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We investigate the dynamic behavior of concrete in relation to its composition within a computational
framework (FEM). Concrete is modeled using a meso-mechanical approach in which aggregates and mortar
are represented explicitly. Both continuum phases are considered to behave elastically, while nucleation,
coalescence and propagation of cracks are modeled using the cohesive-element approach.
In order to understand the loading-rate sensitivity of concrete, we simulate direct tensile-tests for strain rates
ranging 1–1000 s−1. We investigate the influence of aggregate properties (internal ordering, size distribution
and toughness) on peak strength and dissipated fracture energy. We show that a rate independent
constitutive law captures the general increase of peak strengthwith strain rate. However, a phenomenological
rate-dependent cohesive law is needed to obtain a better agreement with experiments. Furthermore, at low
rates, peak strength is sensitive to the inclusions' toughness, while the matrix dominates the mechanical
behavior at high rates.
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1. Introduction

Structures made of concrete, a highly heterogeneous material, are
often subjected to dynamic loads. These may include impact,
explosions and seismic loads. Although it is well known that the
mechanical behavior of concrete depends on strain rate, the rate
dependency of this material under dynamic loading conditions is
usually not taken into account in the design codes.

Among others, peak strength, strain at peak strength and total
dissipated fracture energy have been shown to be dependent on strain
rate, [22,30]. In general, concrete exhibits higher peak strength when
it is loaded at higher strain rates and this increase has been shown to
grow linearly with the strain rate. Fortunately, the augmentation of
strength is accompanied by a larger dissipation of fracture energy, so
concrete does not become more brittle.

Nevertheless, the dynamic behavior of concrete under high-strain-
rate tensile loading has still not completely been understood. For
instance it is not yet clearwhat thephysical origins of this stress increase
are. In addition, the influence of the internalmicro structure of concrete,
and the mechanisms which lead to different crack patterns when
varying the loading rate, remain open questions. Unfortunately
performing a proper dynamic experimental test in direct tension brings
somedifficulties. One of thebiggest limitations is how toattach properly
the specimen to the testing machine. Therefore, some authors have
used, for high strain rates, an indirectmethod employing theHopkinson
bar [33,3]. In this case, a compressivewave, sent to the specimen, travels
through the sample until it finds the free boundary and reflects back
already as a tensile wave. Then, the specimen breaks by spalling.
However, it is still not clear whether or not the incident compressive
wave could have affected the material before the tensile wave initiates
its way back.

Concrete is a heterogeneous material made of cement (8–15%),
water (2–5%), and about 80% of aggregates including gravel, sand,
limestone filler and finally other chemical additives in proportions
smaller than 0.5%. The result of thismixture is a quasi-brittlematerial in
which, the wide kaleidoscope of sizes of the ingredients defines the
mechanical behavior. Although all the ingredients influence the final
mechanical behavior, it seems to be that every ingredient has an
influence according to its characteristic length. In this sense, and
according to the levels of observation proposed byWittman [42], meso-
scale (m−3) andmicro-scale (m−6) should be the logicalworking scales
for material scientists in concrete research. Nevertheless, micro-scale is
still far from the computational capabilities if ‘real’ size specimenswant
to be analyzed. Thus, different meso-scale models have been tested by
several authors for the simulation of concrete behavior and fracture. A
first class of models has recourse to the finite-element approach, in
which concrete is represented either as a mixture of aggregates in a
matrix with an interfacial transition zone between them or using a
damage formulation [29,41,6,7,39,24,19]. A second class to simulate
concrete behavior involves lattice models [35,2], where the mechanical
properties of the lattice beams aim to represent the concrete meso-
structure [17,12]. Thesemodels have demonstrated success at capturing
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themain characteristics of the overall mechanical behavior of concrete:
crack initiation, propagation, coalescence and localization.Moreover the
constitutive equationsmight be relaxedwhen comparingwith amacro-
scale formulation, thereby reducing the number of model parameters.

This paper aims at exploiting the capabilities of a 2D (finite-element)
meso-mechanical model of concrete. The dynamic propagating cracks
will bemodeled explicitly byhaving recourse to the relatively-little used
(in concrete modeling) cohesive-element approach. The objectives of
ourwork are twofold. First,wewish tomake explicit the influenceof the
toughness of aggregates on the macroscopic response. To this end, we
consider two different types of aggregates differing in their properties
(called hard and soft aggregates). The spatial ordering of the meso-
structure and the aggregates size are investigated as well. Second, we
study the rate dependence of concrete in relation with its meso-
structure composition. We propose to adopt a rate dependent cohesive
law to reproducewith better accuracy the experimental observations of
strain-rate strengthening. While rate dependency has been taken into
account in several concrete models, using either a rate-dependent
damage formulation [16,9], visco-plasticity [37] or a coupling between
both formulations [10], little attempts have been made to couple rate
dependency with a meso-scale modeling of concrete. A noteworthy
exception includes some recent work, for instance Cusatis et al. [45]
within the lattice frameworkand [26]within a (viscoelastic viscoplastic)
damage formulation with interfacial transition zone. Our work will
extend this line of thought to the finite-element/cohesive-element
approach.

The paper is decomposed as follow. The next section describes the
finite-elementmodel andmaterial parameters. Section3 constitutes the
main part of the paper and gathers a mesh convergence analysis and
parametric studies showing the influence of aggregates properties,
spatial ordering, sizes, and strain rates. A discussion on the advantage of
a rate-dependent cohesive law formulation is brought in Section 4.

