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Enhancing the Debonding Strain Limit for
CFRP-Strengthened RC Beams Using U-Clamps:
Identification of Design Parameters

A. Hasnat'; M. M. Islam?; and A. F. M. S. Amin®

Abstract: In simply-supported reinforced-concrete (RC) beams strengthened by carbon-fiber-reinforced polymer (CFRP) plates, plate de-
bonding is initiated at the beam ends, where the principal compression, predominantly composed of a vertical component, detaches the plate
externally bonded to the unconfined cover concrete. A CFRP wrap acting as a U-clamp can provide confinement to enhance the moment
capacity by resisting premature cover debonding. The wrap design parameters in terms of clamping location, width, and stiffness were
identified from a set of fundamental experiments. The ultimate moment capacities of 22 tested specimens with different end anchorage
conditions were compared against control specimens. The debonding strain, and consequently the ultimate moment capacity, gradually
increased with increasing U-clamp width and stiffness. The failure patterns confirmed the effect of U-clamps in inducing a partial confine-
ment effect on the sides and bottom of a beam end. The resulting changes in the compressive principal stress distribution in the compression
arch were considered in formulating relationships for debonding strain prediction. The proposed relationship successfully predicted values
regarding strengthened stone and brick aggregate concrete beams. The relationships for both unclamped and U-clamped anchorages better
reproduced the experimental moment capacity enhancements than did the known equations. To assess the derived relations’ wider appli-
cability, the estimates obtained using the proposed relations were compared against published results for 42 test beams. DOI: 10.1061/
(ASCE)CC.1943-5614.0000599. © 2015 American Society of Civil Engineers.
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prediction.

Introduction

The application of externally-bonded carbon-fiber-reinforced pol-
ymer (CFRP) pultruded plates has emerged as a useful technique
(Roberts and HajiKazemi 1989; Hussain et al. 1995 for an intro-
duction to externally bonded steel plates, the forerunner of CFRP
plates) for enhancing the flexural capacity of reinforced-concrete
(RC) beams. In such applications, the plates, which are externally
bonded to the unconfined cover concrete at the tension face, often
debond prematurely. In a simply-supported beam, such a debond-
ing phenomenon initiates at the beam ends near the face of the sup-
port, where both high normal stress and interfacial shear stress
arise (Chajes et al. 1994; Arduini et al. 1997; Malek et al. 1998;
Triantafillou 1998; Saadatmanesh and Malek 1998; Fanning and
Kelly 2001; El-Mihilmy and Tedesco 2001; Smith and Teng
2002a, b; Lu et al. 2005; Esfahani et al. 2007; Yao and Teng 2007;
Teng and Yao 2007; So and Harmon 2008).
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Two methods of debonding prevention are commonly pursued
at present ACI 440.2R (ACI 2008b). Following the first approach,
Maruyama and Ueda (2001), Toutanji et al. (2006), ACI 440.2R
(ACI 2008b), and Li et al. (2013) have proposed debonding models
based on an extensive database of test results from lap shear tests
and beam tests, for example, those of Chajes et al. (1994), Lu et al.
(2005), and Li et al. (2013). These models attempt to limit the de-
bonding strain, €4,, with the intent of avoiding the phenomenon.
Limiting debonding strain using such limits largely reduces the al-
lowable flexural capacity enhancement, the target design parameter
in a strengthening scheme. Following the second approach, Teng
et al. (2003), Buyukozturk et al. (2004), Yalim et al. (2008),
Al-Tamimi et al. (2011), Li et al. (2013) and Dong et al. (2013)
have observed a distinct improvement in the flexural capacity of
simply-supported, strengthened beams that are clamped with
U-clamps at the bottoms and sides of the beam ends. Spadea et al.
(2001) have clamped externally-bonded steel plates using CFRP
wraps. In this latter approach, although the effects of the concrete
surface preparation, concrete strength, clamping locations, and
clamping span have been extensively studied in detailed experi-
ments, no agreement has been reached regarding a unified design
approach established after considering the general stress situations
in a beam rather than addressing only bond-slip behaviors (Lu et al.
2005; Li et al. 2013). Appropriate design parameters for such
U-clamps in terms of their location, width, and thickness, which
are necessary for the derivation of U-clamp design equations based
on geometric properties, have not yet been identified. The lack of
consensus in interpreting the related phenomena largely prevented
any unified design approach from being proposed in fib Bulletin 14
Approach 1 (fib 2001) or ACI 440.2R (ACI 2008b). Instead, a need
for further research in this area was indicated.
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In a simply-supported RC beam, flexural capacity is generated
by tied arch action, which only becomes effective when longitudi-
nal tension reinforcement is appropriately anchored within the
compression arch (using hooks/end plates/deformed bars providing
adequate development length) at the end supports. Nevertheless,
the placing of stirrups as internal shear reinforcement at beam ends,
more often with a closer spacing, not only acts as shear reinforce-
ment but also provides additional confinement to the longitudinal
steel (Soroushian et al. 1991). In contrast, a plate externally bonded
at the tension face with cover concrete has neither any mechanical
anchorage nor any confinement to resist the principal compression
unless U-clamps are appropriately attached to prevent debonding.
In this context, the initiation of debonding at the support is regarded
in this paper as analogous to the site at which diagonal tension
cracks originate in an RC beam with no internal shear reinforce-
ment, as reported in Fig. 5 of Bower and Viest (1960), Fig. 4 of
Kani (1964) for stone aggregate concrete beams, and Fig. 2(c)
of Akhtaruzzaman and Hasnat (1986) for brick aggregate concrete
beams. Swamy et al. (1999) have experimentally demonstrated that
externally-bonded U-shaped CFRP/steel plate end anchorages and
separate laterally-bolted steel confinement plates at midspan above
the neutral axis covering the entire compression arch zone of a sim-
ply-supported RC beam bonded to external plates at the tension
face can fully prevent the brittle shear failure of the beam without
any internal shear reinforcement. Ductile flexural failure can
thereby be achieved. Bencardino et al. (2002) reconfirmed this as-
sertion and emphasized the need to enhance the compression zone
capacity by means of appropriate confinement arrangements in the
form of U-clamps and lateral confinements to enhance the limiting
debonding strain, £4,. Nevertheless, in such an approach, the com-
pression arch of the beam and its transformation upon the introduc-
tion of a CFRP plate at the tension face and U-clamps as end
anchorages must be considered from a general perspective.

Furthermore, a certain lack of clarity exists in the requirements
for limiting the debonding strain in strengthened beams because of
the variations in the quality of the aggregates (So and Harman
2008) used to make the concrete itself. Over the past six decades,
the severe scarcity of natural stones suitable for use as coarse ag-
gregates in concrete that is encountered in Bangladesh and some
parts of India, where the land is formed of recent sedimentary de-
posits, has forced crushed burnt clay bricks to be used as an alter-
native to stone aggregates (Akhtaruzzaman and Hasnat 1983;
Mansur et al. 1999; Khalaf and DeVenny 2005; Khalaf 2006;
Debieb and Kenai 2008). Islam et al. (2011; 2015) and Choudhury
(2012) have reported that the dilation effect in confined brick ag-
gregate concrete under compression is significantly larger than that
in stone aggregate concrete. This finding demands a careful review
of unclamped and U-clamped CFRP-strengthened RC beams
formed from this type of concrete to allow for an appropriate evalu-
ation of the limits on the debonding strain, €g,.

