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Abstract: Among the techniques used to retrofit existing reinforced concrete structures, methods
involving Ultra High Performance Fiber Reinforced Cementitious Composites (UHP-FRCC) are
widely regarded. However, current practices make the use of this material for in-situ application
expensive and complicated to perform. Accordingly, a new method to strengthen existing concrete
beams by applying a precast UHP-FRCC layer on the bottom side are introduced and described
herein. Two test campaigns are performed with the aim of defining the best conditions at the interface
between the reinforcing layer and the existing beam and to reducing the environmental impact of
UHP-FRCC mixtures. As a result, the eco-mechanical analysis reveals that the best performances are
attained when the adhesion at interface is enhanced by means of steel nails on the upper surface of
the UHP-FRCC layer, in which 20% of the cement is replaced by fly ash.

Keywords: existing beams; retrofitting method; environmental assessment; fly ash; moment–curvature
relationship; precast elements

1. Introduction

Several studies aim at finding the best way to strengthen concrete columns and beams.
Among the possible solutions, reinforced concrete (RC) jackets and steel cages are the
most used [1,2]. Additionally, jacketing using innovative materials, such as Fiber Rein-
forced Polymer (FRP) [3–5] and Ultra High-Performance Fiber-Reinforced Cementitious
Composites (UHP-FRCC) [6–8], have been successfully introduced and applied in the last
decades. In particular, UHP-FRCCs have also brought the interest of many researchers,
who assert that for both new and existing structure a new construction era has started [9].
In addition to the high tensile and compressive strength, UHP-FRCC has remarkable wa-
terproofing properties, and therefore can protect structures not only from water, but also
from aggressive agents.

Cast-in-situ coating layers, made of UHP-FRCC and cured at ambient conditions, are
used to enhance the bearing capacity and stiffness of exiting RC beams [10], and to repair
those damaged as well [11]. Nevertheless, this strengthening procedure requires laborious
formworks and long casting procedures compared to the use of FRP. In addition, it is not
easy to apply cast-in-situ layers on the bottom of beams because of the gravity action. For
these reasons, some studies have been devoted to the mechanical performance of precast
HP-FRCC slabs [12] used for strengthening RC structures. For instance, Jongvivatsakul
et al. significantly increased the shear capacity of RC beams when Steel Fiber-Reinforced
Precast Panels are applied on the faces [13].

However, when a cast-in-situ or precast panel overlays an existing structure, the effec-
tiveness of the strengthening depends on the bond condition at the interface between new
and old structures. To avoid the delamination phenomena produced by a weak adhesion,
roughening treatments of the existing concrete surfaces ensure better performances than
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using bonding agents, such as epoxy resin [14]. In particular, sandblasting and chipping
enable a higher surface roughening than grooves and drill holes [15]. Moreover, the en-
vironmental impact of the reinforcing layers made with UHP-FRCC is also an important
aspect that has been taken into consideration. In fact, recent reports indicate that the
clinker burning accounts for approximately 4% of the global CO2 emissions [16]; hence,
the cement manufacturing process emits huge amounts of greenhouse gases [17]. As a
consequence, the massive content of cement and the presence of large volume of steel
fibers make UHP-FRCC a high carbon footprint material. Thus, the Material Substitution
Strategy (MSS), which consists of replacing a large part of clinker with mineral additives,
can be an effective way to reduce the embodied CO2 [18].

Accordingly, a new approach for retrofitting concrete structures is proposed herein. It
consists of enhancing the resisting bending moment, and therefore the lifespan, of existing
concrete beams by adding UHP-FRCC in the tensile zone. The best stratigraphy of the
applied materials, made both with cast-in-situ and precast layers, is selected by means of
the eco-mechanical analyses. It is a comparative study in which not only the mechanical
performances (bearing capacity, bond conditions, etc.), but also the environmental impact
of different UHP-FRCC layers are taken into consideration.

