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Abstract: Steel-reinforced grout (SRG) composites are a newly developed retrofitting tech-
nique, which is considered an alternative to other fiber-reinforced composites to increase
the load-carrying capacity of existing structures. This work presents an experimental cam-
paign aimed at investigating the response of reinforced concrete (RC) beams strengthened
with SRG externally applied to the tension side of the member to improve flexural capacity.
The number of fiber sheet layers and fiber sheet density have been varied to evaluate the
effectiveness of the retrofitting system. For some beams, different solutions of anchors at
the ends of the beams have been considered to delay the premature debonding of the SRG.
Moreover, single-lap direct shear tests have been carried out on concrete prisms strength-
ened with the same SRG composite to evaluate the bond behavior of the system. Failure
modes, load responses, and corresponding flexural capacity (beam tests) and debonding
loads (shear tests) are reported. The moment–curvature curves derived from cross-sectional
analysis are compared with the corresponding experimental curves. The strain when the
loss of composite action occurs is obtained from the curvature measured experimentally
and compared with the values from formulas for the strain available in the literature and
the strain at debonding in single-lap shear tests.

Keywords: FRCM; RC beam; bond; strengthening; flexural behavior; mechanical anchors

1. Introduction
During the last few decades, newly developed composite materials have been used

for the strengthening and rehabilitation of existing reinforced concrete (RC) and masonry
structures. The recent seismic events that hit several European countries (e.g., Italy, Greece,
and Turkey) proved the inability of most of the structures built in the previous century to
withstand significant horizontal loads. At the same time, RC infrastructures, like bridges
or viaducts, experienced remarkable material deterioration in the last few decades, which
is coupled with a substantial load increment, mainly due to the introduction of larger
and heavier trucks and vehicles in the market. As a consequence, an increasing number
of structures, especially RC structures, need to be strengthened to withstand horizontal
and vertical loads. Since the early 1990s, fiber-reinforced polymer (FRP) composites have
been successfully used for flexural and shear strengthening of RC beams [1–6] and the
confinement of columns (RC and masonry) [7–11] and to retrofit masonry walls subjected
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to horizontal actions [12,13]. Nevertheless, due to the high cost of the fibers (typically
carbon, glass, or aramid) in FRPs, new composite materials have been recently developed.
For example, steel-reinforced polymer (SRP) composites are a particular type of FRP that
feature low-cost steel cords embedded within an organic matrix (epoxy). Both FRP and
SRP systems feature ease of installation, a high strength-to-weight ratio, and durability
in aggressive environments. On the other hand, their low vapor permeability and their
poor behavior at high temperatures pushed researchers to seek alternative solutions, like
fiber-reinforced cementitious matrix (FRCM) composites [4,14–34], which use an inorganic
mortar as a matrix. Steel-reinforced grout (SRG) composites, which could be considered a
type of FRCM, have been developed to overcome some of these drawbacks. SRG composites
consist of high-strength steel cords embedded in a cementitious matrix. Early applications
of steel fiber composites for strengthening RC structural members date back to about
15–20 years ago [1–4,15,16]. Only recently, further studies focused on some specific aspects
of the FRCM technology, such as (1) the effect of the type of matrix and fiber on the failure
mode (fiber rupture, interlaminar failure, or debonding from substrate [5,20,31,35,36];
(2) the effect of the number of layers on the capacity of the strengthened element [21,22];
and (3) different analytical approaches to investigate the relationship between the strain
corresponding to debonding failure in small-scale single-lap tests specimens and the strain
corresponding to the flexural capacity obtained from full-scale tests of RC beams [37,38].
In this paper, the results of an experimental campaign will be presented. It is aimed at
investigating the flexural performance of RC beams strengthened with SRG characterized
by different densities, the number of layers of the fiber sheet, and the types of mechanical
anchors at the ends of the beam. Experimental moment–curvature curves will be compared
with cross-sectional analysis predictions. Maximum fiber strain in the beam, when the loss
of composite action occurs, will be determined using formulas available in the literature
and compared with the results from direct shear tests. In addition, a fictitious strain at
debonding will be determined from the experimentally measured curvature at failure in
an attempt to consider the actual deformation of the fibers and their slip with respect
to the matrix.

2. Experimental Campaign
In order to evaluate the performance of SRG-strengthened RC beams, flexural tests

were carried out on RC beams externally strengthened with one or two layers of low-
density fiber sheet SRG strips or one layer of a medium-density fiber sheet SRG strip
without mechanical anchors (representative of most applications in Southern Europe); this
set of tests was named group A in the remainder of the paper. Another set (group B in this
paper) of RC beams, externally strengthened with one layer of medium-density fiber sheet
SRG and different types of mechanical anchors placed at the ends (near the beam supports)
of the reinforcement, was also tested. In addition, single-lap direct shear (DS) tests on
SRG–concrete joints were carried out to compare the bond behavior at the small scale with
the results of the beam tests.

2.1. Material Characterization

Normal-weight concrete was cast using 42.5R Portland cement CEM II [39], aggregates
with a maximum size of 15 mm, and a water-to-cement ratio equal to 0.596. The average
28-day cubic compressive strength [40] was equal to 27.5 MPa with a coefficient of variation
(CoV) equal to 0.12. The average splitting tensile strength at 28 days obtained from three
150 mm (diameter) × 300 mm (length) cylinders was equal to 3.3 MPa (CoV = 0.05). Five
concrete cylinders were also tested according to [41] in order to evaluate the elastic modulus
of concrete that was equal to 27.3 GPa (CoV = 0.06). Three-point bending tests on three
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150 mm (height) × 150 mm (depth) × 600 mm (length) notched concrete prisms were
performed to evaluate the Mode-I fracture energy of concrete. The net span was 450 mm.
The fracture mechanics setup reported in [42,43] was used. The average value of the fracture
energy was equal to 125 N/m (CoV 0.09), and it was evaluated using the work-of-fracture
method [44–46]. All specimens in this experimental campaign, including cubes, cylinders,
and prisms used for material characterization, were cast from the same batch of concrete
used to cast the RC beams. Steel bar diameters used for the internal reinforcement of the
beams were Ø16, Ø10, and Ø8 for longitudinal, bottom, and top bars and stirrups. Tensile
tests were performed on the steel bars according to [47]. The average values of the yield
strength (fy,s), tensile strength (ft,s), and ultimate strain (εu,s) are reported in Table 1 for each
steel heat considered (CoV is reported within parentheses).

