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Abstract 

Fiber-reinforced polymer (FRP) composite materials have been widely implemented to 

strengthen existing reinforced concrete (RC) structures in the past three decades. 

Studies have shown that externally bonding FRP materials to concrete substrate has 

proven to be effective in enhancing the shear capacity of RC beams. However, 

premature debonding of FRP laminates prevents the beam’s ability to utilize the 

laminates’ strength, and typically fail in a brittle mode.  For this purpose, the current 

research aims to study the effect of anchoring CFRP laminates with CFRP splay 

anchors to strengthen RC T-beams in shear. The CFRP anchors are expected to delay 

or prevent debonding of the CFRP laminates, especially when the web of T-beams is 

shallow. There is still a gap in the available literature directed to the effect of FRP 

anchors on the strength and ductility of RC beams externally strengthened in shear with 

CFRP laminates. In addition, there are no design guidelines in the current codes of 

practice for strengthening with FRP anchors. Accordingly, a total of fifteen shear 

deficient T-beams were cast and externally strengthened with CFRP sheets in the form 

of U-Wraps and anchored with different configurations of CFRP splay anchor systems. 

The variables of the experimental program are anchor embedment depth, dowel 

diameter, insertion angle, and fan length. In addition, placing of the anchors before the 

U-wraps is investigated. The performance of the anchored U-wrapped specimens in 

terms of failure modes, load-deflection responses, shear strength, strain in CFRP 

laminates, and ductility is compared to that of unstrengthened and unanchored 

strengthened control specimens. Test results showed that CFRP anchors delayed 

debonding of the U-wraps, improved the shear strength of unanchored U-wraps by 14-

52%, and significantly enhanced the ductility of the beam specimens. It was concluded 

that bonding CFRP laminates by well-designed CFRP anchors highly utilized the strain 

attained in CFRP laminates. In addition, the FRP shear contribution is predicted using 

the ACI440.2R-17, CSA-S806.12(R2017), fib-14, and ISIS-M04 guidelines. Based on 

comparison with the experimental results, the ACI440.2R-17 and CSA-

S806.12(R2017) shear provisions provide reasonable predictions provided that the 

effective strain in CFRP laminates is limited to a value of 0.004. 

Keywords: External Bonded Reinforcement (EBR); Carbon Fiber Reinforced 

Polymer (CFRP); shear deficient; shear strengthening, FRP splay anchors, T-beams. 
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Chapter 1. Introduction 

 

1.1. Overview 

Many existing Reinforced Concrete (RC) structures need reconstruction due to 

increased loading over the decades, neglect and overuse, insufficient public funds to fix 

or replace these structures, and corrosion of steel inside the concrete [1]–[4]. These 

factors resulted in accelerated deterioration of public infrastructure in many developed 

countries. To solve this problem, many research studies were conducted to come up 

with feasible solutions to extend the useful lives of concrete structures and reduce 

maintenance costs. One of the most important technologies that are being studied to 

strengthen concrete structures is conducted via applying external reinforcement of 

fiber-reinforced polymer (FRP) and epoxy adhesives to external surfaces of structural 

members, such as beams, slabs, and column. The advantages of using FRP materials to 

strengthen RC structures over traditional rehabilitation techniques lie in the fact that 

these materials have very high strength to weight ratio, can be easily installed, are 

durable (will not corrode) and versatile, and have low thermal conductivity [5]–[13].  

FRP materials are composites made of polymer matrix reinforced with high-

strength fibers. In most cases, FRP composites are applied manually using hand-

impregnation techniques. The common fiber types are Carbon (CFRP), Glass (GFRP), 

Aramid (AFRP), Basalt (BFRP) and High Strength Steel (HSS). The most commonly 

used type of fibers in external strengthening of RC beams is carbon fibers (CFRP). The 

use of CFRP materials in the form of thin plates and sheets has replaced the 

conventional method of using steel plates for strengthening and repair of RC beams in 

flexure and shear [14]–[18]. 

The dominant failure mode of the RC members externally strengthened with 

FRP is the premature debonding of the FRP laminates from the concrete substrate.  

Debonding occurs due to the development of increased stresses between the FRP and 

the concrete face until it reaches a peak stress value. When the cracks at the interface 

widen, they cause local debonding which proceeds towards the free edge until the FRP 

bond length is not enough to transfer the stresses, and the FRP system fails as shown in 

Fig. 1 [19], [20]. Hence, failure will be dominated by the bond strength, which is much 

less than the FRP ultimate strength. Generally,  debonding occurs when 40% of the 
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FRP strength is reached [21]. To prevent such a sudden failure, studies show that proper 

anchorage of the FRP laminates may prevent or delay the debonding [21]–[24]. This is 

because stresses get transferred to the FRP laminates through the anchors after local 

debonding. Research has also shown that anchoring the FRP laminates can be very 

essential in cases where the RC members are limited by geometrical obstructions, such 

as shear strengthening of T-shaped sections [1].  

 

 
Figure 1: Progression of debonding for U-wraps [19]. 

 

1.2. Shear Background  

Shear failure in RC beams is sudden and brittle with no warning signs prior 

failure. As a result, extensive research has been conducted over the past century to 

develop design equations and models that combine the variables contributing to the 

shear resistance in RC members. Despite that, this essential phenomenon is still the 

least understood problem in reinforced concrete [25].  

In most current design codes, the nominal shear capacity of RC beams comes 

from superposition of two constituents: concrete (Vc) and steel reinforcement (Vs). 

Contribution of steel reinforcement is dependent on the area, yield strength, and spacing 

of the stirrups intersecting the critical diagonal crack. The transverse reinforcement is 

assumed to yield when the shear capacity is reached. After that, the critical diagonal 

crack increases rapidly, and the value of Vs remains constant. The contribution of 

concrete in slender beams (beams with span/depth 2.0 ~ 3.0) comes from three sources 

as shown in Fig. 2: shear resisted by concrete in the uncracked compression zone (Vc), 

shear transfer by aggregate interlocking at the edge of the diagonal crack (Va), and 

dowel action from the longitudinal reinforcement (Vd) [26].  
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Figure 2: Concrete shear stress components [26]. 

 

The contribution of shear resisted by flanges of T and I-sections is ignored in 

most shear design equations in current codes of practice. In fact, shear is assumed to be 

resisted only by the web of the beams by aggregate interlock at the shear crack. 

However, many studies have verified that T-beams have higher shear capacity 

compared to rectangular beams with same height and reinforcement details [27]–[29]. 

Figure 3 shows the effect of flange width on the increase in shear capacity of T-sections. 

It can be noticed that for beams with web width of 150 mm, T-beams having flanges of 

300 mm and more have 25% higher shear capacity than rectangular beams.  

 

 
Figure 3: Effect of flange width on the shear capacity of T-beams [28]. 

 

1.3. FRP Shear Strengthening 

As previously mentioned, shear failures are brittle and can be catastrophic. 

Hence, it is very important to provide enough shear capacity in beams. Consequently, 

shear strengthening becomes essential in cases where the shear capacity in the beams 



17 

 

is insufficient or in cases where, after flexural strengthening, shear capacity becomes 

less than the flexural capacity [30]. In general, there are two ways to strengthen the RC 

structural members in shear: Externally Bonded Reinforcement (EBR) and Near 

Surface Mounted (NSM).  

1.3.1. Externally Bonded Reinforcement (EBR).  In EBR, FRP sheets or 

plates are externally bonded with epoxy to the surface of the RC member. There are 

three forms in which FRP can be bonded to the surface of RC beams to strengthen them 

in shear: a) Side bonded, b) U-wrapped, and c) Completely wrapped. As seen in Figure 

4, in the side bonded scheme, the sheets are bonded to the sides of the beam. This 

technique is the least effective due to the early debonding of the FRP laminates. The 

second scheme shown in Fig. 4 is applying FRP laminates in the form of U-wraps. This 

is the most commonly used wrapping technique due to its effectiveness and ease of 

application. The last and most effective wrapping scheme is applied via completely 

wrapping the RC member where it becomes completely confined. Hence, this scheme 

performs the best in terms of enhancing the shear capacity and ductility of the beams. 

Nevertheless, it is impractical to implement it in many cases, especially, where there 

are geometrical obstructions, such as when the beams are connected to the slab [31]–

[34].  

 

 
Figure 4: Wrapping schemes for externally bonded FRP laminates; a) Completely 

wrapped; b) U-wrapped; c) Side bonded [20]. 

 

The failure mode of the completely wrapped beams is dominated by FRP 

rupture, while the failure mode of side bonded and U-wrapped beams is debonding of 

the FRP laminates. Debonding occurs in the region where the FRP intersects with 

diagonal shear cracks as a result of increased stresses [1]. 
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1.3.2. Near Surface Mounted (NSM) FRP reinforcement. In NSM, FRP 

round or rectangular bars with large width to thickness ratio are inserted in near surface 

cut grooves in the RC structural element, and then sealed with resin that fills the groove. 

For shear strengthening with NSM FRP reinforcement, the bars are inserted in grooves 

cut at the sides of the RC member at a specific angle to the beam’s axis [15]. Studies 

proved that using NSM bars can increase shear capacity of the beams by 40 - 80% [35]–

[38]. Other advantages of applying this strengthening method include less preparation 

time since NSM technique only requires cutting grooves, and that no surface 

preparation is needed. In addition, there is no risk of debonding failure and no risk of 

accidental damage because the FRP strips are covered by concrete. Finally, putting 

NSM FRP bars in the concrete doesn’t change the aesthetics of the RC structure [39], 

[40].  

1.4. Anchorage Systems 

There are many anchorage systems that are being implemented and studied to 

anchor externally bonded FRP laminates to strengthen shear deficient beams. 

Anchoring FRP laminates proved to be effective in delaying the debonding failure and 

utilizing the FRP strength.  

1.4.1. Additional horizontal strips of FRP sheets.  These are horizontal FRP 

strips that are applied on the top portion of the externally bonded shear reinforcement 

to delay debonding failure as shown in Fig. 5. Recent experimental investigations 

proved that horizontal strips increase FRP shear contribution up to 63 % [15][41].  

 

 
Figure 5: Horizontal FRP strips applied on RC T-beams [41]. 

 

1.4.2. Mechanical anchorage. Mechanical anchorage involves using steel 

bolts, angles or anchor rods to anchor FRP laminates into the concrete.  
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1.4.2.1. Steel bolts. In this system, steel bolts are used to anchor the FRP 

laminates. Experimental investigations with this type of anchorage system showed that 

using steel bolts to anchor the FRP sheets can increase the anchorage capacity up to 

44% [15]. Other advantages of using steel bolts include increased ductility, fiber 

strength utilization, and debonding of the laminates over a longer period of time. 

Furthermore, unlike metallic anchorages, steel bolts prove increased tensile and shear 

force resistance. However this system is unfavorable due to its high cost and low 

durability [1].  

1.4.2.2. Steel angles.  This method involves extending FRP U-wrap sheets to 

the flange of T-beams and fastening steel angles at the corner of the flange while 

providing steel rods in the web through the flange thickness. Compared to anchored U-

wraps with steel bolts in the web, this method increases shear strength by 23% [42]. 

1.4.2.3. Anchor rods.  In this anchorage system, rods are inserted in the 

structural members with various bearing plates. It was found that using the appropriate 

anchor size allows the FRP sheets to be intact during failure [15]. In addition, it was 

found that deeper anchors are more beneficial than shallow ones because CFRP 

laminates are activated early, thus delaying the steel reinforcement yielding.  

1.4.3. FRP splay anchors. FRP splay anchors consist of bundles of glass or 

carbon fibers soaked in epoxy resin, or from FRP sheets rolled to form a bundle. As 

shown in Fig. 6, one end of the bundle is splayed out to form a fan-like shape (fan or 

splay component); this end is bonded to the EB-FRP sheet to disseminate the stresses 

around the FRP anchor and the FRP sheet in contact. The other end is inserted in a 

predrilled hole filled with epoxy resin (dowel component). The section that connects 

the fan/splay component and the dowel component is known as the key portion [22]. 

FRP anchors can be inserted in the structural element (beam’s top flange) with 

an insertion angle (β), as shown in Fig. 6, known as bent anchor, or with the anchor 

inserted straight into the structure, known as a straight anchor [22]. Straight anchors are 

mainly subjected to tensile stresses, while bent anchors are subjected to a combination 

of tensile and shear stresses as shown in Fig. 7 (a) [43].  The implementation of straight 

and bent FRP splay anchors in shear strengthening of RC beams is shown in Fig. 7 (b). 

Among the different anchorage systems, FRP anchors have proven to be effective in 

terms of enhancing the shear capacity of RC beams and delaying debonding of the FRP 
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Figure 6: FRP splay anchor components for straight and bent anchors [44]. 

 

 

(a) Dowel stress distribution for straight (A’) and bent (B’) anchors. 

 
(b) Shear strengthening application using straight (A’) and bent (B’) anchors 

Figure 7: FRP anchor stress distribution and shear application [43].    

 

laminates. In addition, FRP anchors are non-corrosive, have high strength to weight 

ratios, and have better compatibility with the FRP laminates as opposed to other 

anchorage materials [45]. The main advantage of FRP anchors is that it can be designed 
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to suit wide range of structural applications; for example, it can be applied to 

strengthened RC beams (shear and flexural applications), columns, slabs and joints.  

There are two ways in which FRP anchors can be installed: impregnated or dry 

(wet lay-up). In impregnated anchors, the dowels are soaked in epoxy and then cured 

for a certain period prior installation. The second way of installing FRP anchors is via 

the wet lay-up method, in which the anchors get impregnated in epoxy resin right before 

inserting it into the holes. The advantage of this method, as opposed to impregnation 

method, is that it is less time-consuming because it doesn’t involve any curing time 

before installation. In addition, in wet-layup method, the dowel and the key portion are 

completely soaked in epoxy resin, allowing uniform and consistent distribution of 

epoxy along the anchor [44].  

The anchor parameters that affect the behavior of the FRP concrete-joint system 

as reported in the literature are: number of anchors, distance between anchors, anchor 

dowel diameter (cross sectional area), hole diameter, concrete compressive strength, 

dowel embedment depth, insertion angle, fanning angle, fan area, tensile strength of 

FRP, and thickness of FRP laminates. Studies have reported five FRP anchor failure 

modes depending on the anchor component that fails (dowel, key, or fan). The failure 

modes as illustrated in Fig. 8 are: concrete-cone failure, concrete-cone plus bond 

failure, dowel pullout, fan-to-sheet debonding and fiber rupture [22]. 

