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Abstract Concrete is widely utilized in the construc-

tion of critical structures such as nuclear plants, explo-

sive material storage bunkers, and water-retaining fa-

cilities. These concrete constructions must be designed

to withstand potential threats from terrorist attacks

or accidental events, such as projectile impacts. When

a slab undergoes severe impact loading, the concrete

material experiences high loading rates and encounters

a complex stress state, characterized by high confined

compression stress near the point of projectile impact

and tensile stresses near the slab’s free edges. This can

result in potential spalling and scabbing on the front

and rear faces of the slab. Addressing this issue, the

discrete element method (DEM) proves particularly ef-

fective due to its capability to handle discontinuities

with ease. To this end, a DEM model was implemented
in the industrial computer program Europlexus, a finite

element code for analyzing fluid-structure systems un-

der transient dynamic loading. In previous studies, the

authors introduced a compaction model accounting for

pore closure and free water presence in concrete, vali-

dated through simulations of penetration tests on thick

concrete targets with passive confinement. This paper

shifts focus to the DEM simulation of edge-on impact

tests conducted on non-confined concrete tiles using

ogive-nose projectiles. Unlike the aforementioned pen-

etration tests, these original experiments involve mod-

erate mean stress, highlighting the influence of tensile

stresses on the fracturing process. The results validate

the model’s ability to accurately represent fracturing
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and cratering processes in concrete, which are highly

dependent on loading rates.
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1 Introduction

The safety and the protection of sensitive infrastruc-

tures, such as nuclear power plants, dams, and explosive

storage facilities, are of paramount importance. Pro-

tection measures against accidental impacts (e.g., ve-

hicle collisions or airplane crashes) and intentional at-

tacks (e.g., missile strikes) require appropriate design

methodologies to mitigate potential catastrophic con-

sequences. When a concrete slab is impacted by a rigid
projectile, it undergoes various stages of high-intensity

stress, resulting in different damage mechanisms de-

pending on projectile velocity and slab thickness. These

mechanisms include cratering and spalling on the front

face, triaxial compression within the penetration zone

where confinement stress arises due to the inertia of the

surrounding material, and scabbing on the rear face due

to tensile stresses near the free surface [1], [2], [3]. Cur-

rent design approaches for protective concrete shields

used in sensitive infrastructures mainly rely on full-

scale experiments and empirical formulas derived from

extensive testing and observations [2], [4], [5], [6]. While

practical and reliable, these methods often lack a strong

theoretical foundation or rigorous numerical validation.

Additionally, the high cost of full-scale experiments and

the limited applicability of empirical formulas highlight

the need for advanced numerical tools.

The Finite Element Method (FEM) is widely used

for nonlinear structural analysis. However, when mod-

eling fracturing or fragmentation phenomena in impact
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scenarios, FEM typically relies on erosion criteria that

lack physical significance and require case-specific cali-

bration [7], [8].

Originally developed by Cundall et al. [9] for model-

ing granular media, the Discrete Element Method (DEM)

has proven effective for simulating advanced damage

states, including those in cohesive materials. Its discon-

tinuous nature allows for the explicit representation of

macro-cracks and fragmentation, making it particularly

suitable for capturing complex failure mechanisms.

Over the years, Daudeville et al. developed a DEM

model for concrete under severe loading conditions [10],

[11], [12], [13], [14]. This model has been implemented

into Europlexus [15], an industrial finite element code

developed for analyzing fluid-structure interactions un-

der transient dynamic loading, co-owned by the CEA

(French alternative energies and atomic energy commis-

sion) and the Joint Research Centre of the European

Commission.

Validating an advanced concrete behavior model that

accounts for brittle damage, compaction under high

confining pressure, and strain rate dependency requires

robust experimental data. Experimental studies con-

ducted at 3SR laboratory, University Grenoble Alpes,

using the high-capacity triaxial press Giga [16] have

investigated key factors of the well-studied R30A7 or-

dinary concrete under quasi-static loading conditions,

including the loading path [17], [18], [19], [20], water-

to-cement ratio [21], coarse aggregate shape and compo-

sition [22], matrix porosity [23], water saturation ratio

[24] and interstitial pore water pressure [25]. Addition-

ally, Erzar et al. [26] performed spalling experiments to

assess the high strain rate tensile strength in concrete

R30A7.

