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Extending the discrete element method to account for dy-
namic confinement and strain-rate effects for simulating
hard impacts on concrete targets

Andria Antoniou?, Laurent Daudeville™, Philippe Marin?, Serguei Potapov?

Abstract

Concrete plays a pivotal role as a foundational material in critical infrastructure, particularly in nuclear
plants. Given the imperative for robustness and safety in such contexts, the design of concrete struc-
tures necessitates methodologies capable of precisely predicting damage resulting from impacts. When
subjected to impact, concrete experiences high loading rates and significant triaxial stresses in the vi-
cinity of the impacting object, potentially resulting in fragmentation, pore closure and projectile penetra-
tion. In addressing these challenges, the discrete element method (DEM) emerges as a suitable ap-
proach primarily due to its inherent ability to model discontinuities such as cracking and fragmentation.
Within this framework, DEM employing spherical discrete elements (DE) has been implemented into
Europlexus, a fast transient dynamics finite element (FE) code. This paper presents a refined constitu-
tive DEM model for concrete, especially accounting for porosity closure under high confinement and the
effect of strain-rate on tensile strength and fracture energy. The calibration of constitutive parameters is
conducted through the simulations of a series of quasi-static (QS) tests encompassing tension, com-
pression and triaxial compression. The strain-rate dependency parameters are identified through dy-
namic tensile tests conducted using a split-Hopkinson pressure bar apparatus. The whole constitutive
model is presented as well as its calibration. Finally, the validation of the DEM approach is demonstrated

through simulations of penetration and perforation tests conducted on concrete targets.
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Highlights

e A discrete element model for concrete resulting from several developments is presented in its
entirety

e The discrete element model includes tensile brittle damage as well as compaction due to po-
rosity closure

e The parameters of the constitutive model are identified through simulations of quasi-static tests
conducted on ordinary concrete under tension, unconfined compression and confined compres-
sion

e The strain rate-effect parameters are identified through simulation of split Hopkinson pressure
bar tensile tests

e The whole model is validated through the simulation of penetration and perforation tests of plain
concrete targets

Introduction

When subjected to intense dynamic loading, such as missile impacts on vital infrastructures, concrete
may undergo various degrees of damage, including cracking, spalling, and penetration. Hence, it is
crucial to employ reliable design methods that accurately predict concrete behavior during impacts.

In literature, there are comprehensive experimental findings and empirical equations for designing con-
crete barriers to safeguard nuclear power plants. Riera’s approach [1] is suitable for estimating loading
in soft impact scenarios, whereas for hard impacts, Petry’s formula and its revisions [2-3], along with
Berriaud et al.’s formula [4], can be utilized to predict penetration depth and perforation limits, respec-
tively. However, the high expenses associated with full-scale experiments and the limited applicability
of empirical equations underscore the necessity for advanced numerical tools. The precision of numer-
ical predictions heavily relies on the accuracy of the constitutive model for concrete materials.

During impact, only a restricted region of a concrete structure experiences high-stress levels that can
lead to irreversible compaction. Beyond this region, compression with a moderately triaxial stress level
is observed [5-6]. Additionally, near free boundaries, a tensile stress state may occur, resulting in scab-
bing and spalling [3].

Bischoff et al. [7] conducted an extensive examination of concrete compressive strength sensitivity
across a broad spectrum of strain rates, drawing upon experimental data gathered from diverse sources.
In scenarios of hard impact, the strain rate can soar to hundreds of s.

Malvar et al. [8] collated experimental data from multiple researchers to explore concrete's strain-rate

effect in tension. They illustrated the dynamic increase factor (DIF), which signifies the ratio of dynamic
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to static strength, as a bilinear function of the strain rate, as proposed by the Euro-international commit-
tee for concrete (CEB) [9]. This function is divided into moderate and high-rate regimes, with a transi-
tional point around 1 s,

In the moderate regime, Rossi et al. [10] attribute this phenomenon to the so-called Stefan effect, con-
strued as an additional resistance arising from pore pressure in the free water. In the high-rate regime,
the dependency of concrete's tensile behavior on the loading rate finds its physical explanation in the
heterogeneous microstructure of concrete [11]. Increasing the loading rate reduces the microscopic
tensile stress near existing cracks and hinders the initiation of new crack formation from initial defects
[12].

Fracture energy represents another crucial characteristic of concrete. Schuler et al. [13] delved into its
dependency to loading rates by conducting spalling Split-Hopkinson Pressure Bar (SHPB) tests on both
notched and unnotched specimens. They demonstrated that at low strain rates, there is no noticeable
impact on fracture energy. However, when strain rates exceed approximately 0.3 s, there is an increase
in fracture energy. Similarly, Weerheijm et al. [12] observed an effect of loading rates on fracture energy,
accompanied by a rate-dependent softening curve that shifts towards increased brittleness with higher
rates.

Numerical examinations of unconfined compression (UC) experiments [14-17] have highlighted that
once strain rates exceed about 1 s, the confinement stresses triggered by inertia start to play a notable
role, substantially increasing the observed strength during experiments. In other words [18], the com-
pressive strength increase is due to a continuous transition of the stress state from uniaxial stress to
uniaxial strain with the loading rate increase.

