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Abstract: This paper aims to evaluate experimentally the potentialities of Hybrid Composite Plates (HCPs) technique
for the shear strengthening and repairing of reinforced concrete (RC) beams. HCP is a thin plate of Strain Hardening
Cementitious Composite (SHCC) reinforced with Carbon Fiber Reinforced Polymer (CFRP) laminates. For this
purpose, an experimental program composed of four Rectangular and five T-cross section beams was executed to
assess the strengthening efficiency of HCPs technique. There were two control beams without any type of shear
reinforcement, and seven beams strengthened with HCPs. The HCPs were applied to the lateral faces of the beams by
using a combination of epoxy adhesive and mechanical anchors. The bolts were applied with a certain torque in order
to increase the concrete confinement. To have a better understanding of the shear behavior of SHCC material,
losipescu shear tests were carried out, and the results were used to derive their fracture mode Il parameters.

To further explore the potentialities of the HCPs technique for the shear strengthening, the experimental tests were
simulated numerically by a FEM-based computer program considering the material properties obtained
experimentally. After demonstration of the good predictive performance of the numerical model, a parametric study
was executed to investigate the influence of some parameters on the load carrying capacity of the strengthened beams,
namely: i) Use a mortar instead of the SHCC; ii) application of different applied torque level to the mechanical

anchors; iii) different bond condition between HCPs and concrete substrate.
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Introduction:

Reinforced Concrete (RC) structures often require repair and strengthening due to alterations on the load or support
conditions, deterioration of the materials, or structural damage caused by earthquake or extreme loading events. There
are many different techniques and materials for repairing or strengthening of RC structures such as: externally bonded
steel plates [1], embedded through section (ETS) [2], or fiber reinforced polymers (FRP) [3].

Difficulty to manipulate the steel plates at the construction site due to their weight, and also durability concerns
associated with a reduction in the bond between steel plates surface and adhesive, as well as corrosion susceptibility,
are disadvantages of externally bonded steel plates [1, 4]. Finding the position of the longitudinal steel bars, get enough
space to make the holes through section, and the difficulty of executing the holes with the optimized inclination are
some drawbacks of ETS technique.

FRP materials are used for shear strengthening of RC beams, by adopting the following techniques: externally bonded
reinforcement (EBR); near surface mounted (NSM). These techniques have been extensively investigated and applied
in structural strengthening due to several advantages, namely, high strength and stiffness to weight ratio, flexibility,
and easy installation [5-9].

Al-Sulaimani et al. [10] tested RC beams strengthened with external glass FRP plate. The obtained results showed
that the proposed GFRP-bonding schemes can increase the shear capacity and stiffness of shear damaged RC beams.
In a study conducted by Alzoubi et al. [11], a technique based on the use of CFRP strips for the repair of pre-damaged
RC beams was investigated. The load carrying capacity of the repaired beams was about 95% of the corresponding
beams in undamaged state. Jayaprakash et al. [12] used bi-directional CFRP strips for the shear strengthening of pre-
cracked rectangular cross section RC beams, and an increase of 13% in the shear capacity was obtained when
compared to the corresponding undamaged beams. Dirar et al. [13] investigated the behaviour of pre-cracked T-cross
section RC beams shear strengthened with prestressed CFRP strips. The results shown an enhancement of 22% to
46% in the shear capacity when compared to the corresponding one of the unstrengthened beams.

Based on the results in the literature [7, 8, 11, 14, 15], it is not appropriate to use the EBR and NSM when the quality
of concrete cover is too low or the thickness of the concrete cover is too small for the installation of the NSM-FRP
systems. When shear stirrups are too susceptible to corrosion due to deficient resistance of concrete cover to the

propagation of carbonation, EBR and NSM systems are also not appropriate strengthening solutions.



Strain Hardening Cementitious Composite (SHCC) can be the support material for the FRP reinforcements in order
to constitute an effective strengthening solution that can be fixed to concrete structures with anchorage systems.
Recently, SHCC was used to produce thin plates to increase the shear capacity of RC beams [16]. Reinforced SHCC
exhibits ductile shear response, high energy absorption capacity, stable hysteretic loops even at large drifts, and
structural integrity [17-19].

Recently, Hybrid Composite Plates (HCPs) have been used to increase the load carrying capacity, energy dissipation,
hysteretic response, and ductility behavior of the RC elements. HCP is formed by a thin plate of SHCC (around 20
mm) that is reinforced by CFRP laminates [16] according to the procedures adopted in the NSM technique [20]. To
bond the CFRP laminates into the SHCC plate, slits of a width and a depth of about 4 mm and 11 mm, respectively,
are opened on the surface of the plate, and CFRP laminates are inserted into these slits and bonded to the surrounding
SHCC with an appropriate epoxy adhesive. The prefabricated HCPs can be bonded to the lateral faces of the beams
using epoxy adhesive and mechanical anchors. A schematic view of this technique is presented in Figure 1.

