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Hybrid Composite Plate (HCP) is a reliable recently proposed retrofitting solution for concrete structures,
which is composed of a strain hardening cementitious composite (SHCC) plate reinforced with Carbon
Fibre Reinforced Polymer (CFRP). This system benefits from the synergetic advantages of these two
composites, namely the high ductility of SHCC and the high tensile strength of CFRPs. In the material-
structural of HCP, the ultra-ductile SHCC plate acts as a suitable medium for stress transfer between
CFRP laminates (bonded into the pre-sawn grooves executed on the SHCC plate) and the concrete
substrate by means of a connection system made by either chemical anchors, adhesive, or a combination
thereof. In comparison with traditional applications of FRP systems, HCP is a retrofitting solution that (i)
is less susceptible to the detrimental effect of the lack of strength and soundness of the concrete cover in
the strengthening effectiveness; (ii) assures higher durability for the strengthened elements and higher
protection to the FRP component in terms of high temperatures and vandalism; and (iii) delays, or even,
prevents detachment of concrete substrate. This paper describes the experimental program carried out,
and presents and discusses the relevant results obtained on the assessment of the performance of HCP
strengthened reinforced concrete (RC) beams subjected to flexural loading. Moreover, an analytical
approach to estimate the ultimate flexural capacity of these beams is presented, which was com-
plemented with a numerical strategy for predicting their load-deflection behaviour. By attaching HCP to
the beams' soffit, a significant increase in the flexural capacity at service, at yield initiation of the tension
steel bars and at failure of the beams can be achieved, while satisfactory deflection ductility is assured
and a high tensile capacity of the CFRP laminates is mobilized. Both analytical and numerical approaches
have predicted with satisfactory agreement, the load-deflection response of the reference beam and the
strengthened ones tested experimentally.
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interface with substrate, or detachment with concrete cover
attached (rip-off), are other causes that limits the maximum tensile

1. Introduction

Nowadays, reports on extensive studies of the applications of
fibre Reinforced Polymers (FRPs) in both laboratory and practical
scales can be found [1—3]. This widespread application of FRP for
structural strengthening is mainly due to its practical feasibility and
high strength to weight ratio. The long-term durability, thermal
stability, and vulnerability against vandalism are, however, con-
cerns that need to be properly addressed for a still more extensive
use of the FRP [4—G]. Premature debonding of FRP systems at the
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strain that FRP systems can sustain. In an effort to delay or over-
come this problem, various configurations of mechanical anchors
can be found in literature [7,8], but they may promote the risk of
premature rupture of FRP material, since a stress concentration at
the anchored zone of the FRP system is expectable.

Mechanically Fastened FRP (MF-FRP) system has recently
emerged as an alternative to adhesively bonded FRP systems,
mainly aimed at providing a rapid retrofitting technique for RC
members [9—11]. According to this technique, pre-cured laminates
with an enhanced bearing capacity are attached to the concrete
substrate by means of mechanical fasteners, without applying any
adhesive at FRP/RC interface. Although, as compared to adhesively
bonded FRP systems, the MF-FRP technique is a promising
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retrofitting approach, offering feasibility for rapid installation,
higher ductility, and potentially higher FRP/RC connection dura-
bility, still some concerns can be underlined. These concerns are
related to the scale effects, the limited stress transfer between
concrete and FRP (e.g., depends on the number and strength of the
installed discrete fasteners and the quality of concrete cover), the
potential of galvanic corrosion of the fasteners in contact with CFRP
laminate, and the reliability of the FRP laminate yet exposed to the
environmental conditions and vandalism. Moreover, for the full
stress transfer between the FRP laminate and the RC element
through a bearing mechanism (complete engagement of the
strengthening layer) a relatively large slip of the FRP laminate is
needed [12]. Consequently, if compared to the adhesively bonded
retrofitting schemes, the MF-FRP system may provide a lower
enhancement in the initial stiffness and the serviceability perfor-
mance of the retrofitted element.

Techniques based on the applications of Strain Hardening
Cementitious Composites (SHCCs) for the retrofitting of RC ele-
ments as an alternative to FRP systems have been recently studied.
SHCC is a cementitious matrix reinforced with short discrete fibres,
capable of developing higher tensile strengths by further stretching
beyond the onset of the first crack, which offers tensile strain
hardening capacity. Ductility of SHCC is quantified by the strain
corresponding to its ultimate tensile strength and often designated
as “tensile strain capacity”. SHCCs are also known as High Perfor-
mance Fibre Reinforced Cementitious Composites (HPRFCC) [13].
Retrofitting of damaged/undamaged RC beams (lacking shear or
flexural reinforcements) by adhesively bonded prefabricated CAR-
DIFRC strips to the beams tension face and lateral faces is an
example of these studies [14,15]. CARDIFRC is a cementitious
composite with an average compressive strength of 207 MPa and
ultimate tensile strength in the range of 10—15 MPa. Despite a high
steel fibre content (up to 8% of composite mix volume), the tensile
strain capacity of CARDIFRC is restricted to a maximum of 0.6%.
Comparison between the results of flexural tests performed on the
small-scale retrofitted beams and the results of control beams
confirmed the effectiveness of this technique in increasing the
stiffness, ductility and energy absorption. However, it was also re-
ported that the retrofitting effectiveness of this CARDIFRC plate is
limited to an optimum thickness of that, lower than 20 mm.

Hybrid Composite Plate (HCP) is another retrofitting solution
that utilizes SHCC, with a relatively high tensile strain capacity, in
combination with FRP to overcome, even if partially, the afore-
mentioned shortcomings of conventional FRP strengthening sys-
tems [16]. This hybrid system is composed of an SHCC plate
reinforced either by externally bonded CFRP sheets, HCP®), or near
surface mounted CFRP laminates, HCP(™. Thus, as depicted sche-
matically in Fig. 1, HCP integrates the synergetic advantages of
these two composites, namely strength and ductility, in retrofitting
of reinforced concrete (RC) structures. Thanks to the high ductility
of SHCC, this prefabricated plate (with a thickness ranging from 15
to 25 mm) can be attached to the substrate by means of anchors,
adhesives or a combination thereof to transfer forces between HCP
and RC substrate.

If anchors are the only connection system, the force transfer
between the HCP and the RC element occurs mainly at the fastened
locations and through the bearing capacity of the SHCC plate. This is
a mechanism similar to MF-FRP system, where any increase in the
deformation of the retrofitted element is accompanied by a sliding
between the strengthening layer and the concrete substrate. The
mechanism of contribution of an anchored strengthening scheme is
well identified and discussed by other researchers; for example,
where numerical approaches based on bearing-slip model were
proposed and incorporated to predict flexural responses of MF-FRP
strengthened RC elements [17—19]. However, once anchors are
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Fig. 1. Schematic presentation of tensile behaviour of CFRP and SHCC, crack propa-
gation and crack width in SHCC at different loading stages, and crack propagation close
to the rupture of CFRP at HCP (see list of notations for description of the adopted
symbols).

used in combination with HCP/RC interface bonding adhesive, they
are primarily aimed at providing a vertical pressure to HCP in order
to delay/prevent a possible detachment, but they also have another
beneficial effect. In fact, the anchors contribute, through the SHCC
bearing capacity, in transferring the shear stresses released at the
detached regions of the HCP and those resulting from a further
increase in deformation demand of the retrofitted element. As
compared to the anchored HCP, the MF-FRP or the adhesively
bonded FRP systems, a connection based on combination of an-
chors and adhesive is suitable to exploit a larger tensile capacity of
high strength retrofitting HCP, where is needed. Such connection is
also expected to improve the serviceability performance of the
retrofitted element more notably than a discrete connection made
of only anchors.

Moreover, HCPs were developed to suppress, even if partially,
the above-mentioned shortcomings of bonded FRP systems in
structural strengthening. For example, in the case of HCP(M, SHCC
provides a minimum cover of 8 mm to the laminates, which pro-
vides insulation for both FRP and bonding material used in the
structure of an HCP, so the system can endure higher levels of
temperature in comparison to traditional applications of FRP sys-
tems. Up to the rupture strain of CFRP materials, which is often
below 2%, impermeable fine diffused cracks are formed in the
SHCC, with a maximum crack width limited to 0.1 mm, which
potentially assures a long-time performance for the constituents of
the HCP system, and enhances the durability of the elements to be
strengthened (see Fig. 1). Results of experimental tests on HCP
retrofitted RC elements indicated a promising performance of this
system, since a substantial increase was attained in terms of flex-
ural and shear capacity of RC beams, and energy dissipation and
lateral load carrying capacities of RC beam-column joints under
seismic loading [16,20—22].

