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Absract

Fiber-reinforced polymers (FRP) have a proven strength enhancement
capability when attached to reinforced concrete (RC) beams. However, the inherent
brittleness of FRP composites largely sacrifices the full load-carrying capacity of
externally bonded FRP strengthening systems. The use of carbon fiber-reinforced
polymers (CFRP) splay anchors has demonstrated positive outcomes in terms of
enhancing the capacity of strengthened members and mitigating debonding. Limited
research studies have been carried out to examine the effect of CFRP splay anchor
parameters on the flexural behavior of RC beams anchored with small diameter
anchors. The aim of this study is to examine the effect of large anchors, specifically,
anchors with a diameter of more than 14 mm. Accordingly, atotal of seventeen beams
were cast and tested under four-point bending test. Fifteen beams were strengthened
using CFRP sheets and anchored with different configurations of CFRP spike anchors.
The investigated variables in the experimental program are anchor’s dowel diameter,
embedment depth, fan length, insertion angle, and number of anchors. Test results of
the anchored specimens in terms of |oad-deflection responses, failure modes, strain in
the concrete, steel reinforcement, and CFRP laminates were compared to that of the
control unstrengthened and unanchored strengthened specimens. The test results
indicate that CFRP anchors enhanced the strength of the CFRP laminates by 12-53%
over the unanchored specimens. It was observed that larger diameter anchors provided
aconsiderably improved strength enhancement compared to smaller diameter anchors,
on average by 28%. It was aso concluded that bonding CFRP laminates by well-
designed CFRP anchors highly utilized the strain attained in CFRP laminates. In
addition, theflexural strength of the anchored beamsis predicted using the ACI440.2R-
17, CSA-S806.12(R2017), and fib-14 design guidelines. Based on comparison with the
experimental results, the ACI440.2R-17 and fib-14 provisions provided reasonable
predictions according to the debonding/delamination equation and assuming no fully
bonded action is devel oped due to anchorage.

Keywords. Externaly Bonded Reinforcement (EBR); Carbon Fiber Reinforced
Polymer (CFRP); RC beams; CFRP splay anchors; flexure.
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Chapter 1. Introduction

1.1. Overview

Strengthening and retrofitting of existing structures has been an outstanding
solution to overcome the consequences of severa actions that lead to the deterioration
of structural members [1], [2]. Namely, exposure to severe environmental conditions,
excessive loading due to change in structure’s usage, and design or construction flaws.
The use of fiber reinforced polymers (FRP) as a strengthening system has received
widespread acceptance in the last four decades. The efficacy of such strengthening
system results from the high strength it offers compared to its weight, the durability of
the FRP materials, obtrusiveness, and versatility [3]. Because of these preferences, it is
considered a superlative strengthening strategy when compared to traditional systems,

such as steel plates, section enlargement, and concrete jacketing.

FRP composite materials consists of high strength continuous fibers embedded
in a polymer matrix. The conventiona fibers include carbon (CFRP), glass (GFRP),
and aramid (AFRP). They have been proven successful to enhance the properties of all
basic structural components. For instance, axial, flexure, and shear load capacities,
ductility, fatigue life, and serviceability. The typical densities of FRP range from 1.2
g/em?® to 2.1 g/cm?® which is 4-6 times larger than that of steel. Conventional FRP
composites exhibit alinear el astic behavior and provide stiffness and strength in tension

along the fiber’s direction until rupture at low elastic strains; typically, 1-2% [2]-[4].

FRPs can be applied in several forms to enhance the capacity of reinforced
concrete (RC) members. The most common and effective strengthening techniques of
RC beams in flexure include applying externally bonded reinforcement (EBR) to the
concrete surface or inserting near-surface mounted (NSM) FRP rods in the tension side
of the beam [3]. In externa bonding, FRP sheets are bonded to the concrete surfaces
via epoxy adhesives by the wet-layup process. Many studies have shown the
effectiveness of this method in enhancing the flexural capacity of RC beams [5], [6].
The externally bonded FRP laminates are attached to the tension face of the concrete
member where the fibers are oriented along the longitudinal axis of the beam. This
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strengthening technique has been known as a widely accepted retrofitting solution in

the structural engineering community.

The maor disadvantage of externally bonded FRP laminates strengthening
system isthe premature debonding of the FRP from the concrete substrate [ 7]. Thistype
of failure prevents the FRP composite from reaching its ultimate strength. Given that
these materials behave in alinear elastic manner up to rupture at very low strains, the
debonding strain at which the FRP sheet is separated from concrete is even lower (less
than 1%) [8]. The detachment of the FRP from the concrete surface is the dominant
failure mode for EBR systems and is considered a brittle failure mode since it occurs
suddenly before the member utilizesits full expected strength.

One of the reasons for the debonding failure is the development of stresses
between FRP and concrete at the onset of cracking in the maximum moment region [7].
The flexural and/ or flexural-shear cracks progress throughout the length of the FRP
and the binding matrix which results in stress concentrations at the interface between
the FRP and concrete. The concrete cover separation is also another form of debonding
failurewhichiscalled delamination [9]. It occurs when the FRP laminate detaches from
the concrete with the adhered concrete cover due to stress concentration at the sheet tip.
The crack that initiates at an angle, changesto ahorizontal crack at the level of primary
sted reinforcement. Debonding should be avoided and prevented in RC beamswhere a
ductile mode of failure is desired. Yielding of steel reinforcement followed by FRP
rupture or concrete crushing is the optimum scenario for developing the full capacity
of externally bonded RC beams.

Anchorage of FRP reinforcement is one of the widely studied solutions to
prevent the debonding failure of RC strengthened beams. Many studies have shown
that anchoring FRP laminatesis effective in delaying or preventing the brittle failure of
externally bonded strengthened beams in the form of debonding [10]-[13]. Delaying
the debonding failure enhances the fiber utilization and improves the performance of
RC beams retrofitted with FRP composites consequently. The main function of the
anchorage system is to transfer stresses between the FRP laminate and the concrete

substrate which results in arresting the crack propagation [14]. Various anchoring
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techniques have been studied in previous research studies, including FRP transverse

wrapping, mechanical fasteners, and FRP spike anchors.

FRP transverse wrapping are made of of FRP strips that are oriented
perpendicular to the longitudinal axis of the beam [15]-[17]. FRP wraps can be applied
continuously over the length of the beam, anchoring the whole length of the FRP
laminate. They can also be applied with spacing over the length of the beam or only at
the ends. Applying the transverse wrapping at the end primarily prevents concrete cover
separation. Wrapping FRP laminates adhered to RC beams can be in the form of
complete wraps, U-wraps, or FRP strips. Mechanical anchorage is another way for
anchoring FRP sheets where metallic components are used to prevent the debonding of
FRP laminates and improve ductility [18]. The main drawback of thistype of anchorage

isthe possibility of corrosion of the mechanical anchors.

FRP anchors consists of afiber sheet that is bundled and soaked in epoxy resin.
Three components form the FRP anchor as shown in Fig. 1 [19]. The dowel isinserted
in apredrilled hole in the concrete member, the fan is the portion that is splayed on the
FRP sheet with epoxy, the key portion where the fan transitions into the dowel. The
insertion angle of the anchor can be 180 degrees resulting in a straight anchor
configuration. Anchors can also be inserted inside the concrete with an angle B, forming
a bent FRP anchor. Straight anchors utilized for flexural applications are subjected to
direct tension. They are mainly applied in structural joints such as beam to slab, slab to
wall, and wall to wall continuity as shown in Fig. 2. On the other hand, bent anchors
are exposed to both tension and shear forces. They are used for the anchorage of FRP
laminates in strengthened beams or dabs.

FRP anchors can be constructed in two ways. A portion of the length of the
anchor’s fibers (at least half) can be impregnated or coated with epoxy and allowed to
cure before installation. These anchors are called impregnated fiber anchors [20]. The
other type of FPR anchorsis made of fiberswhich have not been impregnated in epoxy
and placed using the wet lay-up technique. FRP anchors made this way are called dry
fiber anchors and they are used in this study.
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Figure 2: Applications of straight anchors and bent FRP anchors

There are several parameters that affect the behavior of the FRP-concrete joint
system as reported in the literature. These include anchor diameter, fan length, fan
angle, embedment length, insertion angle, number of anchors, spacing between the
anchors, hole diameter, concrete compressive strength, FRP tensile strength and elastic
modulus, and anchor area to sheet ratio (ASR) [20], [21]. Five failure modes of FRP
spike anchors were observed in the previous studies. These failure modes are concrete-
cone failure, concrete-cone followed by bond failure, dowel pullout, fan-to-sheet
debonding and fiber rupture, as shown in Fig. 3. It is vital to avoid al FRP anchor
failure modes when designing FRP anchors, to favor rupture in the FRP laminates since
the anchors should not limit the strength of the externally bonded (EB-FRP) system
[19], [22], [23]
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Previous investigation results on FRP anchors design models indicated that the
embedment depth of the anchor should be 1.5 times greater than the concrete cover.
This is to ensure that the anchor will be able to arrest the crack propagation along the
sted reinforcement and thence prevent delamination [19]. Moreover, the embedment
depth should be at least 6 times the dowel diameter to prevent concrete cone failure. A
linear trend between the anchor capacity and the embedment depth is observed in
previous studies [23]-[25]. Nevertheless, Sun et al. [25] stated that increasing the
embedment depth beyond a specific value does not increase the bond strength between
FRP and concrete. According to Sun [26], it is recommended that the fanning angle
should be kept as small as possible (maximum of 32°) since wider fan angles reduce
tensile capacity of FRP anchor. In addition, the fan should cover the whole width of the
FRP sheet to ensure uniform and consistent stress transfer from the FRP sheet to the
concrete substrate [19]. Further, hole diameter should be 3-5 mm larger than anchor
dowel diameter to facilitate easier installation [19].

1.2.  Research Significance

Structures al around the world are susceptible to deterioration. Although they
are designed to have a service life up to 60-80 years, they often need regular
maintenance and repairs. The dynamic changes may also increase the loading type or
magnitude on the existing structures. Furthermore, some structures are deficient due to
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design errors or mistakes during construction. Other structures need upgrading due to
temporary overload. To keep these deficient structures in service, they are upgraded,
replaced or their use is restricted. These solutions are usually costly and ineffective.
Hence, Strengthening is usually needed for various reasons to keep the structures at
certain performancelevel. The most recently used and accepted strengthening materials
are the advanced FRP composites which have been widely studied in the last decades.
FRP sheets or plates are bonded to the surface of the reinforced concrete (RC) structural
member to increase its load carrying capacity. However, the premature debonding of
FRP laminates before utilizing the full FRP ultimate strength resultsin a brittle failure
of RC beams.

Severa solutions were proposed to solve this problem such as anchoring the
FRP laminates. Many anchorage systems were implemented in the field and discussed
in the literature. One of the most effective anchoring techniques is the FRP spike
anchors. It is proven to mitigate debonding failure and thus enhance the strength and
deformability of strengthened beams. However, most of the available data and models
on FRP anchorsin the literature were obtained from testing small anchors, i.e., anchors
with small dimensions, under direct pullout. The models are semi empirical in nature
and are limited by the range of experimental data that they were derived from.
Therefore, these models could be impractical to apply when designing anchors with
larger dimensions and different conditions, especially when implemented in full-scale
RC beam specimens. Therefore, it isimportant to understand the effect of anchorswith
largedimensions(e.g., diameterslarger than 14 mm) on the capacity of the strengthened
members. In addition, thereisalack of comprehensive guidelinesto design the anchors
in the current design codes of practice. Asaresult, thisresearch amsto investigate the
effect of varying different anchor parameters on the capacity of FRP bent anchors. The
parameters that will be tested include ASR ratio, anchor diameter, fan length,
embedment depth, number, location, and insert angle of anchors. The significance of
this study is to optimize the design of FRP spike anchoring systems and to propose
design guidelines that could aid engineers and researchers to implement this type of

anchors in strengthening applications efficiently.
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13.