To analyze concrete damage under severe dynamic

loading, missile impact tests were conducted on 800 mm

diameter plain concrete targets with thicknesses of 300

mm and 800 mm and confined with steel jackets [7],

[27]. The targets were made of the reference ordinary

concrete R30A7. These perforation and penetration ex-

periments provided a reference for validating the DEM

concrete model implemented in Europlexus. The influ-

ence of saturation ratio on penetration was investigated

by Benniou et al. [28]. The validation of the model ac-

counting for both dynamic confinement and strain-rate

effects was carried out by Antoniou et al. [29]. It is im-

portant to note that in penetration experiments, the

material near the impact zone experiences high com-

pressive stresses, leading to irreversible compaction. Re-

gions farther from the impact site undergo moderate

confined compression (CC) [30], while tensile damage

is mainly limited to the free edges. Consequently, such

tests are not ideal for validating constitutive models

describing concrete fracturing under dynamic loading.

Concrete strength exhibits strain-rate dependency,

particularly under tensile loading, as demonstrated by

Malvar et al. [31]. They characterized dynamic strength

enhancement in tension using the dynamic increase fac-

tor (DIF), defined as the ratio of dynamic to static

strength. They modeled DIF evolution as a bilinear

function of the strain rate, distinguishing between mod-

erate and high rate regimes, with a transition point

around 1 s−1. Fracture energy of concrete is also sen-

sitive to loading rates. Schuler et al. [32] observed that

fracture energy increases with higher loading rates, while

Weerheijm et al. [33] reported that rate-dependent soft-

ening curves shift towards increased brittleness at el-

evated strain rates. In contrast, strain-rate effects in

compression are much lower [34]. Cusatis [35] showed

that for unconfined compression (UC) tests at strain

rates exceeding 10−1 s−1, inertial forces contribute sig-

nificantly to observed strength enhancement. Accurately

incorporating strain-rate effects into concrete models

is crucial for describing fracturing processes under dy-

namic loads.

This study aims to validate the DEM model’s abil-

ity to simulate concrete fracturing at different loading

rates. The key innovation of this research lies in both

integrating all dissipative nonlinear phenomena into a

unified DEM model and simulating original edge-on im-

pact (EOI) tests conducted on non-confined concrete

tiles impacted by ogive-nose projectiles. The advantage

of EOI tests is that they generate fracturing under low

mean stress conditions.

The paper is structured as follows: Section 2 sum-

marizes the DEM model and parameter identification

for concrete, as detailed by Antoniou [29]. Section 3

presents the experimental setup for EOI tests. Section 4

compares DEM simulations with experimental results,

demonstrating the model’s predictive capability.

2 DEM model for concrete

The model was detailed in [29]. It is briefly reminded

in this section.

2.1 Constitutive model description

Discrete elements (DE) are rigid spherical elements where

mass is concentrated, possessing six degrees of freedom

(three translational and three rotational), and initially

linked by beam-like cohesive interactions. The charac-

teristic size of DE does not correspond to individual

concrete constituents, such as aggregates. Instead, the
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Table 1 Mechanical properties of R30A7 concrete [24]

Porosity accessible to water (%) 12
Density (kg.m−3) 2280
Slump (cm) 7
Young modulus E (GPa) 25
Poisson ratio ν 0.16
Compressive strength σc (MPa) 34
Tensile strength (MPa) 3.6

DEM model operates at a larger scale, aiming to repli-

cate the macroscopic behavior of concrete in both lin-

ear and nonlinear regimes. The mechanical properties

of ordinary concrete R30A7 studied in this article are

provided in Table 1. The maximum aggregate size (8

mm) was chosen in accordance with the dimensions of

specimens (70 mm in diameter and 140 mm in length)

tested with the Giga high-capacity triaxial press [16].

