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1 | INTRODUCTION

The introduction entails three subsections: the first shows
the potentialities of fiber reinforcement for concrete
structural applications; the second provides a short
description of the type of models based on the finite ele-
ment method (FEM) for the analysis and design of fiber-
reinforced concrete (FRC) structures; and the third con-
textualizes the performed blind simulation competition
(BSC) and its objectives.

1.1 | Fiber reinforcement for concrete
structural applications

Experimental research and emblematic constructions
show the extraordinary potential of short fibers for the
reinforcement of cement-based materials by improving the
behavior of concrete structures significantly (whether they
include conventional reinforcements or not) for service-
ability limit state (SLS) and ultimate limit state (ULS)
design conditions."”® Regarding SLS, the smaller crack
width and stress level in conventional reinforcements and
higher stiffness of FRC structures in the post-cracking
stage should be highlighted. In terms of ULS, the higher
load-carrying capacity, more ductile failure modes, larger
energy absorption and dissipation capacity, and better
structural integrity under loading conditions representa-
tive of extreme events are of note.” > In this paper, when a
FRC structure includes conventional reinforcement the
acronym R/FRC is used. The shear resisting mechanisms
in FRC involve fiber pullout and aggregate interlock in
mutual interdependency, since the resistance to the crack
opening offered by fibers that bridge the crack faces
increases the crack shear stress transfer capacity due to

utility for structural design practice. For assessing the predictive performance
of these approaches, a blind simulation competition was organized. Two twin
T-cross section steel FRC beams, flexurally reinforced with steel bars and with-
out conventional shear reinforcement in the critical shear span, were experimen-
tally tested up to failure. Despite the experimental data provided for the
definition of the relevant model parameters, inaccuracies on the load capacity,
deflection, and strain at peak load attained 40, 113, and 600%, respectively. Inad-
equate failure modes and highly different results were estimated with the same
commercial software, indicating the need for deeper analysis and understanding
of the models and influence of their parameters on their predictive performance.

benchmark, fiber-reinforced concrete, material nonlinear finite element analysis, reinforced
concrete beams, shear failure

aggregate interlock effect.”® Due to the presence of the
aggregates in the shear crack, relative sliding of the faces
is followed by their opening,” which pulls the fibers. The
direction of the fiber pullout force, however, changes in
this sliding-opening process,'® which exhibits a magnitude
that depends on the distribution and geometry of aggre-
gates and fiber distribution and orientation. Due to the
favorable synergetic effect of fiber pullout and aggregate
interlock shear resisting mechanisms, fiber reinforcement
has been intensively explored for eliminating totally, or
partially, the conventional transverse reinforcement.''™*

Fiber reinforcement also provides significant enhance-
ments in the durability and life cycle of concrete struc-
tures.'®?® The main applications of FRC remain in
flooring,”**** tunnelling”®** and in prefabrication,® though
they are scarce in the development of innovative structural
systems where the benefits of fiber-reinforcement mecha-
nisms have a recognized potential for obtaining technical and
economic advantages regarding conventional systems."***’

Fibers, when crossed by cracks, develop reinforcement
mechanisms through their pullout resistance, whose effec-
tiveness depends on their material and geometric proper-
ties, on the mechanical properties of the surrounding
cement paste, and on the fiber distribution and orientation
in the element to build. The last ones are dependent on
the technology of FRC application, its rheological proper-
ties, and geometry of the element to be produced.”® !

1.2 | Numerical approaches for modeling
the behavior of FRC structures

The technical and economic benefits from fiber reinforce-
ment may be mobilized for the development of innova-
tive and sustainable FRC structural systems. However,
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due to the aforementioned complex phenomena, design
should be executed by using computational models of high
sophistication at the level of computational mechanics and
at the approaches that simulate the behavior of the constit-
uent materials from the fresh®® up to the hardened stage of
the FRC.>* Commercial software (C_S) based on the finite
element method (FEM) has been used for the simulation of
the nonlinear material behavior of FRC structures, as the
contribution of fiber reinforcement is mainly activated after
the fibers have been crossed by cracks. Smeared crack
and discrete crack models (SCM and DCM, respectively)
are the most implemented approaches.**** However, the
applicability of such approaches has been assessed by
simulating experimental tests with elements, in general, of
a small scale, where the values of their parameters are
adjusted for the aimed predicting level, which constitutes
an inverse technique of arguable utility for structural design
practice. The majority of these models consider the contri-
bution of fiber-reinforcement mechanisms through a cohe-
sive traction-separation law obtained from semiempirical