2. Materials and Test Procedure

As shown in Figure 1, the new retrofitting method consists of a precast flat layer
applied on the tensile zone of an existing RC beam. The layer is hung to the existing
structure by means of plugs and screws, leaving an empty gap between the new and the
old parts.
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This gap is then filled by injecting a cement-based mortar. After the injection, a further
tightening of the screws tends to reduce the thickness of the gap, and to improve the
adhesion between old concrete and the new precast panel.

To have the highest performances of the panel, UHP-FRCC is used. As known, in such
a cement-based composite, compressive strength is generally higher than 150 MPa and, in
the pre-softening stage, the energy absorption capacity is larger than 50 kJ/m3 [19]. These



Sustainability 2021, 13, 3085 3 of 15

performances are achieved not only by adding fibers, but also with a dense microstructure,
which is in turn tailored with an extremely low water–binder ratio (lower than 0.2) and by
using ultra-fine additive, such as silica fume, wollastonite, and fine sand. Table 1 reports
the density of all the materials used to tailor three series of mortar.

Table 1. Materials used to cast the samples (catalog data of producers).

Material Symbol Density [kg/m3]

High Early Strength Portland Cement HESPC 3140
Low Heat Cement LHC 3240

Crushed Sand S1 2610
Land Sand S2 2580
Silica Fume SF 2200
Silica Sand Ss 2600

Wollastonite Wo 2900
Water W 1000

Superplasticizer SP 1050
Defoaming Agent DA 1010

Macro-fibers (30 mm long) HDR 7850
Micro-fibers (6 mm long) OL 7850

Existing beams have been cast with a normal strength mortar, according to mix
proportion shown in Table 2. Three UHP-FRCC (namely, FA0, FA20, and FA70) have been
used to strengthen the existing beams by means of precast panels. As reported in Table
3, with respect to the reference FA0, containing only cement and silica fume as a binder,
in the mix proportions of FA20 and FA70, 20% and 70% of cement have been replaced
by fly ash, respectively. Finally, the mix design of the filler layer is shown in Table 4. To
reduce the viscosity and facilitate the injection, this filler is obtained from FA0 by removing
only macro-fibers.

Table 2. Composition of the normal strength mortar simulating the existing beams (kg per m3

of concrete).

HESPC S 1 W

485.6 1456.7 291.4
1 S = S1 (50% weight) + S2 (50% weight).

Table 3. Composition of the retrofitting UHP-FRCC layers.

Series W 1 LHC 1 SF 1 FA 1 Ss 1 Wo 1 SP 1 DA 1 HDR 2 OL 2

FA0 201 1197 263 0 511 190 32.1 0.3 1.5 1
FA20 195 928 255 232 495 184 31.0 0.3 1.5 1
FA70 181 323 236 753 459 170 31.5 0.3 1.5 1

1 kg per m3 of concrete., 2 % Vol of concrete.

Table 4. Composition of the filler layer.

W 1 LHC 1 SF 1 FA 1 Ss 1 Wo 1 SP 1 DA 1 HDR
2 OL 2

201 1197 263 0 511 190 32.1 0.3 0 1
1 kg per m3 of concrete., 2 % Vol of concrete.

The mechanical properties of all the mixtures are reported in Table 5. Compressive
strength and Young’s modulus have been determined by testing cylindrical samples in
uniaxial compression, whereas uniaxial tensile tests on dumbbell shaped specimens have
been performed to measure tensile strength [20].



Sustainability 2021, 13, 3085 4 of 15

Table 5. Mechanical proprieties of the concrete (MPa).