This paper describes an experimental program and presents and
discusses the relevant obtained results on the assessment of the
effectiveness of HCP(™ for the flexural strengthening of under-
reinforced RC beams. Moreover, an analytical formulation to pre-
dict the ultimate moment capacity of such strengthened beams is
presented. Finally, by employing a section-layer analysis technique,
the moment-curvature of each of the retrofitted beams was ob-
tained, and then was introduced into a numerical model to estimate
the load-deflection response of these RC beams. To evaluate the
accuracy of the adopted numerical approach, the estimated results
were then compared to the results of the experimental tests.
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2. Experimental program

To experimentally assess the efficacy of HCPU, for the flexural
strengthening of the RC beams, seven under-reinforced RC beams
with identical geometry and flexural and shear steel reinforcing
ratios, as shown in Fig. 2, was cast using a batch of concrete. One of
the beams was considered as the reference specimen (FB_R), and its
flexural behaviour was characterized by performing a four-point
bending test in as-built condition. The other six beams were
strengthened by attaching either a SHCC plate or a HCP(™ to their
tension face (the face of the beams subjected to tension under
bending deformation). Except for FBO_G, which was the only beam
strengthened by an adhesively bonded SHCC plate, the rest of the
beams were strengthened by using HCP(™. Details of the adopted
strengthening strategies are shown in Fig. 3 and summarized in
Table 1. The HCP") of all of these beams had identical length and
thickness as the SHCC plate of FBO_G, however, these strengthened
beams were categorized in two main groups. The HCP( used to
strengthen the beams of the first group had only two CFRP lami-
nates, while the specimens of the second group were strengthened
using HCP(Ms containing four CFRP laminates. The first group of
strengthened beams was composed of three specimens (FB2_B,
FB2_G and FB2_BG), whose differences are limited to the technique
adopted to attach the HCP!" to their soffit. In the two beams
forming the second group (FB4_BG_Phi8 and FB4_BG_Phil0), a
combination of chemical anchors and epoxy adhesive was used to
attach the HCP®™. However, the attaching systems adopted for the
beams in the second group were different considering the size and
the configuration of the anchors. The arrangement of CFRP lami-
nates in the structure of HCP!" was another difference for the
beams of this group. In the case of FB4_BG_Phi10, a double-CFRP
laminate was bonded into each of the two pre-sawn grooves on
the HCPU), while the HCP(") used for the beam FB4_BG_Phi8 had a
double-CFRP laminate at the central groove, and two single-CFRP
laminates at the two lateral grooves. For this latter beam a stag-
gered configuration of the chemical anchors was adopted. Details of
pre-sawn grooves containing a double or a single configuration of
CFRP laminate are shown in Fig. 4.

2.1. Strengthening strategy

To enhance the bond quality at the interface of the epoxy ad-
hesive and the beam's concrete substrate, the tension face of the
beams was sand-blasted to remove 1—2 mm of cement paste and to
partially expose the aggregates. The beams were positioned upside-
down to facilitate attaching the strengthening plates to their ten-
sion face in laboratory conditions. Therefore, at this position, the
strengthening plates were attached to the top face of the beams.
When chemical anchors were used, their positions were marked in
the HCP!Y, and then holes were executed by drilling process. Af-
terwards, each perforated HCP(") was placed on its corresponding
beam and the positions of the holes were mapped on the beams'
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Fig. 2. Geometry and steel reinforcement arrangements of the representative beam of
the experimental program (dimensions in mm).

top face. Prior to placing the anchors, the holes were injected with a
fast curing chemical adhesive to approximately fill two-thirds of
their depth. Before placing the HCP(") on the beam, the epoxy ad-
hesive was spread on the contact surfaces of both HCP(™) and beam's
concrete substrate. It should be noted that the contact face of the
HCP® was the one in which CFRP laminates were installed. After
placing the HCP!™ on the tension face of the beam, by fastening the
nuts the epoxy adhesive was forced to flow and fill uniformly the
entire contact surfaces of the HCP™ and the beam. For the beams in
which epoxy adhesive was the only component used for attaching
the strengthening scheme, the plate was pressed against the beam
in order to force adhesive to flow between the contact faces. Finally,
some weights were put on top of the plate aiming to hold it in its
position. For in-situ application, a few number of anchors is rec-
ommended to facilitate the installation process of the strength-
ening plate. To assure that the bonding epoxy adhesive attained its
maximum mechanical properties, a curing period of adhesive at
least seven days was considered before testing the corresponding
beam. Prior to testing the beams, a torque of 30 and 20 N m was
applied to pos-tension the anchor rods of 10 and 8 mm,
respectively.

2.2. Test setup and monitoring instruments

A four-point bending test setup, schematically represented in
Fig. 5, with a constant displacement rate of 0.01 mm/s controlled by
the internal Linear Voltage Differential Transformer (LVDT) of the
jack, was adopted to experimentally evaluate the flexural response
of the beams. The deflections at the mid-span and at the loaded
sections of the tested beams were measured using three LVDTs
supported on a Japanese yoke (a steel bar fixed to the mid-height of
the beam at the sections coinciding with the beam's supports, using
a pin connection at one end and a rolling connection at the other
end). Strain gauges were used to measure the local deformation for
a limited number of locations along the longitudinal reinforcement.
For all specimens, including reference beam, a strain gauge (SM)
was bonded to the mid-length of one of the longitudinal tension
steel bars. For the specimens strengthened with HCP®, strain
gauges were used to measure the tensile strain in CFRP laminates at
mid-span (PM), under the loaded section at the right span of the
beam (PL), and at the theoretical curtailment section (PTC). Only a
few numbers of strain gauges was used to minimize the distur-
bance of the bond between CFRP laminates and surrounding SHCC
along the strengthened length of the beam. However, some of these
strain gauges did not function properly, possibly due to the dam-
ages introduced by fastening the anchors.

2.3. Material properties

The self-compacting SHCC was composed of a cementitious
mortar reinforced with 2% in volume of short discrete PVA fibres.
The fibres used in this study (supplied by Kuraray Company with
designation RECs 15 x 8) had a length and a diameter of 8 and
0.04 mm, respectively. The average tensile stress at crack initiation
and at ultimate tensile strength of the SHCC was 2.75 and 3.5 MPa,
respectively, with a tensile strain capacity of 1.54%. Details on
mixture ingredients, mixing process and mechanical characteriza-
tion of the SHCC can be found in Refs. [21,23]. From uniaxial tensile
tests carried out according to the recommendations of ISO 527-
2:2012 [24] on six dumbbell-shaped S&P 220 epoxy resin cured for
seven days, an average tensile strength of 18 MPa and average
modulus of elasticity of 6.8 GPa were obtained. Tensile properties of
CFRP laminate (S&P laminate CFK 150/2000) with a cross section of
1.4 x 10 mm? were characterized following the procedures pro-
posed in ISO 527-5:2009 [25]. From the tests executed in six
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Fig. 3. Details of the strengthened beams (dimensions in mm).

FB4_BG_Phi8
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Table 1
Details of beams and configurations of the strengthening plate.
Tension steel ratio (p) Detail of HCP(/SHCC-Plate N Attaching technique
Thickness (mm) Width (mm) Length (mm)

FB_R - - — — -

FBO_G 0 Epoxy

FB2_B 2 Phi10 (1)

FB2_G 0.35% 20 150 2000 2 Epoxy

FB2_BG 2 Phi10 (1) + Epoxy

FB4_BG_Phi10 4 Phi10 (1) + Epoxy

FB4_BG_Phi8 4 Phi8 (2) + Epoxy

p = Ast/bdss where, Ay is the total area of tension steel bars, b is the width and d is the effective depth of the beam's cross section.

Phi10(1): one row of chemical anchors of 10 mm diameter.

Phi8(2): two rows of chemical anchors of 8 mm diameter with a staggered configuration.

