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Abstract

This paper compares numerical and analytical predictions for the shear ca-
pacity of fibre-reinforced concrete beams based on experimental literature
tests. The authors compared the outcomes of a FE model using the Dam-
ageTC3d constitutive model, a literature formulation, and the current pro-
posal of the Eurocode 2 draft for fibre-reinforced structures. The paper
evaluates the sensitivity of the beam response to the fracture energy Gy,
modified after the Model Code 2010 formulation. The investigation reveals a
dependence of the estimated fracture energy on the beam size. Furthermore,
the comparison between the numerical estimates and the analytical predic-

tions using the MC2010 and the current EC2 draft proves that the error is
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substantially independent of the model selection but is strongly affected by
the specific case study. This fact confirms the absence of weaknesses in the
numerical modelling and highlights the aleatoric uncertainties of the experi-

mental data.

Keywords: Fibre-reinforced concrete, Size-scale effects, Brittleness,

Fracture mechanics, Numerical Analysis, OpenSees

1. Lists of symbol and notation
Latin upper case letters

® Dipwer: Smallest value of the upper sieve size D in an aggregate for
the coarsest fraction of aggregates in the concrete permitted by the

specification of concrete
e [F: Elastic Modulus of concrete;
e F™(t): Vector of internal nodal forces;
e G: Fracture Energy;
e (G;: Tensile Fracture Energy STKO input;
e (G.: Crushing Energy according to MC2010 formulation;
o Gyop: Optimum value of Gy;
e P..: First cracking load;

e P,: Ultimate load at the peak;



P, cap: Experimental Ultimate Capacity;
P, num: Numerical Ultimate Capacity;
R(t): Vector of external nodal forces;
S1: Linear branch slope;

Ss: Nonlinear branch slope;

V,: Ultimate shear resistance;

W Elastic Inertia modulus;

Latin lowercase letters

bw: Minimum width of the cross-section;
d: Effective depth of a cross-section;

d": Positive damage index;

d~: Negative damage index;

dag: Size parameter describing the crack and the failure zone roughness

taking account of the concrete type and its aggregate properties;
16 + Diper < 40mm, fer < 60MPa

dag = )
16 + Digwer (ﬂ) < 40mm, fu > 60MPa

fck
The authors used the first equation reported above since f is less than

60 MPa. Additionally, Since Minelli et al. [1] do not notify Djgyer, it



has been set equal to 32 mm, following the recommendation for C 25/30

in UNI 206 [2].
e f.: Elastic concrete threshold according to STKO damageTC3d;
e f.. Compressive strength of concrete;
e f..: Characteristic concrete cylinder compressive strength;
e f..: Mean concrete cylinder compressive strength;
° fcp: Concrete peak strength;
e f.: Residual strength equal to 20% fo f., [3];
o fum: Mean flexural tensile concrete strength;
e f..: Characteristic concrete tensile strength;
e fru: Residual strength significant for ULS;
e fr3: Residual tensile strength at w equal to 2.5 mm;
e f;: Uniaxial tensile strength equal to 2/3 feim;

o fruui: Characteristic values of the ultimate residual tensile strength for

FRC, considering the rigid-plastic approach;

o fruq: Design values of the ultimate residual tensile strength for FRC,

considering the rigid-plastic approach;



e f(z): Objective Function (OF);

fy: Yielding steel strength;

gq(x): Constrain Function (CF) for inequality constraints;

e h,.(z): Constrain Function (CF) for equality constraints;

k: equal to 1 + (2720)0.5, for considering size effect;

[: Span length;

l.s: Critical length;

t: Time loading step;

wyim: Crack opening width corresponding to ULS;

x: Design Vector (DV) strength;

z: Inner lever arm of internal forces;

Greek letters

e 7.: Partial factor for concrete;

e 7. Partial factor for actions, also accounting for model uncertainties

and dimensional variations;

e y: Partial factor for shear and punching resistance without shear re-

inforcement;



0: Displacement at peak load;

71: Ratio of strains used to define stress-strain model;
e 1: Poisson’s ratio;

e pi:Reinforcement ratio for bonded longitudinal reinforcement in the ten-

sile zone due to bending referred to the nominal concrete area d - bw;
e o' Positive stress tensor;
e 0 : Negative stress tensor;

® 0., the average axial stress on the cross-section induced by prestress-
ing;
® TRdcmin: Minimum shear stress resistance allowing to avoid a detailed

verification for shear (average shear stress over a cross-section);

® Tracr: Shear stress resistance of planar members with shear reinforce-

ment subjected to concentrated forces;

¢: Diameter longitudinal bar;

Units

e Stress and material strengths: For unit dependent, MPa shall be used;

e E-modulus: For unit dependent, MPa shall be used;

e Geometric data: For unit dependent, mm shall be used;
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2. Introduction

The development of modern building engineering and infrastructure de-
velopment demands high material performance, which means high strength,
toughness, and energy absorption ability. High-Performance Concrete (HPC)
and Ultra High-Performance Concrete (UHPC) represent examples of new
materials that are capable of reaching an ultimate compressive strength be-
tween 120 and 240 ([4] and [5]). The improvement of mechanical properties,
such as strength, workability and durability, is allowed by the integration of
supplementary cementitious materials such as silica fume (SF), ground gran-
ulated blast-furnace slag (GGBS), fly ash (FA) [6]. Furthermore, reaching
high strength also has negative impacts due to increased concrete brittle-
ness, which adding fibres can mitigate. The mixture which combines HPC
and fibres is called High-Performance Fiber Reinforced Concrete (HPFRC)
or Ultra-High-Performance Fiber Reinforced Concrete (UHPFRC) depending
on the ultimate compressive strength achieved [7]. The distinction between
the various types of fibre-reinforced concrete (FRC) could be based on the
compressive strength range, as shown in Fig. 1. The FRC has less promis-
ing performance than the HPFRC and UHPFRC as they are implied for
different fields of applications. Indeed, the FRC is cheaper than the oth-
ers, and it pushes the researcher to keep on investigating its behaviour since
it is widely used in the community of practitioners. In 2010, Model Code
2010 [8] acknowledged fibre-reinforced concrete (FRC) as ”a composite ma-

terial made by a cement matrix and discrete fibres. The matrix could be
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FRC HPFRC UHPFRC
fe = 120 — 240 MPa

fc = 50-150 MPa
fe = 15-60 MPa

Figure 1: Compressive strength range for distinction between FRCs

mortar or concrete while the fibres can be made of steel, polymers, carbon,
glass or natural fibres”. Recently, new international standards, see the new
draft of Eurocode 2 [9] and the new Model Code 2020 [8], consider FRC
and High-Performance-Fibre-Reinforced-Concrete (HPFRC) as new build-
ing materials. Furthermore, several national standards such as the French
code NF P18 [10], the Swiss code STA 2052 [11], the American code ASTM
C1856 [12] and the Japanese code [13] provide directions on the application
of UHPFRC. A brittle behaviour characterizes plain concrete in tension due
to the low tensile strength, and the reduced strain capacity [9]. Since the
first research by Romualdi and Batson [14], the addition of randomly dis-
tributed fibres to plane concrete has been shown to provide higher ductility
and strength [15]. The fibres transfer stresses between the concrete matrix
and tensile strains during the crack propagation, thus improving the post-
cracking response [16, 17, 18, 19]. The main parameters affecting the design
and performance of FRC are the fibre volume content (V}), the ratio between
the length and the diameter of fibres ({/d) and the fibre weight ratio (FWR),

defined as the weight of the fibres in 1 m?. In particular, the [/d ratio affects



the number of fibres which cross the cracks under load, keeping constant V.

