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11 ABSTRACT
12  Sted reinforced polymer (SRP) and steel reinforced grout (SRG) have emerged as promising and cost-
13  effective technologies for the external strengthening of RC structures.
14 Although the first studies date back to 2004, so far the literature related to the flexural strengthening of
15 RC dab/beams with steel tapes is rather limited. As a result, the application of such materials on a rea
16  structural member may be discouraged and, conversely, the use of carbon/glass FRP aternative systems
17  may be preferred.
18  The study presented in this paper contributes to filling this knowledge gap by presenting the results of 10
19  four-point bending tests performed on RC dabs strengthened with SRG/SRP systems. Test results have
20 provided valuable information in terms of maximum forces, deformability and failure modes by varying
21 number of layers and density of the steel tape. In particular, it has been shown that, disregarding the
22 nature of the matrix (inorganic or polymeric), the presence of the external strengthening significantly
23  increased the flexural strength of slabs, with percentage increases over the control (unstrengthened)
24 member ranging from a minimum value of 27%, when using a single layer of low density tape, to a
25  maximum of 106% in the case of SRP system with one layer of high density sheet.
26  Preliminary analytical studies were also performed in order to investigate the possibility of extending to
27 the SRP/SRG systems the applicability of formulations currently reported in some national and
28  international guidelines for the flexural strengthening of RC members with FRP sheets.
29
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1. Introduction

Over the years, the use of Fiber Reinforced Polymer (FRP) materials for the strengthening of reinforced
concrete (RC) structural members has met an increasingly widespread consensus at both the academic
and industrial levels, representing today a competitive alternative to traditional techniques.

In the case of externa strengthening, it is well known that behind the FRP terminology, systems
employing carbon fibers are typically referred to, whereas fewer applications make use of glass or aramid
fibers. The successful application of such composites in the civil engineering has aso been recognized
through the spread of specific guidelines around the world, such as the Italian Guidelines CNR-DT 200
R1 [1] and the American Guidelines ACI 440.2R [2].

However, the growing interest in the composites industry towards the development of innovative and low
cost solutions has led to the introduction of new techniques for the structural reinforcement that make use
of other fibersin lieu of the carbon or glass ones. Among the “new generation” materials, the class of
composites made of stedl fiber sheets has emerged as one of the most promising and cost-effective
solutions for external strengthening of RC members.

The steel tape consists of high carbon steel cords made by twisting steel wires within a micro-fine brass
or galvanized coating; it can be in situ applied via wet lay-up by using epoxy resin or inorganic matrix,
thus obtaining strengthening systems known with the acronym of SRP (“Steel Reinforced Polymer”) and
SRG (“Seel Reinforced Grout™), respectively. The tape can be required according to different densities
(generally denoted as low, medium or high), depending on the number of wires distributed in the sheet
width.

Although the first studies date back to 2004 [3,4], so far the scientific papers dealing with the use of steel
fiber composites for the strengthening of RC structural members (due to bending, shear, or confinement
deficiencies) are rather limited, as well as specific guidelines have not been published yet. Asaresult, the
lack of an extensive knowledge on the applicability of these materials might guide the designer toward
the choice of “proven” strengthening solutions or more marketed composite systems, i.e., those
employing the above mentioned carbon or glass fibers.

By focusing on the flexural strengthening of RC beams/slabs with steel fiber materials, the bibliography
reports the main papers by authors contributing to provide some information about the effectiveness of

using SRP/SRG systems in the structural rehabilitation [3-15]. In particular, the experimental studies
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performed by Wobbe et a. [3], by Protaet al. [5], by Kim et a. [6] and Balsamo et al. [9], are pointed out.
Wobbe et al. [3] just performed a first experimental study devoted to prove the potential of the SRP/SRG
technology in improving the performance of RC members.

In addition to highlight the influence of using different tape densities on the specimens’ response, Prota et
a. aso investigated the flexural behaviour of beams strengthened with SRG sheets mechanically
anchored to the concrete substrate by using nail anchors. It was shown that such nails do not improve the
performance of the steel tape impregnated with cementitious grout, being the used tape of unidirectional
type, as generally commercialized in the market; in fact, lacking a transverse link, the distribution of the
local stress concentration at anchor location was not allowed; as aresult, the subsequent bearing failure of
nails was unable to improve the bond and delay the tape debonding [5].

Kim et a., instead, examined the efficiency of the SRP system by varying the width of the employed tape
and the beneficia role played by the use of U-shape SRP wraps as end anchorages to prevent the peeling-
off failure of the external reinforcement at the beam’s intrados [6]. It was again proven the positive
contribution of the SRP reinforcement in increasing the flexural capacity of RC beams; also, it was shown
that the U-wraps improve the flexural stiffness by controlling diagonal crack width and providing
anchorages to the longitudinal SRP sheets, which reduces their dip.

Finally, a comparative analysis of different composite material systems (CFRP-SRP-SRG) for the flexural
strengthening of prestressed RC beams was performed by Balsamo et a. [9]; in that work, the
convenience into using steel fiber sheet with respect to the carbon ones was verified, since a lower
amount of materials and, thus, minor costs allow for obtaining similar effectiveness to CFRP systems in
terms of maximum loads.

A few papers aso report preliminary considerations regarding the theoretical prediction of the bending
moment of RC beams strengthened with SRP at ultimate and service loads [6,11]. Conversely, a more
detailed study is highlighted on the numerical simulation of the load-displacement behaviour of SRP/SRG
strengthened beams [12], whereas the behaviour under serviceability conditions of SRP/SRG
strengthened RC beams tested by Prota et a. [5] was deepened by Ceroni and Pecce [13]. These authors
evidenced: a) the comparable behaviour between SRP and CFRP strengthened RC members, when
characterized by equivalent amount of external reinforcement, and b) the more deformability exhibited by

members strengthened with SRG sheets with respect to those upgraded with SRP.
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Finally, some field applications have been also performed. In particular, an experimental study performed
by Casadei et al. [14], explored the efficiency of the SRP systems in increasing the flexural strength of
“double T” prestressed RC beams which were extracted from a decommissioned two-storey parking
garage.

Lopez et al. [15], instead, proved that the application of the SRP strengthening to a concrete bridge
structure has the potentia to be a reliable and relatively easy-to-install technique; also they pointed out
that the design procedure for SRP systems is comparable to that suggested by the Guide ACI 440 for FRP
materials in force in 2007 [16]. In this regard, it can be reasonable to assume that the failure of an RC
member strengthened with adhesively bonded steel fiber system, independently on the type of matrix
(epoxy or cementitious), is attributable to concrete crushing (when the ultimate concrete compressive
strain is reached) or to the failure of the composite system; the latter, in turn, can be due to the rupture of
the fibers in tension or to the debonding mechanism which abruptly occurs with the detachment of more
or less large concrete thickness. Therefore, the effectiveness of SRP/SRG systems in increasing the
flexura response of RC members may significantly depend, from one side, on the bond behaviour at the
concrete/reinforcement interface (that is mostly related to the matrix type) and, from the other side, on the
efficiency of the used matrix (mainly the inorganic one) to impregnate the steel fabric.

With the aim to better focus on these two key aspects, the experimental study presented in this paper
contributes to increase the current knowledge on the flexural behaviour of RC members strengthened with
steel fiber sheets. In particular, the work deeply analyzes the results of 10 four-point bending tests
performed on RC slabs strengthened with galvanized steel fiber tapes applied by using epoxy resin (SRP
system) or thixotropic mortar (SRG system).

The main study parameters were: the number of layers (1 or 2); the different density of the steel tape
(denoted as low, medium or high); the typology of reinforcement’s application (from the top, by turning
upside the slabs, or from the bottom, by placing them on a scaffold).

Test results have provided valuable information in terms of maximum forces, specimens’ deformability,
measured strains and curvatures which, coupled with the observed failure modes, are fundamental for a
subsequent definition of an accurate design procedure for RC beams/dabs strengthened with SRP/SRG
systems. To this purpose, it is highlighted that the bending tests presented herein are part of a wider

experimental campaign aso including several bond tests performed on SRG/SRP sheets adhesively
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connected to concrete blocks; such tests, whose results are under publication, will alow for a more
specific evaluation of the concrete/SRG (or SRP) interface behaviour, on which only few papers are
actually availablein literature [6,17,18].

The experimental evidence has also alowed for verifying the good performance of the SRG systems,
whose effectiveness was not reduced by applying the strengthening system from the bottom, i.e., after
having placed two slabs on a scaffold (at an height of about 1.80 m from the floor), in order to simulate
the typical working operations found in the field.

