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Abstract

The Discrete Element Method (DEM) provides an efficient framework for simulating
concrete under severe loading conditions involving cracking, discontinuities, and frag-
mentation. However, DEM formulations based on spherical rigid particles may produce
an excessively brittle macroscopic response because particle rolling is insufficiently con-
strained, particularly under compression. To overcome this limitation, this study devel-
ops a three-dimensional DEM model for concrete incorporating a Moment Transfer Law
(MTL) that introduces rolling resistance while preserving the computational efficiency
of spherical particles. The proposed model combines cohesive and contact interactions
with an elastoplastic rolling law formulated at the local scale. A calibration strategy is
established to identify both elastic and nonlinear parameters from quasi-static uniaxial
compression and tension tests. The model is applied to three concretes with experimen-
tal compressive strengths ranging from 33.8 to 67 MPa and splitting tensile strengths
ranging from 3.0 to 4.7 MPa. The numerical simulations reproduce the compressive
peak strength with relative errors below 1.2% and the available tensile strength values
with relative errors below 0.7%. The introduction of the MTL significantly improves the
compressive post-peak response by limiting excessive rolling between spherical particles
and has a limited influence on the simulated tensile response while reproducing the
available tensile strength values. The post-peak ductility is satisfactorily reproduced for
the wet concrete, whereas it is overestimated for the concrete with higher compressive
strength and the dry ordinary concrete. Because direct experimental uniaxial tensile
stress—strain curves were not available, the tensile validation is restricted to splitting
tensile strength. The simulated tensile post-peak response should therefore be regarded
as a brittle modeling assumption rather than as a fully validated prediction. Overall,
the proposed DEM-MTL formulation provides a robust and computationally efficient
approach for reproducing the quasi-static compressive behavior and tensile strength
level of concrete.

Keywords: discrete element method; moment transfer law; concrete

1. Introduction

Concrete structures may be subjected to severe loading conditions such as impact, blast,
and seismic actions, which can induce cracking, fragmentation, and highly localized failure
mechanisms. Under such conditions, predictive numerical modeling requires approaches
capable of representing the initiation and propagation of discontinuities without prescribing
crack paths in advance. Although continuum-based methods, particularly the finite element
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method, remain widely used in structural engineering, their classical formulations are not
always well suited to the simulation of discrete fracture processes and material separation
in quasi-brittle materials such as concrete [1].

The Discrete Element Method (DEM), originally introduced by Cundall and Strack
for granular assemblies, provides an alternative framework in which the macroscopic
response emerges from interactions between discrete particles [2]. Because cracking and
fragmentation can be represented naturally through the degradation and rupture of inter-
particle links, the DEM has become an attractive tool for modeling discontinuous and
quasi-brittle materials. Recent studies have further confirmed the relevance of discrete and
lattice-type approaches for simulating creep, damage evolution, fracture processes, and
failure in concrete and other quasi-brittle materials [3-7].

For large-scale simulations, spherical particles are particularly appealing because they
simplify contact detection and keep the computational cost at a manageable level. However,
this geometrical simplification introduces an important limitation. In conventional force-
based DEM formulations, the interaction between two spherical particles is transmitted
through a normal force and a tangential force acting at, or close to, a point-like contact.
Unless an additional contact-moment law is introduced, this interaction does not provide
an intrinsic resistance to the relative rolling of the two particles. Under shear-dominated
loading, the tangential relative motion can therefore be partly accommodated by particle
rotation, which reduces the tangential deformation stored at the interaction and promotes
rearrangement of the discrete assembly.

This behavior differs from that of real concrete mesostructures, in which aggregate
angularity, surface roughness, mechanical interlocking, and finite contact areas hinder
relative rotation and contribute to the transfer of shear and bending effects. Consequently,
an assembly of perfectly spherical particles may exhibit excessive rolling, insufficient
shear transfer capacity, and an unrealistically brittle macroscopic response, particularly
in compression. This limitation has been widely recognized in DEM studies of materials
whose real microstructure exhibits angularity or enhanced rotational resistance [8-10].
Rolling-resistance and contact-moment formulations have therefore been introduced to
reproduce part of the mechanical effects associated with particle shape complexity. For the
present quasi-static uniaxial simulations, the proposed formulation focuses on resistance to
rolling in the plane normal to the interaction direction. The torsional or pivoting component
about the interaction normal is not included, since its contribution is considered secondary
for the loading conditions investigated here [8-10]. In particular, Zhao et al. [10] showed
that rolling resistance can capture important aspects of the macroscopic response and
induced anisotropy of granular assemblies, while also highlighting the influence of particle
shape effects.