The behavior of undamaged plain concrete is as-

sumed to be isotropic and homogeneous. To create an

assembly of spherical DE with varying diameters, the

studied concrete specimen geometry is first meshed with

finite element (FE) tetrahedra. A geometrical process

developed by Jerier et al. [36] is then applied to generate

spheres of different sizes and integrate them into the FE

mesh with the maximum compactness. The isotropic

nature of the constitutive behavior of the DE assem-

bly can be assessed by ensuring that the distribution

of interaction orientations remain uniform in all spatial

directions.

Fig. 1 Cohesive interaction.

A cohesive interaction (Fig. 1) is initially established

between two DE, denoted as a and b, with radii Ra and

Rb and separated by a distance Dab, if λ(Ra+Rb)>Dab,

where λ is the interaction range coefficient.

For each DE assembly, λ is determined to ensure

an average of 12 interactions per DE. That empirical

choice ensures the isotropy of the DE assembly [12].

If a cohesive interaction breaks, a new contact in-

teraction may form between the two DEs if they come

Table 2 Parameters of interaction between DE a and b [29]

Dab (m) Distance between DE a and b
Ra, Rb (m) Radii of DE a and b
Sint (m2) Interaction surface
λ Interaction range coefficient
FN , FS (N) Normal and shear forces
KN , KS (N/m) Normal and shear stiffnesses
α, β, γ Stiffness parameters
Kr (Nm) Rolling stiffness
βr Rolling stiffness parameter
Dinit (m) Initial distance between DE
Dmax (m) Distance between DE at failure
T (Pa) Tensile strength
Tst (Pa) Static tensile strength
Tdyn (Pa) Dynamic tensile strength
Mplas (Nm) Yield moment
η Yield moment parameter
DIF Dynamic increase factor
DIFmax Maximum dynamic increase factor
ξ Softening parameter (DIF = 1)
ξDIF Softening parameter for DIF
ξmax Softening parameter for DIFmax

C0 (Pa) Cohesion
Ccel (Pa) Compressive yield stress
Ccpl (Pa) Consolidation stress
ϕi Friction angle of cohesive interaction
ϕc Friction angle of contact interaction
ξ1 Hardening coefficient
ξ2 Consolidated material hardening coeff.
ϵ̇st (s−1) Quasi-static strain rate
ϵ̇m (s−1) Moderate strain rate
δ1 Moderate strain-rate regime slope
δ2 High strain-rate regime slope

into direct contact (λ = 1). Table 2 provides all the

interaction parameters.

The elastic behavior between DE is characterized by

normal stiffness KN and tangential stiffness KS , which

are linked to the macroscopic elastic properties, Young’s

modulus E, and Poisson’s ratio ν, through micro-macro

relations (1), (2), as established by Hentz et al. [37].

KN =
E.Sint

Dinit
· 1 + α

β(1 + ν) + γ(1− αν)
(1)

KS = KN
1− αν

1 + ν
(2)

Where Dinit is the initial distance between the DE,

and Sint=πMin(R2
a, R2

b) denotes the interaction sur-

face.

A rolling resistance mechanism limits local rota-

tions, thereby influencing the brittle nature of the macro-

scopic constitutive behavior. To model this, the link

between DE a and b is modeled as a cylindrical elastic

beam with a radius r = Min(Ra, Rb). The rolling elas-

tic stiffness is Kr (3), the rolling resistance moment is

limited to Mplas (4) (Fig. 2). T denotes the local tensile
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strength (Fig. 3) and the bending inertia is defined as

I=
π.r4

4
.

Kr = βr
E.I

Dab
(3)

Mplas = η
T.I

r
(4)

Fig. 2 Moment-rotation behavior.

α, β, and γ in (1) and (2) represent parameters spe-

cific to the DE assembly. Potapov et al. [14] demon-

strated that the elastic properties of the generated DE

assembly remain minimally affected by discretization,

provided that the packing technique parameters — such

as the ratio of maximum to minimum DE radii, the ra-

tio of the average DE radius to the average FE size,

and the random distribution of DE sizes — are kept

constant.