 

 
Figure 8: FRP splay anchor failure modes [22]. 

 

Design models that were developed to investigate concrete-cone failure modes 

of isolated FRP anchors considered the effect of concrete compressive strength (f’c), 
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hole diameter (do), and embedment depth (hef). In a similar manner, the main factor that 

affects fan-to-sheet debonding failure is the fan area (Afan). Furthermore, dowel pull-

out failure mode is dependent on embedment depth (hef), hole diameter (do), concrete 

compressive strength (f’c), and insertion angle (β). Finally, models based on FRP 

anchors exhibiting fiber rupture failure include the effect of tensile strength of FRP 

(ffrp), dowel cross-sectional area (Adowel), fanning angle (α) and insertion angle (β). It 

should be noted that when designing FRP anchors, it is vital to avoid all FRP anchor 

failure modes to favor rupture in the FRP laminates since the anchors should not limit 

the strength of the FRP-EBR system.  

In general, it is recommended that anchors should be designed in such a manner 

that embedment depth is 1.5 times greater than concrete cover to ensure involvement 

of FRP anchor with steel reinforcement. Another limitation to the embedment depth is 

that it should be at least 6 times dowel diameter to prevent concrete cone failure modes. 

In addition, straight anchors are preferred in design than bent anchors because straight 

anchors are only stressed in tension while bent anchors are stressed in tension and shear 

which reduce the capacity of the anchors. However, if straight anchors cannot be 

applied due to geometrical obstructions, such as member size or steel reinforcement 

spacing, bent anchors with large obtuse insertion angles can be implemented. It is also 

recommended that fanning angle should be kept as small as possible (maximum of 32°) 

because wider fan angles reduce tensile capacity of FRP anchor. In addition, fan 

anchors should cover the width of the FRP sheet to ensure uniform and consistent stress 

transfer from FRP sheet to the concrete substrate. Moreover, hole diameter should be 

3-5 mm larger than anchor dowel diameter to facilitate easier installation.  Finally, more 

and smaller anchors are desirable in design than fewer and larger anchors [44], [46]. 

1.5. Research Significance 

Research has shown that the use of traditional retrofitting techniques for 

deteriorated RC structures may possibly result in unfavorable consequences. This has 

directed the efforts of engineers to try other solutions such as externally strengthening 

existing RC members using FRP materials which provide high strength, durability, 

versatility and can be easily applied to the RC members. Bonding FRP laminates onto 

the concrete substrate by epoxy adhesive enhances the flexural and shear strength of 

the beams and improves the ductility of the columns in column confinement 
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applications. However, premature debonding of the FRP laminates from the concrete 

substrate due to stress concentration or beam cracking, and without utilization of its 

ultimate capacity, is a major concern and typically results in brittle failure of the 

members. 

To overcome this deficiency, studies have shown that properly anchoring the 

FRP laminates could delay or even prevent debonding failure. One of the anchorage 

systems that proved to be an appropriate solution to enhance the behavior of FRP-EBR 

system is FRP splay anchors. Many studies addressed isolated FRP anchors and flexural 

strengthening using FRP anchors. However, fewer studies investigated shear 

strengthening using anchored FRP-EBR systems. Hence, more research is required to 

address wider range of anchor parameters and structural geometries. To narrow the 

research gap, this research investigates the effect of anchoring CFRP U-wraps by FRP 

splay anchors to strengthen shear deficient RC T-beams. The performance of fifteen 

shear deficient T-beams strengthened with anchored U-Wraps with different 

configurations of CFRP splay anchors is examined and compared to an unstrengthened 

control specimen and an unanchored U-wrapped specimen. In addition, this study aims 

at studying the effect of varying several anchor parameters. The variables investigated 

in this study are anchor embedment depth, insertion angle, dowel diameter, and fan 

length. In addition, two CFRP anchor installation procedures are implemented in the 

study. The first is commonly used by all researchers and engineers, i.e., CFRP anchors 

installed after the CFRP laminates. In the second procedure, the anchors are installed 

before the CFRP laminates. The latter has the advantage of easier and faster in-field 

installation. While companies are designing anchors to be installed by both ways in the 

field, the impact of installing anchors before the laminates has never been addressed in 

the literature. Therefore, the effect of reversing the order of anchors installation on the 

shear strength of the specimens is studied herein. 

1.6. Research Objectives  

This research is conducted to study the overall performance of T-beams 

strengthened with CFRP U-Wraps and anchored with different configurations of FRP 

splay anchors. The main objectives of this research are: 

1. Conduct an experimental investigation to study the effect of strengthening shear 

deficient RC T-beams with CFRP U-Wraps anchored with CFRP splay anchors 
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and compare load-deflection response curves, shear capacity and ductility of the 

anchored specimens with that of the control unstrengthened specimen and 

strengthened unanchored specimen. 

2. Investigate the effect of anchor embedment depth, insertion angle, dowel 

diameter, and fan length on the shear capacity, ductility, and performance of U-

wrapped specimens. 

3. Investigate the effect of installing FRP anchors in reverse order and compare 

the results of these specimens with their equivalent counterparts.  

4. Study and compare the strain in the CFRP laminates across the beam’s length 

in the anchored and unanchored beams.  

5. Predict the capacity of the unstrengthened T-beam specimen using models from 

the literature and current design codes.  

6. Perform analytical predictions for the FRP shear strength of specimens using 

ACI 440.2R-17 [47], CSA-S806.12(R2017) [48],  fib14 [49], and ISIS-M04 [50] 

design guidelines.  

1.7. Thesis Framework 

The thesis is organized into six chapters, structured as follows: 

1. Chapter 1: Introduction. Introduces the topic and provides background 

on FRP shear strengthening and anchorage systems. Research 

significance and objectives are defined, and the outline of the thesis is 

presented. 

2. Chapter 2: Literature Review. Highlights some of the research works 

published on the subject.  

3. Chapter 3: Shear Strength Models. Provides theoretical predictions of 

RC shear strength models including concrete and FRP contribution to 

shear strength using provisions of design codes and literature. 

4. Chapter 4: Experimental Program. Provides geometrical details and 

material properties of RC specimens tested in the study. It also, presents 

the test matrix and explains the parameters investigated. In addition, it 

provides the test setup and instrumentation and outlines specimens’ 

preparation and strengthening procedure.  
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5. Chapter 5: Experimental Results. Presents the experimental results in 

terms of failure modes, load-deflection responses, shear strength, strain 

in CFRP laminates and ductility. 

6. Chapter 6: Discussion of Results. Presents and discusses shear capacity 

of the tested specimens and compared the behavior of the specimens 

within each group. 

7. Chapter 7: Theoretical Predictions. Predicts the experimental results 

with design guidelines and models in the literature. 

8. Chapter 8: Conclusions and Recommendations. Summarizes and 

concludes the outcomes of the study. In addition, recommendations for 

future work are proposed.  



26 

 

Chapter 2. Literature Review 

 

This chapter highlights the literature available in the field which addresses the 

topic of shear strengthening using FRP-EBR systems and anchors.  

2.1. Shear Strengthening of RC beams with FRP-EBR systems. 

Numerous studies were conducted to investigate the behavior of EBR using 

CFRP strips. Mostofinejad et al. [32] studied the effect of vertical and diagonal 

alignments of CFRP  strips with different wrapping techniques (side bonded, U-

wrapped and fully wrapped) using EBR and Externally Bonded Reinforcement in 

Grooves strengthening (EBRIG) methods. They conducted two-point loading tests on 

seven RC beams. Test results for the beams strengthened using EBR method showed 

that using CFRP strips increased the beams load capacity on average by 110%, 

compared to the unstrengthened control specimen. Fully wrapping the beams gave the 

highest increase in the average load capacity with an increase of 17% compared to U-

wrapped specimens, and 51% compared to side bonded specimens. In addition, 

diagonal CFRP sheets had the most significant effect in the side bonded beams with an 

increase in 33% with respect to the vertical alignment. The results also show that shear 

strengthening by CFRP gives ductility to the RC members by increasing their energy 

absorption. Fully wrapping the beams proved to provide the highest ductility to the RC 

members.  

In a similar manner, Mhanna et al. [51] investigated the effect of the wrapping 

scheme on the capacity of strengthened specimens. The authors performed two-point 

bending tests on six shear deficient beams, one T-beam strengthened with CFRP U-

wraps, and two fully wrapped rectangular beams with different depths corresponding 

to overall depth of the T-beam, and T-beam web length. Three beams of each type were 

left unstrengthened to act as benchmark specimens. Test results showed that 

strengthening using U-wraps increased the shear capacity of the control specimen by 

114%. In addition, the increase in load-carrying capacity and deflection at ultimate load 

of the completely wrapped rectangular beam with depth equal to overall depth of T-

beam was 201 and 253 %, respectively. This indicates that completely wrapping 

scheme entertains the best performance in terms of increasing the capacity and ductility 

of the specimens.  
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Another study conducted by Belarbi et al. [52] showed that strengthening full 

scale T-beams using CFRP laminates in the form of U-wraps can increase the shear 

capacity of the beams up to 26%. In addition, the authors showed that there is a good 

interaction between the FRP and transverse steel reinforcement. This was demonstrated 

by the higher contribution of the FRP to the shear capacity in the specimens with larger 

stirrup spacing. The contribution of concrete, steel and FRP to shear capacity was also 

explained in this study. Before cracking, the concrete was mainly taking all the load. 

After the cracks started propagating, the stirrups and FRP started to contribute to the 

shear force where after yielding of the stirrups, FRP showed significant increase in the 

contribution to the shear force. Belarbi et al. [52] also explained that due to the non-

linear distribution of the strain along the FRP, most analytical models express the load 

carried by the FRP in terms of the effective strain. Using the effective strain to 

determine the forces taken by the FRP in the current analytical models can be applied 

to design the beams within reasonable error range. 

Other experimental studies [53]–[57] investigated different parameters 

affecting the contribution of the CFRP to the shear strength. These parameters include 

span-depth ratio, different CFRP layouts and configurations, steel transverse 

reinforcement, and the amount of the CFRP materials. These studies proved that the 

use of CFRP for strengthening shear deficient beams in the form of side-bonded, U-

wraps and complete wraps, enhances the shear capacity of the beams, and in case of 

completely wrapping, enhances the ductility of the beams and avoids brittle failure. 

2.2. Shear Strengthening of RC beams using CFRP sheets and splay anchors. 

Although EBR system proved to be efficient, the failure mode of this system is 

governed by the debonding of the laminates before utilizing the ultimate strain of the 

FRP. Studies in this field proved that proper anchorage of the laminates can delay or 

even prevent debonding. Out of the many anchorage systems that are being 

implemented, FRP splay anchors gave promising results in improving the overall 

behavior of FRP-EBR systems. This section highlights the effect of anchoring the 

CFRP laminates by FRP anchors to strengthen RC beams in shear. 

Findings of a study by Kim et al. [21] proved that anchored CFRP laminates 

performed better in terms of increasing the shear capacity of the RC T-beams than the 

unanchored beams. They tested sixteen RC T-beams by varying the following 
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variables: shear span-depth ratio, amount of transverse steel (stirrups), number of layers 

and layout of CFRP laminates, inclination angle of CFRP anchors, and the bond 

between the CFRP sheets and the concrete substrate. Several conclusions were drawn 

from the test results. First, the percentage increase in the shear capacity of the 

strengthened T-beams over the control specimens was greatest in the beams with span-

depth ratio of 3, as compared to beams with span-depth ratios of 2.1 and 1.5. In addition, 

the anchored U-wrapped RC T-beams failed at a much higher load (44% percentage 

increase in capacity over control specimen) than the unanchored U-wrapped beams. In 

addition, CFRP anchors prevented the debonding failure mode, and all the anchored 

beams failed by rupture of the CFRP laminates. Furthermore, anchor inclination angle 

of 20° from the horizontal decreased the shear capacity of the beams compared to the 

horizontal anchors. This was justified to be an outcome of the penetration of the shear 

crack through the anchor hole. Test results also showed that if the CFRP sheets were 

anchored properly, the bond between the CFRP sheets and the concrete substrate will 

only increase the stiffness and reduce the cracks, but it will not affect the shear strength. 

Finally, the authors indicated that ACI 440.2R-08 [58] design equations should account 

for the interaction between the steel stirrups and the CFRP laminates. They also 

recommended that design equations of fully wrapped members in the ACI 440.2R-08 

[58] could be used to design properly anchored CFRP U-wrapped beams.   

Similarly, Kim et al. [59] conducted tests on nine T-beams with dimensions 

chosen to represent the full-scale bridge beams. They investigated the effects of amount 

and spacing of steel stirrups, the amount, layout and inclination of CFRP strips and the 

layout of the anchors. Test results verified that using CFRP anchors prevented early 

debonding of the CFRP strips and maximized the shear strength contribution of CFRP 

strips. In addition, the inclination of the CFRP strips didn’t increase the shear strength 

of the strips compared to the strips placed normally to the beam’s axis. Furthermore, in 

order to increase the amount of CFRP materials, a larger than proportional amount of 

the CFRP material in the anchors should be added. Finally, at ultimate capacity, when 

the first CFRP strip ruptured, the effective strain measured in the nearby CFRP strips 

to the first fractured strip was much lower than the fracture strain.  

Another study by Koutas et al. [60] investigated shear strengthening of RC T-

beams using anchored FRP U-wrapped jackets. Six specimens with different anchor 
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alignments and types were casted and tested. The varying parameters of the study were 

the orientation, and number and spacing of the FRP anchors. In addition, the authors 

investigated the effect of the type of FRP in the jackets and anchors on the shear strength 

of the specimens. The two FRP types invested were GFRP and CFRP. The load 

displacement curves obtained in [60] are shown in Fig.9.  Load-displacement responses 

of beams U2C-AN3Cin and U2C-AN3Gin in Fig. 9 indicate that the type of fiber has 

no significant effect on the shear strength of the specimens as long as the anchors have 

similar geometric characteristics (for example embedment length). Furthermore, an 

increase in the number of anchor results in an increase in the shear resistance, but in a 

nonproportional manner because the anchors below the shear cracks are not activated. 