Resear ch Objectives

This research aims to study the overall performance of concrete prisms

strengthened in flexure with CFRP laminates with different configurations of CFRP

splay anchors. The main objectives of thisresearch are:

1.

Conduct bending tests on anchored, strengthened, and unstrengthened large-
scale reinforced concrete beams to investigate the effect of anchoring FRP-to-
concrete joints on the overal behavior of the beams.

Compare the load-deflection response curves, flexural capacity, and bond
performance of CFRP strengthened, and anchored specimens with that of the
control, unstrengthened and unanchored specimens.

Study the effect of the anchor fan length, fan angle, dowel angle, and
embedment depth on the flexural capacity and ductility of the strengthened and
anchored concrete beams.

Study the strain in the CFRP laminates and compare the maximum attained
strain in the laminates between anchored specimens and unanchored specimens.
Compare the experimental results with proposed design guidelines of the
anchorsin literature.

Predict the flexural capacity of the beams using current codes of practice and

compare it to the experimentally obtained values of the flexural strength.
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Chapter 2. Literature Review

2.1. Flexural Strengthening of Concrete Beamswith FRP Laminates

Extensive research has been conducted on the behavior of strengthened concrete
beams with different types of FRP laminates. This section summarizes some of the
studies and their findings. The majority of the experimental research programs
performed on the flexural strength of CFRP-strengthened beams were conducted over
adecade ago [9], [27]-[30]. The observed mode of failure of the investigated beamsin
these studies was mainly debonding of the FRP laminates from the concrete substrate.
Conseguently, their main conclusions were to recommend the usage of anchorage
systems to develop the full FRP strength. Similarly, the dominant mode of failure
Obeidat et al. [31] recorded through thetesting of 12 RC beams externally bonded with
CFRP laminates under four-point bending test was the plate debonding. Leading to an
increase of only 7 to 33% in the flexural capacity of the strengthened beams.

Kotyniaet al. [6] investigated the parameters that may mitigate the intermediate
crack debonding of CFRP laminates through testing 10 rectangular RC beams with
varying configurations of FRP wrapping. They tested continuous U-shaped sheets and
spaced side-bonded CFRP L-shaped laminates with different fiber orientation. They
concluded that the use of transverse FRP continuous U wraps paralel to the beam axis
increased the ultimate load carrying capacity. All of the tested specimens in this study
failed by intermediate crack debonding of the bottom FRP laminate.

Many studies addressed the reduction in the ductility problem for FRP-
strengthened beams through proposing various hybrid strengthening systems [32]-[35].
Attari et a. [35] tested 7 RC beams in flexure, strengthened with different
configurations of FRP fabric consisting of glass and carbon. Their findings reveaed
that using atwin layer of Glass-Carbon fibers increased the capacity of the beams by
114% without abrutal lossin ductility. Chen et a. [36] partially replaced carbon layers
with basalt and/or glass fibers to inspect the effect of the hybrid ratio and stacking
sequence on the flexural behavior of the laminates. They found that the flexural strength
and modulus of the hybrid laminates decreased with the increase in the hybrid ratio of
basalt fibersuntil 50 %. Beyond thisratio, negligible effects on flexura propertieswere
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observed. Moreover, placing basalt or glass in a sandwich-like stacking sequence with
ahybrid ratio of 50% achieved a higher flexural strength. The main observation in most
of the studiesin regard of the effect of the hybridization between CFRP and other FRP
laminates with larger rupture strain is the increased ductility of the retrofitted beams.

2.2. Interface Behavior between CFRP and Concrete

Bond performance is a major concern arising when FRP sheets or plates are
externally bonded to concrete surfaces. The interface behavior can strictly limit the
efficiency of the strengthening system. Numerous research has been carried out to
understand the interface mechanisms of the FRP-to-concrete bond.

Bizindavye and Neale [37] defined the transfer length of the bond between a
FRP composite and concrete by the distance required for the strain of the bonded joint
to reach zero in a pullout shear test. They performed experimental and analytical
investigations to study the transfer mechanisms of the FRP-to-concrete bonded joints.
They stated that the value of the transfer length is constant for all values of loads before
initial cracking. Beyond the cracking load, the transfer length increases with crack
propagation. Al-sammari and Brefia [38] mentioned that providing anchorage beyond
this length has negligible effect in increasing the bond strength between FRP and

concrete.

Observations on FRP debonding failure modes in the literature have been
classified into four types[7], [39]: (a) concrete cover separation/delamination (b) plate
end interfacial debonding (c) intermediate flexural crack induced interfacial debonding
(d) intermediate flexural-shear crack induced debonding. Asillustrated in Fig. 4, if the
high interfacial stresses occur near the end, then delamination or end debonding takes
place. On the other hand, debonding can be initiated by flexura or flexural-shear cracks

away from the ends which results in intermediate crack induced debonding.
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Figure 4: Debonding failure modes mechanism [40]

Yaim et al. [41] examined the effect of concrete surface roughness on the bond
behavior of FRP strengthening systems. Their study included the flexural testing of 26
specimens with three different levels of surface roughness. The concrete surface profile
did not affect the performance of either the wet layup or precured FRP systems with or
without anchorage. They noticed that the type and extent of anchorage affected the
mode of failure, specimens with the highest anchorage straps and continuous straps
achieved FRP rupture.

2.3. Previous Tests Conducted on CFRP Anchors

Extensive number of tests has been performed on CFRP anchors. Some of the
tests were conducted on isolated anchors and others were done on anchors used in
combination with externally bonded reinforcement systems. The types of tests
presented herein are pullout tests, shear tests, and bending tests.

2.3.1. Pullout tests

Ozbakkal oglu and Saatcioglu [42] tested 81 CFRP anchors under direct pullout
test. Thetest parametersincluded embedment depth, diameter, angle of inclination, and
concrete compressive strength. Anchors were inserted in concrete cylinders of 150
height and either 200- or 270-mm diameter. The tested embedment depths were 25, 50,
75, and 100 mm. The diameter of anchors varied as 12.7, 15.9 and 19.2 mm. Further, 8
of the tested anchors had an angle of inclination measured from the vertical axis that
varied from 15 to 45. Pullout of the anchor was the failure mode for most of the
specimens whether in the form of concrete pullout or combined cone-bond pullout.
Authors concluded that the average bond strength decreased with increasing anchor

diameter, embedment depth or inclination angle.
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Kim and Smith [20] reported the results of pullout tests on 27 FRP anchors,
bonded to concrete prisms of (400x400x150) mm dimensions. The anchor embedment
depths varied as 20, 40, and 60 mm. They aso varied the anchor hole diameter as 12,
14, and 16 mm. The tested anchor fiber content (which refers to the FRP sheet width
that the anchor was made of) were 60, 110, and 130 mm. The failure mode noticed for
anchors having a 20 mm depth and different hole diameters was concrete cone failure.
The four failure modes of FRP anchors were observed for anchors having a 40 mm
embedment depth. Namely, concrete cone failure, combined concrete and bond failure,
bond failure, and FRP anchor rupture. However, the 60 mm embedment depth anchors
experienced rupture. Authors also compared their results with two previous
experimental studies[42], [43] and plotted the pullout |oad versus the embedment depth
asshownin Fig. 5. Thetrend in Fig. 5 depicts that the pullout load increases with the
increase in embedment depth. However, they recommended limiting the embedment
depth to avoid high stresses on anchors which could cause anchor rupture. No further

conclusions were derived for other tested parameters.
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Figure 5: Effect of embedment depth on the pullout capacity of FRP anchors
[20]
Authors of the previous paper provided analytical models [44] that quantifies
the pullout strength of FRP anchors provided that multiple anchors do not interfere with
each other, tension load is applied monotonically, and concrete is uncracked. The

analytical model of the pullout strength (N,,) isgiven as:

N, = min (N, Nep, Ngy) (1)
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where N, N, N, is the pullout strength governed by concrete cone failure,
combined con-bond failure, and anchor rupture failure, respectively. They are
calculated as follows:

= acchiif, (2
Nep = Tundohef (3)
Ngr = QarWrrptrrp frrp (4)

where h,f is the effective embedment depth of the anchor (mm), £/ is the
concrete cylinder compressive strength (MPa), d,, is the diameter of the anchor hole
(mm), wgrp, trrp, and frrp are the width, thickness, and strength of the fiber sheet
used to make the FRP anchor. «,., T, and a,, are calibration factors determined from
astatistical analysis of the different pullout test data test comprising of 84 data points.
The resulting calibration factors are 9.68, 4.62, and 9.07, respectively.

It should be noted that the model developed in Eq. (1) is based on existing
analytical models for metallic anchors. Authors adopted this strategy due to the
abundance in the metallic anchors data, the similarity in the behavior between metallic
and FRP anchors, and the limited FRP anchor tests data.

In an experimental investigation carried out by Castillo et al. [22], 32 bent FRP
anchors exhibiting rupture failure mode were tested with varied sizes and fanning angle.
In the test set-up, the FRP bent anchor is used to connect a RC beam and a RC block as
shown in Fig. 6. A previously developed equation for the average value of the ultimate
fiber rupture capacity (Nf,) was calibrated using the test data for an insertion angle 90°.
Also, they performed a statistical study and reported design equations for the 95"

percentile and 98" percentile as following:

95% 90—«
Nfr

) ()

= 2. ZEFRPEFRPAdowel(
N8% = 1.3E A 20« 6
roo rrpErrpAdowel (oo %0 ) (6)

Where a is the fanning angle measured in degrees from the middle to the end of
the fanning component.
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Figure 6: Test setup in Castillo et a. [22]

2.3.2. Single shear tests

Ozbakkaloglu et al. [45] inspected the effect of anchor configuration on the
behavior of FRP plates externally bonded to concrete members through single shear
pull-off tests. They tested 33 specimens of 350 mm length, 150 mm height, and 25
mm width. The anchors configuration varied as single, double, or multiple anchors
inthelongitudina or transversedirection. Their resultsindicated that peak loads and
ductility increase with the increase in anchors numbers and embedment depths.
Moreover, the peak load decreased with the increase in the distance between anchors
and loaded ends.

Flores et a. [46] proposed an empiricdl model that is based on their
experimental work and previous existing single shear tests in the literature to
estimate the CFRP anchored joint’s strength. They assumed that the joint capacity is
the added contribution of the anchor and the bond strength. The model accounted for
the influence of the FRP sheet width, the bonded length behind the anchor, and the
anchor fan position with respect to the FRP longitudinal sheets (expanded onto the
sheet or between two plies). The anchored joint strength can be cal culated asfollows:

Pancjoint = Pgp + nkglob- Panc (7)

where Py, is the FRP-to-concrete bond strength, n is the number of anchors

distributed transversally in one row, Py, is the anchor’s strength, and kg, is @
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factor that accounts for the three mentioned parameters, it is evaluated by a simple

expression obtained using least square regression.