Finally, preliminary analytical studies were performed to investigate the possibility of extending to the
SRP/SRG systems the applicability of formulations devoted to the flexural strengthening of RC members
with FRP sheets which are currently reported in both the Italian Guidelines CNR-DT200 R1 [1] and the

American ones ACl 440.2R [2].

2. Experimental program

The experimental campaign was carried out at the Laboratory of “Materials and Structural Testing” of the
University of Salerno (Italy) and consisted of four-point bending tests performed, in displacement control,
on 10 large-scale RC one-way slabs. Of these, 9 specimens were variably strengthened in bending by
using SRG or SRP systems, whereas the remaining one, unstrengthened, was used as benchmark.

Detailed information about the geometry of the tested specimens, the strengthening layouts and the test

set-up is reported in the following sections.

2.1 RC specimens

Figure 1 shows the geometry and the steel reinforcement of the RC slabs subjected to bending tests. As
illustrated, the specimens have atotal length of 3700 mm and a 400 x 200 mm? rectangular cross-section;
the shape of the cross-section, already considered by other authors [5], is representative of shallow beams
found in areal structure where the effectiveness of the external SRP reinforcement can be fully exploited.

The longitudinal reinforcement of specimens consists of deformed steel rebars with 10 mm diameter (&).
In particular, five (5&10) and two (2&10) rebars made of steel grade “B450C” [19] have been used on the

tension and compression side, respectively; on both ends, a concrete cover of 33 mm has been considered.
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The transverse reinforcement is constituted by steel stirrups with 8 mm diameter and 100 mm spaced.
Such reinforcement was designed with the aim to avoid that, in presence of SRG/SRP external
strengthening, the shear failure of the beams might occur before the flexural one.

Compression and splitting tests were carried out for the mechanical characterization of concrete’s
properties.

The compression tests were performed on eight cubic 150 mm side specimens taken during the slabs’
manufacturing and cured under the same environmental conditions. It is highlighted that, although the 10
slabs were cast in two different days (in particular, 5 slabs per day), the compression strengths found from
the cubic specimens belonging to the two slab’s series and tested at about after 4 months’ curing, were
very similar to each other. Therefore, a unique average value of the cubic compression strength (R¢m),
equal to 18.24 MPa, can be considered for the two slabs’ series, which is associated to a coefficient of
variation (CV) of 0.04; the corresponding cylindrical compression strength, f.., (= 0.83 R.y), is equa to
15.14 MPa. The motivation for selecting a concrete mix characterized by a medium-low concrete strength
lies in the authors’ plan of simulating the experimental behaviour of beams belonging to existing
structures built in Italy in the ‘60s and ’70s, i.e., when these structures were frequently manufactured
using low-performance concrete.

The splitting tests were performed on six concrete samples with 95 mm diameter and 95 mm height,
which were extracted from three tested dabs; in particular, a couple of concrete cores per considered slab
were extracted. The average value of the cylindrical tensile strength (fy,) estimated from these tests was
equal to 2.60 MPa, with a CV vaue of 0.12; it is highlighted that such an experimental data is
significantly higher than the value analytically calculated, for an f,, value of 15.14 MPa, by applying the
formulations reported in the Italian Building Code [19].

The mechanical properties of steel rebars used as longitudinal and transverse reinforcement were
determined from tensile tests performed on small samples. Figure 2 shows the experimental stress-strain
behaviours found from these tests (three tests were performed on &10 rebars and five tests on &8
specimens), whereas the related mechanical properties are summarized in Table 1. It is first highlighted
that all the experimental curves do not exhibit a clearly recognizable yielding condition, and the values of
yield strength (f,) listed in Table 1 are those suggested by the authors for the used rebars. Other

information provided in Table 1 is: the ultimate strength (f;); the hardening ratio (f/f,); the ultimate strain
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(sy) corresponding to fy; finally, the last four columns of the table report the average values of the

mechanical properties calculated for each set of steel reinforcement (fy m; fim; (ffy)m; €tm)-

2.2 Strengthening materials

Table 2 provides the main information related to the strengthening materials examined in the
experimental campaign. In particular, they are unidirectional sheets made of high strength steel cords
obtained by twisting steel wires within a micro-fine galvanized coating. Such products, manufactured by
Hardwire LLC [20], were applied underneath the beams (via wet lay-up) by using a thixotropic mortar
(“SRG system”) or a mineral epoxy adhesive (“SRP system”), which are both produced in Italy by
“kerakoll S.p.A.” [21].

Within the tape, the single cord is typed as “3x2”, being made of five filaments: three of these are straight
and are wrapped by the other two filaments at a high twist angle. Depending on the number of cords
distributed in the tape width, it is possible to define different densities of the reinforcement material. As
observed from Table 2, three tape densities (p) were examined in the experimental campaign, labelled
“GeoSteel G600, “GeoSteel G2000” and “GeoSted G3300” (in increasing order of the density); it is
noted that the number characterizing each label identifies, approximately, the weight of each tape
expressed in g/m? For the sake of simplicity, the three densities are indicated herein as low (“LD”),
medium (“MD”) and high (“HD”).

In regard to the inorganic matrix used to obtain the SRG strengthening system, an eco-compatible
thixotropic mineral mortar (called “Geolite®”) has been considered, which is characterized by a very low
content of petrochemical polymers, and free from organic fibers. According to the manufacturer [21], the
product is an eco-friendly geo-mortar (of alumino-silicate nature) with a crystalline reaction geo-binder
base, which is recyclable and characterized by reduced CO, emissions and very low volatile organic
compounds.

Conversely, the organic matrix employed to yield the SRP strengthening system is a thixotropic epoxy
mineral adhesive. According to the manufacturer, it is solvent-free and characterized by very low volatile
organic compound emissions, with 46% natural mineral content. Table 2 provides the main mechanical
properties of the two considered impregnating matrices as resulting from the technical sheets provided by

the supplier [21].
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In regard to the characterization of the steel textile used to strengthen the slabs, instead, Table 2 also
reports the average values of the relevant mechanical properties obtained from tensile tests performed

during a previous experimental campaign on the same steel tapes investigated herein [22].

2.3 Test matrix and specimen preparation

Table 3 reports the text matrix considered for the experimental campaign. In particular, each specimen is
identified by alabel providing the following information: strengthening system (SRP or SRG), number of
sheet layers (1 or 2) and tape density (LD, MD or HD). As an example, the label “SRG-1LD” denotes the
slab strengthened by using asingle layer of low density steel tape impregnated with inorganic matrix.

The label “US”, instead, denotes the unstrengthened specimen, i.e., the “control member” used as
comparison term for investigating the performances of the considered strengthening techniques.

As observed from Table 3, three slabs were strengthened with SRP systems and six slabs with SRG ones.
In the case of SRP systems, al the three tape densities, applied in asingle layer, were investigated. In the
case of SRG systems, instead, only low and medium tape densities (applied in a single or double layer)
were considered because, unlike the high density, they better allow for the matrix to penetrate through the
sheet and create a stronger bond. Also, it is worth highlighting that the particular cord geometry (type
“3x2”) allows for an improved adhesion and mechanical lock between the grout and the steel cords.

The strengthening with double SRP layer (see specimens “SRG-2LD” and “SRG-2MD” in Table 3), was
obtained by overlapping two steel tapes with same length (Ls = 2700 mm), width (bs = 200 mm) and
equivalent thickness (te, = 0.084 mm and te; = 0.254 mm for low and medium density, respectively); then,
the installation was performed by trying as much as possible to preserve the same cord spacing of the
single layer reinforcement. Finally, except for the specimens “SRG-1MD-A” and “SRG-1MD-B”, the
installation of the strengthening sheet in the laboratory was performed, for practical reasons, by turning
upside the tensile end of the slab and working from the above (Fig. 3). However, to check for any
reduction of effectiveness when the SRG external reinforcement isinstalled — asin the rea applications —
from the bottom, the application of the steel tape on the dabs SRG-1IMD-A and SRG-1MD-B was
performed after placing these two specimens on a scaffold at a height of about 1.80 m (Fig. 4). Indeed, it
is mentioned that the inorganic matrix requires a curing time of about 28 days in order to fully exploit its

effectiveness and, throughout this time, local micro-cracks or partial detachments also caused by the
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weight of the tape, may reduce the efficiency of the reinforcement.

Figure 3 shows some relevant steps related to the typical application of the SRG system on the concrete
substrate. In particular, the first one is consisted of making the concrete surface rather rough by using a
mechanical hammering (Fig. 3a).