Table 1. Experimental results of tensile tests on the steel bars used for internal reinforcement.

fy,s (MPa) (CoV) ft,s (MPa) (CoV) εu,s (%) (CoV)

Ø16 512.4
(0.01)

636.1
(0.01)

17.9
(0.06)

Ø10 584.1
(0.01)

624.1
(0.02)

6.7
(0.17)

Ø8 607.8
(0.02)

637.2
(0.01)

4.7
(0.08)

The SRG material consisted of steel fibers embedded in a cementitious matrix. The
fibers (or cords) were arranged in the form of a unidirectional sheet made of ultra-
high-strength galvanized steel cords (each cord comprised three straight filaments and
two twisted filaments) fixed to a fiberglass micromesh to facilitate installation. The cross-
sectional area of each cord, Acord, and the elastic modulus, Ecord, as reported by the manu-
facturer [48], were, respectively, 0.538 mm2 and 190 GPa. Fiber sheets with two different
densities were investigated and are referred to as low-density (LD) and medium-density
(MD) fiber sheets, respectively, in this paper. The LD steel fiber sheet had 0.157 cords/mm
(equivalent thickness tf = 0.084 mm) and the MD steel fiber sheet had 0.314 cords/mm
(equivalent thickness tf = 0.169 mm). Tensile tests were carried out on SRG coupons [27,49].
The average tensile strength and corresponding average strain were ft,SRG = 3060 MPa
(CoV = 0.01) and εu,SRG = 2.15% (CoV = 0.05), respectively. SRG matrix prisms with dimen-
sions of 40 mm (height) × 40 mm (depth) × 160 mm (length) were tested according to [50].
The average compressive strength fc,m, tensile strength ft,m, and Young’s modulus Em were
equal to 40.7 MPa (CoV = 0.13), 7.6 MPa (CoV = 0.23), and 16.5 GPa (CoV = 0.02).

2.2. Direct Shear Tests

Eight single-lap direct shear (DS) tests were performed on SRG–concrete joints,
which consisted of an SRG strip bonded to one face of a concrete prism, to evalu-
ate the bond behavior. Out of the eight concrete prisms, three prisms were strength-
ened using one layer of an LD steel fiber sheet, while five were strengthened using
one layer of an MD steel fiber sheet. The dimensions of all concrete prisms were
150 mm (height) × 150 mm (depth) × 600 mm (length) (Figure 1). Prior to applying the
composite strip, the concrete surface was sandblasted with silica sand to obtain a 5 mm
roughness, as per the manufacturer’s recommendation. The face of the concrete prisms to
which the composite was bonded was damped prior to the application of the SRG to avoid
absorption of the water of the matrix mortar by the concrete prism. For all SRG–concrete
joints, the bonded length, l, was equal to 450 mm, and the bonded width, bf, was equal to
50 mm. The thickness of each layer of the matrix was 4 mm; thus, the total thickness of
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the composite strip, t, was equal to 8 mm. The beginning of the bonded region started at
50 mm from the top edge of the concrete prism.
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Figure 1. Direct shear test setup: (a) side view; (b) front view; and (c) top view. [Dimensions in mm].

Fibers were left bare outside the bonded region. A total of 75 mm long epoxy tabs were
constructed at the end of the bare steel fiber sheet to facilitate gripping by the jaws of the
testing machine. The composite strip was cured under wet cloths for 28 days. Specimens
were left to cure in the laboratory at a temperature and humidity equal to 20 ± 3 ◦C and
60 ± 5%, respectively. Single-lap direct shear tests were performed in displacement control
using a universal servo-hydraulic testing machine. The classical “push-pull” configuration
was adopted. The concrete prism was restrained, while the fibers were pulled. Two linear
variable differential transformers (LVDT), named “LVDT a” and “LVDT b” (Figure 1b),
were mounted onto the concrete surface close to the beginning of the bonded region and
reacted off of a thin aluminum Ω-shaped plate that was glued directly to the bare fibers
adjacent to the beginning of the bonded area (Figure 1). The average value of the LVDT
measurements is referred to as global slip g in this paper and was used to control the tests at
a constant rate equal to 0.00084 mm/s. Further details on the setup can be found in [42,51].
DS test specimens were named following the notation DS_X_Y_A_Z, where DS indicates
that SRG–concrete joints were tested using a direct shear test setup, X = bonded length (l)
in mm, Y = bonded width (bf) in mm, A indicates the fiber sheet density (LD = low density,
MD = medium density), and Z = specimen number to distinguish replicates.

2.3. Beam Tests

RC beams strengthened with SRG strips were tested in a four-point bending (FPB)
configuration to investigate the effectiveness of the strengthening system, which included
different anchor solutions for some beams. Nine concrete beams with dimensions of
200 mm (width, B)× 300 mm (depth, H)× 3300 mm (length, L) were cast from one concrete
batch used also for SRG–concrete joint prisms and material characterization. Details of the
internal steel reinforcement of the beams are provided in Figure 2.

One beam was left unstrengthened and considered as the control. The bottom face of
all remaining beams was sandblasted prior to applying the SRG. The target roughness was
5 mm for the prisms described above. The purpose of the experimental campaign was two-
fold, including (1) to investigate the effectiveness of the SRG composite. The parameters
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were the fiber sheet density (LD, MD) or the number of layers (one or two layers of LD
fiber sheets). The second purpose was (2) to study the effectiveness of different mechanical
anchors located at the beam ends.
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The SRG was applied using the same procedure adopted for single-lap DS test speci-
mens. For those beams with one layer of fiber sheet, the total thickness of the composite
was 8 mm. If the beam was strengthened with two layers of fiber sheets, the total thickness
was 10 mm, i.e., the intermediate and external layers of the matrix were 3 mm thick. The
total thickness of the SRG for the beam specimens is named s (Figure 3). The anchors were
an extension of the fiber sheet inside the beam and were used to delay the detachment of
the strengthening system and, therefore, increase the flexural capacity of the element by
extending the composite action. Mechanical anchors were realized by drilling 45 inclined
holes from the tension side (intrados) of the beam. The fiber sheet was bundled at the two
ends and placed inside the holes. Different mortars were used to fill the holes in order
to determine the best anchor solution. The holes were filled prior to bonding the entire
fiber sheet along the length of the beam. The RC beams were lifted during the applications
of the SRG so that the technicians could apply the composite working under the beam to
simulate the real on-site conditions, where air bubbles, dust, and concrete particles could
be present inside the holes and gravity acts against the pressure exerted by the operator
when applying the composite. Only MD fiber sheets were employed with anchors. Figure 3
shows the two strengthening arrangements without (Figure 3a) and with (Figure 3b) the
mechanical anchors.

Table 2 shows beam characteristics in terms of the density of the fiber sheet, number of
layers, material used for the mechanical anchors, and length (La) of the anchors. Full-scale
beam specimens were named following the notation B_X_Y_A_W_KZ, where FB stands
for beam, X = length of the SRG applied to the beam surface (Ls) in mm (Figure 3a,b),
Y = composite width in mm (see Figure 3a,b), A indicates the fiber sheet density (LD = low
density, MD = medium density), W = number of fiber sheet layers, K = type of material
used to fill the holes (CM = cementitious mortar, B = inorganic mortar, or ER = epoxy resin),
and Z = length of the anchors (La) in mm.
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Table 2. Experimental campaign of full-scale RC beams: characteristics of the specimens.