Furthermore, it is clear from Fig. 9 that inclined anchors in beam U2C-AN3Cin have 

shown better performance in terms of increasing the shear capacity of the specimens 

than the horizontal anchors in beam U2C-AN3Ch. In addition, anchoring the FRP 

jackets by FRP anchors significantly increased the effective strain in the FRP strips, 

and therefore increased the shear resistance of beams. The maximum FRP strain 

attained in the specimen with the best anchor configuration was almost 0.004. 

 

 
Figure 9: Load-displacement responses reported in [60]. 

 

A study by Baggio et al. [61] investigated the effect of strengthening RC shear 

deficient beams by using different types of FRP laminates (CFRP, GFRP and fiber 

reinforced cementitious matrix (FRCM)). For each FRP type, two beams were tested: 

one anchored and one unanchored, except for specimens strengthened with GFRP 

sheets where four beams were tested: two with GFRP laminates depth equal to full 
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member depth, and two with partial depth GFRP laminates. Test results indicated that 

anchoring the FRP laminates enhanced both the shear capacity of the beam specimens 

as well as the ductility. In addition, anchoring CFRP sheets with CFRP anchors delayed 

the debonding of the CFRP laminates and changed the mode of failure from brittle shear 

failure to flexural failure mode by yielding of the longitudinal steel bars. Similarly, 

specimens strengthened with FRCM exhibited the same increase in the shear capacity 

as CFRP strengthened beams; however, FRCM strengthened beams failed in shear. 

Results have also revealed that beams strengthened with GFRP laminates and anchored 

with GFRP anchors had a slightly higher load capacity than beam specimens 

strengthened with GFRP laminates and anchored with CFRP anchors. Finally, in all 

strengthened anchored beams, the effective strain in the FRP did not reach its ultimate 

rupture strain as failure was governed by debonding of the laminates. 

In a recent study by Garcia et al. [62], the authors experimented the use of CFRP 

strips and anchors to strengthen prestressed concrete I-girders in shear. The authors 

tested four girders and varied the number of anchors, anchor alignment, and number of 

CFRP strips. It was clear from the test results that strengthening the beams with 

anchored unidirectional CFRP strips slightly increased the ultimate shear load capacity; 

however, it contributed to 20% increase in the shear-cracking load. Furthermore, for 

the girder type tested, using bidirectional CFRP strips was more effective than 

unidirectional CFRP strips and resulted in 40% increase in shear capacity compared to 

the control specimen. The results have also shown that the increasing the amount of 

CFRP used in the strips increases the shear strength in a nonproportional manner. This 

is because adding more CFRP material will not be effective due to the failure of the 

concrete in the web. Finally, the use of two-way CFRP anchors at the re-entrant corners 

of the girder allowed the effective strain in the CFRP to reach almost 0.008 utilizing 

76% of the ultimate strain of the CFRP. 

Ozden et al. [57] conducted an experimental investigation to study the effect of 

shear strengthening RC beams using FRP U-wraps with FRP anchors. The parameters 

investigated were: FRP type (CFRP, GFRP and high modulus CFRP), and type of 

surface bonding (partial and full bonding). Ten shear deficient RC T-beams were 

casted, prepared and tested under two-point loading tests. Based on the test results, 

several conclusions were noted. First, strengthening using CFRP and GFRP U-wraps 
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increased the shear capacity of the control specimen by almost 13% for both FRP types, 

indicating that the type of FRP laminates has no effect on the shear capacity. However, 

beams strengthened with high modulus CFRP laminates did not gain any shear strength 

compared to the unstrengthened beam. Second, anchoring fully bonded and partially 

bonded CFRP laminates enhanced the shear capacity by 50 and 22 %, respectively. The 

results have also revealed that anchoring fully bonded and partially bonded GFRP 

laminates increased the shear capacity by 42% for both systems. The maximum strain 

attained in the anchored CFRP and GFRP laminates is almost 4000 με. Thus, the 

authors suggested that design codes that limit effective strain beyond 4000 με should 

be revised. Finally, the promising results of the partially bonded systems with end 

anchorage showed that the adopted system could be implemented in design equations 

if further tests with wider range of parameters were conducted.  

A recent study conducted in 2019 by Alotaibi et al. [63] involved testing six 

full-scale T-beam specimens representing the dimensions of concrete bridge girders. 

The beams were designed such as two tests were performed on each beam. The 

parameters of the study were the amount of transverse reinforcement, the number of 

CFRP layers, and the CFRP strip width and spacing. In addition, the authors 

implemented two FRP anchor installation details. In the first method, CFRP laminates 

were applied over the whole web length covering the predrilled hole, while in the 

second method, CFRP laminates were stopped right below the predrilled hole. The 

latter aided in easier and faster FRP anchor installation without compromising the 

strength. Test results showed that anchoring U-wraps with FRP anchors significantly 

enhanced the shear capacity and ductility of the RC specimens. In addition, doubling 

the layers of anchored strips increased the shear capacity by 28.76% compared to the 

specimen with single layer of CFRP laminates. Thus, increasing the amount of CFRP 

in the strips requires an increase in the amount of CFRP material of the anchors to 

withstand the extra tensile force of the laminates. An interesting observation in this 

study was that the increasing transverse steel reinforcement ratio did not impact the 

shear capacity of the anchored specimens with similar CFRP reinforcement ratio. This 

outcome was not in accord with the findings of previous studies that investigated shear 

strengthening using unanchored FRP laminates. Using optical digital image correlation 

(DIC), full field strain maps were obtained for all tested specimens. Figure 10 shows 
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principal tensile strain profile for a control beam and beam strengthened with anchored 

CFRP laminates from Alotaibi et al. [63] study. The full-field strain maps indicated that 

the failure of the unstrengthened beam is governed by one critical diagonal shear crack. 

On the other hand, strengthening caused the formation of several shear cracks. In 

addition, it could be seen that CFRP laminates started engaging and contributing to the 

shear capacity only when the diagonal crack started to widen. The maximum average 

strain recorded in the anchored CFRP laminates was 0.008, which is twice the effective 

strain recommended by the ACI 440.2R-17 [47] to design well-anchored specimens. 

As a result, the authors suggested that ACI 440.2R-17 [47] and other design codes 

consider the effect of anchorage systems in shear strengthening applications in their 

design provisions.  

 

 
Figure 10: Full-field strain maps of a control beam (on the left) and anchored 

strengthened beam (on the right) [63]. 

 

Sun [64] conducted 38 tests on small-scale RC beams to evaluate the effect of 

ten parameters on the performance of CFRP anchorage system. The parameters tested 

included ratio of strength of CFRP anchor to strength CFRP strip (ASR), concrete 

compressive strength, fanning angle, embedment depth and hole diameter. Based on 

the experimental results, Sun [64] recommended ASR values of 1.41 or 2.0 depending 

on combination of concrete compressive strength and CFRP strip width. To be on the 



33 

 

conservative side, an ASR 2.0 is recommended in designing the CFRP anchors. In 

addition, smaller fanning angles caused a progressive transfer of force to the anchors. 

In this study, Sun [64] considered a fan angle of 45° to be effective and conservative. 

Furthermore, small embedment depth anchors of 51 mm were considered insufficient 

to reach concrete core. Hence, minimum embedment depth of 102 mm was 

recommended to prevent anchor failure due to concrete cover spalling. The following 

recommendations were proposed in this study for other parameters investigated: anchor 

bent radius = 13 mm, ratio of hole area to FRP anchor dowel area should be in the range 

of 2.2 to 4.8, good bonding conditions are required, and using bidirectional fiber patches 

with width equal to CFRP strip width improves performance of the anchors. The paper 

also presented proper CFRP anchor installation procedure. 

2.3. Isolated FRP anchor tests 

In order to estimate the capacity of the anchors and understand the failure modes of 

the FRP anchors, many researchers conducted experimental tests on isolated FRP 

anchors. This section highlights some of the research done in this area. 

In a study by Eshwar et al. [65], two anchor systems, an end anchor system and 

a spike anchor system were tested. The researchers performed shear tests on 19 concrete 

block specimens with spike anchors. They varied the location, the number and the 

embedment length of the GFRP spike anchors. Experimental results showed that 

anchoring the laminates using spike anchors delayed the debonding of the FRP strips 

and enhanced the ultimate capacity. In addition, using multiple anchors instead of one 

resulted in a significant increase in the shear capacity and better utilization of FRP 

ultimate strain. Furthermore, embedment depth of the anchors has no significant 

influence on the shear capacity; increasing the dowel depth from 50 mm to 75 mm 

increased the capacity only by 10%. Eshwar et al. [65] recommended using a minimum 

of 10 mm anchor diameter and a minimum embedment depth of 50 mm. Finally, the 

value of 0.004 for the effective strain in the FRP while designing for shear strengthening 

of RC beams using spike anchors was suggested by the authors as an appropriate 

method. 

Ozbakkaloglu et al. [66] tested 81 CFRP anchors under monotonic axial 

loading. The purpose of the study was to examine the effect of embedding the anchors 

both in high and normal strength concrete specimens. Other variables of the tests 
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include length, diameter and angle of inclination of the anchors. Most specimens failed 

in the anchor pullout mode including concrete-pullout or concrete cone-bond pullout. 

It was noted that the compressive strength of concrete did not have a significant effect 

on the overall average bond strength of the FRP anchors. In addition, increasing the 

embedment depth and anchor diameter increased pullout capacity of the anchors as 

shown in Fig. 11. It was also observed that increasing the embedment depth decreases 

the depth of concrete pullout cone. In addition, the average bond strength of FRP 

anchors decreased with increasing embedment depth implying that stress distribution 

is not uniform along the dowel length. Similarly, the bond strength decreased with 

increasing diameter due to Poisson’s ratio effect. Reduction in the diameter of anchors 

subjected to tensile forces increases with increasing diameter which in turn reduces 

frictional locking stresses. Finally, increasing the inclination angle decreased the 

pullout capacity of the anchors as shown in Fig. 12. However, results in Fig. 12 show 

that pullout capacity of straight anchors and anchors with 15° inclination angle is 

comparable, signifying that small inclination angles have negligible effect on pullout 

capacity of the anchors. 

Niemitz et al. [16] studied the complex behavior of the FRP when its anchored 

in shear, as well as the parameters that affected the design of the anchorage system. The 

specimens were grouped in 3 categories. In group A, FRP was only attached to the 

concrete by epoxy resin, Group B had FRP attached to the concrete by both epoxy and 

anchors and in Group C, FRP was attached to the concrete only by anchors. The 

parameters that were tested were bond length, number of FRP anchors, anchor 

placement, anchor diameter and splay diameter. The major failure modes after applying  

 

 
Figure 11: Effect of anchor embedment length and diameter on the pull out capacity 

of the anchors [66]. 
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Figure 12: Effect of FRP anchor inclination angle on the pullout capacity of the 

anchors [66]. 

 

shear stress to the specimens were debonding of FRP, which occurred only in the 

unanchored specimens, FRP anchor splay delamination, FRP anchor shear rupture and 

FRP sheet rupture.  It was concluded that the force transferred to the anchors depended 

on the anchor splay diameter and thickness of the FRP sheet. The higher the splay 

diameter and the thicker the FRP sheet, the higher is the force demand on each anchor. 

Furthermore, specimens with anchors that have smaller splay diameter performed better 

than the ones with larger splay diameter. In addition, bonding the FRP to the concrete 

allowed part of the applied forces to be transferred by bond. This enhanced transverse 

redistribution capacity and made the FRP-anchor system become more ductile. As a 

result, FRP sheet splitting behind the anchors was delayed. The authors suggested that 

more tests be carried out in order to optimize the installation techniques and study the 

effects of other anchor fabrications. 

Del Ray Castillo et al. [22]  investigated the influence of the anchor size and 

fanning angle on the capacity of FRP straight anchors. They tested 72 specimens in a 

test setup designed to mimic test the construction and fiber alignment conditions of 

realistic structural applications. The failure mode for all specimens was fiber rupture of 

the anchor which occurred after the debonding of the FRP from concrete either partially 

or completely. However, the debonding did not affect the ultimate strength. The authors 

concluded that when the anchor size is small, there is no significant difference between 

acute and obtuse fanning angles. However, when the size of the anchor increases, 

specimens with acute fanning angle performed better than specimens with obtuse 

fanning angles. An equation that depicts the load capacity of the straight FRP anchor 
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was proposed. This equation should help engineers predict the behavior of the straight 

FRP anchor as well as calculate the final strength given the anchor size and the fanning 

angle.   

In a similar manner, Lim et al. [67] investigated the influence of the anchor size 

and fanning angle in bent FRP anchors. Test results showed that the FRP anchors 

perform better when the fanning angle is acute more than obtuse. It was observed that 

large anchors had higher load capacity than smaller anchors. In all the tests, dowel 

pullout and fan-to-sheet debonding failure modes were prevented to allow the samples 

to fail in FRP rupture failure mode. An equation to calculate the strength capacity of 

bent FRP anchors was proposed. However, it might not be reliable because there was 

dispersion in the results, which might be due to the low reliability of the installation on 

the FRP, specially for large anchor sizes. The authors did not recommend the use of 

obtuse fanning angles for bent FRP anchors. They also recommended keeping the 

fanning angle in the range of 15 to 27 degrees. 

In a recent study, Del Rey Castillo et al. [46] compiled an extensive data base 

and developed design models to calculate FRP anchor capacity based on the failure 

mode exhibited. The models are semi-empirical and take into account the anchor 

parameters that have direct effect on the failure mode. The following models summarize 

the anchor capacity equations that are presented in [46] depending on the failure mode: 

For fiber rupture failure mode (straight anchors): 

𝑁𝑓𝑟
95% = 3.1𝐸𝑎𝜀𝑎10−3𝐴𝑑𝑜𝑤𝑒𝑙

0.62 (
90−𝛼

90
)    (1) 

The range of parameters used to develop these models were: 𝐸𝑎 = 253 GPa, 𝜀𝑎 

= 0.0098, 168 mm2≥ 𝐴𝑑𝑜𝑤𝑒𝑙 ≥14 mm2, and 60°≥ 𝛼 ≥15°.  