fibl -

recommendations, or from experimental results, either
directly or from inverse analysis (IA).** However, there
is still considerable uncertainty regarding the most ade-
quate methodology to derive the values of the model
parameters for analyzing a given structure. An inade-
quate assessment of these values provides results without
any representativeness of the real behavior of the struc-
ture. Designers are aware of this, which justifies the rela-
tively low use of computational tools for exploring the
advantages of FRC on the development of competitive
and sustainable R/FRC solutions.

The fracture mode I parameters of the constitutive
models of the most used FEM-based software for the
analysis of R/FRC structures are obtained by executing
an IA and using the experimental data determined in
three-point notched beam-bending tests (3PNBBT) and
in round panel tests (RPT). The IA with the 3PNBBT is
recommended for 1D-type R/FRC structures for
obtaining a stress versus crack width relationship (c-w)
capable of reflecting the wall effect of the element mold
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TABLE 1 Composition of the SFRC
Aggregates (kg/m>) Additives (kg/m?)
CA FA CS FS CEM (kg/m?) P SP w/c ratio () Cf (kg/m>)
631 145 622 306 450 4.5 5.4 0.4 60

Abbreviations: CA, coarse aggregate 6/14; CEM, cement; Cf, Content of fibers; CS, coarse sand; FA, fine aggregate 4/8; FS, fine sand; P, plasticizer; SP, super-

plasticizer; w/c, water to cement ratio.
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TABLE 2 Properties of the SFRC at seven and 14 days of age:
average compressive strength (f.,,,) and secant modulus of elasticity
in compression (E.,), limit of proportionality (f;1.,), and residual
flexural strengths (fgim, i = 1-4) (STD values in MPa)

Age (days)
Property 7 14
Compression fem (MPa) 56.9 (0.7) 64.2 (1.5)
Eem (GPa) 30.3(0.7) 329 (0.4)
Bending fizm (MPa) 5.63 (0.29) 5.57 (0.16)
fr.1m (MPa) 4.76 (0.94) 4.79 (0.70)
fr.2m (MPa) 4.67 (0.84) 4.21 (0.56)
fr.3m (MPa) 3.49 (0.74) 3.16 (0.52)
fr.am (MPa) 2.80 (0.57) 2.49 (0.41)
l Load
T O
150
l | T25
O —{— CMOD O
-t 250 | 250 {1
25 25

Dimensions in mm

FIGURE 2 Localisation of the crack mouth opening
displacement (CMOD) in the three-point notched beam-bending
tests
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and rheological properties of the FRC on the fiber ori-
entation and distribution. For deriving the o-w in the
case of slabs and shell type R/FRC structures, IA
applied to the results obtained in RPT is recommended,
since in this test the fiber distribution and orientation,
as well as the higher number of cracks of different ori-
entation, regarding the 3PNBBT, best reflect the crack-
ing process on these type of R/FRC structures.*’
However, available information in this respect shows
that the o-w relationships derived from the IA provide
unsafe predictions.*°

Another important aspect on the simulation of FRC
structures entails consideration of the dispersion of results
in the 3PNBBT and RPT in the constitutive laws simulat-
ing the FRC. Due to the relatively smaller fracture surface
of these specimens regarding the total fracture surface
occurred in real R/FRC structures, mainly in those of
high-statically indeterminacy, the number of fibers that
contributes to the post-cracking tensile capacity is smaller
than in real structures, which results in a higher coeffi-
cient of variation values in these small-scale tests.