With the aim to assure an accurate application of the strengthening system, before applying afirst layer of
mortar, a sort of template, about 5 mm thick, was arranged on the specimen (Fig. 3b). First, the concrete
surface was abundantly wetted with water (Fig. 3c) and, then, covered by afirst layer of mortar (Fig. 3d).
Once applied the tape (Fig. 3€), a second layer of mortar was added (Fig. 2f) and, then, the top layer of
the package was wetted again (Fig. 3g). At the completion of these working operations, the strengthened
specimen has been wrapped by a nonwoven fabric and by a plastic sheet in order to assure the mortar
curing in moist environment (Fig. 3h).

The application of the SRP system, instead, did not need some of the key working operations required for
the SRG reinforcement, such as. impregnation of the concrete surface with water; use of proper templates
and protection of the specimen within the nonwoven fabric and the plastic sheet.

For al the strengthened members, each layer of the applied external reinforcement was 2700 mm long

and 200 mm wide.

2.4 Test set-up

Specimens were subjected to four-point bending tests by using a 3000 kN MTS hydraulic actuator
(stroke: £75 mm) which was mounted on a proper steel reaction frame, as shown in Figure 5.

Tests were carried out in displacement control (displacement rate: 0.02 mm/s), and the corresponding
load was measured by both using the load cell integrated in the testing machine (load capacity: 3000 kN
and 2500 kN, in compression and tension respectively) and an external 200 kN load cell, which assured a
greater accuracy for lower force values.

The four-point load was applied through a very stiff steel beam, capable of splitting the total load in two
equal forces, 960 mm symmetrically spaced with respect to the slab midspan; the clear length of the
simply supported slab was equal to 3400 mm, whereas the shear span measured 1220 mm.

Figure 6 shows the position of the two-point load and the arrangement of the measuring eguipment used

during each test. In particular, the midspan deflection was monitored by using two potentiometers (denoted
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with the labels “LV5” and “LV6” in Fig. 6a); in addition to these instruments, two laser sensors were aso
considered in some tests and placed at the midspan cross-section for a better check of the vertical beam’s
displacement. Furthermore, other two couples of potentiometers were arranged at the slab’s center, vertically
spaced of about 230 mm between compression and tensile side, in order to measure a mean curvature
throughout the loading process. As observed in Figure 6a, the transducers “L01-FS” and “L03-RS” are
those placed at beam extrados, whereas “L02-FI” and “L04-RI” are the instruments located just
underneath the member.

Finally, a number of strain gauges were arranged for measuring both the compressive strain of concrete at
midspan cross-section (gauges “C-01” and “C-02”) and the tensile strain of steel fiber reinforcement at

several locations (gauges “F-01” to “F-13”, distributed according to the layout depicted in Fig. 6b).

3. Experimental results and discussion

3.1 Failure mode and load-deflections curves

Table 4 summarizes the main results obtained from the performed tests; in particular:
o Fna represents the peak force recorded for each specimen;

e Aidentifiesthe midspan deflection of each beam corresponding to Fa;

e I € |, indicate, respectively, the percentage increase of force and the percentage decrease of
deflection calculated for each strengthened specimen with respect to the control member (US).

Finally, the last column of Table 4 reports the description of the failure modes observed during the tests
which are clearly recognizable from Figures 7-9.

As noted, only the specimens strengthened with a single layer of low density steel tape (i.e., specimens
SRP-1LD and SRG-1LD) experienced the tensile rupture of external reinforcement in the constant
bending moment region (Fig. 7b,c); this type of failure was observed independently on the nature of the
used adhesive (polymeric or inorganic). In particular, in the case of the dab SRP-1LD, the fracture
occurred near to the loading point “1” in Figure 6a (see Fig. 7b), whereasin the case of the test SRG-1LD
the phenomenon was observed at the beam’s midspan (see Fig. 7c). At the end of the loading process, the

two specimens exhibited arather significant crack pattern in bending which is rather similar to that shown

10
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by the unstrengthened member US (see Fig. 7a); such cracks were typically 100 mm spaced, thus
covering the same spacing used for transverse steel reinforcement.

In al the other performed tests, instead, the failure by SRP/SRG delamination from the concrete substrate
was aways observed (Figs. 8 and 9). Such failure originaly developed in the central region of each
member in the form of alongitudinal crack at the concrete-SRP/SRG interface; then, it rapidly propagated
towards one of the two slab’s ends to finally cause the reinforcement pealing-off.

However, it is worth noting that when using the epoxy resin to apply the steel tapes, the delamination
clearly involved a rather significant portion of concrete substrate (Figs. 8a and 9a); when employing the
inorganic matrix, instead, the collapse of the composite system only partialy affected the concrete
substrate and, conversely, it more clearly involved the mortar layer, so that an interlaminar delamination
in some portions of the beam took place (Figs. 8b,c and 9b).

The differences in the delamination mechanism observed for SRP and SRG systemsis glaring in Figure 8,
where the dab SRP-1IMD is compared with the three counterparts strengthened with the SRG
reinforcement (SRG-1MD, SRG-1IMD-A and SRG-1MD-B). As noted, when employing the inorganic
matrix to bond the steel tape with medium density, the removal of a concrete thickness occurred only in
some portions of the slabs and, conversely, the adhesive layer kept frequently attached to the beam’s
intrados. Also, in the case of the dab SRG-1MD, the detachment of the external reinforcement was
accompanied by alongitudinal fracture of the steel tape and a significant damage of the constituting cords
(Fig. 8b). Such damage was even more evident for the slabs SRG-2LD and SRG-2MD as shown in Figure
9b.

Disregarding the type of failure mode observed, the experimental results listed in Table 4 alowed for
verifying the satisfying behavior exhibited by specimens strengthened with SRG system. As observed,
these specimens have experienced strength increases fully comparable with those obtained in the case of
SRP strengthened members (for instance, comparisons between specimens SRP-1LD vs. SRG-1LD and
SRP-1MD vs SRG-1MD can be made).

Good results were also obtained by testing the specimens SRG-1MD-A and SRG-1MD-C for which, as
mentioned earlier, the strengthening system was applied by working from the bottom in order to simulate
the typical working operations found in the field (Fig. 4). Asit can be observed, the two dabs showed a

flexural behavior comparable to that exhibited by the member SRG-1MD, which was strengthened

11
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according to more “comfortable” working operations (Fig.3).

The comparisons in terms of load-deflection (F-8) curves obtained for al the performed tests are shown
in Figure 10; in Figure 11, instead, the F-8 experimental behaviors are grouped by the type of
strengthening system (SRP or SRG).

Itisfirst highlighted that, the lower initial stiffness characterizing the F-8 curves of both control specimen
US and the strengthened ones SRP-1LD and SRG-1MD is due to a pre-cracking accidentally induced in
such beams during the transport and assembly operations.

Disregarding the accidental pre-cracking, the slab US showed afirst loss of stiffness at aload of about 8.5
kN and another change in the slope of the load-deflection curve at force value of about 37.2 kN; thisis of
course due to yielding of the tensile steel reinforcement which can be approximately estimated to occur at
a midspan deflection of about 24.7 mm. After this threshold, the behaviour of the specimen was
characterized by large flexural cracks (Fig. 7a) up to the achievement of the collapse due to concrete
crushing in the constant bending moment region.

The F-8 comparison curves show that, disregarding the nature of the matrix, the presence of the
strengthening system significantly increases the flexura strength of dabs. From Table 4, it is noted that
the percentage strength increases over the control member range from a minimum value of 27%, when
using a single layer of low fiber density (“LD”), to a maximum of 106% (more than doubled strength) in
the case of SRP system with high density sheet (“HD”’). Conversely, as expected, the application of an
externa strengthening works as an additional tensile reinforcement, thus causing a reduction of the
beam’s deflection measured at the achievement of the peak force. Such a reduction generally increases
with the amount of the external strengthening and ranges from a minimum of 29% (see the test SRG-1LD
in Table 4) to a maximum value of 62% (see the test SRG-1LD-B in Table 4).

In all the cases, at the achievement of the collapse of the steel fiber system, the F-5 curves exhibit a rather
abrupt strength decay and, then, the experimental responses start reproducing the typical trend of the
unstrengthened member (test US).

Figure 11 better highlights the influence of the steel fiber density and/or the number of layers for a given
strengthened system (SRP/SRG). In particular, Figure 11a shows significant increases of strength with the

sheet density; indeed, when using the medium density (test SRP-1MD), a strength increase over the test

12
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SRP-1LD equal to 28% was calculated; the percentage goes up to 62% in the case of high density sheet
(test SRP-1HD).

