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1 | INTRODUCTION

| Giovanni Plizzari | Fausto Minelli

When designing fiber-reinforced concrete (FRC) structures, one of the basic design
issues is represented by the choice of a proper combination of fibers and conven-
tional reinforcement that allows to obtain the best structural performance with the
minimum amount of materials. The combination of rebars and fibers in the con-
crete matrix is generally known as Hybrid Reinforced Concrete (HRC). HRC rep-
resents a feasible solution in many structures; among these, slabs are gaining an
increasing interest among practitioners. In fact, slabs are the most widespread struc-
tural elements in common practice as they are typically used to construct slabs on
ground (industrial floors or foundations), slabs on piles (foundations) or elevated
slabs. This paper focuses on the flexural design of FRC elevated slabs by using the
most recent design provisions reported in the fib Model Code 2010. A simplified
design procedure based on a consolidated design practice is proposed. Emphasis is
given to the use of HRC to minimize the total reinforcement (fibers + rebars) in
order to get practical and economic advantages during construction (ie, construc-
tion time and costs reduction). In more detail, a procedure for proportioning the
hybrid reinforcement and then verifying the structural safety will be presented and
discussed. Numerical nonlinear finite element analyses will be carried out to assess
the effectiveness of the proposed design method.
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Slabs are typical applications of cast-in-place FRC, as
they are used to build industrial pavements,* floors for

The use of steel fibers is a well-acknowledged methodology
to improve the tensile performance and toughness of con-
crete. After several years of discussion within the research
community, fiber-reinforced concrete (FRC) is nowadays
recognized as a structural material considered by both inter-
national' and national®” structural codes. In addition to the
better structural performances resulting from the enhanced
mechanical properties, FRC allows a better shrinkage and
crack control leading to an increased structure durability.

Discussion on this paper must be submitted within two months of the print
publication. The discussion will then be published in print, along with the
authors' closure, if any, approximately nine months after the print publication.

multistory buildings’ or foundations. Stress redistribution
resulting from the high internal redundancy of these struc-
tures may allow to exploit the postcracking strength and
toughness of FRC, leading to a possible reduction of con-
ventional reinforcement. The partial or total substitution of
conventional rebars allows reducing the construction time
and costs that generally characterize the traditional rein-
forced concrete (RC) structures.

Tests carried out worldwide on full-scale slabs®'® con-
cerned specimens in which fiber reinforcement was used as
primary flexural reinforcement able to completely substitute
conventional rebars. When provided, the latter was usually
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placed at the bottom of the slab, only along columns or piles
alignments, in order to avoid progressive collapse of the
structure.'''? The aforementioned tests highlight that the
design loads typically applied on floors can be withstood with
a steel fiber content higher than 70 kg/m®. Accordingly, ACI
544.6R-15" suggests to construct FRC elevated slabs by
using steel fibers as the only primary reinforcement in combi-
nation with a minimum amount of rebars used as “anti-
progressive collapse reinforcement.” However, as shown by
several research studies, fibers represent a highly performing
reinforcement for resisting diffused stresses, whereas local-
ized stresses are better resisted by rebars.'* This means that
one can use fiber reinforcement only,15 but the amount of
fibers should be significantly increased in the whole structure
in order to resist high stresses acting only in small areas. This
usually results in a higher amount of total reinforcement com-
pared to alternative solutions based on a combination of
fibers and rebars, herein defined as Hybrid Reinforced Con-
crete (HRC).'*! Furthermore, it has to be remarked that the
use of high fiber contents may cause a loss of workability
and compactness of FRC leading to a reduction of the mate-
rial tensile properties.

The design of FRC structures is generally quite difficult
as the nonlinear tensile properties of the composite material
have to be properly included in the calculations. Referring to
FRC slabs, the design procedures suggested by the codes are
usually based on the yield lines theory.'? The latter is cer-
tainly a powerful analytical tool but it cannot be easily
implemented for proportioning and verifying slabs made
with HRC. The use of advanced analyses procedures, like
those based on nonlinear finite element models, are gener-
ally more suitable to get a proper prediction of the structural
behavior but are not diffused among structural designers
since nonlinear finite element codes are hardly available.

Based on the design requirements reported by fib Model
Code 2010, a simplified procedure for designing HRC ele-
vated slabs is proposed herein. In addition to the bottom rein-
forcement generally used in FRC elevated slabs (ie, rebars
along column alignments), top reinforcement is also placed
over the columns to obtain the best performance in terms of
global capacity of the structure. The resulting combination of
fibers and rebars aims at minimizing total reinforcement
(fibers + rebars) leading to an overall reduction of construction
time and costs. The proposed design method is based on an ini-
tial linear elastic finite element analysis (LEFEA) to determine
the bending moments used for proportioning the conventional
reinforcement. The verification of the structural safety factors is
performed by nonlinear finite element analyses (NLFEAs)
including the postcracking tensile behavior of FRC.

It is worth noting that the proposed procedure focuses on
the design of flexural reinforcement. On the contrary, when
punching mechanisms govern the ultimate behavior of the
structure, punching shear reinforcement must be designed
according to MC2010. The investigation of the shear

punching response of slabs designed according to the pro-
posed method will be deeply investigated in a future work.

2 | DESCRIPTION OF THE STRUCTURE
AND OF THE PROPOSED DESIGN
PROCEDURE

The reference case study adopted herein is an elevated slab
having the same geometry of that tested by Destrée and
Mandl*? (Figure 1). The slab has three spans in both direc-
tions and is supported by 16 columns placed at a distance
(axis-to-axis) of 6 m.