Due to the excellent bond conditions between SHCC plate and CFRP laminates, these reinforcements provide the
necessary tensile strength capacity to the HCP. Moreover, the high post-cracking tensile deformability and resistance
of SHCC avoid the occurrence of premature fracture failure of this cement composite in the stress transfer process
between these two materials when the HCP is crossed by a shear crack. The mechanical anchors prevent premature
debonding of the HCPs, and provide a certain level of concrete confinement in the strengthened zone of the beam,
leading to favorable effects in terms of shear strengthening effectiveness. Besides the contribution of the SHCC for
the strengthening efficiency of HCPs, the SHCC also assures some protection to the CFRP laminates and adhesive

with respect to accidental actions, such as vandalism, aggressive environmental conditions, and fire [21].

For assessing the behaviour of SHCC in shear, a test setup capable of introducing a uniform shear stress field is
required. Several shear test setup configurations have been proposed by various researchers [22-26], being the
losipescu shear test considered the most appropriate for composite materials [27]. The losipescu test specimens are
loaded in antisymmetric four point bending with a double notch in the region with highest shear force and null bending
moment, which creates a section of pure shear and a uniform shear stress distribution in the reduced section (Figure
2).

In the present work, the influence of the HCP on shear strengthening/repairing of RC beams is investigated by

executing an experimental program. The experimental program was composed of rectangular and T cross section RC



beams. In the first step of this experimental program, the control beams (without any shear reinforcement) were loaded
up to their failure, and then fully unloaded. In the next step, the damaged beams were repaired by applying the HCPs
to lateral faces of the beam in the damaged zone. The HCPs were bonded using epoxy adhesive, and fixed by
mechanical anchors. The experimental program is detailed and the obtained results are presented and discussed.
Advanced numerical simulations were carried out to contribute for a better understanding of the effectiveness of the
shear strengthening technique with HCPs. The values of the fracture mode Il parameters of the SHCC (crack shear
strength and fracture energy) used in this study were obtained by simulating the losipescu shear tests. A good
predictive performance in terms of the deformational response and crack pattern was obtained in the numerical
simulations of the tested beams.

A parametric study was carried out to investigate the influence of the several technological aspects of the HCPs
technique on the beam’s load carrying capacity, namely: 1) the fracture energy of the cement based material forming
the strengthening panel (plain mortar versus SHCC); 2) level of applied torque to the mechanical anchors; 3) the use,

or not, of an adhesive for assuring perfect bond of the HCPs to the concrete surface.

Experimental program:

Test Matrix

As shown in Figure 3, the experimental program was formed by two series of beams, the series A of rectangular cross
section beams, while the series B of T cross section beams. The longitudinal reinforcement of series A was formed by
2¢20 at bottom and 2¢10 at top, while in series B was composed by 2¢32 and 1416 at bottom and 6¢412 at top. To
localize shear failure in only one span, a three point bending test setup of different span length was adopted. In series
A and B the length of monitored shear span, a, was 3.0 and 2.5 times the effective beam’s depth, d, respectively. A
relatively high shear reinforcement was applied in the other span ( L, ) for avoiding shear failure in this span (¢8@100
mm in series A and ¢6@75 mm in series B).

The reference shear reinforced beam (Type 1) of series A and series B had ¢8@100 and ¢6@112.5 steel shear
reinforcement in monitored shear span, while the other beams of both series (Type 2) did not include steel stirrups in
L, shear span.

The characteristics of the beams are presented in Table 1. To distinguish between the strengthened beams, the R/T-D-

NL-B/BC designation was adopted, where R/T means a rectangular or T cross section beam, D (when existing)



indicates a damaged beam, N means the number of the CFRP laminates (L) in the HCP, B indicates that the HCP was
bonded and anchored, and BC in case of also including connectors in the web-flange. The R-7S-R and T-7S-R are the
rectangular and T cross section beams shear reinforced with 7¢8@2100 mm and 7¢6@112.5 mm stirrups throughout
the monitored shear span, respectively. The R-C-R and T-C-R were control beams without shear reinforcement

throughout the L, span. These control beams were initially loaded up to their shear failure load, and then fully

unloaded. In the next step these beams were repaired by applying HCPs to each lateral face of the monitored shear
span using a combination of epoxy adhesive and mechanical anchors. The repaired beams, designated by R-D-3L-B
and T-D-5L-BC, were subjected to the same test configuration adopted in their virgin state. The HCP in this
experimental program was a SHCC plate of 20 mm thick that was reinforced with CFRP laminates at 45°. The R-3L,
T-5L-B, and T-5L-BC were beams strengthened with HCPs to upgrade their shear capacity. When HCPs ensure a
quite significant increase of shear capacity, failure can occur at web/flange interface due to the strengthening
discontinuity at this interface. To avoid this type of failure mode, and better mobilize the shear strengthening
capabilities of HCPs, the T-5L-BC and T-D-5L-BC beams were also strengthened with 4 steel bars connectors (Figure
4).

