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Abstract: The use of fibre-reinforced concrete (FRC) has been substantially increasing in the
last few years, in different fields of the construction industry. Recently, many experiments
have been performed to observe the short- and long-term mechanical behaviour of FRC,
and several models have been formulated to capture its mechanical response. In this
work, the mechanical behaviour is simulated through the Lattice Discrete Particle Model
(LDPM) and its extension to fibre-reinforced cementitious composites (LDPM-F). This
paper aims to provide insights into the calibration process and potential pitfalls in a case
where only limited experimental data are available—in this case, unconfined uniaxial
compression and three-point bending tests on different mixes of polypropylene and steel
fibre-reinforced concretes. As a first step, a sensitivity analysis is performed to weight
the effect of each governing mesoscale parameter on the simulated macroscale behaviour.
Then, for each mix at issue, different sets of model parameters are identified as capable
of accurately matching the experimental evidence. As a validation, each calibrated set is
used to simulate energy absorption tests on round panels. The validation stage shows that
one of the identified sets, for the FRC with polypropylene fibres, accurately matches the
round panels’ response, while the others result in acceptable predictions. For the mix with
steel fibres, instead, none of the sets captures the experimental results, likely due to the
different post-cracking behaviour detected in fracture and energy absorption tests. Finally,
a parametric study showcases how the LDPM-F might serve as tool to optimise the mix
design without extensive experimental investigations.

Keywords: fibre-reinforced concrete; LDPM; LDPM-F; discrete models; lattice models;
polypropylene fibre; steel fibre; calibration; validation; sensitivity analysis

1. Introduction

The affordability of the raw materials and good mechanical performance in compres-
sion make concrete the most used construction materials worldwide. Researchers and
professionals, over the years, have improved the design of the mixture composition sig-
nificantly, enabling the production of concretes featuring compressive strength exceeding
150 MPa. Such cement-based materials are generally referred to as ultra-high-performance
concrete (UHPC). However, whereas in compression this material may ensure very high

Fibers 2025, 13, 16

https://doi.org/10.3390/£ib13020016


https://doi.org/10.3390/fib13020016
https://doi.org/10.3390/fib13020016
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fibers
https://www.mdpi.com
https://orcid.org/0009-0005-1162-880X
https://orcid.org/0000-0002-7331-2086
https://orcid.org/0000-0002-3376-6956
https://orcid.org/0000-0003-3616-5694
https://orcid.org/0000-0002-5314-4687
https://orcid.org/0000-0002-3785-2042
https://doi.org/10.3390/fib13020016
https://www.mdpi.com/article/10.3390/fib13020016?type=check_update&version=1

Fibers 2025, 13, 16

2 of 28

performance, its mechanical behaviour presents unbeatable weak points, deriving from its
own inherent nature. As a matter of fact, concrete features high brittleness, very limited
tensile strength, from which derives proneness to the attack of environmental agents due
to the unavoidable formation of cracks, and poor impact toughness [1-4].

Since the first engineering applications in which concrete was used to serve as a
structural material, the above-mentioned limitations were addressed by either avoiding
tensile stresses (i.e., using plain concrete as a surrogate for masonry in pure compression
or as prestressed members) or by adopting steel reinforcement bars where tensile stresses
are expected to develop. The latter solution is widely referred to as reinforced concrete
(RC), and is nowadays the most used construction technology in the civil engineering
field. In recent decades, the use of discontinuous reinforcement has been spreading as
an alternative technological approach: dispersed short fibres are included in the mixture
composition to absorb tensile stresses whenever they are intersected by a fracture. This
crack-bridging mechanism and the ensuing improved crack width control result in a
substantial improvement in the mechanical response [5,6], with a significant reduction in
the stress concentration and a relevant improvement in both material fracture toughness
and ductility [7]. On the contrary, the modulus of elasticity and compressive strength are
not, or are very slightly, affected by the fibres, which, as shown by many authors, yield,
instead, to a less brittle softening branch [8-10].

In fibre-reinforced concrete (FRC), two classes of fibres can be identified, (i) macro- and
(if) micro-fibres, and the two most widely used materials are polymers, mainly polypropy-
lene (PP), and steel, while natural fibres have very limited diffusion [3,11,12]. Depending on
the fibre material, the crack width control occurs at either the micro- or macroscale. PP fibres
usually work at the microscale, where they limit the crack initiation and development. In
addition, PP fibres are naturally hydrophobic and quite efficient in preventing damage due
to matrix shrinkage. Furthermore, depending on the fibre volume fraction, they produce
significant advantages in corrosion resistance. On the other hand, a drawback is repre-
sented by their high creep deformations and sensitivity to temperature variations [13]. Steel
fibres, especially those with hooked ends, mainly work at the macroscale, inhibiting the
macro-cracks’ propagation [14]. In most cases, they provide superior fatigue resistance and
post-cracking behaviour if compared to PP fibres [15]. The hooked ends are generally used
to increase the fibre-matrix bond and, thus, obtain higher ductility and residual strength
than straight fibres [16]. Hooked steel fibres ensure improved performance in terms of
crack control [7,17,18]. Recently, a further research development is represented by the use
of corrugated or waved fibres. Soulioti et al. [19] proved that specimens with hooked-ended
fibres exhibit higher values of toughness and residual strength than specimens with waved
fibres, yet the latter seem to ensure higher first-peak strength and peak strength than
hooked ones. The debate on which solution, hooked or waved fibres, may represent the
best option is still open, as many authors found that linear hooked fibres provide superior
overall performance [20,21]. Through dedicated experimental campaigns, many authors
proved that polypropylene fibre-reinforced concrete (PPFRC) and steel fibre-reinforced
concrete (SFRC) exhibit significant increases in fracture toughness, crack opening control,
shrinkage and shear resistance, and durability compared to plain and traditional reinforced
concrete [7,15].

In parallel with experimental investigations, over the decades, various numerical mod-
els have been proposed to simulate the behaviour of plain and fibre-reinforced concrete at
different scales. Two-dimensional (2D) and three-dimensional (3D) miniscale (10~% m or
less) models were developed by Wittmann and Carol, respectively, with their coworkers,
in which the finite element techniques were used, resulting to be computationally demand-
ing even for small specimens [22-25]. Schlangen and van Mier modelled concrete through
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a lattice system and removed the continuum hypothesis used in finite elements [26]. Bolan-
der et al. [27], Yip et al. [28], and Nagai et al. [29] proposed a miniscale discrete model by
defining the interactions between polyhedral particles, in which the phenomena occurring
at the mesostructural level are responsible for the macroscale mechanical response.

The majority of the numerical approaches for the simulation of the FRC mechanical
response rely on macroscopic models combined with fracture mechanics principles (crack,
damage, micro-plane models) [30]. Fanella and Krajcinovic [31], Li and Li [32], and Peng
and Meyer [33] developed a model based on continuum damage mechanics for the be-
haviour of concrete under different loading conditions [30]. Xu et al. [34,35] proposed a
2D mesoscale model, while Fang and Zhang [13,36] proposed a 3D mesoscale model to
study the failure mechanism of SFRC. Similarly, Han et al. [37] simulated tests on structural
components, and were able to capture the unique reverse cyclic loading behaviour of FRC
through the development of dedicated constitutive models, whereas Caner et al. [38] in-
troduced the M7f model to realistically capture fibre pull-out and fracture under static
and dynamic loading regimes. Finally, Oliver et al. [39] proposed a macroscopic model
that accounted for the bond-slip process, happening at the microscale, at the fibre-matrix
interface [30].

Among the others, the Lattice Discrete Particle Model (LDPM), as developed by
Cusatis et al. [40], demonstrated a superior capability in describing concrete behaviour
under a wide range of loading conditions [30,41-43]. In addition, the LDPM was extended
to incorporate the effect of fibres (LDPM-F) with remarkable results [44,45]. In [45], Schauf-
fert et al. outlined nine material parameters for the fibre-matrix interaction model and
validated the LDPM-F against experimental data, gathered in different laboratory cam-
paigns. Due to the requirement of a plethora of experimental data on the fibre-matrix
interaction at the microscale, it is difficult to calibrate all parameters accurately. Many recent
studies have explored the utilization of nondestructive techniques in FRC experimental
testing to consider the scattering of the fracture energy in the microstructure, which is of
great importance for understanding the crack path during the distribution of damage in the
fracture surface, and also to address the overlapping of fibres in the microstructure [46,47].
The use of nondestructive evaluation (NDE) techniques provides valuable insights into the
fibre-matrix interaction at the microscale and the damage assessment of the FRC. Such data
may represent a valuable tool to perform a more accurate calibration when it is not possible
to rely on a comprehensive laboratory investigation. However, when only macroscale evi-
dence is available, the model calibration is performed by simulating the structural response
(at the macroscale) detected during the tests, and identifying reasonable values for the
governing parameters [45].