Due to the importance of the fibre dimensions, the industry makes avail-
able different types and sizes of this reinforcement, ranging from 6 to a max-
imum length of 80 mm and from 0.1 to a maximum cross-section area of
1.5 mm? [20]. Although this material has been widely adopted in general
constructions for some time, in the past, FRC was reluctant for specific con-
struction typologies due to the industry’s lack of trust in its functionality
[21]. However, steel fibres are among the most used solutions for obtaining
FRC [22]. Engineers and builders consider this material a suitable solution,
especially for statically indeterminate structures where stress redistribution
occurs [23, 24]. The benefits of using FRC affect the compression [25] and
[26] and tension behaviour [27, 28]. Already in 1996, a collection of the most
promising fibre mix-designed was listed in the comprehensive state-of-art by
Zollo in [29]. The author, according to the terminology adopted by the Amer-
ican Concrete Institute (ACI) Committee [30], distinguished four different
categories of FRC based on fibre material type: SFRC for steel fibre; GFRC
for glass fibre; SNFRC for synthetic fibre, including carbon fibres and NFRC
for natural fibre. More recently, in [31], the authors tested two types of acro-
synthetic fibres obtained by processing natural PP homo polymer (density of
910 kg/m?). Unfortunately, despite the remarkable results, they did not suc-
ceed in finding better flexural, shear and ductility behaviour than steel fibres.
In [32], Pour et al. presented the results of the first experimental research

on the axial compressive behaviour of ultra-high-strength steel (UHSS) fibre-



reinforced concrete-filled FRP tubes (UHSSFR-CFFT). Twenty-four circular
UHSSFRCFFT specimens were prepared and tested under axial compression
to study the influence of unconfined concrete strength and fibre type. CFFTs
were manufactured with glass, carbon and basalt-reinforced polymer (GFRP,
CFRP and BFRP) tubes with concrete compressive strength ranging from
35 to 105 MPa. Sun et al. [33] investigated the flexural behaviour of six con-
crete beams with various reinforcements, including ordinary steel bars, steel-
fibre reinforced polymer composite bars, and pure fibre-reinforced polymer
bars. (either carbon fibre-reinforced polymer bars or basalt fibre-reinforced
polymer bars), and hybrid bars (steel bars and basalt fibre-reinforced poly-
mer bars). In all the cases investigated by the authors, the results showed
that steel-fibres reinforced polymer increases the ultimate load capacity by
approximately 31% and the durability in comparison with traditional RC.
Olivito e Zuccarello [34] found that the most crucial contribution of steel fi-
bres is the altering the failure mode from fragile to ductile due to the bridging
effects of the fibres, which preserve the specimen integrity for higher strain
values. Additionally, short fibres increased the compression strength more
than the longer ones [35]. Besides, the main drawback of FRC is the work-
ability reduction of concrete, which can be mitigated using short fibres [36].
Nonetheless, Koksal et al. [22] found that a significant amount of fibres must
be added to observe a meaningful improvement in the concrete compression
strength. This aspect is confirmed by [6], who showed that a low content

of fibres does not affect the peak of the concrete strength. Conversely, the
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fibre embodiment does not significantly improve tensile strength [37], since
their effect manifests after the first crack formation [38]. Nonetheless, the
fibres modify the tensile failure mode, depending on the fibre slip, elonga-
tions and strengthening associated with three bond mechanisms: adhesion,
friction, and mechanical anchorage [39]. Walraven found that the fibres sig-
nificantly stabilize the crack formations [40]. Accordingly, the Model Code
2010 (MC2010) suggests adopting two different stress-crack relationships:
rigid-plastic and linear softening or hardening [8]. The fibre embodiment also
improves flexural strength related to the improved compression and tensile
response. For instance, Abbass et al. [40] found that the flexural strength
of concrete with steel fibres between 0.5% to 1.5% volume ratio increased
from 100% to 150%. Additionally, Lee et al. [41] observed that the stress
level decreases significantly after concrete cracking based on the fibre volume
and concrete compression strength. Consequently, the fibres also improve
beam stiffness during the post-cracking phase [42]. Adding steel fibres to the
concrete matrix increases the material energy adsorption [43]improving the
cracking behaviour and the loading capacity [44, 45, 46]. Among the possible
physical entities, the fracture energy is the most used in constitutive models
for characterizing concrete post-cracking behaviour[47, 43]. The reliability
and accuracy of non-linear behaviour depend on Gy, which represents the en-
ergy necessary to create a unit area of a crack. Besides, if the fibres increase
the energy adsorption, the G is the parameter that makes the difference

between PC and FRC [48, 49]. Furthermore, the G represents the material

11



toughness, and it is estimated with a three-point bending test on notched
standard samples, following the EN recommendations.

As a final remark, the fibres also improve the shear resistance. Addi-
tionally, their embodiment leads to a ductile shear failure mode. The fibres
guarantee a more uniform bridging effect over the cracks and, in principle,
could be considered an alternative reinforcement to the stirrups. Meda et
al. [50], and Dang et al. [51] found that the fibres represent a valid and
trustworthy alternative to traditional shear reinforcements. Furthermore, J.
A. Torres et al. [52] observed that a 1.2% fibre content changes the failure
mode from shear to shear-flexural cracks. A higher fibre content leads to
more inclined cracks with a 24% shear capacity increment if the fibre volume
spans between 0.0% and 1.2%. Additionally, Minelli et al. [1] observed that
the fibres can mitigate the size effect in deep beams.

However, despite the numerous experimental tests on UHPC beams, a few
studies deal with the FE modelling of FRC beams using constitutive dam-
age models. Thai et al. in [53] presented a calibration of the well-known
Karagozian & Case Concrete (K&C) model developed by Malvar et al. [54],
which can be applied to describe the complex static and dynamic behav-
ior of the fiber reinforced concrete (FRC) structures subjected to static and
high-rate loading conditions. Gravina et al. in [55] and [56] investigated the
influences of matrix strength, fibre shape and fibre volume fraction on the
rate sensitivity of SFRC by developing a 3D finite element model to demon-

strate the effectiveness and feasibility of the proposed dynamic increase factor
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(DIF) formula.