Piotrowska et al. [19] conducted dynamic tests at strain rates of order of 102 s and quasi-static (QS)
confined compression (CC) tests on concrete, observing that dynamic volumetric stiffness and deviatoric
strength values slightly exceeded QS values. Considering the findings from UC and CC tests alongside
previous analyses, it can be deduced that the strain-rate effect on concrete in tension is much higher
than the effects observed in UC or CC.

A research initiative carried out by the 3SR laboratory at Grenoble Alpes University has aimed to carry
out an exhaustive analysis of the triaxial behavior of concrete under high QS confinement pressure.

Multiple tests have been conducted on samples made from the same reference concrete with a UC
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strength of 34 MPa at 28 days [20-21]. The maximum aggregate size (8 mm) was selected in accord-
ance with the specimen size (70 mm diameter and 140 mm length). The experimental campaign has
thoroughly investigated the impacts of water/cement ratio, saturation degree, and the effect of coarse
aggregate size on concrete behavior under high confinement (up to 650 MPa) [22-25].

To simulate advanced damage states in concrete, Discrete Element Method (DEM) offers advantages
due to its discontinuous nature. Unlike Finite Element Method (FEM), DEM is well suited for addressing
impact problems as it naturally generates realistic macro-cracks without relying on erosion techniques
lacking physical basis. Cundall et al. introduced this method in the early 1980s to model granular media
[26-27]. Initially, a limitation of DEM was its challenge in modeling the cohesive behavior of solids. Cu-
satis et al. [28] proposed an approach where a 3D lattice connects aggregate particles with a distribution
determined by the concrete mix design. They define an influence zone for each particle, with forces
transmitted through lattice struts. Similarly, Donzé et al. [29], then Hentz et al. [30], used a spring-like
model with cohesive interactions between spherical discrete elements (DE), even when not in direct
contact, enabling the simulation of cohesive materials like concrete; they defined micro-macro constitu-
tive laws to determine the interactions elastic stiffnesses. While both methods are similar, Cusatis et
al.’s approach precisely describes the microstructure of a concrete specimen, albeit being time-consum-
ing due to requiring a large number of particles. In contrast, the higher-scale constitutive behavior mod-
eling of Hentz et al [30] aims to reproduce the macroscopic behavior of concrete for structural engineer-
ing applications, enabling the creation of a packing with a reasonable number of DE and lower compu-
tational costs. The Hentz et al’'s nonlinear constitutive model is phenomenological; its parameters are
identified through DEM simulations of QS laboratory tests.

Hentz et al.’s [30] concrete model formed the foundation for simulating both soft impacts [31-33] and
hard impacts on thin concrete slabs [34]. However, the latter simulations did not involve high mean
stress in concrete. In this research, the model developed by Hentz et al. and its subsequent enhance-
ments [31-36] have been integrated, expanding its applicability to encompass impact scenarios featuring
elevated mean stress and high strain rates in concrete. This extension integrates a compaction consti-
tutive law to depict porosity closure under high pressure. The strain-rate effect on both tensile strength
and fracture energy is determined for the reference concrete. The DIF evolution with strain-rate is bilin-

ear [8-9]. Malvar et al. [8] identified this evolution for ordinary concrete and for low strain rates, while
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dynamic spalling experiments performed by authors [37] allow identifying the DIF evolution for high
strain rates.

The key innovation of this study lies integrating all dissipative nonlinear phenomena and strain-rate
effects into a unified DEM model, along with identifying DEM constitutive parameters for ordinary con-
crete. Some preliminary results were shown in a previous paper [38] but the DEM model was not unified
and not calibrated yet.

Section 2 outlines the fundamentals of the DEM model including recent advances. Section 3 details the
calibration of DEM parameters through simulations of tests conducted on the reference concrete includ-
ing QS tension, QS UC, QS CC, and dynamic tensile tests performed with a SHPB device. Section 4
validates this comprehensive approach through simulations of penetration and perforation experiments
on thick concrete targets. All the developments were implemented using the Europlexus fast dynamics
software [39] co-owned by the CEA (the French alternative energies and atomic energy commission)

and the Joint Research Centre of the European Commission.

DEM model for concrete

The utilized DEM is based on a formulation of rigid spherical elements derived from the pioneering work
of Cundall et al. to model granular materials [26-27]. Building upon this foundation, Donzé et al. [29] and
Hentz et al. [30] extended Cundall et al’s formulation to incorporate cohesive interactions, enabling the
modeling of materials such as concrete. To create an assembly of spherical DE with different diameters,
the open-source SpherePadder++ software [40] is employed. In a first step, the studied concrete spec-
imen geometry is meshed with tetrahedra using the technique developed by Cui et al. [41], then a geo-
metrical process developed by Jerier et al. [42] is applied to generate spheres of varying sizes and to
integrate them into the tetrahedral mesh with the maximum compactness.