N is the number of CFRP laminates adopted in the structure of the HCP(",

coupons, average values of 2689 MPa, 1.6% and 164.7 GPa were
obtained for the tensile strength, strain at CFRP rupture and
modulus of elasticity, respectively. In order to obtain the modulus
of elasticity and the compressive strength of the concrete used for
casting the beams, four cylinders of 150 mm in diameter and
300 mm in depth at the age of 90 days were tested following the
specification of LNEC E397-1993 [26] and EN 12390-3 2009 [27],
respectively. According to the results of these tests, an average
modulus of elasticity of 32.52 GPa and an average compressive
strength of 31.26 MPa were obtained. Properties of the longitudinal
steel bars were determined by means of tensile tests according to
ISO 15630-1-2010 [28]. From the results of the tensile tests on four
specimens of 10 mm diameter steel bars, average values of
536 MPa, 629 MPa and 215.8 GPa were determined as the yield
stress, ultimate strength, and modulus of elasticity, respectively. For
the HCP") applied with anchors, a Hilti® system was utilized,
composed of a fast curing resin HIT-HY 200A and steel anchor rods.
Two types of anchor rods were used, 8 and 10 mm in diameter with
specifications of HIT-V-5.8 M8X110 and HIT-V-8.8 M10X190,
respectively. According to the classification of the steel grades of
the ASTM, a notation of 5.8 indicates steel with average tensile yield
stress of 400 MPa and an average ultimate tensile strength of
500 MPa. The notation of 8.8 then refers to the steel with average
tensile yield stress of 640 MPa and average tensile ultimate
strength of 800 MPa.

2.4. Design procedure of the retrofitting systems

Fig. 6 shows the schematic stress-strain distribution along the
depth of the cross-section of an HCP(M strengthened beam (see the
list of notations of this paper for the physical meaning of each
symbol used in this figure and herein after). Based on the
assumption that plane sections remain plane after bending, and
assuming a perfect bond between constituent materials, a linear

CFRP Laminate
10X1.4 .
Adhesive

CFRP Laminate
10x1.4

Adhesive

11
[

SHCC
(a) (b)

Fig. 4. Details of configuration of CFRP laminates bonded into the grooves of HCP") (a)
single-CFRP laminate, and (b) double-CFRP laminate (dimensions in mm).

distribution of strain along the depth of the cross-section is adopted
(see Fig. 6b). The number of CFRP laminates utilized in HCP for
the strengthening of the first and second group of beams was
determined taking into account the required section area to attain a
balance failure of the strengthened beam. The balance failure mode
is defined as a simultaneous CFRP rupture (¢ = s}) and crushing of
concrete in compressive block(el. = e4.). It can be assumed that for
this mode of failure, tension steel bars are already yielded (es: > é{t).
By employing the equivalent rectangular compressive stress dis-
tribution recommended by EC2 [29] and considering the force
components indicated in Fig. 6b and c, the state of equilibrium of
the section (3~ F = 0) can be formulated based on strain compati-
bility and stress distribution along the depth of the section,
resulting equations (1)—(7). The position of the neutral axis,n, can
be also calculated by using equation (8). After replacing n in the
equation (7) and solving it, the balance section area of CFRP lami-
nates, A2, can be obtained from equation (9). Note that in this
approacfl the average concrete compressive strengthfl?, is used in
place of its design value, f4. For a concrete with a characteristic
strength equal to or lower than 50 MPa, according to the section 3
of EC2 [29] values of 0.8, 1.0 and —0.0035 are adopted for 4, n and
el., respectively. To simplify, the analysis, the contribution of the
part of concrete in tension is neglected in static equilibrium of the
section. Moreover, tensile behaviour of the SHCC and the steel bars
are assumed to be elastic-perfectly plastic with maximum strength
equal to the stress at the first cracking of the SHCC, fg, and the
yielding of tension steel bars, f) (the behaviour of steel under
uniaxial compression was considered identical to its tensile
response). According to this strategy, A)IZ = 64.4mm? was obtained,
and four CFRP laminates providing As = 56 mm? were adopted for
the HCP( of the beams in the second group and half of this rein-
forcement, A= 28 mm?, was assigned to the HCP(™ of the beams in
the first group.[29].

Force
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Fig. 5. Four point bending test setup (dimensions in mm).
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Fig. 6. Schematic presentation of internal strain and stress distribution for a Hcp® strengthened RC section at ultimate state (a) section configuration, (b) strain distribution, (c)
simplified stress profile using equivalent concrete compressive rectangular block, (d) stress profile based on concrete parabolic compressive stress-strain curve (see notation list for

the physical meaning of each symbol).
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Fsh = As Schr (6)
FCC+FSC+Ff+FSt+F5h:0 (7)

Egcdf (8)

(ggc - 5?)

Ab _
2
—(0.8nbf2 + frAse + Asf + A5 / (Eref).

2.4.1. Flexural capacity of the Hcpt strengthened beams

Since for both groups of strengthened beams, the total section
areas of CFRP laminates utilized in the structure of the HCP) were
less than A2, the rupture of the CFRP laminates is the expected
failure mode, provided that detachment of the HCP" is not the
prevailing failure. Considering that at the failure of these beams, the
maximum concrete compressive strain is lower thanel, the
moment capacity (Mg) is calculated adopting two different stress
distribution for concrete in compression: (i) constant stress

n—d
< — OSnbe’? + EscAgcé‘gc¥ +A$[f3; +AS S%) /(Efb;) 5 Esc < é{c

distribution (Whitney block), and (ii) nonlinear stress distribution.
Further, the flexural capacities obtained from these approaches are
compared in order to verify the accuracy of prediction based on
using an equivalent compression block as a simplified method. In
both of these strategies, the flexural capacity at CFRP rupture is
calculated assuming that tension steel bars are already yielded and
the compression steel bars are still in their linear-elastic regime.
The assumptions used for the tensile contribution of the concrete,
the idealized stress—strain relationships for SHCC and steel bars in
the calculation of balance amount of CFRP laminates are applied
herein as well.

Rectangular compressive stress distribution: considering Fig. 6a to
c and simplifying the equations of static equilibrium of the section
(> F =0), developed based on strain compatibility and stress dis-
tribution as indicated in equations (10) and (20) [29], the depth of
neutral axis, n, can be found by solving the quadratic equation (21).
Constants of this latter equation are introduced in equations
(22)—(24). Thus, the depth of neutral axis, n, can be calculated from
equation (25). Finally, the flexural capacity (Mg) of the beams of
groups I and II can be calculated from equation (26).

&f :s} (10)

n
£CCZE}< (11)

n—df)

9
esc> €l
€sc = f(dffn) (12)
r (d, — Tl)
&sc = ep——% (13)
(¢ —n)
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Fee = Anbf with 1=0.8 EC2 (14)

Fsc = EscAse le}ul £sc <€) (15)
(¢ - n)

Foo = Astfly et > €l (16)

Fr = Agff (17)

Fon = Asfgh (18)

Fee +Fse +Ff +Fst +Fp =0 (19)

— Rbfggnz — (As SJ; +Aff}f +Ashfsl;, + ESCASCS}: - Abfggdf) n

(20)
+ (Ascf + ALff +AfS) ) dy + EscAscefd =0
An’ +Bn+C=0 (21)
A= —Jbfm (22)
B = —(Aufl; + A} + Anf§; + EscAscef — Abf{idy ) (23)
C = (Astfl + A} +AfS] ) dy + EscAscefd (24)
—B+VB? — 4AC

7 (25)

Yy T cr r (d, — n) /

MR :ASth[dSt +Afff df +AS sh dSh + ESCASC Sf* d

(dr=n)

+0.522nbfT (26)

Nonlinear compressive stress distribution: as it is presented
schematically in Fig. 6d and mathematically in equation (27), a
parabolic stress distribution for concrete in compression block,
recommended by EC2 [29], is also employed. By simplifying the
equations of equilibrium of the section (see equations (28) and
(37)), the depth of neutral axis, n, can be found by solving the cu-
bic equation (38) with its constants presented in equations (39) and
(44). The flexural capacity (Mg) of the beams of groups I and II can
be calculated from equation (45). In this equation a is the distance
of the location of the concrete compressive resultant force, F.., from

/ Xfeedy
neutral axis (see Fig. 6d) and can be obtained from £0;— as

/O feedly

shown in equation (46).

ree{2(g) - (5) ) o<

<ep.  (with € being strain at fi7) (27)

e[ ()

X

m eh ef
(n _ df) cc cc

d—n
Fsc = EscAsc [f}(—)‘| esc <&l

(¢ =m)

Fst = Ast)?; est > 8&
Fsh = As Schr

F + Fst + Fgp + Fec + Fse = 0

T=Ff+Fst+F5h

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

P
—bfm L dmn? - / — EscAsceh (ndy —n? —d'de+dn
AR AR

+Tdf+Tn —2Tdin=0

A3 +Bn’ +Cn+D=0

v = bfr?

