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A B S T R A C T   

This paper presents the results for three full-scale T beams and three full-scale rectangular beams that were tested 
while strengthened with CFRP sheets and anchored using two types of CFRP spike anchors. For each beam type, 
the first specimen was loaded to failure as a control beam whereas the other two beams were strengthened with 
identical CFRP sheets and anchored along the shear spans. Same designs were used on both series to perform 
comparisons between the behavior of T and rectangular beams. The required number of CFRP anchors were 
established using a newly developed design procedure presented in this paper. Experimental testing and 
nonlinear analysis confirmed the performance of the anchored beams, which attained full flexural capacity that 
was controlled by FRP rupture for T beams and concrete crushing for rectangular beams. The results prove that 
the design and the arrangement of CFRP anchors offer an effective solution against premature debonding failure. 
The effect of anchors is accounted for using a multiplier proposed here to augment the ACI 440.2R-17 effective 
design strain. This multiplier is based on the ratio of the CFRP strain at failure of anchored beams to the 
debonding strain. Comparisons are made with beams of comparable CFRP sheets and U-wrap anchorage system 
tested in a previous study.   

1. Introduction 

Due to several advantages of using fiber reinforced polymer (FRP) 
materials, externally bonded FRP composite system are being commonly 
used for strengthening reinforced concrete (RC) members. However, the 
strength increase using FRP is limited to the material debonding failure 
that occurs at strains below the ultimate strain of the FRP. Some studies 
found that the FRP sheets may debond at 50% or less of their average 
tensile strain capacity depending on the number of FRP layers used [1]. 
ACI 440.2R-17 addresses this behavior by imposing a design strain 
controlled by material stiffness and number of plies. Thus, the FRP 
strengthening systems are not fully utilized in most applications. To 
address this issue, numerous studies have been conducted to investigate 
solutions to control FRP debonding failure. It has been observed that 
using FRP anchorage is one effective technique that can be used to 
prevent or control FRP debonding [2–22]. FRP anchors reinforce the 
externally bonded FRP sheets to achieve a higher fiber utilization and to 
reach a higher level of strength. In addition, utilizing FRP anchors in-
crease the ductility by virtue of extending the strength, and thus the 
ultimate deflection, to a higher level since the post yielding response is 

nearly linear [23]. 
This paper presents an experimental study carried out to investigate 

the flexural strength improvement of RC beams strengthened with car-
bon fiber reinforced polymer (CFRP) sheets and anchored utilizing CFRP 
spike anchors. A total of six beams were prepared and tested. The 
specimens had the same span length, web width, and total web height. 
One of each type of the beams was tested as a control beam, while the 
remaining four specimens were retrofitted with four layers of CFRP 
sheets and anchored with CFRP anchors. The anchorage design included 
using identical CFRP sheets for all strengthened beams (2 T-beams and 2 
rectangular beams) but with either large diameter anchors (19 mm) at 
wider spacing or small diameter anchors (16 mm) at closer spacing. This 
was done to examine the flexural enhancement due to two equivalent 
amounts of carbon fiber anchors, the equivalency of which is presented 
in Appendix A. Additionally, two types of CFRP anchors were considered 
for each beam, Fig. 1(a and b). CFRP Dowel fiber anchors are applied in 
one shear span and CFRP bundled-fiber anchors are installed in the other 
shear span of the same beams to assess their performance as well as their 
relative ease of installation. The results of all specimens are evaluated 
and the comparisons between the experimental and numerical responses 
are discussed. Also, the outcome is compared with the results of RC 
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beams that were previously tested by Rasheed et al. [24] who conducted 
a study on improving the flexural capacity of RC beams by applying five 
layers of flexural CFRP sheets with distributed U-wrap anchors. One of 
those specimens had a T-shaped cross section and the other one had a 
rectangular cross-section. It is important to note that the beam geometry 
and material properties of RC beams presented in this study are identical 
to those tested under the earlier program [24]. Furthermore, the current 

flexural CFRP layers are designed to be exactly equivalent in strength to 
the five uniaxial flexural CFRP layers used for the earlier tests [24]. 
Therefore, two of the current four flexural CFRP layers needed to be 
wrapped around the sides of the beam soffit to make this structural 
equivalency possible. It is important to clarify that Reference [24] used 
five layers of unidirectional CFRP only. If the same five unidirectional 
layers were to be used in this study, the anchors would have easily 
ripped through the longitudinal fibers. Therefore, a bi-directional layer 
was used here to provide some transverse fibers to make the anchors 
bear against and prevent them from ripping through longitudinal fibers. 
The performance of the strengthened beams, anchored with CFRP an-
chors, is evaluated and compared with strengthened RC beams that are 
anchored utilizing distributed U-wraps in earlier study [24]. 

2. Beam geometry 

The T-beams had web dimensions of 152 mm � 305 mm and flange 
dimensions of 406 mm � 102 mm, Fig. 2-a. The rectangular beams had a 
152 mm width, and a 305 mm depth, Fig. 2-b. The tension zone was 
reinforced with two Φ 16 mm bars for all beams (T and rectangular 
beams). For the compression steel, four Φ 10 mm bars were used for the 
T-beams, whereas two Φ 10 mm bars were utilized for the rectangular 
beams. Steel reinforcement stirrups of Φ 10 mm are placed vertically at 
127 mm on center for both the T and rectangular beams, Fig. 2. The 
concrete cover around the core was 25 mm. Each beam had a total 
length of 4.88 m. 

