an initial contractive phase before transitioning to 

dilation. 

• The stress-strain and volumetric strain responses provide 

a reference for validating numerical simulations, ensuring that 

the DEM-FEM models accurately capture the experimental 

behavior. 

These findings serve as a benchmark for evaluating the 

performance of numerical models, which will be compared in 

the subsequent sections. 

 

3.2 DEM-FEM simulation results 

The DEM-FEM coupled model was designed to replicate the 

experimental triaxial test conditions, incorporating realistic 

particle interactions, membrane deformations, and boundary 

constraints. The DEM component captured the discrete 

granular interactions, while the FEM model accounted for the 

deformable membrane, ensuring accurate stress-strain 

behavior under different confining pressures. The numerical 

setup carefully mirrored the experimental conditions, 

including membrane flexibility, applied confining pressures, 

and controlled axial strain rates. 

One of the key considerations in the simulation was 

computational feasibility. Given the high particle count 

required for accurate representation, CGC approach was 

implemented to balance computational cost and mechanical 

fidelity. Three CGC values were tested (12, 6, and 3), where a 

higher CGC reduced the number of particles but required 

appropriate scaling laws to preserve bulk mechanical behavior. 

Specifically, simulation times varied significantly depending 

on the chosen CGC: simulations with CGC = 12 required 

approximately 32 hours, CGC = 6 took 66 hours, and the most 

detailed simulations with CGC = 3 demanded approximately 

135 hours of computational time. The effect of CGC on 

simulation accuracy was assessed by comparing simulated and 

experimental stress-strain responses across different confining 

pressures. This computational analysis underscores the critical 

balance between simulation fidelity and efficiency, aiding in 

selecting optimal resolution levels for DEM-FEM simulations 

in computational geotechnics. 

Detailed visualisations of mesh deformation, membrane 

stresses and internal particle kinematics are provided in 

Supplementary (Fig. S5–S7). In brief, semi-transparent mesh 

renderings (Fig. S5) show that the specimen remains 

uniformly packed at 0 % axial strain, develops pronounced 

radial bulging and particle re-orientation by 5 %, and displays 

a well-defined voided shear band at 10 %. The corresponding 

membrane-stress maps (Fig. S6) reveal a transition from a 

nearly uniform stress field to a centre-line localisation that 

tracks the outward barrel shape, confirming realistic boundary 

interaction. Cross-sectional particle snapshots (Fig. S7) 

corroborate these trends: grain rearrangement initiates near the 

membrane, propagates inward with increasing strain, and 

culminates in a distinct inclined localisation zone that matches 

the volumetric-dilation onset observed experimentally. 

 

3.2.1 Micromechanical evidence of failure.  

Fig. 6 pinpoints the grain-scale process behind macroscopic 

softening. Fig. 6a displays a rotation-intensity map in which a 

continuous corridor, roughly 12 d₅₀ thick, tilts about 60° from 

the loading axis. Fig. 6b illustrates particle displacement 

vectors, corroborating this shear localization: grains within the 

band exhibit pronounced lateral and upward displacement, 

while those outside the band show minimal vertical 

displacement. Each arrow originates at the grain’s initial (tail) 

position and terminates at its current (head) position, and the 

arrow length is proportional to the displacement magnitude—

longer arrows identify grains that have travelled farther. This 

60° inclination satisfies the Coulomb orientation criterion 

given by Eq. (11), which in turn yields a peak friction angle φ 

of 30–33°, matching the value back-calculated from 

experimental stress–strain curves (Fig. 4) and consistent with 

the definition in Eq. (12). Hence, the coupled DEM–FEM 

model reproduces both the correct shear-band geometry and 

the bulk frictional strength observed in the laboratory, linking 

particle-scale rotation and translation to specimen-scale shear 

resistance and dilation. 

  
Fig. 14: Comparison of experimental and simulated volumetric 

strain for 200 kPa at different CGCs. 

 

3.2.4 Deviatoric stress vs axial strain comparison 

The comparison between experimental and simulated 

deviatoric stress vs axial strain curves provides valuable 

insight into how well the DEM-FEM model reproduces 

granular soil behavior under different stress conditions. Fig. 7 
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presents the stress-strain behavior for confining pressures of 

50 kPa, 200 kPa, and 350 kPa at CGC = 12. The overall trend 

of the experimental curves is captured, but fluctuations in the 

numerical results are evident, particularly around the peak 

stress. These oscillations are indicative of particle-scale 

heterogeneities and the limitations of a coarser particle 

resolution. In addition, the use of a linear strain-displacement 

model for the flexible membrane, based on the small 

deformation assumption, may contribute to discrepancies in 

stress transfer during large membrane bulging. This could 

partially explain the fluctuating or diverging stress-strain 

curves observed at higher CGCs, as the model may 

underpredict membrane stiffness or boundary constraint 

effects during deformation. The peak strength in the 

simulations is slightly overestimated, suggesting that the 

coarse-graining approach affects the ability of the numerical 

model to fully replicate the localized particle rearrangements 

observed in physical tests. 