Specimen Fiber Sheet Density Number of Layer Anchor Material La (mm)

FB_Control - - - -

FB_2880_150_LD_1L LD 1 - -

FB_2880_150_MD_1L MD 1 - -

FB_2880_150_LD_2L LD 2 - -

FB_2400_150_MD_1L_CM150 MD 1 Cementitious mortar 150

FB_2400_150_MD_1L_B150 MD 1 Inorganic mortar 150

FB_2400_150_MD_1L_ER150 MD 1 Epoxy resin 150

FB_2400_150_MD_1L_B250 MD 1 Inorganic mortar 250

FB_2400_150_MD_1L_ER250 MD 1 Epoxy resin 250

The layout of the transducers used in the FPB tests is reported in Figure 4. Two
free-to-roll cylinders were used to support the beams. Two-point loads were applied
approximately at one-third and two-thirds of the beam length. Eight linear variable dis-
placement transformers (LVDTs) were used to measure the vertical displacements at key
locations (one at each support, two at each point load, and two at midspan). Three wire
displacement transformers (WDTs) were placed at each point load and at midspan, and
they were used to measure large deflections, as the stroke of the LVDTs was deemed to be
insufficient. Two strain gauges were mounted onto the tension side longitudinal steel bars
in the constant moment region, prior to casting the beams, to monitor the strain in the bars.
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In addition, four linear potentiometric displacement transducers (LPDTs)—two at the intra-
dos and two at the extrados—were used to measure the elongation of the outermost fibers
of the RC beams in tension and compression between two cross-sections that were spaced
apart as the spacing of the stirrups in the constant moment region of the beam. The average
elongation from each side of the beam was used to obtain the curvature of a representative
portion of the constant moment region. Tests were performed in displacement control using
the vertical displacement (stroke) of the hydraulic actuator at a rate of 0.03 mm/s.
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3. Experimental Results
3.1. Direct Shear Test of SRG–Concrete Joints

The stress (σ)–global slip (g) responses of LD and MD fiber sheet specimens are shown
in Figures 5a,b, respectively. The stress σwas evaluated as the ratio between the applied
load (P) and the nominal cross-sectional area of the steel fiber sheet, i.e., σ = P/(t f b f ).
The response of the LD fiber sheet SRG–concrete joints (Figure 5a) is characterized by
an always-increasing stress–global slip response, with an initial linear portion followed
by a non-linear branch, until the peak stress, σ*, is reached. At the peak stress, which
is the stress corresponding to the peak load P*, specimens failed due to the rupture of
the bare steel fibers just outside the bonded area. Figure 6a shows the typical failure
mode of SRG–concrete joints with LD fiber sheets. The σ-g response of the MD fiber sheet
SRG–concrete joints (Figure 5b) is characterized by an initial linear behavior, followed by a
non-linear branch until the onset of debonding, which occurred at the fiber–matrix interface.
The propagation of the interfacial crack corresponds to a nominally constant load (plateau)
until complete detachment of the strip. A relative peak load and a drop characterize the
beginning of the plateau. Additional peaks and drops of variable magnitudes are observed
in the nominally constant load portion of the response. For some specimens, the absolute
maximum load does not correspond to the peak load at the beginning of the plateau. As
the fibers debonded from the matrix, the matrix itself in between the cords was damaged,
which resulted in an interlaminar failure, i.e., the fiber sheet and the external layer of the
matrix detached from the internal layer of the matrix that was still attached to the concrete
prism [52], as shown in Figure 6b.
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3.2. Four-Point Bending Tests on RC Beams
3.2.1. Control Beam

The control beam exhibited the typical crack pattern of RC beams, which is charac-
terized by vertical cracks in the constant moment region of the beam and inclined cracks
in the shear region. After the yielding of the longitudinal bars in tension occurred when
the applied load (F) was equal to Fy,control, the increase in the deflection was associated
with the substantial opening of the flexural cracks until concrete crushing occurred (beam
failure). The applied load (F) versus midspan deflection (∆) response of all RC beams
tested is reported in Figure 7a. In Sections 3.2.2 and 3.2.3, respectively, the flexural behav-
ior of the beams strengthened without (group A) and with (group B) mechanical anchors
are described.
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Figure 7. Load (F) midspan deflection (∆) curves for (a) all specimens; (b) specimens of group A
305 (zoom); and (c) specimens of group B (zoom).

3.2.2. Specimens Strengthened Without Mechanical Anchors (Group A)

For the beams strengthened without mechanical anchors, the initial behavior in terms
of load (F) versus midspan deflection (∆) response was similar to (and almost overlapping
with) that of the control beam. The yielding load values for the beams of group A were
10–15% higher than the corresponding load (Fy,control) for the control beam. After yielding,
the F-∆ response was steeper than that of the control beam due to the contribution of
the composite. Figure 7b shows the top portion of the responses corresponding to the
peak values of the applied load for beams of group A (no anchors). Table 3 summarizes
the following key values of the load and deflection for the specimens described above:
Fy = load corresponding to the yielding of steel bars in tension (Fy,control for the control
beam), Fi = load corresponding to a substantial drop in the F-∆ response, ∆y = midspan
deflection corresponding to Fy, and ∆i = midspan deflection corresponding to Fi. In
addition, for the ratio of the yielding load of the strengthened beam to that of the control
beam (Fy/Fy,control), the ratios Fi/Fy and µi = ∆i/∆y are also reported. The value of µi

corresponding to the loss of composite action or concrete crushing (failure of the beam) is
marked as µc.
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Table 3. Experimental results of the FPB tests of the RC beams (groups A and B).

Specimen Fy or Fy,control
[kN]

Fy
Fy,control

Fi
[kN]

Fi
Fy

∆y [mm] ∆i [mm] µi=
∆i
∆y

Failure Mode

FB_Control 101.7 - - - 18.1 100.1 5.53 (µc) C

FB_2880_150_LD_1L 112.9 1.11 126.7 1.12 19.9 60.2 3.03 (µc) T

FB_2880_150_MD_1L 115.5 1.14 122.2 1.06 19.2 31.7 1.65 (µc) I

FB_2880_150_LD_2L 116.9 1.15 140.2
126.4

1.20
1.08 21.2 75.5

88.6
3.56

4.17 (µc)
I
T

FB_2400_150_MD_1L_CM150 114.3 1.12 129.4 1.13 18.9 40.9 2.16 (µc) I/S

FB_2400_150_MD_1L_B150 117.0 1.15

126.9
131.3
131.9
122.1

1.08
1.12
1.13
1.04

19.6

34.2
51.5
61.1
71.3

1.75
2.63
3.12

3.64 (µc)

I
C
S
S

FB_2400_150_MD_1L_ER150 117.3 1.15

126.1
124.7
127.5
120.7
119.2

1.08
1.06
1.09
1.03
1.02

20.0

35.5
42.3
52.4
56.1

105.2

1.71
2.12
2.62
2.81

5.27 (µc)

I
I
C
S
S

FB_2400_150_MD_1L_B250 116.9 1.15
127.7
129.1
138.2

1.09
1.10
1.18

20.3
40.2
48.3
95.6

1.99
2.38

4.72 (µc)

I
I
C

FB_2400_150_MD_1L_ER250 114.6 1.13

123.6
125.0
130.3
129.9

1.08
1.09
1.14
1.13

20.0

36.0
50.9
81.8
93.4

1.80
2.54
4.10

4.68 (µc)

I
I
C
C

C = concrete crushing; I = interlaminar; S = slippage of the anchor; T = fiber tensile failure.