The proposed design procedure consists of two main
stages defined as “preliminary design stage” and “verifica-
tion stage.” The former concerns the preliminary analysis
and design of the structure, which provides the slab thick-
ness (#) and a proper amount of fibers and of conventional
reinforcement. The latter stage includes the verification of
the structure both at ultimate limit state (ULS) and at ser-
viceability limit state (SLS), by performing NLFEAs.

2.1 | Preliminary design stage (proportioning)

The preliminary stage consists of the following main steps:

1. Choice of the slab thickness (¢) in order to limit the slab
slenderness (#/L = thickness/span length) in the range
1/35 <t/L < 1/25.

2. Choice of mechanical properties of materials (FRC and
reinforcing steel).

3. Determination of the design loads (E;). As required by
the EN 1990, all possible combinations of design loads
must be considered to obtain the most critical values of
the internal actions. The design load results from the fol-
lowing combination:

Eq= ZYG,j “Gij+vp-P+yg:r Qi+ ZYQ,i'\Ifo,i'Qk,i.

j>1 i>1
(1)

where G, P, and Q represent permanent, prestressing, and
variable actions, respectively; the coefficients yg, yp, and yq
are the partial factors for actions; y is the factor for the com-
bination of variable actions.

4. Determination of the internal actions through LEFEA.
5. Design of conventional reinforcement combined with fibers.
Based on the results of the LEFEA, the maximum design
bending moments (mgqx, Mgqy) acting in the two orthogonal
directions (x and y) can be evaluated as follows:

. (2

where mg x and mq  are the internal design bending moments
in x- and y-direction, respectively, whereas mq y is the inter-
nal design torsional moment.

MEg x =My x + |md,xy ; MEqy =Mmgy £ ’md,xy
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FIGURE1 Geometry of the fiber-reinforced concrete elevated slab reported by Destrée and MandI?2 (Bissen slab)

The contribution to the internal resistance provided by
fibers only may be evaluated by using the simplified cross-
sectional model depicted in Figure 2a, which assumes to rep-
resent the ultimate residual tensile strength (f,) with a con-
stant stress distribution below the neutral axis depth (x). The
latter is assumed to be placed at a distance of 0.1 times the
thickness (7) of the slab from the compressed side. Therefore,
the design resisting moment due to fibers only can be esti-
mated by the following equation:

1
MRg,FRC = Ethu,d te (t=x) =0.45 -y q- 2, (3)

where frya = fra/(3 X 70); frak is the residual flexural
strength at a crack mouth opening displacement (CMOD) of

2.5 mm according to EN14651%*; y. = 1.5 is the partial
safety factor for FRC according MC2010. The assumed
value of the neutral axis depth, that is, x = 0.1-7, is the repre-
sentative of flat slabs containing low amounts of conven-
tional reinforcement as the HRC slabs investigated in
this work.

Additional reinforcement is required in the areas of the
slab where the design internal bending moment (mgq) is
higher than the resisting moment provided by fibers only
(mgrg.pre)- It is clear that the higher is the resisting moment
provided by fibers, the smaller is the amount of rebars
required to withstand the design internal bending moment.
This fact highlights the possibility of finding an optimized
reinforcement resulting from the combination of rebars and
fibers (HRC).
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In the following, the design procedure for the bending
moments acting in x-direction will be presented (the same
approach can be applied indifferently to the moments acting in
y-direction) (see Figure 3). Even though the structural behav-
ior of FRC slabs is markedly nonlinear after cracking, as a first
approximation, the moment distribution provided by the
LEFEA may be used to design the additional reinforcement.

Figure 3 shows the typical regions of the slab in which
additional top and bottom rebars are required as the bending
moment mgq, is higher than mggprc. Those regions are
derived from the envelope of bending moments obtained
from the LEFEA. Note that, by considering the symmetry of
the slab geometry, a quarter of the whole structure is here
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Proposed simplified model for a cross section reinforced only with fibers (a) or fibers in combination with conventional reinforcement (b)

represented. In Figure 3, the white areas represent the parts
of the slabs covered by fibers only whereas the dashed areas
are the remaining portions of the slab in which additional
rebars are needed.

Figure 4 shows the typical envelope curves of bending
moments acting in the x-direction along four different sec-
tions of the elevated slab (ie, Figure 3, slab sections a-d).
The intersection between the resisting moment provided by
fibers (ie, mgrgrrc) and the envelope curves provides the
length (Lj,—see Figure 3) along which bending moments
have to be integrated for determining the total area of con-
ventional reinforcement. The latter turns out from the equi-
librium of the cross section depicted in Figure 2b. Thus

L L2
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my, = positive bending moment
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Typical regions of the slab in which additional top and bottom conventional reinforcement in x-direction is required
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FIGURE 4  Typical distribution of the maximum and minimum design bending moments mpq x acting along the most critical section lines (lines A, B, C, and D)

f; " (MEg,x —Mrg,FrC)dX

A% X = ;
N 0.9-fyq-d
Lin (4)
A= Jo™ (Meay —Mga rre ) dy
v 0.9-fyq-d :

where A, and A, are the total required reinforcement
areas in x- and y-direction, respectively; d is the effective
depth of the slab; fyq = fir/ys, fyx, and y, = 1.15 are the
design yield strength, the characteristic yield strength, and
the material safety factor of conventional reinforcing steel,
respectively (see MC2010").

Once the minimum additional reinforcement has been
defined, rebars have to be properly placed in some regions
of the slab. A possible reinforcement layout is suggested by
the schematic of Figure 5. As mentioned above, considering
the symmetry of the slab geometry, only a quarter of the
whole reinforcement layout has been represented. As one
may observe, top reinforcement consists of rebars placed
orthogonally over the columns. These bars are bent as shown
in Figure 5b in order to be easily placed during construction
and to contribute to the punching shear resistance as well. In
addition to top reinforcement, bottom continuum rebars
(Figure 5c) are located along the column alignments. The
length of each bar is defined to cover the region in which
Im™gaxl = Mrarre.

