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SUMMARY

The potential of a hybrid composite plate (HCP) for the strengthening of reinforced concrete (RC)
deep beams is evaluated. HCP are composed of a CFRP sheet that is glued to the external surface of a
thin plate made of strain hardening cementitious composite (SHCC). These panels were glued to the
lateral faces of RC deep beams. Three groups of shear strengthened RC beams were tested under
three-point bending load configuration. CFRP sheet, SHCC plate or HCP were individually applied to
the lateral faces of shear deficiently reinforced beams to compare the effectiveness of these different
strengthening schemes. The load-mid span deflections of these beams are compared to the response of
the control beam. The maximum load carrying capacity and its corresponding mid-span deflection,
crack pattern and theinitial flexural stiffness are the studied parameters.

1. INTRODUCTION

When shear spa)to the effective depth of the bead) (atio is less than 2 or when the clear span of
the beaml] to the depth of the beam’s cross sectionrétio is less than 4, ACI318-05 categorizes
these structures as deep beams [1]. A compressiveforms between the loading point and the
supports that is the main load resisting mechafisrthese beams. If this compressive strut is ebss
by steel stirrups, they can support the tensilessers developed orthogonally to the direction sf th
strut, and the tensile resisting mechanism of tisiseips also enhances the ductility of this ragio
The coupling beams of shear walls, transfer girdeemt cap of the bridges are examples of such
structures. The need to the strengthening of tlbesens mainly arises due to the change in their
loading demands, deterioration caused by the agjgeegnvironmental conditions or deficiency in
their original designing process.

Among the few studies available in the literaturdng fiber reinforced polymer (FRP) composite
found as the more advance and feasible shear giemgg technique [2, 3]. However, deficiencies
correlated to the use of resin-based adhesive®rding agents made the CFRP system vulnerable
against vandalism and environmental exposure sachigh temperature and humidity [4-7]. The
possibility of using mechanical fasteners requspscial FRP systems in order to support the stress
concentration caused by anchorage devices [8].

Strain hardening cementitious composite (SHCC) isn@e advance version of ordinary fiber
reinforced concrete (FRC) with the characterisfideveloping a tensile load carrying capacity that
increases in post cracking regime. This behavidoliswed by the formation of multiple diffused
cracks through all the loaded length of the spesjrassuring much higher ductility than FRCs. After
the composite has reached its ultimate load, tad follows a softening branch, Figure 1. One of the
earliest versions of the ultra ductile SHCC wasimegred by mixing only 2% in volume of short Poly
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Vinyl Alcohol (PVA) fibers in a fine graded cemditius matrix. The tailored composite was
nominated as Engineering Cement Composite (ECQ®) aviensile strength in the range of 3 to 6 MPa
and a tensile strain capacity up to 6% [9-11].he tecent years, SHCC has successfully used as both
construction and retrofitting materials, for examptomposite steel/ECC deck for a cable-stayed
bridge, repair of a Dam in Japan[12], bridge deekofit [13], and retrofitting layer for masonry
structures [14].

In this paper the structural effectiveness of fretated SHCC plates combined with carbon fiber
reinforced polymer (CFRP) sheets for the sheangthening of deep beams is investigated. This
strengthening technique is nominated as hybrid osip plate (HCP). The main objective of
covering the CFRP with the SHCC plate, in the dilitglperspective, is to provide a protective layer
for the CFRP systems, adding an extra safety agdiesietrimental effects of vandalism, and cycles
of relatively high humidity and temperature. Innsrof mechanical behavior, the SHCC contributes to
increase the resistance of the compressive stdtt@restrain the propagation of cracks due to the
fiber reinforcement mechanisms, being expectab#égaificant increase in terms of load carrying
capacity and deformation performance. Also by appglthe ECC panel against to the CFRP sheet
with a certain pressure, the bond conditions of ttimposite system can be improved, since more
uniform thickness of the epoxy resin can be acliewé&éh a minimum content of voids. It is also
supposed that the SHCC plate brings the potertiasing the mechanical anchorages, a topic that is
being investigated.

Tensile stress

Strain
Figure 1: Typical tensile stress versus strain responsefi@Gand FRC

2. EXPERIMENTAL PROGRAM

To assess the efficiency of the HCP for the sheangthening, ten reinforced concrete (RC) beams
with dimensions of 150 mm x 150 mm x 600 mm weltwitated. Depending on the number of the
steel stirrups applied, these beams were categoinzevo different types as shown in Figure 2. Type
“A” with minimum shear reinforcement, according A€1318-05 [1], and type “B” with only two
steel stirrups in the alignment of the beam’s sujgpand with the purpose of maintaining the
longitudinal rebars in its target position.