3. Materials 

3.1. Concrete and steel reinforcement 

The six specimens were cast with one batch using ready-mix con-
crete. During concrete placement, twelve cylinders were prepared then 
tested at 28 days in the concrete lab at Kansas State University. The 
average compressive strength was 38 MPa (standard deviation of 1.72) 
and the calculated modulus of elasticity was 29.2 GPa. The flexural steel 
reinforcement had 211 GPa modulus of elasticity (standard deviation of 
5.3) and 488 MPa yield strength (standard deviation of 6.4). Whereas, 
the modulus of elasticity was 200 GPa (standard deviation of 2.5) for the 
top steel bars with a yield strength of 470 MPa (standard deviation of 
6.2). Tensile testing of the steel reinforcement was performed by the 
research lab at Kansas Department of Transportation (KDOT). 

3.2. FRP properties 

The material properties of the CFRP sheets were provided by the 

Abbreviations 

Symbol Definition 
CBR Control Beam with rectangular cross section 
CBT Control Beam with T-shaped section 
SBUWT Strengthened beam with CFRP sheets þ U-wraps for T 

beam 
SBUWR Strengthened beam with CFRP sheets þ U-wraps for 

rectangular beam 
SB19ST Strengthened beam with CFRP sheets þ19 mm spike 

anchors for T beam 
SB19SR Strengthened beam with CFRP sheets þ19 mm spike 

anchors for rectangular beam 
SB16ST Strengthened beam with CFRP sheets þ16 mm spike 

anchors for T beam 
SB16SR Strengthened beam with CFRP sheets þ16 mm spike 

anchors for rectangular beam  

Fig. 1. CFRP anchors (a) dowel anchors; (b) bundled fiber anchors.  

Fig. 2. Beam cross section details (a) T beam; (b) rectangular beam.  
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Fig. 3. Surface preparation for the beams (a) roughening the surface; (b) drilling the holes; (c) cleaning the predrilled holes.  

Fig. 4. Beam cross section details for series 2 (a) T beam; (b) rectangular beam.  

M.A. Zaki et al.                                                                                                                                                                                                                                 



Composites Part B 176 (2019) 107117

4

manufacturer [25,26]. Unidirectional CFRP (V-Wrap C100) and bidi-
rectional CFRP (V-Wrap C220B) are the two types of the CFRP sheets 
that were used in this study. The unidirectional CFRP properties were 
0.584 mm thickness, 966 MPa tensile strength, and 66.19 GPa tensile 
modulus for the cured laminate. The bidirectional CFRP had 0.51 mm 
thickness in each direction, 1068 MPa tensile strength, and 96.53 GPa 
tensile modulus. For the C100 sheets, the CFRP fibers are unidirectional 
that were used for flexural strength and applied along the span one beam 
(0�). The CFRP fibers for the C220B sheets are bidirectional that oriented 
in both directions longitudinally and transversely (0� and 90�). A 
two-part (A and B) epoxy resin (V-Wrap 770) was mixed together ac-
cording to manufacture proportions to create the composite and to 
achieve the high strength bond between the CFRP sheets and the tension 
face of the RC beams. 

4. Surface preparation 

Since the procedure of concrete surface preparation and FRP appli-
cation has a big impact on the performance and strength, some con-
siderations were taken into account before installing the CFRP sheets 
and anchors. All sharp corners were rounded to a minimum of 13 mm 
radius in order to prevent stress concentrations in the FRP system during 
the loading. The concrete surface was prepared using high pressure 
water-blasting technique (24 MPa) to expose the coarse aggregate and to 
clear away any laitance, dust, and existing coating, Fig. 3-a. Further-
more, an electrical drill was utilized to prepare the holes into the con-
crete at their specific locations, Fig. 3-b. Then, the predrilled holes were 
cleaned with compressed air to remove the dust and debris before 
inserting the CFRP anchors, Fig. 3-c. 

Fig. 5. Application procedure of series 2 (a) installing the first CFRP layer; (b) installing the last CFRP layer; and (c) impregnating the CFRP anchors with epoxy resin.  

Fig. 6. Beam cross section details for series 3 (a) T beam; (b) rectangular beam. Layout of CFRP anchors using 16 mm diameter.  
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5. Experimental program 

5.1. Layout and application of CFRP sheets and anchors to beams 

The cross-section for the RC control beams (CBT and CBR) in beam 
series 1 and 2 are shown in Fig. 2(a and b). The cross-section details of 
specimens SB19ST, SB16ST, SB19SR, and SB16SR are presented in 
sections 5.1.1 and 5.1.2. Section 5.1.3 provides the cross-section details 
of the RC beams SBUWR and SBUWT, previously tested by Rasheed et al. 
[24]. 

5.1.1. Layout and application of CFRP sheets and anchors at larger spacing 
The second specimens of series 1 and 2 (SB19ST and SB19SR) were 

strengthened in flexure with three sheets of unidirectional CFRP (C100). 
The first two layers were installed at the bottom face of the beams only 
and the third layer was applied to the bottom face and wrapped 51 mm 
up the sides from the soffit. One more layer of bidirectional CFRP 
(C220B) followed the previous layers and was wrapped 89 mm up the 
sides, Fig. 4 a-b. This CFRP flexural configuration was selected to be 
exactly equivalent to five layers of flexural C100 FRP used in a previous 
testing program [24]. In addition, the beam was anchored with 
19 mm-diameter CFRP spike anchors spaced at 203 mm on center along 
the shear span. This yields nine CFRP spike anchors per shear span. The 

Fig. 7. Application procedure (a) placing the first CFRP layer; (b) installing the CFRP anchors; and (c) impregnating the CFRP anchors with epoxy resin.  

Fig. 8. Schematic presenting (a) shear flow distribution before debonding (b) anchor shear after debonding.   

- Compute the maximum tensile force (Tmax) that is required to develop in the flexural FRP at the location of maximum moment at ultimate sectional failure: 

Table 1 
Calculations of the required anchor spacing.  