Compression Arches, Debonding Phenomena, and
Confinement

The basic concept of the compression arch in a simply-supported
beam under four-point loading and the transformation of this arch
due to additional confinement in the form of U-clamp end ancho-
rages are illustrated in Fig. 1. To do this, a numerical analysis was
performed using ANSYS 11, a general-purpose finite element soft-
ware package. A homogeneous concrete beam was modeled
using the SOLIDG65 element in Fig. 1(a). The sides of each square
in the depicted grid were divided in two to generate the mesh.
The Willam-Warnke yield criterion was used together with the

© ASCE

04015039-2

Applied

< h
\60((\ 7 displacement
e
£
]
b 2 S
y X | 1296 mm |,
z 1 1524 mm T
/r

Fig. 1. Variations in the stress distribution caused by end anchorages,
as obtained via the finite-element (FE) analysis of a simply supported
beam: (a) FE model; (b) principal compression stress contours in a
plain concrete beam; (c) principal stress (compression) contours in a
beam whose two ends (25% of the beam span) possess a higher con-
crete strength

Newton-Raphson approach to obtain the simplest nonlinear solu-
tion to the problem. The application of a displacement control al-
gorithm up to the maximum possible displacement level (25 mm)
yielded a converged solution. Fig. 1(b) shows that the principal
compression (plain concrete beam with f. = 48 MPa) is predomi-
nantly vertical at the support, where debonding is known to initiate.
The vertical and horizontal components gradually decrease and in-
crease, respectively, away from the support toward the midspan. To
incorporate the possible theoretical confinement effect of CFRP
U-clamps acting as end anchorages, both ends of the beam were as-
signed higher compressive strengths (f. = 240 MPa), as shown in
Fig. 1(c). The middle section consists of 48 MPa concrete. A com-
parison of the principal stress contours presented in Figs. 1(b and c)
reveals a remarkable increase in the extent of the arch-shaped com-
pression zone (compression arch) in the regions near the supports.

The general stress situation is further illustrated schematically in
Fig. 2 for RC beams. Three stress situations are compared. An un-
strengthened (control) beam and CFRP-strengthened beams both
with and without end anchorages are considered, yielding seven
possible failure patterns (I-VII) and their corresponding locations.
Fig. 2(a) shows the fundamental tied-arch action in a simply-
supported RC beam with the ends of the tension reinforcement em-
bedded within the compression arch. The shift in the compression
zone caused by U-clamps at beam ends is illustrated in Fig. 2(b).
U-clamps are provided by unidirectional CFRP wraps aligned
along the beam perimeter. The resultant stresses governing the
section capacities in the two cases are compared in Fig. 2(c). Fail-
ure Pattern II [Fig. 2(b)] represents typical cover debonding, as ob-
served in unclamped beams as a result of principal compression
that has the predominant vertical component at the ends to initiate
debonding [Fig. 1(b)]. After the introduction of the U-clamp, a
progressive failure should occur with gradually increasing load.
The vertical component of the principal compression resisted by
the U-clamp generates Failure Pattern IV [Fig. 2(c)]. Failure Pat-
terns III, IV, and V are associated with the bursting off of the cover
concrete around the beam perimeter, where it is confined only
by CFRP-wrap U-clamps, as reported by Swamy et al. (1999),
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Fig. 2. Schematic representation of the stress distributions in RC beams: (a) compression zone in an unstrengthened beam; (b) failure patterns (I-VII)
at different locations on CFRP-plate-strengthened RC beams with U-clamp end anchorage (X) and without end anchorages (Y); (c) probable
reorientation in stress distribution induced by the introduction of CFRP wraps acting as U-clamps

Al-Tamimi et al. (2011), and Hasnat (2014). These failure patterns
are analogous to those observed in the confinement failure of
CFRP-jacketed compression members (Islam et al. 2015 and the
references cited therein), and they vividly illustrate the effect of
U-clamps in inducing a partial confinement effect (Pessiki et al.
2001; Braga et al. 2006) and thus an increase in the apparent com-
pressive strength [Mirmiran and Shahawy 1997a, b; Mirmiran et al.
1998; Wu and Wei 2010; Moran and Pantelides 2005; ACI 440.2R
(ACI 2008b); Girgin 2009; Toutanji et al. 2010] observed near the
U-clamp application zone. In the present work, the authors were
motivated by this mechanics-based physical interpretation to arrive
at more fundamental governing relations that incorporate the geo-
metric dimensions and material parameters of CFRP wraps into the
detailed design of U-clamps.

Objectives and Methodology

The purpose of the current work was to observe the fundamental
phenomena (Figs. 1 and 2) occurring in a set of experiments con-
ducted on simply-supported RC beams made of brick and stone
aggregates. Unstrengthened (control) beams, unclamped CFRP-
strengthened beams, and U-clamped beams strengthened with pul-
truded CFRP plates were tested under four-point loading. The
U-clamps consisted of unidirectional CFRP wraps around the sides
and bottoms of the beams, and the wraps were varied in location,
width, and stiffness. The results obtained from the tests were syn-
thesized to observe the effects of the coarse aggregates as well as
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the progressive change in moment capacity induced by the gradual
incorporation of U-clamp end anchorages. The forms of the rela-
tions among the principal compressive stress, the normalized wrap
width, and the confined compressive strength due to CFRP
U-clamping were established. The coefficients in these relations
were explicitly estimated from first-hand test data. The perfor-
mances of the equations thus derived for estimating the debonding
strains, ¢4;,, for unclamped and U-clamped beams were compared
with the known equations in terms of their ability to reproduce the
moment capacities measured in the tests. Finally, the moment
capacities obtained using the derived equations for different test
beams under different test conditions corresponding to data
available in the published literature were critically assessed and in-
terpreted in an independent performance evaluation.

Experimental Study

This section describes an experimental study motivated by the fore-
going discussions for the validation of the predicted phenomena
and the acquisition of first-hand data from which to derive design
equations to determine the limiting debonding strain, €4,, in un-
clamped and U-clamped simply-supported beams.

