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Abstract

Advanced composite materials in the form of fiber-reinforced polymer (FRP) have been gaining popularity in the construc-
tion industry. One of the main challenges of using externally bonded FRP in repair and strengthening applications is its
susceptibility to peeling-off or delamination without achieving the full capacity of the FRP material. Anchoring the FRP
laminates has been deemed effective in delaying debonding failure, thus ensuring load continuity between the concrete and
FRP. This paper aims to study the effect of two anchorage systems on the strength and ductility of reinforced concrete (RC)
beams strengthened with carbon FRP (CFRP) laminates. The anchors considered in this study were end U-wraps and CFRP
spike anchors. A total of seven RC beams were cast and strengthened with different arrangements of CFRP laminates and
anchors. The test parameters investigated in this study include the length of the FRP sheet, type of anchor, and the number
of CFRP spike anchors. Test results showed that flexural strengthening using CFRP laminates enhanced the capacity of the
unstrengthened beam by 16-41% at the expense of ductility. Using full-length CFRP sheets significantly improved the overall
performance of the beams as opposed to short-length CFRP sheets. Out of the anchored specimens, the best improvement in
the capacity was achieved in the specimen anchored with end U-wraps. CFRP spike anchors provided limited enhancement
in the load-carrying capacity of the specimens. The efficiency of the spike anchors could be upgraded if longer embedment
depth and larger dowel diameter were used. Finally, the ACI440.2R-17 strength predictions were in good agreement with
the experimental results.

Keywords Carbon fiber-reinforced polymers - Reinforced concrete - Flexural strengthening - U-wraps - FRP spike anchors

1 Introduction

Aging and deterioration of the infrastructure is a major
challenge in the civil engineering industry. Factors such as
design or construction errors, corrosion of the embedded
reinforcement, changes in the structure usage, and seismic
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retrofit have made strengthening existing reinforced concrete
(RC) structures essential [1-4]. Within the past few dec-
ades, new technology has emerged using fiber-reinforced
polymers (FRPs) to refurbish and retrofit RC structures. The
advantageous basic properties of these materials, includ-
ing high strength-to-weight ratios, non-corrosiveness, and
electro-magnetic neutrality, have made FRP composites suit-
able materials for strengthening and rehabilitation of RC
structures [5—8]. In addition, the continuous reduction in its
cost due to mass production resulted in making FRP-based
strengthening and rehabilitation techniques economically
competitive.

Externally bonded FRP sheets/laminates have been suc-
cessfully utilized to enhance the flexural and/or shear capac-
ity of RC beams [9-12], provide confinement to RC columns
[13, 14], and strengthen walls subjected to out-of-plane and
in-plane loading [15, 16]. However, the effectiveness of the
FRP retrofitting technique depends mainly on the stress
transfer performance and the strength of the FRP—concrete
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interface. Early failure at the interface typically causes
delamination at the epoxy—concrete interface or debonding
at the epoxy—FRP interface. In both cases, the FRP becomes
ineffective once it separates from the concrete [17-20].

To improve the performance of FRP strengthened mem-
bers, recent studies have addressed numerous ways to miti-
gate or prevent debonding failure, out of which anchoring
the laminates have shown promising results [21-26]. The
primary role of the anchors is to provide load continuity
between the FRP and concrete after local debonding [11].
This could be accomplished either by providing confinement
to the laminates, such as U-wraps, or by redistributing shear
stresses at the bond interface, such as mechanical anchors or
FRP spike anchors.

Although a notable amount of experimental research has
been conducted to examine the effect of different anchor-
age systems on the flexural capacity of FRP strengthened
members [27-31], guidelines and models for the effective
strain of anchored FRP laminates were not fully defined in
the literature. Accordingly, extensive testing is still needed to
examine the effect of several parameters on the performance
of externally strengthened beams with anchors. A study by
Valivonis et al. [28] showed that the capacity enhancement
due to strengthening depended mainly on the anchorage
system. Anchoring the laminates with carbon FRP (CFRP)
hoops at the end of the flexural CFRP sheets provided better
flexural capacity enhancement than the unanchored strength-
ened specimen and the specimen anchored with cotters by
40% and 35%, respectively. Overall, the efficiency of the
anchors was evident only after the yielding stress of the
internal steel reinforcement was attained [28]. In a recent
study by Zhang et al. [32], the authors studied the effect of
the U-wrap spacing, FRP reinforcement ratio, and concrete
compressive strength on the flexural capacity of RC T-beam
specimens. Experimental results study showed that increas-
ing the flexural reinforcement ratio from 0.95 to 1.29% led to
a 48% enhancement in the ultimate load. On the other hand,
the concrete compressive strength and U-wrap spacing had
a marginal influence on the strength resistance. Nonetheless,
reducing the U-wrap spacing increased the stiffness of the
beam, which delayed the cracking of the concrete [32].