General Calculations  

Unidirectional V-Wrap C100 Bidirectional V-Wrap C220 B 

Bottom sheets Side wrap Bottom sheets Side wrap 

Web width (b) 152 mm 51 mm 152 mm 89 mm 
Number of CFRP 3 layers 2 (sides) 1 layer 2 (sides) 
Thickness (t) 0.584 mm 0.584 mm 0.51 mm 0.51 mm 
Ef 66.18 66.18 96.5 96.5 
εfu 0.011 0.011 0.011 0.011 
Tmax ¼ Ef Af εfu 193.86 kN 43.36 kN 82.3 kN 96.4 kN 
Total Tmax ¼ 416 kN 

Vh max ¼
Tmax

Laf 
¼

416
1:676 

¼ 248.2 kN/m  
G12 ¼ 4.8 kN/mm2, γmax ¼ (2.5� kink angle) ¼ 0.044 rad 
Vh max ¼ ϕ Av G12 γmax → 248.2 ¼ 0.85 * Av * 4.8 * 0.044 → Av ¼ 1382.6 mm2/m  
Spacing Calculations using 19 mm- Diameter Anchors 
Using 19 mm-diameter of CFRP anchors (3/4 inch), 

S ¼
π

4 Av 
(dfiber)2 ¼

π
4�1382:6 

* (19)2 ¼ 0.205 m ¼ 205 mm, Use S ¼ 203 mm (8 inches)  
Spacing Calculations using 16 mm- Diameter anchors 
Using 16 mm-diameter of CFRP anchors (5/8 inch), 

S ¼
π

4 Av 
(dfiber)2 ¼

π
4�1382:6 

* (16)2 ¼ 0.145 m ¼ 145 mm, Use S ¼ 140 mm (5.5 inches)   
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details of CFRP sheets and anchors are shown in Fig. 4, section a-a and in 
the top view of the beam. Fig. 5 presents the application procedure of 
CFRP sheets and anchors. Details of anchor design is provided in sections 
6.0 and 6.1. 

5.1.2. Layout and application of CFRP sheets and anchored at smaller 
spacing 

The third specimens of series 1 and 2 (SB16ST and SB16SR) were 
strengthened in flexure using the same four layers of CFRP sheets that 
were installed for the second specimens of series 1 and 2. This included 
three layers of CFRP C100 and one layer of CFRP C220B, Fig. 6. How-
ever, a different anchorage arrangement was considered. The design of 
these beams involved using 12 CFRP spike anchors with diameter of 
16 mm spaced at 140 mm per each shear span. This yields exactly 
equivalent amount of carbon fiber in anchors per shear span used in the 
beams described in section 5.1.1 (SB19ST and SB19SR) and Appendix A. 
The top view of Fig. 6 elaborate the details of CFRP sheets and anchors. 
Fig. 7 shows the application procedure of CFRP sheets and anchors. 
Details of anchor design and calculations are explained in sections 6. and 
6.1. 

5.1.3. Application of CFRP sheets with U-wrap anchorage 
Previously, Rasheed et al. [24] strengthened and tested another se-

ries of RC beams (SBUWT and SBUWR) with flexural five layers of 
unidirectional V-Wrap C100 plus distributed CFRP U-wrap anchors 
placed along the entire span length. Two layers of the U-wraps with 
127 mm width spaced at 305 mm on center were wrapped around the 
web of the T beam. However, one layer of the U-wraps with 140 mm 
width spaced at 305 mm on center was used for the rectangular beam. 
The purpose of using U-wrap anchorage was to anchor the bottom layers 
of CFRP and prevent the separation of these sheets. These previous tests 
will be used to directly compare the two different anchorage systems 
(U-wrap vs. spike anchors) applied to equivalent beam specimens. 

6. Anchorage design procedure 

Rasheed et al. [24] proposed a design procedure by adapting the ACI 
318–14 [27] provisions on shear friction to get a simplified U-wrap 
design model. This model determines the maximum possible tensile 
force in the FRP at mid span corresponding to the failure mode of FRP 
rupture or concrete crushing and use the shear flow to size the U-wraps, 
Fig. 8a. In the current study, a different procedure is developed to design 
the CFRP spike anchors for both T and rectangular beams based on the 
shear force in each anchor. As the debonding crack tends to form, the 
spike anchors are stretched (force T) since the two faces of the crack 
move apart. As a result, an equal and opposite clamping force (N) is 
exerted by the anchors on the crack surface, Fig. 8b. The anchors are also 
sheared with the shearing forces shown in Fig. 8b. The design procedure 
is explained in the following steps: 

Fig. 9. Beam details and experimental test setup.  

Fig. 10. Control beam CBT after the test.  

Fig. 11. Comparison of test and analysis response of control beam CBT.  

Fig. 12. Comparison of the load-strain at the top concrete surface of CBT.  

Fig. 13. Beam SB19ST after the side CFRP debonding failure.  
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Tmax ¼ Ef Af εfu (FRP Rupture for T-shaped section)                            (1)  

Tmax ¼ Ef Af εfe (Concrete crushing for rectangular section)                  (2) 

εfe ¼

�
0:003

c
ðh � cÞ � εbi

�

(3)  

Tmax ¼ Ef Af
�

0:003
c
ðh � cÞ � εbi

�

(4)    

- Computing the horizontal shear force (Vh max) per unit length along 
the shear span (shear flow): 

Vh⋅max ¼
Tmax

Laf
(5) 

There are two possible failure modes that the FRP anchors may 
experience. These are anchor pull out and anchor shear failure modes 
since the anchors are subjected to both stress types, Fig. 8b. Therefore, 
pull out failure mode governs if the anchors embedment depth is small. 
On the other hand, anchor fibers are known to be weak in shear. 
Therefore, the shear failure mode is expected to govern in our case: 

Shear failure mode  

Vh max ¼ ϕ Av τmax,                                                                         (6)  

τmax ¼G12 γmax,                                                                              (7)  

Vh max ¼ ϕ Av G12 γmax,                                                                          

Av ¼
π
�
dfiber

�2

4 S
(8) 

Where Ef is the tensile modulus of elasticity of FRP, Af is the area of 
external flexural FRP reinforcement, εfu is design rupture strain of FRP 
reinforcement, εfe is effective strain level in FRP reinforcement attained 
at crushing failure, h is overall height of the section, c is distance from 
extreme compression fiber to the neutral axis, εbi is strain level in con-
crete substrate at time of FRP installation, Laf is FRP length per shear 
span, ϕ is strength reduction factor, Av is area of a single FRP anchor 
spread over the anchor spacing (S), dfiber is diameter of the CFRP anchor, 
τmax is the maximum shear stress, G12 is the shear modules of the 
composite (4.8 GPa) [28], and γmax is critical kink angle or shear strain 
beyond which the anchor loses its effectiveness. 