Fig. 8 presents the same comparisons for CGC = 6, where 

a notable improvement in agreement between experimental 

and simulated data is observed. The simulated peak stresses 

align more closely with experimental results, and the 

fluctuations in stress are significantly reduced. This reduction 

in oscillatory behavior suggests that increasing the number of 

particles enables better stress transmission, resulting in a more 

stable representation of material behavior. 

 
Fig. 15: Comparison of experimental and simulated volumetric 

strain for 350 kPa at different CGCs. 

 

At CGC = 3, the comparisons, shown in Fig. 9, demonstrate 

the highest level of agreement with experimental data. The 

stress-strain response is accurately reproduced across all three 

confining pressures, with minimal deviations in peak stress 

and strain behavior. The reduction in oscillations and 

increased smoothness in the stress-strain curves indicate that a 

finer particle resolution allows for better energy dissipation 

and stress redistribution, reducing numerical artifacts. 

However, despite the improved accuracy, the computational 

cost associated with CGC = 3 is significantly higher, requiring 

a careful trade-off between resolution and efficiency. 

Examining the microscopic response of the numerical 

model provides further insight into the observed deviations. 

The oscillations in stress-strain curves, particularly at higher 

CGC values, can be attributed to localized force chains that 

form and break as the material deforms. These force chains, 

visible in the simulation data, cause intermittent stress drops 

and peaks, mimicking the granular rearrangements seen in 

physical experiments but at a coarser resolution. The contact 

network evolution in the numerical simulations also indicates 

that for higher CGC values, particles experience larger stress 

fluctuations due to the reduced number of contacts per unit 

volume. 

A detailed Root Mean Square (RMS) error analysis was 

conducted to quantify the deviation between experimental and 

numerical stress-strain responses. The RMS values, displayed 

in figures confirm that CGC = 3 yields the lowest RMS error, 

reinforcing its superiority in accuracy. However, as the CGC 

increases, the RMS error becomes more pronounced, 

reflecting the increased numerical artifacts associated with 

fewer particles and reduced stress transmission pathways. 

These findings emphasize the necessity of balancing 

computational efficiency and accuracy in DEM-FEM 

simulations. While CGC = 12 allows for faster computations, 

it introduces notable stress fluctuations and minor 

overestimations of peak stress. On the other hand, CGC = 3 

closely replicates the experimental behavior, at the cost of 

significantly higher computational demand. The choice of 

CGC must therefore consider the desired trade-off between 

numerical precision and practical simulation feasibility. 

 

3.2.5 Normalized stress vs axial strain analysis 

To evaluate the consistency of the numerical simulations with 

experimental results, the stress values were normalized by the 

corresponding confining pressure. This normalization allows 

for a direct comparison between different stress-strain 

responses across varying confinement levels, independent of 

absolute stress magnitudes. Fig. 10 presents the normalized 

experimental stress-strain behavior for 50 kPa, 200 kPa, and 

350 kPa. The experimental data exhibits a clear and consistent 

trend, where the normalized stress increases rapidly in the 

early stages of deformation, followed by a stabilization phase. 

This trend remains largely unaffected by the magnitude of the 

confining pressure, demonstrating a well-preserved stress-

strain relationship across all cases. 

To assess the accuracy of the DEM-FEM numerical model, 

the normalized stress-strain response of the CGC = 3 

simulation was compared directly against experimental results 

(Fig. 11). The results indicate a strong agreement between the 

experimental and simulated trends, particularly in the initial 

loading phase, where both curves exhibit similar stress 

evolution. The numerical model captures the overall shape and 

trend of the experimental data, confirming that CGC = 3 

provides a sufficiently detailed representation of granular 

interactions for an accurate stress response. 

Despite the strong agreement, minor deviations emerge in 

the post-peak stress behavior, where the simulation exhibits 

slight over-predictions in normalized stress. This discrepancy 

is likely due to numerical artifacts inherent in DEM 
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simulations, particularly related to force chain 

reconfigurations and boundary interactions. However, the 

magnitude of these deviations remains small, suggesting that 

CGC = 3 effectively balances computational efficiency and 

accuracy. 