Experimental Plan

This subsection describes a test scheme that allows for the obser-
vation of the effect of variations in the governing parameters (Fig. 3)
on the ultimate moment capacities of the test beams. The first
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Fig. 3. Details of the test specimens, supports, and loading conditions: (a) control specimen; (b) strengthened unclamped beams, AT1; (c) strength-
ened beams with mechanical anchorage, AT2; (d) strengthened U-clamped beams, AT3a; (e) strengthened U-clamped beams, AT3b; (f) strengthened

U-clamped beams, AT3c; (g) strengthened U-clamped beams, AT3d

column of the figure provides elevation and cross-sectional views
of the test beams together with the anchorage and strengthening
schemes. Side and bottom views of the anchorage schemes are
illustrated in the two columns to the right, along with the details
of the CFRP wrap mounting techniques in a sectional view. Sym-
bols for the control and strengthened beams manufactured using
brick aggregate concrete (B) and stone aggregate concrete (S) are
noted in the two rightmost columns. The notations 1W and 2W
indicate single and double layers of wrap, respectively. Reinforce-
ment details are shown in Fig. 4. The notations C and T represent
beams that were weak in the compression zone and strong in the
compression zone, respectively (Figs. 3 and 4).

In addition to unstrengthened (control) beams [Fig. 3(a)], three
general types of anchorage systems, namely, Anchorage Type 1
(AT1), Anchorage Type 2 (AT2), and Anchorage Type 3 (AT3a,
3b, 3c, 3d), for brick aggregate and stone aggregate concrete beams
were tested under four-point loading (Fig. 3). The installation of
externally-bonded plates on the tension side with different types
of end anchorages was intended to enhance the flexural capacity
to different extents in the different test specimens. To avoid de-
bonding, mechanical anchorages (analogous to hooks or end plates
in RC beams) are often deployed in practice (Kalfat et al. 2011).
The AT2 beams (mechanical clamping at the reaction point) were
tested to acquire data corresponding to a scenario between AT1 (no
clamping) and AT3 (distributed clamping with CFRP wraps) to
compare the efficacy of such a mechanical anchorage system with
the confinement effect achievable using U-clamps, as hypothesized
in Figs. 1 and 2. In AT3a—d, the numbers, widths, locations, and
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stiffnesses (proportional to the number of wrap layers) of the
U-clamps were varied. To facilitate confinement, the beam corners
were rounded at a 25 mm radius (Fig. 3) following the customary
procedure for confining RC columns in ACI 440.2R (ACI 2008b).
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Fig. 4. Typical beam specimens and their steel reinforcement schemes.
The reinforcements for weak-compression-zone (C) and strong-
compression-zone (T) specimens are shown in Section A-A; this figure
should be read in conjunction with Fig. 3
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All U-clamps were extended up to the top edge corners of the
beams, the maximum practical limit. This is well above the upper
boundary of the principal compression arch (Fig. 1), thus offering a
variable amount of lap length along the beam axis.

The application of a U-clamp along the full length of the test
beam, as shown in Fig. 3(d) for AT3a, is comparable to the scheme
used for Beams NS3, NS4, and NS5 by Swamy et al. (1999). The
U-clamps on the test beams shown in Figs. 3(e and f) for AT3b and
AT3c do not fully extend to the loading point, a test condition com-
parable to those reported by Al-Tamimi et al. (2011). The U-clamps
on the test beams shown in Fig. 3(g) for AT3d extend beyond the
loading point, to the farthest extremity of the compression arch
along the shear span. Thus, Fig. 3(g) is closely comparable to Beam
NS1 of Swamy et al. (1999). To assess the effect of the CFRP wrap
thickness, the test beams depicted in Figs. 3(d—g) were prepared
with both single and double layers of wrap.

Fig. 4 provides the reinforcement details. All beams were over-
reinforced for shear capacity. The compression sides of several of
the beams were made stronger with additional reinforcements,
whereas the remainders of the beams were given the same amount
of reinforcement on both the compression and tension sides. The
purpose of preparing strong compression sides was to investigate
whether any ductile flexural failure could be achieved by forming a
strong compression arch in any of these strengthened test beams.
The symbols defined in Fig. 3 are used in all figures to present the
test data throughout this paper.

Materials

Crushed stone aggregate and crushed brick aggregate were used
as the coarse aggregates for casting the concrete. Riverbed sand
(fineness modulus of 2.6) was used as the fine aggregate. Ordinary
portland cement was used as the binding material following ASTM
C150/C150M (ASTM 2012). The basic engineering properties of
the coarse aggregates are given in Table 1. The Los Angeles Abra-
sion (LAA) values of brick are typically higher than those of stone
aggregates because of the higher porosity and lower unit weight of
brick. Steel reinforcements with a yield strength of 414 MPa (Fig. 5)
were used. Table 2 shows the strengths of the concretes made with
brick (B) and stone (S) aggregates. Compressive strengths (f/)
were determined as per ASTM C39/C39M (ASTM 2014a). Split
tension strengths (f,) were determined using ASTM C496/
C496M (ASTM 2011). Pull-off strengths (f,,) were determined
using ASTM D4541 (ASTM 2009). The concrete mix ratio (v/v)
was maintained at 1:1.25:2.50, and the water—cement ratio
was 0.45.

The engineering properties of the pultruded CFRP plates, which
were of uniform thickness, were tested per ASTM D3039/D3039M
(ASTM 2014b). The properties useful for design are summarized in
Table 3 for the pultruded CFRP plates and dry carbon fibers. Dog-
bone specimens were prepared as per ASTM D638 (ASTM 2010)
for strength tests of adhesive and primer used to install CFRP
plates. Fig. 5 presents the stress-strain responses of the concretes,
reinforcing steel, CFRP plate, adhesive, and primer. The values of
the modulus of elasticity, E, for the adhesive and primer are the
lowest, whereas that of the CFRP plates is the highest, with those
of the two types of concretes in between. Brick aggregate concrete
is characteristically softer than stone aggregate concrete (Akhtar-
uzzaman and Hasnat 1983; Mansur et al. 1999; Islam et al. 2015).

Preparation of RC Beam Specimens

The concrete mixes were prepared in different batches in a gravity
mixer. After the green concrete was placed in the steel formwork,
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Table 1. Properties of Coarse Aggregates

Type of Unit
coarse LAA Absorption Bulk specific Bulk specific weight
aggregate value (%) capacity (%) gravity (OD) gravity (SSD) (kg/m?)
Stone 29.5 0.8 2.6 2.6 1,568
Brick 38.0 144 1.9 2.1 1,110

“Los Angeles abrasion value.

2500 T T
Stone aggregate
concrete
2000 -
& 1500
2
@
£ 1000
[4p]
500 -
= L ] .
8.00 0.01 0.02 0.03 0.04
Strain

Fig. 5. Stress-strain responses of primer, adhesive, CFRP plate, steel,
brick-aggregate concrete, and stone-aggregate concrete; further illustra-
tion of the responses of the concretes, adhesive, and primer is provided
in the inset figure

compaction was achieved using a vibrator. To assess the strength
properties, cylinder specimens were also prepared from each batch.
All beams and cylinders were removed from their steel molds 24 h
after casting and cured in lime water for 28 days. The design com-
pressive strength was 48 MPa. The brick aggregate concrete at-
tained a slightly lower compressive strength but a higher tensile
strength than did the stone aggregate concrete (Table 2).

