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Abstract: The strengthening of existing reinforced concrete (RC) structures by means of steel-fabric
reinforced cementitious matrix (Steel-FRCM) systems has been universally recognized in the academic
literature as an effective method. Several types of steel fibres can be found in the marketplace, and they
are classified according to mass per unit area and tensile strength. In the flexural strengthening design
of RC beams, a fundamental parameter is the effective tensile strain level in the Steel-FRCM system
attained at failure. Some authors and guidelines suggest evaluating this strain value using the results
of bond tests. As is well highlighted in many works, the debonding strain in Steel-FRCM composites
applied on concrete beams is usually higher than that from single-lap shear tests. At this point, it can
be easily obtained by applying an appropriate amplification coefficient. This study experimentally
investigates the difference in the debonding strain between Steel-FRCM composites bonded to
concrete blocks in single-lap shear tests (end strain) versus the debonding strain in concrete beams
(intermediate strain). The results were used to critically discuss the variability of the amplification
coefficient, significantly affected by the mechanical and geometrical properties of the steel fibres.
Moreover, a simple predictive formula to evaluate the intermediate strain debonding was used, and
the results were compared with the experimental evidence. Finally, a large database of direct shear
and flexural tests was used to confirm the experimental and theoretical data obtained herein.

Keywords: steel-fabric reinforced cementitious matrix (S-FRCM); fibre/matrix bond; flexural design

1. Introduction

The fabric reinforced cementitious matrix (FRCM) system has become one of the most
popular strengthening methods for existing reinforced concrete (RC) structures. It offers
advantages compared to traditional methods: lightness, ease of installation, usability of the
structure in the strengthening phases, no impact on the geometry and original structural
concept, resistance to atmospheric agents, and reversibility of the intervention over time.
Notably, the FRCM systems could be used in place of fibre-reinforced polymers (FRPs)
systems [1].

To date, the study of new innovative materials to be used in civil engineering ap-
plications has prompted sector research to use nanocomposites. These materials have
been shown to be effective in developing materials with high structural performance, as
demonstrated in [2—-4].

Several experimental works were carried out over the last 10 years in order to inves-
tigate the behaviour and the effectiveness of FRCM systems in the strengthening of RC
structures. Fundamental information has been provided and disseminated in the scientific
literature on the qualification and acceptance [5,6], tensile and bond response [7-11], and
flexural and shear strengthening of full-scale RC beams [12-15].

The structural performance of RC members can also be effectively improved using
steel fibre strips externally bonded by means of cementitious matrix. Many experimental
investigations and analytical studies on structural members retrofitted with Steel-FRCM
systems have been conducted [16-22]. In the following work, the acronym Steel-FRCM
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is used even if the international literature also suggests the use of the acronym Steel
Reinforced Grout (SRG). Steel fibre with different mechanical and geometrical properties
are available in the marketplace. Consequently, the performance of the different Steel-
FRCM system:s is still to be fully understood. The outgoing technical documents have
not yet incorporated all the types of existing steel fibres, such as stainless or galvanized
steel. The wide range of steel fibres allows the designers to choose the best option in the
strengthening phase. The mechanical properties of the steel fibres considered in this paper
range between 1470 = 2000 MPa for tensile strength and between 600 = 2200 g/m? for the
mass per unit area.

The development of a reliable and accurate design model for the Steel-FRCM systems
is the last step to fully characterizing this type of composite system. Therefore, the extensive
knowledge of the structural behaviour achieved over time for these strengthening systems
has been transferred into some design documents. Until now, two major international
guidelines [23,24] have issued the first requirements for the definition of the debonding
strain for flexural strengthening of RC members. The scientific community has focused its
efforts on defining reliable design approaches in the prediction of the debonding strain of
the external strengthening system. The present work attempts to address this issue on the
basis of available experimental data.

The research significance is to investigate the variability of a transition coefficient
for the Steel-FRCM composite in the flexural strengthening of RC beams. As a result, the
community may be encouraged to improve the design provisions.

The experimental results highlighted that the failure of the RC strengthened member
mainly occurs due to the loss of bond between the composite system and the concrete
substrate. Specifically, the external additional action loses effectiveness at the debonding
of the composite system. Combining the results of single-lap shear tests with tensile tests
on dry fibre strips, it is possible to evaluate the design parameters for externally bonded
Steel-FRCM systems in flexure (intermediate debonding strain), according to [24]. The goal
is to evaluate the effective relationship between the strain that correspond to the flexural
failure in RC beams and the strain due to the detachment in bond tests.

In order to determine the effectiveness of this design approach, two different steel
fibres, characterized by high and low mass per unit area, were used in combination with
the same cementitious matrix. In one case, the matrix allowed the tensile failure of the
fibre in both single-lap and flexural tests to be achieved. Instead, using the high mass per
unit area steel fibre, low level of strain is achieved in the bond test while the performance
significantly increases in terms of debonding strain in flexure.

Therefore, the procedure shows that the results, expressed through the amplification
coefficient, are strongly influenced by the geometrical and mechanical properties of the
different reinforcing steel strips. Based on those results, further considerations on the
assessment of the coefficient « must be addressed in order to define the transition between
end and intermediate strain.

