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Abstract
The simulation of damage and failure in short fiber reinforced composites like high
performance hybrid-fiber reinforced cement composites is still a challenging task, due to the
richness of failure mechanisms introduced by fibers on the mesoscale of the material.
Randomly oriented, hooked steel fibers, like the Baekaert Dramix® fibers, sustainable modify
the macroscopic failure behavior of the composite like increased compressive, tensile,
flexural, and shear strength. On the mesoscale fibers introduce a multitude of additional
mechanisms like fiber fracture, fiber bridging, fiber bending and matrix spalling for inclined
fibers and finally fiber pull-out. Models for these materials must represent concrete as
cohesive, frictional material with microstructure, and the different phases of fiber pull-out for
3D randomly oriented fibers. The Discrete Element Model of Kun&Herrmann is extended by
randomly throwing additional fibers with the projected fiber length on the disordered twodimensional system. We demonstrated a numerical study on the tensile and flexural failure
behavior with the proposed model for brittle matrix material, reinforced with short, ductile
fibers. We observe stiffening, strengthening, strain hardening and softening, depending on
the fiber content.
Introduction
High Performance Fiber Reinforce Cement Composites are based on the simple concept of
adding randomly distributed steel fibers to brittle cement based materials. Although this
concept is quite old and many patents date back to the beginning of the 20th century,
HPFRCCs still have a shadowy existence compared to classical steel bar or mesh reinforced
concrete. Why that? The short fiber reinforced material has many advantages. For example
randomly oriented, hooked steel fibers, like the Baekaert Dramix fibers, sustainable modify
the macroscopic behavior of the composite like increased compressive, tensile, flexural and
shear strength and stiffness. Smaller crack opening displacements with less water
permeability and wear, an increased fracture toughness and higher impact resistance due to
additional, multiple energy dissipations are observed. On the mesoscale fibers introduce a
multitude of additional mechanisms like fiber fracture, fiber bridging, fiber bending and matrix
spalling for inclined fibers and finally fiber pullout, just to name a few. However at first sight
one m3 of classical concrete costs approximately 200 SF, one containing short fibers 2000
SF1. Hence, for HPFRCCs to become competitive, designing engineers need to take
advantage of the advanced material properties by constructive means. Stiffer materials
reduce the material usage as well as strong ones. Tougher materials increase safety and can
even lead to light weight design philosophies like damage tolerant design. More durable,
wear resistant and water impermeable materials increase the lifetime, and therefore, the
sustainability. Along come secondary effects like the weight reduction that enables designers
to use smaller columns, poles, bases, etc. and a large saving in transportation costs. A large
advantage is also the absence of the classical steel reinforcement that needs to be made by
hand. However these advantages can only be realized, if the material failure behaviour is
well understood.
Today's composite structures are designed using failure criteria that are micromechanically
justified, but still phenomenological. This is mainly because classical theories like fracture or
1
These costs are estimated conservatively on the assumption of missing size effects. The steel mass however is
about equal.

damage mechanics can not cope with the observed complexity of the damage evolution. For
materials with a small number of major voids and relatively little disorder, fracture mechanics
has been very successful in predicting failure. The basic idea is to embed developing cracks,
that are discontinuities in the displacement field, in the continuum, e.g., by ficticious
representations or by sophisticated element formulations. Since cracks initiate and grow in
the perfect continuum, these approaches are referred to as top-down approaches [1]. For
highly disordered materials, failure is distributed all over the volume of the material, allowing
for continuum damage mechanics approaches to describe the damage evolution [2,3].
Unfortunately, these can rarely be extended to macroscopic failure, nor do they make any
statement on the relationship between material microstructure and fracture behavior and
therefore all relevant damage mechanisms must be known in advance [4].

Fig. 1: Length scales in FRC ranging from macro to micro.