Similarly, a series of experimental investigations were
conducted to test the effectiveness of FRP spike anchors
[33-39]. In a study by Zaki et al. [40], the authors examined
flexural strengthening of RC T-beams using CFRP laminates
and different configurations of CFRP spike anchors. The
experimental results showed that increasing the fiber content
in the anchors caused better enhancement in the capacity. In
addition, more and closely spaced anchors performed better
than fewer and further apart anchors [40]. In another study
by Kim et al. [41], the authors tested ten RC beams to inves-
tigate the effectiveness of CFRP spike anchors and U-wrap
anchors. Test results showed that U-wraps performed
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inferior to the CFRP spike anchors as the U-wraps did not
provide a force component in the direction of the main CFRP
sheet. The effect of the U-wraps was similar to the CFRP
anchors only when one layer of flexural CFRP sheet was
used. Overall, the best strength enhancement was provided
when CFRP anchors were installed on the U-wraps and main
CFRP sheet [41].

2 Research significance

The effectiveness of the FRP retrofitting technique is hin-
dered by the early debonding failure of the FRP laminates,
which limits the utilization of the FRP tensile strength.
To prevent or rather delay debonding, an anchorage sys-
tem comprising FRP U-wraps could be used to confine the
flexural FRP reinforcement. Such a system works relatively
well, provided that the surface of the concrete is undam-
aged and is able to transfer the resulting stresses. However,
this method may not be feasible if the concrete surface is
weathered and/or damaged, which results in an improper
bond between the FRP and the concrete. Furthermore, the
U-wraps cannot be implemented in wide structural ele-
ments, such as slabs. For the aforementioned reasons, it
may be more appropriate to use FRP spike anchors that can
be embedded inside the concrete. Despite the numerous
research on FRP strengthening systems, accurate models for
determining the capacity gained by anchoring FRP laminates
in flexure are limited. In addition, the comparison between
different anchorage systems such as U-wraps and various
FRP spike anchors arrangements has rarely been conducted.
This study addresses the research gap via testing seven RC
beam specimens under four-point bending tests. The effect
of influential test variables, including anchor type, FRP rein-
forcement ratio, length of the FRP sheet, and the number and
configuration of FRP spike anchors, were discussed and ana-
lyzed. Based on the experimental results, recommendations
for improving the developed and tested anchorage systems
are proposed.

3 Experimental program
3.1 Test specimens

A total of seven RC beams were designed and cast in one
batch using self-consolidating concrete (SCC). Each beam
was 1840 mm long, 120 mm wide, and 240 mm deep, as
shown in Fig. 1. The top/bottom and side covers were 25 and
15 mm, respectively. The beams were heavily reinforced in
shear with @8 mm stirrups spaced at 80 mm center-to-center
to force flexural failure. The U-wraps, which are intended for
anchoring the flexural CFRP, will further enhance the shear
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Fig. 1 Beam reinforcement
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strength of the beams. However, they were not included in
the shear design since not all beams have U-wraps. The bot-
tom flexural reinforcement comprised two @10 mm steel
bars located at a depth of 202 mm from the extreme com-
pression fiber of the beam, as shown in Fig. 1. In addition,
two @8 mm steel bars located at a depth of 38 mm were used
to hold the stirrups.

3.2 Material properties
3.2.1 Concrete

All beam specimens were cast in a ready-mix plant with
self-consolidating concrete (SCC). The concrete mix com-
prised ground granulated blast-furnace slag (GGBS), mul-
tiple chemical additives, super-plasticizer, and silica fume.
The concrete had a w/c ratio of 0.36 and density of 2459 kg/
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m’. During casting, a total of sixteen 4 x 8 standard cylin-
ders (height: 200 mm and diameter: 100 mm) were cast and
cured under the same conditions as the test beams. All six-
teen cylinders were tested at 28 days (testing week), eleven
cylinders were tested under compression in accordance with
ASTM C39/C39M-18 [42], and five cylinders were tested
for tension strength using the split cylinder test in accord-
ance with ASTM C496/C496M-11 [43]. In addition, twelve
cubes were tested under compression in accordance with
BS 1881-116: 1983 [44]: Four cubes were tested at 4 days
of concrete casting, four cubes at 28 days, and four cubes at
56 days. The average results of the accepted samples of all
tests are summarized in Table 1.

As shown in Table 1, the cylindrical concrete compres-
sive strength ( fc’) was 44.6 MPa. The calculated tensile
strength presented about 9.6% of f. In addition, the cylin-
drical compressive strength was 58% of the cube strength.

Table 1 Concrete mechanical

properties Sample Material property Days Average (MPa) SD (MPa) COV (%)
Cylinders Compressive Strength (MPa) 28 44.6 1.7 3.7
Tensile Strength (MPa) 28 4.3 0.6 13.0
Cubes Compressive Strength (MPa) 4 59.9 33 5.5
28 77.0 1.3 1.7
56 79.5 4.0 5.0

SD standard deviation, COV coefficient of variance
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Since all beams were tested between 28 and 56 days, and the
increase in strength within this time period was only 3.2%
(77 to 79.5 MPa), the 28-day strength values were used in
the analysis. 3.2.2 Steel.