Then, the analytical formula defined in Bencardino et al. [25] was used to estimate
the intermediate debonding strain obtaining reliable results. The main aim of the article
is to assess the accuracy of both methods (guideline procedure and predictive formula)
against an experimental database collected from the literature obtaining useful information
regarding the design of these materials.

2. Material Properties: Steel Fibres, Concrete, and Cementitious Matrix

The experimental programme included both a development phase and an execution
phase. The development phase concerned a series of physical operations to prepare
24 samples: specifically, 18 specimens for single-lap shear tests and 6 specimens for direct
tensile tests. The execution phase of this programme concerned the experimental tests and
analysis of the results.
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2.1. Steel Fibres

Two different unidirectional steel fibres were used, Stainless Steel (SS) [26] and Gal-
vanized High Strength Steel (GLV) [27]. The acronym SS indicates a unidirectional strip
made with stainless steel (AISI 316) strands, particularly resistant to corrosion, which can
be used in the interventions on surfaces subject to rising damp and, in general, exposed
to aggressive environments. Each strand is composed of seven wires and, in turn, made
up of seven other threads twisted around each other. It is an austenitic (non-magnetic)
stainless steel alloy composed of a low carbon content (~0.05%). The GLV is a unidirec-
tional reinforcement made of five high strength galvanized zinc plated filaments rolled up
longitudinally. Figure 1a,b show the steel strips 50 mm wide (b¢) and the single steel strand
for SS and GLV, respectively.

(a) (b)
Figure 1. Steel strips and detail of a single strand: (a) SS; (b) GLV.
The number of strands (nsr) in a 50 mm strip width, the actual area of a single steel
strand (A g,), the cross-section area of the steel strip (Af), and the nominal thickness (t;)

and the mass per unit of area (p) of the two types of unidirectional steel strips, SS and GLV,
are given in Table 1.

Table 1. Geometrical properties of the dry fibres and strips.

Description Label Af e (mm?) Nsy/50 mm A¢ (mm?) t¢ (mm) p (g/m?)
Stainless Steel SS 0.470 25 11.75 0.235 2200
Galvanized High Strength Steel GLV 0.519 8 4.15 0.083 650

2.2. Cementitious Matrix

The SS and GLV steel fibres were applied using an inorganic cementitious matrix
(BMN) [28]. The BMN is a non-shrink, normal curing, ready-to-use, thixotropic mortar
with the addition of synthetic short fibres. It has high mechanical strength for both short
and long curing time, strong adhesion to concrete, high resistance against sulphates, and
excellent durability even in severe aggressive conditions (coastal areas, de-icing salts, acid
rain). The matrix was certified according to EN 1504-3:2005 [29] and EN 1504-4:2004 [30]
specifications concerning the structural requirements.

The compressive (fn) and tensile (f;) strength of the cementitious matrix were obtained
by using prismatic specimens of dimensions 160 mm x 40 mm x 40 mm (Figure 2a).
Specifically, five samples were used for flexural tests and ten samples for compression
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tests. A mechanical machine with 100 kN capacity was used and the tests were carried out
according to EN 12190:1998 [31] for the compressive strength and to EN 1015-11:2019 [32]
for the flexural tensile strength. Figure 2b,c show the flexural and compression test of the
matrix, respectively.

(a) (b) (c)
Figure 2. Cementitious matrix: (a) prismatic samples; (b) flexural test; (c) compression test.

2.3. Concrete

Cylindrical compressive strength (f.) and tensile splitting strength (fcm) of the con-
crete used to prepare the prisms for the subsequent single-lap shear test were evaluated
using three samples of 150 mm diameter (D) x 300 mm height (H) (Figure 3a). Figure 3b,c
show the compression and splitting test on concrete, respectively. The experimental mean
values for the cementitious matrix and concrete are given in Table 2.

(b) (c)
Figure 3. Concrete: (a) cylindrical samples; (b) compression test; (c) splitting test.

Table 2. Mechanical properties of the cementitious matrix and concrete.

Mean Value (N/mm?)

Property
Cementitious Matrix Concrete
Compressive Strength fr, fom 43.67 33.89
Tensile Strength fi, foim 5.77 2.87

Concrete prisms were formed using wooden formworks. Two different geometrical
configurations were used: 150 mm (b.) x 150 mm (pc) x 400 mm (I¢) according to the
suggestion given in [24] and 200 mm (b.) x 200 mm (pc) X 320 mm (l.), respectively.
The surfaces where the Steel-FRCM system was bonded were slightly roughened by me-
chanical brushing and a series of notches were made in order to increase the adhesion
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capacity (Figure 4a,b). All the specimens were cast in a laboratory and cured in standard
environmental conditions.

(a) (b)

Figure 4. Surface roughness of the two geometrical configurations: (a) prism with 150 mm x 150 mm
x 400 mm dimensions; (b) prism with 200 mm x 200 mm X 320 mm dimensions.