Overall, the results confirm that the DEM-FEM model, 

using CGC = 3, successfully replicates the experimental 

stress-strain trends across different confinement levels. The 

normalization approach highlights the robustness of the 

numerical model in capturing essential stress transmission 

mechanisms within the granular assembly. The findings 

reinforce the suitability of CGC = 3 for further analyses, 

ensuring both computational feasibility and high-fidelity 

representation of real soil behavior. 

 

3.2.6 Volumetric strain vs axial strain comparison 

The evolution of volumetric strain in the simulated triaxial 

tests provides essential insights into the internal mechanics of 

particle rearrangement and porosity development under axial 

loading. The DEM-FEM model effectively captures the 

dilative and contractive tendencies of the granular medium by 

resolving individual particle interactions and membrane 

deformations at the micro-scale. 

Fig. 12 shows the volumetric strain versus axial strain 

behavior obtained from the DEM-FEM simulations for three 

confining pressures (50 kPa, 200 kPa, and 350 kPa) using a 

CGC of 3. A clear distinction in volumetric response is 

observed across the different confinement levels. At 50 kPa, 

the simulated specimen demonstrates an early contractive 

phase followed by a significant dilative response, closely 

matching the experimental trend shown in Fig. 5. At 200 kPa, 

the transition from contraction to dilation occurs more 

gradually, whereas at 350 kPa, the specimen remains in a 

contractive state for a more extended period before modest 

dilation is observed. 

The DEM-FEM simulation results of volumetric strain 

across axial strains are analyzed against experimental data at 

three confining pressures (50 kPa, 200 kPa, and 350 kPa) for 

coarse-graining coefficients (CGCs) of 3, 6, and 12 (Fig. 13-

15). The comparative assessment reveals crucial differences 

influenced by the coarse-graining level and confining 

pressures, offering insight into their root causes.  

At 50 kPa confining pressure (Fig. 13), the experimental 

data exhibit clear initial contractive behavior followed by 

marked dilation after approximately 3% axial strain, 

eventually reaching substantial volumetric dilation exceeding 

1.5%. In contrast, all CGC simulations significantly 

underestimate the magnitude of dilation. CGC=3, although 

closest to the experimental curve (RMS error of 0.44), still 

noticeably underpredicts dilation, indicating difficulty in 

capturing particle rearrangement that causes dilation under 

low confinement. CGC=6 (RMS = 0.69) further diminishes 

dilation magnitude, and CGC=12 (RMS = 0.80) presents the 

most severe underestimation, displaying nearly negligible 

dilation throughout loading. These differences primarily stem 

from insufficient particle resolution at higher CGCs, failing to 

accurately represent the granular rearrangements and dilative 

tendencies observed experimentally at low confining pressure 

conditions. 

At an intermediate 200 kPa confining pressure (Fig. 14), 

experimental observations demonstrate a moderate 

contraction initially, transitioning clearly into a dilative regime 

after approximately 4% axial strain. Simulations at all CGCs 

deviate significantly from experimental results, especially 

after reaching peak dilation (~4–5% axial strain). The CGC = 

3 case (RMS = 0.28) closely matches initial contraction and 

early dilation phases but diverges notably beyond 6% axial 

strain, maintaining a nearly constant volumetric strain rather 

than reproducing the experimental dilation trend. CGC = 6 

(RMS = 0.32) and CGC = 12 (RMS = 0.34) simulations also 

plateau prematurely, substantially underestimating late-stage 

dilation. Here, differences are likely caused by limitations in 

particle-scale modeling resolution and particle rearrangement 

dynamics, preventing realistic representation of progressive 

dilation occurring at mid-level confinement. 

Under the highest 350 kPa confining pressure (Fig. 15), 

experimental data display pronounced contractive behavior, 

continuously increasing volumetric strain up to around 2.5% 

at approximately 12% axial strain. Simulations systematically 

underestimate volumetric contraction, with discrepancies 

increasing significantly at higher CGCs. Specifically, CGC = 

3 (RMS = 0.61) moderately follows experimental trends but 

underestimates the magnitude of contraction notably. CGC = 

6 (RMS = 1.04) and CGC = 12 (RMS = 1.42) drastically 

underestimate volumetric contraction, demonstrating limited 

sensitivity to high confining pressure conditions. Such stark 

differences occur because fewer, larger particles at high CGC 

restrict accurate modeling of particle interactions, diminishing 

realistic representation of particle packing densification under 

high pressure. 