In the present approach, the spherical DE are not mesoscale components of concrete, such as aggre-
gates, cement paste or voids. Instead, the current model operates at a higher-order scale, aiming to
replicate the macroscopic behavior of concrete across both linear and nonlinear regimes. To achieve
this, the DE assembly is initially set to be isotropic, which means that the interactions orientations are
uniformly distributed in all the directions of the space. This choice mimics the isotropic nature of undam-
aged concrete and helps avoid the emergence of non-physical cleavage, which can occur when simu-

lating nonlinear concrete behavior using aligned DE or a non-varying distribution of elements sizes [43].
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Cohesive and contact interactions

Spherical DE are chosen for their ease of handling interactions between them. The cohesive interaction
is initially established between two DE, denoted as a and b, with radii R, and R, within an interaction
range determined by the coefficient A (Figure 1). Da, represents the distance between the centroids of

DE a and b, withA> 1 and A(R, + Ry) > Dg.

Contact Interaction, A=1 Cohesive Interaction, A>1

Figure 1. The two types of interactions.

This approach enables the definition of an appropriate number of interactions per DE to ensure the
isotropic feature of the DE assembly. After breakage, a cohesive interaction may become a new contact

interaction if the two DE come in contact (Figure 1). Table 1 outlines all the parameters of the interaction.

Table 1. Physical and geometrical parameters of the interaction between discrete elements a and b.

Symbol Parameter Symbol Parameter

Dab Distance between DE a and b (m) 13 Softening parameter (DIF = 1)

Ra, Ro Radii of DE a and b (m) EpiF Softening parameter for DIF

Sint Interaction surface DE a and b (m?) | &max Softening parameter for DIFmax

A Interaction range coefficient DIF Dynamic increase factor

Fn Normal force between a and b (N) DIFmax Maximum dynamic increase factor
Fs Shear force between a and b (N) Co Cohesion (Pa)

E Young’s modulus (Pa) Ceel Compressive yield stress (Pa)

v Poisson ratio Cepl Consolidation stress (Pa)

Kn Normal stiffness (N/m) P; Friction angle of cohesive interaction
Ks Shear stiffness (N/m) P, Friction angle of contact interaction
a, B,y Micro-macro relations parameters &1 Hardening coefficient

Kr Rolling stiffness (Nm) 3 Consolidated material hardening coef.
Br Rolling stiffness parameter Est Quasi-static strain rate (s1)

Mplas Yield moment (Nm) Em Moderate strain rate (s1)

n Yield moment parameter d1 Moderate strain-rate regime slope
Dinit Initial distance between DE (m) &2 High strain-rate regime slope

Dmax Distance between DE at failure (m) oc Compressive strength (Pa)
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T Tensile strength (Pa) Oco Reference compressive strength (Pa)
Tst Static tensile strength (Pa) Grp Dynamic fracture energy (N/m)
Tayn Dynamic tensile strength (Pa) Grs Static fracture energy (N/m)

Constitutive behavior

Elasticity

The elastic cohesive interaction between DE is modelled through spring-like interactions, with normal
and tangential stiffnesses Ky and K. The material parameters at the macroscopic scale, namely
Young’s modulus E and Poisson’s ratio v, are directly linked to Ky and K through micro-macro rela-
tions [29], which are derived from micro-macro relations established for a regular packing of monodis-
perse spheres [44-45]. Equations (1)-(3) present the micro-macro relations for two elements a and b,
Dinit is the initial distance between the DE and S;,,; is the interaction surface. E and v are input values,

while a, B and y represent a set of parameters specific to the DE assembly.
Sine =1 min(RE, R}) 1)

E Sint 1+a
Dipie PA+Vv)+y (1—av)

Ky = (2

1—av

Ks = Ky 1+v

3

Rolling resistance

When modeling interactions between spherical DE without considering any rolling resistance, the DE
assembly displays a brittle behavior, characterized by a shear stiffness lower than the macroscopic
stiffness of the material. To address this limitation and better capture the influence of concrete constitu-
ents such as cement paste and aggregates, which hinder local rotations, a Moment Transfer Law (MTL)
with rolling resistance between DE was introduced by Omar et al. [46].

The link between DE a and b is conceptualized as a cylindrical beam with a radius r = min(R,, Rp,)
(Figure 1). The MTL specifically considers bending rotation (or rolling) and excludes torsion effects.
Figure 2 illustrates the assumed elastic perfectly plastic moment-rolling constitutive behavior. The rolling
elastic stiffness K, is defined in Equation (4) where I = r*/4 represents the bending inertia, the factor

B, allows adjusting K,.. The plastic regime is defined with a plateau at the yield moment M,,,; (Equation
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(5)), where T denotes the local tensile strength (Figure 3). Similarly, the factor n allows adjusting the

yield moment.

EI

Kr=Ppr 5— 4)
TI

Mpias = n 7 (5)

Rolling moment

A B
Mplas T 7
i K
K, i : .
4 c ,’/J Ky Rolling rotation
0 8;0 I.r
7
,n’
,l\
e J Rolling in the
E D opposite direction

Figure 2. Moment transfer law for rolling resistance [46].