In the case of concrete, this limitation is particularly critical in uniaxial compression,
where excessive local rolling may accelerate damage propagation and produce a post-peak
response that is much more brittle than the experimentally observed behavior. Several
strategies have been proposed to overcome this drawback, including the use of non-
spherical particles, particle clusters, rotational constraints, and rolling-resistance or contact-
moment laws. Among these options, rolling resistance provides a particularly attractive
compromise because it improves the local transfer of rotational and shear effects [8-11]. At
the same time, the predictive capability of the DEM strongly depends on the calibration
of local constitutive parameters, which remains a key issue in simulations of concrete and
quasi-brittle materials with the DEM [5,6].

In this context, the present study develops a three-dimensional DEM model for con-
crete in which an MTL is introduced to limit excessive rolling between interacting spherical
elements. The proposed formulation combines cohesive and contact interactions with an
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elastoplastic rolling law defined at the local scale. The objective is to improve the com-
pressive response of the model, particularly its post-peak ductility, while maintaining the
computational advantages associated with spherical discretization. A calibration strategy is
then proposed to identify both elastic and nonlinear parameters from quasi-static uniaxial
compression and tension tests.

The model is applied to several concrete types, in order to assess its ability to reproduce
elastic properties, compressive strength, tensile strength, and the compressive-to-tensile
strength ratio characteristic of concrete. The results show that the proposed MTL signifi-
cantly enhances compressive ductility while preserving a brittle tensile response consistent
with the adopted modeling assumption, thereby providing a robust and computationally
efficient framework for the quasi-static simulation of concrete.

The remainder of this paper is organized as follows. Section 2 presents the DEM
framework, including the generation of the discrete assembly and the local interaction laws.
Section 3 describes the calibration of the elastic and nonlinear parameters and discusses the
limitations of the initial formulation. Section 4 introduces the MTL and its identification
procedure. Section 5 presents the numerical results for different concretes and discusses
the influence of the MTL on the macroscopic response.

2. Discrete Element Method

Concrete is modeled as a homogeneous, isotropic material at the macroscopic scale.
The concrete material is modeled as an assembly of rigid spherical particles interacting
through local cohesive and contact laws. This choice minimizes the computational cost and
allows interactions between DEs to be handled with ease. These elements do not represent
the actual mesoscale components of concrete (e.g., aggregates) but rather function at a
higher-order scale to replicate the macroscopic behavior in both the linear and nonlinear
regimes. Within the DEM, the mechanical response of the specimen results from the balance
between external actions and the forces and moments transmitted at the interactions
between neighboring particles. Each discrete element (DE) is treated as a rigid body whose
translational and rotational motions are governed by Newton’s second law.

The main features of the DEM model used in this study were previously introduced by
Frangin et al. [12] and Rousseau et al. [13]. Two types of interactions are considered between
neighboring DEs: cohesive links and contact links. Cohesive interactions are defined at the
initial state between two remote spheres a and b when Equation (1) is satisfied:

A (Ra + Rb) > Dy (1)

where A (>1) is the interaction coefficient, R; and R, are the radii of elements a and b,
and D, is the distance between their centroids (Figure 1). These cohesive interactions
provide the assembly with tensile strength, unlike the classical DEM formulation initially
developed for cohesionless granular materials. Contact interactions, on the other hand,
are created during the calculation when the geometrical contact condition between two
elements is fulfilled (A = 1). These links do not sustain tension; once the two spheres move
away from each other, the contact link is considered broken. The present DEM model was
implemented within Europlexus [14], a code dedicated to fast transient dynamic analyses
involving structures and fluids.
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Figure 1. Cohesive interaction between DE 4 and b [15].

2.1. Creation of the Discrete Assembly

Since the modeled concrete is assumed to be homogeneous and isotropic at the macro-
scopic scale, the discretization procedure must preserve these properties as much as pos-
sible. A regular arrangement of identical spheres would lead to privileged interaction
directions and therefore to spurious preferential crack paths. To avoid this drawback,
disorder must be introduced both in the spatial arrangement of the elements and in their
size distribution.

Several techniques are available in the literature to generate discrete assemblies, and
they can be classified into two main families: dynamic methods [16,17] and geometric
methods [18,19]. Dynamic methods generate the assembly by solving the equations of
motion together with interaction laws, whereas geometric methods rely on geometrical
constructions and packing rules. Because dynamic methods are computationally expensive
for large-scale problems and are generally restricted to simple specimen geometries, a
geometric packing algorithm based on a tetrahedral mesh is adopted here. This is the
method initially proposed by Jerier et al. [18], in which a finite element tetrahedral mesh
is first generated and then progressively filled with spheres until the target density is

reached (Figure 2).