Damage simulations with particle models follow a completely different strategy, which can be
understood as a bottom-up strategy [5]. Elementary particles are organized and assembled
to form a system with macroscopic continuum behavior determined by the dynamic
interaction of all elements. These approaches are often referred to as Discrete or Distinct
Element Method and they are capable to deal with the complexity of fracture events due to
the dynamic interaction of particle assemblies. DEM can be understood as a powerful set of
numerical methods specially designed to solve problems of applied mechanics with strong
discontinuities in material or geometric behavior [6,7]. DEM provides the time evolution of
systems by solving the equation of motion of the elements on a micro-level. Due to the
natural representation of the microstructure of the material, damage phenomena originated in
the interaction of geometry and physics can be described realistically with DE models. Only
the behavior of particles and their interactions need to be defined on the modeling scale.
Damage mechanisms and their interaction emanate naturally during the simulation, which
proceeds similarly to a molecular dynamic simulation. Failure is a history dependent process
in the sense that it matters for the final outcome, in which order microscopic damage occurs.
The damage strongly depends on the inherent material disorder on representative length
scales [4,8]. Dynamic crack growth effects and multiple cracking up to fragmentation for high
input energies can be observed to the extreme when systems decompose completely to their
single particles [9,10,11]. It is important to note that top-down approaches rely on strength
criteria for the initiation and on energy criteria for the propagation of damage, while bottomup approaches only introduce microscopic failure due to local over-stressing. This work is
based on the two-dimensional model of Kun and Herrmann that proved to successfully
describe fracture and fragmentation for concrete [12]. This paper is focused on introducing a
novel, general model for brittle matrix and ductile fiber reinforced material. Comprehensive
overwies on HPFRCC can be found in [13-16] and from the more structural point of view in
[17,18].

Fig. 2: Fiber bridging of crack surfaces with off-axis pull-out leading to fiber bending and matrix
spalling.

Discrete Element Model
DEM deals in general with rigid or deformable particles, their interactions and their
displacements in time. Therefore, the configuration of numerousness particles continuously
changes under some extraneous cause as a result of inter-particle interaction laws. The
simulation leads to a steady state configuration that can be defined, e.g., by global static
equilibrium or by ceasing fracture activity. For a definition of DEM we refer to Cundall [6],
who associated the term DEM to any computational modeling framework that (i) allows finite
displacements and rotations of discrete bodies, including complete detachment, (ii)
recognizes new contacts automatically during the simulation. This definition applies to a large
number of methods, methodologies and procedures, whose consideration is beyond the
scope of this article. The interested reader can find an overview of the DEM by Bićanić [19],
d'Addetta [20], Wittel [21] with applications of DEM to diverse engineering problems,
materials and modeling scales.
While the behavior of granular materials can be solely described by the computational
modeling of multi-body contacts, materials with cohesive behavior call for an improved
discrete element simulation scheme. For this purpose, we introduce spring or beam elements
that bond particles together to form a spring/beam-particle model with dual structure of the
spring/beam network and the particle conglomeration. Over a large part of the simulation the
system behavior is determined by the cohesive behavior of the spring/beam network, but it
can develop towards a granulate by gradual failure of cohesive elements. The model is
presented by first addressing cohesion elements and particles in contact before their
organization to a system is discussed, followed by the general simulation scheme.
The interactions on the microscopic level, either from cohesive elements or from particles in
contact, determine the elastic behavior of the solid. By the right choice of elements and
efficient formulations, system sizes can be increased enormously to gain higher explanatory
power. We first address spring elements for central force networks, which have a long
tradition in representing continua, dating back to Wieghardt [22]. For many purposes, central
force networks are sufficient. Nevertheless, beam networks give a better representation of
the local stress state. Since contact calculations consume enormous computational time,
only simple particle shapes like the presented polygonal particles with analytically solvable
contact laws should be used.
Cohesive elements: To bond particle assemblies together, it is necessary to introduce
cohesive forces between neighboring elements, in the simplest case of central force
networks, via spring elements. The longitudinal force acting at site i on the center of the
particle i can be calculated with the normal flexibility aij=lij/(EAij) as
Fxi = (u xj − u xi ) / a ij .
(1)
E is the Young's modulus of the central force element of length lij, Aij its cross section and uxi,
uxj the elongation components of the displacement vector in local Δx-Δy coordinates of the
element. To increase the quality of the representation of continua, additional degrees of
freedom need to be included. This can be done either by using a larger number of central

force elements or by using higher order elements like beam-truss elements. Using the shear
and bending flexibilities bij=lij/(GAij) and cij=(lij)3/(EIij) respectively, the acting shear force at
site i and the flexural torque follow as
(2,3)

Fyi = β ij (u yj − u iy ) −

β ij l ij i
(θ + θ j ),
2

with βij=1/(bij+cij/12) and δij=βij(bij/cij+1/3).