“§|“~u~.

M= EscAscé‘jrr

B=u+T—vds
— —u(dy+d) - 21,

D = ud dy + Td}

therefore,

d— ,
MR = Astf;tdst +Aff}rdf + Ashfsh sh + EscASC [gf ( ) ] d

(4 - n)
+ b(nfcij)chc (dfn (

)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)
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Table 2

Predicted flexural capacity (Mg) of beams of groups I and II based on either an
equivalent compressive stress block (Mg) or nonlinear distribution of compressive
stresses (Mgz) and comparison of these two approaches.

Mg (kN m) Mgz (kN m) Mg ()
Group | Group II Group | Group II Group | Group Il
45.9 66.5 45.7 66.2 0.44 0.45
2 _ n i
n [? a(n—d) s&]
a= (46)

The predicted Mg of the beams of groups I and II based on the
above mentioned strategies are indicated and compared in Table 2.
According to these results, the formulation based on equivalent
compressive stress block (simplified method) estimates a flexural
capacity similar to the one obtained using a nonlinear distribution
of compressive stresses (a difference less than 0.5%).

3. Experimental results and discussions

The load-deflection curves registered for all the tested beams
are presented in Fig. 7. A summary including the values for the
loads and their corresponding mid-span deflections at the onset of
cracking (F¢r and o), at the yield of tension steel bars (F, and dy),
and at the failure of the beams (F, and d,), is reported in Table 3. The
service load, F490, at deflection equal to the beam's span divided by

400 (6400 :4%5—6> the deflection ductility (us = du/dy), and the

maximum strain measured by the strain gauge “PM” and the failure
mode of each beam, are indicated in the same table. In the
following sections, these results are used to discuss the failure
mode and the overall behaviour of each beam, and also to compare
the flexural behaviour of the strengthened beams.

3.1. Failure modes and overall behaviour

The reference beam (FB_R) failed by crushing of compressive
concrete at the mid-span following the yield of the tension steel

180

18 ¢ S
1604 1 I FB R
|~ = —=—FB0 G
| g | o FB2 G
lZOj ——FB2_BG
ﬁ 100 —+—FB4 BG Phil0
3 ] —+—FB4_BG_Phi8
S 80
= |
60
404

0 T T L] T 1 T L) T
0 10 20 30 40 50 60 70

Mid-span deflection (mm)

Fig. 7. Load-deflection curves of the beams obtained from four point bending tests.

bars. In the case of FBO_G, the maximum load, F;;, was reached at
the onset of the yield of the tension steel bars. A sudden drop
immediately after the yield of the steel bars in the load-deflection
curve of FBO_G can be observed, followed by a gradual increase
up to the yield load again, at a deflection of 16 mm. As the conse-
quence of a further increase in the beam's deflection, the sequences
of load drop and recovering continued, but with a decreasing trend
in the recovered level of the maximum load. When the width of
cracks in SHCC was wide enough for losing the strain hardening
contribution, this process of stress redistribution along the beam
stopped. At this stage, load was stabilized at an almost comparable
level to the failure load of FB_R, and finally this beam failed by
concrete crushing, at the left loaded section of the beam. Beam
FB2_B failed with a splitting cracking in HCP™), which progressed
along the alignment of the chemical anchors. The onset of this
failure mode was at the shear-out rupture of SHCC behind the
closest anchor to the right support of the beam (see Fig. 8a).
Further, a splitting crack at the bearing zone of the second anchor
initiated and progressed towards the first anchor. These sequences
of splitting crack initiation and propagation between the adjacent
anchors continued by increasing the beam's deflection, and with
step-by-step load decay in the post-peak regime (see Fig. 7).
Specimen FB2_G failed by the detachment of HCP(™ with part of
concrete cover bonded to it (Fig. 8b). As demonstrated in this figure,
the detachment of concrete cover originated from the location of a
high stress concentration of a flexural-shear crack formed at the
right shear-span of the beam close to the loaded section. This
detachment then progressed towards the end of the HCPM, to the
nearest beam's support. By further deflection of this beam, the
detachment of the HCP!" continued from its origin towards the
beam's mid-span. This failure mode in an RC beam flexurally
strengthened with a bonded plate/FRP to its tension face is often
recognized as an intermediate flexural-shear crack induced
detachment [30]. In the case of FB2_BG, the full tensile potential of
the HCP" attached by means of epoxy adhesive and chemical an-
chors to the tension face of this beam was mobilized. Thus, at a
location close to the loaded section at the right side of the beam,
rupture of the CFRP laminates occurred. The full exploitation of
HCPY) was obtained despite of the onset of an IC detachment at the
location of a flexural-shear crack (see Fig. 9), which indicates a
suitable contribution of chemical anchors in delaying the progress
of this detachment.

Both beams in group II, FB4_BG_Phi10 and FB4_BG_Phi8, failed
by the detachment of HCP!") with part of concrete cover bonded to
it. The progress of the detachment was similar to that observed in
FB2_G, since an intermediate flexural-shear crack induced
detachment was recognized for these beams as well, but at a load
level much higher than the corresponding one registered in FB2_G.
For both beams in this group the contribution of concrete cover for
transferring the interfacial shear stresses developed between the
strengthening layer and the tension face of the beam has decreased
with the detachment progress. Consequently, a high tensile stress
in the HCP!" needed to be transferred to the beam's soffit by means
of only shear resistance of chemical anchors. Due to the stress
concentration at bearing zone of the last anchor, close to the
termination of the HCP(, a piece of SHCC behind the closest anchor
to the right support of the beam was detached by a shear-out
rupture. A high shear stress in the anchors caused their perma-
nent deformation (observed by visual inspection at the failure),
meaning that the anchors were already yielded. As a consequence
of the yielding of the anchors, and therefore their excessive rota-
tion, separation of HCP" was followed with a shear-punch mech-
anism at some of the anchored regions (see Fig. 10). This secondary
phenomenon, shear-punching, is expected to be delayed (or pre-
vented) if washers with a larger clamping surface area are used.
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Table 3
Results obtained from the analysis of the tested beams.
beam First crack Steel yield Ultimate Service Deflection Strain Failure
ductility gauge “PM”  mode"
Ocr (mm) Fer (kN) 0y (mm) Fy (kN) 0y (mm) Fy (kN) Fao0 (kN) s % -
FB_R 0.31 215 7.1 59.3 58.4 61.8 51.8 8.2 - SY-CC
FBO_G 0.53 (71%)? 33.3 (55%) 6.1 (-14%) 71.8 (21%) 65.3 (12%) 61.03 (-1.2%) 67.9 (31%) 10.7 (30%) - SY-CC
FB2_B 0.44 (42%) 23.5 (9%) 7.1 (0%) 72.9 (23%) 37.5 (-36%) 106.0 (72%) 63.1 (22%) 5.3 (-36%) 1.19 [74%]° SH
FB2_G 0.54 (74%) 33.2 (54%) 7.2 (1%) 87 (47%) 25.9 (-56%) 120.0 (94%) 74.9 (45%) 3.6 (-56%) 1.33 [83%] DH
FB2_BG 0.57 (84%) 34.5 (60%) 7.5 (6%) 87.3 (47%) 32.8 (-44%) 128.1 (107%) 73.1 (41%) 4.4 (-47%) 1.58 [99%] RL
FB4_BG_Phi10 0.60 (94%) 32.2 (50%) 7.6 (7%) 96.8 (63%) 27.7 (-53%) 153.2 (148%) 79.1 (53%) 3.6 (-56%) 1.25 [78%] DH
FB4_BG_Phi8 0.62 (100%) 34.7 (61%) 7.7 (8%) 97.6 (65%) 30.0 (-49%) 165.2 (167%) 79.8 (54%) 3.9 (-53%) 1.33 [83%] DH

2 Values in brackets () are the change of each measure regarding its corresponding value in FB_R beam.

b Deflection ductility us is defined as 8,/dy.