Three samples of 8 mm and 10 mm steel bars were tested
under tension in a universal testing machine (UTM) to
obtain the mechanical properties of the reinforcement bars.
Test results in terms of average yield stress (f), strain at
yield (e,), ultimate strength (f,), and modulus of elasticity
(E,) are summarized in Table 2.

3.2.2 CFRP sheets and epoxy

Unidirectional carbon fiber fabric was used in this project
to prepare the CFRP sheets and anchors (SikaWrap-300C
[45]). The CFRP sheets and anchors were impregnated with
Sikadur-330 [46] two-part epoxy adhesive. Table 3 shows
the mechanical properties of the CFRP dry sheet, laminate,
and epoxy adhesive as provided by the manufacturer.

3.3 Test matrix

Seven RC beams were tested to investigate different con-
figurations of CFRP sheets and anchors simulating an FRP-
strengthened structure. All specimens had similar CFRP
width of 120 mm. The test parameters included the length of
the CFRP reinforcement, the presence or absence of anchor-
age system, type of anchors, and the number of anchors. The
test matrix is summarized in Table 4. Beam designations
are explained as follows: CB: control beam, SB: strength-
ened beam, Sh: sheet, F: full-length, S: short-length, U: end
U-wraps, A: CFRP spike anchors, and the number preceding
A: number of anchors.

As shown in Table 4, two specimens have unanchored
CFRP laminates to serve as control specimens for the
anchored ones. One specimen was strengthened with

Table 2 Steel bars mechanical properties

Table 4 Test matrix

Beam designa-  Length of Anchorage Num-
tion CFRP sheet - ber of
(m) End U-wraps CERP anchors
spike
anchors
CB - - - -
SB.Sh.S 1.0 - - -
SB.Sh.F 1.69 - - -
SB.Sh.S-U 1.0 v v 2
SB.Sh.S-2A 1.0 - v 2
SB.Sh.S-3A 1.0 - v 3
SB.Sh.S-4A 1.0 - v 4

full-length CFRP laminates covering the entire shear span,
while the other specimen was partially strengthened cover-
ing 40% of the shear span (1.69 m and 1 m, respectively).
One beam was strengthened with CFRP laminate that was
anchored with a layer of 200 mm wide end U-wraps. Fig-
ure 2 shows the strengthening configuration of specimens
SB.Sh.S, SB.Sh.F, and SB.Sh.S-U.

Three RC specimens were strengthened with CFRP
laminates anchored with CFRP spike anchors. The length
of the CFRP sheets of 1 m and hole diameter of 10 mm for
the spike anchor were kept constants for all specimens. In
addition, the anchor diameter, anchor embedment depth,
and splay length were 8 mm, 40 mm, and 60 mm respec-
tively, for all the beams. The anchor diameter of 8 mm
was chosen to fit in the 10 mm diameter hole. The 10 mm
diameter hole is typical in this strengthening technique.
The 40 mm embedment depth was chosen to be 4 times the
hole diameter. The splay length has been taken as 60 mm
to establish the required fan angle and cover the sheet
width. The variable tested was the number of anchors. In
future research, the anchor diameter, anchor depth, and
splay length should be varied to study their effects. Fig-
ure 3 shows the dimensions and location of the drilled
holes for all CFRP anchor configurations. As seen from
Fig. 3, all holes were drilled at the center of the laminate

Bar diam-  f, (MPa) &, (mm/mm) f,, (MPa) E, (GPa) : )
eter (mm) ’ width at a distance of 50 mm from both ends of the CFRP
laminate.

8 618+10.7  0.0035+0.0001 683+4.3 193+2

10 621+17.0 0.0041+0.0002 731+15.8 182+8

Table 3 Mechanical prope.rties Material Density Thickness (mm) Tensile strength Elastic modulus = Strain

of dCFRP she(:ﬁ:, (?FRP laminate, (MPa) (MPa) at break

and epoxy adhesive %)
CFRP sheet 1.82 g/em? 0.167 (dry) 4000 230,000 1.70
CFRP laminate 0.167 (nominal) 3200 210,000 1.59
Epoxy adhesive 1.40 kg/l 30 4.5 0.90
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Fig.2 Strengthening detailing

3.4 Strengthening procedure

Prior to applying CFRP material, the beams surfaces were
conditioned by using a steel-disk mechanical grinder to
grind off any uneven spots, as demonstrated in Fig. 4(a).

120 mm
b-b

(¢) SB.Sh.S-U

Holes for the spike anchors were then drilled to the design
depth of 40 mm using an electrical drill at pre-specified
locations, as shown in Fig. 4(b). The surfaces and the
holes were then cleaned from any fine or loose particles
using a pressurized air blower. The depth of the holes was
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rechecked to ensure it complies with the design of the
experiment (Fig. 4(c)).