2.4. Direct Tensile Test: Test Set-Up and Results

In order to define the mechanical properties of the strengthening systems, three
specimens of each type of steel strip were subjected to direct tensile tests. All strips were
50 mm wide (b¢ = 50 mm) and 500 mm long. The specimens were identified according
to the notation DT_x_y, where DT is the acronym of Direct Tensile, x identifies the type
of steel fibre, and y is the progressive number of the specimen (Table 3). Rectangular
aluminium tabs of 3 mm in thickness, 100 mm in length, and 50 mm in width were glued at
both ends, employing a thin layer of suitable epoxy resin with high compressive strength
(76 MPa). The tensile tests were carried out with a displacement controlled tensile machine
Zwick-Roell Z250 with a load capacity of 250 kN using a rate of 0.5 mm/min.

Table 3. Direct tensile test results of the dry fibre SS and GLV specimens.

Specimen Fmax (N) f¢ (N/mm?)
DT _SS 1 16,618.75 1414.36
DT_SS_2 15,664.90 1333.18
DT_SS_3 18,142.54 1544.05
Average 16,808.73 1430.53

(C.0.V) (0.074) (0.074)

DT_GLV_1 8507.78 2050.07

DT_GLV_2 8318.67 2004.50

DT_GLV_3 7924.88 1909.61
Average 8250.44 1988.06

(C.0.V) (0.036) (0.036)

The Figure 5 shows the direct tensile test on SS (Figure 5a) and GLV (Figure 5b) strips
while Figure 6 shows the stress—strain curves obtained for both dry fibres, SS (Figure 6a)
and GLV (Figure 6b), respectively.

The stress—strain curves (Figure 6) show an initial elastic linear behaviour followed by
a non-linear stage due to the progressive rupture of the single wires of the strands until to
the peak load, then the curves drop at failure.
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(a) (b)

Figure 5. Direct tensile test on dry fibres: (a) SS strip; (b) GLV strip.

(@) (b)
Figure 6. Stress—strain curves of the direct tensile tests on dry fibres: (a) SS strip; (b) GLV strip.

The values of the maximum load (Fmax) and tensile strength (f;) of each SS and GLV
specimen were given in Table 3. In the same Table 3, the average values and the coefficient
of variation (C.0.V.) for each set of specimens are given.

With reference to the average values, the tensile strength was 1988.06 N/mm? for GLV
fibres and 1430.53 N/mm? for SS fibres. The GLV fibre shows a tensile strength 39% higher
than SS fibre. The elastic modulus (E;) of the SS fibres was evaluated with reference to a
tensile strain level of 0.003, within to the linear stage. The values were 206,794 MPa and
198,352 MPa for SS and GLV strips, respectively. The results obtained are very similar to
those provided in the manufacturer datasheets [26,27]. All the subsequent calculations
were carried out with reference to 206 GPa for both types of steel fibres, SS and GLV.
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3. Bond Behaviour
3.1. Direct Single-Lap Shear Test: Preparation and Test Set-Up

To study the bond performance, the classical direct single-lap shear test was used.
The width of the Steel-FRCM system was by = 50 mm for all specimens. Some studies
investigated the effective bond length (1;,) of Steel-FRCM on concrete surfaces providing
useful recommendations [33,34]. The steel strips were bonded to the centre of each prism
face with a bond length 1, = 260 mm. Specifically, the same bond length and width were
adopted for all specimens. Table 4 summarizes the geometrical configuration of all tested
concrete specimens.

Table 4. Geometric configuration of all tested concrete specimens.

Specimen ID b, (mm) Pc (mm) 1. (mm) b¢ (mm)
1to4 150 150 400 %0
5t09 200 200 320

An un-bonded length of 30 mm was left from the upper edge of the prisms to the
Steel-FRCM composite system. This configuration prevents the fracture of the corner prism
in the debonding process.

Figure 7 shows the bonding procedure of the Steel-FRCM system on concrete prisms.
Specifically, the laboratory work was carried out according to the following steps: cleaning
of the concrete surface of dust and other elements (Figure 7a,b), spreading and application
of the first layer of matrix by 5 mm thick wooden forms (Figure 7c), application of unidirec-
tional steel strip, and application of the second layer of matrix to complete the Steel-FRCM
system (Figure 7d). In order to forestall any air pockets in the impregnation process, the
matrix was manually pounded with a putty knife.

(b) () (d)

Figure 7. Bonding procedure of the S-FRCM system on concrete prism: (a) cleaning procedure,
(b) wetting of the surface, (c) spreading and application of the matrix layer, (d) final results.

Each specimen was labelled with the notation DSC_x_y, where DSC indicates the
words Direct Shear Concrete, x identifies the steel fibre used (SS or GLV), and y shows
the progressive number of the specimens. A total number of 22 samples were prepared,
11 samples with SS fibres and 11 samples with GLV fibres. Test set-up configuration and
geometrical dimensions are given in Figure 8.