Both international codes and literature have not provided
clear rules dealing with flexural reinforcement layout in
HRC slabs. It is well-known from elastic analysis that maxi-
mum principal bending moments are reached along the col-
umns alignments. When designing the slab reinforcement to
ensure the development of the beam flexural strength at

column—beam joints, Paulay and Priestley® suggest to put

most of the top and bottom main reinforcement within a
width not higher than two times the column width (L,). Here,
in order to ensure a safe design, top and bottom rebars are
spread over a width equal to L, + d < 2L, except for rebars
placed along the border of the slab, which are laid over the
width L, + 0.5d < 1.5L, (Figure 5). Moreover, bottom rebars
provide continuity between columns, thus preventing the
progressive collapse of the structure. Such a kind of rein-
forcement, generally referred to as integrity reinforcement,
typically consists of straight bars running above the sup-
ported areas in the compression side of the slab.?® According
to MCZOIO,l when slabs without shear reinforcement or suf-
ficient deformation capacity are considered, integrity rein-
forcement has to be adopted. The postpunching resistance
provided by the integrity reinforcement (Vrq in) results from
the following equation (MC2010'—clause 7.3.5.6):

f; 0.5- \/
Rd int = ZAs int’ yd <f}’>k sin ((xlﬂt) dres
'bint,

(5)

where ZA;’, int 18 the sum of the cross sections of all the
integrity bottom rebars suitably developed and intersected
by the failure surface; ratio (f/f,)x depends on the ductility
class of reinforcement; a is the average angle of the bars
with respect to the plane of the slab (eg, oy, = 20° or 25°,
respectively, for ductility class B and C reinforcement); fiy is
the characteristic value (5% fractile) of the cylindrical com-
pressive strength of concrete; d. is the distance between the
centroid of top flexural and of integrity reinforcement;
bini=>_(Sint + 0.57d,5) is the control perimeter activated by
the integrity reinforcement; and s;, is the width of the

group of integrity bars in one direction. Note that A's’ int
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FIGURE 5
determining top reinforcement length

represents the part of bottom reinforcement A;’ placed within
a width not larger than the column width in the relevant
direction.

The rebar lengths Lg; and Ly, shown in Figure 5b repre-
sent the minimum net lengths resulting from bending design,
excluding the anchorage length (/,) that should be added. In
actual cases, to avoid crack localization for punching shear,
the anchorage length of top rebars must start at the distance
(p) from control perimeter (b,) determined according to the
scheme reported in Figure 5d. Further rules about detailing
of rebars placed in the supported regions can be found in
MC2010'—clause 7.13.5.3.

Bar shape

(b) Top surface
le le Lsz
ek

(d) Typical top reinforcement detailing

contraflexure of radial bending

\ moment (m,;=0)
_.JI“““\”"\-.

control perimeter (by)

Sint

p =min(2.5d ; position of contraflexure line)
by = control perimeter (MC2010-clause 7.3.5.2)
I, = bar development length

Additional reinforcement detailing: (a) typical slab section; (b) top reinforcement layout; (c) bottom reinforcement layout; and (d) rules for

No other conventional rebars should be used with the
exception of those usually required to control crack forma-
tion in correspondence of concrete shafts, staircases, reen-
trant corners, and manholes.

2.2 | Verification stage

Based on NLFEAs, the following procedure is suggested to
verify the effectiveness of the hybrid reinforcement provided
by the preliminary (proportioning) design stage:

1. Determine the global resistance (R;) of the slab by
NLFEA implementing the tensile constitutive laws of
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FRC suggested by the MC2010 (clause 5.6.4). The
design condition for the global safety format proposed
by MC2010 (clause 7.11.3) has the following form:

(6)

where R, and R,, are, respectively, the design and mean
global resistance of the structure; ' is the global resis-
tance safety factor; and yrgq is the model uncertainty fac-
tor. Different approaches are suggested by MC2010 to
determine the design resistance R;: (1) the probabilistic
method (clause 7.11.3.2); (2) the global resistance factor
method (clause 7.11.3.3.1); and (3) the method of esti-
mation of a coefficient of wvariation of resistance
(ECOV) (clause 7.11.3.3.2). If the global safety condi-
tion required by Equation (6) is not fulfilled, then a
tougher FRC or additional reinforcement must be pro-
vided until an acceptable safety level is achieved.

It can be generally assumed that the resistance of the
structure (R) is approximately log-normal distributed
and, thus, the global resistance safety factor y g may be
represented by the exponential equation (Equation (9))
discussed in Section 3.2. The latter represents y g as a
function of the coefficient of variation of resistance (V)
which, in turn, depends on the coefficients of variation
associated with modeling (Vy), geometrical (V,), and
material (V) uncertainties by the following equation:

Ve=14/Vo+V;+ Vi (7)

As observed by Schlune et al,27 model uncertainty is usu-
ally the most important factor affecting the structure
safety assessment, as it depends on the adopted modeling
approach as well as the failure mode (eg, bending, shear,
punching shear, and so on). A full discussion about the
safety formats for nonlinear analyses is reported in Allaix
et al*® and Belletti et al.** The approach adopted in the
following for safety assessment is the method ECOV.