From Figure 11b, by focusing on SRG systems, it is possible to both observe the influence of the different
sheet density (low and medium) and the number of layers (1 or 2). In particular, in the case of the LD
sheet, doubling the number of layers led to 11% strength increase (compare, for instance, SRG-1LD and
SRG-2LD). Such an increase is fully comparable with the performance attainable when replacing the
double layer of LD sheet with a single layer of MD one (compare, for instance, the specimen SRG-2LD
with the three dabs of type “SRG-1MD”) athough the ratio between the respective sheets’ equivalent
thicknesses (see Table 2) is about 0.66 (= 2¥0.082/0.254). Thus, the obtained result highlights the more
efficiency exhibited by SRG systems made of low density steel tapes, since the higher spacing between
the steel cords promotes the mortar penetration and create an improved bond.

Finaly, in regard to the installation of the medium stedl fiber density, the application of two layers (test
SRG-2MD) allows for increasing the flexural strength over the use of the single one (tests of “SFRG-

1MD” type) of about 29%.

3.2 Local readings of the SRP and SRG strains

As mentioned earlier, the tensile strains in the strengthening sheet were locally monitored during each test
by means of 13 strain gauges, arranged on the outer mortar layer of the reinforcement according to the
schemeillustrated in Figure 6b.

Figures 12 to 14 show, for some of the tested dabs, two different graphs: in the first one (Figs. 12ato
14a), the experimental SRP/SRG strains were plotted as a function of the total load up to achievement of
the maximum force F (in some cases the strain gauges stopped working before F.5); in the second one
(Figs. 12b to 14b), instead, the strain profiles along the strengthening sheets (which were 2700 mm long)
were plotted at some levels of the acting load, which correspond to percentage values of the peak force.
The denomination “central region” identifies the beam’s zone subjected to constant bending moment,
which was monitored by strain gauges F-04 to F-10 (see Fig. 6b). In particular, the strain gauges F-04/F-
05 and F-09/F10 are the couples of sensors placed on the SRG/SRP sheet where the loading points 1 and

2 (in Fig. 6a) were located; as such, these two point data delimiting the “central region” have been
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obtained by averaging the readings of strain gauges F-04/F-05 and F-09/F10.

In Figure 12, the experimental diagrams obtained for the slab SRP-1LD are compared with the
corresponding plots obtained for the counterpart SRG-1LD. By looking at the strain profiles, it is
observed that, as expected, the maximum strains were recorded in the constant bending moment region,
but a more regular strain distribution along the reinforcement is observed in the case of the SRP-
strengthened slab. Of course, this evidence is also motivated by a non-negligible difficulty experienced in
measuring the strain in the SRG systems by strain gauges. Indeed, as mentioned earlier, the sensors were
installed on the outer portion of the external reinforcement, where a layer of mortar covers the stedl tape;
as a result, any micro-cracks induced in the grout during the loading process, eventually developed at
strain gauges’ location, might have affected the strain reading, and more irregular profiles or lower values
might have been recorded. To this purpose, it is observed that, although in terms of flexural strength SRP
and SRG systems employing one layer of low density tape gave rise to comparable results (Table 4), the
measured SRP strains are generally greater than the SRG ones at any given load level. Differences are
aso noted from the load-SRP/SRG strain curves; in particular, in the case of the SRP-strengthened slab,
trilinear relationships are approximately recognized for the strain measures recorded by gauges F-04 to F-
10, with a significant increase of the strain rate at the achievement of the yielding condition (Fig. 12a).

In the case of the SRG strengthened specimen, instead, more complex trends are identified, with
reductions of the strain rate recorded by some gauges before the achievement of the yielding condition
(Fig. 12b).

As observed, the considerations drawn from Figure 12 can also be extended to the plots shown in Figure
13, related to the SRG/SRP systems employing one layer of medium density steel tape; for the sake of
brevity, in this Figure only the strain profiles have been reported for the specimens SRG-1MD-A and
SRG-1MD-B.

The graphs shown in Figure 14, referring to the slabs SRP-1HD, SRG-2LD and SRG-2MD, again
confirm a more regular trend in the strain profile corresponding to the SRP system; the strain values
increase by approaching the null shear region and are approximately constant in that zone, as expected.
Finaly, Table 5 summarizes for each test the strain values recorded along the SRP/SRG sheet near the
achievement of load peak (Fna); the maximum strain measured for each test has been highlighted in

italics. Also, the last column of Table 5 reports the average strain values calculated in the portion of the
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dlab subjected to constant bending moment (i.e., by considering the readings performed by strain gauges
F-04 to F-10).

As noted from Table 5, by considering the same steel fiber tape, the strain values recorded for the SRP
systems in the constant bending moment region are slightly higher than those measured for the SRG ones.
For instance, for the tests SRG-1LD and SRP-1LD the calculated average strain values are equal to 0.95%
and 1.34%, respectively; the corresponding maximum strains are 1.49% for the SRG system (strain F-09)
and 1.58% for the SRP one (strain F-08), which are both close to the ultimate strain value of the steel tape
reported in the technical documents provided by the supplier or experimentally found (see Table 2); this
evidence represents a further confirmation of the failure mode experienced during these two tests, i.e, the
SRP/SRG fracture in the central region of the specimens.

Similarly, a comparison between the test SRP-1MD and the three tests of type “SRG-1MD” can be made;
for the former, the average strain value calculated in the beam’s central region is equal to 0.95%, whereas
the corresponding value recorded for the SRG system (using the MD tape) is equal to about 0.69. As it

can be observed, the maximum strains are rather similar to each other, by approaching the value of 1%.

3.3 Curvatures, mean strains and neutral axes at slabs’ midspan

As described in 8§2.4, two couples of potentiometers were arranged at the midspan of each slab, 230 mm
vertically spaced between compression and tensile side, in order to measure a mean curvature throughout
the loading process (see transducers “L01-FS”/“L03-RS” and “L02-FI”/“L04-RI” in Figure 6a). By
assuming a linear distribution of the strain through the cross-section (i.e, “plane section conservation”),
the mean curvature (y,,,) has been evaluated by using the following simplified relationship:

o]+ Jeb] _ () + ]

S2 S2

Am = D

where df,? Pand d,l;{’trepr&eent, respectively, the mean shortenings and elongations measured by the two

couples of potentiometers spaced at $,=230 mm, whereas the corresponding mean strains at compression

(e,t,f PYand tension (£2°%) sides were computed on a measure length of such potentiometers (s;) equal to

120 mm.

Figure 15 shows the experimental relationships between the bending moment and the curvature at
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midspan for some of the tested slabs. As expected, the curves of the strengthened beams can be
approximated by trilinear relationships defined through the cracking, yielding and ultimate condition. By
focusing on the ultimate stage, characterized by the achievement of the maximum bending moment (M
= Frad2 L), it is observed that the corresponding curvature (., maq,) reduces at increasing the amount of
the external reinforcement. It is also noted that, for a given tape density, the maximum curvatures
estimated for the SRG systems are higher than the corresponding ones computed for the SRP systems
(compare tests SRG-1LD & SRP-1LD; tests SRG-1MD, SRG-1MD-A, SRG-1IMD-B & SRP-1LD).

As an dternative to the experimental measure provided by strain gauges, the readings of the
potentiometers can be used (by always considering the “plane section conservation”) to obtain a further
estimate of the compression strain of concrete in compression (g¢) and of SRP/SRG strain in tension (gs).
To this purpose, Figure 16 provides, for some representative tests, the comparison between the concrete
and SRP/SRG strain estimated by using the abovementioned potentiometers (labeled “SRP/SRG strain”
and “concrete strain” in Fig. 16) and the corresponding local strains recorded by averaging the strain
gauges C-01/C-02 on the compression side (in some cases C-01 was not working and only the strain
gauge C-02 was considered), and F-06/F-07/F-08 on the tensile side (the experimental mean curve is aso
plotted); such strains have been plotted as a function of the bending moment acting in the “central region”
of the dlabs. By observing these plots, it is highlighted that, in terms of compression strains, the
experimental curves provided by potentiometers “L01-FS”/“L03-RS” generally overlap the measures
obtained by strain gauges. In terms of tensile strains, instead, the measures recorded by strain gauges are
aways lower than that obtained by potentiometers when the dabs are strengthened with SRG systems;
this evidence may again validate the consideration on the difficulty of measuring the local SRG strains
through strain gauges, being placed on the mortar layer which is significantly affected by the undergoing
local damage. Conversely, no specific issues seem to rise in the case of epoxy-bonded steel tapes, as
observed for the tests SRP-1LD and SRP-1MD. In particular, for the latter test, a perfect matching is
noted between the measure provided by strain gauges and that estimated by potentiometers, whereas for
the test SRP-1LD thelocal strain is even greater than mean one.

