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ARTICLE INFO ABSTRACT

Keywords: To build environmentally friendly public constructions, authorities impose tailoring concrete mixtures with a
Concrete with recycled materials minimum content of recycled materials. To satisfy this green public procurement (GPP) in frame structures,
Predalles

whose mass is mainly distributed on horizontal diaphragms, it is necessary to draw attention to the slabs of
floors. As ready-mixed concrete with recycled materials is not easily available on the market, partially pre-
fabricated one-way slabs, composed by both cast-in-situ concrete and precast plates (generally called predalles)
were investigated. Only the precast concrete of predalles contained recycled materials, such as supplementary
cementitious materials (SCM) in place of CEM I, recycled concrete aggregate (RCA) and rubber to replace stone
aggregate, and recycled steel fibers (RSF). These materials were used to cast full-scale one-way slabs, sub-
sequentially tested in three-point bending. A three-stage model, based on the equivalence between the traditional
rebar and RSF, was also introduced to predict the load-deflection responses of the slabs. As results, both nu-
merical and experimental analyses revealed the effectiveness of RSF, which can be added to concrete mixtures to
compensate the loss of flexural strength that the substitution of virgin materials produces. Thus, if large quan-
tities of SCM, RCA, rubber, and RSF are in the concrete of predalles, slab can satisfy both GPP and the mechanical

Three-point bending tests
Eco-mechanical analysis
Three-stage model

performances, though the cast-in-situ concrete does not contain any recycled material.

1. Introduction

The environmental impact of structural concrete is mainly due to the
large use of cement, whose production, based on the cooking of lime-
stone and clay at 1500 °C, releases in the atmosphere about 8-9% of the
global anthropogenic CO; [1]. On the other hand, the demand for sand
and gravel, which are the largest part by mass of a concrete mixtures [2],
is rising faster than the natural renewal [3]. Thus, to reduce the impact
of concrete, the so-called substitution strategy must be applied by
replacing cement and aggregates with recycled materials [4].

For instance, supplementary cementitious materials (SCM) can be a
valid environmental-friendly alternative to Portland cement [5]. They
are either byproducts or waste materials (such as fly ash), to be used in
blended cements, or as additive in concrete mixtures. In the same way,
natural aggregates can be substituted by recycled concrete aggregate
(RCA) coming from construction and demolition waste [6], and by
rubber from end-of-life tires [7]. Although the latter produces a weaker
concrete [8], several advantages arise when scarp or crumb rubbers are
used to substitute the traditional stone aggregate. Indeed, rubberized
concrete under uniaxial compression expands significantly and, in the

E-mail address: alessandro.fantilli@polito.it.

https://doi.org/10.1016/j.engstruct.2023.117338

presence of an FRP-confinement, a lateral prestress can be generated.
Therefore, the strength and the stiffness of concrete columns signifi-
cantly increase [9]. In addition, the bond between steel rebar and con-
crete improves in presence of rubber aggregate [10]. Tires also offer
other materials to concrete industry, such as polymeric fibers [11] and
recycled steel fibers (RSF) [12], which can substitute the reinforcing
bars of concrete structures.

Research activities on the substitution strategy can be used to fulfil
public requirements. Indeed, public investments on works, goods, and
services (including concrete, which is the most consumed manufactured
material in the world by mass [1]) represent a large part of the gross
domestic products of several countries (e.g., it is about 14% in Europe)
[13]. Accordingly, by means of the so-called Green Public Procurement
(GPP), each member state of the EU introduced rules to procure concrete
with a reduced environmental impact. For instance, in Italy, concrete
used in public constructions must contain at least 5% by mass of recycled
materials [14].

This prescriptive approach seems not appropriate for the current
(and future) building codes, which are mainly performance-based.
However, according to Bigaj-van Vliet et al. [15], prescriptive
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approaches are the easiest way to foster the use of recycled materials,
regardless of the real impact on sustainability. This is due to the lack of
general approaches capable of linking the properties of recycled mate-
rials of a mixture and the mechanical performances of concrete struc-
tures. In other words, although the substitution strategy was largely
applied in the past, and several models capable of predicting the
behavior of reinforced concrete structures were proposed as well, they
were not used to design and produce reinforced concrete (RC) structures
in accordance with also GPP. As a matter of fact, Fennel et al. [16]
predicted that it will take more than a decade to effectively satisfy the
sustainability requirements (i.e., the current GPP), which are some of
the evolving needs of structural engineering.

With the aim of shortening the time and promoting the application of
GPP within the concrete industry, new sustainable one-way slabs are
investigated herein. They generally form the horizontal diaphragms of
buildings, where most of the concrete mass is present. Hence, in the
following sections, after tailoring and testing new concrete mixtures
(Section 2), the results of a wide experimental campaign are illustrated
(Section 3) and rated by means of the eco-mechanical model (Section 4).
Finally, a refined mechanical model is also introduced to predict the
structural behavior of full-scale one-way slabs containing recycled ma-
terials (Section 5).