While beams of type “A” were considered as conedms, the other beams were strengthened by the
means of attaching CFRP sheets, SHCC plates ord#GRe lateral faces of these beams. Both types
of the beams were subjected to three-point bentisgand the results of these tests were used to
discuss the efficiency of the shear strengtheniogiged by HCPs.

2.1.Preparation of the specimens
As Table 1 and Figure 3 show, the designation “G@&is attributed to the beams of type “A”.
Depending on the strengthening technique adoptedbéams of type “B” were divided in following
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three groups. “BF” beams that were continuouslgrgithened by externally bonded CFRP sheets by
covering the lateral faces along the entire loadipgn. Through a wet layup technique, a layer of
unidirectional carbon fabric was glued to the eside of the beams as the carbon fibers were odente
parallel to the longitudinal axis of the beam. SBPepoxy resin was utilized as a bonding polymer to
impregnate and attach the carbon fabric to the rebecbeam. The second group of “B” type,
designated as “BS”, consisted of four beams sthemgd with a SHCC plate attached to each lateral
face of the beams. These plates had overall dimessif 18 mm x 150 mm x 500 mm and were
bonded to the concrete beams by using S&P 50 epesip. The last group of "B" type beams,
designated as “BH”, was used to assess the eféaess of combining a CFRP sheet with a SHCC
plate. The resulting system has the designati¢thGR plate, and this type of plate was applied thea
lateral faces of these beams. The execution of B pl@te is composed of the following steps: a layer
of carbon fabric was applied to each lateral sidia® concrete beam by means of wet layup technique
and using S&P 50 epoxy resin; the internal surfaicéhe SHCC plate (to be bonded to the CFRP
sheet) was saturated with the same epoxy resinpeegsed against the CFRP sheet (mechanical
clamps were used to maintain this plate presseihstghe lateral surface of the concrete beam up to
the time that the epoxy resin developed its inliahd) It should be noted that all the processbieas
done during the gel time of the resin epoxy; a2®hours, the same process was followed to irestall
HCP to the other lateral face of the beams. Insétrdes BF and BH the fibers of the CFRP sheet
coincide with the longitudinal axis of the beam#fieTauthors are aware that this is not the most
favorable orientation for the shear strengthening,it was purposely selected in order to evideghee
benefits of the SHCC plate.

The SHCC plates were cut from bigger panels withiza of 490x500x20 mirand then the bottom
side of them was grinded for about 2 mm to obtaiftatisurface. Four panels were produced by
casting the prepared SHCC inside the acrylic molds the casting purpose, a standard slump cone
which was placed in the center of the mould waslu$bhe composite was flowed homogenously, and
a circular shape was maintained until reaching ekieemities of the mold. Since the rheological
characteristics of the developed SHCC were tailtodthve self consolidating requisites, the coafier
the mould was easily filled up without the needitry external vibration. Each panel was built with a
batch of composite of around five liters, and ffiilisig process of the mould was applied to all the
panels.

Just after the panels have been cast, they weledse#h a plastic sheet and were kept in a room
temperature during 24 hours before de-molding,rdento prevent loss of hydration moisture in the
early age. After de-molding, all the specimens weaasferred to a climate room and were cured in a
constant temperature equal to 20° C and relativeidity of 85% up to the age of 28 days. These
curing conditions were found to be the most effitieo assure to the SHCC the highest tensile
strength with a tightest crack width [15]. Two sipeens from each panel were also extracted to
characterize the tensile behavior of the devel@&id@C.

Table 1: Series of beams and the strengthening techniguibe @xperimental program
Beam Type Designation  Strengthening technique Number of the tested specimens

A CB N/A 2
BF CFRP 2
B BS SHCC Plate 4
BH HCP* (SHCC plate + CFRP) 2

*Combination of SHCC plate and CFRP
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Figure 2: Geometry and reinforcement arrangements of conbesims of the experimental program
(dimensions in mm)
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Figure 3: Details of the strengthening techniques applietthédbeams of typeB"

2.2.Material properties
Ready mix was used for the casting of the condretens. An average compressive strength of 21.2
MPa was obtained from the compressive tests osttralard cylinders (150x300 rijnat the age of
28 days.