A further comparison between the local measure provided by the strain gauges and the mean one recorded
by the used potentiometers can be performed in terms of neutral axes evaluated at beam’s midspan, as

shown for some tests in Figures 17 and 18. In particular, Figures 17a and 18a depict the depth to the
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neutral axis (y.) a some percentage levels of the acting load estimated through the main strains at
compression and tensile side of the midspan cross-section provided by potentiometers. In Figures 17b and
18b, instead, the depth to the neutral axis has been plotted by considering, at the tensile side of the cross
section, the SRG/SRP mean strain provided by gauges F-06, F-07, F-08; at the compression side, the
strain measure deduced from the potentiometers “LO1-FS” and “L03-RS” has been considered since, as
shown in Figure 16, was quite similar to that provided by gauges C-01 and C-02.

The depths to the neutral axis estimated at the achievement of the peak load (labeled y.» and y.g for the
neutral axes of Fig. 17a-18a and 17b-18b, respectively) are also compared in Table 5 with the
experimental measures (Ye1; Ye2r Ye3) performed at the peak load during the tests, by considering the
vertical propagation of three cracks developed approximately at beam midspan (see the picture reported
in Table 5); the average value obtained from the three local measures (y. ) is aso provided. As expected,
the estimate of the neutral axis’s depth is sensitive to the type of measure performed at the tensile side of
the cross-section. Specifically, by providing a strain averaged on a gauge length s; = 120 mm, the measure

recorded by the potentiometers is significantly affected by the number of cracks distributed within such

length; therefore, the value of df,{’t in Eg. (1) and, consequently, of sf}{’t, increases with the level of

cracking catch by these devices. As a result, the depths to the neutral axis listed in Table 5 (y.a), except
for one examined case (i.e., test SRP-1LD), are generally lower than the values estimated by using the
local strain measures provided by the strain gauges at the tensile side (y.g). Therefore, the choice of using
the SRP/SRG strain provided by the strain gauges seems to be preferable, although in same cases may
cause an underestimate of the effective strain exhibited in the strengthening systems, mainly for the SRG

ones.

4. Analytical predictions at ultimate limit state

As mentioned earlier, no international guidelines are currently available to civil engineers for estimating
the flexura strength of RC beams/dabs externally strengthened with either SRP or SRG systems.
However, the experimental tests have highlighted that the flexural behaviour of slabs reinforced with SRP
composites can be reasonably comparable to that experienced by CFRP-strengthened members; indeed,
the performed laboratory tests have highlighted that, when the SRP debonding governed the failure of the

dabs (see tests SRP-1IMD and SRP-1HD in Figs 8a and 9a), the mechanism occurred similarly to what
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known in literature for CFRP systems, i.e., with the removal of a significant concrete’s layer underneath
the beams.

In the case of SRG systems, instead, the experimental evidence pointed out that the debonding failure of
the composite system only partially involves the concrete substrate and, conversely, more clearly affects
the grout layer. As a result, unlike the SRP applications, the debonding mechanisms governing the
collapse of the SRG systems may not be fully predicted through analytical formulations available for
CFRP composite materials, but “ad-hoc” analyses are required for a better understanding of the SRG-to-
concrete bond behaviour.

Despite these considerations, the flexural strength of the tested slabs was herein estimated, as a first
approximation and disregarding the type of matrix (polymeric or inorganic), according to both the Italian
Guidelines CNR-DT200 R1 [1] and the American ones ACI 440.2R [2]; as known, these documents deal
with the externa strengthening of RC/masonry structures with polymeric matrix-composites employing
carbon, glass or aramid fibers and not steel tapes.

In accordance with the considered guidelines, the flexural analysis of SRP/SRG strengthened members
was performed by using strain compatibility and force equilibrium methods. The following basic
assumptions were considered: 1) plane section before loading remains plane after loading; 2) perfect bond
existing between SRG/SRP and concrete, and between steel reinforcement and concrete; 3) tensile
strength of concrete is neglected.

For a better modelling of the concrete behaviour in compression, the stress-strain constitutive law
proposed by Saenz [23] was considered in place of the simplified equivalent rectangular stress-block
proposed by both Guidelines, where the compression strength (f.) coincides with the experimental mean
value fo, =15.14 MPa, and the ultimate strain ¢, is assumed to be equal to 0.4% (Fig. 19a). An elastic-
perfectly plastic law was chosen for simulating the behaviour of the steel rebars in both compression and
tension (Fig. 19b), characterized by ayield strength f, = 460 MPa (which coincides with the experimental
mean value f, ,, reported in Table 1) and a corresponding strain (e,) equal to 0.23%. Findly, the tensile
behaviour of the SRP/SRG reinforcement was assumed to be linear-elastic until the failure condition,
which isachieved at strength (fy,) and strain (eq,) values equal to those reported in Table 2 [22].

By following the indications reported in the two considered Guidelines on the flexural behaviour of RC

slabs strengthened with FRP, and extending the basic concepts to the case of SRP/SRG systems, two
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types of failure can be generally expected, depending on whether the ultimate concrete compressive strain

(gcy) or the maximum SRP/SRG tensile strain (egna) IS reached; the latter is determined as:
Esmax = min(gsu; Ssd) )
where g4 isthe maximum strain due to intermediate debonding failure.

According to the American Guide ACI 440.2R [2], the e;;value can be estimated through the following

formulation:

g0 = 0.41 Jon < 09.¢,, 3)

s "leq

whereas, the Guidelines CNR-DT 200 R1 [1] provide a different relationship:

55(3”00):%:"(1'\/f_s'z'kb'kc,z'\/m @)
N eq

In Eq. (4): fsq isthe strength corresponding to the debonding failure; kg is a coefficient accounting for the
load distribution (in this case, ky =1); ks, (= 0.32) is a corrective factor calibrated on experimental
results; k, is a geometrical corrective factor depending on the ratio between the SRP/SRG external
reinforcement width (bs) and the concrete one (b) (in this case, by/b = 0.5), which is calculated by means

of the following relationship:

ky = 2—bs/b >1 (5)
1+ bs/b

It is highlighted that Eq. (4) has been written herein without any reduction factor required for design

purposes. Regarding the mean value of the concrete tensile strength (fy.), instead, the following

formulation reported in the Italian Building Code (19) has been selected, by considering an increase of fy,

by 1.2 factor (fum = 1.2 fam) to account for the tensile strength of concrete in bending:
fcfm =12 fctm =12-0.30- (fck)2/3 =1.2-0.30- (fcm - 8)2/3 (6)

The analytical results obtained by applying the formulations suggested by DT200 [1] and ACI 440 [2] to
al the performed tests are reported in Tables 7 and 8, respectively. In particular, the following

information at ultimate limit state is reported in each Table:

v' the maximum SRP/SRG tensile strain €4y estimated for each test which always coincides with

the debonding one (&gmax= &x);
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v the strain values of the SRP/SRG sheet (&), the steel reinforcement both in tension (&) and
compression (&) and concrete (&);

v the stress values of the SRP/SRG sheet (o), the steel reinforcement both in tension (o;) and
compression (0);

v the depth to the neutral axis (yc);

v the values of the maximum bending moment (M) and total force (F) estimated for each test
which are compared with the corresponding experimental results.

Finally, the last column of each Table reports the computed mean absolute percentage error (E;;) between

the experimental and the theoretical value of the force F.

By comparing the theoretical results reported in Tables 7 and 8 it is highlighted that, disregarding the type
of formulation applied for estimating the &y value (Eq. 3 or 4), the SRP/SRG debonding mechanism

aways governed the failure of all the strengthened beams, with maximum strains rather similar to those

experimentally measured by strain gauges in the constant bending moment region (see Table 5); also, the

two different relationships give rise to similar values of &y, with slightly higher strains estimated by using
Eq. (4).