The load was applied by using a servo closed loop equipment, taking the signal in the displacement transducer (LVDT)
of the servo-actuator to control the test at a deflection rate of 0.01 mm/s. The deflections of the beams at loaded section
and at mid-span were measured by two LVDTSs that were supported on an aluminum bar fixed at the alignments of
the supports of the beams in order to register exclusively the beam’s deflection. With the purpose of obtaining the
strain variation in the laminates, strain gages were bonded to the CFRP laminates according to the arrangement
represented in Figure 4.

The main characteristics of the materials used in this experimental program are presented in Tables 2 and 3. The
concrete compressive strength was determined according to EN-206-1 [28]. To assess the tensile behavior of the steel
bars, uniaxial tensile tests were carried out according to EN10002-1 recommendations [29]. The tensile properties of
the CFRP laminates and epoxy adhesive were characterized by executing uniaxial tensile tests according to the
recommendations of 1SO 527-5 [30] and ISO 527-2 [31], respectively. The mix composition, curing process and

experimental characterization of the SHCC are detailed in [16].



Strengthening Techniques

To apply the HCPs to the lateral faces of the concrete beams on the monitored shear span, the following procedures
were executed: 1) in the R-3L, T-5L-B, and T-5L-BC beams a 1-2 mm roughness with sandblast was executed in the
concrete substrate to improve the bond conditions between the HCPs and the concrete; 2) in the R-D-3L-B, T-5L-B,
T-5L-BC, and T-D-5L-BC bheams holes were drilled through web of the beam with a diameter of 12 mm for the
installation of mechanical anchors as illustrated in Figure 4; 3) an epoxy adhesive (S&P220) layer of a thickness of
about 1 mm was homogenously applied on the surfaces of the concrete beam and on the HCP surface that will be in
contact; 5) in the R-3L beam mechanical clamps were used to maintain the HPCs pressed against the lateral surfaces
of the beam up to the time that the epoxy resin developed almost its full strength capacity (approximately 2 days); 6)
in the R-D-3L-B, T-5L-B, T-5L-BC, and T-D-5L-BC beams the HCPs were also fixed to the concrete substrate of
these beams with mechanical fasteners composed of bolts and nuts, by applying a torque of 20 N.m in the nuts on both
sides of the beams.

In the R-D-3L-B and T-D-5L-BC beams the disposition of the CFRP laminates and mechanical anchors and in the T-
D-5L-BC beam the arrangement of mechanical anchors were designed in an attempt of assuring to the HCP the highest
resistance to the opening and sliding of existing shear failure crack in the beams to be strengthened (Figures 4b and
4e). Accordingly, these arrangements depend on the geometry of these cracks. It should be noticed that no repairing
material was used for sealing the existing cracks in the R-D-3L-B and T-D-5L-BC beams.

For offering resistance to the propagation of cracks through the web-flange interface of the strengthened beams (just

above the top border of the HCPs), four ¢10 steel bars of 200 mm length were applied in the T-5L-BC and T-D-5L-

BC beams, as shown in Figures 4d and 4e, respectively. For this purpose, holes of 12 mm were opened in the flange
of the beam, in the alignment coinciding with the middle surface of the concrete cover thickness of the lateral faces
of the beams. The holes were cleaned by compressed air. Sikadur 32 adhesive was prepared according to supplier
recommendations, and the bars were introduced into the holes that were previously filled with this adhesive. A period

of 7 days was dedicated to cure the adhesive prior to testing these beams.



Results of the tested beams:
Load carrying capacity of the tested beams
The relationship between load and deflection at loaded section of the beams are shown in Figures 5a and 5b. The

maximum load and its corresponding deflection of the tested beams are presented in Table 4. The values of the

F.o. / F>® ratio are also presented in Table 4, which is the ratio between the maximum load capacity of the beam
strengthened with HCPs ( F__, ) and its corresponding value in the beam shear reinforced with seven steel stirrups (

F/5R). The results demonstrate that the use of HCP is an effective technique to increase the shear capacity of the RC

beam with and without damage. These results also reveal that the maximum load carrying capacity of the shear
strengthened rectangular beams, with and without damage (R-D-3L-B and R-3L), was 88% and 91% of the
corresponding beam with a steel shear reinforcement ratio of 0.66% (R-7S-R).

The shear capacity of the T cross section shear strengthened beam without steel shear connectors in the web-flange
interface (T-5L-B) was 68% of the corresponding beam with a steel shear reinforcement ratio of 0.28% (T-7S-R).
Adding this type of steel shear connector bars, the shear capacity of the beam with (T-D-5L-BC) and without damage
(T-5L-BC) was 100% and 104% of the T-7S-R beam, respectively.

In the post peak stage, the load of T-5L-B beam was decreased smoothly and stabilized at a level of 55% of the
maximum load. This is justified by the extra contribution of the aggregate interlock resisting mechanisms along a
relatively large length of the failure crack, which has an irregular shape caused by its propagation through the top and
lateral boundaries of the HCP.