For fiber rupture failure mode (bent anchors, β = 90°): 

𝑁𝑓𝑟
95% = 2.2𝐸𝑎𝜀𝑎10−3𝐴𝑑𝑜𝑤𝑒𝑙

0.62 (
90−𝛼

90
)    (2) 

The range of parameters used to develop these models were: 𝐸𝑎 = 253 GPa, 𝜀𝑎 

= 0.0098, 84 mm2≥ 𝐴𝑑𝑜𝑤𝑒𝑙 ≥28 mm2, 60°≥ 𝛼 ≥15°, and β = 90°. 

where: 

𝑁𝑓𝑟 = anchor fiber rupture capacity (N). 
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𝐸𝑎 = elastic modulus of the anchor (MPa). 

𝜀𝑎 = rupture strain of the anchor (mm/mm). 

𝐴𝑑𝑜𝑤𝑒𝑙 = cross-sectional area of the anchor dowel (mm2). 

𝛼 = half of the fanning angle (°). 

Del Rey Castillo et al. [46] also provided design models that are developed by 

Kim and Smith [43] to calculate the pullout capacity of straight anchors exhibiting 

concrete related failure modes. The calibrated models based on a wide database are 

provided in Eqs. (3)-(5).  

Concrete cone failure (straight anchors): 

𝑁𝑐𝑐
95% = 9.68ℎ𝑒𝑓

1.5√𝑓′𝑐                 (3) 

Combined concrete-cone and bond failure (straight anchors): 

𝑁𝑐𝑏
95% = 4.62𝜋𝑑𝑜ℎ𝑒𝑓 (𝑓′

𝑐
< 20 𝑀𝑃𝑎)                        (4) 

𝑁𝑐𝑏
95% = 9.07𝜋𝑑𝑜ℎ𝑒𝑓 (𝑓′

𝑐
≥ 20 𝑀𝑃𝑎)               (5) 

where: 

𝑁𝑐𝑐 = anchor concrete-cone capacity (N). 

𝑁𝑐𝑏 = anchor combine concrete-cone and bond capacity (N) 

ℎ𝑒𝑓 = anchor embedment depth (mm). 

𝑓′𝑐 = concrete compressive strength (MPa). 

𝑑𝑜 = hole diameter (mm). 

The range of test parameters used to develop these models were: 100 mm≥

ℎ𝑒𝑓 ≥17.5 mm, 60 MPa ≥ 𝑓′𝑐 ≥ 10.4 MPa, and 11.8 mm ≥ 𝑑𝑜 ≥ 20 mm. 

Fan-to-FRP fan debonding failure: 

𝑁𝑠𝑑 = 0.35𝑉𝑠𝑏𝐴𝑓𝑎𝑛                       (6) 

where: 

𝑁𝑠𝑑 = anchor fan debonding capacity (N). 

𝑉𝑠𝑏 = shear bond strength of epoxy resin (MPa), if not known maximum value of 5 

MPa is recommended. 

𝐴𝑓𝑎𝑛 = total surface area of fan sheet bonded to the laminates (mm2). 
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The range of test parameters used to develop this model were: 100 mm≥

𝑓𝑎𝑛 𝑙𝑒𝑛𝑔𝑡ℎ ≥215 mm, maximum splay angle (α) = 30°, resulting in range of 𝐴𝑓𝑎𝑛: 

6500 mm2 ≤ 𝐴𝑓𝑎𝑛 ≤ 21000 mm2, 𝑉𝑠𝑏 = 14.5 MPa.  

Another study [68] has found that there is an effective bond length for FRP-to-

FRP bond connections beyond which the capacity of FRP-to-FRP bond connection 

cannot be enhanced. This means that exceeding a certain fan length would not improve 

the anchor fan debonding capacity. Based on the results of study [68], the threshold for 

the fan length is 60 mm for single lap joints and 80 mm for double lap joints. 

Del Rey Castillo et al. [46] also included an equation (Eq. (7)) proposed by 

Zhang and Smith [69] that takes into account the effect of the insertion angle of bent 

anchors. 

𝑘𝛽 = 2.34 (
𝛽

2𝜋
) − 0.33                (7) 

where: 

𝑘𝛽 = strength enhancement coefficient relative to the capacity of anchor inserted at 90 

degrees. 

𝛽 = insertion angle (radians). 

It is recommended by Zhang and Smith [69] that insertion angle (𝛽) in Eq. (7) 

be in the range of 45 – 135 degrees. For insertion angles between 135 and 180 degrees, 

it is recommended that Eq. (1) and Eqs. (3)-(5) for straight anchors be used.  
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Chapter 3. Shear Strength Models 

 

In this Chapter, design guidelines for shear capacity provided by concrete and 

FRP in current design codes and the literature are presented. The models considered to 

predict shear capacity of concrete are ACI 318-19 [70], Kim and Park [71], Zararis et 

al. [27] and the Modified Compression Field Theory (MCFT) [72].  In addition, the 

following guidelines are considered in order to predict shear capacity provided by FRP: 

ACI 440.2R-17 [47], ISIS Canada Module 4 (ISIS-M04) [50], fib14 [49], and ISIS-M04 

[50]. These guidelines are the current versions of well-known design models for 

concrete members strengthened in shear with FRP laminates. 

3.1. Concrete Shear Strength Models 

The following subsections provide equations to calculate shear strength of 

concrete constituent as provided in design codes and the literature. 

3.1.1. American Concrete Institute (ACI 318-19) [70].  In 2019, shear 

equations in the ACI 318-19 [70] were changed to add the effect of member depth (size 

effect), and longitudinal reinforcement. The shear contribution of concrete ( 𝑉𝑐 ) is 

calculated by Eqs. (8) – (9) if minimum transverse reinforcement (Av(min)) is provided. 

However, if Av(min) is not provided, size effect is considered and 𝑉𝑐 is calculated by Eq. 

(10). 

𝑉𝑐  =  (0.17𝜆√𝑓′
𝑐

+  
𝑁𝑢

6𝐴𝑔
) 𝑏𝑤𝑑     (8) 

𝑉𝑐  =  (0.66𝜆𝜌𝑤
1/3√𝑓′

𝑐
+  

𝑁𝑢

6𝐴𝑔
) 𝑏𝑤𝑑    (9) 

𝑉𝑐  =  (0.66𝜆𝑠𝜆𝜌𝑤
1/3√𝑓′

𝑐
+  

𝑁𝑢

6𝐴𝑔
) 𝑏𝑤𝑑                  (10) 

where: 

𝜆 = reduction factor for light weight concrete, taken as 1 for normal weight concrete. 

𝑓′
𝑐
 = concrete compressive strength (MPa). 

𝑏𝑤 = width of the beam (mm). 

𝑑 = effective depth (mm). 

𝑁𝑢 = factored axial load (N); taken as positive for compression and negative for tension. 
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𝐴𝑔 = gross area of the section (mm2). 

𝜌𝑤 = ratio of 𝐴𝑠 to  𝑏𝑤𝑑. 

𝐴𝑠 = longitudinal steel reinforcement area (mm2).  

𝜆𝑠 (size factor) = √
2

1+
𝑑

250

  ≤ 1.0. 

Value of 
𝑁𝑢

6𝐴𝑔
 in Eq. (8)-(10) should be taken less than 0.05𝑓′

𝑐
. In addition, 

maximum value of 𝑉𝑐 is given by Eq. (11). 

𝑉𝑐  =  0.42𝜆√𝑓′
𝑐
 𝑏𝑤𝑑                (11) 

3.1.2. Kim and Park (1996) [71].  A mechanics-based equation was proposed 

by Kim and Park [71] in 1996 to predict the shear capacity of beams without web 

reinforcement. The proposed equation considered all factors contributing to shear 

transfer mechanism in slender beams i.e. shear resistance in cracked concrete, aggregate 

interlock, shear span-to-depth ratio, and dowel action.  

𝑉𝑢 = 3.5𝑓′
𝑐

𝛼

3𝜌
3

8 (0.4 +
𝑑

𝑎
) (

1

√1+0.008𝑑
+ 0.18)  𝑏𝑤𝑑                 (12) 

where: 

𝑉𝑢 = shear capacity of beams (N). 

𝛼 = failure mode index taken as 1 for 𝑎/𝑑 ≥ 3, and 2 – (𝑎/𝑑)/3 for 1 ≤ 𝑎/𝑑 < 3. 

𝑎 = shear span length (mm). 

3.1.3. Zararis et al. (2006) model for T-beams [27]. According to Zararis et 

al. [27], the critical shear crack has two branches: the first one has a small inclination 

with height similar to the flexural crack; the second branch is formed by splitting of 

concrete that starts from the tip of the first branch till the load point crossing the 

compression zone. The formation of the second branch of the critical crack causes 

failure.  

In T-beams, the second branch of the shear crack propagates from the web to 

the flange. Consequently, width of the area at which concrete splitting occurs changes 

from the width of the web to the width of the flange. In addition, the cracks in the flange 

occur in an inclined position as shown in Fig. 13 indicating that only part of the flange 

area is under stress. Therefore, an effective area with an effective width is considered 

by the authors in [27] to account for shear resistance in T-beams. Figure 14 shows the 

effective area displayed in the shaded part.  
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Figure 13: Shear crack branches for T-beam with no stirrups [27]. 

 

 
Figure 14: Shear effective area (shaded part) in T-beams  [27]. 

 

The effective width (𝑏𝑒𝑓) can be calculated by the derived Eq. (13). In addition, 

equation for 𝑐 was derived in [27] based on the distribution of stress and strain on a T-

beam cross-section by applying Eurocode [73] provisions as shown in Fig. 15. Equation 

(14) shows the quadratic equation a presented in [27]  to find 𝑐.  

𝑏𝑒𝑓 =  𝑏𝑤 [1 + 0.5
ℎ𝑓

𝑑
(

𝑏

𝑏𝑤
− 1)/

𝑐

𝑑
]               (13) 

[
𝑐

𝑑
]

2

+ [1.5 
ℎ𝑓

𝑑
[

𝑏

𝑏𝑤
− 1] + (600

𝜌+𝜌′

𝑓′𝑐
)]

𝑐

𝑑
−  600

𝜌+
𝜌′𝑑′

𝑑

𝑓′
𝑐

= 0.0            (14) 

where: 

ℎ𝑓 = flange height (mm). 

𝑏 = flange width (mm). 

𝑐 = distance from the extreme compression fiber to neutral axis (mm). 

𝜌′ = ratio of 𝐴𝑠′ to 𝑏𝑤𝑑. 

𝐴𝑠′ = top longitudinal reinforcement (mm2). 

𝑑′ = distance from extreme compression fiber to the top reinforcement (mm). 
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Figure 15: Stress-strain distribution on a T-beam cross section [27]. 

 

Hence, shear strength of slender T-beam sections without transverse 

reinforcement (𝑉𝑐𝑟) can be calculated by Eq. (15). 

𝑉𝑐𝑟 = (1.2 − 0.2
𝑎

𝑑
𝑑)

𝑐

𝑑
 𝑓𝑐𝑡𝑏𝑒𝑓𝑑              (15) 

where: 

1.2 − 0.2
𝑎

𝑑
𝑑 ≥ 0.65 (𝑑 in meters). 

𝑓𝑐𝑡 = tensile strength of concrete (MPa) = 0.3 𝑓′
𝑐

2/3
. 

3.1.4. The Modified Compression Field Theory (MCFT) [72]. MCFT [72] 

was developed by Vecchio and Collins to predict the capacity of RC members subjected 

to in-plane shear and normal stresses based on the original compression-field theory 

(CFT) developed by Collins and Mitchell. In MCFT model, cracked concrete is 

considered as a new material with its own stress-strain properties. In addition, average 

stresses and strains were applied to formulate equilibrium, compatibility and stress-

strain relationships.  Unlike CFT, MCFT considered tensile stresses in concrete 

between cracks.   

The MCFT was validated by numerous experiments and proved to be successful 

in predicting shear capacity of RC members subjected to shear and torsion. Hence, 

several design codes adopted principles of MCFT in their design provisions to calculate 

shear capacity of RC members. The design provisions of AASHTO LRFD bridge 

design specifications [74] based on MCFT are presented herein. The nominal shear 

resistance (𝑉𝑛) is determined by Eqs. (16) – (24). 

𝑉𝑛 =  𝑉𝑐 +  𝑉𝑠 + 𝑉𝑝              (16) 

𝑉𝑐 = 0.083𝛽𝜆√𝑓′𝑐𝑏𝑣𝑑𝑣              (17) 



43 

 

𝑉𝑠 =  
𝐴𝑣𝑓𝑦𝑑𝑣𝑐𝑜𝑡𝜃

𝑠
                (18)  

where: 

𝑉𝑝 = component of prestressing force in the direction of the shear force (N). 

𝛽 = factor indicating ability of cracked concrete to transmit tension and shear.  

𝜆 = concrete density modification factor (1.0 for normal weight concrete). 

𝑏𝑣 = minimum web width within effective depth (mm). 

𝑑𝑣 = effective depth taken as distance between resultants of compressive and tensile 

forces due to flexure (mm). 

𝜃 = angle of inclination of diagonal compressive stresses. 

𝑠 = spacing of stirrups (mm). 

The parameters 𝛽 and 𝜃 can be determined by an iterative process using tables 

B5.8.3.24.2-1 and B5.8.3.24.2-2 shown in Fig. 16 from AASHTO LRFD bridge design 

specifications [74]. In order to get the values of 𝛽 and 𝜃, the following terms should be 

calculated:  

Minimum transverse reinforcement (𝐴𝑣): 

𝐴𝑣 ≥
0.083√𝑓′𝑐𝑏𝑣𝑠

𝑓𝑦
               (19) 

𝑣𝑢

𝑓𝑐
′ =  

|𝑉𝑢−𝑉𝑝|

𝜙 𝑏𝑣𝑑𝑣
(

1

𝑓𝑐
′)                (20) 

If the section contains minimum transverse reinforcement: 

𝜀𝑥 =

|𝑀𝑢|

𝑑𝑣
+0.5𝑁𝑢+0.5|𝑉𝑢−𝑉𝑝| cot 𝜃

2(𝐸𝑠𝐴𝑠+𝐸𝑝𝐴𝑝𝑠)
                         (21) 

If the section contains less than minimum transverse reinforcement: 

𝜀𝑥 =

|𝑀𝑢|

𝑑𝑣
+0.5𝑁𝑢+0.5|𝑉𝑢−𝑉𝑝| cot 𝜃

𝐸𝑠𝐴𝑠+𝐸𝑝𝐴𝑝𝑠
              (22) 

If the value of 𝜀𝑥 from Eqs. (21) and (22) is negative, then Eqs. (23) and (24) should 

be used. 