In the context of SCM, crack shear stress transfer is
generally simulated by using a shear retention factor that
can be a constant value,*” or function of entities related
to the opening/sliding process of the crack, including
maximum aggregate size,***® and reinforcement in the
cracking zone.>® Alternatively, a crack shear softening
diagram has also been used.’>* However, the evaluation
of the values for the parameters that define this diagram
still requires reliable experimental test methodologies
and design recommendations.

14 days

®)y
I —— Specimens
—— Average

0\1(\
0 1 2 3 4 5

CMOD (mm)

FIGURE 3 Load versus crack mouth opening displacement (CMOD) relationships in the three-point notched beam-bending tests

executed at (a) 7 days and (b) 14 days
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1.3 | BSCs and objectives of the
present work

As shown in the previous sections, several analytical and
numerical models have been developed over the past
decades to reproduce the behavior of FRC. However, it is

TABLE 3 Yield stress and tensile strength of the used three
diameter steel bars (STD values in MPa)

Rebar Yield Tensile
diameter (mm) stress (MPa) strength (MPa)
6 527 (11) 700 (16)
10 538 (7) 696 (6)
25 557 (2) 678 (1)
Japanese Yoke — —— geometric centre of

(tubular aluminium bar)

the beam cross-section

bl -

necessary a thorough understanding of their limitations
in order to avoid unrealistic results. Moreover, the need
for reducing the potential errors in modeling, analysis,
and interpretation of results was pointed out by
Vecchio.”® As an example, the results corresponding to
an international competition that involves reinforced
concrete panels showed that predicted ultimate strength
and strains were much higher than the experimental
values.>* Thus, BSC provide an opportunity to compare
the results obtained by different methods and identify
potentialities and weaknesses of the models.

Recently, some databases with R/FRC beams failing
in shear have been proposed® >’ with the objective of
being a useful and reliable tool for assessing the predic-
tive performance of analytical formulations and design

F
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\ 4 .
I [ I T l
Il L ¥ ] i Il
n ' 1 b n
_H_._H, ______ T - - - — - - - — — === _||______.__H__H_
H | ~—_ |vdt [ | H
| | [ |
e - — _J
f 7 T i f J
(.
HOION
100 —— =
longitudinal Ivdt at the level of the longitudinal

reinforcement

reinforcement for measuring the strain

FIGURE 4 Sketch of the measurements of deflection and strain of the beam (dimensions in mm). LVDT, displacement transducer
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FIGURE 5 Experimental results: (a) average curves of load versus deflection and (b) and strain versus deflection
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guidelines. However, these databases, in general, do not
include fundamental information for the assessment of
the predictive performance of more sophisticated models,
namely those based on the FEM that are becoming more
popular in design practice. For assessing the predictive
performance of this type of models, other information
like the deformational response, crack pattern and strain
and stress fields in the constituent materials should be
available. This is the main reason behind the BSC pro-
moted by the fib Working Group WG 2.4.1-Modeling of
FRC structures. This BSC sought to contribute to the
assessment of the reliability of existing FEM-based
approaches on the prediction of the relevant behavioral
features of R/SFRC beams failing in shear. The present
paper offers a description of this BSC, including the
experimental program, the evaluation and classification
processes, and provides a first preliminary set of observa-
tions based on the obtained information. It is not the
intention to provide a deep discussion on the potentiali-
ties and weaknesses of the models used by the partici-
pants, since this will need the straight collaboration of
some of the candidates, by performing extra simulations
for extracting reliable conclusions of useful applicability
in the design practice using the corresponding models.

2 | RULESOF THE COMPETITION
AND INFORMATION PROVIDED TO
THE PARTICIPANTS

2.1 | Rules of the competition

The BSC was announced at the end of 2019. The rules
included information about the objective, geometry of
the specimens, materials, test procedure, report to be pre-
pared by the participants, criteria for selecting the best
prediction and deadlines for the submission of the
proposal.

The main objective was to obtain information about
the performance of the models typically used to simulate
the behavior of FRC structures. For that purpose, the
response of a T-beam subjected to a three-point loading
configuration up to failure was analyzed. The curves of
load versus deflection and concrete strain (at the level of
the longitudinal reinforcement) versus deflection, mea-
sured at the loaded section, were compared with those
obtained from experiments.