6.1. Design calculations of the required anchor spacing 

The design calculations of the CFRP spike anchors for T-beams are 
shown below in Table 1. The same design was used for rectangular 
specimens. An embedment depth for the CFRP anchors was 102 mm for 
all the beams. Also the anchor shear failure mode was found to govern 
the anchor behavior. The shear strain (kink angle) of beam SB19ST was 
back-calculated from the experimental failure load of that beam. This 
was found to be 2.5� and it was applied as a limit value for the rest of 
beams. 

It is important to note that no anchors were used here in the constant 
moment region since such anchors were found to be ineffective to apply 
there due to the zero-interface shear stress in the constant moment re-
gion, Smith et al. [17]. It is also important to attract the reader’s 
attention to the fact that anchors bond the FRP sheets beyond debond-
ing. Therefore, it is critical to make sure that debonding does not occur 
at service load level by limiting the FRP strain (at service) to: 

εf ;s � 0:8 εfd (9) 

Fig. 14. Comparison of load-deflection of beam SB19ST and compara-
ble beams. 

Fig. 15. Comparison of the load-strain in the top concrete surface of SB19ST.  

Fig. 16. Comparison of the load-strain in the main rebars of SB19ST.  

Fig. 17. Comparison of the load-strain in the CFRP sheets of SB19ST.  
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Fig. 18. Strain gauge details for beam SB19ST.  

Fig. 19. Comparison of the load-strain responses in the CFRP sheets at different location along the shear spans of the beam SB19ST.  
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7. Test setup and instrumentation 

All the specimens were simply supported and tested in four-point 
bending in the structural testing lab at Kansas State University. The 
shear span on each side was 1.75 m, and the distance between the 
applied loads was 1.22 m, Fig. 9. The total and clear span lengths for 
beams were 4.88 m and 4.72 m, respectively. The supports were placed 
at 76 mm from the ends of the beams and the CFRP sheets were installed 
at 152 mm from these ends (74 mm from the supports) to avoid being in 
touch with the supports. Two linear variable displacement transducers 
(LVDTs) were installed at mid-span to measure deflection. Two strain 
gauges were mounted on the main flexural bars at mid span that during 
construction of specimens to measure the strains for steel reinforcement. 

Another two strain gauges were placed on the top of beams to monitor 
the strain at top of concrete. In addition, two strain gauges were applied 
at the bottom on CFRP sheets at mid-span to measure the strain on the 
flexural CFRP sheets. To capture the propagation of debonding in the 
CFRP sheets and anchors along the entire shear span length, six more 
strain gages were installed between the CFRP anchors. Three of these 
strain gauges were placed on one shear span between the dowel CFRP 
spike anchors (on the left side of specimen). Furthermore, three strain 
gauges were installed on the other shear span between the bundled fiber 
CFRP spike anchors (on the right side of specimen). Displacement con-
trol protocol was followed throughout the testing process at a rate of 
2.54 mm per minute. 

8. Numerical analysis 

In order to assess the experimental results, an Excel analysis program 
was used to numerically analyze each beam. This program was devel-
oped earlier at Kansas State University to compare the experimental 
load-deflection and load-strain response to numerical predictions. The 
flexural response, ultimate flexural capacity, the flexural failure mode, 
and moment curvature relationship of the specimen can be determined 
through this program. Additionally, the program assumes perfect bond 
between the concrete substrate and FRP sheets. Moment curvature 
relationship is computed using the incremental deformation technique. 
In this technique, the extreme compression fiber strain is increased be-
tween zero and 0.003. Under each strain value, iterations are made to 
determine the concrete depth of neutral axis once force equilibrium is 
satisfied. Then, the moment curvature point for that strain is recorded. 
Load-deflection response is computed utilizing a numerical integration 
of the deflection expression by dividing the shear span into 50 different 
segments and using the moment curvature response to perform the nu-
merical deflection calculation. 

Fig. 20. SB16ST beam after the rupture failure.  

Fig. 21. Comparison of load-deflection of beam SB16ST and compara-
ble beams. 

Fig. 22. Comparison of the load-strain in the top concrete surface of SB16ST.  

Fig. 23. Comparison of the load-strain in the main rebars of SB16ST.  

Fig. 24. Comparison of the load-strain in the CFRP sheets of SB16ST.  
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Fig. 25. Strain gauge details for beam SB16ST.  

Fig. 26. Comparison of the load-strain responses in the CFRP sheets at different location along the shear spans of the beam SB16ST.  
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9. Results and discussion 

9.1. Control T-Beam (CBT) 

To estimate the flexural enhancement due to the use of CFRP sheets 
and anchors, the first specimen in the series of T-shaped beams was 
tested as a control beam (CBT). The ultimate predicted load from the 
analysis program was 57.54 kN with a maximum deflection of 
269.7 mm. The program predicted that the specimen would fail due to 
concrete crushing after steel yielding. The beam failed at a load of 
71.0 kN, in concrete crushing with a mid-span deflection of 165.34 mm, 
Fig. 10. The load deflection comparisons between the analysis program 
and the experimental results is showing in Fig. 11. It is evident from 

Fig. 11 that the experimental response experienced some strain hard-
ening after steel yielding, which was not accounted for in the analysis. 
The comparison between the theoretical and experimental results of 
load versus concrete strain at the extreme compression fiber is presented 
in Fig. 12. The strain gauge readings for the main tension rebars were 
unexpectedly lost during the test. 