2. Check the safety and serviceability minimum requirements
for FRC structures according MC2010 (see clause 7.7).

3. Check the punching resistance of the slab. In order to
obtain an accurate prediction of the punching resistance
of FRC flat slabs, the use of the Level of Approximation
IV reported by MC2010' is recommended (clause
7.7.3.5.3) for FRC structures. A critical discussion on
the verification of FRC slabs subjected to punching can
be found in Maya et al*® and Belletti et al.*'

3 | VALIDATION OF THE NUMERICAL
FINITE ELEMENT MODEL

In order to validate the numerical model used to perform the
simulations discussed in the following sections, the

fib 1

experimental tests on full-scale elevated slabs reported by
Destrée and Mandl?® and Parmentier et al® were simulated
with the finite element (FE) program Diana 10.1.>? Experi-
ments concerned two slabs, namely, “Bissen slab” and
“Limelette slab.” The two structures consisted of nine bays
with three continuous spans per each direction having an
equal span of 6 m. The slabs had a constant thickness of
200 mm and were supported by a total of 16 equally spaced
columns. In more detail, 300-mm-side square columns sup-
ported the Bissen slab whereas the Limelette slab was placed
on 300-mm-diameter circular columns. Thus, the FE models
used to simulate the two structures were similar, with the
exception of the different discretization adopted for the mesh
regions supported by columns. In order to investigate the
structure behavior under ultimate conditions, a point load
applied in the middle of the slab was increased monotonically
till failure. Because of the double symmetry, only a quarter of
the whole slab was modeled by a total of 4,850 eight-node
isoparametric flat-shell elements. Rigid constraints were
adopted to reproduce the support of the columns in vertical
direction (z-direction). A schematic of the FE models used to
simulate the two slabs is depicted in Figure 6.

Fracture behavior of concrete was simulated by the
“Total Strain Rotating Crack Model”.*

The compressive behavior of concrete was represented
by the parabolic stress—strain relationship suggested by the
MC2010" (clause 5.1.8):

k-n-n’
o=t (i) o
where f., is the mean cylindrical compressive strength;
n = edecr, €1 = 0.7fur’>" is the strain at peak strength;
k = 1.05 E leci/fom is the plasticity number; and E.,, = 22
~103-(fcm/ 10)°2 is the mean secant modulus of elasticity eval-
uated at 0.4-f., (Table 1).

The tensile behavior of concrete was considered linear
elastic up to the mean tensile strength (f,,,) and to the corre-
sponding strain (&¢ = feun/Eem)- On the contrary, the post-
cracking behavior of FRC was represented by trilinear stress
(f)—crack width (w) laws. As typical for smeared crack
models, cracks were distributed over a crack bandwidth
(Lch)31’34 whose value was assumed equal to the square root
of the area of each FE. As suggested by Rots,* the value of
L, was used to turn the tensile f-w law of FRC into the cor-
responding stress—strain relationship implemented in the FE
model.

The tensile properties of the FRCs (see Table 1) used in
the simulation of the Limelette and Bissen slabs were
derived from test results reported by di Prisco et al®> and
Soranakom et al,”® respectively. FRC used in the Limelette
slab contained 60 kg/m® of low-carbon hooked-end steel
fibers having a total length of 60 mm, a diameter of 1 mm,
and a tensile strength of 1,450 MPa. On the contrary, the
Bissen slab was reinforced with 100 kg/m® of crimped steel
fibers having a length of 50 mm, a diameter of 1.3 mm, and
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a tensile strength of 900 MPa. Table 1 summarizes the
parameters that characterize the trilinear stress-crack width
relationship herein used for NLFEAs.

The analyses were performed by first applying the self-
weight (4.8 kN/m?) and by then monotonically increasing
the point load. The arc-length method was adopted to get the
indirect control of deflection.

The load (P)—center deflection (6) diagram of Figure 7
compares the response of the numerical simulations with
those resulting from the full-scale experimental tests.

The numerical response of the Limelette slab resulted to
be consistent with the experimental one in terms of initial
stiffness and maximum capacity, being the latter equal to
326 kN both in the simulation and the experimental tests.
Unlike the numerical simulation, the experimental response
was characterized by a slightly higher ultimate deflection.
However, the good prediction of the maximum deflection

TABLE 1 Limelette and Bissen slab: material properties

Limelette  Bissen
Property Unit slab slab
Mean modulus of elasticity (E.p,) [MPa] 29,000 32,300
Poisson's coefficient (v) [-1 0.20 0.20
Mean cylindrical compressive strength (f.,,) [MPa] 36 38
Compressive strain at peak strength (&.;) [%o] 2.0 2.1
Ultimate compressive strain (&) [%o] 3.5 3.5
Mean tensile strength (feim) [MPa] 2.20 2.50
Mean postcracking stress (f1) [MPa] 1.20 1.75
Crack width (w;) [mm] 0.05 0.25
Mean postcracking stress (f>) [MPa] 1.20 1.06
Crack width (w») [mm)] 1.50 1.25
Ultimate crack width (w,) [mm)] 6.00 2.00

geirrdl Vertical (z-dir.) [ S
Sored rigid constraints [EEEEE

Vertical (z-dir.)
rigid constraints

Limelette slab

Load (P)

Bissen slab

constraints

observed in the load range 0-300 kN (ie, first branch of the
curve) proves the ability of the model to provide reliable
results also at SLS conditions.

The simulation of the Bissen slab resulted to be very accu-
rate especially for deflection values ranging from O to 27 mm.
For higher deflection values, the simulation provided a stiffer
response that achieved a maximum capacity P, = 542 kN,
which was 17% higher than that experimentally observed
(462 kN). As previously observed for the Limelette slab, the
good prediction of the first branch of the curve (ie, load range
0—400 kN) proves the effectiveness of the model to well pre-
dict the structure response even for service loading conditions.