Parameter Normal Strength
Mortar FA0 FA20 FA70

Compressive strength 45.1 204.7 193.4 150.7
Young’s modulus 24.9 × 103 46.4 × 103 45.5 × 103 40.1 × 103

Tensile strength 2.6 16.5 17.8 7.4

The use of UHP-FRCC panels is particularly effective in the refurbishment of existing
buildings, due to their dual function: structural strengthening and protection against
aggressive agents. Nevertheless, due to the high cost and to the environmental impact,
UHP-FRCC panels are not used to cover the entire perimeter of the cross-section, or through
a three-side jacket [21], but rather they are located only the bottom part of a RC beam.
Accordingly, in this research project, small-size beams with a UHP-FRCC layer in the tensile
zone (Figure 2a) are investigated with two different tests of Campaign 1 and Campaign 2.
Campaign 1 aimed at measuring the effects of four precast reinforcing UHP-FRCC layers
(i.e., Type 1—flat slab; Type 2—flat slab with steel nails; Type 3 and Type 4—ribbed slabs),
as shown in Figure 2b.
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Figure 2. Mortar beams retrofitted by precast UHP-FRCC layer in Test Campaign 1. (a) Specimens shape, strain gauges
arrangement, and test configuration. (b) Types of precast layer; (c) Neil density on the surface of the Type 2 precast layer for
improving the connection with the mortar beam.

In the case of Type 2 layer, three different bond conditions (namely, N20, N40, and
N60 in Figure 2c) are created with the aim of changing the bond conditions between the
precast layer and the existing beam. Indeed, in the first phase of this research project, the
performance provided by precast layers of different shape and bond condition has to be
investigated. Thus, the assembling technique illustrated in Figure 1 is not used. On the
contrary, normal strength mortar (see Table 2), reproducing the existing beam, has been
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directly cast on precast UHP-FRCC layer made with FA0 (see Table 3). For these specimens,
the injection between the existing beams and the additional UHP-FRCC is not necessary.

In Campaign 2, the existing beams are reinforced with screws and plugs, following
the procedure illustrated in Figure 1. Only Type 2 layer of Figure 2b, which performed
better than the other panels, is used. Such layers are cast with three different series of
UHP-FRCC (FA0, FA20, and FA70) to reduce the embodied CO2. The results obtained from
these specimens are benchmarked with those of unreinforced beams (Type 0 in Figure 3b)
and with the samples representative of the current strengthening method (i.e., Type 5 in
Figure 3b). It consists of a UHP-FRCC layer cast-in-situ on the surface of the beam, without
any screws and plugs.

Sustainability 2021, 13, x FOR PEER REVIEW 5 of 15 
 

precast layer and the existing beam. Indeed, in the first phase of this research project, the 
performance provided by precast layers of different shape and bond condition has to be 
investigated. Thus, the assembling technique illustrated in Figure 1 is not used. On the 
contrary, normal strength mortar (see Table 2), reproducing the existing beam, has been 
directly cast on precast UHP-FRCC layer made with FA0 (see Table 3). For these speci-
mens, the injection between the existing beams and the additional UHP-FRCC is not nec-
essary. 

In Campaign 2, the existing beams are reinforced with screws and plugs, following 
the procedure illustrated in Figure 1. Only Type 2 layer of Figure 2b, which performed 
better than the other panels, is used. Such layers are cast with three different series of 
UHP-FRCC (FA0, FA20, and FA70) to reduce the embodied CO2. The results obtained 
from these specimens are benchmarked with those of unreinforced beams (Type 0 in Fig-
ure 3b) and with the samples representative of the current strengthening method (i.e., 
Type 5 in Figure 3b). It consists of a UHP-FRCC layer cast-in-situ on the surface of the 
beam, without any screws and plugs. 

 
Figure 3. Mortar beams retrofitting by UHP-FRCC layer. (a) Specimens shape, strain gauges arrangement, and test con-
figuration regarding the second test campaign; (b) Precast UHP-FRCC layers used to reinforce the beams; (c) Neil density 
on the surface of the type 2 precast layers for improving the connection between the parts. 