There are only a few available works in the literature on LDPM-F calibration and
validation. Jin et al. [30] performed experimental and numerical simulations of three-point
bending tests on steel and polystyrene fibre-reinforced concrete to calibrate LDPM-F pa-
rameters. By means of laboratory outcomes gathered through uniaxial unconfined cube
compression, three-point bending, and uniaxial strain tests, Smith et al. outlined LDPM-F
parameters for an ultra-high-performance concrete with steel fibres [48], whose response to
projectile penetration was later simulated [49], after a sound validation against the results
relevant to ASTM C39 UC and ASTM modulus of rupture tests [50]. Del Prete et al. [42]
calibrated and validated the viscoelastic response of macro-synthetic polypropylene fibre-
reinforced concrete through flexural and compression tests. Additionally, Shen et al. [51]
studied the mechanical response of SFRC at elevated temperatures, providing the cali-
brated and validated LDPM-F-HT parameters, using three-point bending and uniaxial
compression tests. Finally, Cibelli et al. [52] presented LDPM-F parameters, which were
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calibrated and validated for a steel fibre-reinforced concrete by using the evidence collected
through three- and four-point bending tests relevant to different ages and specimen sizes.

The aim of this paper is to provide insights into the calibration process of the LDPM-F,
showing the potential ambiguity in parameter sets that provide reasonable fits of exper-
imental data, here limited to uniaxial unconfined compression and three-point bending
tests. Afterwards, the latter were validated by comparing numerical outcomes and experi-
mental trends in terms of energy absorption of round panels, in order to showcase both the
model’s potential to predict the behaviour of a structural element and how the predictive
capability is heavily affected by the quality of the calibration process. As a matter of fact,
a unique calibration of the whole parameter set is achievable when extensive experimental
investigations are conducted on the material of interest. Data relevant to fracture, tension,
uni-, and multiaxial compression tests are needed to identify the parameters governing
the plain matrix response, whereas fibre direct tension and single fibre pull-out tests are
required to calibrate LDPM-F parameters. When such experimental evidence is missing,
the calibration process might be biased and fail in predicting the mechanical response in
loading regimes not used for calibration. This aspect is deeply analysed in the following.

Along with the analysis of the calibration process, a comprehensive model sensitivity
analysis was realised in order to investigate the effect that each LDPM-F governing param-
eter has on the simulated macroscale behaviour. Finally, a parametric study was conducted
to investigate the effects that the fibres” properties have on the simulated FRC toughness.

In the last decade, LDPM-based models have been developed to allow the simulation
of concrete, and cementitious materials on the whole, in a wide range of civil engineering
applications. Over the years, particular attention has been paid to enhancing the model’s
capability of simulating multiphysics problems, where the degradation of concrete is
triggered by the contextual occurrence of transport, chemical, and fracture mechanisms.
Some examples are (i) behaviour under sustained loads [53], (ii) autogenous crack healing in
plain and fibre-reinforced concrete [52,54,55], (iii) damage induced by alkali silica reactions
in variable environmental conditions [56,57], (iv) behaviour of ultra-high-performance
concrete at an early age [58,59], and (v) chloride diffusion in saturated and non-saturated
conditions [60]. The possibility of simulating the responses involved in withstanding such a
variety of boundary conditions is particularly appealing nowadays, since it allows us (i) to
develop mix compositions tailored to match the scenario-related needs, and (ii) to optimise
several activities based on accurate simulations of the multiphysics material response in
given environmental conditions, e.g., construction processes in extreme conditions, and
water- or fire-proofing for strategical infrastructures. However, such a comprehensive
and accurate model simulates the material at the mesoscale, and the path towards the
exploitation of the insights resulting from lower-scale modelling at the structural level is
paved with computational and theoretical burdens. In [61], a review of the state-of-the-art
concepts that allow upscaling of the LDPM is presented. Alternatives for the formulation of
computationally efficient macroscale models have been explored in order to leverage both
the predictive quality of the LDPM in capturing and predicting the material constitutive
behaviour, and the computational affordability that features the classical Finite Element
Method for the structural analysis of complex systems.

2. Numerical Modelling
2.1. Lattice Discrete Particle Model

The Lattice Discrete Particle Model (LDPM) was formulated to reduce the computa-
tional complexity of the miniscale models and accurately capture the fundamental aspects

of concrete behaviour. The coalescence of two independent models, (i) the Confinement
Shear Lattice (CSL) model [62-64] and (ii) the Discrete Particle Model (DPM) [65], gave rise
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to the LDPM, which shares features with both aforementioned models, and presents some
unique characteristics.

The LDPM aims to predict the concrete’s behaviour, under quasi-static and dynamic
loads, through the simulation of the mechanical interactions between polyhedral cells,
whose geometry derives from (i) the tetrahedralization of the coarse aggregate centres and
the tesselation of the resulting tetrahedron-based mesh. Since the material is simulated as
a two-phase material, namely coarse aggregates and an embedding matrix, the model is
referred to as a mesoscale model. For a given concrete element, the LDPM mesh is generated
as follows: (1) Spherical-shaped particles are randomly introduced and distributed inside
the specimen volume, while zero-radius particles are distributed on the external surfaces
to therein facilitate the definition of the boundary conditions. (2) TetGen [66] is then
used to perform a Delaunay tetrahedralization, which defines a system of tetrahedra with
particle centres as vertices (Figure 1a). Each tetrahedron’s edge represents an element of
the lattice system, simulating the embedding effect that the matrix exerts on the coarse
aggregates. (3) Afterwards, the topology of the interaction among the particles is defined
through the tessellation of such a tetrahedron-based system into a system of triangular
facets (Figure 1b). The result is a system of polyhedral cells that interact through the above-
mentioned triangular facets, identified as the locations where the mechanical interaction
occurs and the damage is likely to happen (Figure 1c). This last feature is conceived to
capture the experimental evidence that for normal-strength concrete, damage and fracture
hardly involve aggregates, and generally develop within the embedding matrix.

(a) (b) (o)

Figure 1. (a) Definition of arbitrary points (edge, face, and tet points); (b) adjacent particles for a
typical LDPM tetrahedron tessellation; (c) LDPM cells for two adjacent aggregate particles [40].

2.1.1. LDPM Kinematics

In the LDPM, the deformation of the lattice particle system is described by means of
rigid body kinematics. Each tetrahedron is divided into four subdomains, each defined by
(i) one node (x;) with displacement component u;, (ii) a portion of the three tetrahedron
edges connected to the node, and (iii) the six triangular tessellation facets connected to the
three edges. In each subdomain, the displacement field is defined as follows:

u(x) =u; +0; x (x —x;) = A;(x)Q; 1)

where x; is the position of the i-th node, and u] and 6] represent the two degrees of
freedom, translation, and rotation, respectively, collected into the vector QiT = [u;T GiT ]. The
displacement jump at the centroid of the k-th facet, Cy, reads

[ue] = ucj —uc; 2)
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in which uc; = u(xé'k), uc; = u(xg, ), where i and j refer to the two nodes adjacent to the k-th
facet. At the same location, it is possible to define the strain vector along three directions:

N = nTg:lc]]; eM = ng[[euc]]; e = IT[E:C]] 3)

where /, is the length of the tetrahedron edge, and n, 1, and m, are unit vectors defining
a local system of reference for each facet. The normal and shear stresses at each facet are
calculated through a mesoscale constitutive law expressing oy = F(eg, ¢x), where oy, ¢,
and ¢ represent a vector with facet stress, strain, and internal variables. The Principle of
Virtual Work (PVW) is then used to impose equilibrium. The discrete equilibrium equations
of the LDPM formulation are obtained by summing up the contributions of all the facets
and equating the total internal work with the total external work.

2.1.2. LDPM Constitutive Equations

The normal and shear stresses are proportional to the respective strain under the
LDPM elastic formulation assumption.

on = Enen; om = Erepm;  or = Erep (4)

where Ey = Ep is the normal modulus and Et = «Ej is the tangential one. Ey is the effective
normal modulus, and « represents the shear-normal coupling parameter. Experimental
evidence on the elastic material behaviour is used to calibrate « and Ej. At the mesoscale,
the Young’s modulus E and Poisson’s ratio v correspond to Eg and «, and the relationships
between them read as follows:

2+ 3«
Eo_l—ZvEHE_ 4+

“_1—41/ V_l—oc
14w 44a

Eo (5a)

(5b)

In the LDPM, the concrete’s response beyond the elastic limit is modelled by consid-
ering three different physical mechanisms occurring at the mesoscale: (i) fracturing and
cohesive behaviour under tension and shear or their combined action, (ii) high compression
causing material compaction and pore collapse, and (iii) frictional behaviour.

