Prediction of Post-Cracking Behaviour in SFRC Elements
Under in-Plane Stresses

P. Bernardil, R. Cerioni' and E. Michdlinit

! Dept. of Civil and Environmental Engineering andtiitecture, University of Parma
viale G.P. Usberti 181/A — 43124 Parma (Italy),
patrizia.bernardi@unipr,itoberto.cerioni@unipr.ielena.michelini@unipr.it

ABSTRACT. In recent years, the use of stedl fibre reinforced concrete (SFRC) has
increasingly spread in several engineering fields. However, the use of this composite
material requires an adjustment of the computational tools normally adopted in current
design, as well as a review of the implemented constitutive relationships, which are
usually referred to ordinary plain or reinforced concrete. In this paper, this problem
has been tackled by means of a numerical procedure, based on nonlinear fracture
mechanics concepts, which allows to correctly simulate the fibre contribution,
especially in the post-cracking stage. More in detail, a macroscopic model (named 2D-
PARC), already developed for ordinary RC structures, has been extended to SFRC
elements subjected to plane stresses, by taking into account realistic semi-empirical
constitutive laws for concrete, steel fibres and ordinary reinforcement. The effectiveness
of the proposed approach has been verified through comparisons with significant
experimental full-scale tests available in technical literature concerning SFRC beams,
with or without traditional reinforcement.

INTRODUCTION

The increasing use of steel fibres in partial otaltcsubstitution of conventional
reinforcement is mainly related to the improvemientoncrete performances [1-3] and
to the significant labour saving in constructionapés, which make this solution
particularly attractive for different structural@jcations.

While in the past the use of SFRC was mainly lichii@ those structural applications
for which the use of fibres was not essential fafety issues (such as industrial
pavements), more recently an increasingly intemastgrown in their use for structural
members subjected to bending and shear, like bedbms.this point, several
experimental studies carried out on RC beams withwithout stirrups ([4-8] among
others) have demonstrated that the global behavafuthese elements can be
significantly enhanced, both in terms of strengtld ductility, by adding steel fibres to
the concrete mix, with an optimum percentage bet@® and 1.5% by volume of
concrete. Moreover, the enhanced post-crackingveaand crack control due to the
presence of fibres can also potentially determisgyaificant increase in concrete shear
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strength, thus leading to the possibility of pditiar totally substituting conventional
shear reinforcement [e.g., 9-14]. This last aspeatd be particularly effective in order
to lessen the congestion of reinforcement in titecat regions of RC framed structures,
so leading to a more rational and efficient desggpecially in seismic zones. In order
to correctly take into account the effective cdnition provided by steel fibres in the
post-cracking structural response, the analysiSFRC members should be carried out
by using proper constitutive models, different frdmse currently adopted for ordinary
reinforced concrete structures. To this scope 2bé?ARC model, already developed
for RC elements subjected to plane stresses [L5HER] been also extended to SFRC
ones, by including a proper softening law [3] whielkes into account the additional
transmission of tensile stresses across crackagfr®m the bridging effect of fibres.

2D-PARC MODEL FOR CRACKED SFR CONCRETE

The theoretical formulation of the adopted constitu relation, which has been
originally developed for ordinary RC elements, ¢e@nfound in details in [15]. In this

work, the main features of the model will be onheBly outlined, while the attention

will be primarily focused on the evaluation of tfesistant contribution offered by steel
fibres in the composition of the material stiffn@satrix.

Description of the model
The adopted model, which refers to a SFRC membetgraent subjected to general
plane stresses (Fig. 1), is based on a smearedidraek approach.

In the uncracked stage, concrete and steel aredrdiie two materials working in
parallel, by assuming perfect bond between thenileviilore contribution is neglected.
Crack formation takes place when the maximum ppacistress exceeds concrete
tensile strength; furthermore, crack pattern isdtlgpsised as fully developed with a
constant spacingy (Fig. 1a).

Figure 1. (a) SFRC membrane element in the crastagk: geometry and notations; (b)
kinematical parameters of the crack.
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In the cracked stage, the model follows a strainodgosition procedure; as a
consequence, the total straig} {can be subdivided into two contributions, whicke a
respectively represented by the stragg of SFRC between two adjacent cracks (still
intact, even if damaged) and the one of the fracaone £}, related to all the
phenomena taking place at crack surfaces (Fig.TRjs last strain vector is first
evaluated in the local coordinate system of thek;reg-t;, as a function of the two
reference kinematical variables showed in Fig.that are crack opening; and sliding
vy, and subsequently transferred into the globaldioate systern-y.