2. Approach

2.1. Meso-structure generation

Our model considers concrete as a material made only of two
components. Beyond the matrix phase, only the large aggregates are
represented explicitly. The small aggregates and other components
are assumed to be mixed up with the mortar phase establishing the
matrix phase. For the mesh generation the large aggregates are
initially represented by means of Voronoï polyhedrons. To generate
them, a program starting from a Voronoï mesher has been developed.

To prevent thefinal Voronoï geometry of presenting tiny edges [48]
a Body Centered Cube (BCC) was chosen for the initial distribution of
points. The generation points code is linked to the Voronoï generator
program and the resulting geometry (in terms of Delaunay mesh) is
linked to another codewhich detects each polyhedron, shrinks, moves
and rotates it following an uniform random distribution. As a result, a
set of Voronoï polyhedrons surrounded by a box is obtained, Fig. 1.

The matrix phase is created automatically using the capabilities of
a mesh generator program by considering the specimen surface
Voronoi Polyhedra SDistribution of points

Fig. 1. Schematics of the generation
(external box) and excluding the Voronoï polyhedrons (aggregates).
Notice that this is possible since the cohesive element methodology
here does not require an a priori definition of the possible fracture
planes, since cracks are constrained to propagate following the inter-
element boundaries [29,36,41,7].

With this method, we generated 2D (plane strain) square
specimens with an external size h of 0.1×0.1 m2.

2.2. Numerical dynamic approach

Our so generated finite element meshes are composed of 6-noded
quadratic triangles. In order to find the equilibrium, we need to solve
the discretized equation of motion

M x→
::
+

→
R

int
=

→
R

ext ð1Þ

To solve this equation one needs to use a convenient finite
difference expression to approximate the accelerations and velocities
in terms of displacements. We have chosen the explicit version of the
popular second order Newmark β-method. In this case the mass
matrix is lumped and therefore diagonal, which allows to trivially
inverse the mass matrix solving explicitly the scheme.

The presented scheme is stable under the condition that the time
step is below a critical value, which is

tcrit = αmin
Ne

e=1

le
c

� �
ð2Þ

where c represents the plain strain stress wave speed and le is the
dimension of the element. The stable time step has to be chosen equal
to the smallest value over all elements multiplied with a security
coefficient α (typically around 0.1).

2.3. Cohesive zone approach

The finite-element method with cohesive capability allows us to
model dynamic crack propagation and damage in a brittle material like
concrete. The fracture process is described by the cohesive approach
(introduced by Dugdale [46] and Barenblatt [47]) as a separation
process occurring at the crack tip in a small region of material called
cohesive zone. In this region, the two faces of the crack separate
producing a displacement jump

→
Δ = Δn;Δsð Þ. The debonding process is

described by a constitutive relation between traction and opening
displacement. The bulk material outside the cohesive zone remains
undamaged and it continues to behave linear elastically.

2.3.1. Cohesive zone insertion
During the simulation, the stress on the interface between two

adjacent continuum elements, Fig. 2, is computed and checked against
the selected fracture criterion at the end of every time step.

The interfacial stress, σ, is computed averaging stresses of the
adjacentGauss points of the two continuumelements. This interpolation
hrinked Voronoi = aggregates Matrix

of concrete's meso-structure.



Fig. 2. Schematics of the nodal disconnection between two continuum elements in
which the interfacial stress has exceeded the critical stress.

Fig. 3. Graphical representation of the linear cohesive law.
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of the interfacial stress, although introduces some small error, converges
to the solution as the finite elements become small.

If the inter-element stress exceeds the critical stress value, the
middle node located at the inter-element boundary is doubled, the
two elements are topologically disconnected and a cohesive element
is inserted.

Therefore a crack can propagate only when a cohesive element is
inserted adjacent an already existent one allowing the shared corner
node to be duplicated as well. After the nodal disconnection, the
interfacial stress starts being controlled by the traction separation law,
which is implemented in the cohesive element.

2.3.2. Cohesive constitutive model
The coupling of the above mentioned fracture criterion together

with an initially rigid cohesive law allows capturing the initiation of
new cracks without an a priori definition of the possible cracks, which
are constrained to propagate following the inter-element boundaries.
The law we use is the linear irreversible softening law proposed by
Camacho and Ortiz [8,27].

The authors hypothesize the existence of a free potential energy ϕ,
which depends not directly on the relative displacements,
→
Δ = Δn;Δsð Þ, but in an effective scalar displacement which has the
following form:

δ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2

n + β2Δ2
s

q
: ð3Þ

The parameter β accounts for the coupling between normal and
tangential displacement. The value of β has to be estimated (e.g. by
correlating experimental results with numerical simulations, [34]),
and is therefore bound with some uncertainty. We investigated the
influence of that parameter by varying its value between zero (only
normal tractions) and 10. We could establish that the peak strength is
only slightly affected by β, as we are applying a tensile loading. For the
remainder of the paper we will keep its value equal to one. The free
energy function has the form in the reversible case

ϕ δð Þ = 1
2
fctδ 2− δ

δc

� �
ð4Þ

where fct represents the local material strength and δc represents the
effective relative displacement beyond which complete decohesion
occurs. The derivation of the free potential energy with respect to the
opening displacement leads to the cohesive tractions:

→
t =

∂ϕ
∂→Δ

=
t
δ

Δn
→
n + β2→Δs

� �
ð5Þ
where t represents an effective cohesive traction. This traction in case
of crack opening is given by:

t = fct 1− δ
δc

� �
for δ = δmax and δ̇ > 0: ð6Þ

Whereas for crack closure or reopening (δ smaller than δmax) the
functional form is assumed to have the form:

t = tmax
δ

δmax
for δ < δmax ð7Þ

where tmax is the value of the effective traction when δ is equal to δmax,
in which the maximal effective opening displacement attained up to
the moment is stored. Moreover δmax also accounts for the
irreversibility of the law allowing successive loading, unloading and
reloading. The evolution of the linear decreasing law is graphically
shown in Fig. 3.