M zi =

β ij j i ij j
(u y − u y + l θ ) + δ ij l ij (θ j − θ i ),
2
2

Fig. 3: (a) Beam definition and (b) contact of polygons with overlapping volume/area A in dark grey
with global x-y coordinate system.

Here G is the shear modulus of the beam, Iij its Moment of inertia for flexion, θi, θj the
bending angles and bij is chosen as bij=2aij, leading to a Poisson's ratio of μ=0 for the beams
(see Fig. 3a). This formulation resembles the Timoshenko beam theory, leading to the
simplified equations of micro-polar continuum elasticity [4]. The use of the Timoshenko beam
theory is justified, since the elements are short and thick, therefore shear deformations have
to be taken into account.
Particle contacts: Particles are considered to be rigid, undeformable and unbreakable
bodies that can overlap when they are in contact. To some extent this represents the local
deformation of particles. Overlapping polygonal particles i,j (see Fig.3(b)) have two
intersection points P1,P2 defining the contact line (with tangential and normal unit vector t and
n, that is used for decomposing the total contact force fc into normal and tangential
component Fn,Ft, i.e. fijc=Fnijn+Ftijt. The magnitude of Fn and Ft for overlapping polygons with
E=Ei=Ej, including damping and friction using Coulomb's law with parameter μ can be written
as
(4,5) Fijn = −

EA
ij
n
− meff
⋅ γ n ⋅ vrel
,
Lcp

ij
t
Fijt = min(− meff
γ t vrel
, μ Fijn ).

Therefore the repulsive normal force Fn contains an elastic and a damping term (with the
damping coefficient γn, the relative velocity vrel=vj-vi and the effective mass mijeff=mimj/(mi+mj)),
while Ft is responsible for the friction described via μ and a viscous damping coefficient γ t.
The elastic part of Eq.4 is proportional to the overlapping area A divided by a characteristic
length Lp of the interacting pair of polygons. We define Lp by 1/Lp =1/2(1/ri+1/rj) with ri,rj being
radii of circles with the same area as their corresponding polygons.
Model Construction - Element Organization: The construction of an initial system
configuration is a crucial point in representing specific continuum properties as well as
realistic failure behavior. In regular arrangements, disorder can be introduced in several
ways, either by the elastic constants, in the threshold values or in the presence (dilution) of a
bond. Regular lattices can be square, triangular or hexagonal. One needs to be aware, that
Poisson's ratio for square lattices are anisotropic and that μ=0 for load in lattice directions,
while for triangular lattices μ=0.33 is isotropic. To overcome this problem, disorder needs to
be introduced not only in the presence, but also in the position of particle centers. For this
purpose a so-called vectorizable random lattice, proposed by Moukarzel and Herrmann [23]
is used, which is a Voronoi construction with slightly reduced disorder. Starting from a regular
square lattice with Lc, points are randomly and independently thrown on squares or hexagons
of the side length a with 0≤a≤Lc, centered on the lattice sites. The advantage of this

construction is that the connectivity is determined by the underlying lattice, and the
randomness of the tessellation can be controlled by the value of the continuous parameter a
(see Fig.4).

Fig. 4: Model construction on a lattice with Voronoi polygons.