However, to the authors’ knowledge, there needs to be research attempt-
ing to optimize the constitutive parameters of damage models for FRC to
achieve a good agreement with experimental data. Additionally, no research
papers attempt to address the modelling of size-effect phenomena in FRC.
Therefore, this paper presents and discusses the FE modelling of the concrete
beams tested by [1] using the damage TC3d constitutive model based on a
nonlinear fracture mechanics approach. The authors selected the specimens
tested by Minelli et al., which showed the mitigation of the size effect in the
shear capacity of FRC beams. The research question of this paper is: If
possible to grasp the size effect in the shear response of FRC with the finite
element model using a damageTCrd concrete model and a classical elastic-
plastic relationship for steel? The goal is to optimize the fracture energy
value using the ultimate capacity of all the tests on FRC beams as an ob-
jective function. Starting from the fracture energy value suggested by the
MC2010, the authors will provide a final expression for the facture energy
valid for the considered test set. Despite the fact that fracture energy is, by
definition, a material property, the authors found that the variation pf the
fracture energy compensates for the lack/reduced size effect in FRC. Addi-
tionally, the paper compares the capacity predictions from FE models against
the estimate according to the new draft of Eurocode 02. The paper has the
following organization, after a brief introduction to the test by Minelli [1],

the authors will introduce the problem and present the FE model. Then,
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the results and the comparison with analytical, numerical and experimental

values are reported and discussed.

3. Description of the case study

The authors used the beams tested by Minelli et al. [1] as a reference case
study. They investigated the effect of steel fibres on the shear response of
concrete members. Nine beams were tested under three points bending test
with a shear-depth ratio of 3. The beams were obtained with three amounts
of fibres: 0, 50 and 75 kg/m3. For each type of concrete, the authors cast
three beams with different heights: 500 (H500), 1000 (H1000), 1500 (H1500)
mm and 250 mm thickness. The distance between the bottom beam and the
rebar’s centroid equals 60 mm. Consequently, the effective depths are 440,
940 and 1440 mm. Fig.3 shows the geometric characteristics of the specimens.

The longitudinal reinforcement layout is realized by two levels of four rebars,

H500 H1000 H1500

8014 8020 8024
8024
: S é
& L 1< s
. B >~ 2 =
1
2640mm 5640mm ' 8640mm

Figure 2: Geometric characteristics of Minelli’s specimens.

z14 for H500, 220 for H1000 and @24 for H1500 and the reinforcement
ratio was fixed as approximately 1% for all test specimens. The variability

of the bond surface associated with bars with different diameters has not
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been considered. The bars are anchored at the end by two steel plates. The
three concrete types are labelled PC, FRC50 and FRCT5 for no fibres and 50
kg/m? and 75 kg/m? fibre content, respectively. They used a normal-strength
concrete with a nominal characteristic strength (f.x) equal to 30 MPa. Tab.1
lists the mechanical characteristics of the concrete. The yielding and tensile
ultimate strength of longitudinal rebars is 506 and 599 MPa for @14 bars,

555 and 651 MPa for @20 bars, and 518 and 612 MPa for & 24.

Table 1: Characteristics of Minelli’s specimens.

Parameters Dimension H500 H1000 H1500
Height o] 500 1000 1500
Effective depth [mm] 440 940 1440
Total length [mm] 3000 5900 9000
Span [mm] 2640 5640 8640
Shear span a [mm] 1320 2820 4320
Width [mm)] 250 250 250

Bottom to rebar centroid distance [mm] 60 60 60

Reinforcement longitudinal bars 8214 8220 824
Reinforcement area [mm?] 1232 2513 3619
Reinforcement ratio % 1.12 1.07 1.01

It must be remarked that not only the height and length of the beams
change but also the reinforcement. Therefore, this choice is not ideal for
estimating the size effect related to the fibre concrete, as highlighted in the
discussion section. Additionally, the width is kept constant to reduce the

number of variable parameters.

4. FE model

This section provides a synthetic description of the numerical model used

in the analysis.
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4.1. The DamageTC3d constitutive model

The constitutive model adopted within the analysis is the DamageTC3d
model proposed by [57] and implemented in STKO Opensees(C). This model
defines the tensile and the compressive behavior, the damage evolution and
the failure criteria. The constitutive model for the concrete is a damage

model with two parameters d*/d~, following [58]:

o=(1—-d"o"+(1—-d)s" (1)

where 67 and 6~ are the positive and negative stress tensors. d* and d~
indicate the damage indices of concrete in tension and compression, respec-
tively [58, 59, 60]. They influence the calculation of the positive and negative
components of the stress tensor. They are scalars in the range 0-1, indicating
the deterioration status of the concrete: if the parameter is 0, the material
is intact, while if one, the material is wholly damaged [58]. The damage
indices 77 and ¢~ are obtained from the concrete behaviour in tension and
compression, which can be evaluated through the stress-strain curves of the
material. The tensile behaviour of the concrete is characterized by a linear
elastic phase up to the tensile strength. After the attainment of the tensile
strength, the material shows a softening-like trend, i.e. a decrease in resis-
tance as the deformation of the material increases up to complete failure.
[58] provides the full details of the model.

The DamageTC3d model implemented different tensile and compressive
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behaviour for concrete. The compressive uniaxial law is reported in 3. On
the other hand, the tensile behaviour is linear until the ultimate admissible
tensile stress; after that, it is described by a nonlinear branch. The area below
the curve is the fracture energy Gy divided by the critical length l.;. After
a convergence analysis, the mesh size is assumed to equal the critical length.
The input parameters of the DamageTC3d constitutive model are G and G,

Compression fracture energy g Tensile fracture energy

feb-— fof -

Figure 3: Stress-strain relationship in tension (a) and compression (b) available in STKO
DamageTC3d, where [ is the critical length.

evaluated by the authors according to the MC2010 formulation, respectively,
for normal concrete and FRC. To describe the compression behaviour, the
MC2010 provided the same formulation for evaluating the crushing energy

for both normal concrete [8]:

G, =250 G,. (2)

The authors adopted for G. the approximate expression in Eq.2, validated

for normal concrete. This approximation is due to the lack of acknowledged
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formulation for G, in the scientific literature and the low sensitivity of the
shear capacity of fibre-reinforced concrete beams on G, compared to G [61].