By looking at the computed errors, it can be noted that the application of Eq. (4) suggested by DT200
generaly alows for providing a dightly better prediction of the beam’s flexural strength. Disregarding
the given guidelines, the analytical results generally well match the experimental onesin the case of dabs
strengthened with one layer of low and medium density steel tape, whereas provide conservative
predictions in the remaining cases, the major discrepancies are noted at increasing the equivalent
thickness of the external reinforcement, as in the cases of slabs SRP-1HD and SRG-2MD. Therefore, the
considerations drawn from the few experimental-theoretical comparisons, athough do not alow for an
exhaustive anaysis on the performance of the considered relationships, highlight the need to develop a
more accurate modelling of the concrete-SRP/SRG interface capable of better predicting the debonding
mechanism and, so, the flexural strength of the strengthened slabs. In particular, by focusing on Eq. (4), it
seems that, in the case of the SRP systems, for which the debonding mechanism is comparable to that

occurring for CFRP systems, a better prediction may be easily obtained by changing the value of the
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parameter kg , , being a corrective factor calibrated on experimental results of FRP strengthened slabs.
Conversaly, in the case of the SRG systems, a specific revision of Eq. (4) is required, which better
accounts for the differences observed in the delamination phenomenon exhibited when using the

inorganic matrix to bond the steel tapes.

5. Some considerations about SRP systems

In this section, some preliminary considerations related to either the shear (t) and normal stresses (o)
developed at the concrete/ SRP interface or the longitudinal stress acting in the external reinforcement (o)
are drawn. To this purpose, some analytical relationships found from the literature [24] or proposed by
the mentioned DT200 [1] and ACI 440 [2] documents — athough suitable for FRP-strengthened RC
members — were taken into account and applied to SRP reinforcements; then, the obtained results were
compared with the experimental ones.

It is worth highlighting that the discussion presented herein is restricted only to SRP systems due to the
comparable debonding mechanisms activated for SRP and FRP strengthened members, as aready
mentioned in 84. Conversely, a specific analysis is deserved to SRG systems, for which the observed
debonding mechanisms, also highlighted in bond tests published in [25], require an accurate study of the
concrete-SRG interface.

In particular, the study presented herein was devoted to investigate if the intermediate debonding
experienced during the tests can be accurately predicted by using theoretical formulations. As known, the
most important types of debonding failure recognizable in the case of RC members flexurally
strengthened with FRP (and so, with SRP) are: a) the plate end debonding (namely, “Mode 17 failure)
and, b) the intermediate debonding by flexural cracks (namely, “Mode 2” failure) or by diagonal shear
cracks (namely, “Mode 3” failure) [1].

Specificaly, the failure Mode 1, which is activated at or near a plate end, is generaly due to a
combination of high interfacial shear stresses t (generally acting on a length of approximately 100 — 200
mm from the sheet end) and tensile stresses perpendicular to the interface between external reinforcement
and concrete (i.e., the normal stresses, ,,); the latter ones may significantly arise due to the high stiffness

of the externa reinforcement, thus reducing the allowable interfacial shear stresses, as shown by the
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delamination circle tangential to the Mohr-Coulomb criterion failure [24]. This delamination circle is
defined through a relationship between the maximum shear stress 1o and the maximum normal
(peeling) stress cnmax, Which in turn can be expressed as a function of the concrete compressive strength

fem and the concrete tensile strength f,,, as follows:

lemax =F- fcm ' fctm —F: (fcm - fctm) *Onmax — F O%lmax )
where:
fcm : fctm
F=—"—""— 8
(fcm + fctm)z

and o,max 1S the maximum peeling stress obtained at the sheet end, i.e., by plugging x=0 in Eg. (9), which
is derived from alinear —elastic analysis [24]:

2?21% -e P*[cos(Bx) — sin(Bx)] :

o (x) =
In Eq. (9):
- My = F/2 L, is the bending moment acting at the laminate end (x = 0) which, in the examined cases, is
located at a distance |, = 350 mm from the beam support (see Fig. 6a);

- E; is the modulus of elasticity of the concrete which can be estimated according to the following

formulation reported in the Italian Building Code (19):

E, = 22000 - (%)03 (MPa) (10)

- | isthe second moment of inertia of the concrete,

- B isdefined by:

E
e K, - bs _4 a/ta'bs
b= 4-Eg-Iy N4 Es-I (11

where E, and t, denote the elastic modulus and the thickness of the adhesive (epoxy) layer, and I

represents the second moment of inertia of the SRP sheet.
As observed from Eq. (7), the value of 1, Significantly reduces at increasing the value of 6yma, Whereas
attains the maximum threshold when the acting peeling stress is equal to zero, i.e. when Tjma = Tim,

corresponding to the “pure” shear condition. In this case:
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_ fem * ferm (12)

fmazx = m = E L F Fetm

Figure 20 shows the behavior of the pedling stress function obtained by applying Eq. (9) to the three
examined cases, i.e.: test SRP-1LD, SRP-1IMD and SRP-1HD. In plotting this function, a value of E, =
5300 MPa (see Table 2) has been assumed, whereas two different thicknesses of the adhesive layer have
been considered (0.5 and 1.5 mm); furthermore, the values of F/2 = F,/2, experimentally obtained for
each test, have been plugged in Eq. (9) (see Fr in Table 4).

As observed from Figure 20, independently on the value of t,, the o, function tends very quickly to zero
and achieves very low values even for x = 0 (i.e. at the laminate end), where o, = 6,ma IS €qual to 0.0002
MPa, 0.0013 MPa, 0.0031 MPa for specimens SRP-1LD, SRP-IMD and SRP-1HD, respectively. The
very low value of oymax (= 0 MPa) implies that the maximum shear stress occurring at a plate end
debonding, equal to about 1.035 MPa for al the three examined cases (from EqQ. 7), approximately
coincides with that obtainable by considering Eqg. (12), i.e., in the case of “pure” shear condition.

The estimated value of 14 Can be then compared with the experimental data of the interfacial SRP-
concrete shear stresses calculated by using the strain gauges’ readings available in the “shear span” (see
strain gauges F-01 to F-05 and F-09 to F-13 in Fig. 6b). Such experimental mean values, shown in
Figures 213, 22a and 23a for the three considered cases, have been obtained at some percentage levels of

Fmax, &ccording to the following relationship:

(62 —&1) - Es - leq

T=
Xy — Xq (13)

where ¢; and ¢, identify the strain measures recorded by two adjacent strain gauges, spaced at (Xo-X1).

As noted, in the case of the specimen SRP-1LD (Fig. 214), the estimated value of 1~ 1.035 MPais
significantly higher than the experimental data plotted by using Eq. (13); this observation implies that, in
such test, the debonding mechanism did not affect the collapse of the dlab, as confirmed by the
experimental evidence (fracture of the SRP system at the slab midspan was experienced for thistest).

Conversely, by approaching the bending moment region, the value of tm« iS overcome in the case of the
specimen SRP-1HD (Fig. 22a) and amost matched in the test SRP-1IMD (Fig. 23a); therefore, the result

confirms that the debonding failure took place in these two experimental tests.

23



637
638
639
640
641

642

643
644
645

646
647

648
649
650
651
652
653

654

655
656

657

Another consideration about the types of SRP debonding failure observed during the tests can aso be
performed by estimating the debonding strengths achievable in plate end debonding failure (Mode 1) and
intermediate debonding by flexural cracks failure (Mode 2); to this purpose, the predictive relationships
suggested by DT200 [1] and ACI 440 [2] documents have been considered.

In particular, according to DT200, the debonding strength in Mode 1 is given by:

fS(DTZOO) _ 2-EsIpq 4

d,mode1 ~— t
eq

where [ 4 isthe specific fracture energy estimated through the following relationship:
— 15
Tra = ky - kg *\fom " form (15
where kg (= 0.077) isacorrective factor calibrated on experimental results.
The debonding strength due to flexural crack (Mode 2), instead, is obtained by multiplying Eq. (4) by the

elastic modulus Eq;

(16)

E
DT200
fs(d,mode)z = kq ) t_S 2 kyp- kG,Z 'Vfcm 'fctm

eq
Similarly, the formulation provided by ACI 440 to estimate the debonding strength in Mode 2 failure

derives from Eq. (3):
Fc ) — .41 | S an
eq
Figures 21b, 22b and 22b show, for the tests under consideration, the distribution of the longitudinal
tensile stress in the SRP reinforcement experimentally computed at some percentage levels of the force
Fmax; such values derive from the strain distributions illustrated in Figures 12-14 and multiplying them by
the elastic modulus of the steel tape Es. Also, the values of the debonding strength in both Mode 1 and 2,
estimated according the mentioned Eqgs. (14), (16) and (17), are shown in these plots and compared with
the experimental data.