Figure 2. Tetrahedral FE mesh with 4 tetrahedra per side filled by spherical elements [15].

Some modifications were introduced into the original Jerier algorithm in order to
better represent contour lines and corners. In addition, the ratio between the maxi-
mum and minimum radii was fixed to 3, which provides a reasonable compromise be-
tween computational cost and packing compactness. The mean radius of the discrete
assembly is chosen as a function of the tetrahedral mesh size. This modified proce-
dure provides better control of the particle-size distribution and compactness of the
numerical samples (Figure 3).
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Figure 3. Size distribution of DEs in discretized sample using modified Jerier algorithm [15].

Because the particle assembly is generated from an initial tetrahedral finite element
mesh, the geometrical adaptability of the packing procedure is directly governed by
the ability of this mesh to represent the target domain. Consequently, the method
is not restricted to prismatic specimens and can be applied to geometries involving
curved boundaries, openings, or variable cross-sections, provided that these features are
adequately resolved by the input tetrahedral mesh. The local particle distribution and
the representation of small geometrical details nevertheless depend on the mesh quality
and refinement.

2.2. Local Interaction Laws

The DEM formulation describes both the linear elastic and nonlinear behaviors of
concrete at the local scale. In the elastic regime, the interaction between two DEs is governed
by two local stiffnesses: the normal stiffness K, and the tangential stiffness K (Figure 1).

These stiffnesses (Equation (2)) are related to the macroscopic elastic properties of
concrete, namely Young’s modulus E and Poisson’s ratio v, through micro-macro rela-
tions proposed by Hentz et al. [20] and inspired by the best-fit approximation proposed
by Liao et al. [21].

k. — ESin T+
" Dinit B(1+v)+7 (1 —av)
) @)
—av
Ks = K; Trv

where Dfﬁ’,it is the initial distance between the centers of elements a2 and b, and
Sipt = 7T min(RZ, R%) is the interaction area, defined as the minimum diametric plane
surface of the two interacting spheres. The dimensionless parameters «, {3, and vy depend
on the arrangement of the discrete elements, the distribution of particle sizes, and the mean
number of interactions per element, i.e., the coordination number. In the present work, the
coordination number is set to 12. This value corresponds to the average number of links
in a regular face-centered cubic packing and is adopted here to promote isotropy while
limiting the computational cost [13]. Thus, after generating the DE assembly, the interaction
coefficient A (Equation (1)) is first identified such that the coordination number is 12.

The prescribed average coordination number of 12 is an idealized modeling choice
rather than a direct representation of the actual contact distribution in concrete. It may
affect the local force network and damage localization. Therefore, the present calibration
and conclusions should be understood within the adopted discretization and interaction-
generation strategy.
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To describe the nonlinear behavior, two local criteria are introduced on the basis of a
modified Mohr—Coulomb criterion (Figure 4). They are written as

fl(Fn/ Fs) = F- tm’l(@i)Fn — SintCo

f2(Fn/ Fs) = ST —F, (3)

where F, and F; are the normal and tangential interaction forces, Cy is the local cohesion,
T is the local tension cut-off, and @; is the local friction angle. The tensile threshold T
controls tensile failure, the cohesion parameter Cy governs the shear strength of cohesive
interactions, and the softening coefficient ¢ controls the progressive degradation of the
normal cohesive force after tensile damage.

1N A

Non-associated
flow rule f1(Fy, Fy)=0
< Cohesive

interaction
SintCO
f2(F,F) =0 <— Contact
<« interaction
D, >
SintT l-"n

Figure 4. Modified Mohr-Coulomb criterion.

The first criterion of Equation (3) governs the shear strength of the interaction, whereas
the second one controls tensile failure. In addition, the local tensile behavior (F, < 0)
includes a softening factor ¢, which allows for a progressive attenuation of the normal force
before complete rupture of the cohesive link (Figure 5). This softening law is essential for
representing the progressive degradation of concrete under tensile loading.

F“A

Fl)

SintT

Figure 5. Constitutive model for the normal interaction.

Dy, the current distance between the centers of elements a and b, varies between D;’Zit
and D4y at failure. Damage of the cohesive link is characterized by the current elastic
stiffness Kj,» that varies from the initial stiffness K;, to zero at failure. A contact interaction
may develop between DE a and b with a friction governed by the friction angle @.. The
constitutive behavior is considered as linear elastic under compression (F, > 0) in the
present study. To describe compaction under high mean stress, the compressive behavior
can be modeled as elastoplastic with hardening. Accounting for compaction is essential to
model concrete response under hard impact [22]. A large number of experimental studies
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of concrete under triaxial compression at high confining pressure have been carried out
at laboratory 3SR of Université Grenoble Alpes [23-26] and modeled with the present
DEM model [27-31]. These studies are beyond the scope of the present study and are
not presented.