As for the failure modes (Figure 8), two main types of failure were observed for the
FRCM-strengthened beams without anchors, both belonging to the broad definition of loss
of composite action. (a) Similar to what was observed for the single-lap direct shear tests,
tensile rupture of the steel fiber sheet occurred for the RC beam was strengthened with
one layer of the LD fiber sheet (FB_2880_150_LD_1L, Figure 8a). (b) Interlaminar failure
within the composite occurred for the RC beam was strengthened with one layer of the
MD fiber sheet (FB_2880_150_MD_1L, Figure 8c). Interlaminar failure was observed for the
external fiber sheet layer of FB_2880_150_LD_2L, followed by rupture of the fibers in the
internal (bonded to concrete) layer of the fiber sheet. In Figure 7b, markers have been used
to identify the yielding of the steel bars (circular marker #), interlaminar failure (diamond
marker ♦), and fiber tensile failure (square marker �).

In Figures 9 and 12, the values of Fi are reported with a superscript (′, ′′, etc.) to
differentiate the different values of Fi for each beam.

For specimen FB_2880_150_LD_1L, after the yielding of the bars occurred (Fy = 112.9 kN),
∆ increased to ∆i = 60.2 mm, when a sudden drop in the load was observed due to fiber
rupture (Figure 7b). After the failure of the external reinforcement, associated with the
load drop, the response of the RC beam overlapped with the response of the control beam
(FB_Control). This type of reinforcement failure proved that the fiber–matrix bond and
matrix–concrete bond were able to fully exploit the tensile capacity of the fibers. After
the yielding of the bars in tension occurred (Fy = 115.5 kN), the deflection of specimen
FB_2880_150_MD_1L increased up to ∆i = 31.7 mm (Figure 7b), after which a sudden load
drop was observed due to the detachment of the steel cords together with the external layer
of the matrix from the internal layer of the matrix (interlaminar failure).
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Figure 8. Failure modes for the beams of group A: (a) fiber rupture for FB_2880_150_LD_1L; (b) for-
mation of the interlaminar crack for specimen FB_2880_150_MD_1L; (c) loss of composite action due
to the propagation of the interlaminar crack for specimen FB_2880_150_MD_1L; and (d) fiber rupture
for specimen FB_2880_150_LD_2L.

The maximum deflection reached by specimen FB_2880_150_MD_1L prior to the
loss of composite action was much smaller than the maximum deflection of specimen
FB_2880_150_LD_1L. The onset of interlaminar cracks started after the formation of the
flexural cracks in the RC beam (i.e., prior to the yielding of the bars), but they became more
visible after the yielding load was attained (Figure 8b). In the post-yielding portion of the
response, these interlaminar cracks rapidly coalesced and propagated towards the ends of
the beam, triggering the detachment of the steel cords (Figure 8c) and leading to the loss of
composite action and, therefore, to a load drop in the F-∆ curve.

The interlaminar failure observed for the MD fiber sheet can be potentially explained
by the limited space between the steel cords. As the cords slipped with respect to the
matrix, the surrounding mortar was damaged. The regions of damaged mortar around
two adjacent cords overlapped so that a weak plane in the matrix formed at the location of
the fibers. In turn, the two layers of the matrix were connected by a thin layer of mortar
damaged by the slippage of the fibers, which prevented the SRG composite strip from
behaving as a single system rather than two separate layers. After the steel fibers detached,
the internal matrix layer was still bonded to the substrate.
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Figure 9. Beam deflection profile v(x) at different values of the applied load Fi for specimens of group
A: (a) specimen FB_Control; (b) specimen FB_2880_150_LD_1L; (c) specimen FB_2880_150_MD_1L;
and (d) specimen FB_2880_150_LD_2L.

Specimen FB_2880_150_LD_2L featured the same total cross-sectional area of steel
fibers as specimen FB_2880_150_MD_1L, but the area was obtained using two layers of
LD fiber sheets rather than one layer of the MD fiber sheet. As noted above, specimen
FB_2880_150_LD_2L had a mix of two failure mechanisms. (i) After reaching the yielding
of the tension steel reinforcement at Fy = 116.9 kN (Figure 7b), the load increased with
a similar stiffness as that of specimen FB_2880_150_MD_1L, which suggests that as long
as the cross-sectional area was the same, the behavior of the beam was not affected by
the composite arrangement. SRG interlaminar cracks, observed prior to the yielding of
internal reinforcement, propagated from the constant moment region of the beam towards
its ends (the portion of the beam with constant shear force), while the internal steel bars
in tension were yielded. At a value of ∆ approximately equal to 62 mm, load drops in the
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load response occurred, while damage to concrete in the compression zone was observed
near the midspan. When ∆ reached the value of ∆i = 75.5 mm, corresponding to a load
Fi = 140.2 kN, the external layer of the matrix together with the external steel fiber sheet
detached from the intermediate mortar layer (interlaminar failure), which caused a load
drop of about 15 kN. (ii) After the load drop, the beam F-∆ curve kept increasing with
a stiffness similar to that of the post-yielding branch of specimen FB_2880_150_LD_1L,
which suggested that the beam behaved as a strengthened beam with one layer of the LD
fiber sheet (i.e., as specimen FB_2880_150_LD_1L) after the load drop occurred. When
Fi = 126.4 kN (∆i = 88.6 mm), the steel cords of the internal layer ruptured (Figure 8d). The
load at which the fibers ruptured is consistent with the load at which the fibers ruptured in
specimen FB_2880_150_LD_1L.

It can be noted that the increment of the yielding load with respect to the control
specimen does not increase proportionally to the amount of steel fibers. The coefficient of
ductility µc for strengthened RC beams for which the rupture of the fibers controlled the
loss of composite action is approximately between 3 and 4 and ranges between 55 and 75%
of µc for the control beam. For FB_2880_150_MD_1L, µc = 1.65. The value of µi for beam
FB_2880_150_LD_2L, corresponding to the first drop in the F-∆ curve (∆i = 75.5 mm), was
equal to 3.56.

For the strengthened RC beams without anchors, Figure 9 shows the deflection profile
v(x), where x is the coordinate along the beam, obtained from the LVDT readings for
different load levels, which corresponds to the yielding of the steel bars and the drops of
the applied load (Fi in Table 3).