The specimen consisted of a T-cross section steel FRC
beam with conventional longitudinal (R/SFRC) and with-
out conventional shear reinforcement in the critical shear
span, as shown in Section 2.2.1.

The material properties of the SFRC were deter-
mined at 7 and 14 days by using standardized tests.’®

The values of these properties are indicated in
Section 2.2.2 and were available to the participants in
the last week of January and first week of February
2020.

The test procedure involved subjecting two twin
beams to eccentric loading under displacement control
until failure. Details can be found in Section 3.1. The
participants were required to reproduce the experiment
by using numerical models and provide the load-
deflection and strain-deflection obtained from the
numerical simulations.

The proposals in conditions to be accepted were sent
prior to 23.59 (central-European time, CET) on February
29, 2020, to the secretariat of the fib WG 2.4.1. The
reports from participants had to include the following:

a. A document limited to four pages with a given format,
where a description of the fundamental aspects of the
model used in the simulation was suggested.

g ‘M-.ﬁ/) “

CASAIS

S e

FIGURE 6 Crack pattern at failure of beam in the short shear
span region: (a) 1 and (b) 2
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TABLE 4

ERR strain-

deflection
Err, (%)

ERR force-

EB-FIP

Class of Type of

Ranking model

23
35

Rel. error of deflect.
at F,.« Au/u (%)

Rel. error of strain
at Frnax 5 (%)

deflection

Errg (%)
58.72
16.64
30.08
24.89

Rel. error of

Participant

no.

software

C_S

Score (%)

Finax AF/F (%)

CDP
SCM

84.27
1,135

9.317
167.1

135.8
834.3
517.3

167.1
4,040

53.46
41.35

29

IH_S

IH_S

30
31

IH_S

Others
DCM
SCM

33

740.5

215.5

2,498

78.28
39.16

12

47.17

10.56

54.91

90.62
81.23

32
33
34
35
36

IH_S

31.95

3.106

346.6

54.63

7.442
27.05
168.4

13.12
42.87
147.5

IH_S

Others
CDP

37

5.049¢e+8

469.3

1.622e+8
32.34
104.9

1.955e+9

966.5

C_S

30

983.9

IH_S

LDPM

25

99.18

99.38

97.34

99.73

98.55

Abbreviations: CDP, concrete damage plasticity; C_S, commercial software; DCM, discrete crack models; LDPM, lattice discrete particle models; IH_S, in-house software; SCM, smeared crack models.

b. A spreadsheet in .xls format with the results of the
simulations, which contained three columns: one for
the deflection, one for the load, and one for the strain,
obtained every 0.1 mm of deflection.

c. An image file (in jpeg or pdf format) of the crack pat-
tern obtained at peak load.

After the participant predictions were received, two
twin R/SFRC beams were tested up to failure under a
three-point loading configuration, in order to obtain the
experimental response and to compare it with the results
of the numerical simulations. The experimental tests
were carried out in the laboratory of the Structural Divi-
sion of the Department of Civil Engineering of Minho
University (LEST), on March 9, 2020, coinciding with the
10" meeting of the fib WG 2.4.1. The experiments were
live-streamed through a YouTube Channel (first test:
https://youtu.be/IWssVtSx3el, second test: https://youtu.
be/8AM5ehchOEA).

For the selection of the best simulation in rep-
roducing the experimental results, the force-deflection
and strain-deflection response were considered, together
with the capacity to predict the maximum load, and the
strain and deflection corresponding to that. The criterion
to calculate the performance level of a simulation is
detailed in Section 4.1. The quality of the crack pattern
prediction was planned to be considered only in case of
tied participants.

The conclusions about the processing of results were
sent to the participants in mid-April 2020. A report that
contained the main results and an additional file with the
experimental records of deflection, load, and strain were
sent to the participants. For the comparison of results
and for a preliminary analysis of the obtained simula-
tions, see Section 4 and Section 5.