When the material is subjected to tensile loading (¢ > 0), effective strain and stress
allow defining the following relationships in the local reference systems: oy = en(0/¢€),
op = aep(o/e), and oy = aep(0/e), in which o is incrementally elastic (¢ = Ep ¢) and
must satisfy the inequality 0 < o < oy(e, w) being 0y (¢, w), a yield surface enforced by
means of a vertical (at constant strain) return algorithm. The strain-dependent limit can be
expressed as
<5max - 80>

o (w)

where the brackets (-) are used in the Macaulay sense: (x) = max{x,0}, and Hy is the

opi(e,w) = op(w) exp | —Hp (w)

(6)

post-peak softening modulus, whose formulation permits a smooth pass from a softening
behaviour under pure tensile stress (Hy(w = 71/2) = Hy) to a perfectly plastic response
under pure shear (Hy(0) = 0). As a matter of fact, Hy(w) = H;(2w/m)™, with n; being
the softening exponent. In Equation (6), w is the parameter representing the degree of
interaction between shear and normal loading. Finally, 0p(w) is the strength limit for the
effective stress and is formulated as

—sin(w) + \/sinz(w) + 4acos?(w) /1%,

op(w) =0,
o(w) =01 2acos?(w) /12
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in which rs; = 05 /0 is the ratio between the shear strength, o (cohesion), and the tensile
strength, o;.

In the presence of a compression load (e < 0), the normal stress at each facet centroid
must satisfy the inequality —oy.(ep,ey) < oy < 0. As for the response under tension
and tension/shear, the concrete response is governed by a strain-dependent boundary
0pe, depending on volumetric and deviatoric deformations: ey and ep = en — €y, re-
spectively. Determined from the tetrahedron volume variation, the volumetric strain is
defined as ey = (V — Vp)/V}, and assumed to be equal for all the facets belonging to the
same tetrahedron.

It has been experimentally observed that a concrete specimen, loaded in compression
beyond the elastic limit, experiences an earlier collapse of the microscale and mesoscale
pores, followed by significant material compaction when the walls of collapsed pores enter
into contact. In the LDPM, this phenomenon is modelled through a two-step inelastic
evolution of the boundary in compression: 0. grows linearly during the phase of pore
collapse (yielding) up to a threshold value of the compaction strain (epy = ey + Bep).
Then, it follows an exponential evolution to capture the densification effect (rehardening).
The formulation reads

0c0 for —epy < 0
Ope(ep,ev) = § 00 + (—epv — o) He(rpy) for0 < —epy < eq (8)

o1 (rpy)exp[(—epy — a1 )He(rpy)/0a(rpyv)]  otherwise

where 0,9 and ¢, are the stress and strain, respectively, at the onset of pore collapse, rpy is
the deviatoric-to-volumetric strain ratio ep /ey, and Hc(rpy ) the initial hardening modulus.
Finally, 0.1 and ¢, are the stress and strain when rehardening begins.

In the model, within the boundaries identified in the inequality —oy.(¢p, ev) < on <0,
the normal stress is assumed to be incrementally elastic: oy = Encén. In order to describe
the increased stiffness during unloading, Ey. is defined as

Ey for —on < 0y
Enc = S )
E; otherwise

where E,; is the densified normal modulus.

In the presence of compressive stresses, the shear strength increases due to frictional
effects. This phenomenon is modelled through classical incremental plasticity: incremental
shear stresses can be calculated as ¢ = Er(ép — éIZ), and oy = Er(épm — 81;,1), where the
plastic strain increments are assumed to obey the normality rule, namely ¢; = Ad¢/dor,
and ¢ = Adp/dop. Here, the plastic potential is expressed as ¢ = (07 + 02,)1/2 — g35(on),
in which the functional relationship between shear strength and acting compressive stress
is captured by the boundary:

Tps(ON) = 05 + (0 — Hoo) ONO Moo ON — (M0 — Hoo) OO €XP(ON/ TNO) (10)

where 05 is the cohesion, g and ji. are the initial and final internal friction coefficients,
and oy is the normal stress at which the transition from pg to jie happens. Finally,
the loading—-unloading conditions are expressed by means of the classical Khun-Tucker’s
conditions: q))\ <0and A > 0.

For a detailed presentation of the LDPM’s constitutive laws, the interested reader can
refer to the work published by Cusatis et al. in 2011 [40].
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2.2. Lattice Discrete Particle Model for Fibre-Reinforced Concrete

The Lattice Discrete Particle Model for fibre-reinforced concrete, hereinafter referred
to as the LDPM-F, is an extended version of the LDPM, in which the effect of the fibres on
the concrete behaviour is introduced.

At a facet under tension, the mesoscale crack opening, starting to occur when the
strain reaches the tensile elastic limit, is expressed by the vector w, = wyn + wil + wym,
where wy = [ (ey — on/EN) is the opening/closure of the crack along the direction
orthogonal to the facet, while w; = I (ep — 01 /E7) and wy; = I (epr — o/ Er) are two
sliding components, catching shear displacements at crack surfaces.

The geometry of each individual fibre is characterised by the diameter d (cross-section
Af = mijzc/ 4) and length L. For a given total fibre volume fraction Vy, the number of
fibres Ny contained in a specimen volume (Vsp) is determined by Ny = [(Vs,Vy)/(AfLf)],
where [-] indicates the ceiling function, which maps to the least integer greater than or
equal to (VspVs)/(AfLy).

The fibres are added to the LDPM mesh as discrete entities, randomly dispersed within
the volume depending on the fibre volume content V¢, and overlapping with the interacting
polyhedral cell system. Each facet is associated with the intersecting fibres (Figure 2a), then
the crack-bridging phenomenon is implemented at the mesoscale as follows:

1
a:ac+A—2Pf (11)

where A, is the facet area and and Py represents the crack-bridging force for each fibre
crossing the given facet.

During both elastic and inelastic compression regimes, the fibre contribution is as-
sumed to be negligible, while it does contribute to the equilibrium within inelastic tension
and shear responses, when the cracking process on the facet initiates.

Since all the mechanisms governing the fibre-matrix interaction develop at a scale
which is typically smaller than that one of coarse aggregates—namely, the observation scale
adopted for all LDPM formulations—they are not explicitly modelled at the mesoscale.
They are taken into account within the formulation of the bridging force Py.

Debonding : 5
\ £>0
Slip-friction ~ \

- with fracture
cnergy

« and without

(@) (b)

Figure 2. (a) Fibre intersecting with LDPM facet; (b) fibre debonding and the relationship between
load and slippage [44].

2.3. Constitutive Equations for Fibre-Matrix Interaction

A fibre must be completely debonded from the concrete matrix to trigger the purely
frictional pull-out between the matrix and fibre. The fibre pull-out is a combination of
two phenomena (Figure 2b): (i) initiation and propagation of the interface crack, also
referred to as the tunnel crack, which is governed by the bond fracture energy (G;), and
(ii) friction between the fibre and surrounding matrix, governed by the frictional stress (1)
for the portion of the embedded fibre that has debonded. As is shown in Figure 2b, for the
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simulation of the post-debonding stage in the bridging force—slip relationship, an additional
parameter () is used to capture whether the softening branch evolves linearly, or more or
less than linearly.

For a general fibre, with modulus of elasticity E; and embedded length L., the critical
value of the slip at full debonding [67] v, is

1/2
21 L2 8G,; L2
vy = 2 6+< d 6) (12)

Epdy Epdy
The fibre load during the debonding stage [67] (v < vy) is

7'[2 Efd?—
P(v) = 5 (t0v + Gy)

(13)

After full debonding [67], P(v) fully relies on the pure frictional resistance and reads

P(v) = P (1 _— z;’d>

where Py = mL.d ;1 is the initial pull-out force, whereas f [68] is a dimensionless quantity

1+5(v_vd)1 (14)
df

(B > 0 for slip hardening, 8 < 0 for slip softening, and B = 0 if slip distance is independent
of interfacial friction).