Strengthening of RC Beams

The CFRP plates (LaMaCo System Sdn Bhd, Malaysia) and wraps
(Fosroc Chemicals, India) were installed on the grinded surfaces
as per ACI 440.2R (ACI 2008b) of the test beams in accordance
with the manufacturer’s technical data sheets. The individual
components of the adhesive and primer were mixed following

Table 2. Properties of Concrete

Concretes (ID) f! (MPa) f: (MPa) fip (MPa)
Stone aggregate concrete (S) 48.3 35 3.3
Brick aggregate concrete (B) 47.5 3.8 3.8

Table 3. Material Properties of CFRP, Adhesive, and Primer

Thickness,
Material f. MPa) E (GPa) s}u (%) t(mm) Width (mm)
CFRP plate 2,260 120 1.7 1.2 100
(pultruded)
Dry carbon fiber® 4,300 240 1.5 0.275 —
Adhesive 48.3 44 1.5 — —
Primer 35 2.5 2.1 — —

*Manufacturer’s technical data sheet.
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(b)

Fig. 6. Test specimens: (a) beams strengthened with laminated CFRP plates (AT1 and AT2); (b) beams strengthened with laminated CFRP plates and

U-clamp anchorages (AT3b—d)

the respective manufacturer’s technical data sheets to install plate
and wrap systems. The pultruded CFRP plates were installed using
a 2-mm-thick epoxy adhesive layer. Pressure was applied to the
CFRP plates using a roller to squeeze out any excess adhesive.
Three days after the installation of the CFRP plates, the dry carbon
fibers impregnated in the epoxy adhesive were wrapped around the
beams to form U-clamps, in accordance with the details shown in
Fig. 3. The adhesion among the base concrete, CFRP plate, and
wrap was confirmed via pull-off tests. The results are summarized
in Table 2, where in each case, concrete failure in the pull-off test
confirmed sound adhesion. Fig. 6 presents several specimens after
CFRP installation. A few control specimens are also partially vis-
ible in the figure.

Testing and Data Acquisition

All beams were tested using a computer-controlled universal test-
ing machine (Tinius Olsen Testing Machine Company, Horsham,
Pennsylvania) by applying displacements at a rate of 1 mm/min.
The specimens were tested under four-point loading (Fig. 7). A rub-
ber pad was placed at the support point of the beam to minimize the
stress concentration. The axial load and vertical displacement data
from the load cell were recorded by a computer. The strain history
across the beam depth at the zero shear zone (midzone) was re-
corded using a video extensometer system (Tinius Olsen Testing
Machine Company, Horsham, Pennsylvania). This system was also
connected to the same computer for the acquisition of a unique
load-displacement-strain measurement history. The failure patterns
of the specimens were recorded using a high-definition video cam-
era in each test.

Results and Discussion

Test Results

The cardinal photographs of the failure patterns are presented Fig. 8.
The load, deflection, and stiffness data measured in the tests are
tabulated in Table 4. The changes in the ultimate load, deflection,
strain over the beam depth, and stiffness are plotted and critically
evaluated in Figs. 9 and 10. Parity plots are provided for beams
made using the two types of coarse aggregates and two different
reinforcement schemes (Fig. 11). The results from test beams of
identical geometry and concrete strength but varied anchorage con-
ditions are compared in Fig. 12. The unstrengthened control RC
beams, unclamped RC beams, and clamped RC beams with varia-
tions in their clamping parameters were all tested using the same
test protocol.
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Failure Patterns and Debonding Phenomena

Photographs of the typical failure patterns (summarized in Fig. 2)
observed at different locations during the tests are provided in Fig. 8
and Table 4. No visible shear cracking was observed in any of the
specimens [except S(AT3d)2WC] because the specimens were de-
signed to resist shear failure. The failures of the control (un-
strengthened) specimens were initiated by the yielding of the
steel (Failure Pattern I), whereas the failures of all of the strength-
ened unclamped beams (AT1) were dominated by cover debonding
(Failure Pattern II). Typically, such debonding in the CFRP

Y Video extensometer

Steel platen 1 - ;
object grid
Test beam L‘—.J CFRP plate
\ / P

A
Roller support
Stéel platen 2 Load, P
with shear Computer controlled
stiffeners hydraulic piston of UTM
(a) Front view
Loading points | — — — - — 7 7 7 7 7 7 —1 | Hydraulic piston
AN || platen of UTM
End support
| | /
‘ 1
N I
] |
/7 |
Test beam Sufface strain
Steel platen 2 mehsurement area
P _

Wide angle video
extensometer

(b) Plan view

Fig. 7. Test setup for testing the beams: (a) plan view; (b) front view; a
schematic illustration is provided, showing an AT2 specimen mounted
on the test rig
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Failure Pattern I

1
1
e

Failure Pattern II & VII

Failure Pattern VI

Fig. 8. Typical Failure Patterns (I-VII) in unstrengthened RC beams, strengthened unclamped RC beams, and strengthened RC beams with U-

clamps; the figure should be read in conjunction with Fig. 2

plate-strengthened beams occurred in zones near the supports, where
the compression arch met the plate that was externally bonded to the
unconfined cover concrete (Arduini et al. 1997; Fanning and Kelly
2001; Smith and Teng 2002a; Alagusundaramoorthy et al. 2003;
So and Harmon 2008). Moreover, all longitudinal steel reinforce-
ments remained confined within the internal shear reinforcement,
whereas the externally bonded plates remained unconfined in AT1
specimens.

The CFRP plates at the beam ends were mechanically anchored
at the reaction points in the group of beams with the AT2 end
anchorage type. However, the beams in this group also failed fol-
lowing Failure Pattern II. This observation clearly indicates
that (1) the reaction force that acts as a mechanical anchorage is
exactly same as the principal compression at the line of support;
and (2) the reaction force acts as a mechanical anchorage only
along a line, and the compression zone beyond that line remains
unconfined.

The incorporation of U-clamps at different locations and stift-
nesses in the AT3 specimens enhanced the capacity to different ex-
tents, resulting in diverse failure patterns (Failure Patterns III-VI).
Failure Patterns III-V (Table 4) illustrate the role of U-clamps in
mobilizing partial confinement in the debonding zone where they are
installed. With increasing U-clamp stiffness in S(AT3d)2WC, shear
cracks (Failure Pattern VI) were observed at the end of the U-clamp
once the applied load exceeded the shear capacity of the test beam.
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Concrete failures in the compression zone were identified as Failure
Pattern VII.