3.2.3. Specimens Strengthened with Mechanical Anchors (Group B)

In an attempt to allow for the full exploitation of the MD steel fiber sheet and thus
avoid premature interlaminar failure (see the results of specimen FB_2880_150_MD_1L),
the effectiveness of some mechanical anchors was evaluated for the remaining beams. As
reported in Table 2, five beams strengthened with MD fiber sheets that featured mechanical
anchors at both ends of the composite strip were tested. Anchoring was obtained by
increasing the length of the fiber sheet beyond the bonded length Ls and inserting the
ends into holes drilled at 45◦ into the bulk of the beam (Figure 3b). Two different lengths
(La) of the holes and, therefore, of the anchors were considered. Three different types
of materials were used to fill the holes and create the anchors with fibers: (1) the same
cementitious mortar used for the SRG matrix (CM); (2) an inorganic mortar provided by
the manufactured of the SRG composite (B); and (3) an epoxy resin (ER). Figure 7c shows
the top portion of the F-∆ responses corresponding to the peak values of the load for the
beams with anchors (group B). Markers are used in Figure 7c to identify specific points of
the curve, i.e., yielding of the steel bars (circular marker #), interlaminar failure (diamond
marker ♦), concrete crushing (triangular marker ∆), and slippage of the fibers within the
anchor (cross marker ×).

Specimen FB_2400_150_MD_1L_CM150 exhibited (Figure 7c) a flexural behavior simi-
lar to that of FB_2800_150_MD_1L. Interlaminar cracks formed in the central region of the
beam and propagated towards the ends of the beam after the steel bars yielded. When
the interfacial cracks reached the end of the fiber sheet, the strengthening system was
only attached to the beam through the mechanical anchors. The anchors were unable to
withstand the pulling action, corresponding to the tension load applied to the composite,
and the fibers within the hole slipped until they were completely pulled out (Figure 10a)
prior to reaching a value of tension force in the fibers close to that corresponding to the
tensile strength. Slippage of the fibers within the anchors was associated with a load drop
(Figure 7c), after which the F-∆ response overlapped with that of the control beam. Using
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the same mortar of the SRG composite inside the holes led to an increase in the midspan
deflection when the loss of composite action occurred with respect to FB_2800_150_MD_1L
(from approximately 34 to 40 mm).
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Figure 10. Photos of the anchors at the end of the test for specimens: (a) FB_2400_150_MD_1L_CM150,
(b) FB_2400_150_MD_1L_B150, and (c) FB_2400_150_MD_1L_ER150.

When the inorganic mortar was used for the anchors (FB_2400_150_MD_1L_B150),
the interlaminar failure along the entire length of the beam occurred at a similar value of
∆ (∆i = 34.2 mm) as beam FB_2400_150_MD_1L_CM150, and it was followed by a smaller
load drop. However, at that point, the fibers did not fully slip within the anchor, and
after the drop, the load started to increase again. When Fi = 131.3 kN and ∆i = 51.5 mm,
another load drop occurred due to partial cracking of concrete in the compression zone of
the central part of the beam. Failure within the anchors, i.e., large slips of the fibers, was
observed after two additional drops in the F-∆ response (Figure 10b). The second of those
drops occurred when Fi = 122.1 kN and ∆i = 71.3 mm. After that drop, the response of
beam FB_2400_150_MD_1L_B150 overlapped with that of the control beam (Figure 7c).

For the beam with anchors made with epoxy (FB_2400_150_MD_1L_ER150), a complex
response was observed. Interlaminar cracks near the ends of the beam of the SRG strip
became visible at a value of ∆ similar to the previous cases (∆i = 35.5 mm) and were
marked by a first load drop followed by a number of other load drops due to the partial
slippage of the anchors that ended with their complete pull out. It should be noted that
the entire anchor system (fiber plus epoxy matrix) slipped with respect to the surrounding
concrete within the hole, as can be observed in Figure 10c. Even though slippage within
the anchor occurred in all three cases, the use of epoxy resin allowed for the attainment of
∆i = 105.2 mm prior to reaching the final failure of the anchors. Independently of the type
of material used to fill the anchor holes, slippage within the anchor always occurred when
La = 150 mm. To improve the effectiveness of the anchors, La was increased to 250 mm, and
the portions of the steel fiber sheet that was inserted into the holes were pre-impregnated
with epoxy to facilitate load sharing among the cords and make them work as a group of
cords rather than independently. For this second attempt, the holes were filled either with
inorganic mortar or epoxy resin. Specimen FB_2400_150_MD_1L_B250 featured anchors
that were made with inorganic mortar. When interlaminar cracking was observed near
the ends of the beam (∆i = 40.2 mm), the F-∆ response (Figure 7c) exhibited a load drop,
followed by additional load drops with limited amplitude, until it reached the highest
flexural capacity among the beams. This behavior can be associated with a limited slippage
within the anchors obtained by increasing its length. The failure mode (Fi = 138.2 kN and
∆i = 95.6 mm) was concrete crushing, as a complete pull out of the fibers from the anchor
holes did not occur. Figure 11a shows the anchor region at the end of the test for beam
FB_2400_150_MD_1L_B250.
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Figure 11. Photos of the anchors at the end of the test for specimens (a) FB_2400_150_MD_1L_B250
and (b) FB_2400_150_MD_1L_ER250.

Specimen FB_2400_150_MD_1L_ER250 featured anchors made with epoxy resin. It
reached a similar value (with respect to FB_2400_150_MD_1L_B250) of the maximum
midspan deflection, but the post-yielding branch of the response was below that of
FB_2400_150_MD_1L_B250. A first drop in the load response was observed at ∆i =36 mm.
This drop, as in the previous specimens, was most likely the result of the engagement
of the anchors, as the composite strip was almost fully detached along the length of the
beam. A series of subsequent load drops (with a similar magnitude as that observed in
the other beams) followed after the first drop. During this phase, the composite effectively
transferred the tensile force to the mechanical anchors since the applied load kept increasing
after each drop. The failure mode of FB_2400_150_MD_1L_ER250 was concrete crushing
(Fi = 129.9 kN and ∆i = 93.4 mm), while the steel cords were completely detached from
the first layer of matrix, although they were still effectively anchored at the beam ends
(Figure 11b). It can be noted that for the same material used for the anchors, increasing
La from 150 to 250 mm allowed us to increase the ductility of the beam and shift the
failure mode from slippage within the anchor (Figure 10c) to the crushing of concrete.
Figure 12 shows the deflection profiles measured along the beam for all the specimens with
mechanical anchors (group B). The use of the anchors increased the performance of the
beams in terms of maximum deflection, but only when anchors with La = 250 mm were
used was the loss of composite action avoided, which led to a failure mode controlled by
concrete crushing.
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Figure 12. Beam deflection profiles at different values of the applied load Fi for specimens of group
B: (a) specimen FB_2400_150_MD_1L_CM150, (b) specimen FB_2400_150_MD_1L_B150, (c) spec-
imen FB_2400_150_MD_1L_ER150, (d) specimen FB_2400_150_MD_1L_B250, and (e) specimen
FB_2400_150_MD_1L_ER250.