Note that the definition of fct and δc implicitly establishes the
existence of an effective fracture energy Gc, which corresponds to the
area under the curve of Fig. 3:

Gc =
1
2
fctδc: ð8Þ

Partially damaged cohesive elements have dissipated an energyW.

2.4. Material parameters

Meso-mechanical models need to be fed with specific material
parameters, which may require specific experiments. In particular,
fracture properties of the components (aggregate, matrix, which
includes mortar and small aggregates, and aggregate-matrix inter-
face) are needed.

In real concrete, the value of those parameters influences strongly
the macroscopic mechanical behavior. In particular, the strength and
stiffness of large aggregates (with respect to the matrix's ones) and the
strength of the aggregate-matrix interface are directed correlated with
the final experimental results, i.e. cracking patterns, fracture energy,
critical crack opening, softening curve and Young's modulus [11].

This work only considers mean values of those parameters.
Nevertheless two different types of aggregates have been considered.
In Table 1, a summary of the chosen material parameters is given.

In order to validate our model, we have performed two simulations
using the same specimen geometry of the quasi-static tests presented in
one of the references [31] from which the aggregate and matrix
properties have been taken. The numerical results lie within the
experimental scatter and were therefore in good agreement with the
experimental load displacement behavior.

image of Fig.�3


Table 1
Summary of fracture material properties taken from [32,31].

Material properties Density (kg/m3) E (GPa) ν Gc (J/m2) fct (MPa)

Hard aggregate 2700a 19 0.2 60 16
Soft aggregate 2700a 2.1 0.2 20 1.7
Matrix 2200a 31 0.2 52 4.7
Aggretate-matrix – – – 30 4.7b

a These values are generic and chosen from Caballero [48].
b This is an estimated value, set equal to the matrix–matrix interface strength, as

direct experimental data was not found.
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2.5. Measure of damage

When using continuum damage models, damage is defined as a
variable at the constitutive level. The visualization of this variable can
therefore give an approximate idea about the irreversible deformation
of a structure and the underlying damage. On the contrary, with the
cohesive element approach, cracks are modeled explicitly, giving an
opportunity to construct relevant damage indicators and to monitor
their time evolution. To this effect, we defined the following variable.

2.5.1. Damage normalized fracture work (DNFW)
The index accounts for the ratio between the work fracture spent

(already dissipated fracture energy W) and the fracture energy
necessary to split the interior specimen in two, i.e. it is the fracture
energy corresponding to a length equal to h, which is the specimen
width (this allows to have an index insensitive to the mesh size).

DNFW =

∑
nbinterf aces

i=1
∫
li

Wi dli

Gc⋅h
ð9Þ

Where li is the length of cohesive element I, Wi the partially
dissipated cohesive energy and Gcrepresents a mean fracture energy,
weighted with respect to the amount of fracture energy potentially
released by each inter-element component.

In order to distinguish and to localize damage, the above damage
variable has been also defined for each material phase: aggregates,
matrix and aggregate matrix, and can be indentified (as for the other
variables) with a corresponding subscript: a, a–m and m.

3. Results

3.1. Geometry and boundary conditions

All the specimens are loaded under displacement control. To avoid
stress wave propagation from the boundaries and early fracture near
the boundaries, all the nodes computations are given an initial
velocity, [23], see Fig. 4.
Fig. 4. Boundary (left) and initial (right) conditions.
Nodes of the finite element mesh which are located on the upper
and lower boundaries are forced tomove at a certain constant velocity
v0:

v0 = ε̇
h
2

ð10Þ

where ε̇ is the strain rate and h the height of the specimen. The upper
boundary respectively the lower one moves upward respectively
downward at velocity v0. To avoid stress wave propagation from the
boundaries and early fracture near the boundaries, all the nodes
computations are given an initial velocity in respect to their vertical
position y [23] as illustrated in Fig. 4.

vy yð Þ = 2v0
h

y ð11Þ

In the following subsections the work is focused first on the
convergence of the simulations (Section 3.2); later an investigation on
the influence of the aggregates toughness (Section 3.3) and their
ordering (Section 3.4) and size (Section 3.5) is given.

3.2. Effect of mesh size, geometry and material parameters

The fracture process in brittle solids is usually assumed to be a
toughness controlled phenomenon, which means that the process is
controlled by Gc and is therefore independent of fct of the cohesive
zone.

Conversely, if the macroscopic strength is linked with fct, the
process is said to be strength controlled. This must be valid not only
theoretically but also when running a numerical simulation, which
uses the cohesive zone approach.

It is well known that the relationship between the cohesive law
and the critical energy release rate Gc introduces a length scale into
the material description. This imposes a constraint on the mesh size.
This length scale, calculated by Rice and Palmer [28,25], is called
cohesive zone length lz and is defined as follows for Mode I crack
loading in case of plane strain

lz =
9
32

πEGc

1−v2
� �

f 2ct
: ð12Þ

This length has an important influence around the crack tip in
numerical simulation. In general, for toughness-controlled fracture,
the following relation has to be satisfied:

lm < lz < h ð13Þ

where lm is the element size (biggest element edge) in the cohesive
area and h is the width of the specimen (0.1 m). This means that the
cohesive zone must contains several elements (typically around four)
and that the cohesive zone should be small in comparison to the
specimen size. Table 2 shows the calculated values of the cohesive
zone length for the different components of concrete.