¢ Values in brackets [ ] are the percentage ratio of the strain measured in CFRP laminate at the mid-span of the beam to the average strain obtained at the rupture of CFRP

laminates in tensile tests.

4 Failure modes- Tension steel Yield followed by Concrete Crushing (SY-CC), Splitting of HCP(") (SH), Detachment of HCP(™ (DH), Rupture of CFRP laminates of HCP") (RL).

Critical flexural-shear crack

,/ Detachment progress

e .-—.\! N ig

Fig. 8. Propagated damages at the end of the test of (a) FB2_B (bottom view), and (b) FB2_G.

3.2. Comparative behaviour

3.2.1. Load and deflection at the first crack

The load at the onset of the first crack, Fg, was registered during
testing of each beam and is reported in Table 3, together with its
corresponding deflection, d.. In comparison with the reference
beam (FB_R), an increase between 50% and 61% in F for beams
with a plate connected to their tension face by means of either
epoxy adhesive or a combination of epoxy adhesive and chemical
anchors (beams FBO_G, FB2_G, FB2_BG, FB4_BG_Phil0 and
FB4_BG_Phi8) was obtained. The increase in corresponding
deflection of these beams, ., was between 71% and 100% as
registered for FBO_G and FB4_BG_Phi8, respectively. An increase of
42% in o of FB2_B for only 9% increase in the corresponding load, as
compared to the results of the reference beam, was obtained. In
fact, when HCPM is attached using only chemical anchors, in
addition to stress concentration at the fastened locations, a sub-
stantial sliding between the strengthening plate and the beam is
expected, resulting in a smaller contribution of the plate for the
initial flexural stiffness of the beam when compared to the
strengthening solutions where adhesive was used. The amount of
this sliding depends on the roughness of the surfaces in contact,
inter-laminar pressure caused by pos-tensioning of the anchors,

distance between adjacent anchors, and also on the existing gaps
between the anchors and the holes of the HCP(V.

3.2.2. Load and deflection at the yield of tension steel bars

Since most of the strain gauges bonded to the tension steel bars
did not functioned correctly, an apparent yield point was identified
from the beams load-deflection curves. This apparent yield cor-
responded to the load at the onset of a substantial decrease in the
slope of the post-cracking regime. According to this criterion, all of
the strengthening techniques assured a higher yield load, F,
compared to the corresponding value for FB_R. The maximum
increase in F, was 65%, registered in the beam FB4_BG_Phi8, and
the minimum increase was 21%, which was attained by FBO_G.
Both FB2_G and FB2_BG showed an identical increase of F, (47%),
indicating that adding the pos-tensioned anchors did not affect the
load corresponding to the yield initiation of the tension steel bars.
This result is consistent for FB4_BG_Phil0 and FB4_BG_Phi8, since
despite having different layouts and sectional area of the anchors,
both presented almost identical yield loads. Comparison of FBO_G
and FB2_G shows an increase of 21% in F, as a result of bonding
two single-CFRP laminates to the SHCC plate. The average increase
for HCP( with four CFRP laminates was 35%. Despite this increase
in Fy, there was only a marginal increase in the corresponding

sane S gy

\ "-.:C itical flexural-shear crack
( Onset of detachment

(a)

Fig. 9. Propagated damages at the end of the test of FB2_BG, (a) front view, and (b) bottom view.

Rupture of CFRP

laminates

(b)
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. Critical fAexural-shear crack

hment

(a)

/

Shear-Out rupture

(b)

Fig. 10. Propagated damages at the end of the test of FB4_BG_Phi8, (a) front view, and (b) bottom view.

deflection, 6y, of the HCPW strengthened beams when compared to
FB_R.

3.2.3. Ultimate load and corresponding deflection

The ultimate load, F,, for beams with a smooth degradation in
their post-peak phase (beams FB_R and FBO_G), is defined as the
point where the decrease in maximum registered load reaches 15%,
unless the concrete crushing is predominant. In the other hand, for
the beams with a sudden drop just beyond the peak load, the ul-
timate and maximum loads, F;;, coincide. According to the above
mentioned criteria, the ultimate load, F,, of FBO_G (61.03 kN) was
almost the same as FB_R (61.8 kN), but occurred in a 12% higher
ultimate deflection, &,. Attaching HCP(" to the tension face of the
beam by means of only anchors (beam FB2_B) resulted in an in-
crease of 72% in ultimate load, F,, when compared to the one
registered for the reference beam (FB_R). At this ultimate load, the
strain gauge “PM” registered a strain level of 1.19% in the CFRP
laminates. In the other words, 74% of the potential tensile strength
of the HCP(® was mobilized by this attaching layout. The mid-span
deflection at the ultimate load, d;, of FB2_B was 37.5 mm, which is
36% lower than the corresponding deflection of the FB_R beam.

When epoxy adhesive was used instead of chemical anchors to
attach the HCP® (beam FB2_G), the ultimate load, F,, was further
increased in 13%. A higher tensile stress of CFRP laminates was
therefore mobilized, to the extent that the strain at “PM” was 12%
higher than the corresponding value in beam FB2_B. The beam
FB2_G reached a ¢, of 25.9 mm, which was 56% and 31% lower than
the corresponding deflection of FB_R and FB2_B, respectively. The
reduction in deflection at the ultimate load of FB2_G regarding to
FB2_B is attributed to a restricted sliding at the interface of HCP("
and beam. Finally, the combination of chemical anchors and epoxy
adhesive, for fixing HCP" to the FB2_BG beam, assured the full
strengthening potential of HCP!Y, providing to this beam an ulti-
mate load and deflection of 128 kN and 32.8 mm, respectively. This
ultimate load was 107% larger than the corresponding load ob-
tained by FB_R. The HCP\" reached its strengthening capacity, since
the CFRP laminates have ruptured in the pure bending zone, close
to the loaded section at the right side of the beam (see Fig. 9). It is
worth to mention that the first series of horizontal cracks in con-
crete cover corresponding to the detachment progress was
observed at a load level of 122 kN, which is very close to the ulti-
mate load of FB2_G (120 kN). However, due to an effective func-
tioning of the anchors, despite initiation of detachment through the
concrete cover and its propagation towards the end of the HCP("
(see Fig. 9a), the tensile resistance of CFRP laminates was fully
exploited. Considering the maximum load obtained for FB2_BG, a
flexural capacity of 51.2 kN m was achieved, which is 12% higher
than the predicted values based on the analytical solutions. The
ultimate deflection, d,, of FB2_BG was 32.8 mm, being 26.7% higher
than the corresponding value of FB2_G, but 44% lower than the
deflection registered at the ultimate load of FB_R. The onset of

detachment of HCP!") of FB4_BG_Phi10 was at a load level of 134 kN,
when a horizontal crack, originated from an existing flexural-shear
crack at the vicinity of the loaded section at the right shear span of
the beam, has progressed. However, due to the resisting contribu-
tion of the anchors, the detachment progress was delayed and an
ultimate load of 153.2 kN was attained. For this load level a strain of
1.25% at the mid-length of the CFRP laminates was measured by
“PM”, which is 78% of ultimate tensile strain of the CFRP laminates.
The mid-span deflection of FB4_BG_Phi10 at the occurrence of
maximum load was 27.7 mm, 53% lower than the corresponding
value for FB_R. Initiation of detachment of HCP(™ of FB4_BG_Phi8
has occurred at load level of 137 kN, which is slightly higher than
the corresponding load in FB4_BG_Phil0. This indicated that a
staggered configuration of the anchors resulted in a greater dis-
tribution of the tensile stress along the width of the strengthening
plate [31] and reduced the shear-lag mechanism associated with
using a single row of anchors [12]. As a result, a more uniform
interfacial stress distribution along the concrete cover was ex-
pected. Consequently, an ultimate load carrying capacity, F,, of
165 kN was attained, being 167% and 8% higher than the corre-
sponding values for FB_R and FB4_BG_Phi10, respectively. For this
load level a strain value of 1.33% was measured by the strain gauge
“PM”, corresponding to mobilization of 83% of CFRP laminates'
tensile strain capacity. The flexural capacity of the FB4_BG_Phi8
beam was 66.1 kN m, almost the same predicted by the analytical
approach at the rupture of CFRP laminate, and assuming simplified
elastic-perfectly plastic responses for the SHCC and steel bars. The
mid-span deflection of FB4_BG_Phi8 at the occurrence of the ulti-
mate load was 49% lower than the corresponding one of the FB_R,
but slightly higher than the registered value in the FB4_BG_Phi10.