Al-Sammari and Brefia [47] proposed an anchorage efficiency factor that
accounts for the effect of using CFRP spike anchors with externally bonded CFRP
sheets on RC beams. They performed finite element (FE) analysis using ABAQUS as
shown in Fig. 7, and conducted a parametric study to derive an equation that predicts
the increase in strain utilization by accounting for several factors. Namely, number of
anchor rows, CFRP sheet fiber thickness, spacing between the anchors, anchor
embedment depth, and anchor fan diameter. They compared the calculated results with
values obtained from previous experimental tests and the difference between the results
did not exceed 15%. They also verified their FE model using test results from previous
experimental investigations. The simplified form of the equation they proposed for the
anchorage efficiency factor which shall be multiplied by the original ACI-440.2R-17
[48] equation for debonding strain is:

tra
Koy =1+ a, ’;Tadnczl (9)
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Figure 7: Finite element model componentsin [47]

where a, is a calibrated factor that accounts for the difference in behavior when the
spacing between anchors approaches the length of the effective stress transfer zone.
When n,=1, a.=3/8 and S,=1/3 where n, is the number of anchor rowsand S, isthe
center to center spacing between anchors. t; is the CFRP sheet thickness and a,; isthe

anchor shaft diameter.

2.3.3. Bendingtests
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Zaki et a. [49] tested three full scale T-beams and another three rectangular
beams under four-point bending test. The beams contain one control specimen of each
type, and the rest are strengthened with CFRP sheets and anchored a ong the shear span
using either U-wraps or FRP anchors. The diameters of the used FRP anchors were 16
and 19 mm, with 203 and 140 mm spacing, respectively. On half of the span of the
anchored beams, dowel (impregnated) anchors were used while bundled fibers were
used on the other half. They observed that the use of smaller and closely spaced FRP
anchorsis more effective than using larger and more widely spaced anchors. They aso
reported that the dowel anchors offer higher stiffness and strength than the fiber
anchors, but the fiber anchors offer dlightly more deformability in shear. Finaly, they
proposed a multiplier coefficient for the ACI440.2R-17 [48] equation of debonding
strain. This multiplier account for the development in strain as a result of the sheets
anchorage and was found by dividing the load at experimental failure by the predicted
load at FRP debonding strain. The highest multiplier value corresponded to the T-beam
having 16 mm diameter anchors and it was 1.66. The rectangular beam anchored with
19 mm anchors had the lowest multiplier value of 1.11.

Sun et al. [50] suggested a new anchoring technique consisting of FRP spike
anchors between two patches of FRP sheets as shown in Fig. 8. They conducted 21
experiments to study the performance of such anchorage system. They tested concrete
blocks of (152x152x610) mm dimensions under three-point bending test. Compared
with conventional spike anchors, the proposed anchorage system showed an improved
behavior in terms of utilization of EB FRP sheets, even with s sharp corner (i.e., bent
radius equals zero). They also noticed that reducing the fanning angle prevents the
unfavorable failure of anchor-sheet delamination and anchor rupture. (u-shape to
prevent concrete shear failure). In another study published by Sun et al. [23], they used
the experimental results from 64 tests on anchors that failed in rupture to evauate the
anchor strength using the existing equationsin theliterature. A comprehensive equation
was proposed to account for the impacts of embedment depth, bend ratio, strength ratio,

and dowel angle on the anchor strength:

aq

fro = [(0.067, + 0.21) + 0.225; /> + 02305 — Dlfru (10)
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where f7, isthe anchor strength, 7, isthe bend ratio (theratio of the bend radius
to the diameter of the spike anchor), S,.4:, 1S the strength ratio of FRP strength to FRP

reinforcement, a, isthe dowel angle, and f,, isthe strength of the FRP reinforcement.
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Figure 8: Proposed method of anchorage [50]

Cadtillo et al. [14] provided a concise review on the behavior of FRP anchors
in combination with EBR systems. They compiled the results from previous research
programs that tested isolated FRP anchors and others that tested FRP anchors when
used with EBR systems in strengthening RC structures. They also reported previously
published design models related to different failure modes. Namely, Kim and Smith
[44] model for calculating strength of straight anchors exhibiting pull-out and concrete
cone failure, Villanueva Llaurado [24] equation which predicts the tensile capacity of
bent anchorsthat fail by rupture. Authorsal so reported the shortcomingsrel ated to these
models. For instance, the former model used limited range of parameters and there was
no further corroboration of the model by other investigators. All anchors tested by the
latter model had the same size and a fanning angle of zero. This means that the anchor
end outside of the concrete was bundled which contradicts the typical configuration of
bent anchors that are usually fanned out. The two models are presented herein:

Kim and Smith [44]: N, = 9.68d°\/f; (11)
NCb = 4.627T®d0welde Whenfcl < 20 MPa (12)
Ncb = 9-07n®dowelde When fC, > 20 MPa (13)
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where N,.. and N, isthe capacity of the anchor exhibiting concrete conefailure
and combined concrete and bond failure, respectively. d, is the hole diameter in mm

and @ ;¢ iSthe dowel diameter in mm.
VillanuevaL laurado [24]:  Vy, = 0.002Aggerfrrp (hey + 507, 5) (14)

where V. is the average tensile capacity of bent anchors, Ag,ye; 1S the cross-

sectional areaof the anchor in mm?, and frzp isthe ultimate tensile strength of the sheet
used to manufacture the anchor in MPa. h,f is the embedment depth in mm, 7;, and B

are the bend ratio at the key portion and the insertion angle in degrees, respectively.

Shekarchi et al. [51] provided recommendations on the design of CFRP splay
anchors. The proposed design guidelines were devel oped based on 51 small-scale tests.
Three-point bending test was performed on beam specimens having two groups of
dimensions: the first group is from sun [52] and were 152 mm wide, 152 mm tall, and
610 mm long. The second group of beam specimens is taken from Pudleiner [53] and
had dimensions of 305 mm width, 305 mm depth, and 1727 mm length. From the
analysis of the database results, authors recommended the following design guidelines
in order to develop the full capacity of the FRP strips. Firstly, the anchor to the FRP
strip’s area (ASR) ratio should not be less than 2.0. Secondly, the anchor hole should
beat least 1.4 times larger than the equivalent laminate area of the CFRP anchors. Also,

the anchor chamfer radius should be 1.4 times the anchor hole radius.

2.4.  Flexural Capacity Predictions of FRP-Strengthened RC Beams

This section provides the design guidelines of RC beams strengthened with FRP in
flexure. The mentioned guidelines are in accordance with ACI 440.2R-17 [48], CSA-
S806.12 (R 2017) [59], (fib) bulletin 90 (2019) [60].
2.4.1. American concrete institute design guidelines for flexural strength (ACI
440.2R-17) [53]

This section presents the detailed equations provided by ACI 440.2R-17 [48]

for the design of externally bonded reinforcement to RC beams.

The nomina flexura strength of the concrete structure should exceed the factored

moment as indicated by Eq. 15.
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OM,, = M,
where:
M, = factored ultimate moment calculated by the ACI 318-19 code .
@= strength reduction factor calculated by the following equation:
0.90 for g = 0.005

0.25(£t—85y)
0.005-¢sy, for &gy, <& <0.005

0.65 for & < &,

¢ =065+

M,, = nominal strength of the member calculated by the following equation:

where;

& = net tensile strain in extreme tension steel at nominal strength (mm/mm)

&5y = steel yield strain (mm/mm)

My, = Asfy (d = 25) + WpAs fr (df - %)
where:
Y = FRP strength reduction factor, taken as 0.85.
A, = areaof stedl reinforcement (mm?)
fs = stressin tensile steel reinforcement (MPa), calculated by Eq. 10
d = effective depth of tensile steel reinforcement (mm)
B, = concrete stress block factor dependent on failure mode
¢ = depth of neutral axis (mm) (initially assumed) calculated by Eq. 12
Ay = areaof FRP reinforcement = ntywy
n = number of FRP layers
ty = thickness of FRP sheet (mm)

wy = width of FRP sheet (mm)
31
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fre = €effective stressin FRP reinforcement (MPa), calculated by Eq. 8
d; = effective depth of the FRP reinforcement (mm)

The flexura capacity of the RC sections strengthened with externally bonded FRP is
controlled by the governing failure mode. If the strain in the concrete (¢.) reaches the
maximum usable strain in compression (&, ), concrete crushing is assumed to occur. If
the strain in the FRP (ff,) reaches its design rupture strain (s.,) before the concrete
reaches the crushing strain, FRP is assumed to rupture. However, FRP debonding and
concrete cover delamination occurs when bond failure takes place due to high
interfacial shear stresses. This type of failure is considered brittle, and to prevent such

failure, the effective strain of FRP reinforcement (e¢.) caculated by Eqg. 18 is limited
by the debonding strain (&f,) as defined in Eq. 19.

de—c

Efe = gcu( fC ) —&pi = &fa (18)
1t

gfd =041 nEft; < O.9$fu (19)

where:

f; = compressive strength of concrete (MPa)
E; = elastic modulus of FRP laminates (MPa)
&, = FRPrupture strain (mm/mm)

&p; = initid strain in the substrate (mm/mm)

The effective strain in the flexura FRP can reach the ultimate rupture value if FRP
sheets are properly anchored so that the debonding failure is delayed or prevented. In
this case, the strain in the FRP is assumed to reach the rupture strain. The effective
stress in the FRP (&) is the maximum level of stress developed by the FRP
reinforcement before flexural failure and could be obtained by Eq. 20 from the strainin

the FRP assuming a perfectly elastic behavior.

_ dr—c
gfe = Ecu ( c

) — &pi = &g (20)
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The strain in the steel reinforcement (&) isfound by Eq. 21 using strain compatibility.
The stress in stedl (f;) is then computed assuming el astic-perfectly plastic steel stress-

strain curve using EqQ. 22.

Es = (gfe + 8bi) (;f__i,) (21)

fs = Esgg < fy (22)
where:
where:

E; = steel elastic modulus (MPa)
fy = stedl yield stress (MPa)

The strain in concrete is calculated by similar triangles using the following equation:

e = (5o + &) (7.2 (23)

With the strain and stress level in FRP and stedl determined for an assumed neutral axis
(c), theinterna force equilibrium should be checked by the following equation:

AsfstAfffe
c=—->— 24
ay f¢B1b ( )

If concrete crushing controls and &¢, < &7, then: a; = 0.85 and f, is calculated by

the following formula:

0.85 for f, < 28 MPa
B, ={0.85 — 0.00714(f/ — 28) for 28 < f! < 56 MPa (25)
0.65 for f = 56 MPa

If concrete crushing did not govern, a;and ; should be calculated by the following

equations:
4g1.— g,
b= oo (26)
3erpec— €2
M= et @7
c
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g = 2L (28)

Ec

The service stresses in the reinforcing stedl (fs), FRP (f7,s) and concrete (f ), are
checked using equations (29) — (31).

where;

€', = strain in concrete at compressive strength (mm/mm)

E. = concrete elastic modulus (MPa) calculated as 4700/ f'.

fss < 0.80f, (29)

fes < 0.60f; (30)
0.2 ff, for GFRP

frs <4 0.3 fry for AFRP (31)
0.55 ff,, for CFRP

where;

fs.s = stressin flexural steel reinforcement (M Pa), cal culated by the following equation:

[M+ epiarEr(dp-=2)|(@—ka)Es

fos = 4sE(a-"3)(a-ka)+ ar Ep(dp-"2)(dp—ka) (32)
fe.s = stressin concrete (MPa), calculated by the following equation:
fos = 1om (33)
fr,s = stressin FRP reinforcement (MPa)
frs = fss, (i_j) (CZ__:;) — &piEf (34)

fru = FRP rupture stress (MPa)
M = moment at service load (N-mm)
kd = depth of the neutral axis at service (mm).