The experimental studies available in the literature show that different testing proce-
dures have been used and highlight that the results are strongly influenced by the test set-up
parameters [35-37]. Therefore, the failure mode is affected by the testing procedure. The
tests were carried out according to the well-known push-pull scheme suggested by RILEM
TC-250 recommendations [38]. The samples were vertically oriented and located inside a
rigid steel frame able to prevent displacements and rotations. When the load was applied,
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the steel plate pushes the prism, and the steel strip was pulled, inducing tensile stress in
the Steel-FRCM strengthening system until failure occurs. A universal INSTRON 5582
machine with a loading cell of 100 kN was used to carry out the experimental investigation.
The tests were conducted under displacement control at a velocity rate of 0.2 mm/min,
until failure. The specimens were aligned within the testing machine to reduce accidental
eccentricities during the test, ensuring the alignment of the load plane and the Steel-FRCM
strengthening system. The relative displacement between steel strip and substrate (global
slip) was recorded by means of two Linear Variable Displacement Transducers (LVDTs)
with a measuring range of 20 mm. A thin L-shaped aluminium plate was glued onto the dry
fibres near the unbonded part of the strip and used as reference point for the measurement
of slip during the test. Two rectangular aluminium tabs were applied at the end of the
bare steel strip using epoxy resin. Finally, the load was applied clamping the tabs in the
gripping system of the machine.

(a) (b)

Figure 8. Experimental set-up for single-lap shear test: (a) geometrical dimensions; (b) DSC_GLV_1
sample in the testing machine.

3.2. Direct Single-Lap Shear Tests: Results

Table 5 shows the main results: specifically, the maximum load in each test (Pmax),
average global slip at maximum load (gmax), and average ultimate global slip (gy), both
measured by the two LVDTs, maximum stress in the steel strip (omax), ratio between
maximum stress in the steel strip and the tensile strength of the dry fibres (omax/ff), the
failure mode. The maximum stress in the steel strip was obtained by dividing the recorded
maximum load by its cross-section area (Omax = Pmax/ Ag).

For GLV system, the global slip at maximum load corresponds to the global slip
at failure because the fibres reach the rupture without debonding (failure mode E). The
load-global slip curves for the SS and GLV tested specimens are given in Figure 9.

The two Steel-FRCM systems show different behaviour. For the SS system (Figure 9a),
the curves are characterized by an initial linear elastic branch up to about 70% of the peak
load (maximum load reached). Exceeding this load, visible cracks occur in the upper layer
of the matrix, the slope of the curve decreases, and the degradation of the bond strength
starts (internal micro-damage).

Later, the load remains almost constant, and the curves were characterized by sudden
falls (drops), owing to the increasing cracking of the external layer of the matrix. In the last
stage, a gradually debonding failure took place up to a complete or partial detachment
of the Steel-FRCM system from concrete surface of the prism, a very brittle debonding
evolution and a sudden decay of the load up to zero was recorded.
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Table 5. Experimental results of the direct single-lap shear tests.

Specimen Pmax (kN)  gmax (mm) gu (mm) Omax (MPa)  omax/fs (%) F;[i(l)léie
DSC_SS_1 5.36 0.34 0.57 456.17 31.89 B-C
DSC_SS_2 5.71 0.59 0.65 485.96 33.97 B
DSC_SS_3 5.24 0.57 0.65 445.96 31.17 B-C
DSC_SS_4 5.98 0.79 0.81 508.94 35.58 B-C
DSC_SS_5 6.70 0.66 0.85 570.21 39.86 B-C
DSC_SS_6 5.16 0.61 0.64 439.15 30.70 B-C
DSC_SS_7 5.93 0.54 0.77 504.68 35.28 B-C
DSC_SS_8 5.65 0.65 0.77 480.85 33.61 B
DSC_SS_9 5.97 0.68 0.68 508.09 35.52 B

Average 5.74 0.60 0.71 488.89 34.18

(C.o.V) (0.083) (0.204) (0.131) (0.083) (0.083)
DSC_GLV_1 6.99 0.94 0.94 1684.34 85.34 E
DSC_GLV_2 7.67 1.06 1.06 1848.19 93.65 E
DSC_GLV_3 7.44 1.63 1.63 1792.77 90.84 E
DSC_GLV_4 7.62 0.80 0.80 1836.08 93.03 E
DSC_GLV_5 8.19 1.05 1.05 1973.53 100.00 E
DSC_GLV_6 8.58 0.88 0.88 2067.82 104.77 E
DSC_GLV_7 7.02 0.89 0.89 1691.74 85.72 E
DSC_GLV_8 7.80 1.02 1.02 1880.57 95.29 E
DSC_GLV_9 7.78 1.12 1.12 1874.37 94.97 E

Average 7.47 0.93 0.93 1849.93 93.73

(C.0.V) (0.068) (0.260) (0.260) (0.066) (0.066)

(a) (b)

Figure 9. Experimental results of direct single-lap shear tests: (a) SS system; (b) GLV system.

The experimental findings highlighted that the bond behaviour is largely affected by
the strand spacing in the width of the steel strips.
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With reference to GLV system, the tests show the rupture of the steel strands out of the
bonded area with exploitation of the total strength of the steel fibres without debonding
failure. This system shows an almost linear behaviour up to the rupture of the steel
fibres. The ultimate loads of the SS systems (Figure 9a) were lower than the GLV systems
(Figure 9b).