(a)
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2. The production of concrete slabs according to GPP

Fig. 1a shows a predalle, which is an RC panel having a thickness of
50 mm, a width of 1200 mm, and a length L equal to floor span. Through
the addition of cast-in-situ concrete, predalle can be used to build a floor
slab, whose cross-section is illustrated in Fig. 1b. To resist permanent
and live loads acting on the floor, predalle is generally reinforced with
steel rebars in x and y directions. Moreover, to facilitate the handling,
resist the temporary loads [17], and to improve the bond between pre-
cast and cast-in-situ concrete, streel trusses are also introduced (see
Fig. 1a). As the amount of longitudinal rebars is generally close to the
minimum reinforcement ratio (rather than to the maximum) recom-
mended by code rules, it can be furtherly reduced when steel fibers are
added to concrete mixtures [18]. Finally, when predalles are used for
public constructions and produced by an Italian precast plant, the con-
crete panel must contain at least 5% by mass of recycled materials [13,
14].

2.1. Concrete mixtures for predalles

The concrete mixture of current predalles, herein considered as
reference and called Ref., is only made with virgin materials. It is
composed by three fractions (0-4 mm, 0-8 mm, and 4-14 mm) of virgin
stone aggregates, Portland cement (CEM I 52.5 R), tap water, and an
acrylic superplasticizer. The mass of each component, referred to 1 cubic
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Fig. 1. — Partially precast slab of floors: (a) precast predalle; (b) typical cross-section of a slab.
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meter of concrete, is reported in Table 1. In addition to Ref., other four
mixtures (named A, B, C, and D) were tailored by using 20% of CEM I
52.5 R and 80% of CEM III 42.5 N (which contained 40% of SCM) as
binder.

In the concrete type A, aggregate fractions are the same as Ref.,
whereas 48 kg/m3 (about 0.5% in volume) of RSF from end-of-life tires
were added (see Fig. 2). These fibers had an average length of 15.8 mm,
a diameter of 0.62 mm, and an average aspect ratio of 62.8 [19]. As the
water-to-binder ratio remained unchanged, the content of super-
plasticizer increased to maintain the same workability of concrete
Ref. In this way, in concrete type A the percentage of recycled materials,
computed as the ratio between the sum of the masses of recycled com-
ponents and the sum of the masses of all the components, was R = 8%.

The value of R increased and reached 40% in concrete type B, where
the aggregate fraction 6-15 mm of concrete type A and Ref. was entirely
replaced by RCA, having the same size. With respect to concrete type A,
in concrete type C only 160 kg of virgin stone aggregate 0-8 mm was
substituted with the same size and volume of rubber from end-of-life
tires. For this concrete, R = 11%. Finally, in concrete type D, it was
possible to reach R = 45%, because both the whole aggregate fraction of
6-15 mm and 160 kg of the fraction 0-8 mm, contained in the concrete
type A and Ref., were substituted by RCA and by the same size and
volume of rubber from end-of-life tires, respectively.

2.2. Material properties

With the four mixtures A, B, C, and D reported in Table 1, it was
possible to tailor fiber-reinforced concrete (FRC), capable of fulfilling
GPP in Italy (where R > 5%), and cast five full-scale predalles (width =
1.2 m, thickness = 5 cm, and length L = 5 m). As shown in the last
column of Table 1, a number from 1 to 5 was associated to each predalle,
depending on the type of concrete mixture. To characterize these con-
cretes, a total of 15 cylinders (3 per each mixture) were also cast and
tested in uniaxial compression. As shown in Fig. 3a, they had a height of
300 mm and a diameter of 150 mm.

Instead of the prism 150 x 150 x 600 mm®, on which the mechan-
ical properties of the fiber-reinforced concrete are generally measured
[20,21], the sample illustrated in Fig. la was tested in bending
(Fig. 3b-c). Indeed, this sample allowed a FRC characterization closer to
the real conditions, because it had a thickness (of 50 mm) and a length
(of 1200 mm) equal, respectively, to the thickness and the width of the
real predalles [22].

For the new sample, a width of 300 mm (Fig. 3b) was selected in
order to have a deflection-softening behavior in sample 1 [23], made
with concrete Ref. and reinforced with a single rebar of diameter
® = 5 mm (see Fig. 3c). The same test was performed on samples 0, 2, 3,
4, and 5, having the same geometry of Fig. 3b, but made with the con-
cretes Ref., A, B, C and D, respectively (see the second last column of
Table 1), without any rebar. For these samples, a deflection softening
behavior was also expected.