1., = moment of inertia of cracked section (mm?)
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n = concrete modular ratio which calculated by %

2.4.2. Canadian standards association CSA-S806.12 (R 2017) [59]
The nominal flexura moment of a strengthened section is calculated as

explained previoudly:

My = Af, (d —29) + Apfe (df — 2) (35)

The debonding strain in the FRP is denoted by &z, and is calculated by equation

(36):
Ermay = 0.41 /# < 0.007 (36)

The procedure is similar to the previous explained guidelines by the ACI-440, the only

differenceisin the calculation of a; and S :

c 7 .
It (E) = 7+2000f, (37)

a, = 0.85 — 0.0015f/ > 0.67

B1 = 0.97 — 0.0025f, > 0.67

2.4.3. International federation for structural concrete (fib) bulletin 90 (2019) [60]
The nomina flexura moment of the strengthened section (M,) can be

calculated from equation (38):
My, = Agy 051 (dg1 — kox) + Ap Epgp(h — kyx) + Agp 055 (kox — d) (38)
where:
A, areaof bottom steel reinforcement (mm?)
Ag,: area of top sted reinforcement (mm?)
051 . Stress in the bottom steel reinforcement (MPa) and can be calculated using

equation (39):
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0y, = min (ec %, %‘1) E, (39)

05, . Stressin the top steel reinforcement (MPa), calculated by:

Os; = min (ec X_Tdsz, %d) E; (40)

dg,: distance from extreme compression fiber to centroid of tension reinforcement

(mm)

dg,. distance from extreme compression fiber to centroid of compression

reinforcement (mm)
h: overal height of the member (mm)
x: depth of the neutral axis (mm)

k, and k,: factorsfor the average compressive stress and the lever arm of the parabolic-

rectangular stress distribution of concrete calculated using the following equations:

1000z, (0.5 — 22¢,) for e, < 0.002

2
1-— 3000 &¢ for 0.002 < e, < 0.0035

ki = (41)

8-1000¢,
m fOT' & < 0.002

ko = (42)

1000£.(3000e,—4)+2 for 0.002 < g, < 0.0035
2000£,(3000€,—2)

Strain in the FRP reinforcement is calculated by strain compatability and should not
exceed the design strain (g¢pq,1¢):

h—x
& = & — = &paic (43)

Using the simplified stress method:

fha.
— bd.IC
£ = 75 (44)

where fp,q41c 1S the design stress in the FRP reinforcement, calculated by the following

eguation:
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2
2Ef =
kcr,k krkp t_fffcsm
(45)

Yfb

fbd.IC =

k.. and k;, are numerical coefficients, taken as 1.8 and 0.17, respectively.

Yrp isapartia factor, taken as 1.5.

k;, isthe shape factor, calculated as per the following equation:

k, = b > 1 (48)

where by is width of FRP reinforcement (mm) and b is width of the member (mm).
fib 14 also predicts the strain at which the delamination may occur (&¢,¢p), the equation

used to calculate the delamination strain is;

N max
&.cp = L (49)

where Ny pq, iSthe maximum force in the FRP laminate, calculated by equation 50:
Nf,max = aCkckpb Eftffctm (50)
where:

« is areduction factor to account for the effect of inclined cracks and is equal to 0.9.
k. isafactor that accounts for compacted surface and istaken as 1.0, k;, iSageometry
factor taken as 1.03, C; istaken as 1. b isthe width of the beam and f,.;,,, isthe modulus

of rupture for concrete.

If the FRP laminates are properly anchored, fib 14 permits to assume that the resisting
FRP force may reach the tensile strength of the material. However, the stress should be
limited to 0.9f7.
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Chapter 3. Experimental Program

3.1. Specimen Details

A total of 17 reinforced concrete beams were cast and tested. The beams had a
gpan of 2 m and awidth of 200 mm. The total height of the beams was 250 mm with
an effective depth of 204 mm as shown in Fig. 9. They were reinforced with 212
rebarsin tension and 2@8 barsin compression. The shear reinforcement consists of 310
stirrups at 100 mm spacing. The flexural strengthening of the beams consists of one ply
of CFRP bonded to the tension side (bottom of the beams). The CFRP sheets are 150
mm in width and 1600 mm in length and are bonded to the concrete at a distance 200
mm away from each end. In addition, CFRP anchors were installed in predrilled holes
at 300 mm away from each end of the beam. The strengthened RC beam section details
are shown in Figs. 10-11. Two specimens out of the seventeen acted as benchmark
specimens. One specimen was left without strengthening, and the other one was
strengthened with one layer of unanchored CFRP laminates. The rest of the specimens
were externally reinforced with different configurations of anchors.
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Figure 9: Schematic of the RC beam (dimensions in mm)
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Figure 10: Strengthening and anchor detailing of the beams with: (a) FRP

laminate; (b) FRP laminate with two anchors; (¢) FRP laminate with four anchors; (d)
FRP laminate with inclined anchors
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Figure 11: Bottom view of strengthened beam specimens with: (a) FRP laminate; (b)
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FRP laminate and two anchors; (c) FRP laminate and four anchors

3.2. Material Properties
3.2.1. Concrete.

The beams were cast using normal weight concrete. Concrete cubes and cylinders were
cast and tested after 7 days, 28 days and on the testing day. Compressive strength tests
were performed in American University of Sharjah’s Asphalt lab in accordance with
ASTM C109/C109M-16a[54] standards at stress control rate of 0.25 MPal/sec. Table 1
shows the compressive strength results. Moreover, Fig. 12 shows a cube samplein the
crushing machine and Fig. 13-a, 13-b show acylinder and a cube sample after failure.

Table 1: Concrete compressive strength results.

Sp. No. 7 days 28 days Testing day
lfcu‘ f’c‘ fcu‘ f’c‘ lfcu lf’c‘
1 3515 | 29.17 | 53.44 | 4435 | 5409 | 44.89
Cubes 2 31.24 | 2593 | 4873 | 4045 | 55.83 | 46.33
3 30.73 | 2551 | 5322 | 4417 | 5890 | 48.88
Average 3237 | 2687 | 51.80 | 4299 | 56.27 | 46.70
Sp. No. e e e
. 1 28.81 44.15 45.33
Cylinders
2 27.97 4253 42.93
3 29.00 45.37 46.45
Average 28.59 44.02 44.90




(@) Typical failure of aconcrete cylinder (b) Typical failure of aconcrete cube

Figure 13: Failure of concrete samples

3.2.2. Sted reinforcement. Steel bars of diameters 12 mm and 8 mm were used to
reinforce the beams in flexure in the tension and compression zones, respectively. In
addition, stirrups of diameter 8 mm were used as shear reinforcement. Tensile strength
tests on coupon specimens were conducted to find the mechanical properties of steel
reinforcement according to ASTM A370-18 [54] standards as shown in Fig. 14. Three
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coupon tests were conducted on steel bars of diameter 12 mm. The results of thetensile

tests are reported in Table 2.

Table 2: Mechanical properties of steel bars

Bar Diameter (mm) | fy(MPa) | E (GPa) | fu (MPa) | &up (%)
12-1 569 199.9 654 8.20
12-2 574 199.9 660 7.80
12-3 561 197.2 646 8.00
Average 568 199 653.3 8.00

(a) Sted test instrumentation (b) Typical failure of stedl bars

Figure 14: Tensile strength test of stedl bars

3.2.3. CFRP sheets and epoxy. The CFRP sheets consists of high strength
unidirectional CFRP material. The dry and laminate (fiber + epoxy) properties of CFRP
sheets as provided by the manufacturer are presented in Table 3. In addition, the
mechanical properties of the primer and epoxy resin used for impregnation of the

laminates and anchors are presented.
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Table 3: Properties of dry CFRP sheets and anchors, CFRP laminates (sheets
with epoxy), and epoxy adhesive

Thickness Elastic | Tensile | Elongation
Material (mm) Modulus | strength at failure
(GPa) (MPa) (%)
CFRP sheets | V-Wrgp™
and anchors | C200HM-N i 289.550 5440 1.90
CFRP V-Wrgp™
laminates | C200HM-N | 102 | 73770 | 1240 11
Epoxy V- ]
Adhesive | Wrap™770 2.760 60.7 4.4

3.3. Test Matrix

This study investigates the effect of different FRP anchor parameters including
anchor diameter, anchor inclination angle (dowel angle), embedment depth, fan length
and number of anchors on the flexural capacity of full-scale RC beams. The test matrix
of this study is summarized in Table 4. As shown in the table, four anchor diameters
(14, 20, 22, and 24 mm) were investigated. The choice of large diameters was selected
since the literature lacks information on the behavior of anchors with diameters greater
than or equal to 20 mm. The embedment depth was designed according to the common
practices in the field as a value greater than or equal to six times the anchor diameter
(6d, ). Also, lesser values of embedment depth than the limit were investigated to check
if the limit iscritical for the development of adequate flexural strength.

The ASR values varied from 1 to 3 as shown in Table 4. These values were
calculated as per EQ. (51). Several studies recommended a value of ASR to be greater
or equal to 2 to limit the probability of anchor rupture failure [26]. However, in this
study the feasibility of anchors with an ASR of 1 was investigated, therefore reducing
the amount of FRP used to make the anchors.

g2
ASR = 4o = Tet

As  nwstg

(51)

where, 4, isthe cross-sectional are of the FRP anchor (mm?); A cross-sectional area

of the FRP laminate (mm?); N,is the number of anchors; d, is the diameter of the



anchor dowel (mm); n is the number of FRP plies; wy is the width of the FRP strip
(mm); and t, is the thickness of the FRP strip (mm).

The fan length (l¢4,) is a function of the interlaminate bond strength and anchor
stiffness. Due to unavailability of design models that incorporate the fan length, the
ACI440.2R-17 [48] equation of the minimum development length of FRP () was
conservatively used to calculate the anchor fan lengths. It should be noted that Eq. (52)
accountsfor FRP-to-concrete bond strength and not the interlaminate bond strength and
istherefore considered conservative. Rearranging Eg. (52) to include the CFRP anchor
properties, Eq. (53) was derived, which was used to calculate the fan lengths (lg,,) of
the specimens. In this study, the values of the fan lengths varied between the specimens
to incorporate arange of numbers less, more, and equal to the calculated I, vauesas
givenin Table 1.

nEftf
fre

E A
> ’ ancAanc
lfan - Wancy/ /¢ (53)

where, n isthe number of FRP plies; E isthe elastic modulus of FRP (MPa); t isthe

lys = (52)

thickness of the FRP laminate (mm); f.. isthe compressive strength of concrete (MPa);
E 4 1Sthe dastic modulus of the FRP anchor (MPa); A, isthe anchor cross-sectiona
area (mm?); and w,,,. is the width of the anchor sheet (mm).

The designation of the specimens anchored with two anchors starts with A,
followed by the diameter of the anchors. The embedment depth and fan length values
are reported in the specimens’ designation in (mm) following the letter H or F,
respectively. for example, specimen A14-H80-F180 refers to a strengthened and
anchored beam with two 14 mm anchors, having embedment depth of 80 mm, and fan
length of 180 mm. Number 4 is inserted at the beginning of the two specimens’ names
that are anchored with 4 anchors. The designations of the specimens having inclined
anchors start with 1A. Unstrengthened and unanchored specimens are pointed out as C

and UA, respectively.