The commercial name of the utilized carbon fabrasB&P C-Sheet 240. According to the supplier,
this fabric has a tensile young‘s modulus of 24@@Rd a nominal tensile strength of 3800 MPa. The
fabric elongation at rupture is 1.55%. The thiclenefabric is measured as 0.3 mm.
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According to the supplier, the S&P 50 epoxy reairnthe age of 14 days, develop a tensile strerfgth o
35.8 MPa and a modulus of elasticity around 2.6.GPa

The SHCC was composed of a cementitious mortafareied with 2% of volume short discrete PVA
fibers. The PVA fiber used in this study was prasiidoy Kuraray Company and is designated
RECs15x8. Both mechanical and geometrical proediethis fiber are presented in Table 2. The
mortar was consisted of type | 42.5R Portland cepflgnash, micro silica sand with maximum grain
size of 0.5 mm, water and chemical admixtures. &hmanstituents were mixed, according to the
proportions included in Table 3, up to the timet thdnomogenous mortar was obtained. At this time
the fibers were added and mixed for 5 minutes. lAsady mentioned, two SHCC specimens were
extracted from each panel for the characterizatiotme tensile behavior of the developed composite.
A notch was executed in each lateral side at Hatfie length of the specimens to localize the crack
formation. The average curve for tensile stressusercrack opening width of the 8 specimens is
presented in Figure 4. According to this figure gwerage tensile stress at crack initiation and the
average tensile strength of the SHCC is 2.43 MRh3aB5 MPa, respectively. More details on the
mixture preparation and test setup of the SHCCbeafound in [14, 15].

Table 2: Properties of PVA fiber

. Nominal Apparent tensile  Modulus of : .
Fiber Type Diameter  Length tensile strength strength’ elasticity Density  Elongation
pm mm MPa MPa GPa gr/ém %
RECs15x8 40 8 1600 1092 40 1.3 7

* The tensile strength of fiber embedded in centients matrix.

Table 3: Composite mix proportions based on the weight nagiccentage
Flyash/Cement Water /B* Sand/B* Admixtures/B* PVA fibers**

120 30 50 2.2 2

* B: Binder (cement + fly ash)
** Percentage of total composite mix volume.
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Figure 4: The average results of the tensile tests, singlekappening, on the SHCC specimens

2.3.Beam bending test setup
Figure 5 shows the setup of the three-point beamdibg test. The supports were placed at 50 mm far
from the extremities of the beams, conducting fcea span to sectional deptlihj of 3.3. The load
was applied using an actuator with a 150 kN lodtlceated at the mid span of the beam, therefore
the shear span to effective dep#id] was around 2. These conditions provide the faomaof
mechanism of load transference from the point leadhe support. Three LVDTs were used to
measure the deflection of the beam. These LVDT®wéached to a metal bar fixed at mid-height of
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the beam in the alignment of its supports, in otdexssure that the LVDTSs only register the deibect
of the beam. Another external LVDT was fixed to thaly of jack and was used to control the test
loading conditions by imposing a displacement cdite um/sec to the piston of the actuator.

Jack

Concrete Beam LVDT
steel bar
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Figure 5: Details of the three point beam bending test s@tirpensions in mm)

3. RESULTS AND DISCUSSION

The crack patterns and the failure modes of thenbea each group were almost the same. However,
the beams in group “BS” showed more scattered resgsm This could be attributed to an eventual
non-uniform bonding of SHCC plates to the undefmmda¢am’s concrete surfaces. Although the
interior surface of the SHCC plates has been gdndeme variations in the thickness of the plate
were still expected. Since the SHCC plate, in spita carbon fabric sheet which is very flexiblash
some out of plane bending stiffness, low viscosirepoxy was not the best for the proper filliig o
these zones of imperfections.

The typical crack patterns for each group of thente are showed in Figure 6. A flexural crack was
initially emerged at the mid-span of the “CB” beainstension zone. With the increase of the
deflection of the beams, new cracks formed symuowdtyi at left and right sides of this existing drac