Therefore, the recorded stresses at failure state of the DSC_SS system reveal a con-
siderable decrease (of 74.12%) compared to the DSC_GLYV system. In terms of global slip
between composite material and concrete surface, the results suggested an increasing of
about 23.65% when the galvanized (GLV) steel is applied on the specimens with respect to
Stainless steel (SS), using the same cementitious matrix (0.93 mm and 0.71 mm, respectively).
The results suggest that the different roughness of the surface does not affect the behaviour
as can be seen from the load—slip relationship and the failure modes (Figure 10a,b).

(a) (b) (c)

Figure 10. Typical failure modes obtained: (a) SS (failure B-C); (b) SS (failure C); (c) GLV (failure E).

Even the failure modes of concrete specimens are observed and recorded in detail.
In the DSC_SS system, the typical failure modes are debonding at the matrix-to-substrate
interface (mode “B”) and debonding at the textile-to-matrix interface (mode “C”). These
two failures were identified separately on some specimens and in combined in others
(Table 5). As regards the DSC_GLYV system, failure occurred in all specimens due to the
rupture of the galvanized steel fibre (mode “E”) before any debonding could occur and
consequently without affecting the matrix layer of the Steel-FRCM composite. In all the
tests, the failure mode does not involve the concrete surface (Figure 10c). It will be shown
later that the different bond behaviour has a significant influence on the flexural design.

4. Theoretical Calculations and Predictive Formula for Flexural Design
4.1. End Debonding Strain Value

The failure occurred in fibric-reinforced composites implicate complex interactions
with stress transfer that could interest many interfaces. The most prevalent failure involves
the matrix—fibre interface (at the internal or external layer) or concrete substrate-matrix
interface. Rarely it engages the detachment of the concrete substrate. The debonding modes
described above are typically observed in Steel-FRCM systems. Despite the difficulty in the
prediction of the behaviour of FRCM-strengthened RC elements, a simplified procedure
can be used due to set the debonding strain occurred in full-scale RC beam tests.

A Guideline for the design and construction of strengthening interventions with
FRCM systems was issued by the Italian National Research Council (CNR) by means
of the CNR-DT 215/2018 [24] document. The guideline aims to provide non-binding
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recommendations for designers aiming to use cement-based reinforcement systems in the
field of rehabilitation of existing structures. Based on that, this document supplied specific
design rules for each structural application of FRCM systems.

The goal is to investigate the reliability of this design approach in the definition of the
debonding strain in flexural application of Steel-FRCM/ concrete strengthening systems.

From the load—global slip curves, shown in Figure 11a,b, it is possible to identify
the end strain value (gjjm conv) by means of the intersection between the straight line
corresponding to the stress peak value (0jim cony = Pmax/Ag), which was determined by
shear bond tests, and the stress—strain relationship of the tensile tests carried out on dry
steel strips. The Figure 11 shows the procedure considering the average values.

(@)

(b)
Figure 11. Evaluation of end debonding strain value for: (a) SS system; (b) GLV system.

For the SS system, the calculation can be made automatically. Low values of the shear
bond test (input data) fall within the linear elastic phase of the curve that characterizes the
tensile strength of the steel fibre. When the stress is high (as in the case of GLV system), it
intersects the non-linear part of the curve and the procedure of dividing the stress by the
elastic modulus would lead to an error in the calculation of the strain.
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Specifically, each value of the shear bond stress was combined with the mean curve
of the dry fibres in order to obtain the mean and characteristic (defined as conventional)
values for the end debonding strain (&jim cony) and the intermediate debonding strain
(e(a)lim,conv)- The latter is obtained by multiplying the €y, cony by the & = 1.5 factor, as
suggested in the CNR guideline. The characteristic (5% fractile) value &}, conyk, required
by the guidelines, is calculated as the mean value &}y conym minus the coefficient ky,
multiplied by the standard deviation sx. ky is a coefficient that depends on the number
of tested specimens, as reported in Eurocode 0 for unknown values [39]. The calculation
was carried out by organizing the experimental results first, according to the size of the
concrete blocks b, and the width of the reinforcement strip bs. Then, the procedure was
repeated using all the available results. The qualification parameters (characteristic values)
for the two Steel-FRCM systems were listed in Table 6. The same table shows the values
of the standard deviations sy, the coefficients of variation C.0.V., the coefficient k,,, the
characteristic end strain )iy conyk, and characteristic intermediate strain 5(“)1im,conv,k- For
the SS system, the first group was constituted of the specimens DSC_SS_1, DSC_SS_2,
DSC_SS_3, and DSC_SS_4. The second group, instead, of the remain specimens (5, 6, 7,
8, and 9). For GLV systems, the first group was assembled with specimens DSC_GLV_1,
DSC_GLV_2, DSC_GLV_3, whereas the second with the results of specimens 4,5, 6, 7, §,
and 9. Finally, the procedure was repeated for all the 9 specimens tested. Therefore, the
values of the coefficients ky corresponding to 3, 4, 5, 6, and 9 samples, are 3.37, 2.63, 2.33,
and 1.96, respectively.

Table 6. Statistical data evaluated combining each value of single lap-shear tests with tensile results

of dry fibre.