Table 4: Test matrix

Anchor Detailing
Designation Embedment | Insertion | Diameter Fan ASR
Depth (mm) | Angle (°) (mm) Length
(mm)
Group 1 (Control Beams)
B _ _ i _ -
BU - - - - -
Group 2 (14 mm diameter, 2 anchors)
A14-H80-F180 80 90 14 180 10
A14-H80-F120 80 90 14 120 10
A14-H100-F180 100 90 14 180 10
Group 3 (14 mm diameter, 4 anchors)
4A14-H100-F180 120 90 14 180 2.0
4A14-H80-F120 80 90 14 120 2.0
Group 4 (20 mm diameter)

A20-H120-F260 120 90 20 260 2.1
A20-H100-F260 100 90 20 260 21
Group 5 (22 mm diameter)

A22-H140-F280 140 90 22 280 2.5
A22-H160-F280 160 90 22 280 2.5
A22-H140-F220 140 90 22 220 2.5
Group 6 (24 mm diameter)

A24-H150-F300 150 90 24 300 3.0
A24-H120-F300 120 90 24 300 3.0
A24-H150-F260 150 90 24 260 3.0
Group 7 (Inclined anchor)

IA14-H100-F180 100 45 14 180 1
|A20-H100-F260 100 45 20 260 2.1

34. Test Setup

All beams were tested under four-point bending tests in a Universal Testing
Machine (UTM) under a displacement-controlled rate of 2 mm/min. To measure the
deflection of the specimens, one linear variable differential transformer (LVDT) was
placed under the beam’s soffit as shown in Fig. 15 and Fig. 16. One strain gauge was
mounted onto the concrete near the top mid-span of the beams to monitor the strain in

the concrete. In addition, two strain gauges were fixed on the bottom steel bars to
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measure the strain in the flexural steel reinforcement. Furthermore, a strain gauge was
placed on the CFRP laminates at midspan to measure and study the CFRP strain
distribution in the unanchored and anchored laminates.

Pz P2
00 mm +—-300 mm——— 0 mm
‘ ‘ = Canerele sirain gauge
" .- - ==, ._ "
4 i ] Siesl strain gauge : A
LR L

LWAT  FRP sirain gaugs
150 mm

170 e

Figure 15: Schematic of the test setup

Figure 16: Test setup

3.5. Preparation and Strengthening of Specimens

3.5.1. Preparation of RC beams
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First, steel reinforcement and formwork were prepared as shown in Fig. 17-a.
Grinding of the bottom steel bars at the location of the strain gauges was done and strain
gauges were fixed in these locations. After that, the steel cage was inserted in the
formwork and concrete was casted. Vibration was performed to ensure that no air
bubbles are entrapped in the concrete. When the formwork was filled with concrete, the
concrete surface was levelled asillustrated in Fig. 17-b. The beams were |eft to cure for

7 days before starting the strengthening process.

(a) Steel cage and (b) Leveling concrete  (c) Casted concrete beams
formwork surface

Figure 17: Casting of specimens

3.5.2. Strengthening of specimens

The process of strengthening reinforced concrete beams with fiber reinforced
polymer (FRP) sheetsinvolves several steps. Thefirst step wasto prepare the concrete
beam by grinding and cleaning the surface as shown in Fig. 18-a. This helpsto create a
good bond between the concrete and the FRP sheets. Next, the beams were marked in
the places of the FRP sheets and FRP anchors holes (Fig. 18-b). The holes were then
drilled at the marked locations using adrill bet that has the same size asthe desired hole
asshown in Fig. 18-c Then, FRP sheets were cut to the appropriate size and shape (Fig.
18-d). Before strengthening the beam, it isimportant to ensure that it is clean, dry, and
free of any debris or defects that could affect the performance of the FRP sheets.
Therefore, the beams and the holes were cleaned thoroughly using a vacuum cleaner
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(9 (h) (i)
Figure 18: Strengthening procedure



and atowel. After that, alayer of primer was applied to the beams using aroller (Fig.
18-d) and then the epoxy paste layer was applied. The primer was created by combining
the two-part epoxy adhesive (V-WrapTM770) [79] in theratio of 2:1, as recommended
by the manufacturer. The epoxy paste was created by mixing fumed silicawith aportion
of the primer mixture. Finaly, the CFRP sheets were impregnated with primer using
the tool shown in Fig. 18-e and then the sheets were attached to the concrete surface.
To eliminate any potential air voids in the CFRP laminates, grooved rollers were used

asin Fig 18-i.

The preparation of FRP anchors involves cutting the CFRP sheets according to the
required length and width (diameter) of the CFRP anchor. The fibers composing the
CFRP sheets are then released and regrouped together to form the desired FRP anchor
diameter. The length of the sheet equal s the embedment depth plus the fan length of the
anchor, and this equals the total length of the FRP anchor. Prior to installing FRP
anchorsin the beams, the holes were cleaned and impregnated with primer asillustrated
in Figs. 19-a, and 19-b. The anchors were also impregnated well with primer as (Fig.
19-¢). Primer was then applied using grooved rollers over the fan length to spread it out
on the CFRP sheet Fig. 19-d. Finally, alayer of epoxy was applied over the fan and in
in the hole to fill any gaps left (Fig. 19-e and Fig. 19-f) . Some of the anchored
specimens are shown in Fig. 20.
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(@) Prepared FRP anchor (b) Speci mené with 2 anchors
(214 mm) (@220 mm) and 4 anchors
(214 mm)
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(c) Some of the prepared specimens
Figure 20: Strengthened and anchored specimens
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Chapter 4. Experimental Program

This chapter presents the experimental results of seventeen tested beams. The
experimental results are in the form of failure modes, |oad-deflection responses, strain
measurements, and maximum obtained strengths and deflections.

41. FailureModes

In this study, all beams were designed to fail in flexure. The most dominant
failure mode in the strengthened specimens was delamination, i.e., the concrete cover
separates at the end of the specimens as summarized in Table 5. Anchor failure was
observed in few specimens. Figs 21-27 show the failure mode of each tested beam.

Despite that delamination or debonding has occurred in al of the anchored
specimens, it can be observed that the concrete cover layer remained intact with the
beam specimen in amost all of the anchored beams except for the beams having
inclined anchors (Fig. 27) The concrete cover layer was totally separated in these
specimens, similar to the unanchored one. An obvious separation can also be seen in
specimen (A22-H140-F220), which experienced anchor pullout. This specimen had a
lesser anchor embedment depth and fan length which indicates the importance of
having sufficient depth and length for the purpose of utilizing the anchor’s function in
delaying the delamination failure. Anchor rupture was observed in specimen (A14-
H100-F180). Concrete crushing can be observed in some specimens. However,
crushing occurred after delamination initiated since the anchored beams remained

intact, although loading started to drop down.

Table 5: Summary of failure modes

Group Specimen Failure mode
No.
B Concrete crushing after steel
1 yielding
BU Delamination
A14-HB80-F180 Debonding
2 A14-H80-F120 Delamination
A14-H100-F180 Debonding + anchor rupture
3 4A14-H100-F180 Debonding
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4A14-H80-F120

Debonding

A20-H120-F260 Delamination
4 A20-H100-F260 Delamination
A22-H140-F280 Delamination
5 A22-H160-F280 Delamination

A22-H140-F220

Delamination + anchor pullout

A24-H150-F300

Delamination

6 A24-H120-F300 Delamination
A24-H150-F260 Delamination
|A14-H100-F180 Delamination

! |A20-H100-F260 Delamination

It can be seen from Fig. 21-a that the control beam has failed in flexure. The
failure started with cracking on the tension side of the beam, and as the load increased,
the cracks widened and propagated until the concrete crushing occurred at the
compression side. At this stage, reinforcing bars have yielded. Fig. 21-b shows the
flexure-shear delamination failure of BU specimen. As expected, cracks were formed
near the end of the FRP sheet. Then, the cracks propagated along the level of the steel

reinforcement which resulted in the separation of the concrete cover.

(a) Control beam (B)
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4

(b) Strengthened unanchored beam (BU)
Figure 21: Failure mode of group 1 beams

Fig. 22 (a-c) showsthe failure of the beam specimens anchored with one anchor
of diameter 14 mm on each side. The first beam (A14-H80-F120) was failed by
delamination on one side. However, the failure is quite different than the BU beam. It
can be seen that the concrete cover layer was not totally separated from the rest of the
beam. This indicates that the anchor has held the concrete cover with the upper part of

the beam and prevented it from the total separation. The second and third beams of this

(8) Specimen A14-H80-F120
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(c) Specimen A14-H100-F180

Figure 22: Failure mode of group 2 beams

group (A14-H80-F180 and A14-H100-F120) were failed by debonding of the CFRP
sheet from the concrete substrate. The failure of the third beam was also accompanied
by rupture of the anchor which can be seen in Fig. 22-c. Concrete crushing can be
observed in Fig. 23-aand 25-a. Nonetheless, the crushing of concrete has occurred way

after the debonding failure. By then, the load has significantly dropped.

Thethird group demonstrated excellent behavior in terms of the failure patterns.
Fig. 23-a and 23-b show that debonding took place in both beam specimens. The
difference between this debonding failure and the debonding that occurred in the
previous group is that the FRP sheet remained connected to the concrete with the help
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of the FRP anchors. Thus, the existence of two FRP anchors on each side improved the

failure behavior of strengthened beams.

(b) Specimen 4A14-H100-F180
Figure 23: Failure mode of group 3 beams

A typical failure in the form of delamination for beams anchored with 20 mm
diameter anchors can be seen in Fig. 24-a and 24-b. Specimen A20-H120-F260 (with a
higher embedment depth) examined abetter failure behavior, although the ultimate |oad
it could bear was less, as will be discussed later. A more improved failure behavior is
depicted in specimens A22-H140-F280 and A22-H160-F280 of Group 5 in Fig. 25-a

and 25-b. The flexure-shear delamination cracks can be noticed near the sheet’s end
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and aong the concrete cover, but no clear separation of the concrete cover occurred.
On the other hand, specimen A22-H140-F220 experienced anchor pullout failure which
resulted in severe detachment of the concrete cover. This can be attributed to either an
insufficient embedment depth or fan length. It could also develop due to not filling the
anchor hole fully with primer and epoxy, which results in a weak bond between the

FRP anchor and the surrounding concrete.

(b) Specimen A20-H120-F260

Figure 24: Failure mode of group 4 beams
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(8) Specimen A22-H140-F280
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(c) Specimen A22-H140-F220
Figure 25: Failure mode of group 5 beams

Fig. 26 (a-c) shows the failure of Group 6 specimens, anchored with diameter
24 mm. Similar to the behavior of previous groups, the beam anchored with a higher
embedment depth and fan length (A24-H150-F300) examined a superior failure
behavior compared to its counterparts in the same group. The failure of beams having
an inclined anchor at a 45° are shown in Fig. 27. Clearly, the beams have encountered
an undesirable response at failure in the form of complete separation of the concrete
cover from the end of the beam until almost the middle of it. The failure of this group

was even more critical than the unanchored beam.

(8) Specimen A24-H120-F300
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(C) Specimen A24-H150-F300

Figure 26: Failure mode of group 6 beams
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(b) Specimen 1A20-H100-F260

Figure 27: Failure modes of group 7 beams

42. Strainin Flexural Steel Reinforcement and Concrete

Load-strain measurements of the constituent materials of RC beams provide
valuable insights into the behavior of the beam under load. As mentioned earlier,
concrete and steel strain gauges were installed at the beams’ midspan. Figs. 28-34 show
the load-strain responses in the concrete and steel reinforcement for each group.
Evidently, none of the tested specimens has reached the maximum usable compression
strain in concrete, which is 3000 pe. Therefore, none of the tested beams failed by
concrete crushing. Looking at the load-strain plots of reinforcing steel, it can be
observed that all beams reached the yielding strain (2800 pe) before reaching the
ultimate load. This means that yielding of steel reinforcement has occurred before the

debonding or delamination in any of the strengthened beams. It should be noted that
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some strain recordings for steel bars did not reach the ultimate load. This could be due

to amalfunction that may occurred to the strain gauges during higher loadings.