Similarly to the uncracked stage, the stress fiaBlSFRC between two adjacent
cracks can be expressed as the sum of the stiegbestwo materials, that are concrete
and steel (Fig. 2), which can be evaluated as tbdugt between the correspondent
stiffness matrices, [[) and [D], and their strains, g} and {es}. The two matrices are
simply derived from the corresponding ones caledain the uncracked stage, by
degrading their terms through a proper damage icaeft; as a consequence, the fibre
contribution in the intact material between cradg&sstill neglected, and it is only
explicitly considered in the evaluation of the drastiffness sub-matrix [B.q], as
explained in the following. It should be also peuhtout that in this stage the hypothesis
of perfect bond is no longer valid, and consequetité two strain vectors,ef} and
{&g, cannot be assumed coincident with each otheywAay, for the sake of simplicity,
the steel straingg} has been assumed coincident with the total awesdin €}, due
to the limited difference between them.
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Figure 2. Sketch of the uncracked SFRC and of thekcas "materials” in series.

As regards the stress field in the crack, it candbeermined once again as the
product between the crack stiffness matrix{lPand the strain vector of the fracture
zone, &1}, having assumed that:

[Dera] = [Deera] + [Ds er 1)

by separately considering the contributions reldte&FR concrete and ordinary steel
bars crossing the cracks. The first one accoumtaggregate bridging and interlock, as
well as for fibre bridging and prestress, and canekpressed in the local coordinate
system of the crack in the following form:

ol ch“c“ o } @

0 C41Cs1
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The resistant mechanisms associated with aggregatdsfibres are evaluated
independently, following a micro-mechanical appfoaciginally proposed by Li et al.
[3]. More in details, the aggregate bridging actisrexpressed as a function of crack
opening w, through an empirical relation (reported in [1B8librated on the basis of
several experimental data, and it is taken intaawctthrough the bridging coefficient
Co1- Fibre action is instead represented through tiedficient G;, which is derived from
the following relations:

Wq

011(s1) =07 (s1) coswyy =0y (sy) ﬁ =Ci1 & (3
2., 2
Wy +Vq

Tr1o(s1) = 0t (sy) sinoop =0t (sy) % =Cf1 Y12 4)
Wy~ +Vq

beinge; = wi/amy andyi, = vi/amy, while o, and 1, are the normal and tangential
components of the total fibre contributian, according to Fig. 1b, which is in turn
calculated by adding the bridging effect develofwdthe fibres themselves in the
fracture regiongy, and the fibre prestress that is present bef(ad(dormationgops;

ot (s1) = o (s1) + opslsy) 5)

As can be seen, all these terms have been expressadfunction of the total
displacement across the crack, iepresenting the resultant of crack openingawd
sliding w, according to Fig. 2b. On concrete side, therstgs matrix [R.] (reported
in Eq. 2) also includes the aggregate interlockaffevaluated according [17], through
the coefficients g and @1, whose expression can be found in [15].

As regards the sub-matrix {], related to the resistant mechanisms due to steel
bars crossing the crack (that is tension stifferang dowel action, see Eqg. 1 and Fig.
2), it can be obtained by summing up the contrdwubf each-th reinforcement layer:

obt |=p F_&“ gu O } ©
0 di

which is first evaluated in its local coordinatestgmx;-y;, according to [15], and then
transposed into the global one. Finally, the glatidiness matrix of the SFRC cracked
element can be obtained from previous equationssitoply deducing the two strain
vectors €.} and {1} from the two equilibrium conditions (respectivalglative to the
intact material between cracks and to the frachamee), and substituting their values
into the compatibility equation, as reported in][15

I mplementation of the model into a FE procedure

The above described stiffness matrices have bepleinented into a commercial FE
code (ABAQUS [18]) in the form of a "user-materialibroutine, in order to perform
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numerical analyses on different SFRC structuraimeles, able to account for both
material non-linearity and fibre resistant conttibn in the post-cracking stage.

At each loading increment (or iteration within &€efil increment) and for each single
element in which the structure is subdivided, thtaltstrain vector §} calculated from
the adopted FE code is passed to the user-maserdmbutine. Following the above
described procedure, these strain values are usedhé evaluation of the proper
material stiffness matrix depending on the curatking stage and, known it, for the
determination of corresponding stresses, whichteee passed back to the FE code for
the execution of external convergence checks. @npthint, it should be reminded that
the proposed model is based on a strain decompositheme in the cracked stage; as a
consequence, it is also necessary to check theecgence on total strain through an
internal iterative procedure, like the one sumnetim the flow chart reported Fig. 3.

for the k-th external iteration and the j-th internal one

{sc}j = {sc}j-lf {Scrl}j = {s}k' {gc}j-1 < X
! I

{sc}j — [Dd j
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Figure 3. Flow chart of the internal iterative pedare to obtain strain decomposition.

COMPARISONSWITH EXPERIMENTAL RESULTS
SFRC beamsin bending

In order to verify the effectiveness of the progbpeocedure, an experimental program
carried out on SFRC beams in bending has beencfrssidered [8]. More in details,

655



four point bending tests have been performed oeetlidentical specimens, produced
with a C20/25 concrete and DRAMIX-RC-80/0.60-BNréb, characterised by a length
of 60 mm, a diameter equal to 0.75 mm, and a fiwsage equal to 30 kg/mThe
specimens were under-reinforced, since the proviggtforcement ratigo has been
kept equal to 0.00315. In addition, a transversaiforcement constituted by 8 mm
stirrups, with 100 mm spacing, has been includedha beams. More details about
reinforcement distribution and material properteas be found in [8] and are partly
summarised in Fig. 4, where also geometrical detdithe test are indicated.
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Figure 4. Sketch of the loading arrangement adogtethg the experimental test and
beam cross-section details [8] (dimensions in mm).