When comparing across different confining pressures, 

simulations at lower CGC (CGC = 3) consistently yield the 

most accurate trends relative to experimental results. However, 

even this level struggles with accurately modeling large 

volumetric dilation at low confinement (50 kPa) and 

significant contraction at high confinement (350 kPa). Higher 

CGC simulations universally suffer larger discrepancies, 

indicating that coarse-graining predominantly affects the 

simulation's capability to replicate granular behavior 

realistically, especially critical dilative or contractive 

behaviors directly linked to particle rearrangement. 

Overall, these observed differences are primarily attributed 

to the fundamental limitation imposed by coarse-graining 

strategies, where increasing the CGC dramatically reduces the 

particle resolution. Reduced particle counts result in less 

detailed contact networks, diminished modeling of internal 

particle interactions, and simplified representations of 

localized deformation phenomena like bulging and strain 

localization. Consequently, simulations struggle to capture 

nuanced volumetric behaviors that depend heavily on 
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microstructural rearrangements and evolving particle-level 

interactions. 

In conclusion, while DEM-FEM simulations successfully 

demonstrate the ability to represent general trends in 

volumetric strain responses across different confinement 

levels, accuracy greatly depends on the particle resolution 

provided by lower CGC. To improve predictive reliability in 

capturing both dilative and contractive granular behavior, 

careful selection of CGC levels remains crucial, balancing the 

computational feasibility with required accuracy for practical 

geotechnical applications. 

 

4. Discussion 

This study highlights the potential of the coupled DEM-FEM 

approach in advancing triaxial testing simulations of granular 

materials. Although DEM-FEM coupling has been used 

previously, traditional models often rely on rigid boundaries, 

simplified contact laws, or coarse mesh–particle interactions 

that limit fidelity. By integrating a deformable FEM-based 

membrane, calibrated Hertz–Mindlin contact modeling, and a 

validated coarse-graining strategy, the present work bridges 

micro-scale particle interactions and macro-scale deformation 

behaviors, achieves close agreement with experimental stress–

strain responses, and captures micromechanical features such 

as dilation and shear-band formation. These enhancements 

greatly improve boundary realism and computational 

efficiency, offering a robust tool for accurately reproducing 

complex soil-mechanics phenomena under triaxial loading. 

The investigation into coarse-graining strategies was 

particularly insightful, revealing clear trade-offs between 

numerical accuracy and computational efficiency. The 

analyses demonstrated that higher coarse-graining coefficients 

(e.g., CGC = 12) dramatically reduced computational costs but 

introduced considerable numerical fluctuations and artifacts, 

thereby limiting the reliability of simulated stress-strain and 

volumetric strain responses. Conversely, the lowest coarse-

graining coefficient (CGC = 3) yielded highly accurate 

simulations closely matching experimental observations; 

however, the computational expense was substantial. 

Importantly, the study identifies an optimal compromise at 

CGC = 6, balancing the demands of accuracy and 

computational efficiency. This result is especially valuable for 

practical engineering applications, as it enables efficient 

simulation of granular materials without significantly 

sacrificing accuracy. This optimal balance represents a 

meaningful advancement in the selection criteria for coarse-

graining in computational geotechnics. 

The normalization analysis further validates the robustness 

of the simulation framework. Normalized stress-strain data for 

both experimental and simulation cases converge consistently 

across all confining pressures, stabilizing at values between 

1.3 and 1.4. This consistency underscores the ability of the 

DEM-FEM framework to preserve the essential mechanics of 

soil behavior despite varying particle resolutions. However, 

the normalization data also highlights the impact of coarse-

graining on result stability. Simulations with higher CGC 

values exhibit greater deviations in normalized trends, 

particularly during the transition from elastic to plastic 

behavior. These deviations are minimized at lower CGC 

values, reinforcing the importance of fine particle resolution 

for capturing critical material responses accurately. 

Comparisons with existing literature underscore the 

novelty of integrating advanced contact models and realistic 

boundary interactions within a unified DEM-FEM framework. 

Previous studies frequently relied on simplified rigid 

boundaries or individual numerical methods, often failing to 

capture the nuanced interactions that govern granular material 

behavior under realistic loading conditions. In contrast, the 

current study clearly illustrates that incorporating flexible 

membranes and accurate contact mechanics substantially 

enhances the fidelity of numerical simulations. 

Nevertheless, the study acknowledges several limitations. 

The numerical artifacts at higher coarse-graining levels 

highlight inherent constraints within DEM simulations, such 

as sensitivity to particle number and contact distribution. 

Furthermore, while the flexible membrane integration 

substantially improved realism, further refinement may be 

necessary to account for more complex material properties and 

membrane-soil interactions observed in practical engineering 

scenarios. 