As shown in Figure 5b, T-7S-R beam failed with an abrupt load decay, and then the load was stabilized at a level of
about 100 kN (19% of maximum load), which almost corresponds to the shear resistance assured by the longitudinal

bars due to dowel effect, obtained according to the CEB-FIP Model Code 2010 [32].

Failure modes

The failure mode of the rectangular and T cross section is presented in Figures 6 and 7, respectively. The R-C-R and
T-C-R beams had no steel stirrups throughout the monitored shear span. In the R-C-R beam, at a load level of about
61 kN three cracks became visible. By increasing the load, one of these cracks degenerated in the shear failure crack,
while the other two cracks entered in a closing process. This beam failed in shear with an abrupt load decay after the

peak load. In T-C-R beam two crack became visible at a load of about 100 kN. One crack initiated at the support



section (splitting crack), and the other one formed at the center of the shear span. By increasing the load, these cracks
widened and propagated up to load of 214 kN. At this load level the beam failed at the support section before shear
failure of the beam has occurred (Figure 7a). This failure mode was not expected and was caused by a deficient
execution of the anchorage arrangement of the longitudinal reinforcement. As shown in Figure 7a by a red ellipse, at
aload of 214 kN the critical shear crack formed, and it did not degenerate in a shear failure crack due to the unexpected
splitting failure crack at the support of the beam in consequence of to the aforementioned reasons. The numerical
simulation of the response of this beam has predicted the occurrence of a shear failure at a load of 215 kN.

As shown in Figure 3, the R-7S-R and T-7S-R beams had $8@100 mm and ¢$6@112.5 mm steel shear reinforcement
in their monitored shear span, respectively. R-7S-R beam failed in bending with the yielding of the flexural
reinforcement, followed by the concrete crushing (Figure 6b). In T-7S-R beam, the first shear crack became visible at

the center of the L, span at a load of 160 kN, Figure 7b. Another shear crack formed at a load of 230 kN, almost

parallel to the first shear crack, at about 500 mm from the support section.

As mentioned before, in the R-3L beam, the HCPs were bonded to the concrete beam by using epoxy adhesive. The
failure of this beam occurred by the detachment of the HCPs at the load of 166 kN (Figure 6c). At failure, a concrete
cover layer varied between 5 to 10 mm was attached to the HCPs (Figure 6d).

After has been tested, the R-C-R beam was strengthened with two HCPs according to the arrangement indicated in
Figure 4b. In spite of the intense state of damage of the R-C-R beam after has been tested, the stiffness of the R-D-
3L-B beam was even higher than the R-3L beam up to a load level of 150 kN, which means that the strengthening
intervention adopted in the R-D-3L-B beam was capable of exceeding the stiffness of the R-3L beam. This
demonstrates the high effectiveness of this technique when stiffness enhancement is required in a strengthening
intervention. By increasing the load, the major shear crack of the damaged beam started widening and activated earlier
the shear resisting contribution of the NSM-CFRP laminates of the HCPs.

In the T-5L-B beam the HCPs were bonded to the lateral faces of the beam using epoxy adhesive and fixed by 12
mechanical anchors (Figure 4c). The failure of this beam was localized at the web-flange zone of the beam (marked
with a red ellipse in Figure 7c). In spite of the quite high increase of the shear capacity provided by the proposed
technique (higher than possible to be ensured by other existing shear strengthening techniques), the shear

strengthening effectiveness of the HCPs was not, however, fully exploited due to the strengthening discontinuity in



this web-flange transition zone, and the inexistence of internal stirrups to offer resistance to the propagation of this
type of crack.

The T-5L-BC beam was identical to T-5L-B beam, except that to offer resistance to the crack propagation through the
web-flange zone, which occurred in the T-5L-B beam, steel bars working like in-plane shear connectors were applied
to the beam as shown in Figure 4d. The first crack was detected between laminates number 2 and 3 at a load of 146
kN (Figure 7d). The HCP presents a more diffuse crack pattern than in the previous beam, with a preponderancy for
flexural cracks, whose energy in its formation and the resistance of the SHCC to the propagation of a shear failure
crack have contributed for the significant increase in terms of load carrying capacity and deflection performance
registered in this beam.

Like it was done in the T-5L-BC beam, to avoid premature failure at the web-flange zone, four ¢10 steel bars were

applied to the T-D-5L-BC beam as shown in Figure 4e. Two micro cracks were detected by spraying oil (WD-40) on
the surface of the HCP at a load of about 141 kN, in the zone of the existing shear crack on the T-C-R damaged beam.
By increasing the load, these cracks propagated and widened followed by the formation of more micro cracks in this

zone that did not degenerate in macro-cracks due to the reinforcement contribution of the CFRP laminates.