9.2. T-beam with flexural CFRP and U-wrap anchorage (SBUWT) 

This beam was previously prepared and tested by Rasheed et al. [24]. 
The strengthening details are explained in section 5.1.3. The geometry, 
properties, and the contribution of flexural CFRP sheets (the five layers 

Fig. 27. Control beam CBR after the test.  

Fig. 28. Comparison of load-deflection of control beam CBR.  

Fig. 29. Comparison of the load-strain in the top concrete surface of CBR.  

Fig. 30. Comparison of the load-strain in the main steel bars of CBR.  

Fig. 31. Failure of the beam SB19SR with spike anchors.  

Fig. 32. Comparison of load-deflection of beam SB19SR and compara-
ble beams. 
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only) of Rasheed’s beams (SBUWR and SBUWT) were equivalent to the 
flexural CFRP sheets that are used for beams presented in this paper, as 
illustrated in Appendix B. Rasheed et al. [24]. reported that the T-beam 
with distributed U-wrap anchorage (SBUWT) failed in rupture of CFRP 
at a load of 149.0 kN with a maximum deflection of 79.25 mm. The 
analysis assumed perfect bond of the flexural CFRP indicating failure by 
FRP rupture and predicting it to occur at 173.1 kN. The difference in 
ultimate capacity is attributed to the bond slip of the flexural and 
U-wrap sheets. 

9.3. T-beam with flexural CFRP and 19 mm-diameter spike anchors 
(SB19ST) 

The strengthening details of this beam are elaborated in section 
5.1.1. It was determined from the analysis that the ultimate load for 
strengthened and perfect FRP-concrete bond beam would reach 
173.1 kN with a mid-span deflection of 88.6 mm. The tested beam failed 
at load of 178.0 kN and 87.3 mm deflection at mid-span. The failure 
mode was debonding from the right side of specimen where the CFRP 
bundled-fiber anchors were installed, see the CFRP side sheet separation 
in Fig. 13. The arrangement of using these nine CFRP anchors per shear 
span increased the flexural capacity to 178.0 kN (i.e. 19.5% higher than 
the specimen capacity with U-wrap anchorage, which is 149 kN). The 
ductility for this beam (SB19ST) was found from the experimental re-
sults to be 3.51, which reflects good deformability enhancement over 
un-anchored strengthened beam. 

Fig. 14 shows the load-deflection comparison between the analyzed 
results of the perfectly bonded CFRP in STB19ST beam versus the 
experimental values for the control CBT beam, the SBUWT beam (with 
U-wraps), and the SB19ST beam (with CFRP anchors). The experimental 
responses for the beams with U-wrap anchorage and with CFRP anchors 
are in very good agreement with the analysis. However, the experi-
mental graph for the beam with spike anchors is slightly stiffer and more 
ductile than the U-wraps curve. The comparison of load versus extreme 
fiber concrete strains between the experimental and numerical results is 
shown in Fig. 15. After steel yielding level, the experimental response 
lagged behind the analysis curve due to the assumption that concrete is 
fully cracked at that region. There is excellent agreement between the 
experimental and analytical results for strains in the main tension rebars 
(steel), and in the CFRP sheets at mid-span, as shown in Figs. 16 and 17. 
To capture the propagation of debonding in the CFRP sheets and an-
chors, six strain gauges numbered 7, 8, 9, 10, 11, and 12 were distrib-
uted along the shear spans. Fig. 18 shows the details of the strain gauges 
(the number and the distances of the installed strain gauges from the 
edge of the specimen) as well as the layout of CFRP anchors. The com-
parisons of the load versus strain between the experimental and nu-
merical results in flexural CFRP strips for the specimen are presented in 
Fig. 19. The strain gauges that were installed on the CFRP bundled fiber 
anchor side (number 8, 10, and 12) had higher strains and more ductility 
than those installed on the CFRP dowel anchor side (Fig. 19). That was 
expected since the CFRP bundled fiber anchors are more flexible than 
the CFRP dowel fiber anchors. This also caused failure due to debonding 
to take place on the bundled fiber anchor side even though the other side 

Fig. 33. Comparison of the load-strain in the top concrete surface of SB19SR.  

Fig. 34. Comparison of the load-strain in the main rebars of SB19SR.  

Fig. 35. Comparison of the load-strain in the CFRP sheets of SB19SR.  

Fig. 36. Strain gauge details for beam SB19SR.  
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experienced some partial debonding. 

9.4. T-beam with flexural CFRP and 16 mm- diameter spike anchors 
(SB16ST) 

This last T specimen (SB16ST) was flexurally strengthened in the 
same manner as beam SB19ST but with a different anchorage arrange-
ment. Twelve, 16 mm-dimeter CFRP spike anchors were installed per 
shear span. Like the SB19ST, the analysis program determined the 
maximum load capacity for specimen, assuming perfect bond between 
FRP and concrete substrate, to be 173.1 kN with a mid-span deflection of 
88.6 mm. However, the beam failed at a load of 193.4 kN with 89.4 mm 
of maximum deflection. The failure mode was debonding of flexural 
CFRP plus partial rupture occurred where the CFRP fiber anchors were 
located (the right side), Fig. 20. The percentage increase in flexural 
improvement is 29.8% with respect to using the U-wrap anchorage 

technique, and about 8.7% increase over that of SB19ST beam. This 
improvement resulted probably from the use of closely spaced anchors). 
The ductility for this beam was found from experimental data to be 2.7, 
which is noticeably less than that of beam (SB19ST). This is attributed to 
more progression of debonding in between some of the 9 anchors 
compared to the case of 12 anchors. 