The comparison between the numerical and the experimen-
tal crack patterns at failure is of primarily importance to further
assess the effectiveness of the model. By considering the simi-
larities between the two analyzed slabs, only the response of
the Bissen slab is reported in the following. Figure 8 compares
the experimental crack pattern with the numerical maximum
principal tensile postcracking strains detected on both the top
and bottom surfaces. Referring to the top surface (Figure 8a,c),
the numerical model captured the location of the main cracks
observed along the alignments of the four inner columns.
Unlike the actual crack pattern, the simulation predicted the for-
mation of minor cracks along all the lines connecting the inner
columns with those located along the outer border of the slab.
The numerical cracks observed in the middle of the slab were
due to stress concentration under the applied load.

About the bottom surface (Figure 8b,d), the real crack
pattern appears to be consistent with the numerical one. In
fact, as observed experimentally, the model detected the for-
mation of two main orthogonal cracks placed in the middle
of the structure (see the hot colors in Figure 8d).
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response of the Bissen and Limelette slab

The previous results prove the ability of the numerical
model to provide a reasonable approximation of the actual
response of the two case studies considered herein.

4 | APPLICATION OF THE PROPOSED
DESIGN PROCEDURE: A CASE STUDY

The geometry of the Bissen slab previously analyzed was con-
sidered as a reference case study to assess the effectiveness of
the proposed design procedure. Therefore, it was assumed that
the slab depicted in Figure 1 to be representative of the concrete
floor of a typical residential building subjected to uniformly
distributed loads (gravity and variable). The results obtained
from the implementation of the proposed design procedure are
reported and discussed in the following sections. Note that the
numerical simulations presented in the following do not take
into consideration any creep deformation as well as cracking
resulting from the long-term behavior of the slab. Even though
the study of long-term conditions is not the main target of this
research, it must be always considered in structure design as it
may affect the achievement of serviceability requirements for
FRC structures (MC2010'—clause 7.7.4). The long-term
behavior of FRC structures is still one of the open issues not
completely included in international codes. Significant informa-
tion and discussions about this topic can be found in Vasanelli
et al,37 Mendes et al,38 and Pujadas et al.®

4.1 | Slab proportioning

1. Choice of the geometrical properties. The slab thickness
was assumed equal to 200 mm, corresponding to a slen-
derness ratio of 1/35 <t#/L = 1/30 < 1/25 (L = 6 m).

2. Choice of material mechanical properties. Two different
FRC materials, named, respectively, as FRC4c and
FRC5e were considered in the study. The two materials
present, respectively, a moderate (FRC4c with class 4c)
and a very high (FRC5e with class 5e) postcracking per-
formance, according to MC2010 classification (clause
5.6.3). The main mechanical parameters required by the
MC2010 to define the compressive and the tensile
behavior of FRC are summarized in Table 2. Note that
the mean residual stresses fry.m and fr3,, were conven-
tionally assumed as 30% higher than the corresponding
characteristic values (ie, fr1 x and fr3 k).

The properties of conventional reinforcing steel were
consistent with those required by the MC2010" (clause
5.2) for reinforcing steel B450C (see Table 3). To deter-
mine the mean tensile strengths, the corresponding char-
acteristic values were multiplied by 1.1 (see the
recommendations for nonlinear analysis reported by EN
1992-2,% clause 5.7).

3. Evaluation of the design actions and linear elastic anal-
ysis of the slab. In addition to the slab self-weight G x
of 500 kN/mz, a gravity load G, of 4 kN/mz, and a var-
iable load Qy of 2 kN/m” were here considered. For the
sake of structural safety, in order to perform load combi-
nations according to Equation (1), the gravity load G,y
was considered as a variable load and thus combined
with the related partial safety factor suggested by EN
1990 (2006). This is in agreement with the recommenda-
tion reported by Eurocode 1*! at clause 2.1(2). In view
of this, the partial safety factor for permanent actions
(yG1) was assumed equal to 1 and 1.35 for favorable and
unfavorable actions, respectively. About the permanent
load (G, ) and the overload (Qy), the corresponding par-
tial safety factors (yga, yo) were both considered equal
to O for favorable actions and 1.5 for unfavorable
actions. The diagram of the design bending moment
envelops (mpq = Mgqx = Mgqy) resulting from LEFEA
is depicted in Figure 9. The curves represent the maxi-
mum moments detected along the most stressed sections
(Lines A, B, C, and D) (see also Figures 3 and 4).

4. Design of conventional reinforcement combined with
fibers. The additional conventional reinforcement (see
Figure 5) was determined, according to the method pre-
viously presented, by considering the design bending
moments of Figure 9 and the design resisting moment
evaluated according to Equation (3). An effective depth
(d) of 170 mm was considered in both directions. The
main geometrical properties of the additional reinforce-
ment are summarized in Table 4.

In order to have a better evaluation of the proposed
design approach, integrity reinforcement was not considered
for the determination of bottom rebars. Structural assessment
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FIGURE 8 Experimental crack pattern observed on the top (a) and bottom (b) surface of the slab.**> Numerical contour of principal tensile post-cracking

strains: top (c) and bottom (d) view. Note that the numerical contours correspond to the top left quarter of the experiments (see red square) on (a) and (b)

of the design resistance provided by integrity reinforcement
after punching will be discussed elsewhere.

4.2
1.

| Slab verification

Determination of the global resistance (R;) of the slab
by NLFEA. To assess the design resistance of the struc-
ture, the method for the ECOV (Vg) proposed by Cer-
venka*? and reported in the MC2010' (clause
7.11.3.3.2) was adopted. It is therefore assumed that the
global safety factor y g is related to Vg by the following
relationship:

* . 1 R
Tr = exp(ag -p-Vr) with Vg = Tes o (R_[:)’ )

where ai = 0.8; f = 3.8 (for a service life of 50 years)
corresponds to a failure probability of about 107, suit-
able for buildings (eg, residential and office buildings)
generally associated with the medium consequences

class (CC2) according to EN 1990°" Annex B. R,, and
R, represent the capacity of the structure resulting from
the implementation of the mean and characteristic con-
stitutive laws of materials, respectively. The design
resistance of the structure (R,) is determined according
to Equation (6) by also including the model uncertainty
factor yrg = 1.06. Note that the adopted value of the tar-
get reliability index f is consistent with that suggested
by MC2010 (clause 3.3.3) for ULS verification in case
of medium consequence of failure.