With the new positions and the connectivity, the corresponding Voronoi polygons are
determined. Next the width hij and cross section Aij of the element with length lij, connecting
polygons i and j need to be calculated, based on the represented area Fvij with the
relationship Fvij=lijhij=aij, entailing disorder in the element moduli. The effect of a on elastic
and strength properties is negligible up to a≤0.5, but the anisotropy in crack directions is
considerably reduced [21]. To complete the discussion on disorder, we need to describe the
Weibull distribution function that is mainly used for breaking thresholds, namely
(6)

P( x) = 1 − e

x
− ( )m

τ

, x > 0.

Eq.6 uses the scale and shape parameters τ and m. By varying only one parameter m, failure
probabilities of different materials can realistically be described. This function arises from the
weakest link approximation [8] and is only valid under elongation. Realistic values for
engineering materials are 2≤m≤10 with low values for highly disordered and high values of m
for brittle materials with low disorder.
Local vs. Non-Local Interaction: In the DEM framework, short-range interactions are
represented rather well, due to local neighbor-neighbor interactions, whereas representations
of long range interactions are more problematic. One way around this problem is the
introduction of coarser length scale. In the present work non-local interactions are included
by additional elements with a larger characteristic length than the lattice length scale. This
has a micro structural counterpart in randomly distributed steel fibers (see Fig.5). It should be
mentioned that particles do not directly correlate to grains of concrete. For good concrete
grains of all sizes are required to achieve a dense packing of strong aggregate that is
bonded by as little cement paste as possible. Unfortunately this is not geometrically
represented by the model. To represent fiber reinforced concrete, the model is extended by
randomly throwing additional fibers (Eq.1) with the projected fiber length Lf2D=cos(Θ)Lf>Lc (for
fibers inclined with respect to the modeling plane) on the disordered two-dimensional system.
Note that the fiber volume content vf is not a real volume but the portion of fibers relative to
the number of polygons, therefore 1 indicates the identical number of fibers as polygons. It is
also important to note, that this does not represent a superimposed central force Delaunay
network, since fibers are basically independent and interact through the elastic spring-beamparticle model. However, if the fiber volume fraction vf increases strongly, an interconnected
central force network forms out. This effect corresponds to zones with nested fibers, that still
remain a technological problem for the broad application of FRC, leading to a prescribed
limitation to vf>1.5% or 80kg/m3 in terms of fiber mass fraction [24]. Depending on the
extensions of fibers and aggregate, fibers can be concentrated in regions with smaller
aggregate size. We focus on the situation, where fibers are larger than grains and a
homogeneous distribution of fibers can be obtained.

Fig. 5: Microstructure of the model for short fiber reinforced composites with various fiber fractions.

DEM for damage simulations: The damage simulation for FRC is faced with two serious
problems:
P1 - the representation of concrete as cohesive, frictional material with microstructure,
P2 - the representation of different phases of fiber pull-out for 3D randomly oriented fibers.
Problem P1 has a long tradition in DE modeling starting in the 1970s with the pioneering
works of Cundall [6,7] up to the advanced models of vanMier [25] and Kun, Herrmann and
d'Addetta [12,20]. Discrete element models for composite materials should be structured in
accordance with physical and geometrical properties of the abstracted medium. To
understand the relevance of this requirement, we need to discuss how breaking is
represented in the model. Basically, the details of the microscopic physics of rupture are
contained in the breaking rule. A breaking rule that reflects the various rupture modes as a
sum of corresponding terms, inspired by the von Mises yielding criterion, is
i
j
⎛ ε ij ⎞ max( θ , θ )
p =⎜
≥ 1.
⎟ +
θ max
⎝ ε max ⎠
2

(8)