2.2 | Information provided to the
participants
2.21 | Geometry of the beams, support

and loading conditions

Figure 1 shows a sketch of the geometry of the specimen,
support and loading conditions. The specimen consists of
a T-cross section beam reinforced with longitudinal bars
in the bottom of the web and in the flange. Shear stirrups
were disposed in the largest shear span, in the full length
of the flange, and in the zone of the supports, as repre-
sented in the figure. A concrete cover thickness of 30 mm
was adopted. Three-point bending was applied with an
eccentric load, thus dividing the specimen in two shear
spans with different length.
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2.2.2 | Mix composition of the SFRC and
properties

The mix design was coordinated by the company CiviTest
(www.civitest.com). The SFRC was supplied by Unibetao
at the request of Casais company (wWww.casais.pt) that
produced the two twin beams. The composition of the
SFRC is indicated in Table 1, corresponding to a concrete
C50/60 XD3 (P) CL 0.20 Dy, 12.5 S5, with a type cement

1200 e e e
1000 |
800 |-

600 +

Score (%)

400 |-

200 +

O’\llAA\I|||\|||||‘|||||\|||||\|||||\|
20 25 30 35 40

Ranking

FIGURE 7 Score of participants

(2) 1000 s
L —eo— Experimental average

800 + B

600 +

Load (kN)

1

400 |

200 - B

[0 J PSP N IPRPRVIE N ERPE SRR N AU R R I R SR
0 5 10 15 20 25 30 35

Deflection (mm)

fib1—

CEM II/A-L 42.5R of fast hardening of 58.8 and 67.1 MPa
at seven and 28 days, respectively.

Hooked end steel fibers of 33 mm length, 0.55 mm
diameter, and tensile strength higher than 1,100 MPa were
used (information provided by the supplier of the fibers).
The density of the SFRC at 7 and 14 days was, respec-
tively, 2,376 and 2,400 kg/m>. The compressive properties
of the SFRC were evaluated at 7 and 14 days. Four cylin-
drical specimens, at each age, were tested for the evalua-
tion of the secant modulus of elasticity in compression and
the compressive strength. The results are indicated in
Table 2 (average value and the SD). The compressive
strength and the secant modulus of elasticity in compres-
sion were determined, respectively, according to the NP
EN 12390-3:2011>° and NP EN 12390-13:2014.%°

The properties of the SFRC under bending were also
determined at 7 and 14 days. Three-point bending tests with
notched beams (six specimens at 7 days and four at 14 days)
were carried out according to the recommendations of fib
Model Code 2010°® for the evaluation of the residual flex-
ural tensile strength parameters (fr 1, fr2, fr3, and fr4 that
correspond to crack mouth opening displacement, CMOD,
of 0.5, 1.5, 2.5, and 3.5 mm, respectively). Figure 2 shows a
sketch of the bending tests. The results are included in
Table 2. The load versus crack mouth opening displacement
(F-CMOD) curves are displayed in Figure 3.

The steel bar reinforcements adopted in the beams
had the properties shown in Table 3, which were deter-
mined for three diameter type bars used. The yield stress
and the tensile strength were determined according to
the NP EN ISO 6892-1:2016.%

(b) 0.01

—e— Experimental average

0.008 - -

0.006 _

Strain

0.004 - -

0.002 - _

04%“.‘@..‘.1‘...1..,.|.,..'...

0 5 10 15 20 25 30 35
Deflection (mm)

FIGURE 8 Experimental results, numerical envelope and numerical predictions of all participants of (a) load versus deflection and

(b) strain versus deflection


http://www.civitest.com
http://www.casais.pt

BARROS ET AL.