Note that it is not possible to clearly calculate a cohesive zone
length for the interfaces between aggregates and matrix (because the
choice of Young's modulus is ambiguous). The cohesive zone length
for the hard aggregates and that one between soft aggregate and
Table 2
Cohesive zone lengths lz [mm] for the different components of concrete meso-scale
model. For Aggregate-Matrix interfaces: EM means that Matrix Young's Modulus is
considered, EHA and ESA this of hard respectively soft aggregates.

Material Hard
Aggregate

Soft
Aggregate

Matrix Aggregate-matrix

EM EHA ESA

Cohesive zone length [mm] 4.1 13.4 67.2 38.8 23.7 2.6

image of Fig.�4


Fig. 5. Macroscopic peak strength σmax [MPa] versus average element size lm [mm] for a) ˙ε=10s−1 and b) ˙ε=1000 s−1 (SA).

1134 L. Snozzi et al. / Cement and Concrete Research 41 (2011) 1130–1142
matrix have the smallest values; therefore they will determine an
upper limit for the size of the elements when generating the mesh.

In order to verify the relationship between the different length
scales a series of numerical tests was carried out. A first test was
simply to load the 0.1×0.1 m concrete specimen varying the degree of
refinement of the mesh in order to verify the mesh sensitivity. We ran
several simulations for concrete with soft and hard inclusions for
different loading rates. The results for two different loading rates and
concrete with soft aggregates are reported in Fig. 5.

From Fig. 5a) it is possible to observe that there is convergence for
an average element length (lm) smaller than about 0.25 mm.
Considering this length and looking back at Table 2 we can remark
that lm should be at least roughly ten times smaller than the Rice's
cohesive zone length of the interface, which was derived for pre-
cracked specimen with homogeneous materials and without meso-
structure. Most published work having recourse to the cohesive-
element framework uses an estimate of lm≤ lz/3. Our work demon-
strates the importance of using a more conservative estimate in the
absence of a complete mesh-convergence study. The scenario is
similar at high strain rates (e.g. beyond 100 s−1), Fig. 5b), although
the peak strength is higher and apparently a finer mesh is needed to
reach a fully converged results. The chosen mesh-size for the
simulations presented in this paper is set to 0.4 mm. Although this
Fig. 6. a) Mesh of the pre-cracked specimen. b) Evolution of the macroscopic peak strength σ
cohesive length as for soft respectively hard aggregates.
value seems to be related with some limited mesh dependency, it
allowed us to save some computational time.

A closer inspection of Table 2 reveals yet another challenge. The
matrix cohesive length has roughly the same dimension of the tested
specimen; therefore the relation of Eq. (12) is not respected. We
carried out a second study in order to highlight the influence of this
second requirement on the macroscopic strength. A pre-cracked
specimen (Fig. 6a)), made only of one component, has been chosen for
this test. The specimen is loaded with a strain rate of 10 s−1, the
horizontal displacements of the left-boundary nodes were blocked
and thematrix-component was selected as referencematerial. We ran
different calculations keeping Gc constant (52 J/m2) and varying the
critical opening strength fct between 1.175 Mpa (0.25∙fct,m) and
75.2 Mpa (16∙fct,m). According to the previous investigation of
convergence, the mesh has been refined in the fracture area, where
the elements have an average edge length of 0.5 mm.

The results are displayed in Fig. 6b). One can distinguish three
domains. On thefirst oneason the third one, themacroscopic strength is
clearly an increasing function of fct, while region two is staying quite
constant. The domain two is clearly the toughness-controlled one,
whereas domain one and three are strength-controlled.

On domain one, lz is bigger than 0.01 m, which is a too big value
compared to the specimen size h (0.1 m). On the third domain the
max varying fct. The square and triangular symbols are located in the plot with the same

image of Fig.�5
image of Fig.�6


Fig. 7. Pre-cracked specimen with variable width.

Fig. 9. Concrete meso-geometry with 79 aggregates (left). Zoom of the corresponding
finite-element mesh (right).
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cohesive zone becomes too small compared to the size of the chosen
mesh (lzb2.5 mm), which means that the mesh is not fine enough to
capture the cohesive zone. The cohesive lengths for matrix (round
symbol) and soft aggregates (square symbol) are included in domain
one. Whereas, for hard aggregates (triangular symbol), the cohesive
length is located in the toughness-controlled region (domain two).

We further carried two tests to quantify the influence of the
chosen specimen size on the peak strength. Both tests are conducted
for a fixed mesh size. One consists in taking a specimen with a regular
meso-structure and the standard geometry tested in this paper
(0.1×0.1 m), but with a pre-crack. The specimen width has been
increased by keeping the height constant (Fig. 7).

We could observe (Fig. 8a)) that the peak strength decreases with
increasing h and converges to a fixed value for a width of
approximately 0.6 m (which corresponds roughly to ten times the
cohesive zone length for the matrix).

The other test consists in enlarging the size of the specimen
keeping the same degree of mesh refinement (Fig. 8b)). We have run
simulations with double and quadruple specimen size. In this case the
size does not seem to affect the peak strength (only a small variation
in order of two percent could be observed). When comparing the
results of the two specimens, one can remark that, if there is a pre-
crack, the size of the specimen clearly affects the peak strength as the
cohesive length of the matrix is in the same order as the chosen
specimen width. Whereas, if the sample is not pre-cracked, it seems
that the chosen size has not the same influence (as long as the chosen
specimen size can be considered a representative volume element).