Tensile constitutive behavior

The tensile behavior at the link scale is depicted on the left side of Figure 3 (tensile forces are drawn
negative). It is assumed brittle, with no inelastic deformation. The softening behavior occurs when the
normal force Fy between the two DE reaches Si T, where the stress T is the tensile strength; the sof-
tening behavior is defined through the factor &. The cohesive interaction between DE is deemed broken

once the distance Da, exceeds Dj,qy-
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S5iC

int™~cpl

SintC

int™~cel

max

Kn/€,

Figure 3. Constitutive model for the normal interaction (left: tensile behavior with damage, right: elastic

compression and compaction law).

Failure criterion

The shear behavior and the tensile fracture of the cohesive interaction follow the modified Mohr-Cou-

lomb theory [47]. Two limit function f; and f», characterizing the nonlinear behavior in shear and tension

respectively, are defined in the tangential (Fs) vs normal (Fn) forces plane (Figure 4). The constitutive

parameters of the cohesive interaction are the friction angle @;, the cohesion stress C,, and the tensile

cut off stress T (T = T« in case of QS loading).

Fs A
<— Cohesive
interaction
Sl nt CO
f,=0 <— Contact

D interaction

D, .-

Sint'r FN

Figure 4. Modified Mohr-Coulomb model (tangential vs normal force).

The yield function f1 limits the tangential force, thereby capping the maximum shear force, while the

function f, triggers damage under tension up to the link failure. Upon failure of the cohesive interaction,

the two involved DE may re-interact if they come into contact again. In such cases, a contact interaction

is established, adhering to a standard Mohr-Coulomb criterion with a contact angle @.. This interaction

is limited solely to compression and lacks the ability to exert any tensile force.
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Compressive constitutive behavior

Concrete behavior under high mean stress is primarily governed by the compaction phenomenon, stem-
ming from porosity closure [20] [48].

To describe concrete behavior under high mean stresses, Shiu et al. [49] proposed an elasto-plastic
with bilinear hardening behavior (right side of Figure 3). In this model, the normal stiffness K, and the
yield strength S;,.C..; define the elastic behavior. Once the yield strength is surpassed, porosity closure
induces hardening (denoted by coefficient &), resulting in an increase of the elastic stiffness. Complete
consolidation of the material is achieved when the compressive force surpasses S;,;C.,;. This signifies
that the concrete reaches full compaction, accompanied by additional stiffness enhancement through
the hardening coefficient &,.

Shiu et al.’s model was implemented into Europlexus. However, it is important to note that the present
model does not consider the influence of the water saturation ratio in the constitutive behavior. In a
recent development, Benniou et al. [50] incorporated the influence of saturation ratio in a DEM model of
concrete. However, numerical simulations were limited to laboratory tests of wet concrete specimens
under confined compression conducted by Vu et al. [23] and by Accary et al. [51]. In the latter tests, the

authors could measure the interstitial pore pressure.

Strain rate effect in tension

It is important to highlight that the rate dependency of concrete in tension stems from the inherent het-
erogeneity within its microstructure [11-12]. Consequently, modeling concrete at the macro-scale ne-
cessitates the consideration of strain rate effects in tension. During UC and CC tests, the observed
strength enhancement recorded during SHPB experiments is notably lower [14-17], it is attributed to the
influence of radial inertia forces [14].

In the current DEM approach, strain-rate sensitivity at the scale of DE is considered primarily in tension.
The DIF, representing the ratio of dynamic to QS strengths (T, /Ts.), evolves with strain rate. Drawing

inspiration by the CEB formula [9], this evolution follows two distinct regimes as described by Equation

(6).
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(L, €<é
é 1 (61-52)
DIF = Tayn = \g, €t <E <&y With 6§ =—7%- ;0= <£—m) (6)
Tt . | 82 1+8,¢ Est
o
€t E>éEn

£, and g, are the quasi-static and moderate strain rates, §; and &, are the slopes of the first and
second regimes. g, stands for the QS compressive strength of concrete, and ¢,, = 10 MPa is a refer-
ence value.

The first regime is influenced by the QS compressive strength of concrete .. Notably, the increase in
tensile strength is more prominent for concretes with lower compressive strengths. The transition to the
second regime occurs at &,,, signifying a shift to high strain-rate dependency characterized by a sharper
slope §,.

Erzar et al. [52] demonstrated that the shear response of concrete exhibits strain-rate dependency,
albeit significantly lower than in tension. The corresponding DIF in shear is arbitrary capped at a value
of 2.0. Utilizing the modified Mohr-Coulomb criterion (Figure 4), the maximum dynamic increase factor
DIFE,,,, can be determined using Equation (7).

2.0 Co

DlFnax = tan(@;)Tst

)
Weerheijm [12] and Schuler et al. [13] observed a slight increase of fracture energy in the high strain-
rate regime and a post-peak slope that increases with the strain rate. Schuler et al. evaluated the dy-
G

Gf 2 hetween 2 and 3 for highest tested strain rates.
fs

namic intensification factor for fracture energy
Figure 5 illustrates the proposed modeling of the strain-rate effect in tension accounting for the tensile
strength enhancement and the slight increase of the fracture energy. These evolutions correspond to
Equations (7)-(11). The parameter &,,,, that governs the fracture energy at the strain rate correspond-
ing to the maximum dynamic increase factor DIF,,, can be determined through Equation (8) with the
maximum dynamic intensification factor for fracture energy evaluated by Schuler et al. [13].