4. Discussion of the Results
4.1. Direct Shear Tests

Single-lap direct shear tests performed on the LD steel fiber sheet SRG–concrete joints
failed due to rupture of the fibers. The average value of the maximum stress in the fibers
was σLD = 3030 MPa (CoV = 0.008). The average maximum stress was computed as
σLD = P∗/(0.084b f ), where P∗ is the average of the maximum loads P∗ for the three
specimens, 0.084 is the equivalent thickness, tf, and bf is the width of the composite
expressed in mm. MD steel fiber sheet single-lap specimens exhibited interlaminar failure,
with an average value of the stress at failure σMD = 948.9 MPa (CoV 0.13), which is 31% of
the average maximum stress (σLD) observed when a rupture of the fibers occurred. The
stress corresponding to the interlaminar failure of the MD fiber sheet specimen was defined
as σMD = Pdeb/(0.169b f ). Pdeb is the average of the debonding loads (Pdeb) for the set of
specimens and 0.169 is the equivalent thickness, tf, for the MD fiber sheets. Each debonding
load, Pdeb, was determined by averaging the values of the applied load, P, of the single-lap
shear test within the range of g, corresponding to the first peak of the load and the end of
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the P-g response [53]. It can be noted that the density of the steel fibers played a key role in
the response of direct shear tests conducted on SRG–concrete joints. In fact, the different
failure modes and the lower stress corresponding to the failure mode for the MD fiber sheet
are mainly due to the reduced amount of mortar in between the fiber cords of the MD fiber
sheet. The dependency of the failure mode on the density of the fiber sheet is a unique
feature of composites that feature inorganic matrices (cementitious or lime-based mortars),
which can be characterized by a maximum grain size that is similar in size to the spacing
between the fiber bundles or cords.

4.2. Four-Point Bending Flexural Tests of RC Beams

Load responses, failure modes, and effectiveness of the strengthening systems were
previously examined for specimens without and with mechanical anchors. Table 3 sum-
marizes the key results obtained from the flexural tests. The stiffness of all beams, after
concrete cracking in the outermost fibers in tension occurred, was very similar, which sug-
gests that different layouts of the SRG did not substantially modify the flexural response of
the beam until the steel bars yielded (Figure 7a). Referring to the beams strengthened with-
out mechanical anchors, a rupture of steel cords occurred for beam FB_2880_150_LD_1L
and for the internal layer of beam FB_2880_150_LD_2L. The applied load corresponding
to the rupture of the fibers was approximately the same for the two beams, i.e., Fi was
approximately 126 kN (red square markers in Figure 7b), with a midspan deflection of
60.2 and 88.6 mm for FB_2880_150_LD_1L and FB_2880_150_LD_2L, respectively. This
difference is most likely due to the fact that in beam FB_2880_150_LD_2L, the steel cord
tensile failure occurred after the detachment of the external (second) layer of the fiber sheet.
The post-yielding stiffness of beam FB_2880_150_MD_1L and of beam FB_2880_150_LD_2L,
prior to the detachment of the external layer of fibers, were similar. The former beam was
strengthened with one layer of a fiber sheet with a density equal to 1200 g/m2. The latter
was strengthened with two layers of fiber sheet, each with a density equal to 600 g/m2.
Considering all beams strengthened with an MD steel fiber sheet and mechanically an-
chored at their ends, it can be observed that independently of the type of anchor, the initial
post-yielding stiffness of the beams was quite similar to that of the beam with the same
reinforcement but without the anchors (FB_2880_150_MD_1L). Thus, anchors appeared
to be fully engaged only after the post-yielding initial non-linear phase, i.e., when the
composite was almost fully detached for the entire length of the beam, which was the result
of the coalescence of the interlaminar cracks triggered by the flexural cracks. For all beams
with anchors, the engagement of the anchors was typically associated with a load drop
in the post-peak branch that occurred at a value of ∆ ranging between 32 and 42 mm and
at a value of the applied load ranging between 123.6 and 130.3 kN (Figure 7c). The use
of 150 mm long mechanical anchors led to substantial slippage within or partial loss of
capacity of the anchors themselves, depending on the type of material used to fill the holes.
Increasing the anchor length from 150 mm to 250 mm allowed us to effectively use the
anchors and increase the flexural capacity and ductility of the beam.

Considering all RC beams, in terms of capacity gain related to the FRCM, an increment
of the yielding load between 10% and 15% was obtained with respect to the control beam.
The ultimate capacity increased between 10 and 25% (depending on the type of anchor)
with respect to the control beam. The SRG composite allowed us to obtain a satisfactory
level of ductility µc. For beam FB_2880_150_LD_1L (a beam with one layer of the LD
steel fiber sheet), µc = 3.03. For beam FB_2880_150_MD_1L (one layer of the MD steel
fiber sheet without anchors), µc = 1.65, which is almost half of the value observed for
FB_2880_150_LD_1L. The addition of mechanical anchors improved the post-yielding
behavior of beams strengthened with one layer of the MD steel fiber sheet. For those



Buildings 2025, 15, 1005 18 of 25

beams, the values of µc ranged from 2.16 to 5.27, which depended on the anchor length
and the material used to fill the holes. A large value of µc (5.53) could be obtained also
for the control beam. The load at failure for the control beam was lower than that of the
strengthened beam with similar values of µc, which indicates that the flexural capacity of
an existing beam can be improved without a critical reduction in its ductility.

5. Analysis of Strain in the Fibers at Failure and Deformability of
the Beams

In order to understand whether the strain corresponding to fiber rupture or interlam-
inar failure in DS tests (Section 3.1) was comparable with the strain in the fibers of the
SRG in the strengthened beams when fiber rupture or interlaminar failure was observed, a
simplified approach (described in this Section) was used.

On one hand, the bending moment (M)–curvature (χ) curve associated with a generic
cross-section of the FRCM-strengthened RC beam was obtained by defining its three key
points: (i) concrete cracking in tension (later on denoted by subscript crack,Th); (ii) steel bar
yielding (denoted by subscript y,Th); and (iii) composite or concrete failure (denoted by
subscript u,Th). The pairs (M, χ) corresponding to these key points are reported in Table 4,
together with the neutral axis location expressed as its distance to the outermost fibers in
compression (zu,Th), which was calculated at failure by solving the equilibrium equations
(translation and rotation).

Table 4. Key points of the M-χ curves obtained from cross-sectional analysis.