0 |
3 | EXPERIMENTAL PROGRAM
3.1 | Testsetup and monitoring system

Two twin beams were subjected to eccentric loading under
displacement control of 50 pm/s at the loaded section,
until failure. During the tests, deflection (displacement of
the cross section at which the load is applied), load and
concrete strain at the level of the longitudinal reinforce-
ment in the loaded section were measured (see Figure 4).
The strain was determined by dividing the displacement

Participant 10
(a) 500 . . . . . 0.005

—e—F-uexp
--o--F-unum
400 |- o | 7 0004

--A--g-unum

Load (kN)
ulensg

— 0.002

- 0.001

1 1 0
0 5 10 15 20 25 30 35
Deflection (mm)

(b) Participant 15
500 . . . . 0.005

4 0.003 3=0.0165m (Peak load)

measured in a displacement transducer (LVDT) by the
measuring reference length (100 mm). The LVDT for mea-
suring the beam deflection was supported on a Japanese
yoke system (see Figure 4) in order to exclude parasitic
values from the displacements recorded by this LVDT.

3.2 | Results

Figure 5 displays the experimental results. Unfortunately,
the record of the strain of the first beam was lost. Figure 6
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P
.
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FIGURE 9 Results of the participant classified in the first three positions
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represents the crack pattern at failure of both tested
beams, which shows that each beam failed in shear.

4 | COMPARISON OF THE
RESULTS
4.1 | Criterion for the performance level

of a simulation

The predictive performance of each simulation was com-
puted after performing the tests, according to the follow-
ing methodology:

1. The average of experimental load and strain were
computed from the results of the two beams.

2. The numerical results of each participant were com-
pared with the experimental average, up to the experi-
mental peak load. For a simulation that ended before
the peak load registered experimentally, it was
assumed that a brittle failure was predicted (therefore,
null values were assumed up to the displacement
corresponding to the peak load).

3. The error Errg of the load of the numerical prediction
was calculated as:

Ft _—F*¢ ‘

exp num

1
Errgp=— _, 1
F HEK = (1)

exp

where « corresponds to the x™ scan reading, Fg, and
Fr . are the experimental and the numerical values of
load for record «, respectively, and n is the total number
of scan readings. An equivalent equation was used to

compute the error of the strain Err,.

4. The relative error of the maximum numerical load
AF/F was computed as:

g (2)

where Foo* is the maximum load of the average of experi-
ments and F2X is the maximum load of the numerical
prediction. A similar expression was used to compute the
relative error of the strain Ae/e, considering the strain
corresponding to the maximum load of experiments, ¢ mx
and strain corresponding to the maximum load of the
numerical prediction, emax , and the relative error of the
deflection Au/u, considering the corresponding Upma

and u Fmax

JibA—

5. The score of each participant was calculated, consid-
ering the error of the numerical curves with respect
to the average of the experiments and the relative
errors of the maximum load, strain and deflection

800

600

400

Score (%)

200

-200

SCM DCM CDP LDPM  Others

Type of model

FIGURE 10 Score per classes of models, where SCM, DCM,
CDP, and LDPM, respectively, stand for smeared crack model,
discrete crack model, concrete damage plasticity model, and lattice
discrete particle model
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400

300

200

Score (%)

100

-100

-200

cs IH_S

Software

FIGURE 11 Score per type of software, where C_S and IH_S
stand for, respectively, commercial and in-house Software
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corresponding to the maximum load, according to
the following expression:

Score=0.35AF/F +0.15Errp + 0.25 Ae/e
+0.1Err, +0.15Au/u. (3)

4.2 | Performance of the numerical
simulations of the participants

A total of 37 proposals were received from 36 participants;
one of them submitted two proposals. See Appendix B for
the list of participants.

In the following, a random designation P; is attributed
for making reference to a generic participant i, with i = 1
to 36, for the sake of confidentiality.

Table 4 includes the predictive performance of the sim-
ulations of the 36 participants. The two models presented
by one of the participants are identified by adding a and b
to the corresponding P; identification (i.e., number 12). In
these results, the class of model and type of software is dis-
played as well, which will be analyzed in Section 5. For
this purpose, the type of models indicated in the proposals
were grouped in the following sets: SCM, whether fixed,
multidirectional fixed or rotating cracking approaches,
and formulated in a total or incremental strain basis;
DCM, regardless of being supported in embedded strong
discontinuities concepts, or using interface finite elements
in the contour of regular finite elements; concrete damage

(a) 120

100

80

60

AF/F (%)

40

20

SCM DCM CDP  LDPM Others

Type of model

plasticity (CDP) model; lattice discrete particle models
(LDPM); and others models, based on moment-rotation,
partition-of-unity, rigid-body-spring, and three-phase
approaches.