Generaly, the strain values of steel reinforcement at failure loads in the
anchored beams are higher than the control beam with a range of increase between 20
to 70%. Thisindicatesthat anchoring the CFRP laminates delayed the debonding failure
and utilized more of the steel strain. However, two anchored beam specimens showed
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Figure 28: Strain measurements of concrete and steel for Group 1 beams
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Figure 29: Strain measurements of concrete and steel for Group 2 beams
lower strain values in the steel compared to the control beam. These beam specimens
(A14-H80-F120 and A24-H150-F260) have aso exhibited much lower strains in the
CFRP laminates as will be seen in the proceeding section, indicating that the premature

delamination occurred way before utilizing the beam’s capacity.
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(b) Figure 30: Strain measurements of concrete and steel for Group 3 beams

It can be seen from Fig. 30 that specimen A14-H100-F180 exhibited the highest
value in the strain of the steel reinforcement among the group specimens. This conveys

that this specimen utilized more of the steel strain which agrees with the load-deflection
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behavior and the FRP strain measurements of this specimen, as will be shown in the

proceeding sections.
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Figure 31: Strain measurements of concrete and steel for Group 4 beams
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Figure 32: Strain measurements of concrete and steel for Group 5 beams
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(d) Figure 33: Strain measurements of concrete and steel for Group 6 beams
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Figure 34: Strain measurements of concrete and steel for Group 7 beams
4.3. Load-Deflection Curves

The load deflection curves are important tools for analyzing the behavior of
beams under flexure. The load versus midspan deflection of al tested beams is shown
inFigs. 35-41. Each group specimens’ plots are compared to the control unstrengthened
and the unanchored beam, respectively. The load values were taken from the Instron
UTM machine, and the displacement values were obtained from the LVDT placed at
the midspan of the beam, as mentioned previously.

Asillustrated in Figs. 35-41, the |oad-deflection curve of the control specimen
(B) shows atypical behavior of a RC beam under loading. It consists of two distinct
regions: the linear-elastic region and the nonlinear region. In the linear-elastic region
and prior to cracking, the beam undergoes a small amount of deflection in response to
the applied load. The elastic stiffness of al beams in this region is similar as can be
seen in Figs. 36-42. The relationship between the load and deflection remainslinear up
until the yielding point with a decrease in the flexural stiffness due to a drop in the
moment of inertia of the cracked sections in all specimens. In this phase, the
strengthened beams have a 30% higher elastic stiffness compared to the control beam.
Also, this stiffnessis similar for all the strengthened (whether anchored or unanchored)
beams.
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The non-linear region of the control beam’s load-deflection curve is
characterized by agradual loss of strength and stiffness as the beam approachesfailure.
After reaching its ultimate limit state at a load of 100.3 kN, the |oad-deflection curve
had a sharp drop in load at amaximum deflection of 29.3 mm. A 10% and 24% increase
inyield load and ultimate load are depicted in the strengthened unanchored specimen
(BU) compared to the control beam (B), respectively. After reaching the ultimate state,
the load showed a sudden drop at a maximum deflection of 10.1 mm. Thisimplies that
flexura strengthening with CFRP laminates enhanced the strength but significantly
reduced the ductility of the RC beam which resulted in a brittle failure.

Regarding anchored specimens with a 14-mm diameter anchors (Group 2), a slight
increase in the ultimate load is portrayed by specimen A14-H80-F120 (12%) compared
to specimen BU, with anegligible increase in the maximum deflection as shown in Fig.
35. A more desirable behavior is presented by the other two specimens in the group
with an enhancement in the ultimate |oad of 17% and 18% for A14-H80-F180 and A 14-
H100-F180, respectively. Though sample A14-H80-F120 had amost the same
deflection as the unanchored beam (10.7 mm), the other two beams showed an increase
of 66% and 38% in maximum deflection for A14-H80-F180 and A14-H100-F180,
respectively.
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Figure 35: load-deflection curve for Group 2 specimens
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The effect of increasing the number of anchors at each end was studied in Group
3 asshowninFig. 36. For the same embedment depth and fan length, adding one anchor
at each end did not increase the ultimate capacity of the beam. In fact, the beam having
only two anchors (A14-H80-F120) showed higher flexural capacity compared to the
one that has four anchors (4A14-H80-F120). Nevertheless, maximum strain value in
the CFRP laminates of 4A14-H80-F120 specimen was very close to the rupture strain
of CFRP as will be demonstrated in the next section. Specimen 4A14-H100-F180
achieved the highest ultimate load with a percentage increase of 30% beyond BU and
60% beyond B.
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Figure 36: Load-deflection curve for Group 3 specimens

Group 3 specimens include beams anchored with 20 mm diameter anchor at
each end. the difference between the two beamsisin the embedment depth. As
depicted in Fig. 37, the two specimens (A20-H100-F260 and A20-H120-F260)

exhibited a quite similar behavior with an increase in the ultimate load of (39-42%)
compared to the unanchored beam and a percentage increase of (72-75%) compared
to the unstrengthened control beam. Anchors with larger diameter (22 and 24 mm)
were investigated in group 5 and group 6, respectively. A similar trend is detected
herein Figs. 38 and 39 where increasing the embedment depth and fan length resulted
in adlight increase of the ultimate |oad-carrying capacity. Primarily, beam specimens
anchored with larger diameter showed superior flexural response compared to beams
anchored with smaller dowel diameters. In fact, specimen A24-H150-F300 featured a
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percentage increase in the maximum load of 90% and 53% beyond specimens B, and
BU, respectively.
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Figure 37: Load-deflection curve for Group 4 specimens

Fig. 40 shows the influence of the angle of inclination of anchor’s dowel on the
behavior of anchored beams. A negligible difference is noted between vertical and
inclined anchors of diameter 14 mm. For anchors of diameter 20 mm, the beam
specimen with a vertical anchor showed a superior behavior as opposed to the beam
having inclined anchors with 45° angle. Moreover, the failure behavior of both beams
having an inclined anchor was undesirable where a sudden and compl ete separation of

the concrete cover occurred which is considered a brittle failure as discussed in the
previous section.
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Figure 38: Load-deflection curve for Group 5 specimens

200
150
z
=
3 100 - = A24-H150-F300
S - - =A24-H150-F260
50 A24-H120-F300
—BU
B

0 10 20 30 40
Midspan deflection (mm)

Figure 39: Load-deflection curve for Group 6 specimens
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Figure 40: Load-deflection curve for Group 7 specimens
4.4.  Strain measurementsin the CFRP laminates

To evaluate how anchorage affects the utilization level of CFRP ultimate strain,
it was crucial to measure the strains present in the CFRP laminates. For this purpose,
two strain gauges were affixed on the CFRP laminate at the midspan of each
strengthened beam. to simplify, the values of the strain gauge with the higher reading
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are reported herein. The load versus CFRP strain for each beam specimen was plotted
and presented in Figs. 41-48. Initially, the strainsin the CFRP laminates are very small.
Post cracking, CFRP laminates started to engage in taking the load. This can be noted
in the load-strain plots by a change in the slope of the curve at aload of about 20 to 40
kN. The curve then ascends until failure occurs in the strengthened beam where a
sudden drop or a leap takes place. In the load-strain figures below, the curve was

stopped at the point where failure occurred.

Fig. 41 displays the load-strain curves for al strengthened specimens. A prominent
increase in the maximum strain in the anchored specimensis noticed. It is also apparent
that the specimens with four anchors presented the highest values of CFRP strain
although they did not exhibit the highest ultimate load. Specimen 4A14-H100-F180
had a maximum strain in the CFRP laminate of 10900 pe, very close to the rupture
strain of CFRP which is 11000 pe. This marks a significant improvement in utilizing
the strain of FRP laminates by means of anchorage.
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Figure 41: Load-strain curves of al strengthened specimens
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Fig. 42 shows the load-strain plots of group 2. The slope of load strain curve of
the two specimens having a higher fan length is amost similar (A14-H100-F180 and
A14-H80-F180). However, A14-H100-F180 featured a maximum strain of 8066 e
compared to a strain of 6687 pe, shown by specimen A14-H80-F180. A14-H80-F120
had an undesirable value of the maximum attained strain, which was equal to 3329 pe.
As mentioned earlier, group 3 specimens showed a superior behavior in terms of the
maximum strain in the CFRP laminates. The load-strain curves for 4A14-H80-F120
and 4A14-H100-F180 areillustrated in Fig. 43.
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Figure 42: Load-strain curves of CFRP for Group 2 specimens
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Figure 43: Load-strain curves of CFRP for Group 3 specimens
Specimens A20-H100-F260 and A20-H120-F260 had almost identical |oad-

strain curves as shown in Fig. 44. However, the maximum strain by the later specimen
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surpassed the former by 7%. Group 5 and Group 6 specimens show asimilar trend, in
which the specimen with the lesser embedment depth and higher fan length achieved a
higher maximum strain in the CFRP as depicted by Figs 45 and 46. A slight increasein
theload and the slope of the load-strain curveis noticed for the specimens that achieved
less maximum strain in the CFRP. Nonetheless, Group 7 specimens had aimost the
same ultimate load as shown in Fig. 48, but with a 38% increase in the maximum strain
attained by specimen 1A 20-H100-F260.
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Figure 44: Load-strain curves of CFRP for Group 4 specimens
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Figure 45: Load-strain curves of CFRP for Group 5 specimens
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Figure 46: Load-strain curves of CFRP for Group 6 specimens
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Chapter 5. Discussion of Results

This chapter presents and discusses the experimental resultsin terms of flexural
strength and ductility. The anchored specimens are evaluated in relation to the
unstrengthened specimen and unanchored specimens. Furthermore, the flexurad

capacity and ductility are compared between specimens in each group.

5.1. Flexural Strength

A summary of the test results in terms of yield strength, ultimate and final
strength, and their corresponding midspan deformation is presented in Table 6. To have
amore valuableinsight into the effectiveness of each anchorage scheme, the percentage
increase in the ultimate load with respect to the control unstrengthened and the
unanchored beams were calculated and presented in Fig. 48, respectively. In addition,
the percentage of strain utilization isillustrated in Figs. 49. The results reported in this
section are thoroughly discussed and analyzed in the following subsections.

5.1.1. Effect of strengthening

It was revealed from the presented results that strengthening RC beams with
CFRP laminates enhanced the flexural capacity and significantly increased the stiffness
of the strengthened beam. Strengthening without anchors lead to a percentage increase
in the ultimate load of 24% compared to the control beam as shown by Fig. 48.
However, abrittle failure for the unanchored beam was reported in the form of sudden
concrete cover separation which prevented the utilization of the full strengthened beam
flexura capacity. From Fig. 49, it isdiscernible that the maximum attained strainin the
CFRP laminates was only 27% of the CFRP rupture strain.