Fig. 21 presents the load-deflection comparison between the nu-
merical results of the strengthened T beam, assuming perfect bond be-
tween FRP and concrete substrate, versus the experimental values for 
the control CBT beam, the SBUWT beam, and the SB16ST beam. It is 
clear from this graph that the experimental response for the spike an-
chors is much stiffer than the U-wrapped beam. At the top of the con-
crete surface, the experimental strain slightly lagged behind the analysis 
curve after yielding of tension steel reinforcement due to assuming full 
cracking in analysis at that region, Fig. 22. The experimental and nu-
merical response in the tension rebars is almost identical, Fig. 23. It 

Fig. 37. Comparison of the load-strain responses in the CFRP sheets at different locations along the two shear spans of the beam SB19SR.  
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seems there was debonding in CFRP sheets at mid-span after the yielding 
of steel as observed by comparing the experimental and theoretical load 
versus strain curves, Fig. 24. Additionally, the details of the six distrib-
uted strain gauges and the layout of CFRP anchor types is shown in 
Fig. 25. The load versus strain comparison between the experimental 
and analytical results for these strains along each shear span of the 
specimen are presented in Fig. 26. Similar to the beam SB19ST, the 
strain gauge readings for SB16ST beam at locations 8, 10, 12 where the 
CFRP bundled fiber anchors were installed are greater and more ductile 
than the experienced strains at the other shear span where the CFRP 
dowel anchors were applied (7, 9, and11). Also, the failure of the beam 
was caused by CFRP rupture at the CFRP bundled fiber anchors side. 

9.5. Rectangular control beam (CBR) 

One out of three rectangular specimens was tested as a control beam 
(CBR). The numerical program determined the ultimate of this beam 
load to be 50.0 kN with a central deflection of 70.9 mm. The experi-
mental results indicated that the specimen reached a load of 54.7 kN 
with a mid-span deflection of 79.7 mm before the failure that was caused 
by steel yielding followed by concrete crushing, as shown in Fig. 27. 
Fig. 28 presents the load deflection comparison between the numerical 
and the experimental results that were found to be very similar. More-
over, there are good agreements between the numerical and experi-
mental results of the load versus strain in top concrete surface and in 
steel rebars, Figs. 29 and 30. 

9.6. Rectangular beam with flexural CFRP and U-wrap anchorage 
(SBUWR) 

The strengthening details of this beam (SBUWR) are explained in 
section 5.1.3, which was previously prepared and tested by Rasheed 
et al. [24]. Rasheed et al. [24] outlined that the test specimen reached an 
ultimate load of 120.5 kN before the rupture of CFRP occurred after the 
initiation of concrete crushing. 

9.7. Rectangular beam with flexural CFRP and 19 mm-diameter spike 
anchors (SB19SR) 

This rectangular specimen (SB19SR) was strengthened with flexural 
CFRP sheets and anchored with 19-mm diameter of CFRP anchors 
(identical to SB19ST). The predicted ultimate load from the analysis was 
112.6 kN with a mid-span deflection of 63.8 mm. During testing, failure 
of the beam was controlled by concrete crushing (Fig. 31) at a load of 
120.5 kN and 77.5 mm deflection at mid-span. Similarly, a load capacity 

Fig. 38. Beam SB16SR after the failure.  

Fig. 39. Comparison of load-deflection of beam SB16SR and compara-
ble beams. 

Fig. 40. Comparison of the load-strain in the top concrete surface of SB16SR.  

Fig. 41. Comparison of the load-strain in the main rebars of SB16SR.  

Fig. 42. Comparison of the load-strain in the CFRP sheets of SB16SR.  
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Fig. 43. Strain gauge details for beam SB16SR.  

Fig. 44. Comparison of the load-strain responses in the CFRP sheets at different locations along the shear spans of the beam SB16SR.  
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of 120.5 kN was attained using distributed U-wrap anchors, [24]. The 
ductility was found from the experimental results to be 2.27. 

Fig. 32 shows the load-deflection comparison between the numerical 
results of the strengthened rectangular beam (assuming perfect bond 
between FRP and concrete substrate) versus the experimental values for 
the control beam CBR, the beam SBUWR, and the beam SB19SR. It is 
evident from the graph that the theoretical curve and the experimental 
responses of the beam with spike anchors and the beam with distributed 
U-wraps are identical. On the other hand, the behavior of the tested 
beam with CFRP spike anchors demonstrated higher capacity than the 
analyzed specimen. This is attributed to the thickening of the CFRP 
sheets due to the distributed splay area of the CFRP anchors, which was 
not accounted for in the analysis. There are very good agreements be-
tween the numerical and experimental results of the load versus strain at 
the top concrete surface, on the tension rebars, and on the CFRP sheets at 
mid-span. However, the analysis predicted lower ultimate capacity due 
to limiting the strain at extreme compression fiber to 0.003, as shown in 
Figs. 33–35. By applying a higher crushing strain (0.0035) in the anal-
ysis, a closer failure load to that of the experiment is predicted 
(116.1 kN). The details of the other six strain gauges on the CFRP sheets 
and the layout of CFRP anchor types is shown in Fig. 36. The load versus 
strain comparison between the experimental and numerical curves for 
the behavior along the shear span from each side of the specimen are 
presented in Fig. 37. No ductility response was noticed from the strain 
gauge readings since the beam failed in concrete crushing and did not 
reach the higher level of fiber utilization. However, the shear span on 
the right side (where the CFRP bundled fiber anchors were installed) 
experienced higher strains in the CFRP sheets than the left side (CFRP 
dowel anchor side) due to the higher flexibility of the bundled carbon 
fiber anchors, Fig. 37. 