3. Test Campaign 1 
3.1. Specimens and Test Setup 

Figure 2a illustrates the specimens tested in Campaign 1, which consist of mortar 
(Table 2) beams retrofitted with a precast UHP-FRCC layer. The thickness of the layer is 
10 mm, whereas 100 mm is the depth of the beam, and both the layer and the beam are 
100 mm wide. The length of the beam is 400 mm. The nails of the Type 2 series consist of 
hook-end steel fibers, arranged as in Figure 2c (i.e., at a distance of 20 mm—N20 series, of 
40 mm—N40 series, and of 60 mm—N60 series) and embedded within the precast layer. 
Therefore, the parameters measured in this test campaign are the shape of the precast 
UHP-FRCC layers (Types 1, 2, 3, and 4) and the density of nails in the Type 2 series (N20, 
N40, and N60). The samples tested in the Campaign 1 are summarized in Table 6, where 
all the layers have been made with FA0 (see Table 3). 

  

(a) (b) 

(c) 

Figure 3. Mortar beams retrofitting by UHP-FRCC layer. (a) Specimens shape, strain gauges arrangement, and test
configuration regarding the second test campaign; (b) Precast UHP-FRCC layers used to reinforce the beams; (c) Neil
density on the surface of the type 2 precast layers for improving the connection between the parts.

3. Test Campaign 1
3.1. Specimens and Test Setup

Figure 2a illustrates the specimens tested in Campaign 1, which consist of mortar
(Table 2) beams retrofitted with a precast UHP-FRCC layer. The thickness of the layer is
10 mm, whereas 100 mm is the depth of the beam, and both the layer and the beam are
100 mm wide. The length of the beam is 400 mm. The nails of the Type 2 series consist of
hook-end steel fibers, arranged as in Figure 2c (i.e., at a distance of 20 mm—N20 series, of
40 mm—N40 series, and of 60 mm—N60 series) and embedded within the precast layer.
Therefore, the parameters measured in this test campaign are the shape of the precast
UHP-FRCC layers (Types 1, 2, 3, and 4) and the density of nails in the Type 2 series (N20,
N40, and N60). The samples tested in the Campaign 1 are summarized in Table 6, where
all the layers have been made with FA0 (see Table 3).
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Table 6. Details of the specimens investigated in the Test Campaign 1.

Symbol Layer Type Bonding Surface Number of Samples

B_I_T0 Type 0 [–] 2
B_I_T1 Type 1 Flat 2

B_I_T2_N20 Type 2 Steel fibers—Spacing: 20 mm 2
B_I_T2_N40 Type 2 Steel fibers—Spacing: 40 mm 2
B_I_T2_N60 Type 2 Steel fibers—Spacing: 60 mm 2

B_I_T3 Type 3 Ribbed 2
B_I_T4 Type 4 Ribbed 2

After casting the UHP_FRCC layers, they are steam cured for 48 h at 90 ◦C (95% RH) [22],
and then used to cast the mortar beams. Finally, the composite beams are stored for 28 days
in the curing room (at 20 ◦C and 95% RH).

The mechanical performances of the specimens are measured through four-point
bending tests performed by using a 1000 kN Universal Testing Machine. A constant speed
of 0.3 mm/min of the ram stroke is employed. As shown in Figure 2a, four strain gauges
(with a length of 60 mm) are glued on the constant moment zone of the beam. Three of them
measured the strains on a single face of the existing beam, whereas the fourth is located on
the bottom side (i.e., on the UHP-FRCC layer). Through these strain gauges, the average
curvature χ in the constant moment zone is calculated by means of the following equation:

χ = (ε4 − ε1)/d0 (1)

where ε4 and ε1 are the strains measured by the strain gauge [SG-4] (on the bottom side)
and [SG-1], respectively, and d0 = 90 mm is the distance between the two gauges.