CFRP unidirectional FRP sheets [47] were cut accord-
ing to the specified dimensions, and the U-wraps and spike
anchors were prepared from the same CFRP material. To
prepare the U-wraps, two CFRP sheets of 200 mm wide
and 600 mm long were cut. For the 8 mm diameter spike
anchors, 50 X 200 mm CFRP sheets were cut from the CFRP
roll. The sheets were then rolled until the 8 mm diameter was
attained. The 50 X200 mm CFRP sheet was cut further into
five 10 mm wide pieces before binding them all together
to form the anchor. The anchors were then tied using

@ Springer

commercially available mild-steel wire throughout anchor
embedment part, as shown in Fig. 4(d). The steel wire was
left in place for easier anchor installation. The result was a
200 mm long anchor composed of 40 mm embedment depth
and 60 mm splay length.

After preparing the CFRP sheets and anchors, the epoxy
resin was mixed in a ratio of 4:1 by weight, as specified by
the manufacturer. A layer of the epoxy was then applied
onto the concrete surface at the location of the CFRP sheets.
For the specimens with spike anchors, the holes were filled
approximately half-way with epoxy resin, as displayed in
Fig. 4(e). Next, CFRP sheets were placed onto the beams
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at their specified locations. Then, the FRP anchors were
inserted into the holes by opening the carbon-fiber sheet
bundles transversely without damaging or cutting the fibers,
as seen in Fig. 4(f). Following that, a low viscosity primer
was applied onto the CFRP sheet. After waiting approxi-
mately 10 min to allow the saturant to impregnate into the
carbon fiber sheet and into the embedded FRP anchors, a
second application of epoxy resin layer was applied to the
top of the FRP sheet and the splayed FRP anchor fibers. This
step was essential to ensure that the two elements are bonded
together during curing, as shown in Fig. 4(g). A roller was
then used to remove any trapped air and to impregnate the
fibers firmly. The prepared specimens are shown in Fig. 4(h).
The specimen anchored with end U-wraps was prepared in
a similar manner where the epoxy was first applied at the
location of CFRP flexural sheets and U-wraps. Then, the
CFRP sheet was placed onto the tension side, followed by
the U-wraps, and finally, the CFRP was impregnated by an
epoxy layer, as shown in Fig. 4(i).

3.5 Test setup and instrumentation

All beam specimens were loaded under four-point bending
with a shear span of 565 mm and with the load acting at
the mid-span. The load was applied using a universal test-
ing machine (UTM) that has a maximum loading capacity
of 1000 kN (dynamic load) and 1200 kN (static load). The
tests conducted for all beams were displacement-controlled
with a rate of 2 mm/min. Measurement of strains in the
external CFRP sheets was taken using electrical resistance
strain gauges with gauge lengths of mostly 5 mm. The FRP
strain gauges were located at mid-span of the beams. Fig-
ure 5 shows the test setup and testing equipment used in
this project.

Fig.5 Test setup and equipment

4 Testresults
4.1 Failure modes

Figure 6 shows the failure modes of the tested beam speci-
mens. Failure of the control beam (CB) was initiated by
vertical flexural cracks that occurred at mid-span (between
the two loading points). The crack formation was followed
by crushing of concrete at the top compression zone at the
vicinity of the beam’s mid-span, as shown in Fig. 6(a). The
control specimen behaved in a manner corresponding to a
typical under-reinforced ductile member.

The strengthened specimens failed in a different manner
than the control beam. For SB.Sh.S specimen, the failure
was initiated by vertical flexural cracks forming in the mid-
dle region. The cracks grew up from tiny unobservable lines
to wide thick openings that were easily noticed as the load
increased. Failure occurred because of concrete cover sepa-
ration (around 30 mm thick layer of concrete), which started
from one end of the attached sheet and propagated toward
the center of the beam. Longitudinal and shear reinforce-
ment were visible after the concrete cover delamination fail-
ure. Cracks that caused the failure of the beam were inclined
shear-flexural cracks that were initiated at the edges of the
attached sheet resulting in concrete cover delamination. In
addition, concrete crushing at the top compression zone was
observed, as shown in Fig. 6(b).

For SB.Sh.F specimen, the failure happened by means
of cracks that spread throughout the length of the beam.
The flexural cracks resulted in increased stresses between
the CFRP sheet and epoxy causing sudden debonding of
the sheet. The debonding initiated at one end of the CFRP
laminate and propagated toward the center of the beam, as
shown in Fig. 6(c). It should be noted that concrete crushing
in the top compression zone occurred simultaneously with
the debonding failure. On the other hand, failure of speci-
men SB.Sh.S-U that was strengthened with CFRP laminate
anchored with end U-wraps was initiated by shear-flexural
cracks which propagated from the tension flexural zone at

|¢_ a=565 mm —»|4—560mm—;lq.— a=565 mm —-bl

L FRPstrain gauge
1690 mm

75 mm
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Fig.6 Tested beam specimens at failure

an inclination passing through the U-wrapped sheets and
ending up in the compression zone of the beam. As the load-
ing was increased, more flexural cracks appeared in other
locations between mid-span and the support. Accordingly,
the CFRP U-wrapped sheets ruptured under one of the point
loads (sheet edge) resulting in an explosive and sudden fail-
ure of the specimen and debonding of the CFRP sheet, as
shown in Fig. 6(d). Also, concrete crushing at the top com-
pression zone between the two loadings points was visible.