This simple choice of DIF evolution facilitates a straightforward identification of parameters through the

simulation of dynamical tensile tests.
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DIF,max nDIF
Dinax Dmax  Dmax Dinit
N
. KwE
. Kn
N o Ty
N\ KN/ o,
\ N
KN/fmax\\ A Tayn = Tsy X DIF
K
i
y
\ ,', max _—
Nememememeee e ] Tdyn - TST X DIFmax

Figure 5. Tensile constitutive behavior of concrete considering the strain rate influence.

Gﬂ _ D1F2(1 + fmax)

Grs 14¢ ®)
K K K K DIF —1
N/fDIF - N/f + ( N/fmax B N/E) (DIFmax - 1) (9)
1 1 1 1 DIF — 1
Tr & (fmax B E> <D1Fmax =) (10)

Dmax 1 + f

Constitutive behavior parameters identification

The identification of the DEM constitutive parameters for concrete relies on the following equations and

figures:

Elastic behavior: micro-macro relations (1)-(3), parameters a, 8 and y.

Quasi-static uniaxial nonlinear constitutive behavior: Equations (4)-(5), Figure 3 and Figure 4,
parameters B, n, Ts, €, Co, @; and @..

Quasi-static triaxial compaction behavior: Figure 3, parameters Ccel, Ccpi, €1 and &o.

Tensile strain-rate dependency: Equations (6)-(11), parameters &g, €, 61, 0, and &,

The identification procedure of these parameters is detailed in Antoniou’s doctoral dissertation [37]. It

relies on a few simulations of laboratory tests.
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Influence of discrete element discretization on elastic properties of a discrete element assembly
A geometrical method developed by Jerier et al. [42] is utilized to generate the DE assembly. This algo-
rithm generates spheres of varying sizes and embeds them into a tetrahedral FE mesh. As mentioned
previously, the parameters a, 8 and y in the micro-macro relations (2)-(3) are dependent on the packing
of spherical DE. The interaction coefficient A allows adjusting the number of interactions (Figure 1).
Rousseau et al. [33] selected an average number of 12 links per DE. This empirical choice allows iden-
tifying A, combined with the appropriate packing technique; it ensures the isotropy of the DE assembly.
The average number of 12 links per DE is a fixed parameter for all the numerical simulations presented
in this paper.

In a previous study [36], the authors demonstrated that for a given set of parameters such as the average
number of interactions per DE (set at 12), the ratio of DE radii Rmax/Rmin, the ratio of average DE radius
over average FE size, and a random distribution of DE sizes, the generated homogeneous DE assembly
has elastic properties that are very minimally affected by discretization.

Figure 6 depicts the various samples employed to simulate QS UC tests of rectangular parallelepiped
with a square cross-section and a length to edge sizes ratio of 2. For all DE meshes, the following ratios
were used: Rmax/Rmin = 3 and FE tetrahedron edge/DE mean diameter = 4. The number of DE ranges
from 122 to 77556. The parameters a, 8 and y in the micro-macro relations (2)-(3) were identified using
sample 4, which was derived from the tetrahedral mesh containing 4 tetrahedra per transverse edge.
These parameters were determined along with the macroscopic elastic parameters E (35 GPa) and v
(0.2).

The values a = 3.9, 8 = 3.75 and y = 5 are optimal parameters for replicating the macroscopic linear

elastic behavior.
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XY plane YZ plane XZ plane

e
o/ <A

)

1 tetrahedron

122 DE

2 tetrahedra

747 DE

3 tetrahedra

2608 DE

4 tetrahedra

6055 DE

5 tetrahedra

15374 DE

7 tetrahedra

43381 DE

9 tetrahedra

77556 DE

Figure 6. DE sample meshes with the number of tetrahedral per edge and distribution of interactions

orientations in the XY, YZ and XZ planes [36].
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After identifying a, 8 and y parameters, Figure 7 illustrates the evolution of numerically measured macro
properties E and v through simulations of QS UC tests performed on samples with various discretiza-
tions. The measured macro properties significantly deviate from the targeted values (E = 35 GPa and
v=0.2) only for the coarsest discretization (1 tetrahedron per transverse edge). This result demon-
strates that for a non-coarse discretization using a set of parameters close to those utilized for identifying
a, B and y, the elastic macro properties E and v of the generated DE medium will be close to the targeted

macro properties used in Equations (2)-(3).

E (MPa)
40000 !
35000 - @ W = = 8
30000 W
25000
20000
15000 -
10000 -

5000

0 Sémme

0.25
. L

0.2 S

0.i5H

01

0.05 4

Sample
0 T T T T T T

Figure 7. Reproducibility of (a) Young’s modulus and (b) Poisson’s ratio [36].

Reference concrete properties

The last section will present the validation of the DEM approach for predicting damage in thick concrete
targets under hard impact. The targets are made of R30A7 concrete (Table 2). They were cast and
submerged in water until the date of the test to get specimens with well-controlled material properties.
Therefore, the tested concrete can be considered fully saturated with water.