N° of b oy C.o.V.
System Specimens (mlcn) lil&clgz;cm #lim,conv,m Sx (%) kn &lim,conv,k el tx)lim,conv,k Kreal
4 150 474.26 0.00274 0.00019 7.02 2.63 0.00223 0.00335 2.16
SS 5 200 500.60 0.00292 0.00032 11.03 2.33 0.00217 0.00325 2.03
9 150/200 488.89 0.00284 0.00027  9.60 1.96 0.00230 0.00346 2.09
3 150 1775.10 0.0117 0.00129 10.98 3.37 0.00738 0.0111 1.31
GLV 6 200 1887.35 0.0135 0.00183 13.50 2.18 0.00954 0.0143 1.13
9 150/200 1849.93 0.0129 0.00182  14.08 1.96 0.00936 0.0140 1.18

As results, the characteristic end debonding strain ranged between 0.00217 to 0.00230,
and the corresponding characteristic intermediate strain was between 0.00325 and 0.00346
for the SS system. The values obtained for the GLV system range from 0.00738 to 0.00954
(characteristic end strains) and from 0.0111 to 0.0143 (characteristic intermediate strains),
respectively. As can be seen from the coefficients of variation, the average values differ little
from the characteristic values and, furthermore, the width of the concrete prisms does not
affect the final results. Indeed, as expected, the values of strain attained by the galvanized
Steel-FRCM system (GLV) is higher than the stainless Steel-FRCM system (SS) thanks to
the lower spacing between cords, as suggested by the efficiency ratio. From here on, the
results obtained from all 9 samples of both Steel-FRCM systems will be used.

The characteristic intermediate strain must be divided by the partial factor in order to
obtain the design value. According to the document, the partial factor is equal to 1.5 for
Ultimate Limit State. It should be noted that the amplification coefficient and the safety
factor, both equal to 1.5, would cancel each other out. The procedure would lead to design
of the strengthening system with the characteristic end strain, affecting the flexural strength
of the Steel-FRCM-strengthened beams.

4.2. Predictive Formula for Intermediate Debonding Strain

Simple predictive formula has been proposed for the flexural debonding strain in
Steel-FRCM strengthening applications [25]. Equation (1) shows that the strain is related to
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the axial stiffness of the reinforcement (Estng). The coefficients 2.24 and 0.52 consider the
elastic/fracture properties of the fibre-matrix interface and other uncertainties. Specifically,
they take into account the several cementitious matrices and fibres properties. However, as
demonstrated in [40], by expanding the database, the coefficients can assume a different
value but, at the same time, by considering the highest and lowest values of the coefficients,
the relationships provide close results. Table 7 shows the results obtained, where & 4,
represent the intermediate debonding strain evaluated using the predictive formula.

efdep = 2.24- (n¢Esty) 0% 1)

Table 7. Intermediate debonding strain calculated by means predictive formula.

Strengthening System £f,deb
SS 0.00821
GLV 0.0141

5. Theoretical-Experimental Comparison and Analysis

The comparison in terms of flexural debonding strain was made, for the SS fibre,
using flexural tests available in [41], where the experimental failure strains (e exp) were
experimentally measured by linear SGs on two tested beams, with a benchmark of 0.00599
and 0.00587 (0.00593 is the average value). For the GLV system, the failure is governed by
the tensile strength of the textile rather than by the debonding of the Steel-FRCM system.
Therefore, the design strain of this system was directly compared with the ultimate strain
of the dry textile due to the failure mode, resulting from the direct shear tests (0.0153). In
addition, the last column of Table 6 reports the comparison between the intermediate strain
(€f,exp) Obtained experimentally and the end strain (€jim,conv,m) given as ratio (ctea)-

An evaluation of the debonding strain was also specified in the ACI 549.4R-20 Ameri-
can Guideline [23]. According to this document, the value of strain attained at failure in
the FRCM reinforcement &g, should be limited to the design tensile strain of the FRCM
composite material ¢4, and it is defined as &g = e¢g < 0.012. This approach takes into
account the mechanical properties of the FRCM materials and neglects the bond behaviour.

It can be concluded that the CNR-DT 215/2018 Guideline leads to extremely low inter-
mediate strains for the high-density fibre (SS), compared with the experimental debonding
strain values. The value of e, is around 2: higher than the coefficient 1.5. On the other
hand, the predictive formula provides a slightly higher value than the experimental refer-
ence, which can be easily corrected with a suitable safety factor (yf = 1.2 + 1.5) that should
be used when debonding failure occurs. For the GLV system, the two methods provide the
following results: the coefficient proposed by the Guideline is higher than that obtained
from the experimental results (ot equal to 1.2), while the predictive formula provides
reliable value. It is worth noting that the failure mode of the GLV system occurs without
debonding (fibre rupture in both bond and flexural tests) and « coefficient is equal to 1.

The same procedure was repeated using a database of experimental results collected to
assess the design strain. Experimental tests carried out on RC beams externally reinforced
in flexure [21,41-43] (Table 8) and single-lap shear tests [44—47] (Table 9) with Steel-FRCM
composite systems were found in the scientific literature.