𝜀𝑥 =

|𝑀𝑢|

𝑑𝑣
+0.5𝑁𝑢+0.5|𝑉𝑢−𝑉𝑝| cot 𝜃

2(𝐸𝑐𝐴𝑐+𝐸𝑠𝐴𝑠+𝐸𝑝𝐴𝑝𝑠)
              (23) 

𝑠𝑥𝑒 =  𝑠𝑥
35

𝑎𝑔+16
≤ 2000 𝑚𝑚              (24) 
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(a) Sections with transverse reinforcement 

 
(b) Sections with less than minimum transverse reinforcement 

Figure 16: Defining parameters 𝛽 and 𝜃  [74]. 

 

where: 

𝑉𝑢 = factored shear force (N). 

𝜙 = shear reduction factor taken as 0.9. 

𝜀𝑥 = is the net longitudinal tensile strain in the section at the centroid of tensile 

reinforcement. 

>0.75

>1.50



45 

 

|𝑀𝑢| = absolute value of factored moment, not taken less than |𝑉𝑢 − 𝑉𝑝|𝑑𝑣  (N-mm). 

𝑁𝑢 = factored axial force, taken as positive if tensile and negative if compressive (N). 

𝐸𝑐 = modulus of elasticity of concrete, calculated by 4700√𝑓𝑐
′ (MPa). 

𝐸𝑠 = modulus of elasticity of flexural steel (MPa). 

𝐸𝑝 = modulus of elasticity of prestressed steel (MPa). 

𝐴𝑐 = area of concrete on the flexural tension side of the member (mm2). 

𝐴𝑝𝑠 = area of prestressing steel on the flexural tension side of the member (mm2). 

𝑠𝑥 = lesser of either 𝑑𝑣 or the maximum distance between layers of longitudinal crack 

control reinforcement where the area of the reinforcement in each layer is not less than 

0.003𝑏𝑣𝑠𝑥. 

𝑠𝑥𝑒 = cracking spacing parameter (mm). 

𝑎𝑔 = maximum aggregate size (mm), typically 20 mm. 

A summary of the above design guidelines to calculate Vc for sections with no 

transverse reinforcement is presented in Table 1. 

3.2. FRP Shear Strength Models 

The following subsections provide equations used to calculate shear strength of 

FRP constituent as provided in design codes and the literature. 

3.2.1. American Concrete Institute design guidelines for shear 

strengthening (ACI 440.2R-17 [47]). Chapter 11 of ACI 440.2R-17 [47] provides 

guidelines to design the external reinforcement using FRP materials for shear deficient 

members. This section will present the detailed equations provided by the code. 

The nominal shear strength of a strengthened member (𝑉𝑛) is calculated by 

adding the contribution of concrete (𝑉𝑐), reinforcing steel (𝑉𝑠) and FRP external shear 

reinforcement (𝑉𝑓) using Eq. (25). 

  𝜙𝑉𝑛  =  𝜙(𝑉𝑐  +  𝑉𝑠  +  𝜓𝑓𝑉𝑓)                     (25) 

where: 

𝜙 = strength reduction factor specified by ACI 318-19 [70] as 0.75.  

𝜓𝑓 = strength reduction factor taken as 0.85 for U-wraps and side bonded FRP 

reinforcement, and 0.95 for completely wraps. 

𝑉𝑐 can be calculated by Eqs. (8)-(10) provided in section 3.1.1.   
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Table 1: Summary of concrete shear design models for sections with no transverse 

reinforcement according to [27], [70]–[72], [74]. 

ACI 318-19 

[70] 

𝑉𝑐  =  (0.66𝜆𝑠𝜆𝜌𝑤

1

3√𝑓′
𝑐

+  
𝑁𝑢

6𝐴𝑔
) 𝑏𝑤𝑑; 𝜌𝑤 =  

𝐴𝑠

𝑏𝑤𝑑
; 𝜆 = 1.0 

𝜆𝑠 = √
2

1+
𝑑

250

  ≤ 1.0; 
𝑁𝑢

6𝐴𝑔
 ≤ 0.05𝑓′

𝑐
. 

𝑉𝑐  ≤  0.42𝜆√𝑓′
𝑐
 𝑏𝑤𝑑     

Kim and 

Park [71] 

𝑉𝑢 = 3.5𝑓′
𝑐

𝛼

3𝜌
3

8 (0.4 +
𝑑

𝑎
) (

1

√1+0.008𝑑
+ 0.18)  𝑏𝑤𝑑      

𝛼 = 1 for 𝑎/𝑑 ≥ 3; 𝛼 =  2 – (𝑎/𝑑)/3 for 1 ≤ 𝑎/𝑑 < 3 

Zararis et al. 

[27] 

(T-sections) 

𝑉𝑐𝑟 = (1.2 − 0.2
𝑎

𝑑
𝑑)

𝑐

𝑑
 𝑓𝑐𝑡𝑏𝑒𝑓𝑑; 𝑓𝑐𝑡 = 0.3 𝑓′

𝑐

2/3
  

𝑏𝑒𝑓 =  𝑏𝑤 [1 + 0.5
ℎ𝑓

𝑑
(

𝑏

𝑏𝑤
− 1)/

𝑐

𝑑
] ;  1.2 − 0.2

𝑎

𝑑
𝑑 ≥ 0.65 (d in m) 

[
𝑐

𝑑
]

2

+ [1.5 
ℎ𝑓

𝑑
[

𝑏

𝑏𝑤
− 1] + (600

𝜌 + 𝜌′

𝑓′
𝑐

)]
𝑐

𝑑
−  600

𝜌 +
𝜌′𝑑′

𝑑
𝑓′

𝑐

= 0.0 

𝜌′ = 
𝐴𝑠′

𝑏𝑤𝑑
 

AASHTO 

LRFD bridge 

design 

specifications 

[74] 

Based on 

MCFT [72] 

𝑉𝑐 = 0.083𝛽𝜆√𝑓′𝑐𝑏𝑣𝑑𝑣 

𝑣𝑢

𝑓𝑐
′ =  

|𝑉𝑢−𝑉𝑝|

𝜙 𝑏𝑣𝑑𝑣
(

1

𝑓𝑐
′)         

𝜀𝑥 =

|𝑀𝑢|

𝑑𝑣
+0.5𝑁𝑢+0.5|𝑉𝑢−𝑉𝑝| cot 𝜃

𝐸𝑠𝐴𝑠+𝐸𝑝𝐴𝑝𝑠
            

If the value of 𝜀𝑥 from above equation is negative, then: 

𝜀𝑥 =

|𝑀𝑢|

𝑑𝑣
+0.5𝑁𝑢+0.5|𝑉𝑢−𝑉𝑝| cot 𝜃

2(𝐸𝑐𝐴𝑐+𝐸𝑠𝐴𝑠+𝐸𝑝𝐴𝑝𝑠)
    

𝑠𝑥𝑒 =  𝑠𝑥
35

𝑎𝑔+16
≤ 2000 𝑚𝑚   

 

>1.50
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𝑉𝑠 = 
𝐴𝑣 𝑓𝑦𝑡 𝑑

𝑠
               (26) 

where: 

𝐴𝑣 = area of the shear reinforcement (mm2). 

𝑓𝑦𝑡 = yield strength of the stirrups (MPa). 

𝑠 = stirrup spacing (mm). 

𝑉𝑓 = FRP shear contribution to shear strength (N), calculated by Eq. (27). 

𝑉𝑓  = 
𝐴𝑓𝑣 𝑓𝑓𝑒  (𝑠𝑖𝑛 𝛼+𝑐𝑜𝑠 𝛼) 𝑑𝑓𝑣 

𝑠𝑓
              (27) 

where: 

𝑓𝑓𝑒  = effective stress in the FRP (MPa). 

𝛼 = angle of applying FRP laminates with respect to the horizontal (°). 

𝑑𝑓𝑣 = effective depth of FRP shear reinforcement (mm). 

𝑠𝑓 = center-to-center spacing of FRP laminates (mm). 

𝐴𝑓𝑣 = Area of FRP shear reinforcement (mm2) calculated by the following equation: 

𝐴𝑓𝑣  =  2𝑛𝑡𝑓𝑤𝑓                 (28) 

n = the number of FRP plies. 

𝑡𝑓 = thickness of FRP laminates. 

𝑤𝑓 = width of FRP laminates. 

Variables 𝛼, 𝑑𝑓𝑣, 𝑠𝑓, and 𝑤𝑓 are illustrated in Fig. 17. 

The tensile stress of the FRP at nominal strength (𝑓𝑓𝑒) is calculated by: 

𝑓𝑓𝑒 =  𝐸𝑓𝜀𝑓𝑒               (29) 

where: 

𝐸𝑓 = modulus of elasticity of the FRP (MPa). 

𝜀𝑓𝑒 = effective strain in the FRP (mm/mm). 

In completely wrapped members, loss of aggregate interlock in the concrete 

occurs at FRP strain lower than the ultimate strain. As a result, 440.2R-17 [47] code 

limits the design strain to the lesser of 0.4% or 0.75 of the ultimate FRP strain. 

𝜀𝑓𝑒  =  0.004 ≤  0.75𝜀𝑓𝑢                      (30) 

where:  
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𝜀𝑓𝑢  = ultimate strain in the FRP (mm/mm). 

In U-wrapped and side bonded members, FRP laminates debonds before the 

loss of the aggregate interlock. Hence, a reduction coefficient (𝜅𝑣) that is a function of 

the FRP mechanical properties, type of wrapping scheme, and concrete compressive 

strength was introduced to account for early debonding of the FRP laminates, and the 

design strain is limited to Eq. (31). 

 

 
Figure 17: Dimensional variables used in shear-strengthening calculations [47]. 

 

𝜀𝑓𝑒  =  𝜅𝑣𝜀𝑓𝑢  ≤  0.004                    (31) 

𝜅𝑣  =  
𝑘1𝑘2𝐿𝑒

11900𝜀𝑓𝑢
               (32) 

𝐿𝑒 = 
23300

(𝑛𝑡𝑓 𝐸𝑓) 0.58               (33) 

𝑘1 = (
𝑓′𝑐

27
)2/3               (34) 

𝑘2 = {

dfv− Le

dfv
 For U − Wraps 

dfv− 2Le

dfv
  For 2 sides bonded

             (35) 

where: 

𝐿𝑒 = effective bond length (mm). 

𝑘1 = modification factor to account for the concrete compressive strength. 

𝑘2 = modification factor to account for the type of wrapping scheme. 

In the case of proper anchoring U-wrapped laminates, such as the failure mode 

of the FRP system which is governed by FRP rupture, the ACI 440.2R-17 [47] limits 
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the effective strain to the lesser of 0.004 or 0.75𝜀𝑓𝑢. The value of 𝜓𝑓 remains 0.85 for the 

anchored U-wraps. 

Maximum center-to-center spacing between FRP strips is limited to: 

𝑠𝑓  ≤  𝑤𝑓 +  
𝑑

4
               (36) 

 

The maximum shear strength provided by steel and FRP reinforcement is 

limited to: 

𝑉𝑠 +  𝑉𝑓 ≤ 0.66√𝑓′𝑐𝑏𝑤𝑑               (37) 

3.2.2. Design and construction of building structures with fiber-reinforced 

polymers (CSA-S806.12(R2017)) [48]. Shear provisions in [48] indicate that RC 

beams with depths less than 300 mm shall not be strengthened unless beams are fully 

wrapped or properly anchored. The following equations are specified by c to design 

shear strengthening of RC beams: 

The shear resistance in a strengthened beam (𝑉𝑟) is the sum of the contribution 

of concrete ( 𝑉𝑐) , steel ( 𝑉𝑠)  and FRP ( 𝑉𝑓). It should be noted that 𝑉𝑐  and 𝑉𝑠  are 

determined in accordance with the provisions of CAN/CSA-A23.3 [75]. 

𝑉𝑟  =  𝑉𝑐  +  𝑉𝑠  +  𝑉𝑓              (38) 

𝑉𝑐 = ∅𝑐𝜆𝛽𝑓′𝑐𝑏𝑤𝑑𝑣               (39) 

𝑉𝑠 =
∅𝑠𝑓𝑦𝐴𝑣𝑑𝑣𝑐𝑜𝑡𝜃

𝑠
               (40) 

         𝑉𝑓 =  
∅𝑓𝐴𝑓𝐸𝑓𝜀𝑓𝑑𝑣(𝑐𝑜𝑡𝜃+ 𝑐𝑜𝑠𝛼𝑓)𝑠𝑖𝑛𝛼𝑓

𝑠𝑓
                                    (41) 

where: 

∅𝑐 = strength reduction factor for concrete taken as 0.65. 

∅𝑠 = strength reduction factor for steel taken as 0.85. 

∅𝑓 = strength reduction factor for FRP taken as 0.65. 

𝑑𝑣 = effective depth taken as greater of 0.9d or 0.72h (mm). 

𝑏𝑤 = minimum concrete web width within depth of the member (mm). 

𝜆 = factor to account for low-density concrete, taken as 1 for normal weight concrete. 

𝑠 = stirrup spacing (mm). 

𝐴𝑣 = area of stirrups (mm2). 
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𝑓𝑦 = yield strength of stirrups (MPa). 

𝛽 = factor accounting for shear resistance of cracked concrete calculated in accordance 

with Clause 11.3.6. in the provisions of CAN/CSA-A23.3 [75]. 

𝜃 in Eq. (40) = angle of inclination of diagonal compressive stresses, calculated in 

accordance with Clause 11.3.6. in the provisions of CAN/CSA-A23.3 [75]. 

𝜃 in Eq. (41) = acute angle of fiber direction to member axis. 

𝛼𝑓 = orientation angle of the fibers with respect to longitudinal axis of the member. 

𝐸𝑓 = elastic modulus of FRP sheets (MPa). 

𝐴𝑓 =  2𝑡𝑓𝑤𝑓         

𝑡𝑓 = thickness of FRP sheets (mm). 

𝑤𝑓 = width of FRP sheets (mm). 

𝑠𝑓 = center-to-center spacing of FRP sheets (mm), for continuous wrapping 𝑠𝑓 = 𝑤𝑓 . 