For the chosen specimen geometry, and material parameters, the
presented results are not in a well-defined region. We have tried to
reduce as much as possible the mesh dependency, but this is
complicated by the presence of a meso-structure. The concept of
toughness-controlled regime applies well for homogeneous materials
and pre-cracked specimen. However, in our case, where multiple
cracks are opening (during the simulations) and interacting, the
upper limit for the specimen size of Eq. (13) has to be relaxed.
Fig. 8. a) Macroscopic normalized peak strength σmax versus specim
Moreover, because of the meso-structure, which is composed of
different materials, is not possible to clearly define a cohesive zone
length. Without a rigorous estimate, it was decided to use a mesh size
smaller than a sixth than the smallest cohesive zone estimate.

Thus, it can be concluded that, for the geometry of the concrete
specimens presented in this paper, the present work lies in a mixed
strength-controlled and toughness-controlled regime.
3.3. Soft vs. Hard aggregates and strain rate effect

To study the influence of themechanical properties of the aggregates
on the behavior of concrete, two different types of aggregates, differing
in their material properties, have been considered: soft and hard (see
Table 1). The concrete meso-structure is modeled with the geometry
and mesh presented in Fig. 9.

The response of the two types of concrete depends on the strain
rate at which the specimen is loaded. For instance, two stress-strain
diagrams are plotted in Fig. 10a) for a low strain rate ( ε̇ = 10s−1), b)
for a high strain rate ( ε̇ = 1000s−1).

From Fig. 10a) one can recognize that the aggregate type
influences the response of the concrete specimen only at low strain
rates. As mentioned previously, we keep the value of β, the coupling
parameter in the cohesive law, equal to 1. Since we are in mode I, this
parameter does not influence significantly the peak strength (a study
of the influence of β was conducted but is not shown here). The
variation of peak strength with strain rate for the two different
aggregates is highlighted in Fig. 11a). The results display a strain rate
hardening. However, the computed increase of strength is quite
smaller than the experimental one see Fig. 11b). We will go back to
en with h [m]. b) Specimens with double and quadruple size.
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Fig. 10. Macroscopic stress-strain (σ−ε) comparison between hard and soft aggregates: a) at low strain rate ( ε̇=10s−1) and b) at high strain rate ( ε̇=1000 s−1).
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this point in Section 4, where we motivate the use of a phenomeno-
logical rate dependent cohesive law.

Under a low strain rate, the presence of soft aggregates within
concrete makes the material softer in its pre-peak behavior. However,
this effect starts to disappear when the strain rate is increased above
10 s−1. The peak strength is also decreased by the presence of soft
aggregates when concrete is loaded under low strain rates (the peak
strength for hard aggregates is approximately double than for the soft
ones). Finally, at low ε̇ the softening branch shows a more attenuated
decay when comparing soft vs. hard aggregates.

This scenario changes completely when analyzing the same
specimens under high strain rate, Fig. 10b). The results show that
there are no differences between soft and hard aggregates in terms of
stress–strain diagrams. The stress–strain plots are, almost identical,
exhibiting same elastic slope, peak strength and softening decay up to
the last computed time.

The same distinction between the behavior at low and high strain
rates can be done when looking at the deformed mesh configuration,
which is plotted in Fig. 12 for the two different types of aggregates.

One can remark in the case of hard aggregates, that at low strain
rates some macro-cracks propagate in the matrix avoiding the
aggregates, whereas the cracks cross the aggregates if soft inclusions
are chosen. Therefore the failure process is dominated by crack
Fig. 11. a) Macroscopic peak strength σ [MPa] — strain rate ε̇ [s−1] for soft and hard aggre
following experimental data: [5,30,1,38,21,15] (note that the vertical axis is normalized by
propagation. By increasing the loading rate cracks start to nucleate in
the matrix and have less time to propagate before the peak strength is
reached. At high strain rate (1000 s−1) the crack path for soft and hard
aggregates is the same. This means that the peak strength is
dominated by crack initiation.

This phenomenon can also be highlighted when considering the
damage normalized fracture work.

Fig. 13 shows the damage diagrams for each of the different
concrete phases: aggregates, matrix and aggregate-matrix interfaces
respectively. In all figures, damage is plotted against the total tensile
strain applied to the specimen, which is measured as the total
elongation divided by the original length of the specimen. Soft
aggregates (SA) are compared vs. hard aggregates (HA) under both:
a) low and b) high strain rates.

As noticed from the deformed mesh configuration, under low
strain rate hard aggregates do not experience any damage, whereas
the damage on soft aggregates increases with increasing strain level.
For both aggregates the damage in the matrix appears first. This is
congruent with the fact that at early stages of loading, i.e. before peak
strength, a large amount of micro cracks starts to be nucleated within
the matrix. With increasing strain those micro-cracks begin to
propagate and therefore damage outside from the matrix phase can
begin.
gates, b) Comparison with experimental values extract from [4], which itself has used
the static strength).

image of Fig.�11


Fig. 12. Crack propagation in the mesh: at low strain rate for hard a) and soft b) aggregates, at high strain rate c) just one zoom is showed (crack nucleation occurs everywhere in the
matrix independently of aggregate type).
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When a tensile wave traveling throughout the matrix reaches an
aggregate, it induces a tensile strain on it. However, the deformation
that the aggregate will experience will depend on the Young modulus
ratio between the matrix and the aggregate. Thereby, the stiffer is the
aggregate with respect to the matrix, the lower the deformation on
the aggregate will be. This implies a larger opening of the interface.
Therefore, the introduction of aggregates much harder than the
surrounding matrix will concentrate the damage on the interfaces
rather than in the inclusions as in the case of soft aggregates.