Regarding the type of software used in the simula-
tions, two groups were classified: in-house software
(IH_S); and C_S.

Figure 7 shows the scores of the participants. It
should be noted that the scores of participants 13 and
34 have been excluded from the graphic, as they are out
of the range of results of the remaining participants.

Figure 8 shows the experimental average, the
individual numerical predictions, and the envelope for
the curves of load versus deflection and strain versus
deflection. The results are displayed up to the deflection
corresponding to the end of the experiments. Note that
the curves of strain of participants 13 and 34 have been
excluded from the graphic, as they are out of the range of
results of the remaining participants.

Figure 9 shows the results of the participants classi-
fied in the first three positions. The numerical and experi-
mental average curves of load versus deflection and
strain versus deflection are displayed in the left part of
these figures, while the crack pattern obtained at peak
load is shown in the right part. Note that any reference to
the calculation program is omitted for the sake of
confidentiality.

The load-deflection-strain relationships and crack
pattern predicted by the simulation of each participant
are presented in Appendix A.

(b) 120

100

80

60

ErrF (%)

40

20

SCM DCM CDP  LDPM Others

Type of model

FIGURE 12 Predictive performance of the classes of models in terms of the: (a) relative error of the maximum load AF/F and (b) error

of the load Errg
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5 | PRELIMINARY ANALYSIS OF
THE RECEIVED SIMULATIONS

According to the criterion adopted to group the type of
models, indicated in Section 4.2, with information pro-
vided in Table 4, five classes of models are identified from
the proposals of the participants, in the following
percentages:

« Smeared crack models (SCM): 17 proposals (45.9%)

« Discrete crack models (DCM): three proposals (8.11%)

« Concrete damage plasticity (CDP) model: 11 pro-
posals (29.7%)

« Lattice discrete particle models (LDPM): two pro-
posals (5.41%)

« Others: four proposals (10.8%)

Figure 10 shows the score (mean and SD) per class of
models, computed from the results of the proposals using
those classes. It should be noted that the lower the score,
the better is the predictive performance of the simulation.
Perfect simulation has a null score. For the same reason as
explained in Section 4.2 for the presentation of the pro-
posals score, the results obtained from participants 13 and
34 have been excluded from the analysis of results, as they
are out of the range of results of the remaining participants.

According to the criterion adopted for grouping the
type of software used in the simulations (see Section 4.2),
22 proposals (59.5%) adopted C_S and 15 proposals
(40.5%) TH_S. Figure 11 shows the score per type of
software.

(a) 2500
2000
1500

1000

Aele (%)

500

-500

-1000

SCM DCM CDP LDPM  Others

Type of model

FIGURE 13
maximum load Ae/e and (b) error of the strain Err,
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Last, the predictive performance for each item of the
evaluation Equation (3) (AF/F, Errg, Ae/e, Err,, Au/u) is
compared per classes of models, by considering the accu-
racy of a model to predict:

Errg: the load carried by the beam up to its peak load;

Err,: the strain of the beam up to its peak load;

AF/F: the beam maximum load capacity.

Au/u: the beam deflection at its maximum load.

800
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400

Aulu (%)

200

-200

SCM DCM CDP  LDPM Others

Type of model
FIGURE 14 Predictive performance of the classes of models

in terms of the relative error of the deflection corresponding to the
maximum load Au/u
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Predictive performance of the classes of models in terms of the: (a) relative error of the strain corresponding to the
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Ae/e: the strain in the concrete target region at the
beam's maximum load.
Figures 12-14 show the obtained results.

6 | CONCLUSIONS

This paper has presented the results of the BSC organized
by the fib WG 2.4.1 with the purpose of providing a first
assessment on the predictive performance of available
FEM-based constitutive models on the simulation of real
scale FRC beams failing in shear. Based on the obtained
results, the following points can be highlighted:

1. The two first ranked participant teams have used
SCM, though the dispersion on the predictions with
this class of models was high, and was only exceeded
in the DCM and the class of models designated as
“others,” which included moment-rotation, partition-
of-unity, rigid-body-spring, and three-phase models.