The constitutive parameters of the DEM model are calibrated to replicate the macroscopic behavior of
the reference ordinary fully saturated concrete R30A7, extensively studied in both QS and dynamic

conditions at the 3SR laboratory of the University Grenoble Alpes. High-quality cement is used to ensure
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good reproducibility for a material with low cement volume. R30A7 concrete contains siliceous rolled
aggregates with a maximum size of 8 mm obtained from natural deposits (99% quartzite). Table 2 pro-
vides the composition and mechanical properties of R30A7 concrete. The compressive strength of
R30A7 concrete at 28 days of ageing is 34 MPa. The saturated concrete samples are held in water for

about 4 months before testing [21].

Table 2. Composition and mechanical properties of reference ordinary concrete R30A7 [20-21].

Composition Mechanical properties

Cement CEM | 52.5N 263 kg/m?3 Compressive strength 34 MPa

Sand Dmax 1.8 mm 838 kg/m? Tensile strength 3.6 MPa

Gravel 0.5-8 mm 1008 kg/m3 Porosity accessible to water 12 %

Water 169 kg/m? Slump 7cm

W/C ratio 0.64 Density 2278 kg/m3
Young’s modulus 25 GPa
Poisson’s ratio 0.16

Quasi-static uniaxial behavior parameters

The identification of DEM uniaxial behavior parameters is conducted through simulations of tension and
UC tests. To simplify the generation of the DE assembly, the numerical sample is a rectangular paral-
lelepiped with a square cross-section and a length to edge sizes ratio of 2 (sample 4 of Figure 6), while
experimental specimens are cylinders with a circular base.

Parameters B, and n of the MTL (Figure 2) are calibrated thanks to the experimental stress-strain curve
of a UC test. The correct replication of the peak stress and the curve shape allows identifying B, = 5
and n = 5. It is noteworthy that n has no influence on the linear elastic behavior and S, a very slight one
[35]. Consequently, these parameters have no influence on the previously identified parameters a, 8
and y.

The tensile cut off stress Ts: significantly affects the tensile and UC strength values of concrete. How-
ever, the softening factor ¢ has minimal effect on the post-peak shape of the stress-strain curve in com-
pression; instead, it alters the ultimate tensile strain. Parameters such as cohesion stress Cy and friction
angles @; and @, do not directly influence the tensile behavior of concrete. However, Cy affects the
compressive peak stress, while the two friction angles have a slight impact on the post-peak regime.
Following an examination of each parameter's influence on macroscopic behavior in uniaxial tension

and compression [37], constitutive parameters governing QS nonlinear behavior were determined for
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R30A7 saturated concrete. The identified values are as follows: Tst = 2.5 MPa, £ = 3, Co = 4.5 MPa,

®; = &, = 20°.

Quasi-static triaxial behavior parameters

The constitutive parameters of the compaction law (Figure 3) are determined through simulations of
hydrostatic and oedometric tests conducted on fully saturated concrete specimens at high confining
pressure using the high-capacity triaxial press Giga (Figure 8). In a hydrostatic test, isotropic pressure
is applied uniformly around the entire specimen, increasing linearly with time. On the other hand, an
oedometric test restrains radial deformation while the specimen is axially compressed. These tests allow

for the characterization of concrete behavior under high confinement conditions.

Figure 8. High capacity triaxial press Giga [21] and performed tests (hydrostatic a,= p).

To simulate triaxial compression tests, the DE assembly is generated with the same discretization pa-
rameters as those defined by Potapov et al. [36] for the simulation of UC and tension tests. This ap-
proach ensures consistency in representing the material behavior across various loading conditions.
Similar to uniaxial tests simulations, numerical samples for hydrostatic and oedometric tests have a
square base, while experimental specimens have a circular one. They are represented by
0.1x0.1x0.1 mS3 cubes.

The polydisperse assembly consists of 4427 DE with a maximum radius of 5.4 mm, a minimum radius
of 1.8 mm, and a compactness of 0.59. In the simulation, six rigid planes exert contact forces on each
face of the cube, replicating the loading conditions of the hydrostatic and oedometric tests.

The parameters identified by comparison with experimental results (Figure 9) are & =1.5, & =0.3,

Ccel = 50 MPa and C¢p = 300 MPa.
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Figure 9. Simulation of hydrostatic (left) and oedometric (right) tests.

Strain-rate dependency parameters

This subsection focuses on the identification of constitutive parameters for Equations (6)-(11) for R30A7
saturated concrete.

The parameter ¢&,,,, atthe strain rate corresponding to the maximum dynamic increase factor DIF,,,,

is determined through Equation (8) and the maximum DIF for fracture energy evaluated by Schuler et

al. [13] (f}ﬂ = 2.56). The identification gives &4, = 2.56 102
fs

Malvar et al. [8] identified the material parameters of the first regime for ordinary concrete (Equation (6)).