Equation (8) was used to describe the compressive
behavior of FRC. About the tensile behavior, the bilin-
ear stress—strain model proposed by the MC2010 (clause
5.6.5 — Figure 5.6-11) was adopted. The latter requires
the evaluation of two uniaxial tensile strength parame-
ters, that is, frs = 0.45-fg; and fr, = 0.5-fr3—0.2-f; (see
Table 2), corresponding, respectively, to the uniaxial
tensile strains &5 s=CMOD/L,, = 0.5 mm/Ly, and
eurs = W /Loy = 2.5 mm/Lyg,.
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TABLE 2 Properties of FRC materials used in the design of the floor slab

Property Unit FRC material

Designation FRC4c FRC5e

Classification (according MC2010) [-1 4c Se

Mean modulus of elasticity (E.n,) [MPa] 32,800

Poisson's coefficient (v) [-1 0.15

Mean cylindrical compressive strength (f.;,) [MPa] 38

Characteristic cylindrical compressive strength (f.,x) [MPa] 30

Compressive strain at peak strength (e.;) [%0] 2.2

Ultimate compressive strain (&) [%e] 3.5

Mean tensile strength (f.,,) [MPa] 2.9

Characteristic tensile strength (f.) [MPa] 2.0

Mean residual strength at CMOD,; = 0.5 mm (fg;,,) [MPa] 5.2 6.5

Mean residual strength at CMOD3 = 2.5 mm (fr3,) [MPa] 4.7 8.5

Characteristic residual strength at [MPa] 4.0 5.0
CMOD; = 0.5 mm (frx)

Characteristic residual strength at [MPa] 3.6 6.5
CMOD; = 2.5 mm (fr3x)

Mean serviceability residual tensile strength (frsm)  [MPa] 2.3 2.9

Mean ultimate residual tensile strength (fgu, m) [MPa] 1.3 3.0

Characteristic serviceability residual tensile strength [MPa] 1.8 2.3
(Fresx0)

Characteristic ultimate residual tensile strength [MPa] 1.0 2.3

(fFlu,k)

Abbreviations: CMOD,
fiber-reinforced concrete.

crack  mouth

opening  displacement;

FRC,

As mentioned above, the numerical analyses were

carried out by first applying the self-weight and by sub-
sequently increasing the overload up to failure. For the
sake of brevity, only the results obtained from the most
critical load combination (ie, the one considering the
self-weight yg;-G1x = 1.35:G;x and the overload
Yo'lGa + Okl =706 kN/m? applied all over the surface
of the slab) are reported and discussed. Considering that
the self-weight was kept constant, the results reported in
the following only refer to the permanent and variable
load, whose design value is given by E,; = 1.5-
(Gox + Q) = 9 kN/m”.

The diagram of Figure 10 shows the total overload
E' = Gy + Oy against the maximum deflection detected in
the middle of the corner bay of the slab. In addition to the
HRC slabs, the slabs reinforced only with fibers were also
simulated. The results of the analyses performed with both

TABLE 3 Properties of conventional reinforcing steel

Property Unit

Designation (according EN 1992-1-1) B450C
Modulus of elasticity (Ej) [MPa] 210,000
Mean yielding strength (fy,,,) [MPa] 495
Characteristic yielding strength (fy) [MPa] 450
Mean ultimate strength (f;,,) [MPa] 570
Characteristic ultimate strength (f,,x) [MPa] 520
Mean ultimate strain (e,,,) [%] 13.0
Characteristic ultimate strain (&,) [%] 8.0
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FIGURE 9 Design bending moment envelopes resulting from linear elastic
finite element analysis

the mean and the characteristic properties of materials are
reported.

The curves show that, irrespective of the FRC per-
formance adopted, the hybrid reinforcement allowed the
slabs to achieve similar maximum capacities, able to ful-
fill the minimum safety requirement, that is, R/E'; > 1
(see Table 5). As expected, the slabs reinforced only
with fibers reached maximum capacities and ductilities
significantly lower than those exhibited by the HRC
slabs. This result emphasizes the ability of the adopted
local reinforcement to enhance the structural
performance.

The importance of using top rebars to get the optimal
hybrid reinforcement is highlighted by the total overload-
deflection responses shown in Figure 11. The diagram
compares the mean response of the slab FRC5e, previ-
ously designed, with those exhibited by other two slabs
named, respectively, as FRC5e-A and FRC5e-B. The for-
mer had the same properties of the slab FRC5e except for
the top reinforcement, which was totally removed from
the top of the columns. The latter was made with the same
conventional reinforcement of the slab FRC5e-A (ie, no
top reinforcement) but the tensile behavior of FRC was
significantly improved by incrementing the residual
strength fr3k from 6.5 MPa (fiber content of about 48 kg/
m3) to 14.3 MPa (fiber content of about 105 kg/m3) for
reaching the same capacity of the slab FRC5e.

