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Abstract. This article presents a solid cohesion model for the simulation of bonded granular 
assemblies in the frame of 3D discrete element approaches (DEM). A simple viscoplastic 
cohesion model for 2D geometries is extended to 3D conditions, while its yield criterion is 
generalized as a hyper-surface in the space of bond solicitations to include torsional moments. 
The model is then calibrated using experimental results of uniaxial traction at both the 
microscopic and macroscopic scales with an artificial granular cohesive soil. The paper finally 
presents some simulated results on the macromechanical sample traction application and briefly 
discusses the model’s current limitations and promising prospects for subsequent works. 
 
1 INTRODUCTION 

Natural soil deposits such as carbonate sands in the marine environment may show an 
effective cohesion due to intergranular solid bridges formed by calcareous precipitation. Such 
cementation effect endows the granular material with the ability to resist some degree of tensile 
stress in addition to the compressive and shearing resistance proper of uncemented frictional 
sands [1]. The tensile resistance of such materials may be quantified based on measures of 
debonding force at the micro-scale and using appropriate homogenization techniques [2]. 
However, it is still a challenge to assess the influence of solid intergranular cohesion on the 
mechanical behaviour of soils in many practical engineering problems (e.g. on the erodibility 
of soils [3,4]). Recent advances both in computational hardware and parallelization strategies 
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make it nowadays possible to address such problems from a micromechanical perspective [5]. 
Here we introduce a simple model for solid cohesion and its implementation within a 3D 

discrete element framework. The model involves a classical viscoelastic bond rheology and 
specific debonding modes for tensile, shearing, bending and torsional solicitations.  

We finally present a calibration of the model to match experimental data from an artificial 
granular soil made out of cemented glass beads [2] and a validation of the approach with a 
macro-mechanical application. 

2 SOLID GRANULAR MECHANICS 
As basic computational framework we use here a purely frictional DEM scheme in 3D [6], 

which is complemented by a simple viscoplastic cohesion model [2,5,7] that has now been 
extended to 3D conditions and also takes torsional interactions into account.. 

2.1 Frictional DEM 
A 3D rigid particle dynamics method based on Newton’s second law of motion is used to 

describe the interactions between particles. The frictional interactions are formulated in terms 
of the normal force, and the three different tangential forces and torque laws (see also [6]): (i) 
Coulomb’s friction, (ii) rolling resistance and (iii) torsion resistance. The normal force, Fn, 
depends on the local overlap between two particles, dn, the normal stiffness, kn, and the damping 
coefficient hn. The shear force is calculated incrementally using the relative sliding velocity, 
Vs, with the friction stiffness Ks , and the frictional dampinghs. The interaction torques are 
defined by shear force with corrected radius relative to the contact point, and, finally, the rolling 
and torsion resistances, fr and fo, are defined by the rolling velocity and the relative spin along 
with the particles normal direction, Vr and Vo, and quasi-forces calculated in analogy to the 
shear force using an incremental algorithm [6].  

2.2 Cohesive bond model in 3D 
For this study we have introduced a 3D extension of our previous cohesion framework for 

two-dimensional granular samples with solid bridges [7]. The visco-elastoplastic solid bond 
rheology, which was originally characterized by a set of normal, shear and bending stiffnesses, 
damping coefficients and yield thresholds, is now extended to 3D conditions including a further 
resistance and failure mode for torsional solicitations. 

For the case of polydisperse couples, any bonds between particles with different radii are 
considered as “bars” with non-uniform cross-sections. The equivalent stiffnesses of such non-
uniform bonds are calculated here using the work of [8], where 𝑘"# is the normal stiffness of the 
bond connecting particle i and particle j, and kn is the usual normal stiffness for monodisperse 
contacts: 

𝑘"# = 4𝑘"
𝑟'𝑟(
𝑟' + 𝑟(

 