The non-linear constitutive behavior in tension com-

pression is depicted on Fig. 3 (compressive forces are

considered positive). The tensile behavior is initially

elastic with damage progression. Softening behavior,

governed by the coefficient ξ, begins when the normal

force FN reaches SintT . The interaction is considered

broken once the distance Dab exceeds Dmax.

Shear behavior and tensile strength follow a classical

modified Mohr-Coulomb criterion, defined by a tension

cut-off T , cohesion C0, and the friction angles ϕi and ϕc

for the cohesive and contact interactions, respectively.

Under compression, the constitutive behavior is elas-

tic plastic with bilinear hardening, to describe com-

paction under high mean stress (right side of Fig. 3).

Once the yield strength Sint.Ccel is exceeded, porosity

closure induces hardening. Complete consolidation of

the material is achieved when the compressive force sur-

passes Sint.Ccpl. The two hardening regimes are char-

acterized by coefficients ξ1 and ξ2.

Fig. 3 Constitutive model for the normal interaction.

Vu et al. [24] demonstrated the significant influence

of free water content on the response of concrete un-

der triaxial compression at high confinement. Benniou

et al. [28] slightly modified the present model by incor-

porating the local parameter Sr, the water saturation

ratio assigned to each DE. When Sr reaches unity, the

fully consolidated material accounts for the additional

contribution of water stiffness and the maximum shear

stress is capped. The influence of free water content on

the compressive response of unconfined or moderately

confined concrete is much less pronounced than under

high levels of confinement, whether in quasi-static or

dynamic conditions. Therefore, the influence of free wa-

ter is not considered in the present study.

2.2 Strain rate effect

This subsection examines the effect of loading rate,

which is crucial for accurately describing fracturing.

Proper consideration of this effect is essential to ensure

the fidelity of the model.

The rate dependency of concrete in tension is sig-

nificant [31] and is primarily attributed to its heteroge-

neous microstructure [33], [38]. To maintain accuracy,

the presented macro-model must incorporate this effect.

Experimental results from Split-Hopkinson Pressure

Bar (SHPB) tests indicate a slight increase in apparent

compressive strength with increasing strain rate [34].

However, studies by Cusatis et al. [35] and Ruiyuan et

al. [39] suggest that this enhancement in SHPB exper-

iments is primarily due to radial inertial forces. Con-

sequently, strain-rate sensitivity at the macro-scale is

significantly more pronounced in tension than in com-

pression.

Thus, in the present DEM model, the loading rate

effect at the DE scale is considered only in tension.

Hentz et al. [10] demonstrated that incorporating strain-

rate effects in tension at the DE scale enables accurate
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reproduction of SHPB compression experiments at the

macro-scale.

The DIF evolution is given in (5)-(6), where σc rep-

resents the concrete compressive strength, and σc0 (set

at 10 MPa) serves as a reference value.

DIF =
Tdyn

Tst
=


1 if ϵ̇ ≤ ϵ̇st

( ϵ̇
ϵ̇st

)δ1 if ϵ̇st ≤ ϵ̇ ≤ ϵ̇m

θ( ϵ̇
ϵ̇st

)δ2 if ϵ̇m ≤ ϵ̇

(5)

where δ1 =
1

1 + 8σc

σ0

and θ = (
ϵ̇m
ϵ̇st

)(δ1−δ2) (6)

Erzar et al. [40] demonstrated that the shear re-

sponse of concrete exhibits strain-rate dependency, though

to a significantly lesser extent than in tension. The cor-

responding DIF in shear is capped at a maximum value

of 2.0. By applying the modified Mohr-Coulomb crite-

rion, the maximum DIF in tension is determined using

(7).

DIFmax =
2.0× C0

Tst × tanϕi
(7)

In addition to the increase in tensile strength, Weer-

heijm et al. [33] observed a slight increase in fracture

energy, accompanied by a steeper post-peak slope as

the strain rate increases. Similarly, Schuler et al. [32]

determined that the dynamic fracture energy at higher

strain rates is approximately 2 to 3 times greater than

its static counterpart. Building on these observations,

Fig. 4 illustrates the proposed modeling of tensile con-

stitutive behavior, which incorporates increases in both

tensile strength and fracture energy.