In each test, carried out at Politecnico di Torino (Italy), every single
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Fig. 2. Recycled steel fibers (RSF) from end-of-life tires.

sample was supported by two steel cylinders, whereas a third cylinder,
in contact with a loading cell (whose stroke moved at a velocity of
0.2 mm/min), was used to apply the load P in the mid-section (Fig. 3a).
In addition, 4 LVDTs (with a maximum elongation of + 25 mm)
measured the displacements in four different points (2 in the midspan
and 1 on each support). By means of these measurements, the midspan
deflections n were computed and associated to the applied load P up to
the complete failure of the specimens.

2.3. Tests on full-scale slabs

With the above-mentioned predalles, 5 one-way slabs were cast and
numbered as in the last column of Table 1. The cross-section of the slab,
as depicted in Fig. 1b, was composed by the precast panel of predalle
(the bottom flange), and by a cast-in-situ concrete of the upper flange
and by the three longitudinal joists [24]. The total depth was 200 mm,
whereas the width coincided with that of the predalle. From a practical
point of view, it can be modelled as I-shaped cross-section (Fig. 4a), in
which the width of the central web is the sum of the widths of the three
joists (120 + 160 + 120 mm).

There were 3 levels of longitudinal reinforcement (i.e., in the x di-
rection of Fig. 1b) in each slab: 4 rebars with a diameter ® = 10 mm and
6 rebars of ® = 5 mm (included in the trusses of predalles) were in the
bottom flange; 3 rebars of ® =7 mm (included in the trusses of pre-
dalles) reinforced the web; and a mesh of ® = 5 mm at 200 mm (i.e., 6
rebars of ® = 5 in Fig. 4a) was placed in the upper flange. In addition, a
transversal reinforcement (i.e., in the y direction of Fig. 1b), composed
by 1 rebar of ® = 5 mm every 300 mm, was only present in the bottom
flange of slab 1. In the other slabs (i.e., slab 2, slab 3, slab 4, and slab 5)
made with FRC predalles (i.e., with the concrete mixtures A, B, C, and D)

Table 1
Composition (per cubic meter) of the concrete mixtures used in the predalles of partially precast slabs.
Type of CEM III CEM I Fractions of virgin aggregates Water  Fractions of Recycled RSF Superpla- R Sample Slab and
concrete 42.5R 52.5R aggregates sticizer. number predalle
i by
mixture ©- ©- © Rubber (0-  RCA (6- number
2 mm) 8 mm) 15 mm) 8 mm) 15 mm)
(kg) (kg) (kg) (kg) (kg) (kg) kg) (kg) kg) O (%)
Ref. 0 384 360 816 728 165 0 0 0 2.6 0 0 (plain) 1
1 (RC)
A 307 77 360 816 728 165 0 0 48 3.5 8 2 2
B 307 77 360 816 0 165 0 728 48 4.2 40 3 3
C 307 77 360 656 728 165 43 0 48 3.5 11 4 4
D 307 77 360 656 0 165 43.2 728 48 4.2 45 5 5
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Fig. 3. Measuring the material properties: (a) cylinders for uniaxial compression tests; (b) tree point bending test in a sample extracted from predalles; and (c)

possible cross-sections of the samples.

the transversal reinforcement was substituted by RSF. As these fibers
also offered a contribution to the longitudinal reinforcement, in the I-
shaped cross-section of Fig. 4a an additional level of reinforcing bar is
present in the bottom flange. This extra-reinforcement, equivalent to
FRC [22], consisted of 1 rebar of ® = 5 mm every 300 mm of the flange
width.

The slabs were tested in three-point bending on a span L; = 4.5 m
(see Fig. 4b). Namely, each slab was supported by two steel cylinders,
whereas a third cylinder, in contact with a loading cell (whose stroke
moved at a velocity of 0.8 mm/min), was used to apply the load F in the
mid-section. In addition, 6 potentiometric transducers (with a maximum
elongation of + 100 mm) measured the displacements in six different
points (2 in the midspan and 2 on each support). These measurements
were used to compute the midspan deflection & associated to the load F.

3. Test results
3.1. Material properties

Table 2 shows the values of the compressive strength measured by
testing in uniaxial compression the 15 cylinders (Fig. 3a) cast with the
concretes listed in Table 1. The results of other two tests, performed on
the cast-in-situ concrete of the slabs, are also reported in the last two
rows of Table 2.

Concerning the flexural behavior of the samples depicted in Fig. 1a
and Fig. 3b-c, the load-midspan deflection (P-n) curves are drawn in
Fig. 5 (the number of the samples are those already reported in Table 1).
In each diagram, the thicker curve represents the average behavior
measured on 6 samples of the same type.

In the case of sample 0 (Fig. 5a), the maximum load (or the failure
load) varied from 2.46 kN to 2.98 kN, with an average value of 2.69 kN.
As soon as this peak was reached, the sample failed in a brittle manner (i.
e., in the presence of a single crack), without any residual strength in the
post-cracking stage. Indeed, for n > 2 mm (i.e., at 1/500 of the sample
span), the concrete cross-section showed no strength, and P = 0 (i.e., the
bridging effect in the cracked cross-section vanished).