The developed DEM-FEM framework, validated through 

detailed experimental comparisons, has direct and significant 

implications for practical engineering. Its ability to accurately 

replicate soil deformation behaviors such as dilation and strain 

localization makes it suitable for addressing key geotechnical 

challenges. For example, it can improve predictions in slope 

stability analysis by helping engineers assess the potential for 

landslides based on realistic soil behavior. In foundation 

engineering, the model can enhance the understanding of 

settlement patterns and bearing capacity under varying load 

conditions. Furthermore, the approach is valuable for the 

design and safety evaluation of earth structures, including 

embankments, retaining walls, and infrastructure foundations, 

contributing to their long-term performance and resilience. 

Future research should explore adaptive coarse-graining 

strategies capable of dynamically adjusting particle resolution 

based on local stress or strain conditions, potentially further 

optimizing accuracy and efficiency. Additionally, exploring 

more sophisticated contact models or multi-scale coupling 

methods could enhance the predictive capability of DEM-

FEM frameworks, particularly for diverse granular materials 

and complex loading scenarios. 

In summary, the study substantially advances 

computational geotechnics by demonstrating the effectiveness 

and practicality of coupled DEM-FEM modeling. By 

optimizing coarse-graining strategies and realistically 

capturing boundary conditions and particle interactions, the 

research paves the way for more accurate and efficient 

predictive tools, significantly benefiting geotechnical 

engineering practices. 

https://www.espublisher.com/


Engineered Science                                                                                                                                                                                Research article        

Engineered Science Publisher                                                                                                                                    Eng. Sci., 2025, 36, 1648 | 15  

4.1 Limitations  

While the coupled DEM–FEM framework captures the macro- 

and micro-mechanical response of dense quartz sand under 

drained monotonic triaxial compression, its present scope is 

restricted in several ways. Validation is confined to a single 

granular soil and loading path, so the model’s predictive power 

for cohesive clays, silts or cyclic stress histories remains 

untested. Particles are idealized as spheres, neglecting the 

angularity and fabric anisotropy that can alter strength and 

dilatancy; future variants will incorporate clumped or 

polyhedral shapes. The latex membrane is represented by a 

linear elastic law, whereas large radial bulging may require 

hyper-elastic or yield formulations to avoid overstiff boundary 

feedback. Coarse-graining has been benchmarked only up to 

CGC = 12, and higher ratios amplify stress oscillations; an 

adaptive, region-refined strategy is being developed to 

maintain accuracy near shear bands while curbing 

computational cost elsewhere. Tackling these limitations will 

extend the framework’s generality and practical value across a 

broader spectrum of geomaterials and engineering scenarios. 

 

5. Conclusion 

This study has demonstrated the capability and robustness of 

the DEM-FEM coupling framework in modeling the 

mechanical behavior of granular materials under triaxial 

loading conditions. By systematically varying the CGC, we 

have explored the trade-offs between computational efficiency, 

accuracy, and stability in numerical simulations. 

The findings reveal that while simulations with higher 

CGC values (e.g., CGC = 12) are computationally efficient, 

they introduce significant numerical artifacts, such as 

amplified fluctuations in stress-s+train behavior. Conversely, 

lower CGC values (e.g., CGC = 3) minimize these artifacts 

and closely replicate experimental results, albeit at the cost of 

increased computational resources and simulation time. CGC 

= 6 emerges as a practical compromise, balancing 

computational efficiency with adequate accuracy for most 

engineering and research applications. 

The normalization analysis further validates the simulation 

framework, demonstrating consistent convergence of stress-

strain data across all confining pressures and CGC values. This 

convergence underscores the ability of the DEM-FEM 

framework to preserve the fundamental mechanics of granular 

materials despite variations in particle resolution. 

In addition to providing insights into coarse-graining 

strategies, this study highlights the importance of parameter 

selection, including Young’s modulus and friction coefficients, 

in achieving reliable simulation outcomes. The results 

emphasize that coarse-graining should be carefully tailored to 

the specific requirements of a given study, considering factors 

such as computational resources, desired accuracy, and the 

complexity of material behavior. 

Future research directions include the development of 

advanced coarse-graining techniques to reduce numerical 

artifacts and improve the fidelity of high-CGC simulations. 

Investigating the influence of particle shape, contact laws, and 

boundary conditions on simulation accuracy will also enhance 

the applicability of the DEM-FEM framework in modeling 

complex granular systems. 

In conclusion, this study provides a comprehensive 

evaluation of coarse-graining strategies within the DEM-FEM 

framework, offering valuable guidance for selecting 

appropriate modeling approaches in the analysis of granular 

materials. The findings contribute to the advancement of 

computational tools for soil mechanics and related fields, 

supporting more efficient and accurate simulations of complex 

material behaviors. 
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