3.2.4. Ductility

As a general trend, in comparison with FB_R, attaching HCP®™ to
the beam's soffit reduced the deflection corresponding to the ulti-
mate load, d,, while a marginal change in the mid-span deflection
corresponding to the yield of tension steel bars, dy, can be observed.
As it was discussed in the previous section, in comparison with the
results registered in the FB_R beam, the minimum and the
maximum reduction in §, was 36% and 56%, and have occurred in
the FB2_B and FB2_BG beams, respectively. As a consequence of this
reduction, the deflection ductility, (us = 0y/dy), of the strengthened
beams was lower than that obtained in the reference beam (FB_R).
However, still a lower bound of 3.6 for displacement ductility
(beam FB4_BG_Phi10) was achieved. Moreover, all the strength-
ened beams presented an adequate ductility considering the
specifications of ACI 440.2R-08 [32]. According to this specification,
an RC beam flexural strengthened with a FRP bonded system has
enough ductility if the strain in steel reinforcement at the failure of
beam is greater than 0.005 mm/mm. Considering the strain levels
recorded in the CFRP laminates of all of the strengthened beams, it
can be concluded that the strain in tension steel bars were higher
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than 0.5% (see section 4.2.). Finally, comparing the ductility values
obtained in FB2_BG and FB4_BG_Phi8 beams, and taking into ac-
count that detachment of HCP! was the governing failure mode in
the FB4_BG_Phis8, it can be concluded that a double amount of CFRP
laminates in the structure of the HCP(™ had a relatively low adverse
effect in g, a reduction of about 11.5%.

3.2.5. Serviceability limit states

To verify the cracking status on both the strengthening layer and
the lateral faces of the beams, there was a pause in the loading pro-
cedure at a 10 mm displacement measured by the internal LVDT of the
jack. This measured deflection by the internal LVDT of the beam cor-
responds to a beam's mid-span deflection between 8.1 and 8.9 mm
registered by the middle LVDT supported on the Japanese Yoke. This
deflection was selected in compliance with a deflection equal to a

clear-span divided by 250 (5250 = %), which is recommended as a

service limit deflection by EC2 [29]. Except in the case of FBO_G, there
was no crack visible to the naked eye on the surface of the strength-
ening layer, while several cracks along the loading span at lateral faces
of the beams already existed. In the case of FBO_G, at this deflection
level, a crack was already localized in the SHCC plate and was wide
enough to be visible at one of the loaded sections. According to the
recommendations of ACI 440.2R-08 [32], for externally FRP-bonded
flexurally strengthened RC beams, to avoid inelastic deformations,
the yielding of existing steel bars under service load should be pre-
vented. Therefore, the stress in the existing steel bars under service
load should be limited to 80% of the yield stress. This stress reduction
limit takes into account the stress increase in the steel bars due to
effects of long-term loadings such as creep, shrinkage and cyclic fa-
tigue. It also includes the statistical uncertainty level on the yield
stress of the steel bars. Obviously at this service load, the deflections of
all the strengthened beams are far below d50.

If the specifications of Portuguese design code between 60's and
80's are considered, deflection of the beams at service load, Fq0,

should be limited to the beam's span divided by 400, (6400 =3 4%5)

According to this criterion, the service load, F409, of the beams of
group II has more than 53% increase comparing to that of the
reference beam. This increase for beams of group I with a contin-
uous bond between HCP™ and RC was higher than 41%. When a
discrete connection of HCP to RC beam was used, the case of
FB2_B, this increase was much lower (22%). It should be noted that
bonding only a SHCC plate of 20 mm thickness (beam FBO_G)
resulted in 31% increase in F490, however, only a marginal safety to
the yield load, Fy, exists (5.7%). This safety margin in the case of the
beams of group Il was higher than 22%.
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3.2.6. Strain profile along the CFRP laminates

Fig. 11 represents the strain profile in CFRP laminates along the
HCP® at different load levels for FB2_G and FB4_BG_Phi10. Posi-
tions of the strain gauges are measured from beam's right support,
where the failure occurred. In these figures, strain profiles at the
load corresponding to the yield of tension steel bars, the onset of
detachment of HCP'Y, and the maximum load are denoted by “Y”,
“D” and “M”, respectively. For both of these beams, at the onset of
detachment of concrete cover, a sudden increase in the strain
measured under the loaded section, and similarly in the strain
measured at the mid-span, can be recognized. The strain values
corresponding to the onset of detachment, as measured by the
strain gauge “PL”, were 0.9% and 0.97% for FB2_G and
FB4_BG_Phi10, respectively. A larger strain value measured for
FB4_BG_Phi10 can be attributed to the effect of pos-tensioning
force in chemical anchors, which in turn resulted in confining of
the concrete cover. Therefore, it can be concluded that the strain
corresponding to detachment of HCP!" is independent of the
number of CFRP laminates in its structure. The role of chemical
anchors in delaying the detachment progress is obvious when
strain values measured at “PTC” for these two beams are compared.
In fact, in FB2_G further loading beyond the onset of detachment of
HCPW resulted in a high increase in the strain measured by “PTC”,
while the corresponding strain value in FB4_BG_Phil0 had a
gradual increase up to a load level very close to the failure of this
beam.

4. Numerical modelling

Several studies showed that a layered-section model can be
used to predict moment-curvature (M — x) of composite sections,
which can be employed in a numerical strategy to estimate the
load-deflection of the elements failing in bending, with enough
accuracy compared to the experimental results [33,34]. According
to this strategy, a cross-section is discretized into several thin layers
(see Fig. 12). Based on the assumption that plane sections remain
plane after bending, for a gradual increase in curvature of the cross-
section the state of the strain at the middle of each layer is deter-
mined. Then, for each state of the strain, the stress values can be
obtained using the constitutive law of the corresponding material
of each layer. Since the distribution of the stress along the depth of
the cross-section is already determined, the state of the static
equilibrium can be checked and then established, if needed,
through an iterative solution by adjusting the depth of the neutral
axis. When the stress distribution accomplishes the state of equi-
librium of the section, the bending moment (M) for that

PTC PL PM
1.4
~6120™ kN
1.2 115 kN
$ 113 kN
1.0 —*108” kN
3 0.8
s —495kN
.E 0 6 -
£ _v87VkN
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200 400 600 800 1000 1200

Distance (mm)

(b)

Fig. 11. Strain profile in CFRP laminate along the length of the beam at different load levels, with the distance measured from the right support, for (a) FB2_G, and (b) FB4_BG_Phi10,
(in these figures superscripts “Y”, “D” and “M” denote the load at the yield of the tension steel bars, at the initiation of detachment, and at the maximum load, respectively).
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Fig. 12. Concept of Fibre-Section for the calculation of the moment-curvature of a composite section, (a) RC section, (b) RC section discretized into fibres, and (c) strain distribution
at the middle-height of each fibre. (f;, A; and d; are the stress, fiber area and depth at the middle of the fiber, respectively. Fy is the residual force, unbalanced force, at the end of each

iteration and M is the calculated moment for each given curvature (x) .
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Fig. 13. Constitutive law to simulate tensile behaviour of (a) SHCC, and (b) steel reinforcement [36].

corresponding curvature () is calculated. According to this strat-
egy, and following the algorithm presented in Ref. [34], a VBA was
implemented into an excel file to calculate the moment-curvature
of a flexurally strengthened cross-section. The source of this code
can be found in Ref. [16]. The evolution of the moment-curvature
(M — x) can be used in a numerical model to estimate the load-
deflection of a simply supported beam, discretized into Euler-
Bernoulli elements. In this method, for each load increment AFY,
the bending moment at the centroid of each element, M{, is
calculated. Afterwards, tangential flexural rigidity of each ele-
ment (EI)%E, is evaluated from the element's M — x. The tangential
stiffness matrix of each element K%, is then calculated using (EI)%,.
By assembling tangential stiffness of each element, the tangential
stiffness of the beam K %E, is obtained. Finally, by solving the system
of linear equations K‘}Equ = AFY, the increment in nodal dis-
placements, Aud, is obtained and the matrix of nodal displace-
ments, u9 = u9~! + Aud, will be updated. This approach is detailed
in Ref. [34].