Verification of Failure Patterns and Ultimate Loads in
Comparison with the Literature

The failure patterns reported in this paper for AT3 and their con-
trasts with those for AT1 and AT2 provide first-hand evidence sug-
gesting approaches to addressing the issue from a more general
perspective. First, for the AT3 beams, the photographs clearly show
the bursting off of the concrete cover around the perimeter of a
beam confined by CFRP-wrap U-clamps (Failure Patterns III,
IV, and V, Fig. 8). These observations are in complete agreement
with those independently reported by Swamy et al. (1999) in Fig. 6
for NS1 specimen and Al-Tamimi et al. (2011) in Fig. 3(g) for
BOPWD specimen. In unclamped case (AT1), the cover concrete
together with the plate separates only from the bottom of the beam
(Failure Pattern II, Fig. 8). Thus, the effectiveness of U-clamps in
generating the desired clamping effect against debonding action is
shown to be governed by the principal (compression) stress distri-
bution, represented by the compression arch. Nevertheless, the test
beams for the AT3a and AT3b cases were also installed with a
U-clamp at the midspan, with the fibers aligned perpendicular to
the direction of principal compression above the neutral axis
and to the direction of principal tension below the neutral axis.
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Table 4. Ultimate Loads Sustained by Different Specimens and Their
Failure Modes

Specimen Anchorage Deflection  Stiffness  Failure
identifier type® P (kN) at P (mm) (kN/mm) patternb
S(CON)C Control 34.2 4.8 9.5 I
S(CON)T Control 36.4 4.8 12.0 I
B(CON)C Control 37.8 5.0 11.1 I
B(CON)T Control 35.5 5.3 7.3 I
S(AT1)C AT1 100.0 6.2 14.3 I
S(AT1)T AT1 100.4 7.0 12.0 I
B(AT1)C ATl 101.6 7.1 14.3 I
B(ATI)T AT1 100.4 7.2 11.5 I
S(AT2)C AT2 112.9 9.8 11.0 I
S(AT2)T AT2 133.1 8.5 16.0 I
B(AT2)C AT2 108.5 7.7 8.0 I
B(AT2)T AT2 127.2 10.5 20.0 I
S(AT3a)IWC AT3a 140.6 9.3 19.5 11
S(AT3a)2WC AT3a 137.1 15.6 19.4 I
B(AT3b)IWT AT3b 133.1 10.0 20.7 v
B(AT3b)IWC AT3b 142.9 9.2 24.3 v
S(AT3b)1WC AT3b 151.2 10.5 18.0 \%
B(AT3b)2WT AT3b 160.0 14.0 18.5 111
S(AT3b)IWT AT3b 160.1 11.0 22.5 \%
B(AT3b)2WC AT3b 160.4 10.0 14.0 I
S(AT3b)2WT AT3b 150.8 11.0 224 v
S(AT3b)2WC AT3b 165.3 10.7 224 \%
S(AT3c)1WC AT3c 130.4 8.1 25.0 v
S(AT3c)2WC AT3c 162.9 10.7 20.1 v
S(AT3d)1WC AT3d 167.7 11.2 22.5 v
S(AT3d)2WC AT3d 198.9 12.4 18.6 VI

Note: B = brick aggregate concrete; C = specimens weak in compression;
CON = control specimen; S = stone aggregate concrete; T = specimens
strong in compression; 1W = single layer wrap; 2W = double layer
wrap. Notations are further detailed in Fig. 3.

“Anchorage types are illustrated in Fig. 3.

bPhotographs of failure patterns are presented in Fig. 8.

wThe resulting incompatibility in the stress/strain situation may
provide an explanation for the lack of any significant capacity en-
hancement in these cases. In this context, the experiments of Swamy
et al. (1999) for the test pieces labeled as Beams NS3, NS4, and
NS5 can be revisited once again; in these experiments, steel plates
attached to the sides of a beam using transverse bolts (across the
beam width) only above the neutral axis, and hence confining only
the compression arch, were found to be effective in providing sound
lateral confinement for the arch. Furthermore, the test specimens
with the AT3c scheme exhibited lower capacity enhancement than
did the corresponding AT3d specimens, whose shear spans were
better confined by the U-clamps. Furthermore, the concept of the
location of U-clamp, shear span, confinement from U-clamp,
direction of principal compression, and orientation of wrap fiber
as presented and discussed here can reasonably explain experiments
of Al-Tamimi et al. (2011) in terms of ultimate load. Thus, the ex-
periments of the authors are largely consistent with all the similar
works known in literature in which, however, the interfacial shear
stress and the normal compressive stress, the two major components
of the principal stress, are considered individually.

Load-Displacement Behavior

Fig. 9 presents the load-displacement responses of beams made of
brick aggregate concrete [Figs. 9(a and b)] and stone aggregate con-
crete [Figs. 9(c and d)] for different anchorage schemes (Fig. 3) and
steel reinforcement strategies (Fig. 4). In general, the strengthened
beams were not only stiffer but also sustained higher ultimate loads
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compared with the unstrengthened (control) beams. The strength-
ened beams also exhibited significantly larger displacements at the
peak load, P, than did the control beams. The moment capacities
predicted by ACI 440.2R (ACI 2008b) for the beams strengthened
using the AT1 scheme and by ACI 318 (ACI 2008a) for the RC
control beams are also plotted for comparison.

The beams in the AT3 group, with U-clamps, achieved the high-
est ultimate loads (Table 4) and the largest displacements at the
peak load, P, whereas those in the AT1 group sustained the lowest,
and the responses of the beams in the AT2 group fell in between.
These observations demonstrate the role of an anchorage system in
controlling the debonding phenomenon to achieve larger ultimate
load capacities in strengthened beams. Furthermore, the unclamped
strengthened beams (both AT1 and AT2) suffered from postpeak
debonding failure characterized by instantaneous drops in the
load-displacement responses caused by the separation of the con-
crete cover from the beam bottom. After such a drop, the load-
displacement response was comparable to those recorded for the
control (unstrengthened) beams, indicating the loss of the CFRP
strengthening system. By contrast, the postpeak load-displacement
responses in the U-clamped strengthened beams (AT3) were char-
acterized by sequential failure with a progressive decrease in load,
the behavior that is desired in any RC structure. However, after the
loss of the external strengthening system, the load-displacement
responses of the AT3 beams also followed a trend similar to that
observed for the control beams.

The surface strains at the ultimate load, P, as measured across
the depth are plotted in Fig. 10 for beams having two different
reinforcement schemes. The neutral axis was observed to move to-
ward the top surface, resulting in a lower compression block area,
in beams with less reinforcement in the compression zone. The ten-
sion block thus received a higher percentage of the strain compared
with the compression block. This finding explains the crushing of
the concrete in the compression zone when the concrete strain
reaches its ultimate limit. The U-clamped specimens (AT3) sus-
tained higher strain compared with the unclamped specimens
(AT1). In several measurements, the strain across the depth was
found not to be truly proportional over the depth in accordance
with Navier’s fundamental hypothesis. This may be attributable to
the existence of material nonlinearity coupled with unavoidable
errors in measuring the surface strain of a cracked system via video
extensometry.