Two different formulations are adopted for normal concrete and FRC ten-
sile behaviour, respectively. In normal concrete, the tensile fracture energy
is:

Gy =73 fO18, (3)

cm

For fibre-reinforced concrete, The MC2010 suggests two possible ¢ — w di-
agrams, where o and w indicate the tensile stress and crack width, respec-
tively: linear softening/hardening and constant. In this paper, the authors

used the o — w relationship with no hardening (see Fig. 4). The steel

f [MPa]

fPtu ®
]
]
]
]
]

Wiim W [mm]
Figure 4: Stress-crack opening displacement curve chosen for FRC50 and FRC75

stress-strain relationship has been modelled with the material model Steel01,
which assumes an elastoplastic response. The input parameters are the yield-
ing stress f, and the elastic modulus E. The values adopted result be the
same as those reported in the reference case study. The steel plates at the
beam support (see Fig.5) are modelled as an elastic isotropic material where

Young’s modulus E=210 GPa and Poisson’s ratio v=0.3. Tab.2 lists the in-
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put parameters used for the concrete and steel constitutive behaviour. It
must be remarked that not all the parameters come from Minelli et al. [1].
E, f., are experimental values reported in Tab.4 of [1]. f. and f.. are set
equal to 40% and 20% of f., according to Eurocode 02 [62] and [63], respec-
tively. Gy and G follow the definitions in Eq.2 and Eq.3, respectively. f; is
set equal to 2/3 of the fu,, the latter given by [1]. Following [24], the stress
tension fry, is evaluated as 1/3 of the residual tensile strength at a crack
width equal to 2.5 mm (fr3). frw is assumed equal to 5.0 and 6.0 MPa for
FRC50 and FRCT75, respectively. The fr3 values were obtained by Minelli
et al. from three-point bending tests. The maximum crack width wy;,, is set
equal to 2.5 mm as MC2010 recommends [8].

Table 2: Input parameters for the concrete and steel constitutive behaviour. The definition

of the symbols is provided in the initial list of symbols and notations at the beginning of
the paper.

Concrete type PC FRC50 FRC75
E [MPa] 33500 30800 32100
f.0 [MPa] 15.5 12.8 13.2
fop [MPa] 38.7 32.1 33.1
fer [MPa] 7.7 6.4 6.6
G. [N/mm] 35 34 34
£, [MPa] 2 1.6 1.67
frea [MPa) - 1.67 p
G [N/mm) 0.14 4.2 5
v 0.2 0.2 0.2
Type of bars  E [MPa] f, [MPa]

#14 210000 506

220 210000 555

224 210000 518

The problem is non-linear type due to the areas of discontinuity and non-

linearity of the material. In the FE problem, the solution is obtained by
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searching an equilibrium configuration at each loading step [64, 65]:

R, — F"=0 (4)

where R; is the vector of the external nodal forces and F™ the vector of the
internal nodal forces. The approximate equilibrium solution is found using

the Newton-Raphson method.

4.2. FE model

The Finite Element chosen for the beam is a 2D Shell, shown in Fig.5. The
rebars are modelled with 1d truss elements, and the corresponding sections
were created with the command Sections — Fibers. The restrain conditions
are a pin and a roller at the supports to reproduce the boundary scheme
realized during the experimental tests. The dimension of mesh size for the
discretization depends on the cross-section dimension to perform a correct
approximation. Constraint conditions are introduced to represent the bond
between concrete and reinforcement and the anchorage of bars. The con-
straint is obtained with a penalty approach, using a penalty stiffness value
assumed equal to 1E06 in order not to allow the bar’s slip and simultane-
ously avoid numerical instabilities. The load is distributed on a length equal
to the plate width (120 mm). The load distribution is vital to avoid stress
concentration under the loading zone and numerical instabilities. After a

convergence analysis, the authors used a 25mm uniform mesh.
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Steel plate

(b)

Figure 5: (a) Beam geometry and property assignment in STKO Opensees for Minelli’s
beam; (b) Mesh plot for Minelli’s beams in STKO Opensees.

5. Results

This section shows the results of the FE modelling of the Minelli beams
using the DamageTC3d model [58]. The following parameters are selected

to describe the accuracy of the FE predictions.

o P, first cracking load P, = Lfm

P, Maximum capacity;

0 Displacement corresponding to the maximum capacity;

S1: Slope of the first elastic phase.

S5 Slope of the second nonlinear phase.

21



The investigation aims at characterizing the matching between experi-
mental, analytical and numerical predictions at all stages of the response.
Nonetheless, Minelli et al. do not report information on the load associated
with the first crack opening, only the ultimate shear capacity. Therefore,
the experimental curves have been digitalized and used to estimate P,., Si,
and Sy. Specifically, the experimental P,.,. corresponds to the point associ-
ated with the occurrence of the first nonlinearity in the load-deflection curve.
The P.. estimation was based on the direct inspection of the experimental
curves and is affected by more uncertainty than the shear load capacity. P.,
is obtained from the curve, but no information is given by Minelli et al. [1]
confirming these values. Conversely, the shear capacity and the maximum
displacement can be determined with no arbitrariness. The authors will first
compare the experimental and numerical outcomes based on the crack pat-

tern. Then, a quantitative assessment is provided.

5.1. Crack pattern

Fig.6 compares the nine cases’ experimental and numerical crack patterns.

The estimated crack pattern, displayed by a coloured contour plot, is
compared to the experimental one shown in [1]. Moving from the left (PC)
to the right (FRC75), the numerical model shows that the fibre embodiment
leads to a significant increment in the number of cracks, almost uniformly

distributed. Conversely, plain concrete exhibits a few wider cracks. There
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H500 PC H500 FRC50 H500 FRC75
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E
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wur 00ST

Figure 6: Comparison between all cases numerical and experimental crack patterns.

could be a better matching of the crack directions. In plain concrete, despite

the embrittlement of the response, there are minor vertical cracks by the
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mid-span and a larger diagonal crack with an increasing slope as the size
grows. In the simulated case, only vertical cracks start from the midspan,
which becomes diagonal at a certain point following the same direction, coin-
ciding with the large diagonal crack found experimentally. The experimental
diagonal crack is like the envelope of the cracks, which rise almost vertically
at the lower beam side. The numerical model seizes the size effect in plain
concrete. As the size of the beam increases, the cracks have a higher slope
revealing a more brittle response.

The FE model can only predict the crack width, not if it is a splitting
crack. The crack width is proportional to the red intensity in the nephograms.
The experimental cracks merge in a diagonal crack in all cases. Despite
the crack coalescence not manifest in the nephogram, it is evident that the
broader crack in the model corresponds to the diagonal slitting crack observed
in the experiment. It must be also remarked that the FE representation
reveals all sorts of cracks, which were partially reported in the graphical
representation of the experimental pattern, showing only the dominant ones.