ij

It uses the longitudinal strain εij≥0 of the element, and if beam elements are used, the
rotation angle of the beam ends θi, θj with respective threshold values εmax, θmax that can be
Weibull distributed (Eq.6). Discreteness implies that stresses in an element are equal to the
mean of all local stresses in the volume, represented by this element. Therefore it is not
possible to consider cases where stresses are redistributed from failed to intact regions,
which are smaller than the characteristic model length. Generally, all those small defects
below the model scale can only be treated statistically, but when they join, grow and reach
the model scale, a mechanism is needed to stop them - determining the characteristic length
scale. Such mechanisms are, for example, crack deflections out of the preferred growth
direction at component interfaces, regions with increased energy dissipation, etc.. As a
result, the stiffness of one element is reduced, leading to elastic stress redistribution to
neighboring elements. If those elements now fulfill the breaking condition on their part, we
observe crack growth.
To approach problem P2, the complicated fiber-matrix interaction is reduced to a force vector
acting in opposite direction at the sites of the initial fiber ends, which first are moved and
bonded to the nearest particle centers before their real initial length is calculated. Hence,
problem P2 calls for additional rheological elements to adopt the spring behavior to represent
the experimentally determined single fiber pull-out behavior. In experiments, three pull-out
phases could be identified, that are shortly recalled. For simplification purposes, we define a
linear elastic phase A for fiber/matrix debonding, a phase B for deformation and pull-out of
the hook, and the purely frictional phase C, when the straightened fiber is pulled out,
following simple shear-lag assumptions with the interfacial shear strength τi (see Fig.6). For
simplification purposes we assume that cracks always form in the middle of a fiber.
A This phase is characterized by the fiber stiffness with the maximum pull-out load F1.
B Fibers that bridge a crack will always be pulled out of the weaker portion of the material
(see Fig.2 on the right). The phase is determined by the straightening of the hook and
therefore by the corresponding pull-out length df (see Fig.2). Also the stiffness of the fiber is
decreased linearly with the pull-out length.
C In the purely frictional phase, the fiber stiffness is kept constant. As we assume simple
shear lag over the whole fiber length due to weak interfaces, the reaction force is reduced
linearly with the pull-out length.

Off-axis pull-out under the inclination angle Θ is considered by transforming the forces in the
initial coordinate system of the fiber and applying the same pull-out law as for aligned fibers,
but only with the force component Fx` acting in fiber direction (see Fig.6 inset). This rather
crude estimate is in good agreement with experimental values for the maximum pull-out load
[26].

Fig. 6: Pull-out of one fiber measured with the model with three phases for inclined pull-out.

Therefore, the same pull-out curve (see Fig.6), defined by the strain where debonding starts
(d1/Lc), the force reduction factor F2/F1 and the pull-out length defined by the portion of the
hook df/Lc, can be utilized for all inclinations. Note that the pull-out law can be randomized
with probability distributions like Eq.6. Additionally a fiber failure criterion or a cut off value for
sudden pull-out can easily be considered. This introduces an additional source for energy
dissipation, representing friction from fiber pull-out.
Simulation Scheme: Similar to molecular dynamical simulations [27], the time evolution of
the system is followed by simultaneously solving the Newton's equations of motion for all
particles N for the translational and rotational degrees of freedom, namely
(7,8)

mi 
xi = ∑ j =1 F ij ,

 i = ∑ M ij
I ip Θ
z
j =1

N

N

with the moment of inertia Ipi of polygon i with respect to its center of mass. The force Fij
contains all forces from particle contacts (Eqs.4,5), element elongation (Eq.1) and bending
(Eq.2) as well as possible damping or volume forces like gravity, while the torque Mzij
contains the flexural torque from the beams (Eq.3}) and particle contacts, (Eqs.4,5)
respectively. A fifth order Gear predictor-corrector scheme [27] is used to numerically solve
the differential equations for the time increment Δt (Eqs.7,8). Adaptive time steps can be
realized, using the sum of the correction terms of the corrector step. Now, using an implicit
time stepping integration, we have all the tools at hand to address questions on representing
and simulating failure in composite materials. These simulations can be considered as
numerical experiments, and like in real world experiments, one needs to average over many
realizations of disorder to obtain quantitative statements.
Fracture in Fiber Reinforced Cement Composites
The simulation of damage and failure in short fiber reinforced composites like HPFRCC is
due to the richness of failure mechanisms introduced by fibers on the mesoscale of the
material still a challenging task. Now that the model is set, we look at two typical loading
situations for structural elements made of HPFRCC, namely the failure of a truss in tension
and a notched beam in three point bending. Typical model properties are:
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Fig. 7: Tensile system failure. On the top the overall system for vf=0.001 is shown with severe crack
branching. The bottom row shows the failure zones for systems with different fiber contents (vf=0.81,
0.6, 0.4, 0.2 from left to right).