Strains in the CFRP laminates

The relationship between applied load and strain in the SG where the maximum CFRP strain was registered in the
strengthened beams is shown in Figure 8. As mentioned in failure mode section, the R-3L beam failed due to
detachment of the HCPs, then the CFRP laminates were not mobilized effectively. In consequence, the highest
longitudinal strain in the CFRP laminates of the R-3L beam was recorded in the SG3 (Figure 4a) and was
approximately 0.35%, which corresponds to 21% of the ultimate strain of the CFRP laminates. Higher tensile strains
in CFRP laminates were recorded in the beams strengthened with HCPs fixed with both adhesive and mechanical
anchors. In fact, a maximum tensile strain of 1.8% was recorded in T-5L45-BC beam (Figure 8b), which is equal to
the ultimate tensile strain of the CFRP laminates, indicating that this laminate was almost in its tensile rupture stage.
This strain and all strain values herein reported are not necessarily the maximum ones, since a registered strain is
dependent of the relative position of the SG with respect to the shear crack.

As mentioned before, the CFRP laminates in the repaired beams were designed to cross the existing crack, then the

recorded strain for the repaired beams (R-D-3L-B and T-D-5L-BC) were different than those measured in the beams



without damage, since the CFRP laminates were sooner mobilized in the damaged beams and the SGs were placed
quite close to this crack.

In the R-D-3L-B beams, close to the peak load, the strain of the CFRP laminate started decreasing with the increase
of load, which was caused by the migration of the major damage zone in the HCP towards the right extremity of the

HCP where laminates were not applied, with the formation of the dominant failure crack (Figure 6e).

losipescu shear test:

Due to the relevance of knowing with good accuracy the fracture mode Il parameters of the SHCC (namely the crack
shear strength and the fracture energy) for modelling appropriately the shear contribution of this material, losipescu
shear tests were executed with SHCC specimens. The dimensions of the specimens were 380x140x14.5 mm with
depth of the critical cross section (h,) of 25 mm, angle of notch root of () 90°, and tip radius at notches equal to (
r) 2.5 mm (Figure 2).

The test was conducted in a displacement controlled mode at a rate equal to 0.005 mm/s. The load was recorded using
a 10 kN load cell. The weight and the slight friction of the movable portion of fixture were taken into account on the
evaluation of the strict load applied to the specimen. As shown in Figure 9, one LVDT was installed at the notched
section to measure the sliding of the shear crack.

Ten specimens were tested. The average shear stress was determined by dividing the total applied load (P) (measured

by the load cell) by the area of the cross section between the two notches (A):
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The envelope and the average curve corresponding to the average shear stress versus sliding relationship of the

specimens are presented in Figure 10a. Figure 10b shows the typical crack pattern of the specimens.

Numerical Simulations:

losipescu shear test

The two dimensional multi-directional fixed smeared crack model described in [33], implemented in the FEM-based
computer program FEMIX, is used in the numerical simulations of losipescu shear tests. To simulate the crack

initiation and the fracture mode I propagation of SHCC, the tri-linear diagram represented in Figure 11a was adopted,



which is defined by the parameters «; and &, relating stress with strain at the transitions between the linear segments

that compose this diagram. The ultimate crack strain, ¢, , is defined as a function of the parameters «; and &, the

fracture energy, G; , the tensile strength, o5, = f., and the crack bandwidth, I, [33]. The values of the parameters

that define this diagram are indicated in Table 5. This table also includes the data necessary to define the shear-

softening diagram that simulates the crack shear stress transfer after crack initiation [34, 35], represented in Figure

11b, which is defined by the initial shear fracture modulus, Dy}, and the peak crack shear strain, ", , obtained using
the crack shear strength (from the input data), z;",, and the Dy} . The ultimate crack shear strain, y;, , depends on the

7, » the mode I1 fracture energy, G, ., and the crack bandwidth, |, . The first branch of the 7" - 5" diagram simulates

f,s?
the shear reinforcement mechanisms provided by aggregate interlock effect. Above a sliding level corresponding to

7o, the crack shear stress transfer decreases with the increases of the crack shear sliding, representing a crack shear
softening stage, whose shear stress capacity is completely vanished when " >, or when the crack becomes

completely open (&, > &, ). Details about the physical meaning of the remaining variables of this constitutive model

can be found elsewhere [33-35].

The SHCC used for the losipescu beam specimens can be considered to be an isotropic material due to the random
orientation and high number of short fibers. Figure 12 represents the finite element mesh used for the simulation of
the specimen. The FE mesh was composed by 1920 serendipity 4 nodes plain stress elements with 2x2 Gauss-
Legendre integration scheme. The adopted mesh refinement was adopted after some preliminary simulations in terms
of assuring mesh objectivity of the results. This figure also shows the support and load conditions.

For determining the fracture mode Il parameters, an inverse analysis procedure was carried out by fitting as much as
possible the experimental results by changing exclusively these parameters (Figure 13). The obtained results are
indicated in Table 5. More information about the influence of shear retention factor, fracture energy of mode Il, and

crack shear strength on the average shear stress-sliding response of the SHCC can be found in [27].

Numerical simulation of the tested beams
The three dimensional multi-directional fixed smeared crack model described in detail in Ventura-Gouveia [35] was

used in the numerical simulations of the beams. The values of the parameters defining the diagrams of Figure 11 for



plain concrete are provided in Table 6. The data for the shear softening diagram of plain concrete was determined by
calibrating the model to match as closely as possible the force-deflection relationship recorded in the tests of the
control beams. Figures 14 and 15 represent the finite element mesh adopted for the RC beam representative of series
A and B, respectively.