3.2. Results and Discussion

In Figure 4, the moment–curvature curves of the mortar beam without strengthening
(B_I_T0) is put into comparison with those of the beams retrofitted with the different types
of precast layers (see Figure 2 and Table 6).
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Obviously, all beams reinforced with the UHP-FRCC precast layer show a maximum
bending moment greater than that of the unreinforced mortar beam. Among them, the
beam retrofitted with the precast layer without nails (i.e., B_I_T1) is less strong, whereas
the B_I_T2_N20 and B_I_T2_N40 show the highest load-bearing capacity. In fact, the
failure of the beams B_I_T2_N20, B_I_T2_N40, and B_I_T3 is due to the failure of the
precast layer, whereas B_I_T1 and B_I_T2_N60 beams collapsed after the detachment of
the reinforcing layer, which delaminates before exploiting the reinforcing capability. The
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density of the nails on the interface between the precast UHP-FRCC layer and mortar
beam affects both the load-bearing capacity and the post peak behavior. Indeed, beams
strengthened with N40 and N60 Type 2 layers (see Figure 2c) show a more brittle behavior
than those reinforced by N20 precast UHP-FRCC.

Figure 5 depicts the strain profiles of the cross-sections, when in the constant moment
zone of the beams B_I_T0 (Figure 5a), B_I_T3 (Figure 5b), and B_I_T2_N20 (Figure 5c), two
different loads are acting. In all the specimens, plane cross-sections remain plane when
1/3 of the maximum load is applied. Conversely, nonlinear strain profiles can be observed
at the ultimate bending moment. Nevertheless, in the bottom of the beam B_I_T2_N20, the
strains measured during the tests are larger than those of the linear theoretical trend. The
exact opposite occurs in the beams B_I_T0, without reinforcement, and B_I_T3, where the
lower real strains indicate a weak transmission of the shear stresses due to the delamination
of the UHP-FRCC layer from the mortar beam.

Sustainability 2021, 13, x FOR PEER REVIEW 7 of 15 
 

layer, whereas B_I_T1 and B_I_T2_N60 beams collapsed after the detachment of the rein-
forcing layer, which delaminates before exploiting the reinforcing capability. The density 
of the nails on the interface between the precast UHP-FRCC layer and mortar beam affects 
both the load-bearing capacity and the post peak behavior. Indeed, beams strengthened 
with N40 and N60 Type 2 layers (see Figure 2c) show a more brittle behavior than those 
reinforced by N20 precast UHP-FRCC. 

Figure 5 depicts the strain profiles of the cross-sections, when in the constant moment 
zone of the beams B_I_T0 (Figure 5a), B_I_T3 (Figure 5b), and B_I_T2_N20 (Figure 5c), 
two different loads are acting. In all the specimens, plane cross-sections remain plane 
when 1/3 of the maximum load is applied. Conversely, nonlinear strain profiles can be 
observed at the ultimate bending moment. Nevertheless, in the bottom of the beam 
B_I_T2_N20, the strains measured during the tests are larger than those of the linear the-
oretical trend. The exact opposite occurs in the beams B_I_T0, without reinforcement, and 
B_I_T3, where the lower real strains indicate a weak transmission of the shear stresses due 
to the delamination of the UHP-FRCC layer from the mortar beam.  

This experimental result emphasizes the fundamental role that nails play in the trans-
mission of stresses between the existing beam and the reinforcing layer. As illustrated in 
Figure 6 where the strain profiles of the beams B_I_T2_N20 (Figure 6a), B_I_T2_N40 (Fig-
ure 6b), and B_I_T2_N60 (Figure 6c) are reported, delamination does not occur when nails 
are present. Accordingly, in the Test Campaign 2, only Type 2 N20 and Type 2 N40 layers 
were used to reinforce the existing beams. 

 
Figure 5. Strain profiles measured in the beams (a) B_I_T0, (b) B_I_T3, and (c) B_I_T2_N20. 

 
Figure 6. Strain profiles measured in the beams (a) B_I_T2_N20, (b) B_I_T2_N40, and (c) B_I_T2_N60. 

Figure 5. Strain profiles measured in the beams (a) B_I_T0, (b) B_I_T3, and (c) B_I_T2_N20.