4.1. Constitutive laws of the materials

As depicted in Fig. 13a, the tensile behaviour of SHCC is modelled
assuming an elastic-linear stress-strain response up to the forma-
tion of the first crack. The post-cracking response of SHCC is
simulated using a linear ascending branch corresponding to the

tensile strain hardening phase. Following this hardening branch,
the reduction in stress is taken into account adopting a bi-linear
regime up to a zero stress state. The elastic modulus (Egp), the
stress at the first crack (fg), the tensile strength (f};) and the tensile
strain hardening capacity (e}, ) are introduced based on the average
results of direct tensile tests and parameters for the softening
regime are adopted from Ref. [35]. Values of the parameters used to
define the tensile stress—strain relationship of the SHCC are re-
ported in Table 4. In compliance with the results of tensile tests, the
stress-strain response of CFRP laminates is considered linear-elastic
with a maximum tensile strain corresponding to the average strain
obtained at the rupture of laminates. The uniaxial stress—strain
relationship for the steel bars is based on the proposed model by
Park and Paulay [36], represented schematically in Fig. 13b and
mathematically in equations (47)—(49). Steel bars are assumed to
behave similarly under monotonic compression and tension load-

ings Table 5.
f o m (est — sﬁ?) +2 (b“st — 8??) (60 —m) @
= + <
ST 60(es — ) +2 2308 + 1) fot St
(47)

Table 4 Table 5

Values adopted for the parameters defining tensile constitutive law of SHCC. Values of the parameters defining constitutive law of the longitudinal steel bars.
Egn (MPa) fan(MPa) s (MPa) ey (%) ¢ 71 Y2 E(GPa) (%) fl(MPa) M%) f"(MPa) & (%)  f!(MPa)
18,420 2.5 3.75 1.54 0.11 5 9 215.825 0.25 536 2.5 536 12 629
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Fig. 14. Adopted constitutive laws for concrete under (a) uniaxial compression [37], and under uniaxial tension, (b) for steel/FRP reinforced concrete (tension-stiffening in post-

cracking), and (c) for plain concrete (tension-softening in post-cracking [39]).

where,

r=el — eﬁ? (48)

o (G/F)(30r+1)2 — 60r — 1
15r2

Concrete in compression is formulated using the Mander model
[37], see Fig. 14a and equations (50)—(54) [29]. With the exception
of the strain corresponding to the maximum compressive strength
(eM), which is calculated using the recommendations of EC2 [29]
and indicated in equation (54), the other parameters of this
model are taken from the results of uniaxial compression tests.
Table 6 reports values of the parameters adopted to define the
constitutive law of concrete under compression.

(49)

_ K‘)‘fcré1 X m
Jec = P ecc < 2e¢ (50)
2afm ) ( S )
_ cc cc cc m gf
fe —( 2 260 <ee < el (51)
a—1+20)\J 2em
where,
K = 65[/6?2- (52)
Table 6
Parameters defining constitutive law for concrete under compression.
E. (GPa) f& (MPa) el (%) fE (MPa)
32.52 31.26 0.2 245

Ec
- B 53
CTE- (/e >
=007 (M <28 (%) (54)

Tensile behaviour of concrete is simulated by a linear-elastic
phase, followed by a post-cracking regime. Concrete tensile
strength (f¥) is calculated using the specifications of EC2 [29],
indicated in equation (55). To address interaction between steel
bars and the surrounding concrete in numerical simulation, a
multi-linear tension-stiffening model that takes into account the
contribution of concrete up to the ultimate strength of reinforce-
ment [38] is employed. The effective concrete embedment-zone is
defined as an area of concrete around the centre of the bar with a
width and depth equal to 15 times the steel bar diameter [39]. For
other parts of concrete, a tension-softening model [39] represented
in Fig. 13b is adopted.

2/3

a =03 (e - 8) (55)

To calibrate parameters of the tension-stiffening model, the
evolution of tensile strain in longitudinal steel bar of FB_R and in
longitudinal CFRP laminate of FB2_BG, versus bending moment
obtained from fibre-section analysis are compared to those ob-
tained in experimental tests. Hence, employing an inverse analysis,
the parameters of the tension-stiffening model were adjusted to
obtain the best match between the aforementioned results (strain
versus moment from numerical and experimental studies).

4.2. Numerical versus experimental results

Fig. 15a and Fig. 15b compare strain versus moment obtained
from layer-section model analysis with the corresponding one from
experimental test (strain values registered at the mid-length of the
specified longitudinal reinforcement of FB_R and FB2_BG). The
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Fig. 15. Comparison of the evolution of the mid-span strain in steel/CFRP reinforcement versus moment obtained from numerical and experimental studies in beam, (a) FB_R, (b)

FB2_BG, and (c) FB4_BG_Phi8.

strain versus moment obtained for FB4_BG_Phi8 is also presented in
Fig. 15¢, that confirms the accuracy of the tension-stiffening model
for the beams flexurally strengthened by HCP(M. Values for the
parameters of the tension-stiffening law, which resulted in the
most fitted strain versus moment curve of the numerical model to
the experimental tests, are indicated in Table 7. Values for the pa-
rameters of the tension-softening model were adopted from
Ref. [39] and are also reported in the same table.

Fig. 15b and c also indicate the strain evolution in the steel bars
of beams FB2 and FB4, respectively, obtained from the numerical
strategy. According to these data, the strain values in longitudinal
steel bars FB2 and FB4 are 1.42% and 1.16%, respectively. As dis-
cussed in section 3.1.2.4, these values are much higher than
0.005 mm/mm, which is one of the requisites in an FRP-bonded
flexurally strengthened RC beam in order to be recognized as a
ductile section [32].

Load-deflection responses obtained from experimental test and
numerical model of each beam are represented in Fig. 16. In general,
a good agreement between numerical and experimental results can
be observed. The model was capable of predicting with enough

Table 7
Parameters defining tensile post-cracking response of concrete.

% & & h B2 Vi Y2 V3

Plain concrete 033 5 16 — - - - -
Steel reinforced concrete 045 020 50 085 095
CFRP reinforced concrete 0.60 045 50 085 095

accuracy the load and deflection at the formation of the first crack,
and also the corresponding values at the onset of yield of tension
steel bars. A slightly higher post-cracking and post-yielding stiff-
ness presented by numerical simulation is attributed to the fact that
the numerical strategy follows the Euler-Bernoulli theory to
calculate the deflection in each element of the beam, which in turn
eliminates the stiffness reduction due to the flexural-shear cracking
or shear cracking along the beam's span. Moreover, following a
perfect bond assumption, the sliding at the interface of the CFRP-
laminates and the surrounding SHCC, and also between the
HCP"™ and the beam’s soffit, is not taken into account, while the
detachment progress was observed in all HCP(" strengthened
beams. Thus, a higher post-yield stiffness and a lower ultimate
deflection predicted by the adopted numerical strategy were
expected.

It is worth mentioning that to simulate with a higher precision
the flexural response of Hcp® strengthened beams where both
chemical anchors and adhesives are used as the connection system,
the contribution of chemical anchors should be considered as well.
Thus, for a reliable and comprehensive simulation of the contri-
bution of the anchors, which is mainly important close to the peak
load (at the onset of detachment progress where sliding between
HCPM and RC beam is notable), a further investigation is needed to
identify parameters defining the detachment initiation, detach-
ment progress, local failures in the HCP(Y, and local failures in the
anchors and in the surrounding concrete. Once these parameters
are experimentally characterized, the current numerical approach
can be possibly coupled with those proposed for simulating of MF-

Please cite this article in press as: Esmaeeli E, Barros JAO, Flexural strengthening of RC beams using Hybrid Composite Plate (HCP): Experimental
and analytical study, Composites Part B (2015), http://dx.doi.org/10.1016/j.compositesb.2015.05.003

100
101
102
103
104
105
106
107
108
109
110
m
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130



O oo~ A WN =

JCOMB3590_proof m 16 May 2015 m 15/17

E. Esmaeeli, ].A.O. Barros / Composites Part B xxx (2015) 1-17 15
80
(FBO)
704 : _r_
I ’-/}/ Lo '.'_‘__}‘“P‘ e
60 4 /T I
= Z 50+
< <
g B 403
= =
30 4
204
10 —— Exp. 10 4 —c— Exp.
Num. — Num.
U T T T T T L} U L L] T T 1 L] T
0 10 20 30 40 50 60 0 10 20 30 40 50 60 70
Mid-span deflection (mm) Mid-span deflection (mm)
140 0 (FB4)
CFRP Rupture 180 FRP Rupture R
120 - / P 7 Detachment of HCP'"! “
i
100 CFRP Rupture =" Detachment of HCP"
— z
% s0- )
o
s 60 4 B
40
204 —o—Exp. —— Exp.
Num. Num
0 3 4 ¥ A g T x v T b hd - T v 0 1 L} T u
0 10 20 30 0 10 20 30

Mid-span deflection (mm)

Mid-span deflection (mm)

Fig. 16. Comparison of the force—deflection curves obtained from numerical simulations with those of experimental tests.