In sample 1 (see Fig. 5b), the maximum load was within the range
2.31 ~ 2.74 kN, with an average value of 2.47 kN. After reaching the
peak load, the failure of the sample occurred in the presence of a single
crack. Moreover, the yield strain of the steel rebar occurred at a load P
lower than that of cracking (the typical brittle failure of under-

reinforced concrete samples). Nevertheless, due to the bridging effect
of the rebar across the crack, a residual strength (i.e., P > 0) was
observed. More precisely, when the rebar yielded at n = 3.87 mm, the
value of P was constant and equal to 0.76 kN.

In samples containing recycled fibers and aggregates (i.e., from
sample 2 to sample 5), the mechanical response in bending depended on
the type and the amount of recycled materials. In particular, the average
value of the maximum load varied from 2.04 kN of concrete type A
(sample 2) to 1.65 kN of concrete type B (sample 3).

Although all these samples failed in a brittle manner (i.e., with a
single crack), residual strengths were clearly visible in the post cracking
stage, because of the bridging capacity of the fibers. In particular, when
n = 3.87 mm (i.e., when the rebar of ® = 5 mm yielded in the sample 1)
the average residual load P was about 0.73 kN (the same of sample 1) in
all the FRC elements (from sample 2 to sample 5), regardless of the type
and the amount of recycled (nonfibrous) materials within the concrete
mixtures (see Fig. 5c-f).

3.2. Three-point bending tests on full-scale slabs

The load-deflection (F-8) diagrams of the 4 slabs made with predalles
containing recycled materials (i.e., slabs 2-5 in Table 1) are illustrated in
Fig. 6. These F-§ curves are compared with that of slab 1, whose predalle
was composed by only virgin materials.

The best performances of slab 2, having predalle reinforced by both
rebar and RSF of concrete type A, is evident (Fig. 6a). More precisely, in
service, when 5/L; = 1/250 (i.e., § = 18 mm), and at ultimate limit
state, when 6/L; = 1/125 (i.e., 8 = 36 mm), slab 2 showed values of the
applied loads F higher than those of slab 1, despite the same content of
reinforcing bars (Fig5a).

Nevertheless, when the virgin stone aggregate of predalles was
substituted by either RCA (slab 3 in Fig. 6b), or rubber (slab 4 in Fig. 6¢),
the differences with respect to slab 1 vanished. Indeed, at the two values
of deflection (6 = 18 mm, and § = 36 mm), the loads F measured in slab
2 and slab 3 were almost coincident with those of slab 1.

Conversely, in the case of slab 5 (Fig. 5d), whose predalle was made
with concrete type D (i.e., with rubber and RCA in substitution of virgin
stone aggregate), the values of F were lower than those of slab 1 for all
the deflections.
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Fig. 4. Full-scale partially precast slabs: (a) I-shaped cross-sections with the longitudinal reinforcements; (b) static configuration of the three-point bending tests.

Table 2
Results of the uniaxial compression tests on concrete cylinders.

Type of concrete mixture Mass Average Diameter Average Height Area of cross-section Density Load at failure fe Compressive strength
(kg) (mm) (mm) (mm?) (kg/m%) (kN) (MPa)

Ref. 12.5 153 290 18441 2331 878 47.6
12.5 153 289 18463 2337 874 47.4
12.5 149 291 17541 2437 802 45.7

A 12.4 153 290 18330 2333 705 38.4
12.4 153 290 18293 2325 689 37.7
12.3 152 288 18218 2345 692 38.0

B 11.2 153 290 18292 2119 391 21.4
111 153 292 18338 2070 402 219
11.9 154 293 18669 2179 447 24.0

C 11.5 153 287 18335 2197 411 22.4
11.4 153 285 18368 2166 392 21.3
11.4 153 285 18316 2182 394 21.5

D 10.1 152 284 18231 1951 302 16.5
10.4 153 288 18296 1979 293 16.0
10.4 153 286 18333 1984 307 16.8

Cast in situ 12.4 152 294 18199 2325 903 49.6
12.5 153 294 18308 2316 920 50.2
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4. Eco-mechanical analysis of results

According to Fantilli and Nishiwaki [25], the mechanical and envi-
ronmental performances of materials and structures have to be rated by
means of eco-mechanical charts, like those illustrated in Fig. 7. In these
charts, the mechanical index, reported on the abscissa MI (= f / fin),
represents the ratio between the measured mechanical performance f
(which is a sort of functional unit) and the minimum value fy,, fixed by
tenders and building codes.