The properties of the steel textile declared by the authors were reported in Table 10,
where all acronyms were presented in the previous sections. With Eg; is indicated the
elastic modulus of the external reinforcement obtained from the technical data sheet and
with Eg, from the experimental tests. In the calculation, the nominal thickness of the fibres
and Young’s modulus of the fibre are provided by the manufacturer or identified in the
published papers. The data examined were divided according to the textile density: low
(L), medium (M), and high (H). Specifically, the following data are reported in Table 8:
beam width (b.), beam height (H), effective height (h), effective length between supports
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(1), shear span length (a), average compressive strength of the concrete (fom), yield strength
of the internal steel bars (fym), the transversal area of the steel bars in tension (As), the area
of external reinforcement referred to the dry textile (A¢), and the experimental value of the
intermediate debonding strain (&g may)-

Table 8. Experimental database of flexural tests of RC members strengthened with S-FRCM composites.

b (mm) 1 (mm) fom (N/mm?)

. 2
Experimental ID H (mm) a (mm) fym (N/mm?) A,S (mmz) Reinforcement £f max
Work ym A’g (mm?) ¢
h (mm) bs (mm) P
203 2134
Barton et al. [42] SRG-2 305 711.50 36.50 396.90 Hardwire 35X 0.0065
436.00 141.70
2438 152
SRG-1LD Geosteel G600 0.0149
SRG-2LD Geosteel G600 0.0107
Napoli and SRG-IMD o B s 39250  Geosteel G2000  0.0080
Realfonzo [21] ~ SRG-1MD-A 167 200 0.000515 000152 1570 Geosteel G2000  0.0085
SRG-1MD-B : : Geosteel G2000  0.0070
SRG-2MD Geosteel G2000  0.0075
Bencardino and A-EB 150 3000/4500 16.70 401.92 Kimisteel NOX_ 00587
Condello [41] B.EB 250/400 900/1500 367.1 10050 0.00599
365 100/150 0.000657 :
140 4500 19.4
O\r]re‘lr’;ees[ g]‘d B-1L 300 1600 474 12183'2064 Geosteel G1200  0.0074
- 269 70 0.00028 :
Table 9. Experimental database of bond tests on concrete prism.
Experimental Work Specimen Fmax (kN) O;Ii‘}[‘iig‘;v £lim,conv s("‘)lim,mm, Reinforcement Fibre
G-12-1 28.48 727.62 0.00364 0.00546
Matana et al. [45] G-12-2 25.37 648.04 0.00324 0.00486 Hardwire 35X
G-12-3 21.81 557.09 0.00279 0.00418
30 LD-2 14.30 1692.98 0.00870 0.01304 G 1 G600
30 LD-3 15.73 1858.74 0.00955 0.01432 costee
Realfonzo et al. [46] 30 MD-1 16.64 655.28 0.00337 0.00505
30 MD-2 16.01 630.47 0.00324 0.00486 Geosteel G2000
30 MD-3 17.66 695.45 0.00357 0.00536
200S 7.24 603.33 0.00319 0.00479
. 250'S 7.20 600.00 0.00317 0.00476 .
Bencardino and Condello [44] 300 6.17 514.17 0.00272 0.00408 Kimisteel INOX
4008 7.90 658.33 0.00348 0.00522
30LM-10-1-1 16.43 972.19 0.00499 0.00749
Ascione et al. [47] 30LM-10-1-2 17.80 1053.25 0.00541 0.00811 Geosteel G1200
30LM-10-1-3 18.25 1079.88 0.00555 0.00832

Concerning the database of direct shear test (Table 9), the maximum load (Fmax),
the maximum stress (o0max), and the intermediate debonding strain calculated with the
CNR-DT 215/2018 procedure (e(®y;, cony) Were reported. The database was collected
considering the specimens with enough bonded length (>200 mm) in order to avoid
results where the maximum debonding load is not reached. The results obtained from the
debonding formula were collected in Table 11 for each set of experimentally tested beam.
Finally, the comparison in terms of average values weas summarized in Table 12. Diff;
is the percentual difference between the experimental debonding strain and the CNR-DT
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215/2018 prediction, whereas Diff; represents the corresponding comparison between the
experimental values and predictive formula.

Table 10. Properties of the steel fibres.

. Eq Ep Egy, tr Jfu Cord Area  Spacing .
Steel Textile ' Mpa)  (MPa) ~ (MPa)  (mm) (MPa) (mm?)  (Cord/em) DeSIY
Hardwire 35X 200,000 200,000 200,000 0.382 1701.83 0.0168 0.813 4.70 M
Geosteel G600 206,000 183,400 194,700 0.086 3191.00 0.0219 0.538 1.57 L
Geosteel G1200 206,000 183,400 194,700 0.169 3138.30 0.0214 0.538 3.14 L-M
Geosteel G2000 206,000 183,400 194,700 0.254 3085.70 0.0209 0.538 4.72 H
Kimisteel INOX 189,000 189,000 189,000 0.240 1400.73 0.0148 0.470 5.20 H
Table 11. Debonding strains obtained from the predictive formula.
Ref. ID ng Sf,debAV

Barton et al. [42] SRG-2 1 0.0077

SRG-1LD 1 0.0145

SRG-2LD 2 0.0101

. SRG-1IMD 1 0.0082

Napoli and Realfonzo [21] SRG-IMD-A 1 0.0082

SRG-1MD-B 1 0.0082

SRG-2MD 2 0.0057

Bencardino and Condello [41] B-EB 1 0.0086

B-1L 1 0.0115

Ombres and Verre [43] B-1L-1A 1 0.0115

B-1L-2A 1 0.0115

Table 12. Experimental and theoretical comparisons.