Effect of the Coarse Aggregate Type and Steel
Reinforcement Strategy

Fig. 11 presents the lines of parity drawn to illustrate the effect of
the coarse aggregate type and reinforcement scheme on the exper-
imentally recorded nominal moment capacity, M,, calculated for
the ultimate load, P. The parity plots show the gradual enhance-
ment in moment capacity achieved by changing the anchorage sys-
tem from AT1 to AT3. However, closer inspection reveals that the
stone aggregate concrete beams in the AT3 group sustained higher
loads than did the brick aggregate concrete beams. The nominal
moment capacity, M,, was also found to be lower in the beams
that were weaker in the compression zone. However, none of these
differences is significant from the design perspective.

Effect of the Anchorage Type on Flexural Capacity

Fig. 12 shows the effect of the anchorage type on the moment
capacity enhancement for beams with weak compression zones
[Fig. 12(a)] and strong compression zones [Fig. 12(b)]. The trends
of improvement indicated for the brick aggregate concrete beams
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Fig. 9. Load-displacement responses of beams fabricated using different anchorage schemes for brick and stone aggregate concrete beams; the
notations are further defined in Fig. 3
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Fig. 10. Flexural strain and depth phenomena for different anchorage types: (a) weak compression zones (C); (b) strong compression zones (T); the
shift of the neutral axis is illustrated in the inset figures

(dotted lines) are lesser in magnitude than those observed for the
stone aggregate concrete beams (solid lines) with the different
U-clamp parameters in the AT3 scheme. The larger dilation (Islam
et al. 2011, 2015) that occurs in brick aggregate concrete beams
under the principal compression at the support (Fig. 8) may play
a role in causing the CFRP wraps to rupture at loads lower than
those sustained by stone aggregate concrete beams. Furthermore,
it is generally observed that in AT3c and AT3d, the nominal mo-

ment capacity, M,, can be increased by increasing the U-clamp
width along the beam axis, and the stiffness (a function of the wrap
thickness, #y,,; the number of wrap layers, n,,; and the modulus of
elasticity of the CFRP wrap, E,,). However, the incorporation of an
additional wrap at the midspan (AT3b) or wrapping the full length
of the beam (AT3a) offered no additional advantage compared with
end wraps alone (AT3c and AT3d). These crucial observations
clearly justify the initial supposition presented in Figs. 1 and 2:
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Fig. 12. Effect of the anchorage system on the moment capacity: (a) weak compression zones (C); (b) strong compression zones (T)

U-clamps with unidirectional CFRP fibers aligned along the
beam perimeter are effective only in the zone where the prin-
cipal compression arch touches the beam bottom (tension
face). Nevertheless, the physical evidence as explicitly ob-
served in the experiments provides an avenue for the develop-
ment of rational procedures for specifying U-clamp designs
based on direct consideration of the stiffness parameters of
CFRP wraps.
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Equations to Predict Debonding Strain

The experimental results presented in the preceding section provide
first-hand evidence of the role that U-clamps installed near the
support play in increasing the moment capacity, M,, of a CFRP
plate-strengthened beam. Premature debonding failure is arrested
through the introduction of partial confinement in stress localiza-
tion zones where such failure is known to occur. Furthermore, the
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Table 5. Debonding Models for Externally-Bonded CFRP-Strengthened Beams without Any End Anchorage

Equivalent multiplier

Model Equation coefficient, v for e, if f. =48 MPa
JSCE (2001)/Maruyama and Ueda (2001) eay = \/2G;/Est;, G; = 0.50 N/mm 1.00
Toutanji et al. (2006) o 0.08f.(1;E;)™"% for f! <31.5 MPa 2.51

@\ 2.51(t4EF) % for f/>31.5 MPa

ACT 440.2R ACI (2008b)
Li et al. (2013)

Eap = 041\ /fé/VlEfl‘f < 0.908‘70!, 2.84
Frl = min(Ft,l,Fez)

1.02

F, = bf 0.4Efl‘ff,, Fo :frbng/6as

Note: b; = width of the CFRP plate; E, = tensile modulus of elasticity of CFRP; F; = tensile force before the debonding of the CFRP sheet; f, = tensile
strength of concrete; f/ = unconfined compressive strength of concrete determined per ASTM C39/C39M; G = interfacial fracture energy; L, = effective
bond length; n = number of CFRP plies; #; = nominal thickness of 1-ply of a CFRP plate; €5, = design rupture strain of the CFRP plate. Eqs. (4)—(7) are used

for determining corresponding y values reported in the table.

simple theoretical computational results presented in Fig. 1 and
analytical concept presented in Fig. 2 for the principal stress dis-
tribution in compression arch zones of unclamped and clamped
concrete beams conform closely to the experimental observations.
In this context, this section is devoted to the proposal of relations to
predict debonding strains in simply-supported CFRP-strengthened
beams U-clamped at the ends. The coefficients of the known rela-
tions for unclamped beams are also reevaluated.

To this end, the nominal moment capacity, M,,, of a CFRP-
strengthened beam is expressed by Eq. (1), where M, ge.p) = the
moment supported by the existing steel reinforcement; and
M ,(crrp) = the increase in moment capacity due to the incorpora-
tion of an externally bonded CFRP plate

M, = M (geet) + M u(crrp) (1)

The determination of M,y follows directly from ACI 313
(ACI 2008a) using Eq. (2)

Bic
Mn(steel) = Asfy (df - % (2)

where A, = area of steel reinforcement; f, = yield strength of the
steel rebar; dy = effective depth of the flexural reinforcement; B =
ratio of the depth of the equivalent rectangular stress block to the
depth of the neutral axis; and ¢ = distance from the extreme com-
pression fiber to the neutral axis. The contribution of M, cgrp) to
the flexural capacity enhancement is calculated using Eq. (3) ACI
440.2R (ACI 2008b)

B¢
My crrp) = Aff e (df - % (3a)
fre = Erese (3b)
dr—c¢
Ere = 0.003( ! . ) <ew (3¢)

where A, = area of the external CFRP reinforcement; f;, = effec-
tive stress in the CFRP; E, = tensile modulus of elasticity of the
CFRP; ¢/, = effective level of strain in the CFRP reinforcement
attained at failure; and ¢, = debonding strain of the externally-
bonded CFRP reinforcement. Here, the authors take the original
approach proposed in Toutanji et al. (2006), which is also partially
followed in ACI 440.2R (ACI 2008b) (Table 5). In this approach,
the limiting debonding strain, €4, Eq. (3¢) is generally specified as
follows for two classes of concretes
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eap = VL(tpEy)™"% for fl <31.5 MPa (4a)

eap = Yu(tpEf)™3  for fL>31.5 MPa (4b)

where v, and 4, = multiplicative factors for low-strength (L) and
high-strength (H) concrete, respectively. In this study, considering
the concrete strengths of the test beams, the coefficients related to
Eq. (4b) were estimated from the test dataset for the different
anchorage types. The expressions corresponding to Eq. (4b) for
AT1, AT2, and AT3 are as follows:

)05, fI>31.5MPa  (5)

ATlié‘dh = YH1 (l’lfl‘fEf

AT2I€dh = ’)/Hz(l’lfl‘fEf)io'S, fé > 31.5 MPa (6)