Similarly, the ordinate shows the values of ecological index EI (=R /
Rmin,gpp), Which is the ratio between the environmental performance of
concrete (herein assumed to be the percentage of recycled materials R)
and the minimum prescribed by green public procurement, Rmin gpp. In
some European Countries, the construction market does not offer a large
volume of cast-in-situ concrete with RCA (in Italy is only 0.4% [26]),
thus R (and EI) are herein referred to only the concrete in the precast
slab of predalles. Accordingly, the lines EI =1 (minimum ecological
performance, corresponding to R = Rpin,gpp) and MI =1 (minimum
mechanical performance, corresponding to f = fuqin) divide the
eco-mechanical charts of Fig. 7 into 4 sectors. When the performances
are defined by the points that fall within the top right sector (where EI >
1 and MI > 1), concretes can be accepted from both environmental and
mechanical point of view.

Referring to the Italian GPP, which impose Rmin gpp = 5%, and to the
case of f =f. = average compressive strength of concrete (i.e., the
average values of f, experimentally measured and reported Table 2) and
fmin = 28 MPa (e.g., the average strength of the minimum class of
structural concrete suggested by Eurocode 2 [27]), the eco-mechanical

chart depicted in Fig. 7a reveals that only concrete type A can be
accepted. Concrete Ref. showed the best mechanical performance (MI =
2) but, being made without any recycled material (i.e., R = 0), it cannot
satisfy GPP. On the contrary, concretes type B, C and D, with a per-
centage of recycled materials R > 5% (and EI > 1), can satisfy GPP, even
if MI < 1, because the compressive strengths are lower than fy, (see
Fig. 7a). This behavior has been largely reviewed in the technical
literature, as the substitution of virgin materials with those recycled,
especially rubber, leads to a loss of compressive strength [6-8].

Nevertheless, the result of the eco-mechanical analysis differs by
changing the functional unit f. In particular, by moving from compres-
sive strength to the flexural strength, it is possible to maintain the same
values of EI (the GPP prescription is the same) and consider f = P when
n = 3.87 mm (see Fig. 5). Hence, if fnin = 0.76 kN (i.e., that of sample 1,
made with concrete Ref. and 1 rebar of ® = 5 mm), both sample 2 with
concrete type A and sample 4 with concrete type C fall within the top
right sector (see Fig7b). Conversely, sample 3 and sample 5, made with
concrete type B and type D, respectively, can only satisfy the GPP
requirement.

To sum up, concrete type A (sample 2) performs better both in
compression and in bending, even if the residual flexural strength of
sample 4, made by concrete type C, is the highest. In other words,
although the compressive strength of concrete tends to reduce in pres-
ence of rubber, the latter can guarantee a remarkable contribution in
flexure after cracking [28].

If the structural behavior of the slabs in service is taken into
consideration, the eco-mechanical analysis can be performed by
assuming the same EI previously introduced at material level, whereas f
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Fig. 7. Eco-mechanical analysis of test results: (a) on concrete cylinders when f = f; (b) on predalle samples when f = P at n = 3.87 mm; (c) on slabs when f = F at

8 = 18 mm; and (d) on slabs when f = F at § = 36 mm.

= Fwhen §/L; = 1/250 can be used to compute MI. In this case, fyin is
that of slab 1, with the predalle currently produced. The results shown in
Fig. 7c reveal the good performances of slabs 2, 3, and 4, which satisfy
not only GPP but also the mechanical performances. This is due to the
contribution of RSF, which is weak when it is measured on the samples
(see Fig. 5c-f), but it becomes significant when the predalles are in the
bottom of the slab cross-section illustrated in Fig. 1b. Nevertheless, this
benefic contribution is not sufficient in the predalle with concrete type D
(i.e., slab 5), where the loss of mechanical performance due to the
presence of SCM, RCA, and rubber is not compensated by the structural
contribution given by the recycled steel fibers.

As these observations are also true at the ultimate limit state, when f
=Fatd/L; =1/125 (see Fig. 7d), an effective application of GPP can be
argued from the eco-mechanical analyses of the full-scale slabs. Indeed,
the structural response of slab 3, whose predalle was cast with concrete
type B, is practically similar to that of slab 1 (see Fig. 6b, Fig. 7c, and
Fig. 7d) containing only virgin materials. As predalles constituted 37.5%
of the cross-section depicted in Fig. 1b, the whole slab 3 can satisfy GPP.
Indeed, the total percentage of recycled material in this slab is 15% (i.e.,
the product of 37.5% times R = 40% of concrete type B), although the
cast-in-situ concrete contained only virgin materials. Considering that in
some European Countries a small percentage of RCA is currently added
to cast-in-situ concrete [26], and that the major part of the mass of
buildings is concentrated into the rigid horizontal diaphragms [29], GPP
will be satisfied by an entire RC structure if predalles with concrete type
B is used to cast the slabs of floors.