Rif./Strengthening System Emay  Ehimeonvy  EP%hmeonv? Erdeb”’  Diffy (%)  Diff, (%) Density  oteq

Barton et al./Hardwire 35X 0.00650 0.00322 0.00483 0.00655 —25.66 0.83 M 1.49

Napoli and Realfonzo/Geosteel G600 0.0128 0.00912 0.0137 0.0123 6.89 -3.72 L 1.40
Napoli and Realfonzo/Geosteel G2000 0.00780 0.00339 0.00509 0.00761 —34.35 —1.84 H 2.28
Bencardino and Condello/Kimisteel INOX 0.00599 0.00314 0.00471 0.00862 —21.30 43.87 H 191
Ombres and Verre/Geosteel G1200 0.00740 0.00532 0.00797 0.0102 7.77 37.83 L-M 1.39

The coefficient of transition between the two values (x;e,1) ranges from 1.5 (for low-
density fibres) to about 2 (for fibres with increasing density). In fact, the experimental results
show that both proposed methodologies lead to reliable results in the case of low-density
and low/medium-density steel strip. The high surface density fibres are characterized by a
premature debonding due to the difficult impregnation of the inorganic matrices, which
makes it more difficult to predict the failure strain. The « value for high density fibres is due
to a small end debonding strain. It can be generally concluded that the procedure proposed
by the CNR-DT 215/2018 Guideline is conservative for the flexural strength of Steel-FRCM
strengthened beams with dense fibres. Therefore, considering the characteristic values and
dividing them by the partial factor, even lower values would be obtained.

On the other hand, the procedure proposed appears too general in indicating a single
transition coefficient for all FRCM systems. In the marketplace, there are countless matrices
with different mechanical properties. Moreover, the reinforcing fibres show different elastic
modulus and tensile strength. Finally, the mass per unit of area, as demonstrated with
the two steel fibres analysed, considerably changes the behaviour and the debonding
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strains. The predictive formulas are simple and easy to use and are determined only by
the mechanical (E¢) and geometric (nf and t¢) properties of the steel fibres (available from
the technical datasheets). Future developments should focus on the proposal of the design
formula of beams to develop more precise design guidelines, considering an extended
database involving the other FRCM systems (Carbon and PBO).

6. Conclusions

The present paper investigated the behaviour of different Steel-FRCM systems bonded
to concrete substrates. The total characterization of the materials was carried out by means
of direct tensile tests on steel textiles, and compressive/flexural tests of the cementitious
matrix. The theoretical calculations are based on two alternative procedures in order to
identify the key parameter in the flexural strengthening of RC beams. The results were
compared, producing an experimental database from the already published research. Based
on the experimental results and theoretical data, the following conclusions can be drawn:

1. The bond properties of Steel-FRCM composites are strongly affected by the tensile
strength and mass per unit area of the steel strips. The broad variability of the
components (type of steel and matrices) produces different levels of performance. In
particular, with reference to the efficiency factor omax /s, the best bond performance
is obtained using low-density steel fibre (GLV). The efficiency factors are 34.18% and
93.73% for SS and GLYV, respectively.

2. Different failure modes were observed from the experimental results. The debonding
mainly occurs at the matrix—fibre interface (mode C) and between surface and Steel-
FRCM composite (mode B), confirming the non-involvement of the concrete substrates.
The failure mode of the galvanized fibre (GLV) is particularly positive, with the failure
of the steel fibre outside the composite strip (without sliding).

3. The procedure reported in the CNR document provides information that may be
calibrated in relation to the several materials available for the strengthening of struc-
tural elements. It seems reductive to indicate a single coefficient for all the types of
FRCM reinforcement.

4. Specifically, high-density steel fibre reinforcement requires a transition coefficient
around 2. The coefficient of 1.5 gives satisfactory results for low-density fibre. When
the failure occurs due to the rupture of the reinforcement, as in the case of the GLV
steel strip, the debonding phenomenon does not occur and the transition coefficient is
equal to 1.

5. The predictive formulas provide an accurate prediction of the strain corresponding to
debonding also through the calibration of a suitable safety coefficient. They can be
transferred to engineers for design practice applications, owing to their simplicity.

6.  The theoretical calculations were based on a database of experimental results collected
from the scientific literature in order to investigate the intermediate debonding strain
in the flexural strengthening applications. Based on the results, it is apparent that
both procedures can be successfully used in the flexural strengthening design process,
but specific suggestion should be investigated. High-mass density fibres show higher
error ratios in predicting intermediate strains.

Despite studies on FRCM systems having achieved adequate knowledge in recent
years, further steps must be taken, and the time is ripe for the final drafting of design
documents to be transmitted to the professional world.
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