(DT200)

As observed in Figure 21b, related to the test SRP-1LD, the estimated value of fsdmode1 is

significantly higher than the maximum longitudinal stresses measured toward the sheet end, thus
confirming that the failure of the slab was not governed by a such debonding mechanism. Conversely, the

and f(ACl 440)

estimated values of f. (DT200) sd.mode 2

sd.mode 2 are overcome by the experimental stress values but, as
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mentioned earlier, in thistest the fracture of the SRP system at the slab midspan was experienced.

By observing the plot in Figure 22b and 22c, related to the tests SRP-1IMD and SRP-1HD, respectively, it

is noted that the values of f(DTZOo)

sdmode 1 A€ again lower than the experimental stress data measured at the

sheet ends; conversely, the values of fs(dD;i)(:ioe)Z and fsgfnloﬁog are significantly overcome by

approaching the constant bending moment regions, meaning that intermediate debonding took place for

these specimens, as experimentally observed.

6. Conclusions

In this paper, the experimental results of four-point bending tests performed on RC one-way slabs
strengthened with SRP/SRG systems have been presented and discussed.

In addition to the nature of the used adhesive (polymeric or cementitious), the main study parameters
were the number of layers (one or two), the steel tape density (low, medium or high) and, in the case of
the SRG system, the way of strengthening installation (from the top or the bottom).

The performed tests have shown that, disregarding the type of adhesive, the slabs strengthened with one
layer of low density tape (specimens SRG-1LD and SRP-1LD) have both experienced the fracture of the
sheet in the constant bending moment region. In al the other cases, instead, an SRP/SRG delamination
failure was aways observed. However, in regard to SRG-strengthened dslabs, the collapse of the
strengthening system has significantly involved the mortar layer, whereas only a limited removal of
concrete substrate, concentrated in a few zones of the beam length, was experienced as otherwise
observed in the case of SRP systems.

Regardless of the observed failure mode, test results have allowed for verifying the good performance
exhibited by RC dlabs strengthened with SRG systems which have shown strength increases comparable
to those obtained from companion specimens strengthened with SRP. The efficiency of the SRG system
was even more evident when using the low density (LD) tape, both in single or double layer; in particular,
the slab strengthened with two SRG layers showed an increase of strength fully comparable to that
provided by specimens strengthened with one layer of medium density (MD) tape, characterized by a
thickness of 1.5 times over that obtained with two LD layers.

By looking at the strain profiles plotted by using the strain gauges’ readings, a more regular strain
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distribution along the external reinforcement was observed in the case of the SRP-strengthened dlabs,
with values that are generally greater than those measured in the SRG companion specimens. This
evidence was also motivated by the unquestionable difficulty in recording the strain in the SRG systems
through strain gauges, since any micro-cracks induced in the grout during the loading process of the dabs,
eventually developed at strain gauges’ location, might have affected the strain reading, and more irregular
profiles or lower values might have been recorded.

Finaly, preliminary analytica studies were performed for verifying, as a first approximation, the
possibility of extending the applicability of formulations currently reported in both the Italian Guidelines
CNR-DT200 R1 and the American Guide ACI 440.2R for the flexural strengthening of RC members with
FRP sheets; the main difference existing between the two documents lies in the formulation adopted for
estimating the maximum strain of the external reinforcement due to intermediate debonding failure. By
focusing on SRP systems only, some considerations related to either the shear and normal stresses
developed at the concrete/SRP interface or the longitudinal stress acting in the external reinforcement
were also drawn.

The results of the performed study have shown a slightly better prediction of the beam’s flexural strength
obtained by using the formulation suggested by DT200. Disregarding the used guidelines, the analytical
results generally well match the experimental ones in the case of slabs strengthened with one layer of low
and medium density steel tape, whereas provide conservative predictions in the remaining cases; the
major discrepancies are noted at increasing the equivalent thickness of the externa reinforcement.
However, regardless of the greater or lesser accuracy of the obtained results, the preliminary analytical
study has highlighted the need to develop a refined modelling of the concrete-SRP/SRG interface
behaviour, capable of better predicting the debonding mechanism and, so, the flexural strength of the
strengthened dabs. This consideration is even more relevant in the case of the SRG systems due to the
different delamination phenomenon exhibited when using the inorganic matrix to bond the steel tape to

the concrete surface.
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Figure captions

Figure 1 — Geometry and the stedl reinforcement configuration of the RC slabs.

Figure 2 — Stress-strain laws characterizing the behaviour of the used longitudinal and transverse steel
reinforcement.

Figure 3 — Typical working operations required for the installation of the SRG strengthening system.
Figure 4 — Installation of the strengthening system simulating the real applications. working procedure
from the bottom.

Figure 5 — Test set-up.

Figure 6 — Instrumentation.

Figure 7 — Failure modes: specimens US (a); SRP-1LD (b); SRG-1LD (c).

Figure 8 — Failure modes: specimens SRP-1IMD (a); SRG-1MD (b); SRG-1IMD-A & SRG-1MD-B (c).
Figure 9 — Failure modes. specimens SRP-1HD (a); SRG-2LD & SRG-2MD (h).

Figure 10 — Load - midspan deflection curves of all test specimens.

Figure 11 — Load - midspan deflection curves for: SRP systems (a); SRG systems (b).

Figure 12 — Local readings of the SRP/SRG strains: specimens SRP-1LD, SRG-1LD.

Figure 13 — Local readings of the SRP/SRG strains: specimens SRP-1MD, SRG-1MD, SRG-1IMD-A &
SRG-1MD-B.

Figure 14 — Local readings of the SRP/SRG strains: specimens SRP-1HD, SRG-2LD & SRG-2MD.
Figure 15 — Bending moment-curvature experimental curves for some tested beams.

Figure 16 — Comparison between the local strains measured by strain gauges and the means ones obtained
by potentiometers.

Figure 17 — Slabs strengthened with a single layer of low density steel tape: depth to the neutral axis at
some load levels obtained by using (8) potentiometers’ measures at both compression and tension side;
(b) potentiometers’ measures at compression side and strain gauges’ readings at tension one.

Figure 18 — Slabs strengthened with a single layer of medium density steel tape: depth to the neutral axis
at some load levels obtained by using (a) potentiometers’ measures at both compression and tension side;
(b) potentiometers’ measures at compression side and strain gauges’ readings at tension one.

Figure 19 — Congtitutive laws assumed for: concrete in compression (a); steel reinforcement in
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tension/compression (b); (¢) SRG/SRP system in tension.

Figure 20 — Interfacial normal stress along the SRP sheets: tests SRP-1LD, SRP-1IMD, SRP-1HD.

Figure 21 — Interfacial shear (a) and longitudinal stress (b) along the SRP sheet: test SRP-1LD.
Figure 22 — Interfacial shear (a) and longitudinal stress (b) along the SRP sheet: test SRP-1MD.

Figure 23 — Interfacial shear (a) and longitudinal stress (b) along the SRP sheet; test SRP-1HD.
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Table 1. Steel rebars’ properties

Steel Diameter Test fy f, ffy € fym fim (f/fy)m €tm
Reinforcement [mm] N. [MPa [MPa) [-] [%0] [MPa] [MP4q] [-] [%0]
1 460.1 657.2 143 7.16
Longitudinal 10 2 462.7 655.7 1.42 6.97 460 655 142 7.72
3 458.9 652.2 1.42 9.03
1 521.3 685.5 131 5.42
2 521.5 688.6 1.32 7.38
Transverse 8 3 524.5 682.7 1.30 841 524 690 132 7.10
4 523.5 709.8 1.36 7.68
5 527.0 682.1 1.29 6.62




Table 2. Typology and mechanical properties of the used strengthening materials

STEEL TAPE
Effective area of one cord “3x2” Agra= 0.538 mm?
Ultimate tendile strength* fq, > 2800 MPa fy, = 3302 MPa
Modulus of elagticity* E > 190000 MPa E; = 206600 MPa
Ultimate tensile strain £q,> 1.50% £4,= 1.80%
*Propertiesrelated to the dry sheet (Data provided by supplier) (Data determined experimentally [22])
Low density (LD) Medium density (MD) High density (HD)
=4
,:':.
=
= ."f
c'r.
3
X
s '

GEOSTEEL G600 GEOSTEEL G2000 GEOSTEEL G3300
N. cord/mm, p 0.157 N. cord/mm, p 0.472 N. cord/mm, p 0.709
Weigth, w 0.67 kg/m? | Weigth, w 2.00kg/m* | Weigth, w 3.30 kg/m?
Equvd en"c thickness 0.084 mm EquvaI enF thickness 0.254 mm Equ val enF thickness 0.381 mm
tg= Acrd’ p teg = Acord P teg= Acord* p

MATRIX (mechanical properties at 28 days of curing)

GEOLITE® — Thixotropic mineral mortar GEOLITE® GEL - Epoxy mineral adhesive
Compressive strength > 55 MPa Tensile strength > 14 MPa
Tendle strength in bending > 10 MPa Shear strength > 20 MPa
Modulus of elasticity in compression = 25000 MPa Modulus of elasticity in compression > 5300 MPa




Table 3. Test matrix

Test Test Type of N. of Tape
# | dentification matrix layers density
1 us - - -
2 SRP-1LD 1 Low
3 SRP-1MD polymeric 1 Medium
4 SRP-1HD 1 High
5 SRG-1LD 1 Low
6 SRG-2LD 2 Low
7 SRG-1MD 1 Medium

grout .