Overall, the local formulation presented in this paper allows the DEM assembly
to reproduce the main features of concrete behavior, namely elastic response, strength
in tension and shear, and progressive degradation of cohesion. However, as will be
shown in the following sections, this formulation alone remains insufficient to reproduce a
realistic compressive post-peak response when spherical elements are used. This limitation
motivates the introduction of the Moment Transfer Law (MTL), presented in Section 4.

3. Calibration of the Base DEM Model
3.1. Representative Specimen and Modeling Strategy

The DEM model is intended to reproduce the macroscopic behavior of concrete while
keeping the computational cost compatible with future structural-scale applications. Direct
identification of the model parameters at the scale of a full structure would require an exces-
sively large number of discrete elements. Therefore, the calibration procedure is performed
at an intermediate scale by considering a representative concrete specimen extracted from
the structure. This intermediate-scale strategy makes it possible to identify the model
parameters on a specimen that remains computationally tractable while preserving the
essential macroscopic response of the material. The model parameters are identified from
quasi-static uniaxial compression and tension simulations.

The specimen is modeled as a rectangular parallelepiped with dimensions
0.45 x 0.20 x 0.20 m3. The influence of specimen size and discretization is discussed later
through the sensitivity analyses reported in Tables 1 and 2. Two DE platens are used
to prescribe the displacement along the x axis, so that the net specimen length is 0.40 m
(Figure 6). The reference discretization is generated from a finite element mesh containing
four tetrahedra over the two specimen widths (Figure 2). The resulting assembly contains
8630 DEs, with a mean radius of 0.6 cm and a compactness equal to 0.6. The isotropy of the
assembly is verified from the distribution of interaction directions projected onto the three
orthogonal planes. No privileged direction is observed, which indicates that the specimen
is sufficiently isotropic for parameter identification (Figure 7).

Table 1. Influence of discretization refinement.

Number of Tetrahedra per Sample Width Number of DEs  Relative Error for v (%)  Relative Error for E (%)

16,405 0.23 3.5
24,426 1.4 5.17
48,243 0.43 5.93

Table 2. Influence of specimen size and geometry.

Sample Number

Height X Length X Width (m) v E (GPa) Relative Error for v (%) Relative Error for E (%)

=W =

0.6 x 03 x 0.3 0.2081 31.14 4.05 3.8
04 x04x04 0.2097 31.38 4.85 4.6
0.25 x 0.5 x 0.5 0.1969 30.73 1.55 243
0.25 x 0.25 x 0.25 0.2123 29.06 59 3.13
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Figure 7. Distribution of interaction directions projected on the planes xy, xz and yz.

Macroscopic strains are obtained by averaging the strain values over the DEs, exclud-
ing those located near the specimen edges and on the neutral axis in order to avoid unstable
or non-representative local kinematics.

3.2. Identification of the Elastic Behavior Parameters

The first step of the calibration consists of adjusting the interaction coefficient A so that
the coordination number is equal to 12. Once this value is reached, the elastic parameters are
Ks
Ky
The parameters &, 8, and vy are then calibrated so that numerical Young’s modulus E and

identified by simulating uniaxial tests while varying the ratio — involved in Equation (2).

Poisson’s ratio v match the target macroscopic values. In this procedure (Figure 8), the
K
stiffness ratio K—S is varied from 0 to 1, and Ej represents Young’s modulus when the ratio

is equal to 1.
0.3 T T T

.
—v from equation
—*v numerical

0.25F

0.21

>0.15

—E/E, from equation
-n—E/E(J numerical

0.1

0.05

L I
0.2 0.4 0.6 0.8 1

Figure 8. Identification of DEM elasticity parameters for Poisson’s ratio v (left) and Young’s modulus
E (right).

This identification procedure of elastic behavior parameters led to the values «, B, and
 reported in Equation (4).

x =424 PB=34524 =504 (4)
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The robustness of this calibration was then verified for different discretization re-
finements and specimen geometries. The results showed that the target elastic properties
E =30 GPa and v = 0.2 were reproduced with limited relative errors for the discretizations
and sample dimensions reported in Tables 1 and 2.

The relative error remained limited for both E and v, which confirms that the selected
specimen is representative of the macroscopic elastic response and that the calibrated
parameter set can be used beyond a single geometry.

3.3. Identification of the Nonlinear Behavior Parameters of the Base Model

Once the elastic parameters have been identified, the parameters of the nonlinear
base DEM model, namely T, Cy, and {, are calibrated in order to reproduce the quasi-
static uniaxial compressive and tensile behavior of concrete. The tensile parameters
T and ¢ are identified from tension simulations, whereas Cy is adjusted from uniaxial
compression simulations.