The analysis results show that the total removal of
top reinforcement caused a 22% reduction of the maxi-
mum overload, which changed from 19.0 kN/m? (slab
FRC5e) to 149 kN/m?> (slab FRC5e-A). To obtain
approximately the same maximum capacity of the slab
FRC5e by keeping only the bottom rebars, the use of an
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TABLE 4 Properties of flexural rebars according to the bar layout of Figure 5
Material: FRC4c Material: FRC5e

Reinforcement Bar Total Bar Bar Bar Total Bar Bar

type type bar area length (L) length (L) type bar area length (Lg;) length (L,)

-] (-] [mm?’] [mm] (mm] (-] [mm?] [mm] [mm]

Al = Ay 5P16 1,005 800 — 4016 804 700 —

Ao = Ay TP16 1,407 800 5016 1,005 700

Al 3= Al 5®20 1,571 1,000 1,000 6®16 1,206 800 800

Al = Ay 10920 3,142 8d20 2,513

A = Ay 6014 924 = = 3012 339 — —

Ao = A, 816 1,608 — — 3014 462 — —

A=A s 4014 615 — — 208 101 — —

AP u =A% 5014 770 — — — — — —

Abbreviation: FRC, fiber-reinforced concrete.

FRC having a significantly higher (ie, +120%) value of
frak was required (see slab FRC5e-B). The disadvantage
resulting from the lack of top reinforcement is well
highlighted by the comparison of the total steel contents
(not including rebar detailing) of the slabs FRC5e and
FRCS5e-B, which were approximately equal to 55 and
107 kg/m’, respectively. The high gap between these
steel contents proves the effectiveness of top reinforce-
ment in providing the required structure capacity by lim-
iting, at the same time, the total amount of reinforcement.

2. Ductility requirements according MC2010. As required
by MC2010 (see clause 7.7.2), FRC structures must sat-
isfy at least one of the two ductility conditions:

Oy >20- O, (10)
Bpeak =5 - BsLs, (11)
20
17.5 1 ’
15 4

12,54

Overload (E") [kN/m?)
=

7.5 1
——FRC5e - mean
5 g ——FRC5¢ - characteristic
= = FRC4¢ - mean
2.5 = = FRC4c - characteristic 3
0 ¥ L} T T ¥ T ' L} ¥ T ¥ L}
0 20 40 60 80 100 120

Deflection [mm]|

FIGURE 10  Total overload-deflection response of the slabs

where §, is the displacement corresponding to the ulti-
mate capacity (P,), dpeax 1S the displacement at the maxi-
mum load (Pp.y), and dgrg is the deflection at the
service load determined by performing a linear elastic
analysis. In addition to Equations (10) and (11), the ulti-
mate load P, has to be higher than both the first cracking
load (P.,) and the maximum service load Ps; s. The pre-
vious load and deflection values are all derived from
NLFEAs performed with mean properties of materials.

While the previous equations are mandatory for
members containing fibers only, in the case of HRC ele-
ments one may argue whether the classical approach for
FRC only would suffice as check. In spite of this,
Equations (10) and (11) are considered and critically dis-
cussed for the HRC slabs studied herein.

Here, the service load deflection (65;5) was deter-
mined for a service load (E'sis) equal to 6.0kN/m?,
whereas the deflection Jpeq corresponds to the mean
slab capacity R,,. Moreover, the ultimate deflection (5,)
was assumed as the maximum deflection at which the
numerical simulation was interrupted because of slab
collapse. According to the results of the analyses, all the
slabs exhibited first cracking right after the application
of self-weight.

The results reported in Table 5 prove that all the
slabs fulfilled Equation (11) while they failed the verifi-
cation requirement related to the ultimate deflection
represented by Equation (10).

Other analytical models, available in literature,43
could also be utilized for verifying ULS and SLS com-
pliance. However, as Equation (11) was satisfied, the
proposed reinforcement fulfills the ductility require-
ments of MC2010.

. Verification of punching resistance. Punching shear can

significantly affect the ultimate resistance of flat slabs.
The effects of punching on FRC structures have been
investigated by different authors.”®***> About code pro-
visions, MC2010 (clause 7.7.3.5.3) reports a detailed
procedure for the verification of FRC members that is
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TABLE 5 Results of slab verification

6peak/
. RJE'q 04/ Os1s dsLs
Material R, Ry 7 R Rq E'q (check) E'sis OsLs Opeak  Ou (check) (check)
[kN/m?]  [kN/m?]  [-] [kN/m?]  [kN/m?]  [-] [kN/m?]  [mm] [mm] [mm]

FRC4c HRC 18.6 14.5 1.68 11.1 9.0 1.2 (0OK) 6.0 8.0 42.0 460 58(NO) 5.3 (0K)

Fibers only ~ 11.2 7.0 24 45 0.5 (NO) 8.3 41.5 462 5.6 (NO) 5.0 (OK)
FRC5e HRC 19.0 14.9 165 11.5 1.3 (OK) 8.0 64.8 106 13(NO) 8.1 (OK)

Fibers only ~ 12.7 9.5 1.7 7.0 0.8 (NO) 8.2 47.6 51 6.2 (NO) 5.8 (OK)

Abbreviations: FRC, fiber-reinforced concrete; HRC, hybrid reinforced concrete; SLS, serviceability limit state.

here recommended for designing and check the ultimate
behavior of elevated slabs. The verification of punching
mechanisms was not the main target of the present work
and, thus, it will be presented and discussed elsewhere.

5 | OPTIMIZED HYBRID
REINFORCEMENT FOR ELEVATED SLABS

The approach proposed for the reinforcement of the slab (see
Section 2.1) allows designing the required amount of con-
ventional reinforcement once FRC residual strength is
selected. It is worth remarking that the choice of the FRC
postcracking strength is not of minor importance as it affects
the total amount of rebars.