Taking advantage of the symmetry of the problenty one half of the SFRC beam
has been modelled, by adopting a FE mesh constitiyequadratic, isoparametric 8-
node membrane elements with reduced integrati@e{#ss integration points).

250

load [kN]

------------ ==l
200 LT g

A/QO - T
150 E

p

D

100

—O-- Experimental [8]
= Numerical

displ t[0.01
0 é isplacement [ mm]

0 2000 4000 6000 800! i

(a) (b) I

Figure 5. Comparisons between numerical and exjeertiah [8] results, in terms of: (a)
applied load vs. deflection at midspan; (b) craaktgrn at failure.

The main comparisons between experimental and noaheresults have been
provided in terms of load-deflection response, al§ as crack pattern at failure, and are
summarised in Fig. 5. As can be observed, the adoptocedure is able to correctly
predict the experimental failure load, even if thmaximum achieved deflection at
midspan is slightly underestimated. As regards difezk pattern at failure, both the
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experimental and numerical responses are maingrasted by the appearance of
vertical flexural cracks in the central part of ®ERC beam, which are characterised by
an increasing extension, as well as by greatekasadths as the applied load increases.

SFRC beamsin shear

The attention has been then focused on three SER@ P without ordinary transversal
reinforcement and subjected to shear, which aregfaa more extensive experimental
program recently carried out at the University oé&ia [14].

a P Steel plate
,{ 250x120x30 mm

814, L=3200 mm

2640 A ST L2,

Figure 6. Sketch of the loading arrangement adogtethg the experimental test and
beam cross-section details [14] (dimensions in mm).

—Q —

The considered specimens are characterised byathe geometry (reported in Fig.
6) and by the same longitudinal steel ragjovhich has been set almost equal to 0.01,
while a different amount of steel fibres has beddea to the concrete mix. More in
details, steel fibre dosage has been respectivetyegual to 0 (plain concrete
"reference" specimen), 50 and 75 kg/mvhile the type of reinforcement has been kept
the same, that is to say hooked end fibres, wiémgth of 50 mm, a diameter of 0.8 mm
and a tensile strength equal to 1100 MPa. A norstri@ngth concrete ¢f of about
30 MPa) has been used for beam casting. The tlorefdered beams have been tested
under a three point loading system, providing aaslgpan-to-depth ratio a/d almost
equal to 3, as indicated in Fig. 6. Further detallsut specimen configuration, material
properties and test arrangement can be found in [14

Also in this case, the FE mesh has been realisetbllpwing the same criteria
already described for the simulation of the bendésg. The main comparisons between
experimental and numerical results have been gmawvided in terms of applied load
vs. deflection under the loading point and are rgubin Figs. 7a-c. As can be
observed, the proposed model is able to correctigehthe enhanced post-cracking
behaviour of SFRC specimens with respect to thereate one made of plain concrete
(indicated as PC), since the corresponding curvesnat only characterised by an
higher peak load, but also by a different failured®s, which passes from shear to
flexure, with a clear yielding of the longitudinadinforcement and a rather significant
ductility especially for specimen FRC50 (with 50k of fibres). Figure 7d also shows
the numerical crack pattern at failure for specimmB€ and FRC50; as can be seen, the
addition of fibres determines a stable propagatonl progressive development of
several cracks with a reduced spacing, so leadirggrhore ductile behaviour, with the
development of vertical deflections that are sigaifitly greater than those obtained for
the reference plain concrete specimen. This lademstead characterised by the
spreading of a main shear crack, which is immeljidtdiowed by element failure.
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Figure 7. Comparisons between numerical and exjeertiah[14] results, in terms of
applied load vs. deflection at midspan for: (a)mplzoncrete specimen PC and for SFRC
specimens with (b) 50 kgffFRC50) and (c) 75 kgf{FRC75) amount of fibres; (d)
numerical crack pattern at failure for PC (above) BRC50 (below) specimens.

CONCLUSIONS

In this work, an extension of 2D-PARC constitutmedel to SFRC elements subjected
to plane stresses is presented, by including astieakonstitutive law [3] able to
account for fibre contribution in the post-crackstgge. After its implementation into a
FE code, the proposed model has been applied tanthlgsis of SFRC beams subjected
to bending and shear, and its effectiveness has pewed through comparisons with
some experimental results available in technid¢aldture [8,14]. The good agreement
between numerical provision and physical realitpyfoens the need to adopt more
complex models - like the one presented, basedamtuire mechanics concepts - in the
design of these structural elements. Further viaida of the proposed approach will
also concern SFRC shear critical beams with andowit stirrups, in order to
investigate the effective possibility of using d$tebres as minimum shear
reinforcement.
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