2. The classification from the best to the weakest, in
terms of the average predictive performance of the
class of models was LDPM, SCM, CDP, others,
and DCM.

3. The predictive performance of the proposals where
C_S was used was better and with smaller dispersion
than in the proposals where IH_S was utilized.

4. The predictive performance was also assessed in terms
of load-carrying capacity of the beam up to its peak
load (Errg), the strain of the beam up to its peak load
(Err.), beam maximum load capacity (AF/F), beam
deflection at its maximum load (Au/u), and the strain
in the concrete target region at beam maximum load
(A€/e). The obtained results demonstrated the SCM
had the best predictions in terms of AF/F and Au/u
(but almost equal to the one obtained by the LDPM
for this last indicator); the DCM had the best predic-
tions in terms of Errg; the LDPM had the best predic-
tions in terms of Ae/e and Err,, but not significantly
different from the predictions of CDP for this last
indicator.

5. The crack pattern of the simulations of the partici-
pants in second- and third-ranking positions corre-
sponds to a shear failure, while this failure mode is
not evident in the crack pattern of the simulation of
the participant in the first position.

It should be noted that the performance indicators
should not be dissociated from the number of proposals
per each class of models and the experience of the
authors of the proposals, since in some cases the authors
are those that have direct or indirect participation on the
development of the software.

The authors now aim to perform a deeper analysis on
the received proposals with the aim of capturing the
potentialities and weaknesses of the constitutive models
used for the type of structures analyzed, with the purpose
of providing useful information for designers that use the
types of models adopted in this BSC. Participants with
the best predictive performance on the most used classes
of models will be invited to collaborate with the authors
on the indicated activities. Furthermore, the fib WG 2.4.1
seeks to provide this type of BSCs with continuity, since
it is a reliable methodology for collecting comprehensive
experimental programs for the assessment of the predic-
tive performance of available and future constitutive
models.
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NOTATIONS

BSC blind simulation competition

CDP concrete damage plasticity

CMOD crack mouth opening displacement

C_S commercial software

DCM discrete crack models
FEM finite element method
FRC fiber-reinforced concrete

IA inverse analysis

IH S in-house software

LDPM lattice discrete particle models

LVDT displacement transducer

Mean average value

3PNBBT three-point notched beam-bending tests

RPT round panel tests

R/SFRC  steel-fiber-reinforced concrete beam with con-
ventional longitudinal reinforcement

SCM smeared crack models

SFRC steel fiber-reinforced concrete

SLS serviceability limit state

STD standard deviation

ULS ultimate limit state

E.n secant modulus of elasticity in compression

Errg error of load of the numerical prediction
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Err, error of strain of the numerical prediction

fem mean compressive strength

JeLm mean limit of proportionality

Srim mean residual flexural strength corresponding
to a CMOD of i mm (i = 0.5, 1.5, 2.5,
and 3.5 mm)

Foo' maximum load of the average of experiments

Feo experimental value of load for record «

Foex maximum load of the numerical prediction

Ffim numerical value of load for record

n number of scan readings

Upmax displacement corresponding to the maximum
load of experiments

Upmax displacement corresponding to the maximum
load of the numerical prediction

Epmax strain corresponding to the maximum load of
experiments

Epmax strain corresponding to the maximum load of
the numerical prediction

AF/F relative error of the maximum load of the
numerical prediction

Au/u relative error of the deflection of the numeri-
cal prediction

Ae/e relative error of the strain of the numerical

prediction
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APPENDIX A.: RESULTS OF THE
PARTICIPANTS

Figures A1-A10 show the results for each participant.
The numerical and experimental average curves of load
versus deflection and strain versus deflection are dis-
played in the left part of each figure. Note that for a bet-
ter comparison of results, the scale of load and deflection
has been maintained the same in all the figures. The
crack pattern obtained at peak load is shown in the right
part of the figures.
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