The calibration is performed for three concrete types: an ordinary concrete denoted
R30A7 under dry and wet (42% water saturation) conditions and another concrete denoted
C50 with a higher compression strength [23,24]. Their target macroscopic properties are
summarized in Table 3 in terms of Young’s modulus E, Poisson’s ratio v, compressive
strength f., and tensile strength f;. Because the available experimental data mainly in-
clude compression stress—strain curves and tensile strengths obtained from splitting tests,
the tensile response is reproduced under the assumption of a rather brittle behavior in
direct tension.

Table 3. Concrete type properties [23,24].

Compressive Strength f, (MPa) Young’s Modulus E (GPa)  Poisson’s Ratiov  Splitting Tensile Strength f, (MPa)

67
42
33.8

30 0.2 4.7
26 0.16 3.8
25 0.16 3.0

The values of Young’s modulus E, Poisson’s ratio v, compressive strength f;, and
splitting tensile strength f; reported in Table 3 are experimental mean values of two tests
for each concrete and selected as calibration targets for the DEM model. They are not
characteristic values derived from design codes or regulatory provisions.

However, even after calibration of T, Cy, and {, the base DEM model still exhibits
an excessively brittle post-peak response in compression (Figure 9). This limitation moti-
vates the introduction of an additional rolling-resistance mechanism, namely the Moment
Transfer Law presented in the next section.

40 '

Stress (MPa)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Strain (%)

Figure 9. DEM stress—strain uniaxial compression response.
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4. Moment Transfer Law for Concrete
4.1. Motivation

The compression response obtained with the base DEM model shows a steep post-
peak stress drop, which is not representative of the actual ductile degradation observed in
concrete under uniaxial compression (Figure 9).

Increasing the softening parameter ¢ can reduce this brittleness, but it also induces an
unrealistic plastic-like behavior in tension (Figure 10).

0 Compression test Tension test
T T T T = 7
35 —¢=10}
—z=30 6y
30- 1

0

Stress (MPa)
N
(=]
Stress (MPa)

0 0.65 0.1 0.15 0.2 0.25 0.3 0.35 04 0 0.02 0.04 0,63 0.1 0.12

. 0.06
Strain (%) Strain (%)

Figure 10. Influence of softening coefficient ¢ on the compression and tension stress—strain curves.

Likewise, increasing the coordination number, through the interaction coefficient A,
improves compressive ductility, but at the expense of a much higher computational cost
and without preserving a realistic compressive-to-tensile strength ratio (Figure 11).

- Compression test _ ansmn test l
‘ —Coordination number = 12 —Coordination number = 12
— Coordination number = 24 10 —Coordination number = 24
100+ q
8
807
£ £
= = 6r s
S 60 =
w 1
5 z
2] 7]
40f . 4
207 2
0 . - . 1 L 0 L L
0 01 02 03 04 05 06 07 08 09 0 0.02 0.04 0.06 0.08 01
Strain (%) Strain (%)

Figure 11. Influence of the coordination number on the compression and tension stress—strain curves.

These observations indicate that the limitation of the base model mainly arises from
the excessive rolling of spherical elements under shear-dominated loading. To overcome
this drawback while preserving the numerical efficiency of spherical discretizations, a
Moment Transfer Law (MTL) is introduced at the interaction scale.

4.2. Rolling Kinematics Between Two Elements

For clarity, only the quantities required for the definition of the rolling angle are
introduced here.

The MTL is formulated at the interaction level between two DEs. In the present
formulation, because the assembly is polydisperse, the rolling kinematics must account
for different particle sizes. The MTL equations are expressed in the global coordinate
system G. Consider two interacting elements a and b, whether linked by contact or by
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cohesion (Figures 12 and 13). Their radii are 7, = R, and r;, = R}, in the case of a con-
tact link. In the case of a cohesive link, a fictitious contact point P, is defined and radii
re=R,+ (D, — (Ra+Ry))and r, = Ry + 3((D 5, — (Ra + Ry)) must be considered.

At time ¢ At time t +dt
% ’
X5
G G

Figure 12. Evolution of contact between two DEs during a time step.

Figure 13. Determination of contact point P, for a cohesive link.