9.8. Rectangular beam with flexural CFRP and 16 mm-diameter spike 
anchors 

Specimen SB16SR was strengthened and anchored similar to beam 
SB16ST beam. An ultimate load of 125.0 kN was obtained from the 
experimental test with a maximum deflection of 69.3 mm. The failure 
mode was concrete crushing after the yielding of steel reinforcements, 
Fig. 38. The strength of this beam was a bit higher than beam SB19SR. 
However, beam SB19SR was able to achieve about 12% increase in 
deflection at ultimate load (Fig. 32), compared to specimen SB16SR. 
However, specimen SB16SR had no drops in the load-deflection 
response (Fig. 39), that may indicate successive debonding between 
anchors. This is attributed to having the splay of CFRP anchors posi-
tioned continuously without any free region to initiate local debonding 
in between the installed CFRP anchors. The ductility was found from 
experimental data to be 1.94. 

The load-deflection comparison between the numerical curve versus 
experimental results for the control beam CBR, the beam SBUWR, and 
the beam SB16SR is shown in Fig. 39. It is noticeable that the experi-
mental and numerical response correlate very well. Whereas, the 
behavior of the tested beam with spike CFRP anchors showed greater 
capacity than the analyzed specimen. A good agreement can be observed 
between the experimental and numerical values for the load versus 
strain at top concrete surface and on the tensile steel rebars, Figs. 40 and 

41. Also, there is good agreement between the load versus strain 
response in CFRP sheets at mid-span except for the local debonding at 
the critical region where the experimental graph deviated from the 
analysis after the cracking level at a load of 63 kN, Fig. 42. The details of 
the strain gauges and the layout of CFRP anchor types is clarified in 
Fig. 43. Lastly, the load versus strain comparison between the experi-
mental and numerical response for the behavior along the shear span 
from each side of the specimen are presented in Fig. 44. From these 
graphs, no ductility can be seen from the experimental response of the 
strain gauge readings along the shear spans. This is also attributed to the 
beam failure by concrete crushing, so the rectangular beam did not offer 
full utilization of the flexural CFRP fibers. Still, the strains in the CFRP 
sheets on the bundled fiber anchor side (north side) showed greater 
values than those of the stiffer dowel anchor side. It was not possible to 
visually detect any local debonding in between the anchors due to the 
fact that last CFRP sheet was wrapped around the sides and the beam 
failed by concrete crushing as shown in Fig. 38. 

10. The proposed multiplier to the ACI 440.2R-17 effective 
debonding strain 

ACI 440.2R-17 specifies the effective strain in FRP to be limited to 
the debonding strain determined using equation (10)–(2), ACI 440.2R- 
17 [29]. Anchoring the flexural FRP sheets improves the bond 
behavior in comparison to that predicted by Eq (10)–(2) [29]. The cal-
culations of the debonding strain utilizing ACI equation for the beams 
presented in the earlier study [24] and the specimens presented herein 
are shown below and listed in Table 2 along with the experimental 
maximum strain results. 

εfd ¼ 0:41

ffiffiffiffiffiffiffiffiffiffi

f ’
c

nEf tf

s

� 0:9εfu in SI units (10–2)  

10.1. For the beams with U-Wrap anchors (earlier study [24]) 

εfd ¼ 0:41
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

36:6
5 x 66190 x 0:584

r

¼ 0:00564  

10.2. For the present beams with spike anchors 

εfd ¼ 0:41

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
38

1 x ð96300 x 0:51 Þ þ 3 x ð66190 x 0:584Þ

s

¼ 0:00622 

Table 2 shows the proposed strain efficiency factors to account for 
the improvement in the debonding strain due to the anchorage appli-
cations. These factors were obtained through dividing the experimental 
failure strain by the debonding strain from ACI 440.2R-17 [29] 
(κε ¼ εfmax/εfd). According to the results obtained by Reference [24], it is 
evident that ACI-440 debonding equation is conservative. Even though 
the (κε) factor seems to be higher for the beams with U-wraps, this 
finding is deceiving knowing that SBUWT failed at 149 kN load 
compared to 178 kN and 193.4 kN for SB19ST and SB16ST, respectively. 
The generally higher CFRP failure strain recorded for the beams with 
U-wraps is attributed to the loss of strain compatibility in the beams with 

Table 2 
The proposed strain and load κ factors.  

Beam Type of Anchors Debonding Strain from ACI (440.2R) Debonding Strain (Exp.) Failure Strain from (Exp.) Failure Mode κε κp 

SBUWT U-Wraps 0.00564 0.0084 (No U-wrap) 0.01210 Rupture 2.15 1.47 
SB19ST Spike Anchors 0.00622 – 0.01167 debonding 1.88 1.53 
SB16ST Spike Anchors 0.00622 – 0.01200 Rupture 1.93 1.66 
SBUWR U-Wraps 0.00564 0.0071 (No U-wrap) 0.01210 Crushing 2.15 1.24 
SB19SR Spike Anchors 0.00622 – 0.00913 Crushing 1.47 1.11 
SB16SR Spike Anchors 0.00622 – 0.00800 Crushing 1.28 1.15  
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U-wraps due to FRP debonding between the U-wraps. To allow for a 
representative measure of (κ) factor, the ratio of the load at experimental 
failure of anchored beams to the load at FRP debonding strain (κp) needs 
to be computed instead of the ratio of the FRP strains. 

11. Conclusions 

This paper investigates the use of CFRP spike anchors with different 
anchorage arrangements. Two different types of CFRP anchors with 
equivalent carbon fiber amount were also considered to study the effect 
of anchor diameter and spacing on the performance of the anchors and 
the strengthened beams. In addition, a rational design model is proposed 
here and calibrated against the experimental results. The following 
specific conclusions are drawn based on the experimental and numerical 
results.  