The most significant mechanisms, governing the fibre-matrix interaction at the mi-
croscale, are taken into account within the calculation of the fibre load. At the point where
the fibre exits the matrix and changes orientation, bearing stresses appear in the underlying
matrix. When this localised stress field reaches a sufficiently large intensity, spalling occurs.
In the LDPM-F, the matrix spalling is modelled through the reduction in the embedded
length of the fibre by the quantity s¢, calculated as follows [69]:

_ Pyysin(6/2)
F= kspord pcos?(6/2)

(15)

where Pyy is the normal component of the total fibre force, 6 = arccos(n]?n) represents the
angle between the embedded fibre direction (1) and the facet’s normal orientation (n), 0} is
the mesoscale tensile strength of the matrix, and k;) is a dimensionless material parameter
to calibrate against experimental data.

Where the fibre exits the tunnel crack, which is shortened because of spalling, it
bends around the intact matrix. Consequently, at the exit point, additional friction and
bearing forces lead to a load along the bridging segment larger than that one acting on
the embedded portion. This phenomenon is generally referred to as the snubbing effect,
modelled through the frictional pulley idealization [70], which complies with the fibre
pull-out model adopted in the LDPM-F [69]. In order to account for the snubbing effect,
the fibre load is enlarged as follows:

P = exp(ksugy) P(0) (16)

where P is defined in Equations (13) and (14), ks, is a dimensionless material parameter
to calibrate, and go} is the angle between the fibre inside the matrix and the same fibre
deflected after spalling.

The well-known Cook-Gordon effect is accounted for through the parameter k.y. Cook
and Gordon predicted that a matrix crack approaching an isolated fibre can cause interface
debonding before the crack tip reaches the fibre-matrix interface, if the interfacial strength
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is adequately weak [71]. This phenomenon, referred to as the Cook-Gordon effect, implies
an additional fibre slippage. In the LDPM-F, the above-mentioned additional slippage is
referred to as vg. This process creates an increment in the crack opening, and the value of
Ucg is estimated as

 Akeg Py

= 17
ﬂd%Ef ( )

Ucg
where Py is the fibre bridging force and kg is the Cook-Gordon parameter, to calibrate
against experimental evidence, which can be achieved through in situ SEM analyses [72].

Finally, the fibre load must comply with the rupture strength of the fibre; then, the
following relationship must always hold:

4Py ,
Uf = —5 < Uu.fexp(_krup q)f) (18)

mdy
in which k), is a material parameter, and ¢, ¥ the ultimate tensile strength of the fibre.
In case of fibre stress exceeding the corrected value of strength, Py is set to zero. The
exponential term in Equation (18) reflects experimental evidence showing lower rupture
loads in single fibre pull-out tests for increasing values of (p} [73].

For a generic fibre, with embedment segment orientation ny, subject to pull-out from

both embedment depths due to a crack opening w, and with a spalling length s¢ on both
sides, the crack-bridging force is given by

Pf = Pf n} (19)

with the crack-bridging segment computed as

[|w'|| = 255 4+ vs + v (20)
and ,
w

1l = o el

where ||w’|| is the vector length. The embedment segments consist of a short side (Ls) and
a long side (L;) with the relative slippage vs and v;, respectively.
The pull-out resisting forces must be the same on each side:

Pf = P(vs) exp (ksn(p}) = P(v;) exp (ksngo}) (22)

From the equality in Equation (22), the relative slips vs and v; can be computed by an
interactive procedure in which the compatibility between the bridging segment and the
slips (Equation (20)) is enforced. The crack-bridging problem in Equation (22) is non-linear
for two main reasons: (1) the functional link between the spalling length and fibre force,
and (2) the non-linearity of the force vs. slip relationship. As a consequence, the problem
of computing the fibre force for a given mesoscale crack opening is highly non-linear and
needs to be solved iteratively. The following procedure based on two nested iteration
schemes is adopted. (1) Begin with the last calculated value of fibre-bridging force, Ps.
(2) Compute the spalling length s (Equation (15)) and then the current effective embedment
lengths. (3) Compute length ||w’|| and orientation n’¢ of the crack-bridging segment.
(4) Satisfy the compatibility by setting vs = x(||w’|| —2s¢) and v; = (1 — x)(||w’|| — 25¢),
and then iteratively solving for x using Ps(x) — P;(x) = 0. This non-linear equation is
solved in this study by using Brent’s method [74]. (5) Compute either P; or P;, compute a
new Py value with Equation (22), and check for convergence. If the convergence criterion is
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met, exit the iteration loop. Otherwise, return to Step 2 with the new value of Py. (6) Finally,
upon convergence, the obtained bridging force is compared with the apparent fibre strength
0...f to check for rupture. The algorithm is robust and, typically, converges with less than
10 iterations.

The model allows the distribution of the fibres within the domain with a preferential
orientation. This is accomplished by indicating the percentage of fibres oriented along the
desired direction. The placing procedure, then, is carried out accordingly.

Further details on the constitutive relations of fibres and matrix—fibre interaction as
well as on the calibration of the governing parameters can be found in [44,45].

3. Experimental Campaign

In order to calibrate the LDPM-F parameters and then validate the process, re-
sults from a previous experimental campaign were considered [75]. In particular, three
different types of specimens were used: (i) 150 mm x 150 mm x 600 mm prisms,
(ii) ¢ 800 mm x 75 mm Round Determinate Panels (RDPs), and (iii) 150 mm cubes. In
the reference experimental campaign, the experimental specimens were reinforced using
30 kg/m? of steel (S) fibres or 5 kg/m? of macro polymeric (P) fibres, respectively. All the
samples considered in this work were realised through traditional casting, hence the fibres
were dispersed without an intended preferential direction. The nominal properties of the
fibres are detailed in Table 1, and the investigated mixes are provided in Table 2.

The specimen naming scheme adopted in this study is structured as follows: [concrete
mix]-[batch]-[specimen type][specimen number]. As an example, I-P5-3-RC2 refers to the
cast RDP 2 produced from batch 3 of the concrete mix I-P5. Prior to being tested, a 25 mm
deep notch was introduced at the bottom of the prismatic samples with a 4 mm wide wet
blade saw at an age of 25 days. It is worth noticing that the two different experimental tests
involve different crack openings. In three-point bending tests, the maximum detected crack
opening is about 3.4 mm, while in RDP tests, the maximum crack opening is about 14 mm.

Table 1. Properties of the fibres.

Material Code Length Diameter E. Ts Density
mm mm GPa MPa g/cm?
Polypropylene P 55 091 39 560 1.0
Steel S 35 0.55 200 1100 7.8
Table 2. Composition of the investigated concrete mixes. C: Cement CEM 11 42.5 R, A: aggregates,
SF: Silica Fume, W: water, SP: Superplasticizer, SR: Set Retardant.
Mix C A \% W/C Fibre Dosage SP SR
kg/m3 kg/m3 I/m3 - Type kg/m3 1/m3 I/m?
I-P5 450 1589 204 0.45 p 5.0 6.1 1.3
1-530 450 1594 204 0.45 S 30.0 6.1 1.3

Three-point bending tests were used to investigate the flexural behaviour of prismatic
specimens, whereas the round panels underwent energy absorption tests. In addition,
cubes were used to measure the material’s compressive strength. The tests were performed
in compliance with the Standards EN-14651 and ASTM C1550-12, respectively. The experi-
mental scatter in the following refers to (i) four uniaxial and three-point bending tests on
cubes and prisms, and (ii) three energy absorption tests, for each mix of interest. During
the three-point bending test, a 50 kN load cell measured the force applied, while the crack
mouth opening displacement (CMOD) was measured through dedicated transducers. The
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flexural tests were carried out under closed-loop CMOD control, with a crack opening rate of
0.05 mm/min up to CMOD = 0.1 mm, raised to 0.2 mm/min afterwards.

The nominal stress in the notched section was determined by employing Formula (A.2)
of the Standards [76], which reads

ferp1 = 23;;% (23)
where F is the applied load, ! is the distance between the bottom pin supports, and d; and
dy are, respectively, the width and height of the notched cross-section.

During energy absorption tests, a 50 mm stroke LVDT transducer was used to mea-
sure the deflection at the centre of the panel, and three 10 mm stroke LVDTs tracked the
support displacements. Additionally, the crack openings perpendicular to the principal
crack directions were recorded by means of three potentiometers. As prescribed by the
ASTM C1550-12 guidelines, the tests were carried out in displacement control with a
displacement rate of 4 mm/min.

The interested reader can find a detailed description of the tests and results in [75],
and in Table 3, the average peak force detected on prismatic specimens and the average
energy absorption capacity of RDPs are reported.

Table 3. Number of specimens, peak force for prisms, and energy absorption capacity for RDPs.