𝜀𝑓 = effective strain in FRP that can be determined by Eqs. (42) – (48): 

For fully wrapped sections: 

𝜀𝑓 = 0.006 ≤ 0.75𝜀𝑓𝑢              (42) 

For sections with U-shaped stirrups with proven anchoring system: 

𝜀𝑓 = 0.005 ≤ 0.75𝜀𝑓𝑢              (43) 

For sections with U-shaped stirrups without anchoring or side bonded strips:  

𝜀𝑓 = 𝑘𝑣𝜀𝑓𝑢 < 0.004                      (44) 

where: 

𝜀𝑓𝑢 = ultimate strain in FRP. 

𝑘𝑣 = bond reduction coefficient calculated by: 

𝑘𝑣 =  
𝑘1𝑘2𝐿𝑒

11900𝜀𝑓𝑢
 ≤ 0.75               (45) 

𝑘1 = (
𝑓′𝑐

27
)2/3               (46) 

𝑘2 =  
𝑑𝑓− 𝐿𝑒

𝑑𝑓
               (47) 

𝐿𝑒 = 
23300

(𝑛𝑓𝑡𝑓 𝐸𝑓) 0.58                          (48) 
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where: 

𝑑𝑓  = distance from extreme compression fiber to centroid of tension FRP 

reinforcement. 

𝑛𝑓 = number of FRP layers. 

For beams where the factored shear force is greater than 0.125𝜆𝛽𝑓′𝑐𝑏𝑤𝑑𝑣, the 

maximum center-to-center spacing of FRP strips (𝑠𝑓) is limited by the code by Eq. (49). 

𝑠𝑓  ≤ 𝑠𝑚𝑎𝑙𝑙𝑒𝑟 𝑜𝑓(𝑤𝑓 +  0.25𝑑𝑣|𝑤𝑓 +  300𝑚𝑚)                   (49) 

The code limits the effective strain in the FRP to 0.004 to prevent loss of 

aggregate interlock, and hence limits crack widths to reasonable values. In addition, 

limiting the effective strain prevents premature bond failure.  The code also limits the 

total shear resistance in beams to the following value: 

𝑉𝑟 ≤ 0.25∅𝑐𝑓′𝑐𝑏𝑤d 𝑣              (50) 

3.2.3. International Federations of Structural Concrete (fib14) [49]. 

According to fib14 [49], in order to maximize the effectiveness of FRP, the direction 

of FRP fibers should be oriented as parallel as possible to the direction of maximum 

principal tensile stresses, which, in the case of beams subjected to shear forces, is 

formed at an angle of 45° with the member’s axis. However, it is commonly practiced 

to position the fiber direction perpendicular to the beam’s axis. 

The total force provided by the FRP is related to the effective strain induced in 

the FRP in the principal fiber direction before failure. The effective strain is either equal 

to a reduced value or a fixed fraction of FRP ultimate strain. The effective strain in the 

FRP never reaches the ultimate strain value due to straining in the FRP which causes 

strain incompatibility between FRP followed by cracking in the concrete. Hence, 

induced stress concentration causes debonding failure before fracture failure in the 

FRP. Equations (51) – (55) are provided by fib14 [49] to determine FRP contribution 

to shear capacity for rectangular sections, T-sections and double T-sections. 

𝑉𝑓𝑑 = 0.9𝜀𝑓𝑑,𝑒𝐸𝑓𝑢𝜌𝑓𝑏𝑤𝑑 (𝑐𝑜𝑡𝜃 + 𝑐𝑜𝑡𝛼)𝑠𝑖𝑛𝛼             (51) 

𝜌𝑓 = {

2𝑡𝑓𝑠𝑖𝑛𝛼

𝑏𝑤
   for continuous reinforcement 

(
2𝑡𝑓

𝑏𝑤
) (

𝑏𝑓

𝑠𝑓
)  for FRP sheets/strips 

            (52) 

𝜀𝑓𝑑,𝑒 = 𝑘 𝜀𝑓,𝑒               (53) 
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where: 

𝐸𝑓𝑢 = elastic modulus of FRP in principal fiber direction (MPa). 

𝜃 = angle of diagonal shear crack assumed as 45°. 

𝛼 = angle of applying FRP wraps with respect to longitudinal axis of the member (°). 

𝜌𝑓 = FRP reinforcement ratio. 

𝜀𝑓𝑑,𝑒 = design value of effective strain. 

𝑘 = reduction factor assumed as 0.8. 

𝜀𝑓,𝑒 = effective strain in FRP calculated by the following: 

If the member is completely wrapped with CFRP sheets or properly anchored, 

then FRP fracture failure mode controls and 𝜀𝑓,𝑒 are calculated by Eq. (54). On the other 

hand, if the member is strengthened with CFRP U-wraps or side bonded then 𝜀𝑓,𝑒 is 

calculated by Eq. (55). 

𝜀𝑓,𝑒 = 0.17 (
𝑓𝑐𝑚

2
3

𝐸𝑓𝑢𝜌𝑓
)

0.3

𝜀𝑓𝑢               (54) 

𝜀𝑓,𝑒 = 𝑚𝑖𝑛 [0.65 (
𝑓𝑐𝑚

2
3

𝐸𝑓𝑢𝜌𝑓
)

0.56

𝑥10−3, 0.17 (
𝑓𝑐𝑚

2
3

𝐸𝑓𝑢𝜌𝑓
)

0.3

𝜀𝑓𝑢]                 (55) 

where: 

𝑓𝑐𝑚 = concrete compressive strength (MPa). 

The maximum spacing (𝑠𝑓)  should not exceed 0.9𝑑 − 𝑏𝑓/2  for rectangular 

sections and 𝑑 − ℎ𝑓 − 𝑏𝑓/2 for T-sections to ensure that all cracks are intercepted by 

FRP strips. 

3.2.4. ISIS Canada Educational Module 4 – Introduction to FRP-

strengthening of concrete structures (ISIS-M04) [50]. For the best FRP shear 

resistance, it is specified in ISIS-M04 [50] that RC members, usually columns, should 

be completely wrapped. However, to strengthen beams, the most commonly used 

scheme is the U-wrapped one. ISIS Canada Module 4 [50] recommends that U-wraps 

be properly anchored in the compression zone, either by additional horizonal FRP strips 

or by any other alternative anchorage schemes.  In addition, to avoid stress 

concentration in beams’ corners, corners should be rounded to a minimum radius of 15 

mm. The following equations are specified by [50] to design shear strengthening of RC 

beams. 
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The shear resistance in a strengthened beam (𝑉𝑟) is the sum of the contribution 

of concrete (𝑉𝑐), steel (𝑉𝑠) and FRP (𝑉𝑓𝑟𝑝) as given by Eq. (56). 

           𝑉𝑟  =  𝑉𝑐  +  𝑉𝑠  +  𝑉𝑓𝑟𝑝                                     (56) 

𝑉𝑐, 𝑉𝑠 and 𝑉𝑓𝑟𝑝 are calculated by the following equations: 

𝑉𝑐 = 0.2∅𝑐√𝑓′𝑐𝑏𝑤𝑑                (57) 

𝑉𝑠 =
∅𝑠𝑓𝑦𝐴𝑣𝑑

𝑠
                    (58) 

𝑉𝑓𝑟𝑝 =  
∅𝑓𝑟𝑝𝐴𝑓𝑟𝑝𝐸𝑓𝑟𝑝𝜀𝑓𝑟𝑝𝑒𝑑𝑓𝑟𝑝(𝑠𝑖𝑛𝛽+ 𝑐𝑜𝑠𝛽)

𝑠𝑓𝑟𝑝
             (59) 

where: 

∅𝑐 = strength reduction factors for concrete, 0.6 for buildings and 0.75 for bridges.   

∅𝑠 = strength reduction factors for steel, 0.85 for buildings and 0.9 for bridges. 

∅𝑓𝑟𝑝 = strength reduction factor for FRP (0.75 for CFRP, 0.5 for GFRP). 

𝐸𝑓𝑟𝑝 = elastic modulus of FRP sheets (MPa). 

𝛽 = angle of inclination of FRP sheets (°). 

𝐴𝑓𝑟𝑝 =  2𝑡𝑓𝑟𝑝𝑤𝑓𝑟𝑝                    

𝑡𝑓𝑟𝑝 = thickness of FRP sheets (mm). 

𝑤𝑓𝑟𝑝 = width of FRP sheets (mm). 

𝑠𝑓𝑟𝑝 = center-to-center spacing of FRP sheets (mm). 

(In case of continuous wrapping 𝑠𝑓𝑟𝑝 =  𝑤𝑓𝑟𝑝). 

𝑑𝑓𝑟𝑝 = distance from free end of FRP to bottom of internal steel stirrups (mm). 

Variables 𝑤𝑓𝑟𝑝, 𝑠𝑓𝑟𝑝, 𝑑𝑓𝑟𝑝  and 𝛽 are illustrated in Fig. 18. 

𝜀𝑓𝑟𝑝𝑒 = effective strain in FRP that can be determined by Eqs. (60)-(66): 

𝜀𝑓𝑟𝑝𝑒 = 𝑅𝜀𝑓𝑟𝑝𝑢  ≤ 0.004              (60) 

𝑅 = 𝛼𝜆1 (
𝑓′𝑐

2/3

𝜌𝑓𝑟𝑝𝐸𝑓𝑟𝑝
)

𝜆2

               (61) 

𝜌𝑓𝑟𝑝 =  (
2𝑡𝑓𝑟𝑝

𝑏𝑤
) (

𝑤𝑓𝑟𝑝

𝑠𝑓𝑟𝑝
)              (62) 

where: 

𝜀𝑓𝑟𝑝𝑢 = ultimate strain in FRP. 
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𝛼 = 0.8 

𝜆1 = 1.35 for CFRP and 1.23 for GFRP. 

𝜆2 = 0.30 for CFRP and 0.47 for GFRP. 

Another limit on effective strain in FRP (𝜀𝑓𝑟𝑝𝑒): 

𝜀𝑓𝑟𝑝𝑒 ≤  
𝛼𝑘1𝑘2𝐿𝑒

9525
              (63) 

𝑘1 = (
𝑓′𝑐

27.65
)2/3               (64) 

𝑘2 =  
𝑑𝑓𝑟𝑝−𝑛𝑒 𝐿𝑒

𝑑𝑓𝑟𝑝
              (65) 

𝐿𝑒 = effective anchorage length (mm) given by: 

𝐿𝑒 = 
25350

(𝑡𝑓𝑟𝑝 𝐸𝑓𝑟𝑝) 0.58              (66) 

The maximum center-to-center spacing of FRP strips (𝑠𝑓𝑟𝑝) is limited by the code with: 

𝑠𝑓𝑟𝑝  ≤  𝑤𝑓𝑟𝑝 +  
𝑑

4
              (67) 

The code limits the effective strain in the FRP to 0.004 to prevent loss of 

aggregate interlock, and hence limits crack widths to reasonable values. In addition, 

limiting the effective strain prevents premature bond failure. The code also limits the 

total shear resistance in beams to the following value: 

𝑉𝑟 ≤ 𝑉𝑐 + 0.8λ∅𝑐√𝑓′𝑐𝑏𝑤d               (68) 

 

 

Figure 18: Illustration to define variables: 𝑤𝑓𝑟𝑝, 𝑠𝑓𝑟𝑝, 𝑑𝑓𝑟𝑝  and 𝛽  [50]. 

 

The above presented equations for estimating shear capacity provided by CFRP 

laminates in reinforced concrete members are summarized in Table 2. 
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Table 2: Summary of FRP shear strengthening design models according to [47]–[50] 

ACI 440.2R-17 

[47] 

𝑉𝑓  = 
𝐴𝑓𝑣 𝑓𝑓𝑒  (𝑠𝑖𝑛 𝛼+𝑐𝑜𝑠 𝛼) 𝑑𝑓𝑣 

𝑠𝑓
; 𝐴𝑓𝑣  =  2𝑛𝑡𝑓𝑤𝑓; 𝑓𝑓𝑒 =  𝐸𝑓𝜀𝑓𝑒  

Completely wrapped and well anchored: 

𝜀𝑓𝑒  =  0.004 ≤  0.75𝜀𝑓𝑢  

Side bonded and U-wrapped: 𝜀𝑓𝑒  =  𝜅𝑣𝜀𝑓𝑢  ≤  0.004  

𝜅𝑣  =  
𝑘1𝑘2𝐿𝑒

11900𝜀𝑓𝑢
 ; 𝐿𝑒 = 

23300

(𝑛𝑡𝑓 𝐸𝑓) 0.58; 𝑘1 = (
𝑓′

𝑐

27
)

2

3
 

U-wraps: 𝑘2 =  
dfv− Le

dfv
 

Side bonded: 𝑘2 =
dfv− 2Le

dfv
  

𝑠𝑓  ≤  𝑤𝑓 +  
𝑑

4
; 𝑉𝑠 +  𝑉𝑓 ≤ 0.66√𝑓′𝑐𝑏𝑤𝑑    

CSA-

S806.12(R2017) 

[48] 

𝑉𝑓 =  
∅𝑓𝐴𝑓𝐸𝑓𝜀𝑓𝑑𝑣(𝑐𝑜𝑡𝜃+ 𝑐𝑜𝑠𝛼𝑓)𝑠𝑖𝑛𝛼𝑓

𝑠𝑓
; ∅𝑓 = 0.65                            

𝑑𝑣 = greater of 0.9d or 0.72h; 𝐴𝑓 =  2𝑡𝑓𝑤𝑓    

For fully wrapped:𝜀𝑓 = 0.006 ≤ 0.75𝜀𝑓𝑢             

For U-wrapped with anchorage: 𝜀𝑓 = 0.005 ≤ 0.75𝜀𝑓𝑢 

For U-wrapped without anchorage or side bonded strips:  

𝜀𝑓 = 𝑘𝑣𝜀𝑓𝑢 < 0.004; 𝑘𝑣 =  
𝑘1𝑘2𝐿𝑒

11900𝜀𝑓𝑢
 ≤ 0.75; 𝑘1 = (

𝑓′
𝑐

27
)

2

3
; 𝑘2 =  

𝑑𝑓− 𝐿𝑒

𝑑𝑓
 

𝐿𝑒 = 
23300

(𝑛𝑓𝑡𝑓 𝐸𝑓) 0.58               

𝑠𝑓  ≤ 𝑠𝑚𝑎𝑙𝑙𝑒𝑟 𝑜𝑓(𝑤𝑓 +  0.25𝑑𝑣|𝑤𝑓 +  300𝑚𝑚); 