Finally, comparing the results of Fig. 7c and Fig. 7d with those of
Fig. 7b, it clearly appears the necessity of modifying code rules, which

require a minimum compressive strength also when concrete is only
subjected to tensile stresses. This is the case of predalle, whose concrete
is only located in the tensile zone of the simply supported slab depicted
in Fig. 4. As shown in Fig. 6b, when type B concrete (with an average
compressive strength of 22.4 MPa) is in the tensile zone of slab 3, the P-§
response does not differ from that the reference slab 1, in which the
average compressive strength of predalle is 46.9 MPa (i.e., that of con-
crete type A). Therefore, to foster the application of recycled materials,
the required minimum strength has to be related to the use of concrete
containing these materials.

5. Modelling the behavior of slabs with predalles

When a prescriptive approach is adopted, like that of GPP, it is
necessary to assess whether structures containing recycled materials can
guarantee minimum mechanical performance, or not. In the previous
sections, the suitability of partially precast slabs with predalle was
checked with a full-scale experimental campaign (Fig. 4). However,
these tests are expensive and time consuming, therefore models capable
of predicting the F-§ curves shown in Fig. 6 are needed.

As the input data should include the properties of non-conventional
concrete mixtures (type A, B, C, and D in Table 1), a refinement of the
three-stage model developed for concrete beams reinforced with rebar
and fibers [30] is proposed herein for one-way slabs with predalles. In
particular, the first stage remarkably differs from that proposed by
Fantilli et al. [30], because the presence of all the recycled materials is
taken into account with an equivalent steel rebar. In the second and
third stages, moment-curvature relationships are calculated and used to
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compute the possible range of F-5.

5.1. Stage 1 - The effect of reinforcement

The samples shown in Fig. 3b-c can be used to evaluate the resisting
contribution Pyein¢ of either rebar or fibers. As suggested by Falkner and
Henke [31], it is:

Preint = P — Pplain (1)

where P = total load measured in the RC or FRC sample; and Ppjain
= total load measured in an unreinforced sample (i.e., sample 0). Fig. 8
shows the Pyeins — 1 and P — 1 curves of sample 1 (Fig. 8a) and sample 2
(Fig. 8b), made with concrete Ref. reinforced with 1 rebar of ® = 5 mm
and concrete type A, respectively.

When n < 1 mm, Pyinf is practically zero, or even negative, regard-
less of the type of reinforcement. Thus, the resisting contribution of the
samples can be mainly ascribed to the cementitious matrix. When con-
crete cracks, at 1 > 1 mm, Pyejnr becomes greater than 0. In the case of
RC samples (sample 1 in Fig. 8a), Pr.inf increases, but when n > 3.87 mm
(at which steel rebar yields) it remains constant. Nevertheless, the values
of P coincide with those of Pejnf, starting from lower values of de-
flections. In other words, when the resisting contribution of the matrix in
tension vanishes (at 1= 1.9 mm) only the reinforcement provides a
resistance contribution to tensile actions. Thus, in these under-
reinforced concrete samples, the fracture mechanism of concrete can
be neglected (i.e., P = Pyeinf) also before the yielding of the rebar [30].

In the sample 2 made with type A concrete (Fig. 8b), and in all the
other FRC samples, due to the presence of recycled steel fibers, Peins
rapidly grows for n > 1 mm, but it subsequently reduces. The decrement
of the mechanical response is due to the pullout of the fibers, which
provided the only resisting mechanism in the tensile zone of the cracked
cross-section in bending. Indeed, also for these samples, P coincides with
Pyeinf when 1 > 1.9 mm.

In general, it is possible to assume that when n > 3.87 mm (i.e., at
ultimate limit state of sample 1), Pyins decreases linearly with n in the
samples reinforced with fibers, and the following general equation can
be introduced:

Preint = Po+a n (2)

where the coefficients Py and o can be calculated from a linear regression
of the experimental data, when 1 > 3.87 mm. Table 3 shows the values
of Py and a for all the samples, whereas the lines of Eq.(2) are reported in
Fig. 8a for sample 1 and in Fig. 8b for sample 2.

In the case of sample 1, it is possible to correlate the ¢ — € consti-
tutive law of the steel rebar A (1 rebar of ® = 5 mm) with the curve
Preint- 1 (see Fig. 9). When n = nj, steel rebar yields (i.e., ¢ = &sy) and, for

(a) - sample 1
3 l T T

—— P

Preinf

Eq.2) Py=0.75kN
" o= 0.0006 kKN/mm

load (kN)

1 l | | |
0 2 4 6 8 10
deflection -1 - (mm)
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Table 3
Parameters of the equivalent flexural behavior of samples made with different
concretes.