To introduce the main shear crack in the model for simulating the level of damages already existing in the R-D-3L-B
and T-D-5L-BC beams before strengthening, a much lower tensile strength and mode | fracture energy were attributed
(0.1 N/mm2and 0.0007 N/mm, respectively) to the elements crossing this shear crack (hatched elements in Figures 14
and 15), in order these elements behaved in a very brittle nature, forcing the occurrence of the observed shear crack
almost from the beginning of the loading process of these beams. For the other parameters of the constitutive model,
values equal to the remaining concrete elements were adopted.

Taking advantage of the symmetry of the beams only half length of the beam was considered in the simulations in
order to reduce the computational time. Serendipity 8 nodes solid elements with 2x2x2 Gauss-Legendre integration
scheme were used for both the concrete and SHCC (three degrees-of-freedom per node). The steel stirrups,
longitudinal steel bars and CFRP laminates were modeled with 3D embedded cables of 2 nodes (one degree-of-
freedom per node), by using a 2 Gauss-Legendre integration scheme, and perfect bond to the surrounding medium
was assumed. The bolts were modeled with 3D two-node truss elements, and the confinement effect locally induced
on concrete by the torque applied to the anchors was simulated by applying a temperature decrease of -25.5°C in these

elements, evaluated according to the following equations:

F-Z F=—2 _ 000N
r 0.005 (22)
F

o=— o =200 _ 5 \pa
A 78.5 (2b)
o 51

c=—=T.x &= =T x107°
E 200000 (2c)

where 7 is the torque (N.m), and r, A and E are the radius, cross sectional area, and elasticity modulus of the bolt (5
mm, 78.5 mm?, and 200 GPa), respectively. In these equations T and ¢« are the temperature variation and the
coefficient of thermal expansion, respectively. Figure 16 illustrates the application of the torque and the development
of the axial force in the fastener.

An elasto-perfectly plastic model was adopted to simulate the tension and compression behavior of the steel

reinforcements, whose fundamental information is indicated in Table 3. For modeling the NSM CFRP laminates, a



linear elastic stress-strain relationship was adopted up to their ultimate tensile capacity. The tested beams showed that
no slip occurred between the concrete substrate and the SHCC plates, thus the assumption of perfect bond between
substrate and SHCC plates was assumed.

The experimental and numerical relationships between the applied load and the deflection at the loaded section for the
tested beams are compared in Figures 17 and 19. The numerical simulations ended at the last converged load
increment. The crack patterns of these beams at the end of the analysis are represented in Figures 18 and 20. These
figures show that the numerical model is capable of predicting with high accuracy the relationship between the load
and the deflection of the strengthened and repaired beams, and capturing with a good precision the localization and
profile of the failure cracks. For the beams strengthened with HCP, the crack pattern is represented for the lateral
surface of the concrete substrate, as well as for the HCP. The crack pattern of the T-5L-B beam shows the tendency
of the failure crack to propagate at the web-flange interface due to the different width of the web and flange of the
beam’s cross section, as well as the interruption of the shear strengthening provided by the HCPs just below the bottom
surface of the flange. This also justifies the high strengthening contribution of the steel bars applied in the T-5L-BC

and T-D-5L-BC beams, since these bars, by crossing this zone, have offered resistance to the propagation of this crack.

Assessing the Potentialities of the Developed Strengthening Technique

The computer program, whose good predictive performance for the simulation of the behavior of the structures under
consideration was confirmed in the previous section, was adopted to further explore the potentialities of this
strengthening technique. For this purpose, it was investigated the influence on the load carrying capacity and failure
mode when using mortar instead of SHCC, changing the level of concrete confinement by different torque value
applied to the mechanical anchors, and the application of an adhesive material that assures perfect bond between HCPs
and concrete substrate.

The arrangement of the steel reinforcement, the material properties of concrete, SHCC, and CFRP laminates, and the
support and load conditions were the same of the ones adopted in the numerical simulations of the T cross section
beams of the previous section. In these simulations the beams have the same configuration of the T-5L-BC. The level
of concrete confinement was changed by modifying the torque applied to the mechanical anchors. Three different

torque levels were chosen: 10 N.m, 20 N.m, and 40 N.m.



Influence of using mortar instead of SHCC in the HCPs

The relationship between the load and the deflection at loaded section obtained for the beam strengthened with HCPs
(T-5L-BC) and mortar plates (T-MP-5L-BC) is compared in Figure 21. It is assumed the mortar plate has the same
dimensions (800x300x20 mm?) and CFRP reinforcement of the HCPs, and also it has the same material properties of
the concrete substrate. As expected, the beam consisting of mortar failed at a lower (474 kN) load and deflection (7.3
mm) than of the beam strengthened with HCPs. The crack patterns of these beams at maximum load of the T-MP-5L-
BC beam are compared in Figure 22. The crack pattern of the mortar plate shows more fully open cracks than HCPs
due to the much lower mode | fracture energy, which has anticipated the loss of shear strengthening contribution of

the mortar panels reinforced with CFRP laminates.