This experimental result emphasizes the fundamental role that nails play in the
transmission of stresses between the existing beam and the reinforcing layer. As illustrated
in Figure 6 where the strain profiles of the beams B_I_T2_N20 (Figure 6a), B_I_T2_N40
(Figure 6b), and B_I_T2_N60 (Figure 6c) are reported, delamination does not occur when
nails are present. Accordingly, in the Test Campaign 2, only Type 2 N20 and Type 2 N40
layers were used to reinforce the existing beams.
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4. Test Campaign 2
4.1. Specimens and Test Setup

In this second campaign, mortar beams and precast layers are cast, and the general
scheme of Figure 1 is adopted to create the composite structure. Not only the different
types of the layers shown in Figure 3b are tested, but also the environmental performances
of the UHP-FRCC are analyzed. Such layers have been made by FA0, FA20, and FA70
mixtures shown in Table 3.

The mortar beams have been stored in the curing room for 28 days, whereas the
precast layers have been steam cured and then stored in the curing room for the same lapse
of time. To simulate the current reinforcing approach, the bottom surfaces of some mortar
beams are chipped and subsequently reinforced with a layer of UHP-FRCC cast on the
bottom surface, as shown in Figure 3b (Type 5 layer). The remaining mortar beams are
strengthened by applying the precast UHP-FRCC layers (Type 2 in Figure 3b,c) by means
of chipping, plugs, screws, and the filling layer, as illustrated in Figure 1. Figure 3a shows
the general scheme of the 120 mm high specimens tested by means of a 1000 kN Universal
Testing Machine, whereas Table 7 summarizes the composite beams investigated in Test
Campaign 2. As every type of specimen counted four samples, a total of 40 beams were
realized and tested.

Table 7. Details of the specimens tested in the Campaign 2.

Symbol Layer Type Bonding Surface UHP-FRCC Series Number of Samples

B_II_T0 None [–] [–] 4
B_II_T2_FA0_N20 Type 2 Steel fibers—Spacing: 20 mm FA0 4
B_II_T2_FA0_N40 Type 2 Steel fibers—Spacing: 40 mm FA0 4

B_II_T2_FA20_N20 Type 2 Steel fibers—Spacing: 20 mm FA20 4
B_II_T2_FA20_N40 Type 2 Steel fibers—Spacing: 40 mm FA20 4
B_II_T2_FA70_N20 Type 2 Steel fibers—Spacing: 20 mm FA70 4
B_II_T2_FA70_N40 Type 2 Steel fibers—Spacing: 40 mm FA70 4

B_II_T5_FA0 Type 5 Chipping only FA0 4
B_II_T5_FA20 Type 5 Chipping only FA20 4
B_II_T5_FA70 Type 5 Chipping only FA70 4

In all the tests, five strain gauges were glued in the composite beams, one in the lower
surface and four on a side face. As shown in Figure 3a, the strain gauges [SG-3], [SG-4] and
[SG-5], closer to the bottom, are 90 mm long, and the rest are 60 mm long. By means of these
instruments, the strain profile is measured in the cross-section of the constant moment
zone, and the debonding phenomena among the layers are also detected. In addition, the
measure of the curvature is carried out with the following equation:

χ = (ε5 − ε1)/d0 (2)

where ε5 and ε1 are the strains measured by the strain gauge [SG-5] (on the bottom side) and
strain gauge [SG-1], respectively; and d0 = 110 mm is the distance between the two gauges.

4.2. Results and Discussion

Figure 7 shows the average moment–curvature relationships of the reinforced beams,
whose strength capacity (i.e., the maximum bending moment) is summarized in the his-
togram of Figure 8.
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Compared to the un-reinforced mortar beam (B_II_T0), a substantial increment of
strength and toughness are observed when UHP-FRCC layers are used. However, the
maximum bending moment of the beams B_II_T2 is higher than that of B_II_T5, regardless
of the class of UHP-FRCC.