Specimens SB.Sh.S-2A, SB.Sh.S-3A, and SB.Sh.S-4A
that were anchored with CFRP spike anchors failed by
concrete cover delamination. Flexural-shear cracks started
from the bottom tension zone and extended in an inclined
mode all through the beam depth till the top compression

@ Springer

(h) Anchor pullout in
specimen SB.Sh.S-2A

(i) Anchor pullout in
specimen SB.Sh.S-4A

zone. The higher concentration of the cracks near one edge
of the attached sheet resulted in a thick concrete cover
separation (around 40 to 60 mm in these beams), as shown
in Fig. 6(e—g). The 40 mm depth anchors were pulled out
with the thick concrete cover, as displayed in Figs. 6(h)
and (i). In addition, concrete crushing was visible in all
beams.

Overall, increasing the length of the CFRP sheet
(specimen SB.Sh.F) increased the load-carrying capac-
ity of the specimen and changed the mode of failure from
concrete cover delamination (specimen SB.Sh.S) to FRP
sheet debonding which is less destructive. In addition,
even though all anchored specimens failed by concrete
cover delamination, the delamination failure was delayed,
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and the beams failed at higher loads than the unanchored
specimen of the same CFRP length due to the presence
of anchors.

4.2 Ultimate load-carrying capacity and load-
deflection responses

Table 5 summarizes the test results in terms of the steel
yielding load (P,), deflection at yield (5,), ultimate load (P,),
deflection at ultimate load (5,), failure load (P calculated as

Table 5 Summary of test results

Specimen P, (kN) 5y (mm) P, (kN) 6, (mm) P, (kN) 5f (mm) Failure mode
CB 51.7 54 68.0 30.3 544 45.3 SY, CC

SB.Sh.S 67.1 5.2 79.1 26.0 63.3 333 CCD, CC
SB.Sh.F 77.0 6.7 91.2 11.1 72.9 35.7 SD, CC
SB.Sh.S-U 88.7 8.3 959 13.2 76.7 41.1 R (U-wraps), SD
SB.Sh.S-2A 75.2 6.3 80.2 7.3 64.1 24.8 CCD, CC
SB.Sh.S-3A 71.5 6.1 83.0 7.7 66.4 24.8 CCD, CC
SB.Sh.S-4A 754 6.7 83.2 8.6 66.6 22.2 CCD, CC

SY flexural steel yielding, CC concrete crushing, CCD concrete cover delamination, SD sheet debonding, R
rupture of the U-wrapped laminates

100
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Fig. 7 Load—deflection responses: a CB and unanchored specimens; b anchored specimens; and ¢ CB and all specimens with same CFRP length

@ Springer



242 Page 100f15

Archives of Civil and Mechanical Engineering (2023) 23:242

[
o

I
o

N
o

Percentage increase (%)
w
o

=
o

| @ over CB EoverSB.Sh.S|

Fig. 8 Percentage increase in P, over CB and SB.Sh.S

80% of the ultimate load, deflection at failure load (6f), and
observed failure mode. Figure 7 shows the load—deflection
responses of the specimens tested in this study grouped by:
(a) control beam and unanchored specimens, (b) anchored
specimens, and (c) CB and strengthened specimens with
short CFRP length. In addition, the percentage increase
values in the ultimate load compared to CB and SB.Sh.S
are displayed in bar chart form in Fig. 8.

It is evident from Fig. 7 that the stiffness of the tested
specimens was similar before cracking (up to ~25kN). Post-
cracking, the stiffness of all specimens decreased due to the
development of flexural cracks. The strengthened specimens
demonstrated higher stiffness than the control beam (CB)
post-cracking, as shown in Fig. 7. In general, results in Fig. 7
and Table 5 show that the strengthened specimens achieved
higher loads but lower deflections than the unstrength-
ened control beam. Particularly, the yield load (Py) of the
strengthened specimens was significantly higher than the
control specimen by 30-72%. It was noted that the deflection
at yield load (6,) was improved in all strengthened beams
except SB.Sh.S which experienced a reduction of only 4%
in 6, compared to CB. After the yield point, the stiffness of
the tested specimens degraded up to the ultimate state. All
strengthened specimens achieved considerably higher ulti-
mate load than CB by 16-41%. The effect of anchorage was
evident in enhancing the load-carrying capacity, where the
anchored specimens achieved higher loads up to 21% than
the strengthened unanchored specimen SB.Sh.S.