 𝑉𝑟 ≤ 0.25∅𝑐𝑓′𝑐𝑏𝑤d 𝑣   

fib14 [49] 

𝑉𝑓𝑑 = 0.9𝜀𝑓𝑑,𝑒𝐸𝑓𝑢𝜌𝑓𝑏𝑤𝑑 (𝑐𝑜𝑡𝜃 + 𝑐𝑜𝑡𝛼)𝑠𝑖𝑛𝛼; 

Continuous sheets: 𝜌𝑓 =  
2𝑡𝑓𝑠𝑖𝑛𝛼

𝑏𝑤
;  

FRP strips: 𝜌𝑓 = (
2𝑡𝑓

𝑏𝑤
) (

𝑏𝑓

𝑠𝑓
); 𝜀𝑓𝑑,𝑒 = 𝑘 𝜀𝑓,𝑒; 𝑘 = 0.8 

Completely wrapped or well anchored:  

𝜀𝑓,𝑒 = 0.17 (
𝑓𝑐𝑚

2
3

𝐸𝑓𝑢𝜌𝑓
)

0.3

𝜀𝑓𝑢  

U-wraps/ side bonded:  

𝜀𝑓,𝑒 = 𝑚𝑖𝑛 [0.65 (
𝑓𝑐𝑚

2
3

𝐸𝑓𝑢𝜌𝑓
)

0.56

𝑥10−3, 0.17 (
𝑓𝑐𝑚

2
3

𝐸𝑓𝑢𝜌𝑓
)

0.3

𝜀𝑓𝑢]  

For rectangular sections: 𝑠𝑓  ≤ 0.9𝑑 − 𝑏𝑓/2   

For T-sections: 𝑠𝑓  ≤ 𝑑 − ℎ𝑓 − 𝑏𝑓/2  

 

ISIS-M04 [50] 

 𝑉𝑓𝑟𝑝 =  
∅𝑓𝑟𝑝𝐴𝑓𝑟𝑝𝐸𝑓𝑟𝑝𝜀𝑓𝑟𝑝𝑒𝑑𝑓𝑟𝑝(𝑠𝑖𝑛𝛽+ 𝑐𝑜𝑠𝛽)

𝑠𝑓𝑟𝑝
; 𝐴𝑓𝑟𝑝 =  2𝑡𝑓𝑟𝑝𝑤𝑓𝑟𝑝 

𝜀𝑓𝑟𝑝𝑒 = 𝑅𝜀𝑓𝑟𝑝𝑢  ≤ 0.004;  𝑅 = 𝛼𝜆1 (
𝑓′𝑐

2/3

𝜌𝑓𝑟𝑝𝐸𝑓𝑟𝑝
)

𝜆2

; 𝛼 = 0.8; 𝜆1 = 1.35 

𝜆2 = 0.30; 𝜌𝑓𝑟𝑝 =  (
2𝑡𝑓𝑟𝑝

𝑏𝑤
) (

𝑤𝑓𝑟𝑝

𝑠𝑓𝑟𝑝
) ; 𝜀𝑓𝑟𝑝𝑒 ≤  

𝛼𝑘1𝑘2𝐿𝑒

9525
; 𝑘1 = (

𝑓′
𝑐

27.65
)

2

3
 

𝑘2 =  
𝑑𝑓𝑟𝑝−𝑛𝑒 𝐿𝑒

𝑑𝑓𝑟𝑝
; 𝐿𝑒 = 

25350

(𝑡𝑓𝑟𝑝 𝐸𝑓𝑟𝑝) 0.58 ;  𝑠𝑓𝑟𝑝  ≤  𝑤𝑓𝑟𝑝 +  
𝑑

4
; 

 𝑉𝑟 ≤ 𝑉𝑐 + 0.8λ∅𝑐√𝑓′𝑐𝑏𝑤𝑑 
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Chapter 4. Experimental Program 

 

In this chapter, aspects of the experimental program are discussed. In particular, 

the geometry of the beam specimens, mechanical properties of the materials used, test 

matrix and test setup. In addition, the procedure of preparing and strengthening the 

specimens is explained. 

4.1. Specimen details 

For the purpose of this study, a total of seventeen RC T-beams were cast and 

tested. The total length of the specimens is 2000 mm, and the overall depth is 350 mm, 

with flange width of 300 mm, and web width of 150 mm, as shown in Fig. 19. To ensure 

shear failure, all beams were over-reinforced in flexure with 4ϕ25 bars in the tension 

zone and 4ϕ16 bars in the compression zone. The effective depth of the beam specimens 

is 279.50 mm, and the shear span is 850 mm. To prevent shear failure in the untested 

span (left side of the beam in Fig. 19), the beams were reinforced in the transverse 

direction with ϕ8 stirrups spaced at 60 mm center-to-center. In addition, failure due to 

flange falling out was prevented by reinforcing the flanges with ϕ8 legs spaced at 180 

mm c/c throughout the length of the beam as shown in Fig. 19. The shear span-depth 

ratio (a/d) is 3.04, which is greater than 2, hence the specimens are considered slender 

beams and expected to fail in shear by a diagonal tension crack. 

FRP reinforcement was applied in the test span in form of U-wraps of 100 mm 

width spaced at 175 mm center-to-center as shown in Fig. 20 (a). In the fifteen anchored 

specimens, one CFRP anchor was installed at the center of each U-wrap as shown in 

Fig 20 (b).  

4.2. Test Matrix 

To achieve the purpose of this study, the experimental program is divided into 

six groups. One group consists of three control beams, two of which act as benchmark 

specimens (unstrengthened beam (C-NS), and unanchored U-wrapped beam (CU)), and 

one anchored specimen (CUA). The designation of the strengthened anchored 

specimens in Groups 2-5 starts with UA and is followed by initials of the parameter 

investigated for each group: ED, IA, DD and FL for embedment depth, insertion angle, 

dowel diameter and fan length, respectively. The numbers following the initials indicate  
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(a) Beam side view 

 

(b) Beam front view 

Figure 19: Specimen details (dimensions are in mm). 

 

 

(a) Unanchored specimen 

 

(b) Anchored specimen 

Figure 20: Strengthening detailing. 



58 

 

the dimension of the parameter. For example, specimen UA-ED50 has 50 mm 

embedment depth anchors. In addition, the influence of installing CFRP anchors prior 

to the CFRP laminates was investigated in Group 6 specimens. Specimens of this group 

have similar anchor configuration and dimensions and to the specimens with the same 

designation in other groups. However, designation of specimens in Group 6 is followed 

by REV to represent reverse anchor installation. The experimental results of each 

specimen in this group was compared to its counterpart. The test matrix of this study is 

summarized in Table 3. In addition, anchor parameters investigated are illustrated in 

Fig. 21. 

 

Table 3: Test matrix. 

Designation 

Anchor Detailing 

Embedment 

Depth (mm) 

Insertion 

Angle (°) 

Dowel Diameter 

(mm) 

Fan Length 

(mm) 

Group 1 (Control Beams) 

C-NS - - - - 

CU - - - - 

CUA 75 135 12 100 

Group 2 (Embedment Depth) 

UA-ED50 50 135 12 100 

UA-ED100 100 135 12 100 

Group 3 (Insertion Angle) 

UA-IA180 75 180 12 100 

UA-IA155 75 155 12 100 

UA-IA90 75 90 12 100 

Group 4 (Dowel Diameter) 

UA-DD14 75 135 14 100 

UA-DD16 75 135 16 100 

Group 5 (Fan Length) 

UA-FL75 75 135 12 75 

UA-FL150 75 135 12 150 

Group 6 (Reverse Anchor Installation) 

CUA-REV 75 135 12 100 

UA-ED50-REV 100 135 12 100 

UA-DD16-REV 75 135 16 100 

UA-FL75-REV 75 135 12 75 

UA-FL150-REV 75 135 12 150 
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(a) Anchors installed after CFRP sheets (b) Anchors installed in reverse order  

Figure 21: Anchored beams cross sections. 

 

4.3. Testing Setup and Instrumentation 

The specimens were subjected to one-point loading at a displacement control 

mode rate of 1 mm/min as shown in Figs. 22 and 23. The test span is 850 mm, and the 

overhang length beyond the supports is 150 mm. One concrete strain gauge was 

mounted near the top of the flange in the center of the beam specimens. In addition, two 

steel strain gauges were installed in the center of the bottom steel bars. One LVDT was 

placed under the loading point to measure the specimens’ deflection. Finally, one strain 

gauge was mounted onto each side of the U-wraps. Strain values obtained by all CFRP 

strain gauges were examined, and the strain gauge that recorded higher values between 

the two strain gauges on each U-wrap is reported in this study. Locations of the strain 

gauges are shown in a schematic in Fig. 24. 

4.4. Material properties 

4.4.1. Concrete. The beams were cast in a precast company over a period of 

five days. For each batch, three cubes of dimensions 150 mm x 150 mm x 150 mm were 

prepared. All fifteen cubes were crushed in three phases: after 7 days, after 28 days, 

and on the testing week to interpret the exact compressive strength of concrete of the 

RC specimens during the testing period. Compressive strength tests were carried out in 

accordance with ASTM C109/C109M-16a [76] standards at stress control rate of 0.25 

MPa/sec. Figure 25 shows a cube sample in the crushing machine available in the  
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Figure 22: Test setup 

 

 
Figure 23: Schematic of test setup (dimensions are in mm). 

 

 
Figure 24: Strain gauge locations. 
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American University of Sharjah’s Asphalt lab. The cubes were positioned in the center 

of the machine, while making sure the surface is flat and parallel. Figure 26 shows a 

typical failure of the cubes at the three phases. In addition, the results of each phase are 

reported in Table 4. To obtain the cylindrical compressive strength (f’c), the cube 

compressive strength (fcu) values were multiplied by 0.83. It should be noted that the 

average f’c of specimens tested after 7 days is 65.6% of the average f’c tested after 28 

days, which is greater than the acceptable value of 65% recommended by ASTM 

C109/C109M standards [76]. 

4.4.2. Steel reinforcement. Steel bars of diameters 25 mm and 16 mm were used to 

reinforce the beams in flexure in the tension and compression zones, respectively. In 

addition, steel bars of diameter 8 mm were used as stirrups in the non-test span. The 

mechanical properties of the three bar sizes used in this study were determined by 

conducting tensile strength tests on coupon specimens according to ASTM A370-18 

[77] standards. One-meter length bars of diameters 25 mm and 16 mm were tested in a 

UTM at a displacement rate of 1 mm/min.  

Figure 27(a) shows the test setup of the tensile tests conducted on steel bars of 

diameter 25 mm and 16 mm. One specimen of each diameter size was tested until 

rupture, after which, the load-displacement values were obtained and converted into 

 

 
Figure 25: Concrete crushing test setup. 
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(a) tested at 7 days (b) tested at 28 days (c) tested on testing day 

Figure 26: Typical failure of concrete cubes. 

 

Table 4: Concrete compressive strength results. 

Batch 

 

7 days 28 days Testing day 

fcu (MPa) f’c (MPa) fcu (MPa) f’c (MPa) fcu (MPa) f’c (MPa) 

1 30.12 25.00 43.81 36.36 45.09 37.43 

2 30.24 25.10 47.71 39.60 48.83 40.53 

3 31.74 26.34 51.19 42.49 51.90 43.08 

4 29.30 24.32 45.08 37.42 44.38 36.83 

5 26.60 22.08 44.28 36.75 49.56 41.14 

Average 29.60 24.57 46.41 38.52 47.95 39.80 

 

stress-strain curves. The gauge lengths of steel bars with diameter 25 mm and 16 mm 

are 739 mm and 728 mm, respectively. Similarly, the 8 mm steel bar was tested to 

obtain its mechanical properties but in a smaller UTM machine. One sample of length 

300 mm and gauge length 200 mm was tested until rupture under displacement rate of 

1 mm/min.  Figure 27(b) shows the experimental test setup of the steel bar of diameter 

8 mm. Pictures of failed specimens are shown in Figure 28. In addition, stress-strain 

responses of all steel bars are presented in Figure 29. Table 5 provides the mechanical 

properties of the steel bars (i.e. yield strength (fy), elastic modulus (E), ultimate strength 

(fu), and rupture strain (εrup)) as obtained from the stress-strain curves. It was observed 

that all specimens failed by necking then rupture away from the grips.  

4.4.3. CFRP and epoxy materials. CFRP sheets and anchors used in this 

study are made of high strength carbon fiber fabric (V-Wrap™ C200HM-N) [78].  
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(a) Steel bar diameters (25 and 16 mm) (b) Steel bar diameter 8 mm 

Figure 27: UTM machines used to test steel bars. 

 

 
Figure 28: Typical failure of steel bars. 

 

 
Figure 29: Stress-strain curves of steel bars. 
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Table 5: Mechanical properties of steel bars. 

Bar Diameter (mm) fy (MPa) E (GPa) fu (MPa) εrup (%) 

25 535.97 199.97 630.69 10.70 

16 516.89 199.96 606.83 8.26 

8 468.04 199.90 510.66 4.21 

 

CFRP sheets were bonded externally to the RC beams using epoxy adhesive (V-

Wrap™770) [79]. Table 6 provides the mechanical properties of the CFRP dry sheets, 

CFRP laminates and epoxy adhesive, as provided in the material specifications of the 

manufacturer. 

 

Table 6: Properties of dry CFRP sheets and anchors, CFRP laminates (sheets with 

epoxy), and epoxy adhesive [78], [79]. 

Material 
Thickness 

(mm) 

Elastic 

Modulus 

(GPa) 

Tensile 

strength 

(MPa) 

Elongation 

at failure 

(%) 

CFRP sheets 

and anchors 

V-Wrap™ 

C200HM-N 
- 289.550 5440 1.90 

CFRP 

laminates 

V-Wrap™ 

C200HM-N 
1.02 96.527 1068 1.1 

Epoxy 

Adhesive 

V-

Wrap™770 
- 2.760 60.7 4.4 

 

4.5. Preparation and Strengthening of Specimens    

4.5.1. RC beam preparation. First, steel cages were prepared by Emirates 

Stone Precast Company. After that, the surfaces of the bottom steel bars at the location 

of the strain gauges were grinded, and the strain gauges were fixed as shown in Fig. 30 

(a). Following that, the steel cages were inserted in the prepared formwork that was 

placed on a vibrating table as shown in Fig. 30 (b). Then, concrete was poured into the 

formwork (Fig. 30 (c)) with constant vibration of the vibrating table to remove any air 

voids in the concrete until the formwork was filled (Fig. 30(d)). Finally, the beams were 

removed from the formwork and cured for 7 days. 