Specimen Mcrack,Th
(kNm)

χcrack,Th
(1/m)

My,Th
(kNm)

χy,Th
(1/m)

Mu,Th
(kNm)

χu,Th
(1/m)

zu,Th
(mm)

FB_Control 7.3 0.00053 53.4 0.01532 55.8 0.08147 -

FB_2880_150_LD_1L 9.3 0.00065 56.7 0.01578 66.3 0.05939 54

FB_2880_150_MD_1L 9.3 0.00065 57.8 0.01618 61.2 0.02140 71

The pairs (M, χ) were calculated by assuming that cross-sections remained plane after
deformation, and the following constitutive laws were adopted: the behavior of concrete in
compression was described by a parabolic–constant branch curve [54] and the steel bars
in tension were assumed to be linear elastic up to yielding, followed by a perfectly plastic
response (the elastic modulus of steel Es was assumed equal to 206 GPa), and the yield
strength can be found in Table 1. The contribution to the bending moment provided by
concrete in tension was deemed negligible. Additionally, the perfect bond between concrete
and internal steel reinforcement as well as between concrete and SRG was postulated. Steel
fibers in the SRG were assumed to behave as linear elastic up to rupture with a strain
at failure εu,DS,Exp obtained from the results of single-lap direct shear (DS) tests herein
presented as follows:

εu,DS,Exp =
P̂

t f b f Ecord
(1)

where P̂ is equal to P∗ and Pdeb for LD and MD fiber sheet specimens, respectively. The
values of εu,DS,Exp are reported in Table 5.

On the other hand, the experimental curvature χExp associated with any experimental
bending moment, up to the maximum value (Mmax,Exp) attained during the bending tests,
was obtained by considering the longitudinal strains at the intrados and at the extrados
of the beam in the constant bending moment region. Both strains were derived as the
ratio of the horizontal LPDT readings (their location is shown in Figure 4) divided by the
corresponding gauge length. Experimental curvature χExp was then calculated as the ratio
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between the sum of the absolute values of the strain to the transducer vertical distance. Thus,
the experimental bending moment–curvature curves (M-χ) obtained from the readings
of the LPDTs (dashed lines and ending “_Exp” in the legend of Figure 13) are plotted
together with the trilinear curves obtained from the cross-sectional analysis described
before (continuous lines denoted by “_Th”) for specimens FB_Control, FB_2880_150_LD_1L
(fiber rupture), and FB_2880_150_MD_1L (interlaminar failure) in Figure 13.

Table 5. Maximum experimental bending moment and corresponding curvature and fiber strain for
strengthened beams without anchors using different approaches.

Specimen Mmax,Exp
(kN-m)

χMmax,Exp
(1/m) zu,Exp (mm) εu,FB,Exp

(%) εu (%) ε∆M
u (%) εu,DS,Exp (%)

FB_2880_150_LD_1L 64.3 0.053 67 1.257 - 1.656 1.594

FB_2880_150_MD_1L 62.0 0.031 71 0.722 1.050 0.792 0.499Buildings 2025, 15, x FOR PEER REVIEW 21 of 27 
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Figure 13. M-χ curves: experimental curve versus analytical curves obtained from cross-sectional analysis.

The agreement between the analytical and experimental M-χ curves until the yielding
of the longitudinal steel reinforcing bars indicates that in the first part of the response, the
assumption of a perfect bond between the constituent materials is acceptable. After the
yielding of the longitudinal internal bars, the (M-χ)_Th curve from the cross-sectional anal-
ysis satisfactorily predicts the slope of the (M-χ)_Exp curve for beam FB_2880_150_LD_1L.
For the same beam, the ultimate experimental curvature is overestimated (+12%) and is
probably due to a possible failure of the composite at a lower stress level with respect to the
DS tests. Instead, for beam FB_2880_150_MD_1L (interlaminar failure), the perfect bond
and plane cross-section assumptions led to an overestimate of the post-yielding stiffness
and an underestimate (−31%) of the ultimate curvature (solid red line in Figure 13). The
cross-sectional analysis was able to predict the flexural capacity (3% difference between the
experimental and analytical moments).

These results suggest that the role of the fiber–matrix interfacial bond behavior cannot
be neglected if the deformability of the beam up to failure must be fully captured. For this
purpose, it could be worth determining a fictitious experimental strain of the steel cords
when loss of composite action occurred. This fictitious strain is named εu,FB,Exp and takes
into account the bond behavior at the matrix–fiber interface. The authors herein propose
to evaluate εu,FB,Exp as a function of the experimental value of the curvature at the loss of
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composite action, χMmax,Exp, and of the corresponding neutral axis position, zu,Exp (Table 5),
according to the following expression:

εu,FB,Exp = χMmax,Exp

((
H +

s
2

)
− zu,Exp

)
(2)

The values of the strain corresponding to interlaminar failure were also estimated
according to the following expression:

εu = 2.57
(

t f Ecord

)−0.53
(3)

which was proposed by Bencardino et al. [37] and is reported in Table 5 for the MD
fiber sheet.

Finally, the steel fiber strain at the loss of composite action could be estimated accord-
ing to another simplified approach, called the ∆M approach [17,31,37]. The strain based on
the ∆M approach is termed ε∆M

u and evaluated according to the following expression:

ε∆M
u =

∆M
A f E fβ

′H
(4)

where ∆M is the difference between the bending moment of the strengthened beam at
the loss of composite action (maximum bending moment) and that of the unstrengthened
beam at the same midspan deflection. β’H is the moment arm of the composite with
respect to the resultant of the compressive stresses in concrete (β′ can be assumed to be
equal to 0.9 according to [37]). In this study, the location of the neutral axis at the loss of
composite action (zu,Th) was evaluated through the cross-sectional analysis performed. β′

was equal to 0.92 and 0.87 for the FB_2880_150_LD_1L and FB_2880_150_MD_1L beams,
respectively. In Table 5, the values of ε∆M

u are reported for beams FB_2880_150_LD_1L
and FB_2880_150_MD_1L, together with the experimental values obtained from DS tests
(εu,DS,Exp) and using Equation (2) to compute εu,FB,Exp.

The results in Table 5 show that when the loss of composite action is caused by the
rupture of the steel cords (FB_2880_150_LD_1L), the fictitious value of the strain in the
steel fiber (εu,FB,Exp) is slightly lower than the strain obtained from the DS tests (εu,DS,Exp).
However, for beam FB_2880_150_LD_1L, the value of the strain corresponding to the loss
of composite action and determined with the ∆M approach is aligned with the value of
εu,DS,Exp. It should be noted that Equation (2) requires that the location of the neutral
axis is known. Overall, the results for beam FB_2880_150_LD_1L, presented in Table 5,
indicate that a small-scale test that focused on the local bond behavior could be sufficient to
represent the actual flexural behavior of a beam (with one layer of fiber sheet) if a rupture
of the fibers occurred.