Following the ultimate state, there was a drop in the
load—deflection curve of specimen CB due to failure. Despite
this, specimen CB exhibited the highest deflection of all
specimens, which is typical for under reinforced RC beams.
On the other hand, the strengthened specimens achieved
lower deflections at ultimate and failure loads than CB due
to the brittle concrete cover delamination failure.

@ Springer

4.3 Strain analysis

The strain in the external CFRP reinforcement of the
strengthened specimens at mid-span was monitored through-
out the experiment. Figure 9 provides the load—strain curves
for the tested beams. It can be indicated from Fig. 9 that the
strain in the CFRP laminates was minimal prior to cracking
(~25 kN). After that, the strain values in the CFRP lami-
nates started to increase as the load increased, indicating the
contribution of CFRP in carrying the load. The maximum
recorded strain values in the unanchored specimens SB.Sh.S
and SB.Sh.F were 0.002 and 0.007, respectively. The differ-
ence in values is attributed to the length of the FRP; increas-
ing the CFRP length delayed the delamination failure; hence,
utilized more strain and enhanced the beam’s capacity. Com-
pared to SB.Sh.S, anchoring the CFRP laminates with end
U-wraps and CFRP spike anchors delayed delamination
failure, thus increasing the strain utilization in the CFRP
laminates. Particularly, the maximum CFRP strain attained
in the anchored laminates ranged from 0.002 to 0.006 cor-
responding to 10-34% strain utilization. It should be noted
that the maximum strain attained in all beam specimens was
lower than the rupture strain of the CFRP proving that none
of the beams failed by CFRP rupture.

4.4 Ductility analysis

The ductility indices of the tested beams were calculated
using values projected from the load—deflection curves.
The ductility was evaluated on a quantitative basis by com-
puting ductility indices in terms of mid-span deflection at
ultimate and failure loads to that at yielding of the ten-
sion steel. The deflection ductility index at ultimate load

100
f"".
80 e
Z 60
x — — SB.Sh.S
]
€ 10 SB.Sh.F
= — - - SB.Sh.S-U
- =SB.Sh.S-2A
20
SB.Sh.S-3A
= = =SB.Sh.S-4A
0

0 0.002 0.004 0.006
Strain (mm/mm)

0.008

Fig. 9 Load—CFRP strain curves of the strengthened beams
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Table 6 Summary of ductility indices

Specimen Ha e % Decrease Ha fait %
over CB Decrease
over CB

CB 5.61 8.36
SB.Sh.S 5.01 11 6.40 24
SB.Sh.F 1.66 70 5.35 36
SB.Sh.S-U 1.60 72 4.97 41
SB.Sh.S-2A 1.17 79 3.94 53
SB.Sh.S-3A 1.25 78 4.04 52
SB.Sh.S-4A 1.29 77 3.34 60

P’\E 100

@ 79 78 77
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2 I I 60
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Fig. 10 Percentage decrease in ductility indices over CB

(U, ) and the ductility index at failure load (uy ;) were
computed using the following equations:

51,{

Mo = 5 (D
3
_Y

HA fail = 5. @

y

Table 6 summarizes the ductility indices calculated
at ultimate and failure loads. In addition, the percentage
decrease in the ductility over the control specimen (CB)
is shown in Table 6 and Fig. 10. It is evident from Table 6
and Fig. 10 that the ductility of all strengthened specimens
was inferior to the control specimen (CB). This behav-
ior is attributed to the brittle concrete cover delamination
failure. Particularly, the percentage decrease in the ductil-
ity over CB at ultimate and failure loads ranged between
11-79% and 24-60%, respectively. Specimen SB.Sh.S that
was strengthened with one short-length CFRP laminate

displayed the best ductility performance with only 11 and
24% decrease in y, ,;, and p, g, than CB, respectively. All
other strengthened specimens exhibited very low ductility
at ultimate and failure loads.

The anchorage had an adverse effect on the ductility per-
formance of the specimens. Specimen SB.Sh.S-U that was
anchored with end U-wraps displayed lower ductile behav-
ior than the unanchored specimen SB.Sh.S by 68 and 22%
at ultimate and failure loads, respectively. Similarly, speci-
mens strengthened with CFRP spike anchors showed lower
ultimate and failure ductility than SB.Sh.S by 74-77% and
37-48%, respectively. The number of spike anchors did not
have any direct effect on the ductility performance of the
anchored specimens.

5 Discussion of results

5.1 1Effect of FRP length

This subsection compares the results of specimens SB.Sh.S
and SB.Sh.F that were strengthened with 1 m and 1.69 m
long CFRP sheets corresponding to 40% and 100% of the
beam span, respectively. Test results shown in Table 5 and
Figs. 7 and 8 show that increasing the CFRP length had
beneficial effects in terms of enhancing the capacity of the
beams. Particularly, the yield, ultimate, and failure loads
of specimen SB.Sh.F were improved by 15% compared to
SB.Sh.S. The increased load-carrying capacity of specimen
SB.Sh.F came at the expense of ductility as was discussed in
Sect. 4.4. In fact, the ductility at ultimate and failure loads of
specimen SB.Sh.F was inferior to that of specimen SB.Sh.S
by 67 and 16%, respectively.