2.3 Identification of DEM model parameters for

R30A7 concrete

The identification of contitutive behavior parameters in

Table 2 is based on simulations of quasi-static (QS) and

dynamic laboratory tests conducted on specimens made

of R30A7 concrete. These simulations were presented

by Antoniou et al. [29].

– Parameters influencing the macroscopic elastic be-

havior are calibrated by means of a few linear sim-

ulations of QS UC tests [37]. Identified values: α =

3.9, β = 3.75, and γ = 5.

– Parameters influencing the macroscopic nonlinear

constitutive behavion under QS tension and com-

pression (strength and post-pic behavior) are iden-

tified through UC test simulations. Identified values:

βr =5, η =5, Tst =2.5 MPa, ξ = 3, C0 = 4.5 MPa,

ϕi =20°, and ϕc=20°.

Fig. 4 Influence of loading rate on tensile constitutive be-
havior

– Parameters influencing the constitutive behavior un-

der high mean stress are identified through simula-

tions of CC tests performed with the high capacity

triaxial press Giga. Identified values: ξ1 = 1.5, ξ2 =

0.3, Ccel = 50 MPa, and Ccpl = 300 MPa.

It is worth noting that these parameters have a min-

imal effect on the simulation of EOI tests presented

in the next section, as concrete tiles remain uncon-

fined.

– Parameters influencing the strain-rate dependency

are identified thanks to data taken from [31], [32],
thanks to Eq. (7), and through simulations of SHPB

tensile tests. Identified values:DIFmax = 10, ξmax =

2.56, ϵ̇st = 10−6s−1, ϵ̇m = 1 s−1, δ1 = 0.0355, δ2 =

0.333.

3 Edge-on impact tests

The EOI test was initially developed by Kalthoff et al.

[41] to investigate the fragmentation of brittle materi-

als, such as glass, under high strain rates. This exper-

iment is particularly well-suited for analyzing dynamic

fragmentation, as the thin material tile remains uncon-

fined. Consequently, this test is highly relevant for val-

idating the DEM damage model at high strain rates

and low mean stress. Another advantage of the test is

its ability to provide visualization of damage evolution,

effectively simulating loading conditions equivalent to

a ballistic impact in a two-dimensional configuration.
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Fig. 5 Edge-on impact setup

Fig. 6 Concrete tile target and projectile

Erzar et al. [42] performed EOI tests on plain con-

crete R30A7 using the following setups (Fig. 5 and Fig.

6): a cylindrical ogive-nose steel projectile impacts a

thin concrete tile with dimensions 20 x 12 x 1.5 cm3. To

ensure controlled boundary conditions, two rigid steel

plates constrain the vertical displacements of the top

and bottom specimen faces, while a flexible vertical

steel plate and a cardboard layer limit the horizontal

displacement of the tile’s rear face.

Fig. 7 Geometries of the two projectiles

Two EOI tests were conducted using 1.99cm diam-

eter projectiles, categorized as follows:

– Short projectile: 62.15 mm in length, 130.4 g in

mass, launched at 76 ms−1.

– Long projectile: 122.15 mm in length, 273.9 g in

mass, launched at 56 ms−1.

Fig. 7 shows the geometries of the two projectiles.

4 Simulation of the two edge-on impact tests

The concrete tile is modeled using DE, while tetra-

hedral FE and hexahedral FE are employed for the

projectiles and three steel plates, respectively. Two of

these plates constrain the vertical displacements of the

top and bottom specimen faces, whereas a flexible ver-

tical plate with fixed ends limits the horizontal dis-

placement of the tile’s rear face (the cardboard layer

is not included in the model). A linear elastic behavior

is assumed for the steel projectile and supports with

Young’s modulus Esteel = 210 GPa and Poisson’s ratio

νsteel = 0.3.