Three collapse modes have been identified by linking the stress–strain relationship of
UHP-FRCC (obtained from the tensile tests performed on dumbbell shaped specimens)
with the moment curvature–relationship (Figure 9):

• Failure in the tensile zone is illustrated in the beams B_II_T2_FA70 and B_II_T5
(Figure 9a). The value of the strain εD,y corresponding to the first cracking of the UHP-
FRCC substantially coincides with that measured on the bottom of the beam by [SG-5]
(see Figure 3a) when first crack occurs. Afterwards, strain hardening appears both
in the stress–strain relationship of the reinforcing layer and in the moment curvature
relationship. At the peak of bending moment MB,u, the strain gauge [SG-5] measured
a value ε5 equal to εD,u, which is the strain at the tensile strength σD,u of UHP-FRCC.
In other words, the ductile behavior of these beams strictly depends on the mechanical
performances of the precast layer.

• Figure 9b illustrates the failure due to the crushing of mortar in the compressed zone
of the beam. Indeed, during the strain hardening behavior of the UHP-FRCC layer,
the moment–curvature relationship shows a softening branch. The resisting area in
compression reduces due to the crushing, whereas in the precast layer, wide cracks
are visible. In this case, the bending moment corresponding to the first crack, MB,y,
coincides with that at the peak MB,u. This brittle behavior, which generally occurs
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in over-reinforced concrete beams, can be observed in the beams B_II_T2_FA0 and
B_II_T2_FA20_N40.

• Shear failure (Figure 9c) with a sudden drop in resistance. This brittle behavior is
evident in the moment curvature diagram of the beams B_II_T2_FA20_N20, where a di-
agonal crack appears without crossing the strain gauges of the constant moment zone.
As strain localizes in this crack, a reduction of the strain is measured by the gauges
before reaching the cracking stress (and strain) in the reinforcing UHP-FRCC layer.
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Accordingly, the use of high-strength precast layers (such as FA0 and FA20) leads to
the brittle behavior of the composite beams, either due to the crushing of mortar in the
compression zone, or to the shear failure, especially in the presence of high bond strength
(i.e., N20 series). Concerning the content of fly ash, low percentages of this industrial waste
(i.e., FA20) produce an increment of strength in the UHP-FRCC layer, but a brittle behavior
of the composite beam. On the contrary, the load-bearing capacity of the layer significantly
reduces if the substitution rate of cement as fly ash increases (i.e., FA70), but the composite
beams show a greater ductility.

To check the effectiveness of the three different types of bond between the reinforcing
layer and the existing structure (see Figure 3), the strain profiles of the composite beams
B_II_T2_N20, B_II_T2_N40, and B_II_T5 are illustrated in Figure 10. Except for the beam
B_II_T5, plane sections remain plane up to the maximum bending moment. As a matter
of fact, Figure 10c shows delamination between the mortar and the strengthening layer,
which is prevented by combining screws and nails on the surface of the precast UHP-FRCC
layer (i.e., Type 2—N20 and Type 2—N40 in Figure 3b,c).
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5. Eco-Mechanical Analysis

A further study regarding Test Campaign 2 is herein performed by measuring the en-
vironmental performances of the beams, through the so-called eco-mechanical analysis [23].
Using the non-dimensional diagram of Figure 11, a comparative analysis among the beams
is carried out in order to select the best reinforcing system, which contemporarily satisfies
the environmental and mechanical performances.
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The horizontal axis of Figure 11 reports the ratio between mechanical indexes (MI/MIinf),
whereas the vertical axis represents the ratio between ecological indexes (EIsup/EI). Specif-
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ically, MIinf is the lower bound value of mechanical performance, which is the so-called
functional unit. In this study, MIinf corresponds to the mechanical performance of a refer-
ence series. Similarly, EIsup is the upper bound value of the environmental performance,
corresponding to that of the layers of the reference series. In particular, the environmental
impact was computed by multiplying the amount of materials used for each type of layer
by the relevant unit carbon footprint, as given by the inventory data issued by the Japanese
Concrete Institute (JCI) [24]. This computation is consistent with fib [25], where only the
CO2 released in the atmosphere has been taken into account.