Mix Prism (P) Fiiax RDP E
kN J

I-P5 4 19.0 3 252

1-S30 4 26.3 3 312

4. Sensitivity Analysis

In the LDPM and LDPM-F, the formulation of fibre-reinforced concrete behaviour relies
on (i) 17 parameters, governing the response of the plain matrix, and (ii) 10 parameters,
controlling the simulation of the fibres’ response and their interaction with the embedding
matrix. Physical, mechanical, and geometrical parameters of fibres (such as length, strength,
dosage, etc.) are not considered here since in many cases, they are known and, therefore, are
excluded from model calibration. However, their effect will be analysed in the parametric
study presented in Section 6.

To fully calibrate the model, several tests are required. In Table 4, all the LDPM and
LDPM-F governing parameters are reported, with the indication of the laboratory test
required for a proper calibration of the mesoscale parameters such that good agreement be-
tween the simulated response at the macroscale (virtual test) and the experimental evidence
(actual test) is reached. Uniaxial (unconfined), bi/triaxial compression, and fracture (three-
or four-point bending) tests represent the minimum set of laboratory investigations on
the plain matrix to fully calibrate the LDPM governing parameters. In many applications,
confined compression stress states are less of a concern, and the need to calibrate several of
the parameters is removed. In the presence of fibres, single fibre pull-out tests, with differ-
ent embedment lengths and fibre orientation, enable the identification of the parameters
that govern the fibre-matrix interaction. Along with them, fibre direct tension tests are
ideally necessary to characterise (i) the fibre’s Young’s modulus and (ii) tensile strength,
both usually also provided by the producer, (iii) post-elastic behaviour (7, relevant for
ductile materials such as steel), and, finally, (iv) the strength decay which the fibre might
experience because of its bending at the point where it exits the matrix [44].
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Table 4. Models parameters.
Model Parameters Calibration Test
Eo, 01, Iy, n fracture
o compression or tension
, Hoo, T triaxial compression
LDPM Hos Heos ONO mp
00, Kc0, Kc1, K2, Eq/ Eo compression
Tst compression and fracture
ke, ks, ke cyclic loads
LDPM-F E¢, 0ug, krup, vp fibre direct tension

T, B, Ga, ksn, ksp, keg single fibre pull-out

Since it may happen that such an extensive experimental database is not available for
the material of interest, some of the parameters listed in Table 4 can be assumed by relying
on relevant published works. However, the analysis of model sensitivities to the variation
of each governing parameter might still be a useful part of the calibration process [77]. In
the following, the sensitivity analysis is focused on those parameters which affect (i) the
material’s response to fracture and uniaxial compression tests (Eg, 0, lt, 1, 7st, o) and
(ii) the fibre-matrix interaction (7, kcg, G4, B, ksn, ksp). Uniaxial compression and three-point
bending tests have been simulated by using the parameters reported in Table 5 as a starting
point. Then, the LDPM and LDPM-F parameters of interest were varied within the given
intervals in order to visualise the changes that each of them produces on the simulated
macroscale behaviour in compression and bending.

Table 5. Parameter reference values.

LDPM LDPM-F
Parameter Reference Value Parameter Reference Value
Ey (MPa) 33,000 Ef (MPa) 3900
0y (MPa) 1.3 our (MPa) 560
Iy (mm) 800 krup (-) 0.00
1 (-) 1.40 Yp () 0.00
a(-) 0.25 T (MPa) 2.5
to (-) 0.40 B(-) 0.00
Hoo () 0.00 Gy (N/m) 0.27
ono (MPa) 600 ksn (<) 0.55
o0 (MPa) 190 ksp - o (MPa) 125
Keo (-) 2.00 keg (-) 2.65
Ke1 (5) 1.00
Kc2 (-) 2.00
E;/Ep (-) 1.00
rst (-) 4.00
ki (-) 0.00
ks () 0.00
ke (5) 0.00

In the LDPM, the macroscale response of plain concrete undergoing a three-point
bending test is governed by (i) the normal modulus Ey, (ii) tensile strength o, (iii) the
tensile characteristic length I, and (iv) the softening exponent n;.

In uniaxial compression, instead, a significant role is played also by (v) the shear
strength ratio rs; = 05/03, and (vi) the initial friction y9. The response is also heavily
affected by the tensile strength ¢;, which governs the formation of the splitting cracks,
which are ultimately responsible for the failure in unconfined compression. It is worth
remarking that LDPM parameters refer to constitutive laws at the mesoscale: they shape
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the material response along the triangular facets where the LDPM polyhedral cells interact.
Therefore, the modification of a parameter governing the post-peak response in tension
produces an effect whenever, along each facet, the strain exceeds the linear elastic limit.
The sensitivity analysis aims to discuss the modifications detectable in the macroscale
behaviour when changes on the LDPM mesoscale parameters are introduced. In Figure 3,
the results for plain concrete are shown.
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Figure 3. Sensitivity analysis for plain concrete.

The trends in Figure 3a—c comply with the definition of fracture energy at the
mesoscale, G; = l,02/2Ep. As a matter of fact, despite the considered ranges of E,
01, and I, being similar, the effect produced by ¢} is more pronounced. The normal mod-
ulus Ey ranges between 30 and 36 GPa (Figure 3a). The simulated macroscale response
does not change significantly: the initial branches up to the peak substantially coincide,
whereas the softening behaviour tends to become smoother as Ey increases. This evidence
seems to prove that a stiffer material induces a slightly better energy distribution within
the fracture process zone, resulting in a higher concrete toughness. Figure 3b shows that
higher concrete strength in tension shifts the peak, not only upwards, as expected, but also
to the right, meaning that it is reached with higher values of CMOD. The increase in
tensile characteristic length from 700 to 900 mm (+28%) yields a growth in the fracture
energy (Figure 3c), though one lower than that one induced by a smaller increase in tensile
strength: from 1.2 to 1.4 MPa (+16%). This complies with the above-mentioned expression
of G;. It is also worth highlighting that higher I.; corresponds to higher peak stress at the
macroscale. The softening exponent #; impacts the ductility and LDPM facet transition
from pure tension to pure shear responses after the peak. As n; increases, the toughness of
concrete increases accordingly, as shown in Figure 3d. The ratio of shear to tensile strength
75+ and the initial friction o have a considerable impact on the peak in uniaxial compressive
strength (Figure 3e,f). Both parameters affect the shear behaviour at the mesoscale, hence
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their changes imply noticeable modifications in the response that the LDPM facets near the
loading plates experience.

The sensitivity to the LDPM-F parameters governing the fibres’ crack-bridging mech-
anism has been assessed by simulating only three-point bending tests, since this effect is
much more evident when the material undergoes flexural tests.

In the LDPM-E the fibre-matrix interaction mechanisms are governed by (i) bond
strength 7, (ii) debonding fracture energy G, and the following four material parameters:
(iii) B, which governs the pull-out hardening, (iv) ksu, (V) ksp, and (vi) kcg, which account
for snubbing, spalling and Cook—Gordon effects, respectively. In Figure 4, the results of the
sensitivity analysis are shown.
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Figure 4. Sensitivity analysis for fibre-reinforced concrete.

Figure 4a shows that the frictional resistance at the fibre-matrix interface significantly
affects the post-peak behaviour. The rehardening branch following the formation of the
first crack is steeper, with higher 7, whereas the second peak does not vary, being for all
the investigated values equal to approximately 3.25 = 3.35 MPa. On the other hand, it
is interesting to notice that the latter is reached for different values of CMOD. Notably,
the second relevant drop in nominal stress (Equation (23)) that occurs for CMOD is inversely
proportional to the bond strength. In addition, it is worth highlighting that the above-
mentioned drop for lower values of T is much more brittle, with the formation of a single
major second crack, whereas as T increases, a mechanism with multiple cracks is triggered,
featuring the formation of several smaller cracks related to smaller stress drops.

During the fibre pull-out, the debonding fracture energy has a negligible impact
with respect to frictional strength. Then, the macroscale response remains substantially
unchanged for the different investigated values of G; (Figure 2b). Minor modifications can
be detected at the second relevant stress drop, where higher G; values imply a slight shift
rightwards. Figure 2b illustrates the effect of pull-out force hardening and softening during
the single fibre pull-out, and Figure 4c shows how it affects the behaviour at the macroscale.
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Differently from all the other parameters, for which three representative values have
been analysed, B has been made ranging over seven different values, as it varies between
—1 (softening) and +1 (hardening). When S is negative, the resistance during fibre pull-out
is minimal, resulting in low FRC post-peak strength and low ductility. On the other hand,
as this parameter increases towards positive values, the material exhibits a post-crack
hardening behaviour with higher toughness. Figure 4d,e illustrate the effect of matrix
snubbing and spalling parameters, respectively. The FRC toughness and ductility are
directly proportional to both parameters, ks, and ksp.