AT3:g, = (a1 +vus) (npteEf)™%, fl231.5MPa  (7)
where ny = number of CFRP plates attached to the tension face.
The values of vy, and 7y, can readily be obtained from Fig. 12
using Eqgs. (1)=(3) for the values of (nst,E f)_O‘S used in the experi-
ments reported in this paper. vy, and 7y, were each calculated by
taking the average value for four tested specimens (Table 4)—S
(AT1)C, S(AT1)T, B(AT1)C, and B(AT1)T for 7y, and S(AT2)
C, S(AT2)T, B(AT2)C, and B(AT2)T for yy,—and the values were
found to be 2.00 and 2.57, with coefficients of variation of 0.011
and 0.13, respectively. When compared with the debonding models
presented in Table 5, the values are very close to those derived by
Toutanji et al. (2006). The value prescribed by ACI 440.2R (ACI
2008b) is larger than the current estimation, whereas the prescribed
values of JSCE (2001)/Maruyama and Ueda (2001) and Li et al.
(2013) are considerably lower.

To identify the general dependence of the 3 parameter, the
numerical procedure presented in Fig. 1(c) was implemented for
three arbitrarily varied confined compressive stresses and three
CFRP U-clamp widths, w, where the latter is presented as a length
ratio (the length of the U-clamp measured from the face of the sup-
port along the axis of the beam to the effective span of the beam).
The segmental lengths of the two symmetrically stronger ends, w,
of the simply-supported beam were varied, and larger compressive
strength values were arbitrarily assigned to these regions as paramet-
ric variations. The principal compressive stress values sampled at the
support are plotted against the confined compressive strength (the
compressive strength at the end parts) and w in Figs. 13(a and b).
The results obtained from Fig. 1(b) with no confinement are also
plotted as the stress level at w = 0. These plots reveal a linear
relation between the principal compressive stress and w [Fig. 13(a)].
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Fig. 13. Relations among the principal compressive stress, the normal-
ized wrap length, the confined compressive strength, g3, and
wy/n,tp,Ep,: (@) principal compressive stress versus normalized wrap
length; (b) principal compressive stress versus confined compressive

strength; (c) proposed relation between vy3 and w/n,tp,Ey,

A logarithmic relation of the form y = A + Bx"> between the prin-
cipal compressive stress and the confined compressive strength can
be observed in Fig. 13(b). The stresses obtained from the numerical
results that were used to plot Figs. 13(a and b) were taken at the same
nodes representing the support locations in the mesh shown in
Fig. 1. The relations thus recovered from the analysis were derived
from a concrete-only model, although the actual behavior of a
CFRP-strengthened RC beam consisting of different materials with
different moduli of elasticity, stiffnesses, and interfacial properties is
related to the interactions among the concrete, steel, and CFRP.
However, to remain consistent with the primary objective of this
paper, the authors avoided the further complexities associated with
truly understanding and modeling these complicated interfacial
phenomena among the concrete, CFRP, and steel in detail in their
finite-element model. Instead, the recovered relations were directly
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fitted to the experimental measurements to estimate the unknown
coefficients [Fig. 13(c)]. This simplification neglects additional ef-
fects in the FE model, e.g., frictional slip, shear, adhesion, elastic
mismatch, etc., that may be relevant in more-accurate models; there-
fore, this approach may weaken the generalizability of the derived
coefficients to other beam geometries, fiber orientations, or
reinforcement schemes. Nevertheless, the authors observe that the
derived relations are analogous in form to those proposed by Tou-
tanji et al. (2006) and partially followed in ACI1440.2R (ACI 2008b).

Based on these revelations, the five experimental data points
from the test specimens are plotted in Fig. 13(c); these data points
consist of the average AT1 results [the average of four data
points from the unclamped beams S(AT1)C, S(AT1)T, B(AT1)C,
and B(AT1)T] and the AT3 results [the data points are from S
(AT3c)IWC, S(AT3c)2WC, S(AT3d)IWC, and S(AT3d)2WC]. A
best fit of the linear relation between ~yy3 and w/n,ts,Ep, was
obtained using the experimental data points, where n,,,, t,,, and Ey,,
are the number of wraps, the thickness of the dry fabric, and the
modulus of elasticity of the dry fabric, respectively. The values of
Wi/t E 1y, that were used in the plot were calculated from Table 3
and Fig. 3. The obtained fit yielded the following relation:

o Wy /nwtwafw

=Y /7 8
YH3 51 (8)

where w < the ratio of the length of the principal compressive force
zone to the effective beam span.

Eq. (8) is specific to the particular orientation of the U-clamp
fibers with respect to the direction of the principal compression
stress that the fibers are resisting at the ends (installation location)
in a simply-supported RC beam. This equation also retains all rel-
evant parameters of a confining pressure model for confined con-
crete. Consistent with the prevailing theories for predicting the
confined compressive strengths of rectangular (noncircular) sec-
tions in ACI 440.2R (ACI 2008b), the stress distribution arising
for the case of partial confinement [Fig. 2(c)] and consequently
the presented coefficient in Eq. (8) may be predominantly applicable
to beams with the particular cross-sectional shape (Fig. 4) tested in
this investigation, with a width/depth (b/h) ratio of 0.75. Further
verification for beams of different cross-sectional geometries may
be important to experimentally confirm this hypothesis. This issue
is further addressed in the last part of the next section.

Test Results Compared with the Literature

Fig. 14 represents the ratios of the experimentally-measured capacity
to the analytically calculated capacities obtained using analytical
models proposed by different researchers. Few analytical procedures
are available in the literature for U-clamped cases. In this work, the
procedures presented by Li et al. (2013) for low-strength concrete
(considerably lower than 31.5 MPa) were also considered as methods
for comparing the analytical capacities of the tested U-clamped and
unclamped specimens. The suggested procedures of Li et al. (2013)
and JSCE (2001), after Maruyama and Ueda (2001), underestimate
the moment capacity and are conservative for all cases of unclamped
beams. By contrast, the methods of Toutanji et al. (2006) and ACI
440.2R (ACI 2008b) overestimate the actual capacity in all un-
clamped cases. The authors” model fits the experimental capacity
well for the unclamped specimens. For the U-clamped cases, the
analytical capacity evaluated using the method of Li et al. (2013)
closely matched the actual capacity for a few cases [B(AT3b)1WC
and S(AT3b)2WT], but it did not match for the cases in which the
wrap width, w, and/or the wrap thickness, n,1,, were varied in
the specimens [S(AT3c)IWC, S(AT3c)2WC, S(AT3d)1WC, and
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Fig. 14. Comparison of the moment capacities obtained from the experiments and through analytical calculations using available methods for the
different anchorage types: (a) brick aggregate concrete beams; (b) stone aggregate concrete beams