At higher load levels, these cracks were slighilglining and progressed toward the top of the beam,
while new flexural cracks were formed in the spatween these latter cracks and supports. These
cracks were formed almost in the position of theoed stirrups counted from each end of the beams.
Only slightly after passing the longitudinal stéelrs, these cracks were inclined and orienteddo th
direction of a line which was connecting the logdimoint and each support. According to the
principle of the mechanism of the load transferdeaep beams, this is the zone where a diagonal
compressive strut is already formed. A change ithaegistered in the slope of the load-deflection
response for these beams, confirms the initiatioa shear crack which is bridged by the act of the
vertical steel reinforcement in this region. Aftlis point no further flexural cracks were formed,
neither the existing ones were progressed anyrinly. these inclined cracks were advanced towards
the load point and the supports. When the lower gfahese cracks reached to the longitudinal igbar
due to the dowel effect of this reinforcement, kb@&d has still increased while new inclined cracks
were branching from these two major cracks. Soter #fis crack was localized at the left side @ th
beam the ultimate load was reached and starteddiease gradually. The splitting crack which was
formed along the middle longitudinal rebar at thatdim of the beam, close to the left support,
indicates the occurrence of de-bonding for thebargeat the ultimate stage of the loading. Duéaé¢o t
propagation of the inclined crack through the camspive region, the failure mode of these beams
could be considered as the “diagonal tension”.
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Figure 6: Typical cracks pattern and the failure modes ofs@ms
The beams in the group “BF” were failed with atlgitresponse due to the sudden de-bonding of the
CFRP sheet. The de-bonding was initiated from lopaet at the end of the CFRP. The beams were
inspected after peeling off the CFRP sheet. As shiowrigure 7, two major diagonal cracks, between
the loading point and the left support were formiedersecting of the longitudinal rebars by these
cracks resulted in increasing the width of thet8p§ cracks and sliding of the rebars. Sliding of
longitudinal rebars was followed by forming new a at the region where the anchorage of the
rebars was provided by 90 degrees bend. No visifaleks were observed in the right portion of the
beam.

The sequences of the formation and developmetiteoéitacks for the beams strengthened with SHCC
plates (group “BS”) were almost the same as the"'TBe only noticeable difference was the higher
numbers of tight cracks which were branched froenrttain flexural and shear cracks. No visible de-
bonding was occurred at the interface between HECSplates and the beam. Moreover the arching

shape of the cracks was more significant.

Figure 7: Observation of inclined cracks in BF1 (CFRP wadguteff after the test)

The combination of the CFRP and SHCC plate, grdBid”; conducted to the formation of higher
number of flexural cracks on the surface of the SHflate. These cracks were evenly distributed
along the loading span as a consequence of a betterstress transfer to the SHCC plate through the
CFRP sheet. In fact, installing the SHCC plate dkerflexible CFRP fabric was effective to achieve
more uniform flow of the resin epoxy. This improvibed bond conditions between the CFRP and the
substrate, as the HCP was delaminated with a &yier lof the underneath concrete cover attached to
its interior face, Figure 8.

According to the average load versus mid-span ciile of these beams, presented in Figure 9, the
maximum load carrying capacity of “BH” showed arrgase of 19% as compared to the control
beams (“CB”). “BS” and “BF” just attained 91% and% of the “CB” load capacity. The mid-span
deflection of “BS” and “BH" at the peak load wasnalst 27% lower than the corresponding value for
“CB” which was 3 mm. Significant increase in thétial bending stiffness of “BS” and “BH” was
achieved. This increase was 2.3 and 2.7 timesecéisply, higher than “CB” which is promising for
the service loads. The increase in the elastic ibgnstiffness of “BF” as compared to “CB” was
marginal.
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Figure 9: Average load versus mid-span deflection for diff¢teeams

4. CONCLUSIONS

This paper reports the results of a preliminarigperimental program for the assessment of the
potentialities of using SHCC plates for the stréeging of RC elements. The effectiveness of using
the CFRP, SHCC plate and HCP (combination of SH@4&iepand CFRP sheet) for the shear
strengthening of deep beams was evaluated. The §iE€was found to be effective to increase the
load carrying capacity of deficiently shear reicfed deep beams when compared to both control
beams and the beams strengthened with the othéros@. This improvement can be attributed to the
contribution of the SHCC to the resistance of tlenpressive strut, and the fiber reinforcement
mechanisms that offer resistance to the crack ogesnid to the development of high stress gradients
in the CFRP at the critical cracks, which delaysemature occurrence of peeling. The ultimate load
carrying capacity by using the HCP technique wahdr than the control beam. Higher initial flexural
stiffness was another positive aspect provided tath SHCC and HCP strengthening solutions. The
benefits of using SHCC plate should be exploretkims of adding extra protection to the CFRP in
terms vandalism acts, and humidity and temperadatamental effects. It is also supposed that the
SHCC plate can be efficiently installed in RC stanes with mechanical fasteners, since the tensile
strain character of the SHCC seems capable of stipgpahe tensile stress gradients due to the
applications of the fasteners, leading to a betiebilization of the CFRP sheet. Also the efficierty
this technique for different orientations of the RFF should be investigated. The economic
competitiveness taking into account the initial &y term costs/savings should be also investibate
under the framework of life cycle analysis of sg#ened RC structures.
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