The mechanical index, or the functional unit, could be the maximum bending moment
in the moment–curvature relationship [26]. On the other hand, according to Fib [25], the
mechanical index should also consider the overall behavior of the structure, including the
ductility. Therefore, two different parameters are considered herein. The first parameter
is the peak of bending moment, whereas in the second parameter (i.e., the ductility) is
correlated to the work of deformation per unit length (J/m). It is the area D, defined by
the moment–curvature diagram up to the maximum bending moment, as illustrated in
Figure 12. Accordingly, it vanishes in the case of brittle behavior (see Figure 9b,c).
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Figure 12. Evaluation of the mechanical indexes.

To calculate MIinf and EIsup, the mechanical and ecological performances of the beam
B_II_T5_FA0 are considered as the references, because it represents the current method
of retrofitting the existing RC beams. In this beam, UHP-FRCC does not include any
supplementary cementitious materials to reduce the carbon footprint. Table 8 summarizes
the values of the parameters of each retrofitting layer used to reinforce the beams. The
embodied CO2 computed for the B_II_T2 series also takes into account nails, screws, and the
filling layers made with UHP-FRCC without fly ash (FA0). As a result, the environmental
indicators are fairly high, even for the Type 2—FA20 and FA70 series. An additional
reduction in CO2 emission for the FA20 and FA70 series could be achieved by replacing the
fly ash in the filling layer.

Table 8. Parameters used for computing the environmental and mechanical indexes.

Parameter
B_II_T2_FA0_ B_II_T2_FA20_ B_II_T2_FA70_ B_II_T5_

N20 N40 N20 N40 N20 N40 FA0 FA20 FA70

Mpeak (kNm) 2.67 2.70 2.89 3.07 2.03 1.77 1.89 2.25 1.36
D. Work(J/m) 0.00 0.00 0.00 0.00 58.87 45.20 125.29 70.23 22.45

CO2 (kg) 0.9719 0.9634 0.8882 0.8797 0.7045 0.6960 0.9679 0.8006 0.4331

All the values are reported within the non-dimensional diagram of Figure 13. In
particular, the maximum bending moment is the functional unit in Figure 13a, whereas in
Figure 13b, the functional unit is D.
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Figure 13a points out that the best result in terms of mechanical performances is
achieved by the beam B_II_T2_FA20. On the other hand, B_II_T2_FA70 attains a fair
reduction in emissions by preserving, approximately, the same resistance of the beam
B_II_T5_FA0. When the work of deformation per unit length is the functional unit (see
Figure 13b), the beams do not show any increment of ductility with respect to the reference
beam B_II_T5_FA0. In particular, the beams B_II_T2_FA0_N40 and B_II_T2_FA20_N40
exhibited brittle failures, as shown in Figure 9b,c. Hence, their mechanical index MI is zero
in Figure 13b.

As this brittle behavior generally affects the over reinforced beams under bending
actions, it could be ascribed to the large thickness of the reinforcing UHP-FRCC layer. Thus,
further numerical and experimental analyses have to be performed in order to also define
the optimal geometry of the precast retrofitting layer, ensuring the strengthening in terms
of both resisting bending moment and ductility.

6. Conclusions

The experimental results previously described lead to the following conclusions:

• The delamination failure of the strengthened beam can be avoided by introducing steel
nails at the interface between the existing beam and the UHP-FRCC reinforcing layer.

• In addition to nails, the existing beams reinforced with screws and plugs show an
increment of the resisting bending moment, regardless of the mixture used to cast the
UHP-FRCC layer.

• The eco-mechanical analysis of the composite beams reveals that part of the cement
used to cast UHP-FRCC layers can be effectively substituted by fly ash. When the
rate of substitution is about 20%, both the environmental impact and the strength of
the beams improve. Thus, with the strengthening procedure illustrated in Figure 1, a
significant reduction of greenhouse emissions can be obtained while maintaining the
mechanical performance provided by the current retrofitting method.

• On the other hand, when the resistance of the reinforcing layer is much higher than
that of the existing beam, composite cross-section fails in a brittle manner. To avoid
this undesired behavior, which generally occurs in over-reinforced concrete beams in
bending, a suitable thickness of the UHP-FRCC layer has to be designed.
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