Failure under Tension: Under uniaxial tension, we can observe different failure situations,
depending for example on the fiber content or fiber-matrix interface properties. For an
extremely week fiber-matrix interface, we observe a macroscopic crack, spanning the
system, followed by the pull-out of the bridging fibers, without additional failure activity. The
other extreme of a very stiff fiber-matrix interface would lead to complete decohesion of
elements and a system of particles interconnected by fibers and fiber failure. We chose
intermediate properties for the simulations shown in Fig.7. For low fiber contents, we find
sequential crack branching. Already small fiber contents prohibit branching and the larger vf
gets, the wider the crack zone becomes. For high values of vf we observe stress recovery
and the formation of parallel cracks.
For increasing fiber content, we observe stiffening, strengthening and additional energy
dissipation (see Fig.9a). It is interesting to note that the failure strain decreases with
increasing fiber content, but for high values of vf the macroscopic failure occurs in several
steps.
Failure under Bending: Many studies on failure in HPFRCC are made on three point
bending setups, allowing for a rather moderate crack propagation [28]. Normally the loaddeflection of the upper support is measured and correlated to the observed damage. One
can distinguish between an elastic stage, the cracking and the failure stage. As it can be
seen in Fig.9b, the stiffness of the material can be severely increased by fibers. Due to fibers
the strength also increases strongly and for high fiber contents, the system still can take
strong loads and dissipate additional energy, even though large crack systems are present in
the system (see Fig.8).
Conclusions
To subsume, failure in short fiber composites like HPFRCC can be modeled using models
like the described beam lattice/particle model with superimposed elements to represent the
behavior of pulled out fibers. In this article, the effect of the fiber content on the constitutive
behavior and damage morphology was demonstrated for an arbitrary material combination.
Due to the possibility to use force curves from single fiber pull-out experiment, the model can
be used for many different material combinations to study the effect of fiber properties, and
their amount and embedment on the failure behavior of the system. It is important to note,
that the value of fiber volume contents does not directly correlate to number values from
experiments due to the 3D to 2D reduction. This and the too small number of particles of the

underlying polygon code still lead to too high stiffening values. These problems will be dealt
with in a follow-up study.

Fig. 8: FRC under three point bending (top). The dependence of the fiber content on the damage
morphology is demonstrated for different fiber contents (vf=0.81, 0.4, 0.2, 0.001 from left to right).

However, the representation of a material region by a set of particles and cohesive elements
with short-range interactions allows for the simulation of many simultaneously initiated,
growing and interacting crack systems. Due to the natural representation of material
microstructure inside the models, effects that originate in the interplay of geometry and
physics are captured in a straightforward way. Since the time evolution of the system is
followed, additionally cracking phenomena that originate in the dynamic nature of every
fracture process can be observed and represented easily. DE models are not limited to shortrange interactions, and non-local interactions were implemented via a superimposed central
force elements on a spring-beam model with polygonal particles. This points out the easy
accessibility of DE models for enrichment, modification and specialization towards many
different problems while they maintain the possibility to realistically describe the complex
failure behavior of composite materials.

Fig. 9: Force-displacement curve in arbitrary units, showing stiffening and strengthening effects of the
added fibers for (a) tension and (b) bending failure.

Today particle models, and discrete element models in particular, are becoming widely
applicable engineering tools for the material design and first commercializations are in
progress [29]. Especially when advances in structural optimization are saturated, adaptation
of materials to meet special local material requirements is an elegant solution. On the one

hand, this leads to mass reductions, but material optimization requires, on the other hand, a
good understanding of the failure evolutions and tools that enable engineers to gain access
to failure processes inside the material. As computer power increases, system sizes increase
too, leading to refined results, longer simulation times, better discretization, statistics, etc. In
other words, more meaningful results for the description of failure mechanisms in composites
will be available in future.
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