Sample number-type of Py a (kN/ 61 2 i
concrete (kN) mm) (MPa) (MPa) (MPa)
1-RC 0.75 0.0006 - - -
2 —type A 0.83 -0.0288 587.8 567.4 23360
3 -type B 0.76 -0.0275 539.2 519.7 22300
4 - type C 0.99 -0.0440 692.4 661.3 35690
5-typeD 0.77 -0.0299 547.4 526.3 24250
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Fig. 9. Correlation between steel reinforcing bar of sample 1 and the fiber-
reinforcement of samples 2-5: (a) P-n response of the samples; (b) stress-
strain relationship of rebar and equivalent rebar.

1 > N2, both Prinr and the stress of steel 6 remain constant. In the case of
m <1 <ng, the strain of rebar is in the linear elastic regime (with
0 < & < &), therefore Preins (Fig. 9a) and o (Fig. 9b) show monotonic
increments.

For the other samples (i.e., from sample 2 to sample 5) with recycled
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Fig. 8. Resisting contribution of the reinforcement in (a) sample 1, reinforced with a single steel rebar (® = 5 mm); and in (b) sample 2, reinforced with RSF.
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fibers and aggregates, a linear decrement of Pyei,r with the deflection
n > 11 can be conjectured, as o of Eq.(2) is lower than zero (see Table 3).
If Preinf was provided by an equivalent rebar Ag (with ® = 5 mm), the
constitutive relationship of this virtual rebar would not be elastic-
perfectly plastic, but it would decrease linearly with ¢ (see Fig. 9b):

c=0,—p ¢ 3

where:f = #-2
w

D = span length of the sample (= 1000 mm in Fig. 3b); d = effective
depth of the cross-section in sample 1 (= 20 mm in Fig. 3c); and &gy
= strain at yielding of steel rebar. The values of 61, 63, and p of the FRC
samples listed in Table 3 can be used to define the mechanical properties
of the single rebar (® = 5 mm every 300 mm) equivalent to FRC.

_ P D 1 PSP i
0; = Lot ® 050 A (withi=1ori=2).

5.2. Stage 2 The moment-curvature relationship

To compute the moment-curvature (M-y) relationships of the I-sha-
ped cross-section depicted in Fig. 4a, the mechanical properties of ma-
terials must be defined in advance. For the constitutive law of the steel
rebar, the bilinear stress-strain (c-¢) relationship of Fig. 10a is assumed.
The parameters of this relationship were experimentally measured
through uniaxial tensile tests. The ascending branch of the Sargin’s
parabola [20] is the c-¢ law of compressed concrete in the slab
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cross-section (Fig. 1b). As it is mainly composed by the cast-in-situ
concrete of the upper flange and of the three joists, the average
compressive strengths reported in the last two rows of Table 2 are used
to define the parameter of 6 — g[-].

On the contrary, the uncracked stage of the concrete in tension,
composed by the predalles, is reproduced by a linear ¢ — ¢ relationship.
Both the elastic modulus E. and the tensile strength f, are evaluated in
accordance with Model Code 2010 [20], starting from the value of
concrete strength f. experimentally measured and reported in Table 2.
As the softening stage of this concrete exists only in presence of fibers, it
is modelled by assuming an equivalent rebar ® = 5 mm every 300 mm
(see Fig. 4a), having the constitutive relationship defined in the previous
section.

According to Fantilli et al. [30], to include the tension-stiffening
contribution within the M-y relationship, the situations of incipient
cracking (maximum tension stiffening) and fully cracked behavior
(minimum tension-stiffening) must be considered. For the sake of the
simplicity, the maximum tension-stiffening is supposed to occur when
the concrete of predalles shows a pseudo-plastic behavior in tension,
regardless of crack width. Thus, referring to the equivalent rebar
behavior shown in Fig. 9, it is assumed that ¢ = o5 for all the values of €.
Similarly, for the minimum tension-stiffening, it is possible to neglect
the resisting contribution of the equivalent rebar, and ¢ = 0 for all the €.
Accordingly, two M-y curves are computed, like those illustrated in
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Fig. 10. Predicting the F-5 curves of the slabs with the three-stage model: (a) stress-strain relationship of steel rebar; (b) moment-curvature relationships of the slab
cross-section; (c) real and virtual distributions of the bending moment and curvature.
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Fig. 10b. In both the curves, the maximum curvature is reached when
the compressive stress on the top edge of the I-shaped cross-section
(Fig. 4a) is equal the compressive strength of the cast-in-situ concrete.

5.3. Stage 3 — Prediction of the slab deflection

When the geometry of the statically determinate beam depicted in
Fig. 4 is known, and the M-y relationships of the cross-sections are
computed, the deflection § corresponding to an applied load F on the
slab can be evaluated by (see Fig. 10c):

1. Calculating the bending moment Mj, in the real structure. It is pro-
duced by the load F of the loading machine and by the self-weight of
the beam gq.

2. Calculating the distributions of the curvature y}, (corresponding to
M) by means of the two moment-curvature relationships.