 
The yield criterion (Fig 1), which firstly was proposed with a paraboloidal shape by Delenne 

and co-workers based on experimental results [9] is now straightforwardly extended to include 
the torsional moment and its threshold: 
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where fn and fs are the normal and tangential forces, Mr and Mo are the rolling and torsional 
moments, Cn, Cs, Cr, Co  are the normal, tangential, rolling and torsion thresholds (see [6,7]), 
and 𝑔+ stands for the failure condition. Whenever 𝑔+ ≥ 0, the bond between two given particles 
is considered as broken and any further interactions of this particle pair becomes purely 
frictional. For this study we have fixed the aspect ratios of the failure hyper-surface (now it 
involves four dimensions in the space of interactions) for different degrees of cohesion and 
related all bond thresholds to one single parameter C that accounts for the strength of the solid 
bond: 𝐶 = 	𝐶" = 2𝐶/ = 𝐶1 ⁄ (2𝑑_𝑚𝑒𝑎𝑛	) = 𝐶2 ⁄ (2𝑑_𝑚𝑒𝑎𝑛	). 

 
 

Figure 1: Original yield surface of cohesive bonds in the space of interactions, redrawn from [9]. For visual 
simplicity, the fourth dimension (torsional interactions) involved in the presented 3D model has been omitted in 

this depiction. 

2.3 Implementation strategy in C++ 
The corresponding algorithms have been implemented at first for sequential execution using 

C++ programming language. The data structure for the cohesion model is initialized by 
considering any initial contact (overlap) between pairs of particles as a solid cohesive bridge. 
To have fast access to each bond specifications, all the bond properties are stored in key-value 
pair with unique keys data structure (balanced binary tree). This data structure is optimized for 
lookups with the cost of log(N) time complexity, where N is the number of particles inside the 
model (see [10]). During the simulation, if the cohesion bond between a pair of particles is 
broken, the bond information will be deleted, and the interaction between them will be treated 
as purely frictional from that step.  

In each time step, after investigating the interactions between all particles and walls, the 
particles’ kinematics is updated using a Velocity Verlet algorithm [11]. In this implementation, 
the most time-consuming part of calculation is the detection and treatment of interactions 
between two particles or between particles and the walls inside a nested for loop because of 
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having quadratic time complexity. For our subsequent studies, this approach will be replaced 
with an algorithm like linked cell (see [5]), which is a cell-based algorithm for keeping the track 
of particles entering each neighbor cell. This way, each particle will be assigned to a particular 
spatial cell and updated with a given frequency. This assignment has a linear time complexity 
and after that, only particles in neighboring cells will be investigated for overlapping, which 
reduces considerably the computational cost of the neighbor detection. Also, with the 
development of multi-core CPUs, fork-join models (OpenMP) can be used for nested loops 
parallelization. 

3 EXPERIMENTAL CHARACTERIZATION 
We employ here some experimental data from an artificial granular soil made out of 

cemented glass beads to calibrate the presented cohesion model. This cohesive material is 
composed of spherical borosilicate beads with uniform diameter d bonded by solidified paraffin 
capillary bridges with a mass content of xp (see further details in [2]). 

3.1 Single-bond tensile threshold 
The tensile strength of a single paraffin solid bond has been measured with the experimental 

setup illustrated in Fig.2-left, where a bonded couple of beads is placed vertically, the upper 
bead being connected to a scale through a clamp and a soft spring while the lower one being 
fixed to a slowly receding bottom plate. The micro-tensile force at failure Fm (which would 
correspond to the normal yield threshold 𝐶" of the cohesion model above) is then measured as 
the mass increment (Δm=mpeak-mresidual) times gravity (g=9.81 m/s2). The results for different 
particle sizes and different paraffin contents is summarized in the right pane of Fig. 2, where 
the corresponding data for the 4mm beads and 1% paraffin mass (to be used later on for the 
simulations) features an average value of Fm,av=421 mN, with a standard deviation of 225 mN. 