As an example, the hybrid reinforcement of the 200 mm
thick elevated slab analyzed in Section 3 was designed to
withstand two different variable loads (Qy), respectively
equal to 2 and 4 kN/m?, in addition to the gravity loads
Gix + Gay = 500 + 400 = 900 kN/m®. Eight different FRC
materials having different performance levels (fr3x from 2 to

20 - FRC5e
(faa=6.5MPa) [~
175
FRC5e¢ - B
(fzsp=14.3MPa)
15 1
=
E 12.5
= FRC5e - A
@ 10 4 (fg3=6.5MPa)
=)
8
. 7.5
o
-
o
54
2.5
0 —— T T T T T
0 20 40 60 80 100 120 140 160
Deflection [mm]
FIGURE 11  Total overload-deflection mean response of different hybrid

reinforced concrete slabs: effect of top reinforcement removal

10 MPa, corresponding to steel-fiber contents ranging from
15 to 70 kg/m®) were taken from the database of the Univer-
sity of Brescia (including 528 samples) and adopted for this
example. As discussed in Tiberti et al,46 the database
includes FRC materials characterized by fiber volume frac-
tions ranging from 0.32% to 1%, fiber aspect ratios ranging
from 44 to 100 and fiber tensile strengths ranging from
1,100 to 3,100 MPa. From a regression analysis (see Tiberti
et al*), the following equation was proposed to determine
the mean residual strength fr3,:

fR3m
Y\ fcm,cube

where f., cuve (MPa) is the mean compressive cubic strength
of concrete; Vyis the volume fraction of fibers; L/®; is the
fiber aspect ratio; and f,,¢ (GPa) is the fiber tensile strength.

In the present example, the FRCs considered had a cylin-
drical mean compressive strength of 38 MPa (ie, mean cubic
strength of about 46 MPa) and were made with steel fibers
having a tensile strength of 2 GPa and an aspect ratio of 80.
As suggested in MC2010, the characteristic value of the ten-
sile strength fr3x was assumed equal to 0.7 fr3m.

Based on the reinforcement determined according to
Section 2, the diagram of Figure 12 reports the total steel
content (fiber dosage + Prepars/Veoncrete [kg/m3], where Pepars
is the total weight of conventional reinforcement and Vgncrete
is the total slab volume) as a function of the characteristic
residual strength fr3 of FRC. The total steel content was esti-
mated either by neglecting reinforcement detailing (contin-
uum line) or by assuming an additional percentage of 20% of
reinforcement weight in order to consider anchorages and
splices (dashed line).

The curves highlight that there is a value of the fiber dos-
age able to minimize the total steel content (fibers + rebars),
leading to the optimized combination of fibers and rebars.
As expected, the lower is the load the lower is the optimized
value of the residual strength f 3y (ie, optimized fg3 = 4.8 MPa
for Gy + Qr = 6.0 KN/m”> and frsy = 5.5 MPa for
Gox+ 0r,=8.0 kN/mz). However, when adopting fr3y values
slightly smaller than the optimized one, the total amount of
reinforcement does not change significantly. On the contrary,
it is not convenient to use an FRC with a residual strength
Jfr3k too high than the optimized one as the total amount of
reinforcement remarkably increases. In summary, it seems

=1.430- [V¢ - (Le/0f) - fuf] - (12)
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FIGURE 12  Total steel content vs fr3x response, resulting from a parametric study on a 200-mm-thick slab containing the hybrid reinforcement designed

according to the proposed design method

that an FRC having fr3i ranging between 4 and 5 MPa pro-
vides the optimized reinforcement for the adopted design
loads (Gox + Q¢ = 6.0-8.0 kN/m?), which are commonly
used in building design. FRC performance should be slightly
increased for higher design loads. Since a strain-hardening
behavior in bending allows a better stress redistribution, the
suggested FRC minimum performance could be 4c or 5c
according to MC 2010.

As compared to the RC slabs (ie, frzx = 0), which are
respectively characterized by a total steel content (not includ-
ing rebar detailing) of 71 kg/m® (G, + Qi = 6 kN/m?) and
87 kg/m3 (Gox + O =8 kN/mz), the total reinforcement
amount of the optimized HRC slabs is about 30% lower. In
practice, the advantage from using FRC is even more
significant considering the lower labor required for placing
conventional reinforcement.

6 | CONCLUDING REMARKS

One of the most promising structural applications of FRC is
represented by elevated slabs due to the high degree of
redundancy of these structures. The real applications avail-
able usually adopt high amounts of steel fibers as the main
flexural reinforcement, whereas conventional rebars are
mainly used as structural integrity reinforcement.

In the present work, a procedure for designing FRC ele-
slabs,

vated based on an optimized combination of

traditional rebars and fiber reinforcement (HRC), is pro-
posed in accordance with the MC2010 provisions.

The results presented and discussed in the manuscript
yield the following conclusions:

e The proposed design method provides an easy and
straightforward procedure for proportioning the hybrid
reinforcement by performing a linear elastic analysis of
the structure.

e The reliability of the proposed design procedure was
checked by performing NLFEAs of a particular elevated
slab reported by literature. Such analyses proved the
ability of the proposed hybrid reinforcement to provide
the slab with a structural behavior consistent with the
safety and serviceability requirements recommended by
MC2010. To corroborate the general reliability of the
proposed method, future experimental and numerical
research will be carried out to investigate other case
studies characterized by different geometries and loading
conditions.

e Depending on the load applied and the slab geometry,
there is an FRC performance (ie, residual strength fr3i)
that combined with properly placed rebars is able to min-
imize the total amount of reinforcement leading to a
reduction even greater than 30% compared to conven-
tional RC slabs. This reinforcement reduction becomes
even more significant for practice by considering the
labor-time savings.
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e The use of top reinforcement on the columns in combi-

nation with bottom rebars appears to be fundamental to
optimize total reinforcement. In fact, if top reinforcement
is not adopted, a remarkable amount of fibers should be
used for increasing the FRC strength in order to resist
negative moments.
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