The QS strain rate of the first regime is &,,= 106 s'1 and the slope of this regime is §, = 0.0355 for o, =

34 MPa.
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Figure 10. Spalling SHPB experimental setup [54].

The identification of the second high strain-rate regime is carried out through simulations of spalling
tests using a SHPB device (Figure 10). Antoniou [37] conducted spalling tests at strain rates 30 s and
50 st on two fully saturated R30A7 specimens. In these tests, the specimen is subjected to a compres-

sion pulse that is reflected as a tensile wave. When the amplitude of the reflected wave exceeds that of
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the transmitted one, a dynamic tensile stress develops in the specimen, potentially leading to its fracture.
The pullback velocity, that is the difference between the maximum velocity and the first rebound velocity
observed on the rear face, is correlated with the dynamic tensile strength of concrete [53].

The same procedure [36] is employed to generate the DE packing for the DEM simulation of the dynamic
spalling test. The specimen is cylindrical with a diameter of 46 mm and a length of 142 mm. It comprises
18376 DE with a maximum radius of 2.1 mm, a minimum radius of 0.7 mm, and a compactness of 0.59
(Figure 11).

In the simulation, a compressive pulse is directly applied to the front face of the sample, while the particle
velocity of the rear face is measured to identify the evolution of DIF parameters with the strain rate. The
number of broken links of a DE divided by its total number of initial links defines the damage indicator
for the considered DE. Figure 11 shows that at 30 s, the specimen is split into two parts of approxima-

tively the same size.

Figure 11. DE model of the specimen tested at 30 st and damage at the end of the test.

&, and §, (Equation (6)) are the constitutive parameters of the second regime of the DIF evolution.
They are determined through simulation of two spalling tests. The proper capture of the peak and re-
bound velocity observed on the rear face validates the parameters identification (Figure 12). With

8, = 0.333 and ¢, =1 s, the simulation yields the closest match to the experimental results.
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Figure 12. Experimental and numerical rear face velocity of the spalling test at 30 s (left) and 50 s
(right).

Figure 12 compares the numerical simulations with the experimental data. The curve obtained in the
simulation closely replicates the slope of the rising velocity pulse of the rear face. Additionally, the sim-
ulation adequately predicts the peak and first rebound velocities. These results confirm the reliability of
the proposed DIF constitutive behavior for concrete within the tested range of strain rates.

However, it is essential to investigate the ability of the DEM model to reproduce the behavior of concrete
under higher strain rates. Erzar et al. [52] utilized the spalling technique to investigate the response of
saturated R30A7 concrete across a broad range of strain rates. The dynamic strength, evaluated using
Equation (6) and the identified values for &, and &,, is compared with experimental measurements
(Figure 13). Spalling test data from Erzar et al. [52] are represented by dots, while the numerical results
are depicted with a dashed line. The correct comparison validates the proposed DIF evolution with strain

rate.
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Figure 13. Tensile strength of saturated R30A7 concrete [52] and DEM model predictions.

Validation of the DEM approach through the simulation of penetration and perforation

tests

After identifying constitutive parameters of the DEM model, the entire DEM approach is validated

through the simulation of hard impact tests conducted by CEA on thick saturated R30A7 concrete targets

[55]. These simulations are particularly relevant because they involve both tensile damage at high strain

rates and compaction due to high triaxial stresses, which are characteristic phenomena in these tests.

Presentation of tests

Figure 14. Gas launcher and projectile with its accelerometer [55].

A gas device (Figure 14, left) is employed to launch ogive-nosed projectiles made of 35NCD16 steel.

These projectiles have a nose radius to diameter ratio of 5.77, a shank diameter of 52 mm, a length of

299 mm and a mass of 2.442 kg (Figure 14, right).
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The targets used in the experiments have a 800 mm diameter. They consist in three 15 mm thick steel
jackets filled with plain R30A7 concrete. They were stored 149 days in water and immediately tested,
therefore concrete can be considered saturated with water. One perforation test was conducted on a
target with a thickness (H) of 300 mm, with a striking velocity of 333 m/s (Figure 15, left). Additionally,
two penetration tests were performed on targets with a thickness (H) of 800 mm: one at low velocity
(227 m/s) and the other one at high velocity (347 m/s) (Figure 15, right).

An accelerometer in the steel projectile (Figure 14, right) allowed recording the axial deceleration during
the experiment. The dimensions and shapes of ejected concrete in the rear and front faces of the targets

were measured with a topographic laser system.

Figure 15. Post test images of the perforation concrete target (left, H = 300 mm) and the penetration

concrete target (right, H = 800 mm).

Simulation of tests

In the Europlexus simulation, concrete cylinder is modeled with DE. The steel elements, that are the
confining jacket and the projectile, are modeled with tetrahedral FE with a linear elastic behavior (Figure
16). Table 3 provides information on the number of DE, as well as the maximum and minimum radii and

compactness of the perforation and penetration concrete DE assemblies.
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Figure 16. Perforation test model with DE concrete specimen confined with FE steel jacket and im-

pacted by a FE steel projectile

Table 3. Features of perforation and penetration DE models.