Minelli et al. show that the beam’s size does not significantly affect the
shear capacity when using fibre reinforcement, compared to the case with
plain concrete. The numerical model also confirms this aspect. The other six
cases are similar, obtained with two sizes and two FRC. The cracks start like
sub-diagonal by the lower beam side and then bend and converge towards
the same diagonal direction, almost coinciding with the experimental one,

marked in thick black. The unique parameter varied between PC, FRC50
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and FRCT5 is the fracture energy; see Tab.2. The crushing energy is not
significantly different between the three materials. Conversely, the increment
of the fracture energy G from 0.14 (PC) to 5 (FRCT75) is the cause of the
observed differences among the crack patterns. The following subsections are
organized based on the beam heights: H500, H1000 and H1500. The influence
of geometry in fracture mechanics is well known as size effect [66], and it
must be considered for high beams as the H1000 and H1500 are. This makes
it reasonable to investigate the Gy parameter to make the modelling more
realistic. However, the f; is also hard to measure due to the experimental
difficulty of a direct concrete axial tensile test [67], and it can be affected by
the size effect [68, 69]. The authors found that the tensile fracture energy
is the sole relevant parameter, whose variation highlight affects the beam
response. Therefore, a parametric study is carried out. Each case is simulated

using five values of the fracture energy, as follows:

G;={12-G;, 1-Gy, 0.75- Gy, 0.5- Gy, 0.25- Gy} (5)

Then, the ultimate capacity obtained from the five curves are compared to
the experimental one to estimate the relative error as a function of the Gy

multiplier.

5.2. H500

Based on the control parameter settled as in Tab.2, Tab.3 shows the

results obtained by the analysis in terms of the selected parameters described
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before for the beams with H=500 mm. The values for the fracture energy

corresponding to the values reported in Tab.3 are obtained with Eq.3.

Table 3: Comparison between experimental, analytical and numerical predictions for the

beams H500.
Label P.. [kN] P, [kN] ¢ [mm] St -] Sz [
Experimental 75 224 3.7 187 43
Numerical 41 218 3.03 197 47
Analytical 47 224 - - -
Numerical /Experimental 0.55 0.97 0.82 1.056  1.09
Analytical /Experimental 0.63 1 - - -
H500FRC50
Experimental 35 472 23.18 197 54
Numerical 37 441 10.56 210 54
Analytical 39 394 - - -
Numerical/Experimental 1.06 1.07 0.46 1.07 1
Analytical /Experimental 1.11 0.83 - - -
H500FRC75
Experimental 35 462 9.07 205 48
Numerical 39 441 9.6 182 57
Analytical 39 416 - - -
Numerical/Experimental 1.13 1.05 1.06 0.89 1.19
Analytical/Experimental 1.11 0.9 - - -

The following aspects can be observed from the inspection of Tab.3 and

Fig.7.

e H500PC. There is a good agreement between experimental and simu-

lated force-displacement curves, as shown in Fig.7. Nonetheless, the

model is not able to follow the entire experimental curve.

There is

an excellent agreement with the ultimate load with an error less 3%;

see Tab.3. The same considerations are valid for S; and S;. The

higher discrepancies arise for P,,., approximately equal to 23%. Fur-

ther discrepancies affect the stiffness evolution related to the progress
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Figure 7: Comparison between numerical and experimental force-displacement curves for
the beams H500. (a), (b) and (c) refer to PC, FRC50 and FRC75 beams, respectively. (d)
shows the relative error as a function of the fracture energy multiplier.

of damage. The main differences in P, depend on the beam geome-
try, characterized by low slenderness. Therefore, the Euleur-Bernoulli
formulation used for predicting P.. might not be entirely reliable. If
the first mechanism activated is the strut and tie, the cracking process

starts from a short microcrack in the tie. Afterwards, the cracks grow
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in height by the midspan zone due to the flexural mechanism. The
crack pattern by [1] shows significant flexural cracks at 100 kN. The
numerical model reaches the concrete tensile strength at 37 kN, lower
than the value obtained from the EB hypothesis, see Tab.3. This fact
proves that the first crack is related to the tensile strength attainment
in the equivalent tie. The FEM prediction does not perfectly match the
stiffness evolution. The midspan cracks start growing for loads higher
than 75 kN. Then, they spread horizontally, creating a smoother stiff-
ness loss; see Fig.7. Nonetheless, despite the observed differences, the

failure load is almost identical, proving the FE model’s accuracy.

H500FRC50: The experimental curve in Fig.7(b) shows a linear trend
up to 50 kN. Then, there is a significant stiffness loss up to the bars’
yielding, followed by a plateau until failure. Fig.7 shows the crack pat-
tern corresponding to failure. The fibre contribution to the response
manifests in the post-cracking phase after 50 kN. This part is associated
with dense damage spreading. The numerical model before optimiza-
tion closely seizes the pre-yielding phase, while it struggles in following
the post-yielding stage. The steel fibers contribution governs the post-
crack behaviour. Tab.3 reveals a good agreement between experiment
and simulation for P,, S; and S,, with a maximum error equal to 7%.
The major differences occur for the ultimate displacement predictions.
Compared to the plain concrete beams, it is challenging to graphically

observe P, from the curve since the stiffness change associated with the
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first crack is not manifest. Nonetheless, there is also a good matching
for P.,, as revealed by the results in Tab.3. The crack pattern in Fig.7
shows a precise shear-flexural mechanism with diagonal and vertical

cracks.

e H500FRCT75: The experimental curve shows a linear trend up to 53 kN,
followed by a nonlinear stage until the failure. The numerical curve
before optimization shows a good agreement with the experimental
one. The beam slenderness affects the beam sensitivity to the value
of the fracture energy, as later discussed. Therefore, it is expected
to observe a better improvement in the prediction for deeper beams
after optimization. Interestingly, the numerical curve shows a softening
behavior not reported by the experimental results. The parameters
obtained by the analysis in Tab.3 exhibits a good agreement in terms
of P,, S and ¢ with a maximum error equal to 11%. The slope of the
nonlinear part (S;) has a higher error, 19%. The failure crack pattern
corresponds to a shear mechanism. Nonetheless, the extent of the crack
pattern of the model is lower than the experimental one, as evidenced

in Fig.7.

The results show that the expression of the fracture energy and the input
parameters lead to a good agreement in terms of failure load. The main
differences arise in the first cracking stages, also related to possible different

initial conditionals between the model and the tested beams, and the ultimate
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displacement.

Fig.7 also shows the dependence of the model predictions on the input
fracture energy. While in the case of plain concrete (see Fig. 7(a)), a vari-
ation in the fracture energy leads to a higher discrepancy, the differences
reduce when considering a fibre-reinforced specimen (see Fig. 7(b)-(c)). The
high sensitivity detected in plain concrete with respect to the different val-
ues of Gy can be considered as a clear evidence of the uncertainties in the
mix-design procedure adopted for the specimen casting. As a matter of fact,
by introducing the fibres in the specimen volume, the variation between the
different curves in Fig. 7(b)-(c) becomes less evident due to the effective
mechanical properties of the fibres. In this way, the uncertainties that char-
acterise plain concrete gradually vanish due to the increase in fibre content.
Moreover, the fact might be related to the reference value of the G calcu-
lated according to Eq.3, which is much lower in plain concrete and higher
for the fibre-reinforced case (see Tab.2). By multiplying an amplification or
reduction factor to G (see 5), a further reduction of an already small G
leads to significant embrittlement of the response with related capacity and
ductility reduction. Conversely, in fibre-reinforced, the curves appear almost
independent of the input fracture energy when it varied between maximum
and minimum value of the chosen range of Gy. A major discrepancy arises in
Fig.7(b), when a 1.25 multiplier is used, leading to a consistent overestima-
tion of the beam response. Although plain concrete has a higher sensitivity

to the fracture energy multiplier, the best agreement in terms of the ultimate
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load is achieved with G 5 = 1-Gy. This fact proves that the expression in
Eq.3 can be considered valid for both PC and FRC in the smallest specimen
with H=500mm and L=2640mm.