Damage in the matrix for hard aggregates is also higher when
compared with soft aggregates. This agrees with a larger value of
dissipated fracture energy and higher peak strength. After the peak
strength has been reached and the softening behavior starts to be
more accentuated the rate of fracture energy dissipation decreases for
the damage indicators of the three components.

At high strain rates the damage is localized mainly in the matrix.
The high loading rate does not allow cracks to propagate before the
peak strength has been reached. Micro cracks start to nucleate
everywhere in the matrix, which displays the highest stress wave
speed and therefore crack propagation speed too. This more diffuse
micro-cracking is related to the intrinsic characteristic opening time
of the cohesive law (derived in Camacho et al. [8]). Therefore, for our
computations, we cannot explain the increase of strength with a more
transgranular fracture [43].

Interesting, the dissipated fracture energy at peak strength seems
to be only slightly affected by the loading rate. However, post-peak
dissipation of energy rises with increasing strain rate and is clearly an
increasing function of the loading velocity.

The presence of two different types of inclusions not only affects
the damage value but also the crack pattern and its evolution. To this
fact we consider the variable, Nclusters, which accounts for the number
Fig. 13. Damage on aggregates, matrix and interfaces vs. tensile–strain. Comparis
of “clusters” present in the specimen. A cluster is a group of cracks (i.e.
a group of fully broken interfaces for which the opening of the
cohesive elements is beyond δc), which are interconnected to each
other.

In general there is a relation between strain rate and when the
clusters appear. Relatively, a higher strain rate delays the formation of
the first clusters. At low strain rates (10 s−1), the first clusters appear
for soft aggregates just before the peak strength has been reached,
whereas for hard aggregates they appear immediately after (the
process being more energy consuming). With increasing strain rate,
the clusters will appear only when a bigger amount of fracture energy
has been spent and the peak strength will be reached with a more
diffuse nucleation of micro-cracks. Therefore, unlike for ceramics
where the material breaks down when a cluster has reached a length
corresponding approximately to the specimen size [14], it seems that
it is not possible to find a critical cluster length to be related with the
failure of the material.

3.4. Orderered vs disordered meso-structure

This section discusses the effect that themeso-structure has on the
final fracturing behavior of concrete. The main target is to evaluate
what is the influence of the location of aggregates and their external
shape. Three different meso-structures are considered:

• Fully uniform, where all the aggregates have the same shape
(excepted those located near to the borders due to the Voronoï
generation process), same orientation and are uniformly distribut-
ed. This distribution will be referred as U.

• Fully uniform plus random rotation, where as in the previous
distribution all the aggregates have same external shape but they
on between soft and hard aggregates: a) low strain rate, b) high strain rate.
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Fig. 14. Different meso-structures: a) uniform aggregates (U), b) rotated aggregates (URot) and c) completely random (R).
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are randomly rotated with respect to their own center. This
distribution will be referred as URot.

• Fully random, aggregate's shape and position are randomly
assigned. This distribution will be referred as R.

Fig. 14 shows the three different meso-structures considered. All
the meso-structures have the same ratio of aggregate volume, 30%,
although due to the randomness different number of aggregates. Thus,
U and Rot meso-structures have 67 aggregates of approximately
8.5 mm whereas R distribution has 79 aggregates, where most
aggregates have sizes between 6 and 10 mm. All the computations
have been carried out considering particles as hard aggregates, since
the influence of the meso-structure is not significant for the soft
inclusions (which are weaker than matrix grains interfaces).

Fig. 15 plots the stress–strain diagrams for the different meso-
structures under low (a) and high (b) strain rate. From Fig. 15 we can
extract the following conclusions.

The initial elastic slope is not affected by the meso-structure.
The peak strength is always lower for the U distribution. This is

probably due to the fact that, in the U distribution, all the aggregates
have two faces orthogonally aligned to the loading direction, which
reduces the maximum strength. Indeed, considering the dissipated
fracture energy of the interfaces (Fig. 16) for the U specimen, one can
remark that it is larger than those of the other two meso-structures
(URot and R). On the contrary, the dissipated fracture energy of the
matrix is smaller for the U specimen.

The preferential direction of failure is avoided in the URot and R
distributions. Comparing URot and R specimens, the fully disordered
meso-structure increases the possibility of having weak zones (grain-
matrix interfaces are closer in some places). In such regions, damage
might grow faster and therefore the global mechanical response
softens earlier.
Fig. 15. Stress–strain diagrams obtained for the three differe
Finally, material softening is slightly more attenuated in the R
distribution. As mentioned before, the R distribution contains “weak
zones”, which facilitates the initiation of cracks and their local growth.
However, after an initial growthandnucleation of cracks, the disordered
meso-structure may obstruct the further propagation of cracks (we are
under the assumption of hard aggregates), and forces the cracks to
deviate around the aggregates, which requires more energy (the
dissipated fracture energy in the matrix of the R distribution is slightly
higher compared with the one of URot distribution).

3.5. Influence of aggregate's size

In this section the effect of the aggregate's size is analyzed. Three
different specimens with the same standard geometry of
0.10×0.10 m2 are considered. In all specimens, volume ratio of
aggregates is kept constant and equal to 30%, whereas the size of the
aggregate is decreased as the number of inclusions is increased. The
average aggregate size of each specimen is: 8.5 mm, 3.9 mm and
2 mm (corresponding to a number of aggregates of 66, 297 and 1198).
The three different specimens considered are shown in Fig. 17. Both
types of aggregates, soft and hard, are considered.

Fig. 18 shows the obtained stress–strain diagrams for the different
concrete specimens under low and high strain rates. At both loading
rates the elastic modulus appears to be independent of the aggregate
size. At low loading speed the peak strength for hard aggregates is not
significantly affected by the number of inclusions (not shown in
figure). Whereas, for soft aggregates, it is possible to notice an
increase in peak strength with increasing number of aggregates
(Fig. 18a).