The enhancement in the capacity when longer CFRP
sheet was used could be attributed to the stress concentra-
tion region. The overstressed region and stress concentra-
tion at the end of the CFRP laminate are increased when
shorter CFRP lengths are used [48]. This results in faster
crack initiation and propagation at the end of the CFRP sheet
which reduces the capability of the CFRP to withstand more
load before failure. Studies in the literature have proven that
increasing the ratio of CFRP length to span length increases
the capacity of the beams up to a certain point, after which
the enhancement becomes marginal [48, 49]. Therefore, it is
suggested that more CFRP lengths are investigated in future
studies to identify this threshold.

5.2 Effect of anchorage
Two types of anchorage systems were investigated in this
study: end U-wraps and CFRP spike anchors. The two types

displayed better overall performance compared to the unan-
chored specimen with similar CFRP length (SB.Sh.S). The
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end U-wraps provided the best enhancement in the load-
carrying capacity of the beams with 21% increase in P, com-
pared to SB.Sh.S. This is because the end U-wraps provided
confinement to the flexural CFRP sheet at the termination
points. This resulted in resisting the tensile peeling stresses
and crack propagation at the fiber ends, thus delaying the
debonding failure [50]. As a result, more CFRP stress was
utilized, and higher capacity was attained. This specimen
failed by rupture of one of the U-wraps at the beam’s corner
which caused debonding in the CFRP sheet at that point.
Therefore, the efficiency of this type of anchorage could be
improved by using more layers of CFRP U-wraps.

With respect to CFRP spike anchors, the anchors were
beneficial in enhancing the yield load by 12-15% compared
to the unanchored specimen SB.Sh.S. However, the ultimate
capacity of the anchored specimens was only enhanced
by 1-5% compared to SB.Sh.S. Increasing the number of
anchors increased the ultimate load but in a nonproportional
manner. Particularly, anchoring the CFRP laminate with
two, three, and four anchors enhanced the ultimate load-
carrying capacity by 1.3, 5.0, and 5.2%, respectively. Several
reasons caused the deficiency of the CFRP spike anchors as
opposed to end U-wraps. First, the embedment depth of the
anchors was only 40 mm, which was less than the concrete
cover. As a result, the anchors were pulled out with the con-
crete cover as delamination occurred. The pullout capacity
of the anchors could have been improved if longer embed-
ment depths were used [3, 51]. The efficiency of the anchors
could have also been enhanced if a larger than 8 mm dowel
diameter was used. The diameter and length of the spike
anchors must be varied in future research work.

6 Benchmarking using an analytical model

The aim of this paper is to experimentally investigate the
effectiveness of CFRP anchors as an alternative to CFRP
wraps, if and when wraps are not feasible to install from
a constructability point of view. This section is introduced
to benchmark the experimental results with the ACI design
guidelines to predict the load-carrying capacity of the
strengthened and anchored specimens as well as the control
specimen.

The nominal flexural strength of the control specimen
was calculated using ACI318-19 [52] design guidelines.
In addition, the capacity of the strengthened specimens
was calculated in accordance with ACI440.2R-17 [53]
design guidelines. The nominal flexural strength of FRP-
strengthened members is determined based on strain com-
patibility, internal force equilibrium, and the controlling
mode of failure [53]. Equation (3) is used to compute the
nominal flexural moment capacity (M,) of the strength-
ened members. It should be noted that the reduction factor
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(yy) was set to unity to allow for a reasonable comparison
between the predicted nominal flexural capacity and the
experimental results:

anASfy<d—%>+‘PfAfﬁe<df—%> 3)
where

Ap = ntpwy )
Jre = Erege )

where A, is the area of flexural steel reinforcement (mm?);
Jy is the tensile yield strength of the steel bars (MPa); d is
the effective depth of the steel reinforcement (mm); g, is
the ratio of the depth of equivalent rectangular stress block
to the depth of the neutral axis; c is the distance from the
extreme compression fiber to the neutral axis (mm); n is
the number of FRP sheets; I is the thickness of FRP sheet
(mm); w, is the width of FRP sheet (mm); ‘¥, is a strength
reduction factor; Ay is the area of FRP reinforcement (mm?);
];e is the effective stress in the FRP (MPa); E; is the elastic
modulus of FRP (MPa); f is the effective strain in the FRP
(mm/mm); and d; is the effective depth of FRP reinforce-
ment (mm).

According to the ACI440.2R-17 [53], the effective strain
in the FRP laminates (¢;,) should be limited to the lesser of
the debonding strain (gg,) or 90% of the rupture strain of
FRP (gg,) using Eq. (6):

7
nkyty

£ < £y =041 < 0.9, ©6)

where f is the compressive strength of concrete (MPa).