At time ¢, their positions are defined by the vectors x_>A and x_B> , while their rotations
—

are described by @A and wp. Their angular velocity vectors are denoted w4 and a’TB), and
the corresponding rotational increments during a time step are dw 4 and dwg. The normal
unit vector between the two elements is denoted 7 oriented from a to b. After one time
step, the updated contact point and the updated normal vector are denoted C’" and .
The rolling calculation must account for both the rotational and sliding components
of the relative motion. In a monodisperse assembly, the incremental rolling vector can be
obtained directly from the differential motion of the two particles. In the present case, the
packing is polydisperse, and the incremental rolling vector dU, is calculated by averaging
the rolling contributions associated with the two interacting elements (Equation (5)). The

—

corresponding incremental rolling angle vector d6, is then deduced from this rolling vector

%
(Equation (6)). The total angular rolling vector 6, is obtained by summing the incremental
angular rolling vectors from the creation of the interaction. Since only rolling resistance is
considered in the MTL formulation, while torsion torque transfer is neglected, the vector

—
6, is projected onto the plane perpendicular to the normal vector (Equation (7)). The
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norm 6% of this projected vector is then used to calculate the resistant moment associated
with rolling.

e C'Mj + C' Mg 1 - - - -
dau, :2:2[(70_717)(” —n’) + dt (rgwA—rdeB) /\1’1:| 5)

- Hdu" — rg+ 1y — 77 A d_>ur
de, ngg, withr=~"——"andng = — (6)
r r r %
n' A dU,
— — — —~ =\ —
0, =Y do, and 6] = ‘ 0, — (9, .n’) n' (7)

4.3. Elastoplastic Constitutive Law of the MTL

The MTL introduces both an elastic resistance to rolling and a plastic limit beyond
which irreversible rolling develops. Its elastic branch is governed by the rolling stiffness K,
while the plastic branch is controlled by a limiting rolling moment M,;;s, which defines the
maximum rolling-resistance moment that can be sustained by the interaction (Figure 14).
Upon unloading from the plastic regime, the response follows a linear path of slope K,
leading to an irreversible rolling angle. The constitutive law also accounts for rolling in the
opposite direction, which allows cyclic effects to be represented.

M,
A B
Mplas 7
7/
l
7
Kr AKr
c, oL
0 J 9 r
Z_ \ Rolling in the
opposite direction

Figure 14. Elastoplastic constitutive behavior law associated with the MTL.

Once the projected rolling angle 6% is known, the norm of the rolling-resistance
moment can be determined assuming isotropic hardening in the contact plane. The elastic
moment M, is written as a function of the rolling stiffness K, and the difference between
the total projected rolling angle 6% and the irreversible rolling angle 6, (Equation (8)). The
rolling-resistance moment vector Mr is then obtained in the direction of the unit vector
associated with the projected rolling angle (Equation (9)).

Mglust Ky (9 - 9!’)
M, = sign(Mb,,) x min (M5, |, My ®)
— =\ =
. 0, — (9 n>
M, = Myinpg with iipf, = ©)

— - =\ =
0, — <6r -n’)n’
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The MTL is governed by two parameters, defined through an analogy with an equiva-
lent beam connecting the two interacting elements of a cohesive link. This beam is assumed
to have a circular section of radius r (Equation (10)) and a length D .

r = min(R,, Rp) (10)

The rolling stiffness is assumed to be proportional to the bending stiffness of this

equivalent beam. Under the assumption of small deformations, the bending moment is
4

r
related to Young’s modulus E, the quadratic moment of inertia I = ——, and the relative

angular rolling between the two DEs. Introducing a dimensionless coefficient §,, the rolling
stiffness is defined so as to control the elastic rolling response (Equation (11)).

(11)

EI
Kr = ﬁr
ab

D
Similarly, the plastic rolling threshold is determined by considering the local tensile
limit T as the maximum tensile stress in the equivalent beam section corresponding to the

plastic moment. A second dimensionless coefficient 7 is introduced to weight this plastic
threshold according to the concrete type to be reproduced.

TI
Mplas =1 o (12)

As aresult, the MTL is fully governed by the pair of parameters (3,, ). When the MTL
is included, the complete nonlinear behavior of the DEM model is therefore controlled by
five parameters: T, Cy, ¢, B, and 7.

4.4. Identification of the Linear Behavior with the MTL

Because the coefficient 8, controls the elastic rolling stiffness, the linear DEM param-
eters must be recalibrated when the MTL is introduced. By contrast, the parameter
does not affect the elastic response because the plastic branch of the MTL is not activated
in the elastic regime. The elastic parameters «, B, and y were therefore recalibrated for
Br = 1, and the relative errors in the reproduction of the target properties E = 30 GPa and
v = 0.2 were then evaluated for different values of ;.

The results reported in Table 4 show that the new elastic parameter set remains valid
for B, values up to 50. Within this range, the reproduction error for both the Young’s
modulus and Poisson’s ratio remain below 3%.