Finally, Figure 4f shows that as k., gradually increases from 1.65 to 3.65, the slippage
of each fibre is enlarged by an increasing value of v, (see Equation (17)), resulting in a
higher fibre bridging load, and, hence, more effective multi-cracking patterns. The model
is, therefore, able to capture a more ductile response.

5. LDPM and LDPM-F Calibration and Validation
5.1. Calibration Process

The proper model calibration requires the availability of experimental data relevant to
fracture and uni/multiaxial compression tests. However, for the parameters considered in
the sensitivity analysis, the data collectable through uniaxial compression and three-point
bending tests already represent a proper basis to perform a correct calibration. The results
of the experimental tests are hereinafter presented in terms of nominal stress vs. CMOD
curves, for fracture tests, whereas, for compression tests, only the peak stress is considered,
as the full nominal stress vs. axial displacement was not recorded.

The calibration process consists of simulating the whole test set-up, i.e., specimen
geometry, topology of the measuring instruments, kinematic boundary conditions, and
loading regimes, and identifying the set of model parameters that achieves agreement
between simulated and experimentally determined behaviour through a trial-and-error
approach. Then, it is worth highlighting that the calibration is performed by modify-
ing the mesoscale governing parameters such as to reach agreement with macroscale be-
haviour. The LDPM mesh was generated by assuming the actual maximum aggregate size,
d, = 12 mm [75], whereas the minimum dy was chosen in order to have a fair compromise
between accuracy and computational cost: dy = d,;/2 = 6 mm [41]. Furthermore, both the
simulated stress-opening curves and the simulated compressive strength values reported
in the following represent the average of six virtual experiments with different particle
configurations, i.e., six different meshes. This approach minimizes the bias introduced by a
specific specimen with a related particle configuration.

A proper calibration should focus first on the plain matrix by calibrating the mesoscale
LDPM properties against three-point bending tests and unconfined compression tests
without fibres. Then, once the matrix parameters are calibrated, the LDPM-F parameters
can be identified, simulating the FRC. However, for the material of interest, only tests on
the fibre-reinforced composite were available; hence, the calibration process of both LDPM
and LDPM-F parameters was carried out jointly, introducing possible ambiguities in the
selected parameters.

The lack of dedicated tests on the plain matrix may lead to unreliable LDPM pa-
rameters. Some of them might be either under- or overestimated in order to match the
experimental trends detected in the fibre-reinforced composite. The main issues in cases
of limited experimental data are, hence, represented by the difficulty in (i) identifying
cause—effect correlations between material composition and macroscale behaviour, and
(ii) distinguishing which effects are due to plain matrix properties and which others relate
to either the fibres’ features and/or fibre-matrix interaction. Similar problems can also arise
within the LDPM calibration against test results on the plain matrix. In that case, as a matter
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of fact, it might be difficult to calibrate the full set of LDPM parameters if the experimental
campaign does not cover the whole range of inelastic contitutive laws implemented in
the model, namely (i) fracture, (ii) compaction and pore collapse under compression, and
(iii) frictional behaviour.

In order to cope with the above-mentioned ambiguities, the results of the sensitivity
analysis were essential to guide the calibration process. The latter consisted of (1) iden-
tifying LDPM and LDPM-F parameters by seeking the best fitting between three-point
bending experimental and numerical average outcomes, where the numerical average was
computed out of the results achieved by employing six different meshes; (2) the calibrated
model was then used to simulate the compression test, in order to check the compliance
with the compressive strength measured in the lab; (3) in case the set of calibrated param-
eters did not allow us to capture the compressive strength, changes were implemented
on those parameters governing the plain matrix response, assuming that fibres have a
negligible effect on the behaviour in compression; (4) three-point bending tests were simu-
lated by using the revised set of model parameters to check if the previous match still held.
Steps 2 to 4 were repeated until convergence was achieved. The sensitivity analysis helped
us to implement changes in the parameters in order to achieve the desired curve fitting.
Since dedicated experimental evidence for the plain matrix was not available, the first
tentative LDPM parameters were assumed through an educated guess, based on previous
LDPM-based works dealing with materials featuring similar properties [41,42,45,50,52].

In Tables 6 and 7 and Figure 5, the comparisons between experimental and numerical
results for compression and fracture tests, respectively, are shown. Notably, in Table 7, the
experimental and numerical representative values for nominal flexural residual tensile
strength, as defined by EN-14651, are listed in terms of average and coefficient of variation,
expressed in percentages. The numerical vs. experimental comparison is shown in terms of
A, which is defined, for the i-th parameters X;, as A = (X num.avg — Xiexpavg)/ Xiexp.avg) X
100. The calibration was performed for two mixes, as shown earlier in Table 2, which differ
in the type and dosage of fibres: I-P5 includes 5.0 kg/m? of polypropylene fibres, whereas
[-S30 presents 30.0 kg/m3 of steel fibres. As a result, since the same mixing and casting
operations were accomplished for their preparation, the different mechanical response
between the two mixes must be attributed to the different type and dosage of fibres.
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Figure 5. 3PBT nominal stress vs. CMOD curves for (a) I-P5 mix (PP fibres) (b) I-530 mix (steel fibres):
experimental vs. numerical results.
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Table 6. Peak strength in uniaxial compression test [MPa]: experimental vs. numerical results.

Mix Experimental Numerical

Min Max Average Avg. (Set-1) Avg. (Set-2) Avg. (Set-3)
I-P5 30.26 42.03 38.03 37.68 37.80 38.02
I-S30 43.32 50.83 45.39 44.99 45.06 -

Table 7. Nominal residual flexural tensile strength [MPa]: experimental vs. numerical results.

Mix Experimental Numerical
Set-1 Set-2 Set-3
Avg. CoV (%) Avg. A(%) Avg. A(%) Avg. A(%)
fr 3.05 21.73 3.07 —-1.67 3.05 —2.28 3.69 18.39
fri 1.11 24.13 1.16 —-9.76 153 18.60 1.33 3.13
I-P5 fra 1.32 22.93 1.39 —8.58 1.72 13.26  1.61 5.77
fr3 1.50 20.46 1.51 —8.07 1.81 10.09  1.68 2.02
fra 1.58 18.72 1.62 —4.75 1.70 0.00 1.67 —1.68
fr 4.57 5.33 443 —-1.11 420 —-633 - -
fr1 4.47 19.42 4.30 -7.38 4.09 —-11.84 - -
I-S30  fro 4.45 17.89 4.08 —-793 3.81 —14.02 - -
fr3 406 1833 376 =566 350 —12.22 - -
fra 3.56 17.23 3.54 2.61 3.10 -10.18 - -

The calibration process was performed by following an iterative approach. Upon
reaching a match between simulated and experimentally measured responses in three-point
bending tests, the same set of parameters was used to simulate the cube compression tests.
When the numerical-experimental match was not confirmed in compression, the LDPM
parameters must be adjusted accordingly. Once the simulated average compressive strength
matched the experimental one with sufficient accuracy (e < 1%), the revised set was used to
re-perform the numerical simulation of the fracturing test. If the numerical curves did not
fit the experimental scatter, the parameters must be further adjusted. This iterative process
continued until the numerical results from both the three-point bending and compression
test complied with the experimental data for the material at hand.

One of the aims of this paper is to provide insights into the LDPM and LDPM-F
calibration process. As stands out from Table 6 and Figure 5, the match between numerical
outcomes and experimental data can be achieved with different sets of model parameters. In
this study, for the IP-5 and I-530 mixes, respectively, three and two datasets were identified.
They are reported in Tables 8 and 9. The parameters which were not calibrated in this
study were assumed based on relevant published works [41,42]: « = 0.25, 0,0 = 190 MPa,
He/Eo =04,k =2.0,E;/Eg =1.0, o = 0.0, oyo = 600 MPa, B = 0.0, k.; = 1.0,k =5.0.
Firstly, it is interesting to notice that all the identified sets ensure a sufficient agreement
with the experimental results. For IP-5, the numerical average compressive strength values
are equal to 37.68 MPa, 37.80 MPa, and 38.02 MPa for Set-1, Set-2, and Set-3, respectively,
whereas the detected average experimental value is 38.03 MPa. Relevant to the fracture
test, all the sets allow us to capture the macroscale material behaviour. As a matter of
fact, the numerical curves in Figure 5a fit well the experimental scatter. The same result
is confirmed for the I-530 mix. Also in this case, the experimental average compressive
strength (47.99 MPa) is captured with sufficient accuracy by both the sets of calibrated
parameters (44.99 MPa for Set-1, 45.06 for Set-2). The good agreement between simulations
and tests, regardless of the parameter set used, is further confirmed by the comparison
shown in Figure 5b, in which it stands out how Set-1 and Set-2 allow us to obtain numerical
results complying with the three-point bending evidence.
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Table 8. LDPM calibrated parameters.