In a concrete material with large aggregates (which represent
weak zones in the case of soft aggregates) cracks can nucleate before
and propagate easier within the inclusions than in a concrete with
nt meso-structures under a) low and b) high strain rate.
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Fig. 16. Dissipated fracture energy for the matrix (in green) and interfaces (in red) vs.
tensile strain. Comparison between specimens with the three different meso-
structures.
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small aggregates. Indeed, cracks nucleate first in the matrix and then
propagate from the matrix in the aggregates too. Therefore, if the
aggregates are bigger, the cracks will cross them easier breaking a
larger area of aggregates leading to lower peak strength.

This phenomenon can also be observed when looking at the graph
for the dissipated fracture energy (Fig. 19a)). The dissipated energy in
the matrix increases with increasing number of aggregates. In
contrast, the aggregate's dissipated energy reduces with decreasing
size of inclusions.
Fig. 17. Specimens with different mean size of aggregates: a)

Fig. 18. Stress–strain diagrams obtained for the different
The scenario changes when considering high strain rates
(Fig. 18b)). In this case the peak strength is higher for large inclusions
(independently of aggregate type). We recall that at high strain rate
the cracks nucleate in the matrix and aggregate-matrix interfaces
leading to a similar stress–strain behavior for the two types of
inclusions. Therefore, even though aggregates seemnot be directly the
cause of the variation of the strength, a larger number of aggregates
implies also a higher probability for a growing crack tofind an interface
between mortar and aggregates (interfaces are weaker than matrix).

As shown in Table 3, for the same volume ratio of inclusions, the
total length of the interfaces (between aggregates and mortar)
increases roughly four times between the 66 and 1198 aggregates
specimens. This is congruent with a decreasing ratio of dissipated
fracture energy at the interfaces with increasing aggregates size
(Fig. 19b)).
4. A rate-dependent cohesive law

In this section we discuss the limit of the proposed approach.
Although, the presented meso-mechanical model is bound with a
certain freedom, there are also some limitations. Indeed, (as noticed in
the results section) when comparing our results with experimental
ones, it is possible to remark that the rate-independent cohesive law
does not allow to have a strain-rate hardening comparable with the
experimental one. Moreover the dissipated fracture energy at peak in
the simulations seems to be rougly independent of strain rate
(however post peak dissipation of energy is clearly an increasing
function of strain rate).

Whereas, experimental results have shown that energy dissipation
increases with the loading rate [33,3]. Although, there is a general
agreement on this phenomenological behavior, it is still not clear
66 aggregates, b) 297 aggregates and c) 1198 aggregates.

aggregate sizes under a) low and b) high strain rate.
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Fig. 19. Dissipated fracture energy vs. tensile–strain. Comparison between specimens with 66, 297 and 1198 aggregate: a) at low strain rate and b) at high strain rate.
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which should be the mechanisms or physics which govern it. The
increase is attributed to two different aspects by different authors,
structural or material. According to the structural effect hypothesis,
the explanation resides in a more diffuse micro-cracking, which
should be linked with higher fracture energy [40,3]. On the contrary,
the material explanations sustains that the increase of toughness
could be an effect of internal material “hardening” [20]. We argue that
this mechanism should be related to the chosen modeling scale. I.e.
when considering a large modeling scale (macro-scale), the tough-
ness parameter of the cohesive approach could be a function of the
loading rate, as the mesh size cannot be small enough to capture all
micro-cracking mechanism. Whereas, decreasing the scale should
entail a rate independent toughness parameter.

Nevertheless, the small computed amount of dissipated fracture
energy (the dissipated fracture energy at peak strength seems to be
roughly independent of strain rate) and the small increase in strength
with increasing loading rate in comparison to experiments seems to
call for the introduction of a phenomenological rate-dependent
cohesive law. Therefore, we decided to slightly modify the linear-
decaying cohesive law in order to take into account the strain rate
effect. Among the various possible laws we identified two different
ones differing in their shape and which are also function of different
rate-dependent parameters.

The first variant [44] assumes that the opening cohesive strength is
a material constant value, while the critical opening displacement is a
function of the crack opening rate.

Therefore the linear cohesive law is enriched with the following
relationship for the rate-behavior of the critical opening:

δc = δco 1 +
δ̇

δ̇o

 !
ð14Þ

where δco corresponds to the critical crack opening displacement for
the rate-independent law (static value) and ˙δo represents a scaling
crack opening rate. The introduction of this rate-dependent crack
opening increases the value at which complete separation of the
cohesive zone occurs with increasing opening rate. This should also
lead to a higher dissipated fracture energy, which could be related
Table 3
Interface length between aggregates and matrix for the three different specimens.

Aggregate's number 66 297 1198

Interface length [m] 1.69 3.58 7.17
with a more diffuse micro-cracking that the actual meso-scale is not
able to capture.

We ran several simulations with this modified cohesive law for
different loading rates in order to verify the strain rate-dependence.
Surprisingly, we could not notice a remarkable difference in the peak
strength values and dissipated fracture energy with the rate-
independent law. This may be related with the chosen sample's size,
for which one we are in presence of a mixed strength and toughness
controlled regime.