Number of DE  Rmax Rmin  Compactness

Perforation 141765 0.9 0.3 0.61

Penetration 336467 0.94 031 0.62

Figure 17 shows the excellent agreement between the calculated and measured axial displacements of
the projectile. Additionally, Figure 18 displays a cross-sectional view of damage state of the concrete
target and the projectile, 2.5 ms after the impact on the front face of the target. It is worth noting that
despite the symmetrical nature of the target specimen, the projectile does not follow a rectilinear trajec-

tory due to the randomly and non-symmetrical distribution of spherical DE.
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Figure 18. Perforation test after 2.5 ms: damage state of concrete and views of the front and rear

faces of the target.

Figure 19 shows the zones of ejected concrete after the perforation test and the numerical damage
pattern. During the simulation, an initial cratering phase was observed, followed the initiation of spalling,
and then the tunneling phase due to penetration of the projectile. Subsequently, scabbing appeared at
the rear face, and finally, the projectile perforated the target [37]. The damage pattern generated by the
DEM model appears to be in good accordance with the experimental observations, with more pro-

nounced diagonal cracks observed at the bottom of the perforated specimen compared to the top.
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Figure 19. Perforation crack pattern: simulation and experiment.

Figure 20 illustrates the axial displacement of the projectile during the penetration test at 227 m/s. The
simulation closely predicts the penetration depth but the time evolution is slightly different, especially at

the end of the test.
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Figure 20. Penetration test at 227 m/s, simulation and experiment, projectile axial displacement
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Figure 21. Penetration test at 227 m/s, crack pattern: simulation and experiment.

Figure 21 presents the crater observed in both the simulation and the experiment. The calculated pen-

etration depth (193 mm) is the same as the measured one. The simulation accurately reproduces the
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observed phenomena, including spalling and cratering with conical cracks on the front face, as well as

the size of the conical hole.
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Figure 22. Penetration test at 347 m/s, simulation and experiment: projectile axial displacement
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Figure 23. Penetration test at 347 m/s, crack pattern: simulation and experiment.

Figure 22 depicts the axial displacement of the projectile during the penetration test at 347 m/s. Com-
pared to the test at 227 m/s, a more pronounced difference is observed after 1 ms. Figure 23 illustrates
the crack pattern observed in both the simulation and the experiment. The calculated penetration depth
(300 mm) is close to the measured one (268 mm). The damage pattern is realistically reproduced by

the simulation, with spalling on the front face and the cratering damage mode, as well as tunneling

through penetration.
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Discussion

Bian et al. [55] presented FE simulations of the two penetration tests performed by CEA (one of the co-
authors has performed the experiments and provided us the data). Bian et al. could correctly predict the
penetration depths thanks to an erosion criterion based on the equivalent plastic deformation. To fit the
experimental results, Bian et al. used a maximum equivalent plastic deformation equal to 200%. Such

a value has no physical sense.

Time (ms)
0 1 2

a

Projectile deceleration (km/s™)

----- Vi=227m/s Data
----- Vi=34Tm/s Data
—\ =227 ms Simulation
-400 - m— =347 m/s Simulation

Figure 24. Penetration tests at 227 m/s and 347 m/s, projectile deceleration: experimental data and

numerical results obtained by Bian et al. [55].

Nevertheless, an important scatter is observed between the numerical and the experimental projectile
decelerations in the two penetration tests, especially after 1.4 ms (Figure 24). Analysis of the experi-
mental signals seems to show a recording problem after 1.4 ms. The 347 m/s test generates greater
inertia forces and therefore greater deceleration, which is observed. However, at 1.4 m/s the recorded
accelerations drop to zero for both tests without explanation for that simultaneity. For this reason, the
author of the tests informed us that the velocities and displacements calculated after 1.4 m/s might

contain errors and should be considered with caution.

Conclusions

This article presents an extension of a DEM model implemented in Europlexus for the modeling of con-

crete structures under impulsive loading. The constitutive model for concrete is improved by integrating
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concrete compaction and identifying the tensile strength enhancement under high strain rates. Calibra-
tion of DEM parameters is conducted using an ordinary concrete, referencing laboratory tests including
QS tension and compression, as well as QS confined compression and dynamic tensile tests.
Perforation and penetration tests performed by CEA on ordinary concrete targets confined with steel
jackets were simulated with DEM. Concrete specimens were saturated with water for well-controlled
curing conditions. Without fitting any parameter such an erosion criterion, calculated axial displacements
of projectiles closely match the recorded ones during tests. The DEM model accurately reproduces
damage patterns observed experimentally, such as spalling on the front side with an ejection of frag-
ments and tunneling. Additionally, the simulation predicts the scabbing phenomenon with diagonal
cracks developed on the rear face of the perforation specimen. A cratering damage mode is also ob-
served in penetration simulations.

Impact tests on confined concrete targets validate the proposed compaction law, facilitating the study of
concrete under high mean stresses due to impact. Furthermore, the reliability of the strain-rate effect
modeling in tension is confirmed.

These results indicate that the current DEM approach, after years of development, has evolved into a
robust computational tool. It effectively demonstrates the capacity to conduct realistic simulations within

an industrial setting, particularly for concrete shields exposed to extreme dynamic loading scenarios.
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