5.8. H1000

This subsection present and discusses the predictions for the H1000 beam
responses using the value for the fracture energy suggested by the MC2010
and the optimized one. Tab.4 pointed out the values used to compare the
experimental, numerical and analytical predictions. The values in Tab.4
correspond to the fracture energy multipliers equal to one. Fig.8 plots the
experimental and simulated force-displacement curves with the considered

values of the fracture energy.

Table 4: Comparison between experimental, analytical and numerical predictions for FR50
beams.

Label P, [kN] P, [kN] 6 [mm] S;[-] Sa[]
H1000PC
Experimental 100 340 6.3 179 42
Numerical 77 323 4.86 190 43
Analytical 88 393 - - -
Numerical/Experimental 0.77 0.95 0.77 1.06  1.02
Analytical/Experimental 0.88 1.16 - - -
H1000FRC50
Experimental 41 528 11.68 187 55
Numerical 71 818 17.83 179 40
Analytical 70 722 - - -
Numerical/Experimental 1.73 0.64 1.53 096 0.73
Analytical/Experimental 1.71 1.37 - - -
H1000FRC75
Experimental 67 686 14.31 147 40
Numerical 71 824 17.1 186 46
Analytical 70 762 - - -
Numerical /Experimental 1.06 0.83 1.2 1.26  1.15
Analytical/Experimental 1.04 1.11 - - -
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Figure 8: Comparison between numerical and experimental force-displacement curves of
the FR50 specimens. (a), (b) and (c) refer to PC, FRC50 and FRC75 beams, respectively.
(d) shows the relative error as a function of the fracture energy multiplier.

The main aspects arising from the analysis of Fig.8, Tab.4 and the crack

patterns before Gy optimization are:

e H1000PC. The same considerations highlighted for the H500 PC beam
are valid for the HI000PC one. The experimental curve in Fig.8(a)

shows a manifest change of stiffness at 100 kN. As observed with the
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H500PC, the first crack load evaluated with Bernoulli’s theory is lower,
close to 88 kN. The numerical curve exhibits the first crack at 77 kN,
corresponding to a tensile strength equal to 2 MPa in the bottom part.
The lower the slenderness, the higher the model’s difficulty closely mir-
roring the crack pattern. The error for P, and 0 is approximately 23%.
Additionally, S; and S, are in good agreement with an error lower than
6% and 2%, respectively. The main discrepancy in the crack pattern
is the lower height of the flexural cracks in the numerical model. The

failure load is almost identical for the H500 PC beam.

H1000FRC50: Minelli et al. observed that this beam exhibited a lower
shear capacity contrary to expectations. This fact might be the reason
for the overestimation of the capacity by the numerical model. This
discrepancy occurs for almost all control parameters, as shown in Tab.4.
The experimental crack pattern, in Fig.6, is not related to shear fail-
ure, being governed by an almost vertical crack. Given the excellent
agreement with the experimental results for H500 FR50, it is likely
that the experimental beams have initial cracking patterns that biased
the final capacity estimate, leading to a more fragile observed response.
Moreover, the experimental curve shows a rapid strength decay, possi-
bly caused by a cracked state before the tests. The sample’s integrity
heavily influences the possible underestimation of load capacity before
the test, i.e. the crack propagation can be accelerated by the presence

of the crack.
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e H1000FRC75: The experimental curve is linear up to 104 kN. The nu-
merical curve is close to the experimental one, but as for H500FR75, it
has a higher stiffness. As observed for the HIOOOFRC50, the ultimate
load presents a significant error, approximately equal to 12%. There-
fore, the same considerations for HI000OFR50 can be considered valid

for this case study.

There is a lower sensitivity in FRC to Gy. The optimum multiplier for
H1000FRC75 equals one, while it lowers to 0.5 in the H1000FRC50 case.
Despite occurring in the sole HIOOOFRC50 case, the analyses reveal a size
effect in the optimal fracture energy for FRC specimens. A larger size does
not allow fully exploiting the potential fracture energy obtained from Eq.3,
which should be reduced. This aspect will be more evident in the H1500

case.

5.4. H1500

This subsection present and discusses the predictions for the H1500 beam
responses using the value for the fracture energy suggested by the MC2010
and the optimized one. Tab.5 resumes the values derived by the analysis
used to compare the experimental, numerical and analytical predictions. The
values in Tab.5 correspond to the fracture energy multipliers equal to one.
Fig.9 plots the experimental and simulated force-displacement curves with
the considered values of the fracture energy. = The main aspects arising

from the analysis of Fig.9, Tab.5 and the crack patterns in Figs.6 before G¢
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Table 5: Comparison between experimental, analytical and numerical estimations for FR75

beams.
Label P, [kN] P, [kN] 0 [mm] S1 -] S2 [
H1500PC
Experimental 50 341 7 209 39
Numerical 150 368 5.35 179 43
Analytical 130 523 - - -
Numerical/Experimental 3 1.08 0.76 0.86 1.1
Analytical /Experimental 2.6 1.53 - - -
H1500FRC50
Experimental 39 943 21.18 158 38
Numerical 101 1103 21.18 164 43
Analytical 104 1019 - - -
Numerical/Experimental 2.59 0.86 1 1.04 1.13
Analytical/Experimental 2.67 1.08 - - -
H1500FRC75
Experimental 111 1083 23.2 151 45
Numerical 101 1103 24.65 176 42
Analytical 104 1073 - - -
Numerical/Experimental 0.91 0.98 1.06 1.16  0.93
Analytical/Experimental 0.94 0.99 - - -

optimization are:

e The H1500PC experimental curve in Fig.9(a) has a linear branch up

to 60 kN, lower than the first crack load P., estimated with the Euler-

Bernoulli theory equal to 130 kN. The numerical curve shows a higher

discrepancy to the experimental one, with a P,.. error of 300% and a

displacement difference close to 24%. This might depend on a possible

cracking pattern of the experimental beam before testing. The numer-

ical model shows that the first crack appears at 150 kN with tensile

stress equal to 2.2 MPa. Likely, the first activated mechanism is the

arch rather than the flexural one. The experimental crack propaga-

tion has been faster than the numerical due to the high stiffness loss
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Figure 9: Comparison between numerical and experimental force-displacement curves of
the FR75 specimens. (a), (b) and (c) refer to PC, FRC50 and FRC75 beams, respectively.
(d) shows the relative error as a function of the fracture energy multiplier.