5.1.2. Effect of anchorage

Anchorage of the CFRP laminates using CFRP splay anchors resulted in a
noticeable improvement in the flexural behavior of strengthened RC beams. Fig. 48
illustrates the extent of enhancement in the ultimate load carrying capacity with respect
to the unstrengthened and unanchored beams. All anchored beams exhibited a higher
percentage increase in the flexural strength compared to the unanchored beam. The
ultimate load surged in the range of 12% to 53% in comparison with the unanchored

specimen. It can also be shown that the level of strain utilization (euderp ) for al
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anchored specimens exceeded the counterpart value of the unanchored beam. In
addition, the behavior of the maority of the anchored beams at failure was more
favorable than the unanchored one. Although the falure was in the form of
delamination, the anchors prevented the compl ete and abrupt separation of the concrete

cover.
Table 6: Summary of the test results
. . Py 8y Pu 8u Pf 6f
Designation | Ny | (mm) | (kN) | (mm) | (kN) | (mm) | o
B 86.70 9.88 100.28 | 24.65 | 91.30 | 29.29 -
BU 95.80 6.49 123.97 | 10.12 | 99.17 | 10.12 | 0.003013

A14-H80-F120 | 108.2 | 10.70 | 138.60 | 10.70 | 110.88 | 10.70 | 0.003329

A14-H80-F180 | 90.96 6.75 | 14463 | 16.76 | 115.70 | 9.60 | 0.008135

A14-H100-F180 | 12350 | 8.67 | 14595 | 13.95 | 116.76 | 13.95 | 0.008066

4A14-H80-F120 | 11053 | 9.44 | 141.30 | 16.49 | 113.04 | 16.49 | 0.010905

4A14-H100-
F180

A20-H100-F260 | 1085 | 9.18 | 173.28 | 16.53 | 138.62 | 16.53 | 0.005748

11144 | 877 |160.63 | 1511 | 12.09 | 15.11 | 0.006916

A20-H120-F260 | 112.65| 8.02 | 172.27 | 1541 | 137.82 | 15.41 | 0.006165

A22-H140-F280 | 123.80 | 9.30 | 175.75| 1545 | 140.60 | 17.03 | 0.005596

A22-H160-F280 | 131.80 | 9.07 | 178.35| 14.21 | 142.68 | 14.21 | 0.004336

A22-H140-F220 | 126.50 | 9.69 | 174.24 | 13.94 | 139.39 | 13.94 | 0.004139

A24-H120-F300 | 116.80 | 7.47 | 177.54 | 15.09 | 142.03 | 15.09 | 0.005892

A24-H150-F260 | 118.3 857 | 17841 | 16.76 | 142.73 | 16.76 | 0.003887

A24-H150-F300 | 116.3 7.03 | 190.26 | 16.63 | 152.21 | 16.63 | 0.005332

|A1|4:1i;|éoo- 106.1 | 7.74 | 155.31| 12.63 | 124.25 | 12.63 | 0.003936
'Azgégéoo' 10341 | 6.98 | 152.53| 11.37 | 122.02 | 11.37 | 0.005459
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Figure 49: Percentage of strain utilization

5.1.3. Effect of anchor dowel diameter
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In this study, four dowel diameters were considered: 14, 20, 22, and 24 mm.
The study is intended to investigate the behavior of strengthened RC beams and
anchored with large diameter anchors, namely 20 mm and above. The specimens
anchored with 14 mm diameter were tested for the purpose of comparison. A
conspicuous trend is detected in Fig. 48 where increasing the dowel diameter resulted
inanincreaseintheflexural load carrying capacity. Increasing the dowel diameter from
14 to 20 mm resulted in an average raise in the ultimate load from 46% to 74%
compared to the control beam. Beams anchored with 22- and 24-mm diameter anchors
averaged apercentage increase of 76% and 82%, respectively. Onthe contrary, smaller
diameter anchors are in favor of larger diameters regarding the degree of strain
utilization and the maximum strain attained in the CFRP laminates. This is clearly
depicted in Figs. 49. In regard to the performance at failure, there was no clear trend
associated with the anchor dowel diameter. Overal, increasing the dowel diameter
resultsin increasing the flexural load-carrying capacity but adversely affects the strain
in the CFPR laminates at ultimate |oads.

5.1.4. Effect of embedment depth

The effect of anchor’s embedment depth on the flexural response of
strengthened RC beamswas explored in this study. For each dowel diameter, two values
of embedment depth were tested. As mentioned earlier, the embedment depth was
designed according to the common practicesin the field as avalue greater than or equal
to six times the anchor diameter (6d, ). Also, lesser values of embedment depth than
the limit were investigated to check if the limit is critical for the development of
adequate flexura strength. Therefore, for anchor diameters 14 and 22 mm, two values
of the embedment depth were tested, one equals the limit and the other equalsto 5d,, .
For anchor diameters of 20 and 24 mm, the two values of embedment depths included
one that equals the limit, and the other is equa to 7d,. In Fig. 50, the percentage
increase in the ultimate load with respect to the control specimen was plotted against
the embedment depth where each series was classified according to the dowel diameter.
In addition, the results of the percentage increase in load capacity for each embedment
depth limit were plotted against the anchor’s dowel diameter in Fig. 51. A marginal
effect of the embedment depth is observed in three groups (14, 20, and 22). Whereas a
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linear increase in the flexura capacity is deducted from Fig. 51 for the beams anchored
with anchors of 24 mm diameter when raising the embedment depth from 5da to 6da.
Thus, it can be concluded that the anchor’s embedment depth has no clear effect on
increasing the capacity of strengthened RC beams.
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Figure 50: Effect of embedment depth for different groups
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5.1.5. Effect of fan length

The anchor fan length effect was investigated in this study by varying the fan
length for each anchor dowel diameter. Hence, two fan lengths values were tested for
anchors with diameter 14, 22, and 24 mm, respectively. It was mentioned previously
that there are no available models in the literature that incorporate the fan length.
Therefore, ACI440.2R-17 equation of the minimum development length of FRP [48]
was conservatively used to caculate the anchor fan lengths. The other investigated
value is less than the calculated by 60 mm. Fig. 52 shows the percentage increase in
ultimate load versus the fan length. A linear increaseis detected between the two values
of thefan lengthsin two groups. The remaining group (22 mm diameter anchor) showed
almost no increase in the ultimate load when the fan length was increased. Moreover,
the strain utilization percentage is plotted for both fan lengths values for al diameters
in Fig. 53. It can be detected that going below the value calculated by ACI1440.2R-17
equation of the minimum development Iength of FRP results in a decrease in both the
ultimate load and the maximum strain utilized by the laminates. Hence, the limit can be

considered adequate for the effective development of FRP splay anchorsin flexure.
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Figure 52: Effect of fan length in different groups
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5.1.6. Effect of insertion angle
Two strengthened specimens with 45 inclined anchors of diameters 14 and 20

mm were tested and compared to their counterparts that have vertical insertion angles.
The comparison is shown in Figs. 54-55. One group showed a higher ultimate load for
the inclined anchor compared to the vertical one. However, the failure observed for
both of the beams having inclined anchors was unfavorable as mentioned in the failure
modes section. An abrupt separation in the concrete cover occurred that was even more
brittle than the unanchored beam. Moreover, drilling inclined holes for large-diameter
anchors in flexure is impractical since there is a high chance that the drill will be
obstructed by asteel bar or asted stirrup dueto inaccuracy in placing the reinforcement
during construction. Therefore, it is not recommended to use inclined anchors in

strengthened RC beams for flexure.

5.1.7. Effect of the number of anchors

The effect of the number of anchors was explored in this study. Two
strengthened beams were anchored with 2 FRP anchors at each end and compared with
another two beams having one anchor at each end, with the same diameter, embedment
depth, and fan length for each anchor. In terms of the flexural capacity, one beam with

4 anchors showed a superior increase in the ultimate |oad compared with the rest of the
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beams in the group. The other beam having 4 anchors showed an amost similar
response to its counterpart. Conversely, this beam had an ultimate strain in the CFRP
laminates that is very close to the rupture strain. As shown previously, the behavior of
beams with 4 anchors at failure was the most favorable failure behavior among al the
tested beams. Overall, it can be concluded that increasing the number of anchors can
have a positive effect in controlling the brittle failure of strengthened beams and
increasing the utilization of FRP strength.
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Figure 54: Effect of insertion angle

5.1.8. Effect of anchor’s areato sheet’s arearatio (ASR)



The ratio of the anchor’s area to the sheet’s area (ASR) was examined in this
study. In Fig. 55, the percentage increase in the ultimate load was plotted against the
ASR value of each specimen. It is observed that beams with the same ASR ratio showed
different flexural capacity. Similarly, beams with different ASR exhibited similar
ultimate loads. Therefore, it can be deduced that the ASR ratio has no direct influence

on the behavior of anchored beams.
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Figure 55: Effect of ASR ratio

5.2.  Ductility

The ability of reinforced concrete (RC) beams to deform without breaking or
losing strength when subjected to applied loads is referred to as ductility. This
characteristic is crucia in structural engineering because it enables RC beams to
withstand high levels of strain and stress without breaking. The ductility index, also
known as the ratio of the ultimate deformation to the yield deformation (8y/du), is
frequently used to measure ductility in RC beams. This variable serves as a gauge of
the beam's ability to absorb energy during deformation. Because of itsrole in ensuring
that the beam can resist high levels of stress and strain brought on by variables like
seismic activity, wind loads, and traffic loads, ductility isacrucia design featurein RC
beams. Moreover, ductility enables the beam to experience some deformation prior to

failure, providing time for inhabitants of a structure to fleein case of emergency.
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Table 7 shows test results in terms of deformation at yield (8y), deformation at
ultimate load (6u), and deformation at fina load (81). To further illustrate the
comparison, ductility indices were plotted in Fig. 56. Also, the percentage decrease in
the ductility index for each specimen with respect to the control beam was calculated
and plotted in Fig. 57 It can be observed that the data do not exhibit a discernible trend.
For instance, the ductility of larger dowel diameter anchors is comparable to smaller
diameter anchors. Moreover, when the embedment depth or fan length was increased
for the group of anchors having the same diameter, the ductility slightly increased for
some specimens and decreased for others. The group that showed enhanced ductility in
comparison with the unanchored specimen (BU) is group 6 (beams anchored with 24
mm diameter anchors). These specimens averaged only a 15.3% decrease compared to
BU which showed a 37.5% decrease in the ductility index.

Table 7: Deflection vaues and ductiltiy results

Group | Designation oy éu of uu Y%ouu
B 0.88| 24.658 | 29.29 2.50 | -
1 BU 6.49 10.12 10.12 1.56 37.5

A14-H80-F120 10.70| 10.70| 10.70 1.00 59.9
A14-H80-F180 6.75| 16.76| 16.76 2.48 05
2 A14-H100-F180 867 | 1395| 13.95 161 35.6
4A14-H80-F120 944 | 1649 1649 1.75 30.0
3 4A14-H100-F180 | 8.77| 1511 | 1511 1.72 30.9
A20-H120-F260 9.18 | 15.407 | 15.407 1.92 32.8
4 A20-H100-F260 8.02 | 16.536 | 16.536 1.80 174
A22-H140-F280 9.30 | 15453 | 17.034 1.66 33.4
A22-H160-F280 907 1421 1421 1.57 37.2
5 A22-H140-F220 9.69 | 13.941| 13.941 144 42.4
A24-H120-F300 747 15.09| 15.09 2.02 19.1
A24-H150-F260 858 | 16.76| 16.76 1.95 21.7
6 A24-H150-F300 703| 16.63| 16.63 2.37 5.2
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Chapter 6. Analytical Predictions

This chapter presents a comparison of the experimental results with respect to
theoretical predictions obtained from current design codes of practice. The first section
discusses the flexural strength, and the second section compares the ultimate strain in
the CFRP laminates to different proposed models of the debonding strain from design

codes and literature.

6.1. Flexural Strength

In this section, the flexural strength was calculated for each tested beam
specimen and compared to the experimental ultimate |oad obtained from the tests. The
flexura strength of the unstrengthened control specimen (B) was evaluated in
accordance with ACI-318 [55]. Hence, the predicted val ue of the ultimate flexural oad-
carrying capacity was found to be 94.54 kN, compared to the experimental value of
100.3 kN. Denoting a 5.7% difference between the experimental and predicted values.