3. Defining a virtual system, made by the same beam and by a virtual
load U (dual of the unknown deflection ), and computing the virtual
bending moment M,.

4. Calculating the deflection & with the following equation of virtual
works:

1 L

5 =—

1
M, dL
U, * Y

@
where L; is the length of the span (distance between the supports in
Fig. 4b).

If these steps are repeated for all the loads F, a range of possible F-§

can be obtained.
As shown by the dashed curves in Fig. 11, this range is bordered by

load - F - (kN)

0 \ |
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two the load-deflection curves F-8, called Min T.S. and Max T.S., coming
from the M-y diagrams of incipient cracking and fully cracked cross-
section, respectively.

5.4. Comparing the experimental F-5 curves with the range numerically
computed

Fig. 11a shows the comparison between the range computed with the
three-stage model and the F-§ curves measured in the tests on slab 1 and
slab 2, having the same content of rebar. The different tension stiffening
contribution in the two slabs (F-5 of slab 1 is closer to Min T.S curve,
whereas F-3 of slab 2 is closer to Max T.S curve) can be ascribed to the
concrete of predalles. The presence of fibers in concrete type A of slab 2
made it stiffer and stronger than slab 1, whose predalle did not contain
any fiber. Indeed, fibers can produce a bridging effect and maintain the
tensile strength in the precast part of the slab even in presence of large
cracks, and after the yielding of the rebar. Therefore, the presence of a
fiber-reinforcement compensated the loss of strength that occurred in
concrete type A when a large part of CEM I 52.5 R (of concrete Ref.) was
substituted by SCM (of CEM III 42.5). In other words, the application of
the three-stage model furtherly confirms that when recycled materials
are suitably used, the strength of full-scale structures can improve.

In the concrete type B of slab 3, the presence of RCA, in addition to
SCM and RSF, increased the value of R without changing the F-5 curve of
slab 1 (see Fig. 11b). Due to the fiber-reinforcement, the flexural stiff-
ness of the slabs was sufficiently high to maintain the F-§ curve close to
that of Max T.S. in service, whereas at ultimate limit state the curve of
Min T.S. is more representative of the experimental results. This is also
true for slab 4 (Fig. 11c), where rubber substituted the stone aggregate

(b)

load - F - (KN)

(d)

load - F - (kKN)

60

deflection -8 - (mm)

Fig. 11. Comparing the load-deflection F-§ response of the slabs experimentally measured, and the ranges theoretically predicted with the three-stage model.
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of the predalle with RSF.

When both rubber and RCA substituted the virgin aggregate (i.e., in
the predalle of slab 5), the reduction of tension stiffening with respect to
slab 1 is more evident (Fig. 11d). Indeed, the width of the range
computed with the three-stage model is narrower than in all the other
cases. Moreover, the F-§ curve lies on the Min T.S. curve, except for
20 mm < § < 38 mm, where it overestimates the load P. This is probably
due to the sharp transition from the elastic regime to the strain hard-
ening stage of the bilinear stress-strain law of steel (Fig. 10a), which
increased the load P predicted by the model when the slope of the Min T.
S. curve changes.

6. Conclusions

From the experimental campaign and the theoretical analyses
described in the previous sections, aimed at applying the GPP in con-
crete slabs, the following conclusions can be drawn:

e By using RCA, rubber, and SCM, GPP are satisfied even if a reduction
of compressive strength can be observed. Vice-versa, the loss of
flexural strength can be compensated by using RSF.

e As in the case of the slab 2 tested in this research project, when
recycled materials are suitably combined with the components of the
concrete mixture of a predalle, the mechanical performances of the
partially precast slabs are even better than those made with only
virgin materials (i.e., slab 1).

e Through an eco-mechanical analysis, it is possible to select concrete,
predalles, and full-scale slabs that satisfy GGP (i.e., the use of
structural concrete with more than a pre-established percentage of
recycled material) and the required mechanical performances.

o If concrete type B (with a percentage of recycled materials of 40%) is
used in the predalles of partially prefabricated slabs, GPP can be
satisfied in the whole load-bearing structure of a building, also when
the cast-in-situ concrete is made with only virgin components.
However, the use of type B concrete is currently impeded by building
codes, which prescribe a minimum compressive strength also when
this concrete is only used in the tensile zones of slabs in bending.
The load-deflection responses of full-scale slabs made with predalles
can be predicted with a three-stage model. In particular, by using the
equivalence between fiber-reinforcement and traditional rebar, a
range of possible load deflection diagrams can be calculated also
when the concrete mixtures of predalles contain RSF and other
recycled materials. In most of the cases, the response of the slabs
experimentally measured falls within the range computed by the
proposed model.

As the three-stage model based on the equivalent rebar is a sort of
link between the prescriptions of GPP and structural performance,
further tests will be performed with the aim of generalizing the appli-
cation to other structures in bending, such as pavements.
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