observed in the experimental curve. Nonetheless, the stiffness up to
failure is quite similar, and the final crack pattern resembles the actual
one, as shown in Fig.6. Additionally, the error in terms of the ultimate

load is minimal, with an 8% error.
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e H1500FRC50: The predictions for the HI500FRC50 are better than the
previous case. The numerical curve closely follows the pre-cracking re-
sponse, despite showing a stiffer response in the nonlinear stage. There
is a 12% error in the ultimate load prediction, higher than the error
value obtained from previous cases. There is a good agreement with
the final crack pattern, although the crack localization is quite shifted

compared to the experimental evidence.

e H1500FRC75: The experimental curve is linear up to 111 kN, reaching
failure at 1161 kN. The numerical curve closely follows the experimental
one, although with higher stiffness, see Fig.9(c). The same considera-

tions for HIOOOFR50 can be considered valid for this case study.

As observed for H500 and H1000, also in the current case study the PC beams
show a higher sensitivity to the Gy multiplier. Despite the difficulty in closely
following the experimental curve, the optimal capacity is obtained with a G ¢
multiplier equal to 0.75. In the other two cases, there is still a low sensitivity
to the Gy multiplier compared to PC. The optimal matching is achieved
with the two multipliers equal to 0.5. The size increment of the beam leads
to a reduction of the optimal fracture energy in both PC and FRC. This
observation confirms the findings of H1000. A larger beam size does not
allow to exploit the fracture energy predicted by Eq.3 fully. Therefore, G
must be reduced. The entity of this reduction rises when considering FRC

beams.
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The PC specimens exhibit the highest discrepancy between numerical and
experimental curves, specifically the P,.. value. Likely, these discrepancies
arise from experimental uncertainties, possibly related to cracking patterns

that occurred during the curing phases.

6. Discussion

Within the scientific advancements in Structural Engineering, it has been
realized that the classical concept of strength, understood as force per unit
surface causing failure, needs revision, especially in cases where particularly
large or tiny structures are involved. The strength of the material must be
compared against other characteristics, such as the toughness in the fractur-
ing processes, to define, via the structural size, the ductility or the brittleness
of the structure [70]. Two intrinsic characteristics of the material, plus a ge-
ometrical characteristic of the structure, represent the minimum basis for
predicting the type of structural response. Since structures are prevalently
subjected to compressive forces, a transition can be detected from plastic col-
lapse to buckling instability as slenderness increases, so in systems subjected
to tensile forces, there is a transition from plastic collapse to brittle fracture
as the size-scale increases. In this framework, different numerical vs experi-
mental investigations carried out so far [17, 19, 71] indicate that the flexural
performance of FRC specimens is affected by: (i) the fibre volume fraction;
(ii) the mechanical and geometrical properties of the reinforcing fibres (tensile

strength, geometric profile, and aspect ratio) and the cementitious matrix;
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(iii) the specimen size. In the latter case, increasing the specimen size can de-
tect a systematic decrease in the composite flexural strength. This geometric
effect, which can also be related to the fibre distribution within the volume
of the composite [19], can be quantitatively evaluated in the framework of
Fracture Mechanics by using the Multi-fractal Scaling Law (MFSL) for ini-
tially uncracked specimens [72] or the Size Effect Law (SEL) for initially
cracked specimens [73]. These best-fitting laws can be used to determine
the size-scale effects on material mechanical parameters. On the contrary,
when the global structural behaviour is function not only of material strength
and toughness but also of the quantity of reinforcement together with the
scale, a different approach based on Dimensional Analysis is needed [70, 74].
In particular, the scale-dependent post-cracking regimes in the structural
response of steel-bar reinforced or fibre-reinforced concrete structures can
be thoroughly predicted by the so-called Reinforcement Brittleness Number
(75,74, 17,19, 71, 76], which is a function of the reinforcement percentage, p,
the generalized reinforcement strength, o, the concrete fracture toughness,

K;c, and the structural scale, h.

Os
Np = PKIC \/E (6)

It is worth noting that the concrete generalized toughness, K¢, can be eval-
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uated following Irwin’s Theorem [77]:

Kic =/GE (7)

In the cases under investigation, the MFSL and SEL best-fitting laws may
present shortcomings in assessing size scale effects on the concrete mechanical
parameters due to different reinforcement percentages, steel bars and fibres.
In this framework, the abovementioned Dimensional Analysis approach can
result in a more thorough and accurate determination of scale effects on
global structural brittleness.

In particular, adopting a longitudinal steel-bar reinforcement for each
testing specimen does not lead to a correct evaluation of the size-scale effect
on the concrete matrix strength and toughness. As it is shown by a com-
parison between 7(d), 8(d), and 9(d), the beneficial effect provided by the
fibre content concerning the plain concrete can not be recognized. However,
the adopted DamageTC3d model seems to be able to detect a variation in
concrete toughness with specific regard to each material type and by varying
the specimen size. The variation in the optimal fracture energy coefficient,
which guarantees the best fitting between experimental and numerical curves,
passes from 1 to approximately 0.75 for normal concrete, and from 1 to 0.5
for FRC, showing in any case an inverse trend concerning the well-established
fractal scaling [68].

In this framework, it is worth recalling that fractal scaling represents an ef-
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fective tool for assessing the size-scale dependence of critical stresses, which
are not defined concerning canonical physical dimensions, but on fractal sets

presenting noninteger dimensions [72, 68|:

oy = arh % (8)

where o, is the nominal stress, o, is the renormalized scale-independent
stress, and —d, represents the dimensional decrement. There is a general
agreement that the main reason for size effect on shear stress in RC members
without transverse reinforcement is the larger diagonal crack width in deeper
beams. However, there is more disagreement about the correct modelling of
this phenomenon. The experimental tests conducted by Minelli et al. prove
that the ultimate shear stress is substantially independent of the beam size for
FRC compared to the PC cases. The beam modelling using the damadeTC3d
model can closely mirror the size effect in plain concrete. A larger beam size
leads to wider cracks in the FE model and, accordingly, to lower ultimate
shear stress. Conversely, a larger beam in FRC beams does not lead to
wider cracks due to the fibre bridging action, thus mitigating the eventual
size effect in shear. It is worth noting that finite element analyses based on
the strength criterion usually do not yield any size effect. This paper has
no ambition of delivering empirical regressions or generalized formulations
for predicting the size-scale dependence of shear strength and toughness in

FRC. This task would entail dedicated efforts based on a more extended
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experimental campaign focused on size-scale effects in the FRC beams shear
response. On the contrary, this work highlights the crucial importance of
size-scale effects in modelling FRC beams based on a specific case study and

concerning nonlinear fracture mechanics modelling.