          
Figure 2: Single-bond tensile tests. Left: (a) Broken paraffin solid bridge between two glass beads (d=4 mm and 

xp=1%). (b) Setup for the single-bond tensile test. (c) Typical evolution of the force measured during the test, 
with the resulting bond tensile strength at failure Fm. Right: Measured threshold Fm for different particle sizes d 

and paraffin contents xp. Sources: [2] 
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3.2 Cohesive strength of granular sample 
A measure of the global cohesion strength of the material was obtained at a macro-scale with 

traction tests involving an “hourglass cell” with two detachable conical parts (see left panel of 
Fig.3). The test cells were manufactured in three different sizes (with respective neck diameters 
of D=30mm, 56mm and 79 mm) in order to investigate potential boundary effects while keeping 
a similar aspect ratio. The bonded granular samples were then prepared and solidified directly 
within the assembled cell. The traction tests were finally conducted by lifting the mobile 
platform at a constant velocity (0.1 mm/min for the small and medium devices, and 0.3 mm/min 
for the large device) until separation of the two cones. The macroscopic cohesive strength of 
the sample 𝜎F is thereby measured in terms of the recorded force at rupture, FM, divided by the 
failure section, i.e. 𝜎F = 	𝐹F/((𝜋/4) ∙ 𝐷²). The results for the different test devices, particle 
sizes, and paraffin contents are summarized in the right panel of Fig. 3. No formal measurement 
has been performed by now for the specific case to be simulated here in the following section 
(i.e. for d=4mm and xp=1% in the small device), but the expected average value from 
preliminary investigations is around 30	kPa with a substantial standard deviation as inferred 
from the data already obtained. 

  
Figure 3: Cohesive sample tensile tests. Left: Pictures of the traction bench and typical failure surfaces after a 

test. Right: Measured sample tensile strength 𝜎F for different sample sizes, particle sizes d and paraffin content 
xp. (a) Large device with d=1.4 mm (white), d=3 mm (grey), d=4 mm (dark grey), and d=7 mm (black). (b) 

Large, medium and small devices (symbol size) with d=3 mm. Source: [2] 

 

4 TENSILE FRACTURE OF COHESIVE SAMPLES 

4.1 Case geometry and prescriptions. Material parameters 
To create the cohesive granular sample for the sample traction test, the geometry of the small 

hourglass conical device is implemented inside the developed numerical model. Since the tests 
have shown that the majority of the bond breakages takes place around the neck of the device, 
and in order to reduce the computational expense, in this study only the relevant part of the 



M. Sanayei, A. Farhat, L.-H. Luu, L. Werner, C. Rettinger, P. Philippe and P. Cuéllar. 

 6 

geometry in the vicinities of the device’s neck is simulated (in total, just the half of the real 
device’s height). The numerical sample is created by pouring over a thousand spherical particles 
with diameters ranging from 3.2 mm to 4.8 mm into the conical walls until they settle and show 
a negligible kinetic energy (see Fig 4a). For the initial deposition of the particles, the cohesion 
model is deactivated and only frictional contacts between particles are considered. For the 
tensile test simulation, the settled geometry is adopted as initial configuration and the cohesion 
model is activated, whereby all particle couples with an initial overlap are considered as bonded 
pairs with a cohesive strength corresponding to the average micromechanical strength of 
solidified paraffin capillary bridges with a mass content of xp= 1%. 

As boundary conditions for the test, all particles in contact to the lower conical wall are held 
fixed and not allowed to rotate, while the particles in contact to the upper conical section of the 
device are pulled upwards with a prescribed constant velocity. The rest of the particles are all 
considered bonded at their initial contact points but otherwise allowed to move freely (see Fig 
4a). This approach permits to disregard the contact detection and interactions with conical 
walls, thus reducing considerably the computational cost. The simulation is then conducted 
until the upper cone is displaced for 1 mm and the sample is fully broken at the device’s neck 
(Fig 4b). The geometry, material and model parameters used for this problem are summarized 
in Table 1.  