Fig. 8 DE/FE model of EOI test with the short projectile
launched at 76 ms−1

The concrete DE assembly is composed of 118,209

DE with a maximum radius of 1.4 mm, a minimum

radius of 0.47 mm, and a compactness of 0.61. Fig. 8

illustrates the EOI test model with the FE short pro-

jectile and the DE concrete tile enclosed by the three

FE plates. All parameters of the concrete DEM model
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were determined prior to the simulations, based on lab-

oratory test simulations performed on R30A7 concrete,

as detailed in section 2.3.

Fig. 9 Final damage state of the tile tested with the short
projectile launched at 76 ms−1

Fig. 10 Calculated final damage state of the tile tested with
the short projectile launched at 76 ms−1

Fig. 9 shows the final damage stage of the tile tested

with the small projectile. Fig. 10 presents the results

from the numerical simulation. The number of broken

links of a DE divided by its total number of initial

links defines the damage indicator for the considered

DE. The damage pattern is in good agreement with the

experiment. Note that the projectile trajectory is not

aligned with the symmetry axis of the target because

of the random distribution of DE.

Fig. 11 displays the time evolution of the projectile

penetration in the target, the calculated penetration

depth of the projectile corresponds well to the experi-

mental one.

Fig. 11 Calculated penetration depth of the short projectile
launched at 76 ms−1

Similarly, Fig. 12 shows the final damage stage of

the tile tested with the long projectile. Fig. 13 presents

results from the numerical simulation that are in good

agreement with the experiment, especially for the cra-

tering damage. The calculated penetration depth of the

projectile corresponds to the experimental one as can

be seen in Fig. 14.

Fig. 12 Final damage state of the tile tested with the long
projectile launched at 56 ms−1

The results of these two EOI test simulations vali-

date the capability of the DEM concrete model to accu-

rately describe dynamic fracturing. This phenomenon

is primarily driven by tensile stresses, which are highly

dependent on the loading rate.
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Fig. 13 Calculated final damage state of the tile tested with
the long projectile launched at 56 ms−1

Fig. 14 Calculated penetration depth of the long projectile
launched at 56 ms−1

5 Conclusion

This article presents a DEM concrete model implemented

in Europlexus for simulating concrete structures under

impulsive loading. The model accounts for key non-

linear dissipative phenomena occurring during severe

dynamic events, including: brittle damage in tension,

which is highly dependent on loading rate, compaction

in triaxial compression under high confinement, and

transition from brittle to ductile behavior under triaxial

compression with moderate confinement.

The DE interaction laws were identified in previous

studies [10], [12], [14], [29], [37], utilizing simulations of

laboratory tests, including quasi-static confined com-

pression tests [17], [24] and Split-Hopkinson Pressure

Bar (SHPB) tensile and compressive tests [40].

The DEM model’s capability to describe concrete

damage in thick targets subjected to projectile pene-

tration has been demonstrated by Antoniou [29]. While

tensile stresses may occur near free edges, the results of

these tests are primarily governed by compaction and

shear phenomena under high mean stress.

The correct description of fracturing process under

impact loading is crucial and challenging because of

its coupling with other dissipative phenomena. Accu-

rately describing the fracturing process under impact

loading is crucial and challenging due to its coupling

with other dissipative phenomena. To assess the DEM

model’s ability to simulate concrete fracture under dy-

namic loading, the edge-on impact test is selected. This

test minimizes triaxial confinement stresses in the con-

crete tile, thereby emphasizing the influence of tensile

stresses in the fracturing process.

Two edge-on impact tests performed on ordinary

concrete are simulated and compared with experimen-

tal results. These tests, involving two different impact

conditions, allow for the investigation of loading rate

effects. The simulations accurately predict the penetra-

tion depth of each projectile and replicate the observed

damage patterns, which consist of a cratering zone and

several main cracks.

In conclusion, this study, along with previous works,

demonstrates that the DEM model for concrete imple-

mented in Europlexus is a predictive tool capable of

determining both the depth of projectile penetration

into concrete and the resulting damage in the impacted

zone. This capability is crucial for a variety of defensive

and non-defensive applications.
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