The remainder of this Section is dedicated to beam FB_2880_150_MD_1L. When the
loss of composite action is caused by interlaminar failure at the matrix–fiber interface
(FB_2880_150_MD_1L), the fictitious value of the strain εu,FB,Exp is greater (+40%) than
that obtained from direct shear tests. If the value of εu,FB,Exp is used in the cross-sectional
analysis previously described, the corresponding flexural capacity becomes too large with
respect to the corresponding experimental value. This can be observed from the M-χ
curve labeled FB_2880_150_MD_1L_Th,Eq.(2) in Figure 14a (Figure 14b is a call out of
Figure 14a), which is obtained using εu,FB,Exp as the ultimate strain in the steel cords. Since
the strain εu,FB,Exp is obtained by considering the relative displacement (measured by the
LPDTs) between two cross-sections, this relative displacement accounts for the slip at the
matrix–fiber interface within the composite in addition to the deformation of the fibers,
leading to an overestimate of the flexural capacity. To avoid this, an additional M-χ curve
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(green dashed line, labeled FB_2880_150_MD_1L_Th,Mod2 in Figure 14) was considered to
capture the behavior of beam FB_2880_150_MD_1L. For this M-χ curve, the last key point
was obtained by performing two separate cross-sectional analyses for the evaluation of
the flexural capacity (M) and the curvature (χ). To determine the moment, the strain value
εu,DS,Exp was used, whereas to determine the curvature, the fictitious strain εu,FB,Exp was
used. The satisfactory matching between the FB_2880_150_MD_1L_Th,Mod2 curve and the
experimental curve indicates that when interlaminar failure occurs, the maximum strain
from the direct shear test, and the assumption of perfect bond can be used to predict the
flexural capacity via cross-sectional analysis, but the deformability of the beam requires a
different approach.
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The values of εu proposed by Bencardino et al. [37] and ε∆M
u for beam

FB_2880_150_MD_1L are greater than and similar to, respectively, the value of εu,FB,Exp

(Table 5). Consequently, if these two values of the strain were used to determine the
last key point of the M-χ curve in the cross-sectional analysis, an overestimate of the cor-
responding experimental value would be observed for beam FB_2880_150_MD_1L. The
M-χ curves from the cross-sectional analysis that feature as the last key point both the
moment and the curvature determined from the strains provided in Equations (3) and (4)
overestimate the corresponding flexural capacity of the beam. These curves are named
FB_2880_150_MD_1L_Th,E(3) and FB_2880_150_MD_1L_Th,Eq(4), respectively, in Figure 14.

6. Conclusions
The objective of the experimental campaign was to investigate the effectiveness of

steel-reinforced grout (SRG) composites as strengthening systems for reinforced concrete
(RC) beams. To this end, RC beams strengthened with one or two layers of SRG composites
were tested. The SRG composite featured fiber sheets with two different densities, i.e., low
(LD) and medium density (MD).

For the beam strengthened with one layer of LD fiber sheet SRG, the cementitious
matrix adhered to the concrete substrate until steel cord failure was reached. On the other
hand, for the beam strengthened with one layer of MD fiber sheet SRG, interlaminar failure
occurred. It was observed that the limited spacing between steel cords in the MD sheet
SRG prevented the mortar from properly penetrating in between the cords, which led to
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the fracture of the mortar matrix at the level of the fibers as they slipped with respect to the
matrix (i.e., interlaminar failure).

Single-lap direct shear tests were conducted on SRG–concrete joints that feature
one layer of an LD and MD fiber sheet. The failure modes were consistent with the
observation reported above for the beams. For the SRG–concrete joints with the LD fiber
sheet, a rupture of the fibers occurred; whereas, for the MD fiber sheet, interlaminar failure
was observed in the single-lap test specimens. An additional RC beam was strengthened
with two layers of LD SRG strips. In terms of failure mode and flexural capacity, the
strengthening arrangement with two layers of LD SRG proved to be more effective than
the application of one single layer of MD SRG (same strengthening cross-section). In fact,
with two layers of LD fiber sheet SRG, the RC beam first experienced interlaminar failure
at the level of the external layer of fibers. Consequently, the beam was left with one layer of
LD fiber sheet SRG, which attained the tensile failure of the fibers.

The flexural behavior of RC beams strengthened with one layer of MD SRG was further
investigated by introducing 150 or 250 mm long end anchors with different types of mortars
to embed the fibers within the hole of the anchor. In total, five additional beams were
tested. The experimental results showed that an anchor length of 150 mm was not sufficient
to significantly increase the efficiency of the composite system, leading to a progressive
slippage of the fibers at the ends of the SRG strip within the anchors. Increasing the anchor
length from 150 mm to 250 mm improved the flexural behavior of the beam although
slippage within the anchor was observed. Only when epoxy resin was used to fill the
anchor holes with an anchor length of 250 mm, a failure mode characterized by crushing of
concrete was observed without premature slippage within the anchor. However, it should
be noted that the use of an inorganic mortar for the anchors with a length of 250 mm
provided the highest flexural capacity, even though some slippage within the anchors
was observed.

The addition of the anchors avoided or delayed the premature loss of composite action
for the majority of the beams. Interlaminar failure within the SRG was still observed in the
RC beams with anchors. However, when the interlaminar failure reached the end of the SRG,
the presence of the anchors delayed or prevented the complete loss of composite action.

In terms of ductility, measured as the ratio of the midspan deflection corresponding to
the loss of composite action (including slippage within the anchors), or concrete crushing to
the deflection corresponding to the yielding of the internal reinforcement, the values ranged
between 1.65 (MD fiber sheet SRG) and 4.17 (two layers of LD fiber sheets). Adding the
anchors for the RC beams strengthened with MD SRG increased the ductility ratio to 5.27.

Finally, the estimate of the moment and curvature of the beam at loss of composite
action using cross-sectional analysis and the strain at failure obtained from single-lap
shear tests highlighted that in the case of the beam with one layer of LD fiber sheet SRG,
the moment and curvature were very consistent with the corresponding experimental
values. For the beam with one layer of MD SRG and no anchors, for which interlaminar
failure occurred, the moment from the cross-sectional analysis was consistent with the
experimental value corresponding to the loss of composite action. The curvature, on
the other hand, was underestimated. In an attempt to determine a suitable value of the
strain to capture the deformability of the beam, the author put forward a fictitious strain
to determine via cross-sectional analysis the curvature at loss of composite action. This
fictitious strain was determined from the readings of LPDTs mounted at the intrados and
extrados of the beam. This approach allowed us to capture the curvature at the loss of
composite action and indicated that slippage of the fibers in a beam might not be captured
by the strain obtained in direct shear tests. Two additional values of the strain obtained
from the literature were used to determine the curvature at loss of composite action. One of
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them, obtained from the so-called ∆M approach, was similar to the fictitious strain proposed
by the authors. In terms of practical design consideration, this aspect is not critical since the
static capacity of the system is always properly captured while the deformation capacity is
not commonly used since the loss of composite action is not a ductile mechanism.
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