� The use of smaller and more closely spaced CFRP spike anchors was 
shown to be more effective than using larger diameter and more 
widely spaced distributed spike anchors.  
� The use of continuously installed CFRP spike anchors guaranteed the 

attainment of full-flexural capacity of the beams making them mimic 
cases of perfect bond along the adhesive line.  
� The use of distributed CFRP spike anchors is demonstrated to yield 

significantly higher flexural capacity compared with distributed U- 
wrap anchors utilized in similar beams reported by an earlier study.  
� Dowel CFRP anchors showed stiffer response than the fiber CFRP 

anchors since the T beams (SB19ST and SB16ST) failed in debonding 

and/or fiber rupture at the shear span side where the bundled fiber 
anchors were installed. Even though the dowel anchor-shear span 
side experienced some debonding, it was not as extensive as the fiber 
anchor-shear span side. That was proved clearly from the strain 
response on the fiber anchor side that reported higher strains than 
the other side of beam where the dowel anchors were applied.  
� The stiffer dowel anchors are concluded to offer slightly higher 

strength while the more flexible fiber anchors are found to yield 
slightly more deformability in shear. The authors believe that the use 
of all dowel anchors would shift the failure mode from the anchors to 
the sheet due to their stiffer response allowing for minimal shear 
deformability between the anchors and sheets. On the other hand, 
using all fiber anchors would admit a more pronounced shear 
deformability of the anchors and around them, as observed in other 
tests beyond the scope of this study. 
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Appendix A 

A.1 Equivalency of the Amount of Carbon Fiber in Anchors 

An attempt was made to strengthen the identical beams with the same externally bonded CFRP sheets and equivalent distributed anchor systems. 
The two systems can be shown to be equivalent in fiber cross sectional area distribution per shear span. The density of fibers is calculated as follows: 

Area distribution of CFRP anchors with 19 mm diameter ¼ π
4 (19 mm)2/203 mm (spacing) ¼ 1.4 mm2/mm. 

Area distribution of CFRP anchors with 16 mm diameter ¼ π
4 (16 mm)2/140 mm (spacing) ¼ 1.4 mm2/mm. 

Appendix B 

B.1 Determination of CFRP Equivalency 

Rasheed et al. [24] used five layers of C100 CFRP sheets in their experiments. In this study, two different CFRP sheet types are utilized (C100 and 
C220B). The properties of these CFRP sheets are listed in section 3.2. The rupture strain of C100 and C220B (tested experimentally) are 0.013 and 
0.011 retentively. For current study, the theoretical strain at extreme tension face is 0.011 for the T-beam and 0.00682 for rectangular beam. The 
strain at the center of the 51 mm height (of wrapped C100 layer) up the sides is 0.00985, which 90% of the ultimate strain (0.011) for the T beam. Also, 
the strain at the center of the 89 mm height (of wrapped C220B layer) up the sides is 0.00921, which is 84% of the ultimate strain (0.011). For the 
rectangular beam, the strain at the center of 51 mm height up the sides is 0.00593, which is 87% of the ultimate strain (0.011), and it’s 0.00532 at the 
center of the 89 mm height up the sides for C220B, which is 78% of the maximum strain (0.00682). The web width (b) is 152 mm, and the number of 
CFRP sheets is 4 layers (3 of C100 and one layer of C220B) layers as explained earlier. Accordingly, the strength equivalency of the two systems is 
established below for the T and rectangular beams. Table B1 and B2 show the determinations and comparisons of CFRP ultimate strength for both 
rectangular and T beams that obtained from earlier and current studies. The results are found to be very similar.  

Table B.1 
Comparison of CFRP equivalency for T beams  

T beam 

Parameters Rasheed et al., 2015 [24] Current Study 

Unidirectional C100 BidirectionalC220B 

Bottom only Bottom Side wrap Bottom Side wrap 

Web width (b) 152 mm 152 mm 51 mm 152 mm 89 mm 
Number of CFRP 5 layers 3 layers 2 (sides) 1-layer 2 (sides) 
Thickness 0.584 mm 0.584 mm 0.584 mm 0.508 mm 0.508 mm 
Ef 66.18 kN/mm2 66.18 66.18 96.5 96.5 

(continued on next page) 
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Table B.1 (continued ) 

T beam 

Parameters Rasheed et al., 2015 [24] Current Study 

Unidirectional C100 BidirectionalC220B 

Bottom only Bottom Side wrap Bottom Side wrap 

εfu 0.013 0.011 0.011 � 0.9  0.011 0.011 � 0.84  
Ef εfu Af 382 kN 193.8 kN 39.0 kN 81.6 kN 80.6 kN 
Total Ef εfu Af 382 kN 395 kN � 382 kN as found from previous study [24]  
Strain profile and maximum moment for earlier study [24] Strain profile and maximum moment for current study  

Table B.2 
Comparison of CFRP equivalency for rectangular beams  

Rectangular beam 

Parameters Rasheed et al., 2015 [24] Current Study 

Unidirectional C100 Bidirectional C220B 

Bottom only Bottom Side wrap Bottom Side wrap 

Web width (b) 152 mm 152 mm 51 mm 152 mm 89 mm 
Number of CFRP 5 layers 3 layers 2 (sides) 1-layer 2 (sides) 
Thickness 0.584 mm 0.584 mm 0.584 mm 0.508 mm 0.508 mm 
Ef 66.18 kN/mm2 66.18 66.18 96.5 96.5 
εfu 0.00754 0.00682 0.00682 � 0.87  0.00682 0.00682 � 0.78  
Ef εfu Af 222 kN 120.1 kN 23.3 kN 50.8 kN 46.4 kN 
Total Ef εfu Af 222 kN 241 kN � 222 kN as found from previous study [24]  
Strain profile and maximum moment for earlier study [24] Strain profile and maximum moment for current study  
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