8 SRG-1IMD-A 1 Medium
9 SRG-1MD-B 1 Medium
10 SRG-2MD 2 Medium




Table 4. Test results and failure modes

Frnax | Fmex .
Test [KN] [ mAm] [FO % [(l)/i] Failure mode
us 45.23 137.61 - - Concrete failure in compression
SRP-1LD 57.30 86.03 26.70  -37.49 Fracture of the SRP system at the dlab midspan
SRP-IMD 7315 7256 6175 -47.27 SRPdelamination
SRP-1HD 9310 69.96 10586 -49.16 SRPdelamination
SRG-1LD 61.85 97.16 36.76  -29.39  Fracture of the SRG system at the slab midspan
SRG-2LD 68.70 7628  51.91  -4457 Delamination of the SRG system
SRG-1MD 69.55 5710 5379 -5851 Delamination of the SRG system
SRG-1IMD-A 70.25 5349 5533 -61.13 Delamination of the SRG system
SRG-1MD-B 64.28 51.79 4212 -62.37 Delamination of the SRG system
SRG-2MD 87.58 5465 9364 -60.29 Delamination of the SRG system




Table 5. Strains measured in the strengthening system at the achievement peak |oad

F-10

F-12

F-13

Fra« | F-01 F-02 F-03 F-04 F-05 F-06 F-07 F-08 F-09 F-11 €sm
e [kN] | % [% (% [% [% [% [% [% [% [% [% [% [% | [%]
SRP-1LD 57.30 | 0.117 0.215 0337 1153 - - - 1582 1374 0268 0484 0242 - |1344
SRP-1IMD 7315 |0.152 0.350 0.766 0.908 1.052 1.123 0.993 0938 0.706 0.944 0.706 0.287 0.040 | 0.952
SRP-1HD 93.10 | 0.074 0.397 0529 0.909 0.918 0969 0.947 0.797 0.717 0.929 0.608 0435 0.177 | 0.884
SRG-1LD 61.85 | 0.051 0.209 0.436 0578 1.055 1.093 0692 0.781 1486 - 0576 0386 0.105 | 0.947
SRG-2LD 68.70 | 0.131 0.269 0.679 0.834 0505 0.808 1.073 1.015 1.022 1.037 0642 0254 - |0.899
SRG-1MD 6955 | - 0178 0448 0667 0667 0728 0.765 0.455 0.799 0.663 1.287 0221 0.131| 0.678
SRG-IMD-A | 7025 |0.198 0.212 0.385 0.626 0.620 0.635 0846 0693 - 0728 0535 0.257 0.066 | 0.691
SRG-IMD-B | 64.28 |0.061 0.194 0462 0559 1458 0.623 0559 0.605 0559 0522 0584 0.217 0.049 | 0.698
SRG-2MD 8758 | 0.239 0.269 0.478 0.746 0612 0563 0714 0610 0523 - - - - 10628

* Value obtained by averaging the strain readings provided by strain gauges F-04 to F-10



Table 6. Measured and estimated values of the neutral axis’s depth at the peak load

Yei  Ye2 o Ye3 Yem

Test i i i i
[mm] [mm] [mm] [mm]
us 241 518 465 40.8

SRP-1LD 465 428 465 453
SRP-1IMD 543 464 615 541
SRP-1HD 873 437 524 611

SRG-1LD 50.3 541 503 515
SRG-2LD 448 728 448 542
SRG-1IMD 477 56.7 66.2 569
SRG-1IMD-A | 57.1 643 500 57.1
SRG-1IMD-B | 535 66.8 579 594
SRG-2MD 60.2 621 56.3 59.6




Table 7. Theoretical predictions according to CNR-DT 200 R1 [1]

theoretical experimental

Test Eamax=8«d | &s & e & Os Gt o Ye M e Firex M e Firex Eq

(%] | [%] [% [%] [%] [MPa [MPd [MPe [MPe] | [kKNm] [kN] | [kNm] [kN] | (%)
us - - - - - - 460 e 331 2782 4561 27.59 4523 | 0.83
SRP-1LD 131 131 1.07 0.08 0.32 2531 460 160 39.5 35.07 57.49 3495 5730 | 0.33
SRP-1MD 0.75 0.75 061 0.09 0.24 1456 460 184 48.0 40.16 65.84 | 44.62 73.15 | 10.00
SRP-1HD 0.62 0.62 049 009 0.22 1189 460 194 52.5 4275  70.09 56.79 93.10 | 24.72
SRG-1LD 1.31 131 107 008 032 2531 460 160 395 35.07 57.49 37.73 61.85 | 7.05
SRG-2LD 0.93 0.93 0.75 0.08 0.26 1790 460 174 44.2 37.96 6223 | 4191 68.70 | 9.42
SRG-1MD 0.75 0.75 0.61 0.09 0.24 1456 460 184 48.0 40.16 65.84 | 42.43 69.55 | 5.34
SRG-1IMD-A 0.75 0.75 0.61 0.09 0.24 1456 460 184 48.0 40.16 65.84 | 42.85 70.25 | 6.28
SRG-1MD-B 0.75 0.75 0.61 0.09 024 1456 460 184 48.0 40.16 65.84 | 39.21 64.28 | 2.42
SRG-2MD 0.53 053 042 010 021 1029 460 201 56.2 4490 7361 53.42 87.58 | 15.95




Table 8. Theoretical predictions according to ACI 440.2R. [2]

theoretical experimental

Test Camax=8od | &s & e & Os Ot o't Ye M e Firex M e Firex Eq

(% | [% [%] [%] [%] [MPd [MPe [MPe [MPa | [kKNm] [kN] | [kNm] [kN] | (%)
us - - - - - - 460 7 331 27.82 45.61 27.59 4523 | 0.83
SRP-1LD 1.25 125 1.02 007 031 2417 460 154 39.5 34.75 56.97 34.95 57.30 | 0.58
SRP-1MD 0.72 0.72 058 0.09 023 1390 460 177 48.1 39.59 64.89 44.62 73.15 | 11.29
SRP-1HD 0.59 059 047 0.09 021 1135 460 186 52.6 42.05 68.94 56.79 93.10 | 25.95
SRG-1LD 1.25 125 1.02 0.07 031 2417 460 154 395 34.75 56.97 37.73 6185 | 7.89
SRG-2LD 0.89 0.89 0.72 0.08 0.25 1709 460 168 443 37.50 61.47 41.91 68.70 | 10.53
SRG-1MD 0.72 0.72 058 0.09 0.23 1390 460 177 48.1 39.59 64.89 42.43 69.55 | 6.69
SRG-1IMD-A 0.72 0.72 058 0.09 0.23 1390 460 177 48.1 39.59 64.89 42.85 7025 | 7.62
SRG-1MD-B 0.72 0.72 058 0.09 0.23 1390 460 177 48.1 39.59 64.89 39.21 64.28 | 0.96
SRG-2MD 0.51 051 040 0.09 020 983 460 192 56.3 44.10 72.29 53.42 87.58 | 17.46
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Figure 7 (only colour on the web)

a) Test US

b) Test SRP-1LD

c) Test SRG-1LD




Figure 8 (only colour on the web)

a) Test SRP-1MD

b) Test SRG-1MD

C) Test SRG-1MD-A & SRG-1MD-B
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Test SRP-1LD

Figure 12 (only colour on the web)
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Figure 13 (only colour on the web)
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Figure 14 (only colour on the web)
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Figure 16 (only colour on the web)
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Figure 17 (only colour on the web)
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Figure 18 (only colour on the web)
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Figure 18 (continued)
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