For strengthened specimens, the predicted values of flexural strengths were
calculated in accordance with ACI-440.9R-15 [48], fib14 [56], and CSA-S806.12 [57].
Since the properties, dimensions, and number of FRP sheets are similar in all
specimens, only two values of the predicted flexural strength are calculated from each
design code. Oneis for the strengthened unanchored specimen and the other is for the
rest of the anchored specimens because the current design codes do not take into
consideration the specific effect of anchors with respect to their design properties.
Therefore, the calculation of the flexural strength of anchored specimens was based on
the assumption that the strengthened beam will reach the debonding phase. Theratio of
the experimental ultimate load to the (Puexp) to the predicted ultimate load (Pured))
was calculated for each specimen and presented in Table 8. A better illustration of the
comparison resultsis presented in Fig. 58, where Pyexp)/Purred) Cal culated in accordance

with the three codes for each specimen is plotted.

The predictions of CSA codefor larger diameterswere close to the experimental
values. The highest percentage difference among anchored specimens was 20.1%

between the predicted and experimental values of the strength.
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Table 8: Comparison between predicted and experimental flexural strength

Puexp)/ Pu(red)
Beam Pues) [ ~ACI240 (48] | fib 14 [56] | CSA [57]
BU 124.0 1.14 1.06 0.98
A14-H80-F120 138.6 1.27 0.91 0.78
A14-H80-F180 144.6 1.32 0.95 0.82
A14-H100-F180 145.9 1.34 0.96 0.83
4A14-H80-F120 141.3 1.29 0.93 0.80
4A14-H100-F180 160.6 1.47 1.06 0.91
A20-H100-F260 173.3 1.59 1.14 0.98
A20-H120-F260 172.3 1.58 1.13 0.97
A22-H140-F280 175.7 1.61 1.16 0.99
A22-H160-F280 178.4 1.63 1.17 1.01
A22-H140-F220 174.2 1.60 1.15 0.99
A24-H120-F300 177.5 1.63 1.17 1.00
A24-H150-F260 178.4 1.63 1.17 1.01
A24-H150-F300 190.3 1.74 1.25 1.08
1A14-H100-F180 155.3 1.42 1.02 0.88
1A20-H100-F260 152.5 1.40 1.00 0.86
2.00
1.80
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Figure 58: Comparison between the experimental and predicted flexural

strength
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It can be observed from Fig. 58 that ACI-440 and fib14 predictions were very
close to each other. For larger diameter anchors (20, 22, and 24 mm), they
conservatively predicted the strength of the anchored specimens. The mean value of
Pu(exp)/Pu(pred) ratio was 1.15 and 1.17 for ACI440, and fib14, respectively. In general,
ACI440-A and FIB-A provided conservative values of flexura strength for anchored
beams. They also underpredicted the strength of the unanchored specimen. A difference
of 12.0, and 6.1% is recorded between experimental and predicted ultimate load by
ACI440 and fib14, respectively.

6.2. Strainin the CFRP laminates at failure

It is widely known that the dominant failure mode of externally bonded FRP
laminates strengthening system is the premature debonding of the FRP from concrete.
This type of failure prevents the FRP composite from utilizing its ultimate strength.
Therefore, FRP rupture strain is rarely reached since the debonding strain at which the
FRP sheet is separated from concrete is significantly lower. Hence, design codes
specify debonding strain to predict the actual strength that the member would reach
when debonding occurs. In this section, the maximum experimentally attained strains
in the CFRP laminates for each specimen are compared with predicted strain from the
current design codes and models in the literature, as explained in Chapter 3.Table 8
shows the strains calculated in accordance with ACI-440.9R-15 [48], fib14 [56], and
CSA-S806.12 [57], and two modelsin theliterature: Alsammari & Brena[47], and Zaki
et. a. [49]. It should be noted that three different values were calculated for the strain
from fib 14, since the code distinguishes between debonding strain (FIB-D), strain at
delamination (FIB-DEL), and predicted strain in the case of properly anchored
laminates (FIB-A). Also, the equation of the debonding strain in Alsammari & Brena
[47] isinterms of the anchor’s dowel diameter. Therefore, one value was calculated for
each anchor depending on its diameter (A14, A20, A22, A24). Fig. 59 illustrates the

comparison between predicted and experimental strain values.

Table 9: Calculated strain values from previous models

Design Code/ Model Edeb (Mm/mm)
ACI-440.9R-15 [48] 0.0099
fib14 [56], Debonding (FIB-D) 0.00619
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fib14 [56], Delamination (FIB-DEL) | 0.005574

fib14 [56], Anchored laminates (FIB-A) | 0.009958

CSA-S806.12 [57] 0.007
Alsammari & Brena[47] A14: 0.01034
A20: 0.01043
A22:0.01045
A24:0.01048
Zaki et. al. [49]. 0.01099

It can be observed from Fig. 59 that ACI-440 provided close predictions only
for two beams out of the 15 anchored specimens. Theratios of the ultimate strain to the
predicted debonding strain (eulveden) Were as close as 0.93 and 1.25 for beams A14-
H100-F180, and 4A14-H80-H120, respectively. Theratio for the rest of the specimens
ranged between 0.38 to 0.8. Indicating that the predicted strain is much higher than the
actual strain that could be reached in the CFRP laminates. On the contrary, fib1l4
equation for debonding strain isfound to be less than the ultimate strain in 8 specimens,
with an average of the ratio (guiedeb) to be 1.245. Since the majority of the specimens
failed by delamination, fib14 equation for delamination provided more accurate results.
The lowest euiveder Was recorded for specimen A14-H80-F120, which was 0.6. The
highest value for euiveden corresponded to specimen 4A 14-H80-H120, which was 1.96.
The average value of predicted euiveden for all of the anchored specimens was 1.002.
This indicates that fibl4 equation for delamination (FIB-DEL) provided close
predictions to the actual obtained strain in the CFRP laminate. However, fibl4
predictions for the debonding strain of properly anchored laminates (FIB-A) are
significantly higher than the strain in the majority of specimens. Indicating that this
value is overestimated and there should be further investigation into the prediction of
thisvalue. Other modelsfrom theliterature showed overestimated values of the ultimate
strain, especialy for larger diameter anchors (20,22, and 24 mm). The mean value of
eulveden for larger diameters is found to be 0.561 and 0.534 according to Al sammari
and Brena[52], and Zaki et al. [54], respectively.
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Figure 59: Comparison of ultimate strain to calculated debonding strain from
previous models

In Fig. 60 (a-€), the ratio of the ultimate strain to the debonding strain (eult/edeb)
calculated by design codes mentioned above is plotted according to each group
separately. It can be deduced that fib14 provided close predictions of the ultimate strain
in the CFRP laminate for large-diameter anchors. Whereas ACI-440 and CSI
overestimated the ultimate strain at which debonding/delamination strain takes place.
Moreover, the predictions calculated by the codes herein are for unanchored laminates
(except for FIB-A, as mentioned previously). Given that the ratio of the actual ultimate
strain to the predicted debonding strains for most of the specimens were below 1, the
anchors did not enhance the strain at which the laminate detaches from concrete.
However, it improved the strength and the overall behavior of the strengthened beams.

Moreover, it is noticed that specimens with larger fan length anchors showed dlightly
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higher eui/eder values which emphasizes on the effect of having adequate anchor’s fan

length.
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Chapter 7. Summary and Conclusions

7.1. Summary

Fiber-reinforced polymers (FRP) have a proven strength enhancement
capability when installed into Reinforced Concrete (RC) beams. However, the load-
carrying capacity of strengthening systemsislargely sacrificed dueto the brittlefailure
associated with FRP composites. The use of carbon fiber-reinforced polymers (CFRP)
splay anchors was proposed to mitigate debonding and enhance the capacity of
strengthened beams. Research related to the design parameters of CFRP splay anchors
has been widely active in the past few years. However, few studies were directed
towards the flexural behavior of RC beams anchored with large CFRP splay anchors,
specifically, anchors with a diameter of more than 14 mm. Further, the use of FRP
anchors in rehabilitation projects is till limited due to the lack of guidance on their
designintheexisting guidelines. To bridge thisresearch gap, atotal of seventeen beams
were cast and externally strengthened with CFRP laminates in flexure. Fifteen beams
were anchored with anchored with different configurations of CFRP splay anchors. The
parameters investigated in this study are anchor’s embedment depth, fan length, number
of anchors, and insertion angle. Four-point bending test was performed on all
specimens. The behavior of the specimensin terms of |oad-deflection, flexura strength,
strain in the CFRP laminates, and ductility of the specimens was studied and discussed.
Furthermore, the flexural strength and expected debonding strain were predicted using
current design codes of practice, namely ACI-440.9R-15 [48], fib14 [56], and CSA-
S806.12 [57], and two models in the literature: Alsammari & Brena [47], and Zaki et.
al. [49].

7.2. Conclusions

The study's primary conclusions are based on the experimental findings and

theoretical predictions, and they are asfollows:

1. The anchorage of CFRP laminates with CFRP splay anchors positively
affected the flexura capacity of the specimens. It increased the load-

carrying capacity in the range of 38-90% compared to a control
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unstrengthened specimen and 12-53% compared to unanchored
strengthened specimen, respectively.

. Themode of failurein the mgjority of specimenswas delamination/concrete
cover separation. The use of CFRP anchors delayed the delamination and
improved the behavior of the beams at failure.

. The effective strain in the CFRP laminates was increased by CFRP splay
anchors. The average percentage of strain utilization in anchored beams was
51% compared to 27% strain utilization in the unanchored beam. The
percentage of strain utilization in anchored specimen ranged from 30% to
99%.

Increasing the dowel diameter resulted in an increase in the flexural load
carrying capacity. The percentage increase in the flexural strength of beams
anchored with larger diameter (20, 22, and 24 mm) ranged between 74-82%
compared to an average of 46% exhibited by the beams anchored with 14
mm diameter anchors.

. The anchor’s embedment depth had a marginal effect on the flexura
strength of anchored specimens. The investigated embedment depth values
were 5da, 6da, and 7d; where da is the anchor’s dowel diameter.

. ACI440.2R-17 equation of the minimum development length of FRP can be
considered adequate for the effective development of FRP splay anchorsin
flexure. Going below the value calculated by ACI440.2R-17 equation
results in a decrease in both the ultimate load and the maximum strain
utilized by the laminates.

. Thefailure observed in specimens having inclined anchors was unfavorable.
An abrupt separation in the concrete cover occurred that was even more
brittle than the unanchored beam. Moreover, drilling inclined holes for
large-diameter anchors in flexure isimpractical since thereis ahigh chance
that the drill will be obstructed by a steel bar or a steel tirrup due to
Inaccuracy in placing the reinforcement during construction. Therefore, itis
not recommended to use inclined anchors in strengthened RC beams for

flexure.
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8. Increasing the number of anchors has a positive effect on controlling the
brittle failure of strengthened beams and increasing the utilization of FRP
strength.

9. The percentage decrease in the ductility index of most of the anchored
specimens compared to the control beam was comparabl e to the unanchored
beam. However, some of the specimens showed improved ductility.

10. Themean value of the experimental to predicted ultimateload ratiowas 1.15
and 1.17 according to ACI440, and fibl4 guidelines for strengthened
(unanchored) beams, respectively. In general, ACI440 and fib14 provided
conservative values of flexural strength for anchored beams. They also
conservatively predicted the strength of the unanchored specimen. A
difference of 12.0, and 6.1% is recorded between experimental and
predicted ultimate load by AC1440 and fib14.

7.3.  Suggested Future Research work

The following proposed topics could be addressed in future research:

e Examining a wider range of parameters that affect the effectiveness of
FRP splay anchors on the flexural strength of strengthened RC beams.

e |Investigating more values of the design parameters of FRP splay anchors
to develop design equations that include the contribution of anchorage.

e Studying the behavior of anchored strengthened specimens under
different loading conditions, namely, seismic, fatigue, and severe
environmental conditions.

e Develop accurate models that include the effect of anchorage on strain

utilization and flexural strength enhancement.
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