Influence of the torque level applied to the mechanical anchors:

As mentioned before, the mechanical anchors can prevent the premature detachment of the HCPs, and provide some
confinement to the concrete core. The torque was simulated by applying a temperature decrease of -12.75°C, -23°C,
and -51°C (10 N.m, 20 N.m, and 40 N.m, respectively) in these elements, by following Eq. (2). In Figure 23 the load-
deflection curves obtained for these three torque levels applied to the mechanical anchors are compared. As expected,
the load carrying capacity of the beam and its ultimate deflection have increased with the torque level. The crack
patterns of these beams at the failure stage of the beam with the minimum torque (T-5L-T10) are presented and
compared in Figure 24, being visible that by increasing the torque level the numbers of fully open cracks have

decreased, with a consequent benefit in terms of shear capacity.

Influence of adhesive on the load carrying capacity:

Since the experimental tests evidenced that no slip has occurred between HCPs and concrete substrate when an epoxy-
based adhesive was used, a perfect bond between these two materials was assumed in the previous numerical
simulations. To assess how these perfect bond conditions are relevant on the beam’s load carrying capacity, other
simulations were executed by introducing a thin layer (1 mm) of very soft material between HCPs and concrete
substrate for simulating an almost free sliding capacity between these materials when an adhesive bond layer is not
used. This soft material was assumed linear-elastic with a very low young’s modulus (1 MPa) in order to simulate the

relevant damage phenomena in the HCPs when an almost free sliding and separation between these two materials are



allowed. Specific experimental research must be executed for characterizing the fundamental parameters of the
constitutive law of 3D interface finite elements, like the frictional angle value and its dependence on the sliding and
opening process between HCPs and beam’s concrete substrate, which is out-of-scope of this work in the present phase.
To assess the influence of pressure between these two materials in the stress transfer between them, different torque
levels were simulated (20 N.m and 40 N.m). Since the contribution of the shear resisting mechanisms of the bolts must
be simulated for capturing the local damage that might occur in the HCPs around the bolts when perfect bond between
HCPs and concrete substrate is not assured, a new mesh was adopted (Figure 25). In this mesh, solid elements were
used to simulate the mechanical anchors (black circle in Figure 25 show the position of the mechanical anchors). The
T-5L-BC beam was the selected one for the present simulations.

Figure 26a shows that the load carrying capacity decrease when perfect bond between HCPs and concrete substrate is
not assured. This is caused by the development of high strain gradients in the HCPs around the anchors, and,
consequently, high damage in these zones (Figures 26b and 26c). A favorable effect on the beam’s load carrying
capacity occurs with the increase of the torque level applied to the mechanical anchors causing a better confinement
of the materials of the zones, which delays the occurrence of damage due to cracking, and also increases the frictional

resistance between HCPs and concrete substrate.

Conclusions
The effectiveness of Hybrid Composite Plates (HCPs) for the shear strengthening of damaged reinforced concrete
(RC) beams was investigated by carrying out an experimental program. The control beams, without shear
reinforcement, were loaded up to failure, and then repaired by using HCPs. The experimental program demonstrated
the relevance of using not only epoxy adhesive but also mechanical anchors for fixing the HCPs to the concrete beam
to be strengthened, in order to avoid the premature detachment of the HCPs when only adhesive is used. A numerical
and parametric study were executed to evaluate the influence of relevant aspects of the proposed strengthening
technique on the load carrying capacity of the beams, namely: 1) use a mortar instead of SHCC on the HCP; 2)
application of different torque level to the mechanical anchors; 3) different bond conditions between HCPs and
concrete substrate. From the obtained results, the following conclusions can be drawn:

e When HCPs were applied to the damaged beams the load carrying capacity was 97% and 96% of its

corresponding virgin beam strengthened with the same HCPs.



e The HCPs were effective on arresting the propagation of the existing shear failure crack, and more cracks
formed in another zone of the beam during the loading process, assuring to the strengthened beams a behavior
similar to the corresponding undamaged strengthened beams.

e  The shear behavior of the SHCC was investigated by carrying out losipescu shear tests. For an average slip
two times higher the average slip at peak load the SHCC was still capable of supporting 50% of the average
shear strength, which denotes the ductility of this composite material when subjected to shear deformations.

e The capability of a FEM-based computer program to predict with high accuracy the behavior of this type of
structures up to its collapse was demonstrated.

e The crack shear softening diagram available in the FEMIX computer program allowed to predict the load
carrying capacity, crack pattern and failure mode of the tested beams.