Therefore, we decided to use a second variant where both σc and δc
are sensitive to the loading rate. This results in a law, which expands
outwards with increasing loading rate as shown in Fig. 20a). The
inconvenient with this kind of law is that the cohesive strength can be
several times higher than the macroscopic material strength, which is
physically questionable. Moreover, because we are assuming an initial
rigid behavior (explicit approach), the cohesive strength needs to be
known a priori. Therefore, we decided to link the law directly with the
macroscopic loading ratio, introducing the following strain rate
dependencies:

fct = fco 1 +
ε̇

ε̇o

 !
ð15aÞ

δc = δco 1 +
ε̇

ε̇o

 !
ð15bÞ

where δco and fco correspond to the static values of cohesive strength
and critical opening displacement respectively. Thus the two values
are increased of the same amount with increasing loading rate
(Fig. 20b)).

Thanks to the simple loading condition and geometry of the
presented specimens, this second variant has been implemented
specifically for the proposed virtual experimental setup. For more
complicated loading conditions, it would be necessary to bound the
strain-rate dependence with the deformation rate of the four gauss
points adjacent to the inter-element boundary. Another possibility
would be to take the static critical stress for insertion and to add,
within the cohesive law, a rate-dependent viscosity parameter which
depends on the opening rate (for instance [18]). A different approach,
which would not involve a cohesive-approach, would consist in
having a visco-plastic bulk material (such as proposed in combination
with a continuum damage formulation in [13]).

As for the previous variant, we ran several simulations varying the
loading rate. The resulting peak strengths are depicted in the graph of
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Fig. 20. Two rate dependent cohesive law: a) generalized cohesive lawwith crack opening displacement as a function of crack opening rate, b) cohesive stress and crack opening are
both function of strain rate.
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Fig. 21a). One can remark that with this law the increase in peak
strength and dissipated fracture energy is much more pronounced
and is therefore closer to the experimental values (Fig. 21b)) and a
better agreement can be simply reached by calibrating with the
experimental values.

The fit could be perfected by choosing a non-linear relationship for
σc and δc (Eqs. (15a) and (15b)).

5. Conclusions

In this paper we have developed a 2D cohesive zone meso-
mechanical and dynamic model of concrete to study its fracturing
behavior under low and high strain rate loadings. Although it is hard
to operate in a strict toughness controlled regime, the meso-scale
model has the significant advantage to represent aggregates and
mortar explicitly. Both continuum phases are considered to behave
elastically while initiation, coalescence and propagation of cracks are
explicitly modeled by an automatic insertion of interface elements.
We have investigated the influence of the aggregate's properties (e.g.
referred to soft and hard aggregates, which differ in toughness and
strength, but have a narrow range of elastic stiffness), the effect of the
internal meso-structure (arrangement and shape of the aggregates)
and the influence of their sizes on the simulations. From the obtained
results we can extract the following salient conclusions.

While the constitutive law used tomodel the interfacial behavior is
insensitive to the loading rate, themodel is able to capture the increase
in peak strength and strain at failure with increasing rate of loading.
The increase in strength with the strain rate resides in a more diffuse
Fig. 21. a) Macroscopic peak strength σ [MPa] — strain rate ε̇ [s−1] for soft and hard aggre
following experimental data [5,30,1,38,21,15].
micro-cracking and is related to the intrinsic characteristic opening
time of the cohesive law. However, the dissipated fracture energy at
peak strength seems to be roughly independent of strain rate
(although, post-peak dissipation of energy is clearly an increasing
function of strain rate). Therefore, for our meso-mechanical approach,
we cannot discard the combination of inertial with material rate
hardeningmechanisms. The introduction of a rate dependent cohesive
law increases the difference of the computed peak strength between
low and high strain rates, leading to a closer match with experiments.

In addition, simulations carried out for two different types of
aggregates (soft and hard) concluded that the peak strength is
considerably sensitive to the toughness of the inclusions, but only at
low strain rates. There, the crack patterns for the two different
aggregates are different. However, at high strain rates, micro-cracks
nucleate in the matrix and have no time to propagate in the
aggregates before peak strength is reached. This lead to a similar
stress–strain behavior for the two aggregate types (inertial forces
dominate the overall behavior in terms of strength).

The material parameters used in this study have been taken from
the recent experimental literature [32,31] without modification. For
instance one should notice that the stiffness of both types of inclusions
is lower than the one of the matrix paste. Therefore, in future work,
we plan to extend the range of stiffness (and strength) of the
constituents in order to calibrate our model with other experimental
data and to establish the domain of validity of the above observations.
Note that increasing the aggregates stiffness (and decreasing the
interface strength) may also lead to a reduction of the (slight) mesh-
dependency that the model exhibits at very high strain rates.
gates. b) Comparison with experimental values extract from [4], which itself has used
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A comparison between three different meso-structures considered
brings the following remarks. The specimen with uniform meso-
structure reduces the maximum strength, because of the aligned
aggregate's faces with the loading direction. Since this is avoided by
rotating the aggregates, the rotated meso-structure shows always the
higher peak strength. Finally, the random distribution increases the
probability to have weak zones (interfaces between aggregates and
matrix are closer), which reduces the peak strength.

Finally, our results show that, having two concrete materials with
same aggregate volume ratio, the one with smaller inclusions will
exhibit a larger strength at low strain rate in case of soft aggregates.
Large aggregates facilitate the propagation of cracks within inclusions.
This involves a larger area of broken aggregates, which is linkedwith a
lower strength.

With this work we presented a study of Mode-I fracture in
concrete with a meso-structure. Our aim is to expand the model
towards an engineering scale. We are now incorporating a contact
algorithm in the code (which is an important improvement of the
model in order to deal with compressive cracking) and our goal would
be to be able to simulate failure of a simple reinforced concrete
structure (like for instance a punching beam), where aggregates are
supposed to play an important role, once meso-cracks are opened and
in frictional contact.
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