Another FRP strain state that could govern the design is
the strain in the FRP at which the concrete crushes. There-
fore, the effective strain in the FRP at ultimate state could
be determined using Eq. 7:

df_c
ffe=€m< - >—5bi35fd 0

where €, is the crushing strain of concrete taken as 0.003,
and g, is the initial substrate strain taken as zero.

To calculate the flexural moment capacity of FRP
strengthened members, the depth of the neutral axis (c)
should be assumed, and then, the strain and the correspond-
ing stress in the concrete, steel, and FRP are calculated
based on strain compatibility. The internal force equilib-
rium should be satisfied; otherwise, the depth of the neu-
tral axis should be reassumed until internal force resultants
equilibrate.
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Table 7 Analytical predictions using ACI440.2R-17

Specimen €,(mm/mm) P, 0, (KN) P predkN) 1@

wpred
CB - 68.0 66.0 1.03
SB.Sh.S 0.01282 79.1 100.2 0.79
SB.Sh.F 0.01282 91.2 100.2 091
SB.Sh.S-U 0.01282 95.9 100.2 0.96
SB.Sh.S-2A  0.01282 80.2 100.2 0.80
SB.Sh.S-3A  0.01282 83.0 100.2 0.83
SB.Sh.S-4A  0.01282 83.2 100.2 0.83

Table 7 summarizes the results in terms of calculated
effective strain in CFRP laminates (efe), experimental ulti-
mate load (P, ,,,), predicted ultimate load (P, ), and
ratio of P, t0 P, .4 It can be depicted from Table 7 that
the ACI318-19 [52] design provisions closely predict the
capacity of the control specimen with P, /P, ,,.,=1.03.
With respect to the strengthened specimens, the predicted
values correspond reasonably well with the experimental
values. In particular, the percentage difference between the
predicted and tested values ranges from 3 to 23% indicating
good agreement with the test results. However, the predic-
tions of the ACI440.2R-17 [53] were slightly unconservative
and overestimated for all specimens, especially specimen
SB.Sh.S that was strengthened with unanchored short-length
CFRP sheet (P, /P, ,r.q=0.79). In contrast, the ultimate
capacity of specimen SB.Sh.F with full-length CFRP sheet
was reasonably predicted with P, /P, .4 close to 1. It
should be noted that the ACI440.2R-17 [53] design guide-
lines does not account for variations in the CFRP length. As
a result, the analytical predictions obtained for both speci-
mens SB.Sh.S and SB.Sh.F were similar, while in fact, the
short-length CFRP sheet provided lower strength enhance-
ment than the full-length CFRP sheet. Hence, the predicted
value for specimen SB.Sh.S was unsafe and slightly overes-
timated the experimental values.

It is clear from Table 7 that the calculated effective strain
in the laminates was similar for all strengthened specimens
(unanchored and anchored). This is because the predicted
effective strain in the laminates was limited by the strain at
the limit of concrete crushing. The predicted capacity of the
anchored specimens was higher than the experimental values
with P, /P, ,..q ranged from 0.80 for the specimen with 2

u,exp
spike anchors to 0.96 for the specimen with side U-wraps.

7 Conclusions

This paper focused on investigating the flexural perfor-
mance of RC beams strengthened with CFRP laminates.
The test parameters included in this study are the length of

the CFRP sheet, anchorage type (end U-wraps and CFRP
spike anchors), and number of CFRP spike anchors. A
total of six strengthened RC beam specimens were tested
under four-point bending, and the results were compared
with that of a control beam. Based on the analysis of the
experimental results, the following conclusions were
made:

1. Strengthening of RC beams with CFRP laminates,
regardless of the CFRP length and anchorage, enhanced
the ultimate load-carrying capacity of the beams by
16-41% compared to the control beam.

2. The beam strengthened with full-length CFRP sheet
exhibited higher capacity than that strengthened with
short-length CFRP sheet. Particularly, the yield, ulti-
mate, and failure loads of specimen SB.Sh.F were
improved by 15% compared to SB.Sh.S.

3. Anchoring the CFRP laminates had beneficial effects
in terms of enhancing the overall performance of the
beams compared to the unanchored specimen with
similar CFRP length (SB.Sh.S). The end U-wraps pro-
vided the best enhancement in the load-carrying capac-
ity of the beams with 21% increase in P, compared to
SB.Sh.S.

4. Increasing the number of CFRP spike anchors increased
the ultimate load but in a nonproportional manner. Par-
ticularly, anchoring the CFRP laminate with two, three,
and four anchors enhanced the ultimate load-carrying
capacity by 1.3, 5.0, and 5.2%, respectively. The effi-
ciency of the anchors could be improved by using longer
embedment depth and larger diameter dowels.

5. All strengthened specimens exhibited lower ductility at
ultimate and failure loads than the control beam due to
the brittle concrete cover delamination failure.

6. The predictions of flexural strength calculated using the
ACI440.2R-17 design guidelines correspond reasonably
well with the experimental values but are slightly uncon-
servative. The difference between the experimental and
test results ranged between 3 and 23%, indicating good
agreement.
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