IP-5 I-S30

Parameter Set-1 Set-2 Set-3 Set-1 Set-2
Ej [GPa] 36.0 36.0 40.0 40.0 40.0
oy [MPa] 1.62 1.62 3.25 3.25 3.25
Iy [mm] 800 800 150 150 150
n [-] 0.2 0.2 0.2 0.2 0.2
s/ 0 [-] 4.0 4.0 2.6 2.6 2.6
po [-] 0.3 0.3 0.3 0.3 0.3

Table 9. LDPM-F calibrated parameters.

IP-5 I-S30
Parameter Set-1 Set-2 Set-3 Set-1 Set-2
kspor [MPa] 110 150 150 150 150
krup [-] 0.0 0.0 0.45 0.57 0.5
ksn [-] 0.5 0.7 0.7 0.4 0.4
Tp [MPa] 1.72 3.0 1.75 8.0 9.5
7 [-] 0.0 0.0 0.0 0.0 0.0
Gy [N/m] 0.3 5.0 5.0 5.0 5.0
B[-] 0.25 —0.25 0.01 —0.07 —0.01
keg [-] 3.6 3.6 3.6 2.0 2.0

Both experimental and numerical data reveal discrepancies in peak stress during
fracture and compression tests. However, the two analysed mixes, i.e., I-P5 and I-530, are
approximately identical, despite a negligible difference in aggregate content. This result
provides evidence of the influence of fibre type and volume fraction on the FRC behaviour,
also under compression.

The calibration showcase highlights an important point: low-scale accurate models,
such as the LDPM and LDPM-F, require a number of parameters which govern the me-
chanical response at the model scale, which for the LDPM is the mesoscopic one. Since the
calibration relies on the comparison between experimental and numerical results at the
macroscale, due to the unfeasibility of performing reliable tests at the mesoscale, the param-
eter identification is generally challenging. As an example, the mesoscale tensile strength
or simultaneously affects the macroscale response in both the considered loading regimes.
On one hand, it determines significant modifications on the material toughness in bending,
as discussed in Section 4, and, at the same time, it is one of the parameters governing
the failure in unconfined compression, which is typically induced by the propagation of
splitting cracks. Beyond the multiple correlations linking mesoscale constitutive laws and
macroscale response, it is also possible that different sets of the governing parameters
might result in similar simulated macroscale behaviours.

The quality of the calibration process must be assessed by proving whether the cal-
ibrated model is able to predict the response of the same material in configurations not
considered for the calibration itself, without further adjustments of the governing pa-
rameters. For FRC notched prisms undergoing a three-point bending test, and hence
approaching the failure through the propagation of one major crack along the ligament,
an additional criterion to assess the reliability of the calibrated set might be to compare the
number of fibres intersecting the crack in the numerical simulation with the experimental
fibre count at the same location. The same can be done for their direction. These parameters
are particularly important because they govern the post-peak behaviour. The matching
between numerical and experimental curves with a substantial difference in the number of
fibres intersecting the crack might mean that the calibration of the LDPM-F parameters have
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been biased by the fibre distribution, leading to either an underestimation or overestimation
of their contribution to the macroscopic material response.

5.2. Validation Process

The validation of the LDPM’s predictive capability is performed by simulating tests
executed on samples or structural elements that are made from the same material but that
have not been used in the calibration process. Options are varying the geometry, loading
scheme and stress state, boundary conditions, etc., of course without varying the calibrated
governing parameters. In this study, the identified sets of parameters for the two investi-
gated mixes were used to simulate energy absorption tests on round panels. The objective
is to verify the accuracy of the calibrated parameters and validate the behaviour of fibre-
reinforced concrete under significantly different testing conditions. The deformation and
crack opening ranges are much larger in the round panel test than those detectable through
three-point bending, thereby providing a more comprehensive assessment. Similar to the
approach followed during calibration, the average numerical curve resulting from multiple
simulations with different particle configurations was compared to the experimental test
outcome to ensure a robust validation process.

Figure 5a shows that three distinct parameter sets were able to capture the PPFRC
flexural behaviour adequately within the experimental scatter. Nevertheless, when vali-
dating their capacity against round panel tests, Figure 6a shows that the Set-2 numerical
curve exhibited a more significant pull-out softening compared to the post-peak response
obtained by employing Set-1 and Set-3. The use of Set-2 led to higher simulated stress
values than the other sets until the CMOD reached 4 mm, but they declined at a higher rate
thereafter. The maximum peak stress is 3.7 MPa, obtained when Set-3 was used, likely due
to the higher tensile strength value adopted.

In Figure 6a, it stands out that, although all the sets were demonstrated to be capable
of accurately capturing the three-point bending results, only Set-2 confirmed the predictive
capability that the calibrated model is expected to have. As a matter of fact, the Set-2
average numerical curve matches the experimental trend with remarkable precision. On
the contrary, Set-3 was not able to capture the softening tail properly, and Set-1 did not
allow us to catch the post-peak behaviour at all.

Figure 6b showcases the situation in which none of the calibrated sets yields reliable
predictions. Set-1 and Set-2 seem to capture the peak stress with sufficient accuracy,
but both sets miss in following the softening branch correctly. This result offers two
debatable points. Firstly, the calibration might be improved in order to identify a better
harmonisation among the governing parameters. Along with that, it is interesting to
notice the qualitatively different post-peak behaviour detected in the round panel tests
if compared to that recorded during the three-point bending test. The latter, shown in
Figure 5b, proves that the material does feature a considerable ductility, with a low strength
decay after the first crack formation. However, the energy absorption test on the round
panel shows that the material experiences a completely different response, i.e., a significant
softening after the peak, as demonstrated by the experimental scatter reported in Figure 6b.
While the model captures reasonably well the response in the three-point bending test
used for calibration, the predictions of the panel tests show an abrupt post-peak drop
followed by slow softening, while the experiments indicate a gradual, slowly decelerating
softening behaviour. The FRC with synthetic fibres instead exhibited similar behaviour
in both fracturing and energy absorption tests. Therefore, it might be possible that the
better predictions achieved for the PPFRC stem from the higher consistency between the
responses in the two different sets of laboratory tests.
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Figure 6. Validation through round panel energy absorption tests: (a) I-P5 mix (PP fibres), (b) I-530
mix (steel fibres).

Despite the debatable results in terms of curve fitting, the calibrated model has proven
to be capable of properly predicting the crack patterns induced in the round panels due
to deflection (Figure 7). Figure 7a shows the initial crack that emerges on the external
contact surface between the loading plate and specimen. As the deflection increases, a crack
forms in the centre and propagates towards the edge of the specimen in three different
directions, each approximately 120° apart. The width of the crack increases as the centre
deflection increases, as shown in Figure 7b,c. This results in an increase in the specimen’s
total toughness due to the crack-bridging phenomenon. Additionally, Figure 7c,d illustrate
the LDPM-F’s capability of capturing the final experimental crack pattern numerically.

@) (b)

(c) (d)

Figure 7. Comparison between numerical and experimental crack propagation on the bottom
surface of a round panel. (a) Inital crack propagation. (b) Increment in crack width. (c) Final
crack propagation. (d) Experimental round panel crack path [75].
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6. Parametric Study

The aim of the parametric study is to investigate how mechanical and geometrical
features of the fibres might affect the macroscale response of the resulting FRC in the post-
cracking stage, to eventually serve as valuable tool for a performance-oriented material
optimisation. To this purpose, three-point bending tests were simulated for a reference
material, which had the IP-5 mix composition (see Table 3) and Set-1 model parameters
(Table 10). Then, the following fibre properties were varied over intervals representative
of the products available today on the market: (i) Young’s modulus, (ii) length, (iii) cross-
section, and (iv) volume fraction. Originally, the fibre tensile strength was also included
in the parametric study. However, none of the investigated materials reached the tensile
failure along the activated fibres, and then, the resulting behaviour at the macroscale had
no meaninigful differences.

Table 10. LDPM and LDPM-F parameter sets used as reference in the parametric study.