Table 4. The influence of B, on the reproduction of the elastic properties (x = 4.4, B = 3.34, v = 4.57).

B+ Relative Error for E (%) Relative Error for v (%)
1 0.07 0.31
10 0.13 1.5
20 0.38 1.05
30 0.85 1.1
40 0.96 2.45
50 0.91 2.45
60 9.88 27.8

4.5. Identification of the Nonlinear Behavior with the MTL

With the MTL, the nonlinear response depends on five parameters: T, Cy, ¢, B+, and
1. The influence of T, Cy, and ¢ had already been identified for the base model [13],
whereas the specific role of the MTL parameters is investigated in the present study. To
this end, a sensitivity analysis was carried out on concrete C50 by fixing preliminary
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values of T, Cy, and C (T =4 MPa, Cy = 12 MPa, and = 12), and then varying 8, and %
separately (Figure 15).
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Figure 15. Influences of B, and 17 on compressive behavior of concrete with MTL.

For a fixed value of §;, increasing # leads to a higher compressive strength and makes
the post-peak branch less abrupt. This indicates that a higher plastic rolling threshold
allows for stronger moment transfer and delays the degradation process. However, this
effect progressively saturates as # increases. For a fixed value of #, increasing 3, increases
the stress peak and makes the compressive response approach the limiting case of blocked
rotations. Thus, f, mainly controls the elastic resistance to rolling, whereas # governs the
plastic rolling threshold and hence the extent of ductility enhancement in compression.

Based on these results, the values 8, = 5 and 17 = 5 were selected as a suitable compro-
mise for reproducing the compressive ductility of concrete while maintaining a manageable
identification procedure. Once these two parameters are fixed, the remaining nonlinear
parameters are calibrated sequentially. First,  and T are calibrated from uniaxial tension
simulations. Then, the cohesion parameter Cy is identified from uniaxial compression.

The effect of the MTL on tensile behavior shown in Figure 16 remains limited: the
tensile peak increases only slightly, and the post-peak branch is only marginally modified.
This is consistent with the fact that relative rolling plays a much smaller role in tension
than in compression. Therefore, the MTL mainly improves the compressive response while
having only a limited influence on the simulated tensile response and a high compressive-
to-tensile strength ratio.

5 T

—Without MTL
—With MTL

Stress (MPa)

1 I
0.02 0.03 0.04 0.05 0.06 0.07 0.08
Strain (%)

1
0 0.01

Figure 16. Influence of MTL on tensile test response of concrete.
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5. Results and Discussion
5.1. Identification Results for Different Concrete Types

The proposed calibration strategy was applied to the three concrete types considered
in this study. These concretes were widely studied under quasi-static or dynamic loading
at the 3SR laboratory, Université Grenoble Alpes.

The capacity of the model to reproduce the elastic parameters E and v is demonstrated
with quantitative error criteria as shown in Tables 1, 2 and 4.

The identified values of parameters influencing the nonlinear behavior are reported
in Table 5.

Table 5. Identified parameters of nonlinear behavior for three concrete types.

Compressive Strength f_ (MPa) T (MPa) Co (MPa) 4
67 3.65 14 13

42 2.3 4.5 6

33.8 21 4.0 4

Compression and tension simulations were then performed and compared with
the available experimental data. The good agreement between the numerical and ex-
perimental compressive stress—strain curves for the three concretes can be observed in
Figures 17-19. Because direct experimental uniaxial tensile stress—strain curves were not
available, the present tensile validation is restricted to the tensile strength obtained from
a splitting test. The simulated tensile post-peak response should therefore be regarded
as a modeling assumption consistent with a brittle tensile behavior, rather than as a fully

validated prediction.

—Numerical

Stress (MPa)

—Numerical
— Experimental

0 ‘ ‘ ‘ | ‘ ‘
06 04 02 0 - 02 04 06 08 9oz -001 0 001 002 003 004 005
Strain (%) Strain (%)
Figure 17. Experimental vs. numerical stress—strain responses in compression and tension for
C50 concrete.
: w , 4 :
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4 525’ 4
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Figure 18. Experimental vs. numerical stress-strain responses in compression and tension for R30A7
dry concrete.
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Figure 19. Experimental vs. numerical stress—strain responses in compression and tension for R30A7
wet (42%) concrete.

Table 6 allows for the quantification of the errors on the peak strengths in compression
and tension (fc, f;) and the post-peak ductility in compression (Dg 5) defined as

Dys = €0=05f, — Epeak (13)

Table 6. Errors of the model on the peak strengths (f;, f;) and the post-peak ductility indicator (Dg ).