FRP systems [17,18] to achieve a more precise prediction especially
where detachment is expected to be the governing failure mode, or
to simulate flexural behaviour of those beams strengthened with
the HCP®™ connected by means of only chemical anchors (such as
the case of beam FB2_B).

However, taking into account the knowledge available on the
above-mentioned phenomena, the proposed numerical approach
(formulated based on a perfect bond assumption between the
constituents of the beam) leads to satisfactory prediction of
general load-deflection response of an HCP(" strengthened beam,
provided that the HCP!" is attached with a combination of ad-
hesive and anchors. The precision of the predicted response in-
creases especially if an appropriate number and layout of anchors
are used to mobilize the full strengthening potential of the CFRP
laminates even after detachment initiation (such as the case of
FB2_BG).

5. Conclusions

The present work was, mainly, dedicated to the experimental
assessment of a Hybrid Composite Plate (HCP) for the flexural
strengthening of RC beams. An analytical model approach is pro-
posed for predicting the load-deflection response of these beams.
From the main obtained results the following relevant conclusions
can be pointed out:

e In comparison with the results of the reference beam, all of the
adopted strengthening schemes resulted in a superior response

in terms of the load and deflection at the onset of cracking, yield
load of the tension steel bars, and ultimate load.

e The deflection ductility of all the HCPM strengthened beams,
compared to the reference beam, was decreased. However, a
satisfactory lower bound of 3.6 for deflection ductility at a 153%
increase in the ultimate load was preserved. The largest
deflection ductility of the HCP") strengthened beams was 5.3,
corresponding to the strengthening solution based on HCP")
fixed to the RC beam by means of only chemical anchors.

e When a combination of epoxy adhesive and chemical anchors
was used to attach HCP!Y to the beam's soffit, the full
strengthening potential of HCP™ containing two CFRP lami-
nates at a satisfactory deflection ductility of 4.4 was mobilized.

o Astaggered configuration of the anchors delayed the progress of
detachment in concrete cover, as compared to the configuration
that incorporates a layout of one row of anchors. Hence,
comparing to the latter connection configuration, both higher
flexural capacity and deflection ductility with the staggered
layout of anchors can be achieved. Using this configuration of
anchors in combination with epoxy adhesive, a significant in-
crease in load carrying capacity (167%, compared to the refer-
ence beam), with a satisfactory deflection ductility of about 4.0
was attained. For this strengthening configuration, up to 83% of
the potential strengthening of HCP!) was mobilized.

e The detachment in NSM-CFRP strengthened RC beams often
involves fracture and disintegration of the concrete surrounding
the bonded strips. However, none of the HCP(™ strengthened
beams had any sign of such failure at the SHCC around the CFRP
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laminates. This indicates how the fibre reinforcement mecha-
nisms of arresting micro-cracks in a strain hardening composite
prevents the formation of the macro-cracks and contribute for
the maintenance of the integrity of the HCP(") up to the devel-
opment of high tensile strain in CFRP laminates.

e Based on a simplified concrete compressive block and assuming
a full composite action, the analytical formulation predicted the
ultimate moment capacity of the beam, failed by CFRP rupture,
with a 12% tolerance.

e The adopted numerical strategy, based on a section-layer model,
has predicted with satisfactory agreement, the general load-
deflection response of both the reference beam and the
strengthened ones (FB_R, FBO_G, FB2_BG) tested experimen-
tally. However, for the cases where concrete cover detachment is
a prevailing failure mode (FB4_BG), to predict the load-
deflection response with a higher precision, further in-
vestigations are required for a better simulation of the local
phenomena associated to the action of the anchors in a modified
numerical approach (e.g. identifying criteria for the detachment
initiation, the detachment progress, and the occurrence of
different failure modes in the HCP(M).
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Glossary

a: distance of resultant compressive force from neutral axis
b: width and depth of beam

h: depth of beam

Ay: section areas of CFRP laminates

AP: balanced section area of CFRP laminates

Asc: section area of the compression steel reinforcement
Aqp: section area of the tension steel reinforcement

Ash: section area of SHCC

E.: modulus of elasticity of concrete

Ege: modulus of elasticity of compression steel reinforcement
Egn: modulus of elasticity of SHCC

Ef: modulus of elasticity of CFRP laminates

(EN,: tangential flexural rigidity of each beam's element
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d": distance between the centroid of compression steel and the extreme concrete

compressive fibre

dg: distance between centroid of CFRP laminates and the extreme compressive fibre

dgp: distance between centroid of SHCC and the extreme compressive fibre

dy distance between centroid of tension steel and the extreme compressive fibre

fec: compressive stress in concrete
fE.: strain in the extreme compressive fibre of the concrete
fer: tensile stress in concrete
¢ concrete unijaxial tensile strength (stress at tensile cracking)
f&: mean compressive strength of concrete cylinder
fea: design value of concrete compressive strength
ff: stress in CFRP
T: rupture stress of CFRP
f;..- stress in SHCC
f2. yield strength of compression steel bars
- cracking strength of SHCC (tensile stress at the onset of first crack)
- ultimate tensile strength of SHCC
fse: stress at tension steel bars
f}: yield strength of tensile steel bars
it ultimate (maximum) tensile strength of tension steel bars
Fyp0: service load at d409
Fe.: resultant force in compression concrete
Fsc: resultant force in compression steel bars
Fg: resultant force in tension steel bars
Fsp: resultant force in SHCC
Fy: resultant force in CFRP laminates
Fe: load at the onset of flexural cracking in beam
Fn: peak (maximum) flexural load of the beam
Fy: flexural load corresponding to the yield of tension steel reinforcement
F,: ultimate flexural load of the beam
qu: tangential stiffness matrix of each beam's element
K%E: tangential stiffness of the beam
L: beam's supporting span

M: bending moment for a given curvature

Mpg: maximum resisting bending moment

MY: bending moment at the centroid of each element after each AFA
n: depth of natural axis of beam's section

x: distance of a fibre from natural axis

£cc. compressive strain in concrete

ef¢: strain corresponding to the concrete compressive strength

et.: compressive strain in extreme fibre of concrete

ek ultimate concrete compressive strain

ece: tensile strain in concrete

£&: strain at tensile strength of concrete (onset of cracking)

¢ strain in CFRP laminates

e}: rupture strain of CFRP laminates

£sc: strain at the compression steel reinforcement

&2 strain corresponding to the yield of compression steel reinforcement
espe strain at the centroid of the SHCC

&p: strain at the first tensile crack in SHCC

ek, : strain at the ultimate tensile strength of SHCC

£ strain in tension steel reinforcement

e{i’: strain corresponding to the yield of tension steel reinforcement
&g : strain at the onset of pseud strain-hardening in the steel reinforcement
€Y: strain corresponding to the tensile strength of the steel reinforcement
ws: deflection ductility factor

9250 service limit deflection equal to beam's span divided by 250
0400: service limit deflection equal to beam's span divided by 400
dcr: deflection corresponding to the onset of flexural cracking

dy: deflection corresponding to the yield of steel reinforcement

0y: deflection corresponding to the ultimate load

x: curvature of a beam's section

AFI: load increment

Aud: increment in deflection of the beam at each AF4

ud: matrix of nodal displacements
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