¢ When mortar was used instead of SHCC, the beam failed at a lower load and deflection, since the strain
hardening character of the SHCC assured a much more diffuse crack pattern in the HCP, with a consequent
better mobilization of the high tensile capacity of the CFRP laminates.

e The load carrying capacity and deformability performance of this type of strengthened beams have increased
with the torque level applied to the mechanical bolts due to the higher confinement applied to the concrete.

e The load carrying capacity of the beam without adhesive as a bond between HCPs and concrete substrate is
about 65% of the beam where a bond material is adopted for assuring perfect (no sliding between HCPs and

substrate) bond conditions between these two materials.
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Figure 9: The position of the LVDT to measure the sliding

of the shear crack formed in the notched section
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Figure 19: Comparison between experimental and numerical relationships of force vs. deflection at the loaded
section of T cross section beams
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Figure 20: Crack pattern of the beams of T cross section (in gray color: crack completely open; in black color: crack
in the opening process)
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Figure 21: Influence of mortar instead of SHCC on the relationship between the force and the deflection at loaded
section
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Figure 22: Influence of mortar instead of SHCC on the crack patterns at ultimate load of the strengthened beam with
mortar plates (in gray color: crack completely open; in black color: crack in the opening process)
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Figure 23: Influence of the torque level applied on the mechanical bolts on the relationship between the force and

the deflection at loaded section



\ ‘;
=
g g
o - s -
\ o
- RE )
LLTE S| ---:_-. 1 . L1
ANEERANARRANCARANE A TTIATTITTT
T-5L-T10 (concrete substrate) T-5L-BC (concrete substrate)
T
g T 5 ]
pr £ 111 I K
T :

T-5L-T40 (concrete substrate)
Figure 24: Influence of the torque level applied on the mechanical anchors on the crack patterns at the ultimate load
of the beams with the lowest torque level (T-5L-T10) (in gray color: crack completely open; in black color: crack in
the opening process)



’V

V4
y

Figure 25: New mesh to simulate the effect of strain gradients on the HCPs around the anchors when perfect bond
between HCPs and concrete substrate is not assured
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Figure 26: Effect of strain gradients due to shear deformation of mechanical anchors on load carrying capacity and
crack pattern
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Table 1- Shear strengthening/reinforcement in the monitored shear span of the tested beams

Shear Connection  connector  Spacing,
Beam strengthening/reinforcement ~ Quantity ~ Of the HCP of the web S
designation configuration to substrate -flange
(mm)
R-C-R - - - - -
< R-3L HCPs (20 mm thickness of Adhesive 250
Q SHCC reinforced with 2x3CFRP  Adhesive & i
5 R-D-3L-B CFRP laminates of 1.4x10  laminates  mechanical 150
@ mm? cross section) anchors
R-7S-R Steel stirrups 08 - 100
T-C-R - - - - -
T-5L-B HCPs (20 mm thickness of . -
M - : Adhesive &
8 T-5L-BC SHCC rglnforced with 2><5_CFRP mechanical 4 steel bars 157
5 T-D-5L-BC CFRP laminates of 1.4x10  laminates anchors 10
@ el mm? cross section) o
T-7S-R Steel stirrups 06 112.5




Table 2: Material Properties

Property Concrete  CFRP Epo>§y SHCC
adhesive
Compressive strength
(MPa) 33.0 - 32.0
Tensile strength (MPa) - 2620 18 3.5
Elasticity modulus (GPa) - 150 6.8 18
Maximum tensile strain (%) - 1.6 0.4 1.3
Tensile stress at crack ) i 95

initiation (MPa)




Table 3 - Values of the parameters of the steel constitutive model

Property P6 | ¢8| P10 | P12 | P16 | P20 | P32
fila (N/mm?) | 500 | 545 | 530 | 490 | 470 | 575 | 625
futimae (N/mm?) | 595 | 610 | 625 | 590 | 565 | 640 | 905




Table 4 - Relevant results in terms of load and deflection capacity

Deflection

Shear Fmax
q Beam Fooe loaded resistance F/s-R
eS|gnat|0n (kN) section (kN) ";)ax
(mm) (%)
< R-C-R 81 3.3 51 45
g R-3L 166 12,5 105 91
s R-D-3L-B 161 10.1 103 88
<@ R-7S-R 182 19.9 116 100
T-C-R 214 3.0 128 40
ﬁ T-5L-B 364 6.3 218 68
2 T-5L-BC 552 9.4 331 104
& T-D-5L-BC 530 7.2 318 100
T-7S-R 530 8.4 318 100




Table 5 - Values of the parameters of the SHCC constitutive model

Parameters Values
Ve 0.15
E, (N /mm?) 14000
f.(N/mm?) 32.0
f, (N/mm?) 2.35
G; (N/mm) 35
& 0.11
a 1.27
S 0.54
a, 0.11
7, (N /mm?) 1.0
G; (N /mm) 0.5

B 0.15




Table 6 - Values of the parameters of the concrete constitutive model

Parameters Values

Ve 0.19
E, (N /mm?) 31381
f.(N/mm?) 33.0
f, (N/mm?) 2.1
G; (N/mm) 0.08
& 0.005
a, 0.3
& 0.1
a, 0.3
7, (N /mm?) 11
G; (N /mm) 0.045
B 0.6

56