Table 1: Geometrical, material, and model parameters 

Particle mean size, dmean 4´10-3 m 
Polydispersity, 𝑑QRS 𝑑Q'"⁄  1.5 

Cone height, h  0.081 m 
Hourglass neck diameter, D  0.030 m 

Cone base diameter, Db  0.040 m 
Particle density, rs 2600	𝑘𝑔 𝑚T⁄  

Normal contact stiffness, kn 5.1 ´ 107 	𝑁 𝑚⁄  
Shear contact stiffness, ks 5.1 ´ 107 	𝑁 𝑚⁄  

Rolling stiffness, kr 0.1´ kn  
Torsion stiffness, ko 0.1´ kn 

Friction coefficient, µ 0.3 
Bond Strength, C 0.42 N 

Time step, dt 5.6 ´ 10-6s 
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a)    b)    
Figure 4: Geometry and boundary conditions of the cohesive sample traction problem. a) Initial sample state and 

prescriptions, where white particles are fixed, red particles have a prescribed constant velocity v (upwards 
vertical) and the blue particles are initially bonded but have no other kinematic constraints; b) Exemplary sample 

state after failure with a constant pull-up rate v 

4.2 Numerical results and discussion 
The sum of the reaction forces acting on the grains with prescribed velocity (red particles in 

Fig.4) plus their own weight, yields the magnitude of the force Fz required for separating the 
upper cone from the lower cone and eventually to the sample’s cohesive strength at failure 
(difference between the peak and residual values of the pulling force Fz). The evolution of the 
simulated pulling force for three different pull-up rates is shown in Fig.5, where the sample is 
characterized by a relatively brittle failure within the first few microns of sample elongation. 

 

  
Figure 5: Simulated sample traction test. Left: Tensile force for different pull-up rates. Right: Final shape of the 

sample failure surface. 
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The macro-mechanical sample strength shows a strong dependency on the pulling rate 
despite all viscous parameters of the cohesion model being explicitly set to zero, which appears 
to indicate that the inherent dynamic character of the DEM approach plays a dominant role in 
this particular case. 

A first comparison to the experimental test results shown in section 3 above indicates a fair 
agreement on the macroscopic sample strength, with simulated values of 𝜎F up to 35kPa, which 
lies in the right order of magnitude for the average sample strength and well within the measured 
ranges [2]. 

Figure 6 finally provides an insight into the micromechanics of the sample, where the bond 
normal forces are depicted shortly before and after failure, showing the expected stress 
concentration at the sample’s neck. 

 

a)      b)  
Figure 6: Normal forces in the cohesive bonds, a) shortly before failure, where mainly the bonds around the 

cone neck are activated, b) and stress relaxation at both sides of the broken neck after sample failure. 

5 CONCLUSIONS AND OUTLOOK 
The micromechanical tensile threshold of the presented 3D model for solid cohesion has 

been calibrated with experimental data from single-bond traction tests, while the rest of material 
parameters have been preliminary adopted from arbitrary sets of values and relationships from 
the literature. The preliminary macro-mechanical simulations show already a fair agreement 
with the experimental sample strength. However, the strong dependency on the pulling rate and 
the wide range of possible material behaviors based on the single choices for the tensile 
threshold and stiffness parameters, from an elastic “chain-like” behavior with progressive 
debonding to stiff brittle behavior, call for a detailed parametric analysis and a proper 
calibration process involving a back-analysis of the macroscopic experimental data. 

In the next steps of this study, the linked cell algorithm will be introduced to the numerical 
model for tracking particles in each neighboring cell, to increase the model efficiency for 
overlap detection. Furthermore, the contact detection between two particles and wall-particle 
can be performed independently so that the fork-join model (OpenMP) will be used for loop 
parallelization. 

However, in order to profit from a robust and optimized HPC (high performance computing), 
this cohesion model can also be integrated into the open-source framework waLBerla [12], 
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which is a block-structured high-performance platform for multiphysics simulations that 
includes efficient algorithms for both the DEM and Lattice Boltzmann techniques among 
others. Using this framework, complex geometries can be efficiently divided into block-
structured grids which makes it flexible for running the simulation on CPU- and GPU- clusters. 
So far, the mechanics of the cohesion bond model have already been implemented into this 
platform and are now undergoing the subsequent stages of validation and performance 
optimization. 

Finally, the cohesion model implemented in this study is appropriate to reproduce the 
cohesive response of bonded grains under either quasi-static or fully dynamic impacts. 
However, this model cannot reproduce the progressive degradation of single bonds because it 
lacks the transitional stages of the bond between the intact and the completely broken states. 
So, in future studies, following the work of [13], the damage model for bonded particles will 
be introduced.  
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