7. Comparison between numerical, experimental and analytical pre

dictions

This section compares the experimental capacity versus the FE and an-
alytical formulations. Two analytical formulations are used, resumed in the
following synoptic table, the one in the MC2010 and the EC2 draft [62] for
FRC. The synoptic table’s detailed list of symbols used is provided in the
initial list of symbols and notation.

The MC2010 formulation assumes that the fibres provide a distributed
reinforcement. The shear contribution of fibres is modelled as a function of
the longitudinal displacement ratio. The new EC2 draft proposes another
formulation considering the relation between the aggregate size and the ef-

fective depth. For the prestressed element, the term 0.15 o¢cp is added to

TRd,cf -
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MC2010 [1]

o V= {5 K[100- py(1+ 7.5 Lk . f)]5 4 0.1500,} - by - d
New EC2 draft proposal
1 vu = TRd,cf * bw Tz
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thud "

1 .
e N = max(m, 04)

dag = {16 + Dipyer < 40[mm]} if

- a) fckz < 6O[Mpa] 16 + Dlower(GO[Mja])2 < 40[H1H1]

— b) fck > 60[MP&]
® TRdmin = % * A/ _fc;?‘:idg -d

Tab.6 compares the shear capacity according to the MC2010 formula-

tion, the EC2 draft [62] and the FE model. Tab.7 and Tab.8 list all the
input parameters used in the analytical formulations. The accuracy of the
three models is comparable in all cases. Interestingly, the accuracy does
not substantially depend on the model selection but on the specimen under

analysis. Some specimens, like H500, exhibit good accuracy, with a relative
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error lower than 10%. In some cases, like HI000 FRC50, the models sig-
nificantly overestimate the experimental capacity. However, in general, the
three models are nonconservative, except for H500, where the models predict

lower values of the shear capacity.

Table 6: Comparison between experimental, numerical and analytical shear capacity.
R H500  H1000 H1500  H500  H1000 H1500
Minelli's beams  pre50  FRC50 FRC50 FRC75 FRC75  FRCTS

Vo oxp [KN] 236 264 472 231 343 542
Varczo1o [kN] 201 369 520 212 389 547
Vica-dragt, [KN] 194 400 601 228 472 712
Vaum [kN] 221 409 552 223 412 581
Varc2010/ Via.exp 0.85 1.4 1.1 0.92 1.13 1.01
Vico-drat/ Vie.exp 0.82 1.51 128  0.99 1.38 1.32
Vium/ Vi oxp 0.93 1.55 117 0.97 1.2 1.07

The analysis of Tab.6 reveals that the FE predictions exhibit similar
accuracy to the analytical models. Therefore, the unsatisfactory predictions
of the FE model do not depend on modelling flaws but on the material and
experimental uncertainty. The worst performance is obtained with the EC2
draft, which slightly overestimates the shear capacity. The three models do
not consider any uncertainty, which might cause error discrepancies between

the nine cases.

8. Conclusions

This paper addresses the size-scale effect issue in the numerical modelling
of fibre-reinforced concrete beams using the DamageTC3d model in STKO
Opensees. The beams tested by Minelli et al. [1] is used as a benchmark

case study to investigate the modelling issues of FRC. The analyses reveal
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that the optimum agreement between the experimental and the numerical
estimates is obtained by varying the fracture energy Gy as the beam size
grows. Concerning the ultimate capacity, the analytical and the numerical
models are, on average, non-conservative, with a mean relative error reaching
50% in a few cases, while in general is less than 10%.

The paper focuses on specific case studies and does not provide empiri-
cal regressions useful for correctly choosing the G value for predicting the
shear capacity of large-size beams. Nevertheless, this work emphasizes the
role of fracture energy in correctly estimating the FRC beam response using
the DamageTC3d model implemented in Opensees STKO. The comparison
between the numerical estimates and the analytical predictions using the
MC2010 and the current EC2 draft proves that the error is substantially
independent of the model selection. Still, it is highly affected by the spe-
cific case study. This fact confirms the absence of flaws in the numerical
modelling but highlights the high uncertainties related to the estimates not
included in the analyses. Finally, since damage, strain localization, and frac-
ture are phenomena not always interpretable in the framework of Continuum
Mechanics, the practical tools offered by Fracture Mechanics and, in particu-
lar, by Dimensional Analysis and Fractal Geometry, can quantitatively solve
the structural problem of size-scale effects. In future works, a Nonlinear
Fracture Mechanics approach will be applied to investigate the flexural and
shear behaviour of FRC beams, together with a more extended experimental

campaign focused on size-scale effects in the FRC shear response.
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Table 7: Input parameters of the MC2010 formulation in the synoptic table.

H500 H1000 H1500 H500 H1000 H1500

Parameter FRC50 FRC50 FRC50 FRC75 FRC75 FRC75

Ye [ 1 1 1 1 1 1
d [mm] 440 940 1440 440 940 1440
k [-] 1.67 1.46 1.37 1.67 1.46 1.37
o [-] 0.0112 0.0107 0.01 0.0112 0.0107 0.01
friur [MPa 1.67 1.67 1.67 2.01 2.01 2.01
fetm [MPa) 2.4 2.4 2.4 2.5 2.5 2.5
fem [MPa] 32.1 32.1 32.1 33.1 33.1 33.1
by [mm] 250 250 250 250 250 250
Vaunczo10 [N] 201194 369488 519852 211742 388859 547106

Table 8: Input parameters of the EC2 draft formulation in the synoptic table.

o H500 H1000  HI500  H500 H1000  H1500
Minelli's beams  ppesy FRC50  FRC50  FRC75  FRC75  FROT75
o [ 1 1 1 1 1 1
vr [ 1 1 1 1 1 1
w 1 1 1 1 1 1
d [mm] 440 940 1440 440 940 1440
Z [mm} 396 846 1296 396 846 1296
17 H 0.0112 0.0107 0.01 0.0112 0.0107 0.01
fyd [MPa} 440 440 440 440 440 440
fFreuk [MPa] 1.67 1.67 1.67 2.01 2.01 2.01
fFtud [MPa] 1.67 1.67 1.67 2.01 2.01 2.01
Fotm [MPa] 2.4 2.4 2.4 2.5 2.5 2.5
fem [MPa} 32.1 32.1 32.1 33.1 33.1 33.1
D [mm] 5 5 5 5 5 5
dgy [mm] 21 21 21 21 21 21
by [tom)] 250 250 250 250 250 250
n [ 0.4 0.4 0.4 0.4 0.4 0.4
TRd.c.min [MPa] 0.18 0.12 0.1 0.18 0.12 0.1
Tha.cs [MPa] 1.96 1.89 1.86 2.3 2.23 2.2
NrRd,c,min T fF- 1.74 1.72 1.71 2.08 2.06 2.05
tud [MPa]

Vu’Ecg_draft [N] 193775 399676 601458 227728 472064 712238

o7
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