Compressive Error f, Error f, _ _ o
Strength £ (MPa) £ (MPa) %) ¢ £77 (MPa)  f{"" (MPa) %) t Dy¥ (107%)  Dge" (1073) D" (%)
67 67 0 4.7 4.72 0.4 1.45 1.97 26
42 416 0.9 3.8 3.81 0.26 1.56 2.48 37
33.8 342 1.2 3.0 2.98 0.7 2.24 2.43 7.8

These values show that the peak strengths are well reproduced in compression and
tension. The post-peak ductility is well reproduced for the R30A7 wet concrete but overes-
timated for C50 and R30A7 dry concretes.

5.2. Influence of Discretization

It is well known that local constitutive laws with strain softening may lead to damage
localization and mesh-dependent post-peak responses unless an internal length scale or an
appropriate regularization mechanism is introduced [32]. In the present study, the internal
length scale is imposed by micro—macro relations in Equation (2) with S;,;; that depends on
the element radius.

This localization phenomenon is particularly influential in tension. In order to assess
the sensitivity of the tensile response to particle-size refinement, two tensile tests with
two different particle assemblies were simulated (Table 7 and Figure 20). The stress—strain
curves of these two tests are very similar showing that, for a refined-enough discretization,
there is no influence of the particle mean radius.

Table 7. Two different discretizations for the simulation of the tensile test.

Mean Radius (cm) Number of DEs Compactness
0.58 8630 0.601
0.34 48,243 0.611

For the tensile test considered here, the two refined discretizations provide very similar
responses. A systematic assessment of discretization effects on compressive post-peak
behavior remains beyond the scope of the present study.
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Figure 20. Numerical stress—strain responses in tension of R30A7 wet (42%) concrete for two
mean radii.

5.3. Failure Patterns

The evolution of damage was analyzed by defining the damage of each discrete ele-
ment as the ratio between the number of broken links and the initial number of interactions.
For the R30A7 wet (42%) concrete, the damage maps showed the formation of shear bands
in compression and a localized rupture plane in tension (Figure 21). These failure patterns
are consistent with the expected behavior of concrete under the corresponding loading
conditions and support the physical relevance of the proposed DEM-MTL formulation.

»
>

OO0
LIS

S e

Damage

025 0.5 0.75

P [ 1] |

Figure 21. Damage maps within the R30A7 wet (42%) specimen in compression and tension tests.

5.4. Discussion

The results confirm that the introduction of the Moment Transfer Law (MTL) signif-
icantly improves the compressive response of the DEM model. In particular, the MTL
makes it possible to reproduce a more realistic post-peak behavior in uniaxial compression,
while preserving the main numerical advantage of spherical discrete elements, namely
the simplicity and efficiency of contact detection. Compared with alternative strategies
such as increasing the coordination number or constraining particle rotations, the pro-
posed approach provides a more satisfactory compromise between physical relevance,
computational efficiency, and calibration capability. A key outcome of this study is that
the MTL mainly affects the compressive behavior, whereas its influence on the tensile
response remains limited. This difference can be explained by the local kinematics of
the discrete assembly. Under compressive loading, the response is strongly influenced
by shear-induced relative rolling and sliding between neighboring spherical elements.
In this case, the introduction of rolling resistance directly modifies the local transfer of
moments and delays the degradation process, which results in higher compressive strength
and improved post-peak ductility. Under tensile loading, by contrast, the relative rolling
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between particles is much less pronounced. As a result, the MTL has only a limited influ-
ence on the simulated tensile response while significantly improving the compressive one.
Since direct tensile stress—strain data were unavailable, the simulated post-peak tensile
response remains a modeling assumption consistent with a brittle behavior. The proposed
formulation also makes it possible to reproduce a high compressive-to-tensile strength
ratio, which is a fundamental characteristic of concrete. This point is important because
several numerical adjustments that improve ductility in compression, such as increasing
the coordination number or excessively increasing the softening parameter ¢, also tend
to alter the tensile response in an unrealistic manner. In the present approach, the MTL
improves the compressive response without introducing such an artificial effect in tension,
which strengthens the relevance of the method for quasi-brittle materials such as concrete.
Another important aspect of the proposed approach is its computational efficiency. The
use of spherical particles remains attractive for three-dimensional simulations because
it keeps contact detection simple and robust. In this respect, the MTL offers a practical
alternative to more complex strategies based on non-spherical particles or clusters of parti-
cles, which would considerably increase the computational cost and implementation effort.
The present formulation therefore retains the numerical benefits of spherical discretization
while compensating for one of its main mechanical limitations.

The present study validates the DEM-MTL formulation only under quasi-static uni-
axial compression and tension. Its applicability to multiaxial stress states and dynamic
loading, including rate and inertial effects, is presented in other published papers [4,22-31].
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