S(AT3d)2WC]. By contrast, the authors’ model was able to re-
present all cases except the specimens for which U-clamps were
applied along the entire beam span (AT3a specimens) or midspan
(AT3b specimens). However, the formulation presented by Li et al.
(2013) does not contain any explicit terms to account for these
factors when calculating M ,,. Fig. 15 further elucidates the situation
by dividing the total moment capacity, M ,(exp)> iNt0 M (geery and
M ,(crrp)- For plotting purposes, the theoretical moment capacity
provided by the steel reinforcement, M, (e, Which was a constant

value for all cases, was subtracted from the total experimental mo-
ment capacity, M (exp), to obtain M, cprp)- The contributions of the
CFRP plates were lower for the AT1 and AT2 schemes than for the
AT3 scheme. However, the expressions provided by Li et al. (2013)
suggest the same value of M,,cprp) in all cases, whereas the exper-
imental values exhibit an increasing trend with increasing w and/or
nyty, for the S(AT3c)IWC, S(AT3c)2WC, S(AT3d)IWC, and
S(AT3d)2WC cases. The model proposed by the authors in Eq. (8)
well captures these data points.
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Fig. 15. Comparison of the contributions of the steel and the CFRP plates to the analytical moment capacities obtained using available methods for
the different anchorage types for stone aggregate concrete beams
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Fig. 16. Comparison of the authors’ model with a database of pub-
lished tests. The b/h ratios for the AT3 beams are also indicated (data
from Alagusundaramoorthy et al. 2003; Fanning and Kelly 2001;
Arduini et al. 1997; Yalim et al. 2008; Li et al. 2013; Spadea et al. 2001)

Finally, the test results published in different studies were con-
sidered to evaluate the performance of the proposed model. In this
evaluation, the differences among the test conditions established
by the different research groups were considered for proper inter-
pretation of the findings and to provide indications for further
generalization of the proposed Eq. (8) from an extended set of
well-planned experiments. Fig. 16 compares the published exper-
imental results from 42 test beams. The differences observed
between the predicted and experimental capacities can be attributed
to the differences in the test schemes used. For AT1, the results of
Arduini et al. (1997) and Fanning and Kelly (2001) correspond well
to those obtained using the authors’ model, with the exception of
two data points from the latter. In these two cases, the CFRP plate
lengths, which were shorter than the full lengths of the beams, re-
sulted in lower M,y values. The authors’ model appears to be
conservative for the data from Alagusundaramoorthy et al. (2003),
for which the wet lay-up technique was used. Only a few works can
be found in the literature that corresponds to AT2. Fanning and
Kelly (2001) conducted experiments comparable to the AT2 spec-
imens of this paper. The authors’ model predicts these AT2 data in a
conservative manner. Fanning and Kelly (2001) used 120-mm-wide
CFRP plates, whereas those in the current study were 100 mm in
width, yielding a shorter end anchorage zone. Minor deviations are
observed for the pultruded cases with U-clamped specimens tested
by Yalim et al. (2008), in which three concrete surface conditions
(smooth, slightly rough, and rough) were used as test variables. Li
et al. (2013) and Yalim et al. (2008) conducted AT3-like experi-
ments using the wet lay-up technique. Their use of a lower b/h
value (0.50) than that used by the authors (0.75) may have led
to a larger confinement effect on the CFRP plates, which should
have ultimately resulted in higher experimental moment capacities
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than those predicted by the proposed relation Eq. (8). However,
only the test results of Yalim et al. (2008) support this proposition.
Moreover, Spadea et al. (2001) used CFRP U-clamps to bond an
externally-mounted steel plate instead of a CFRP plate in the ten-
sion zone. Interestingly, the authors’ model is consistent with only
one test data point out of three identical test specimens. Further-
more, for the authors’ results and the published results, the ratio
of the CFRP plate width to the beam width ranged between
0.34 and 1.00. Even over this wide range of variation, although
the appropriate CFRP plate width was used to derive the analytical
moments, no logical trend of variation in M ,(exp) /M s (analytical) 15
apparent in the context of the debonding phenomenon and its
control.

Conclusions

1. The incorporation of CFRP wraps acting as U-clamps at the
ends of a simply-supported RC beam strengthened with CFRP
plates can significantly increase the moment capacity by as
much as 97% compared with unclamped beams by enhancing
the debonding strain. Furthermore, progressive failures in U-
clamped beams allowing for larger deflections (by up to 133%
compared with unclamped beams) at ultimate load were
observed, in contrast with the sudden failure exhibited by
strengthened beams without any U-clamps.

2. The ultimate moment capacities of strengthened beams in-
crease with increasing stiffness and width of the U-clamps
installed near the support locations.

3. These significant observed performance enhancements are un-
derstood to be a result of the confinement effect of the CFRP
wraps acting as U-clamps on the unconfined cover concrete at
the two sides and bottom of the beam in combination with the
externally-bonded CFRP plates at the two ends of the beam in
zones near the supports, where the compression arch meets the
plate ends. Thus, CFRP wraps with fibers oriented around the
beam perimeter provide a partial confinement effect at the bot-
tom and sides of the beam ends by resisting the separation of
the concrete cover. As a result, debonding failure occurs at a
higher ultimate load.

4. In experiments on beams subjected to four-point loading, the
incorporation of U-clamps at the midspan, including wrapping
spanning the full beam length, did not provide additional ben-
efits in significantly increasing the moment capacity.

5. The clamping mechanism that contributes to delaying debond-
ing failure was interpreted based on the observed failure pat-
terns, the principal compressive stress distributions of the
loaded beams, and the partial confinement effect that prevailed
in the compression zone as a result of the U-clamps. Based on
these assessments, the required locations and extents of CFRP
wraps serving as U-clamps can be determined. The effect of
the b/h ratio on inducing effective confinement was evaluated
based on the test data presented in the paper together with
previously-published test results.

6. A relation was proposed to predict the moment capacities of
simply-supported RC beams strengthened with externally-
bonded pultruded CFRP plates based on the width and stiff-
ness properties of the CFRP-wrap U-clamps installed at the
ends. The coefficients of the existing relations proposed by
Toutanji et al. (2006) for unclamped beams were also reeval-
uated based on the authors’ test data.

7. The test data suggest the existence of a pseudodilation effect in
brick aggregate concrete beams caused by U-clamp confine-
ment in the compression zone. However, the constructed parity
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plots show insignificant effects of coarse aggregate or steel
reinforcement on the ultimate moment capacities of the
strengthened test beams from the design point of view.

8. The test results, equations, and estimated coefficients pre-
sented in this paper are specific to the materials, geometry,
support condition, loading conditions, fiber orientations, plate
widths, and sectional properties of the test beams. Neverthe-
less, the fundamental fact of the necessity of effectively con-
fining the compression arch in any shallow beam inspires the
authors to believe that the generally-applicable concepts and
procedures presented here bear a broader significance for
future experimental and numerical studies of continuous-span
beams and other different support conditions and loading con-
ditions as well as beams with other /4 ratios. The methodol-
ogy of using bidirectional fibers, particularly to confine the
midspan zone, is worth exploring in the future.
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