Eo[GPa]  ;[MPa]  Ii[mm]  m[] o/oil1 ol
LDPM 36.0 1.62 800 0.2 4.0 0.3

5 kporMPal kup[1 kull  m[MPal gyl GqIN/m] B[] Keg ]
LDPM-F 110 0.0 0.5 1.72 0.0 0.3 0.25 3.6

In Figure 8, the results of the parametric study are shown in terms of nominal stress vs.
CMOD curves. The curves represent the average of six different simulations, performed on
meshes featuring different spatial aggregate distributions within the specimen volume.

---Polypropylene - 3.9 GPa

e Glass - 73 GPa
3 i -------- Abestos - 159 GPa
;\ -----Steel - 200 GPa
Carbon - 240 GPa

-

stress [MPa]
N
i
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Figure 8. Parametric analysis to predict the response of FRCs featuring different types and dosages
of fibres.
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6.1. Young’'s Modulus

The transfer of forces between fibres and the concrete matrix is influenced by the fibres’
Young’s modulus [78]. Depending on the material, Young’s modulus is typically 3.9 GPa
for polypropylene fibres, 73 GPa for glass, 159 GPa for asbestos, 200 GPa for steel, and
240 GPa for carbon [75,79,80]. A higher elastic modulus results in a stiffer and stronger fibre
that can better withstand the stress generated in the specimen (Figure 8a). It can be noted
that the transfer of stress after concrete cracking is quicker in glass than in polypropylene
fibres due to its higher elastic modulus. The toughness of FRC increases as the fibre elastic
modulus goes from 3.9 GPa to 73 GPa. However, in order to observe appreciable variations
in toughness, the elastic modulus has to vary at least by one or more orders of magnitude.
It is worth stressing that in these simulations, only the Young’s modulus was varied, while
the fibre cross-section and other material properties were kept constant. Naturally, in reality
also, the tensile strength changes accordingly when different fibre materials are considered.

6.2. Length

The length of macro-fibres ranges from 38 to 50 mm, whereas micro-fibres are typically
measured between 12 and 38 mm [81]. In this study, the investigated fibre lengths are 15,
25, 35, 45, and 55 mm. In Figure 8b, the numerical results are shown. The number of fibres
in the specimen decreases when fibre length increases for the same volume fraction. For
micro-fibres, an increase in fibre length corresponds to a higher flexural toughness. This
may be attributed to the shorter frictional length during pull-out despite a greater number
of activated fibres. The rate of flexural toughness’s increase from 25 to 35 mm is higher than
from 15 to 25 mm. Furthermore, with macro-fibres, the difference in the flexural toughness
for 35 and 45 mm is subtle; however, a reduction in flexural toughness is observed with the
55 mm fibre length. This is due to a lower number of fibres for the same volume fraction.
The optimum fibre length for the same volume fraction ranges between 35 and 45 mm for
the investigated parameter combination.

6.3. Cross-Section

In order to investigate the effect of cross-section on the fibre crack-bridging potential
and, in turn, on the macroscale response, the following values were considered: 0.25 mm?,
0.45 mm?, and 0.65 mm?. Similar to the previous section, when a constant fibre length and
volume fraction are applied, the overall number of fibres generated decreases as the fibre
cross-sectional area increases. The fibre activated in the crack bridging is lower for fibres
with a higher cross-sectional area. Figure 8c indicates the decrease in flexural toughness of
FRC as the fibre sectional area is increased from 0.25 mm? to 0.45 mm?. Similarly, a further
decrease in flexural toughness is observed as the fibre cross-sectional area is increased from
0.45 mm? to 0.65 mm? due to a lower number of fibres intersecting the induced cracks.

6.4. Volume Fraction

The dosage of fibres significantly affects the FRC’s post-peak strength. The given
IP-5 mix used includes polypropylene fibres with a density of 1000 kg/m?>. For fibre
dosages of 5,7, and 10 kg/ m?3, the corresponding volume fractions are 0.005, 0.007, and
0.010, respectively. Unsurprisingly, for a given cross-section and length, as the fibre dosage
increases, the numbers of placed and activated fibres (i.e., intersecting a crack) rise. As
a consequence, the flexural toughness of the material grows accordingly (Figure 8d). At
the same time, a larger volume of fibres leads to the formation of a larger number of
(micro)cracks during the fracture process. Looking at Figure 8, it stands out that, for a given
target response, these three parameters should be optimised consistently.
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7. Conclusions

In this paper, the extended version of the LDPM used to incorporate the effect of fibre in
concrete, the LDPM-F, was used to numerically capture the experimental behaviour of two
fibre-reinforced concretes under short-term loading conditions. The LDPM and LDPM-F
parameters were calibrated, for the mixes of interest, against the experimental data collected
through three-point bending and uniaxial compression tests. As a result of the calibration
process, multiple parameter sets were identified for each mix, in order to showcase potential
ambiguities resulting from calibrations to actually insufficient experimental data. The
quality of the different candidate calibrations was then assessed in the validation stage. The
latter consisted of simulating the same materials subjected to different testing conditions:
energy absorption tests on round panels. Along with that, the model sensitivity was
evaluated with respect to the changes in the governing parameters relevant to the tests
used as a reference. Finally, a numerical parametric study was conducted in order to show
the model’s potential to be used as a valuable tool in the process of application-oriented
optimisation of material mix design.

Based on the numerical results, the comparison with the experimental evidence,
and the trends identified in both the sensitivity analysis and parametric study; it is possible
to draw the following conclusions:

*  The simulated response in three-point bending at the macroscale is mainly affected by
the mesoscale fracture energy G;, hence by normal modulus Ey, tensile characteristic
length I.¢, and tensile strength o;. The latter is the parameter which has shown
the highest impact on peak stress and material toughness. The parameters most
relevant to compressive strength at the macroscale are the initial friction coefficient yy,
and mesoscale tensile and shear strengths, o; and o5, respectively, where the latter is
expressed in the LDPM as function of the tensile strength by means of the parameter
7st, which is the shear-to-tensile strength ratio.

*  Asexpected, the LDPM-F parameters govern the post-cracking behaviour. The sen-
sitivity analysis has shown that the fibre-matrix bond strength T and the pull-out
hardening coefficient § are the two parameters having the most significant effects on
the simulated macroscale response to bending. Notably, they control (i) the number of
cracks forming after the peak is reached, and, as a consequence, (ii) whether the mate-
rial experiences either softening or hardening in the post-peak branch. The parameters
relevant to the micromechanical interaction between the fibre and the surrounding
matrix do have an impact, but not one as crucial as T and B.

¢ The LDPM and LDPM-F are able to accurately capture the experimental trends de-
tected through three-point bending tests on notched prisms and uniaxial compression
tests on cubes.

e  For the mixes adopted as study cases, only three-point bending tests and unconfined
compression tests on fibre-reinforced concrete with one fibre content were available.
Due to the lack of a sufficiently rich experimental dataset, no unique parameter set
could be obtained during the inverse calibration process. This clearly demonstrates
the need for more experimental data and clean validation to assess the quality of the
calibration and ensure reliable predictions.

e The validation stage has shown that only one of the identified sets, for the FRC with
polypropylene fibres, was able to accurately match the experimental trends recorded
for round panels undergoing energy absorption tests, while the other sets resulted
only in acceptable predictions.

¢  For the FRC with steel fibres, instead, none of the calibrated sets was able to match
the experimental results. However, this might be related to differences in the post-
cracking behaviour observed in the laboratory during three-point bending and energy
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absorption tests. The former show substantial hardening and a ductile response,
whereas the panels show significant softening after cracking initiation.

In the last decade, LDPM-based models have been developed to simulate multiphysics
phenomena and capture the response of ordinary and advanced cementitious materials for
a wide variety of civil engineering applications. This paper aims to provide some insights
into the calibration of LDPM-Fs and their validation for fibre-reinforced concrete, which
ultimately may allow numerical LDPM simulations to be used, either to optimise the design
of the mixture composition, or to identify the most appropriate testing procedure to experi-
mentally characterise a new cement-based material. In this perspective, both sensitivity
analyses and parametric studies might provide some guidance for future research, in spite
of the inescapable complexity due to the large number of model parameters paired with
typically limited experimental data. The latter surely represents a burden to deal with when
the LDPM is adopted to simulate the behaviour of concrete. However, the significantly
demanding calibration is largely rewarded by the superior capabilities, provided by the
LDPM over recent decades, to capture experimental trends in a wide range of structural
applications. They refer to (i) durability issues (e.g., chloride diffusion in undamaged,
cracked, and healed conditions), (ii) purely mechanical applications (e.g., strength and
stiffness build-up from casting onwards, tertiary creep), and (iii) multiphysics scenarios
(e.g., response to fire exposure, shrinkage).
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