4.5.2. Strengthening of specimens. The strengthening procedure steps are 

shown in Fig. 31. The first step was to prepare the beams’ surfaces to ensure good bond 

between CFRP laminates and the concrete surface. The surface of the beams was,  
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(a) Steel cages (b) Formwork (c) Pouring concrete 

 

(a) Finalized specimens 

Figure 30: RC beams preparation. 

 

therefore, grinded and cleaned as shown in Fig. 31(a). Next, the beams were marked in 

the places where the CFRP sheets will be bonded to (Fig 31(b)), and holes were drilled 

in the FRP anchor location. Three measurements were taken prior to drilling the holes: 

the hole diameter, embedment depth, and insertion angle. First, beams with anchors 

having 12 mm and 14 mm dowel diameter, were drilled using a 16 mm drill bit, and 

beams with 16 mm dowel diameter were drilled using a 20 mm drill bit. The extra area 

in the holes provides enough space for the insertion of the FRP anchor and epoxy. Next, 

to ensure that the required embedment depth was achieved, the drill bit was marked to 

the specific embedment depth, then the holes were cleaned and remeasured. Finally, the 

drill was aligned at each hole to the required insertion angle by using a protractor or 

set-square as demonstrated in Fig. 31(c). After drilling the holes, they were cleaned by 

blowing air into each hole to remove the dust (Fig. 31(d)).  
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(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Figure 31: Strengthening procedure. 

 

CFRP sheets were then cut into strips of length 650 mm and width 100 mm as 

shown in Fig. 31(e). The two-part epoxy adhesive (V-Wrap™770) [79] was mixed in 
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the ratio of 2:1 as provided by the manufacturer to form the primer. Fumed silica was 

then added to part of the primer mix to form the epoxy paste. Figure 31(f) illustrates 

the procedure of mixing the epoxy. The first step in applying the CFRP sheets onto the 

beams was to brush the concrete surface with a primer layer followed by an epoxy paste 

layer as shown in Fig. 31(g). Following that, CFRP sheets were impregnated with 

primer (Fig. 31(h)) and attached to the concrete surface. Grooved rollers were then used 

to remove the air voids in the CFRP laminates, as shown in Fig. 31(i). 

FRP anchors were prepared by cutting CFRP sheets into the required length and 

width, then releasing all the fibers and regrouping them together. The length and width 

of the sheets depended on the embedment depth, fan length and dowel diameter. For 

example, for an anchor with 12 mm diameter, 75 mm embedment depth, and 100 fan 

length, the CFRP sheet dimensions that made the anchor was 120 mm by 175 mm (75 

mm embedment + 100 mm fan length). The CFRP sheet dimensions that were used to 

make the anchors of all beams are presented in Table 7. After assembling the anchors, 

the length and diameter were then remeasured to check dimensions of the anchors, as 

demonstrated in Fig. 32 (a). A group of prepared anchors are shown in Fig. 32 (b). 

 

  

(a) (b) 

Figure 32: Prepared CFRP anchors. 

 

After preparing all the anchors, the anchors and the holes were impregnated 

with primer as shown in Fig 33(a). Then, the anchor shaft (dowel) was impregnated 
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with epoxy and inserted in the hole (Fig 33(b)). Finally, a layer of epoxy was applied 

over the fan length while spreading it out on the CFRP U-wraps using grooved rollers 

(Fig. 33(c)).  

A similar procedure was carried out for beams that have the anchors installed in 

reverse order. However, instead of placing the CFRP sheets, the impregnated anchors 

were first installed (Fig. 34(a)), then, impregnated CFRP sheets were placed on top of 

the anchors (Fig. 34(b)). Finally, a layer of paste was placed onto the U-wrapped while 

using grooved rollers to remove entrapped air. The specimens were then allowed to 

cure for seven days before testing to ensure that the epoxy has gained its strength. Figure 

35 shows pictures of the prepared specimens. 

 

Table 7: Dimensions of CFRP sheets used to make the anchors. 

Beam 

Designation 

Anchor sheet dimensions 

Length 

(mm) 

Width 

(mm) 

Thickness 

(mm) 

CUA 175 120 1.02 

CUA-REV 175 120 1.02 

UA-ED50 150 120 1.02 

UA-ED100 200 120 1.02 

UA-ED100-REV 200 120 1.02 

UA-IA180 175 120 1.02 

UA-IA155 175 120 1.02 

UA-IA90 175 120 1.02 

UA-DD14 175 140 1.02 

UA-DD16 175 160 1.02 

UA-DD16-REV 175 160 1.02 

UA-FL75 150 120 1.02 

UA-FL75-REV 150 120 1.02 

UA-FL150 225 120 1.02 

UA-FL150-REV 225 120 1.02 
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(a) (b) (c) 

Figure 33: CFRP anchor installation. 

 

  
(a) (b) 

Figure 34: Installing anchors in reverse order. 

 

  
(a) Unanchored U-wrapped (b) Anchors installed after CFRP sheets 

 
(b) Anchors installed before CFRP sheets 

Figure 35: Prepared specimens. 
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Chapter 5. Experimental Results 

 

In this Chapter, results of the seventeen tested beams are presented in terms of 

failure modes, shear capacity, load-deflection responses, and strain measurements 

(steel, concrete and CFRP). In addition, the results of the anchored specimens are 

compared to that of the unstrengthened and the unanchored strengthened control beams.  

5.1. Failure Modes 

All beams in this study were designed to fail in shear in the test span, i.e. the 

area between the support and the loading point in the region not containing steel 

stirrups. Failure modes of the control specimens are shown in Fig. 36(a)-(c). In addition, 

failure pictures of anchored specimens of Groups 2-6 are shown in Figs. 37-41.  

 

 
(a) Beam C-NS 

 
(b) Beam CU 

 
(c) Beam CUA 

Figure 36: Failure modes of Group 1 beams. 
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(a) Beam UA-ED50 

 
(b) Beam UA-ED100 

Figure 37: Failure modes of Group 2 beams. 

 

It can be observed from Fig. 36(a) that the control beam C-NS failed by diagonal 

tension shear crack that started in the web at the support and propagated to the loading 

point in the flange. Beam CU strengthened with unanchored U-wraps failed by sudden 

debonding that initiated at the free end of the CFRP laminates, along with a thin layer 

of concrete attached to it (Fig. 36(b)), as observed elsewhere [65], [80]. Debonding was 

initiated in the laminates that intersected the critical shear crack (three middle laminates 

on both sides of the beam) but was mostly observed in the laminate next to the support. 

Beam CUA anchored with CFRP anchors failed by debonding of CFRP laminates 

associated with partial anchor pullout. However, debonding was delayed due to 

anchorage compared to the unanchored beam CU. It was observed that a thick layer of 

concrete adhered to the surface of the debonded laminates as shown in Fig. 36(c). 

During the failure process, the separation of CFRP laminates initiated in the laminate 

beyond the shear crack tip of the flange and propagated in a horizontal manner in the 

three middle laminates until the support as shown in Fig. 36(c). It should be noted that 

the diagonal shear cracks in the web were not visible due to the presence of epoxy 

between CFRP sheets. However, from the shear crack trend of the control beam, it can 
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(a) UA-IA180 

 
(b) UA-IA155 

 
(c) UA-IA90 

Figure 38: Failure modes of Group 3 beams. 

 

be assumed that the laminates that debonded are the laminates that intersected the 

diagonal shear crack. Overall, the inclusion of CFRP anchors enhanced the ultimate 

load-carrying capacity and delayed the sudden debonding failure of CFRP sheets. 

Likewise, the failure process in all other anchored specimens (Figs. 37-41) is 

similar to that of beam CUA with few exceptions. Well anchored specimens such as 

Beam UA-IA155 failed by splitting of CFRP fibers in two laminates: the laminate at 

the support and the one next to it, as shown in Fig. 38(b). In a similar manner, beam 

UA-DD16-REV failed by debonding of CFRP laminates and splitting of the laminate   
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(a) UA-DD14 

 
(b) UA-DD16 

Figure 39: Failure modes of Group 4 beams. 

 

 
(a) UA-FL75 

 
(b) UA-FL150 

Figure 40: Failure modes of Group 5 beams. 
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(a) CUA-REV 

 
(b) UA-ED50-REV 

 
(c) UA-DD16-REV 

 
(d) UA-FL75-REV 

 
(e) UA-FL150-REV 

Figure 41: Failure modes of Group 6 beams. 



75 

 

at the support (Fig. 41(c)). In general, it was observed that debonding was initiated in 

the U-wrap next to the support, where bond length above the shear crack is maximum, 

except for beams UA-ED50 and UA-ED50-REV, where debonding was seen in the 

middle U-wrap, as shown in Figs. 37(a) and 41(b), respectively.  

Only two out of the seventeen beams (CUA-REV and UA-FL150, shown in 

Figs. 40(b) and 41(a), respectively, failed by concrete crushing, despite all 

measurements taken to avoid this type of failure. The reason for this could be due to 

the high shear strength of the unstrengthened control beam owing to the shear 

contribution of the dowel action by the flexural reinforcement and T-beam flange. 

Therefore, the two beams failed in flexure before attaining the ultimate shear capacity.  

5.2. Strain in Flexural Steel Reinforcement and Concrete  

This study aimed at investigating the shear capacity of strengthened RC beams. 

Thus, it was important to monitor the strains in the flexural steel reinforcement and the 

concrete to ensure that the beams did not fail in flexure either by steel yielding or 

concrete crushing. For this reason, two strain gauges were mounted on the bottom 

flexural reinforcement before casting the concrete, and one concrete strain gauge was 

installed on the top part of the flange below the loading point right before testing. 

Figures 42-47 show the steel and concrete load-strain relationships of all beams 

tested in this study. Note that for each beam, only one of steel strain gauge results is 

reported herein since one of the strain gauges got damaged in several specimens. The 

damage in the strain gauges occurred either during casting, demolding, strengthening, 

or transporting the beams. The grey dashed line in all figures represents the strain at 

which concrete crushes (-3000 µstrain - the negative value implies compression 

failure), while the black dashed line indicates the strain at which the flexural steel 

reinforcement yields (2680 µstrain).  

In general, the graphs in Figs. 42-47 show that beams with higher load capacity 

achieved higher levels of concrete and steel strains. Particularly, well-anchored beams 

UA-ED100, UA-IA180, UA-155, UA-DD14, UA-DD16, UA-FL150, CUA-REV, UA- 

DD16-REV, UA-FL75-REV and UA-FL150-REV achieved higher strain levels than 

poorly anchored beams CUA, UA-ED50, UA-IA90 and UA-FL75, UA-ED50-REV and 

control beams C-NS and CU. As anticipated from the failure modes, results from Figs. 
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(a) C-NS (b) CU 

 
(c) CUA 

 
Figure 42: Load-Strain curves of concrete and steel for Group 1. 

 

  
(a) UA-ED50 (b) UA-ED100 

 
Figure 43: Load-Strain curves of concrete and steel for Group 2. 

 

46 and 47 showed that only two beams failed by concrete crushing: CUA-REV and 

UA- FL150, at concrete strains of 3873 and 3586 µstrain, respectively. All other 

specimens did not reach crushing strain, indicating that the dominant failure was shear. 
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As for steel yielding, it can be observed from Figs. 43-46 that the flexural 

reinforcement of the anchored beams UA-ED100, UA-IA155, UA-DD14, and UA- 

 

  
(a) UA-IA180 (b) UA-IA155 

 
(c) UA-IA90 

 
Figure 44: Load-Strain curves of concrete and steel for Group 3. 

 

  
(a) UA-DD14 (b) UA-DD16 

 
Figure 45: Load-Strain curves of concrete and steel for Group 4. 
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(a) UA-FL75 (b) UA-FL150 

 
Figure 46: Load-Strain curves of concrete and steel for Group 5. 

 

  
(a) CUA-REV (b) UA-ED50-REV 

  
(c) UA-DD16-REV (d) UA-FL75-REV 

 
(e) UA-FL150-REV 

 
Figure 47: Load-Strain curves of concrete and steel for Group 6. 
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FL150 has attained ultimate capacity at the onset of steel yielding which is typical for 

beams that fail in shear. The strain values achieved at ultimate for beams UA-ED100, 

UA-IA155, UA-DD14, and UA-FL150 are 3025, 3030, 3047 and 2957 µstrain, 

respectively. Although these values are higher than the yielding strain, the load-strain 

curves of these beams showed that the change in the elastic slope of the load-strain 

curve occurred immediately before ultimate load, indicating that steel yielding was not 

the primary source of failure. In addition, it is assumed that the flexural bars in the 

second layer have not yielded. All other specimens in Figs. 43-47 did not reach steel 

yield stress. Hence, it can be considered that none of the beams failed by steel yielding. 

5.3. Load-Deflection Responses  

This section presents load-deflection responses of the seventeen specimens 

divided into 6 groups. Load values were obtained from the Instron UTM, while 

displacement values were obtained from the LVDT placed underneath the loading point 

at midspan of the beams. As previously mentioned, the three control specimens in 

Group 1 are included in the load-deflection graphs of Groups 2-5, since beams C-NS 

and CU act as benchmark specimens and beam CUA has anchor properties that is 

common in all groups. Load-deflection responses of Groups 1-5 are plotted in Figures 

48-52. In addition, Figure 53 shows load-deflection responses of beams in Group 6 that 

have anchors installed in reverse order, along with the beams with similar anchor 

properties, but have anchors installed after the CFRP laminates. 

It can be seen from Figs. 48-52 that the slope of the ascending part is similar in 

all specimens of this study, indicating that initially all beams have similar stiffness. The 

slope of the load-deflection graph of the unstrengthened control specimen (C-NS) 

started to decrease after attaining a load of 130 kN. Following that, the load slightly 

increased to reach ultimate state at 177 kN then suddenly dropped due to failure. Load- 

deflection response of beam CU indicates that shear strengthening without anchorage 

enhanced the load-carrying capacity of the beams. The slope of beam CU remained 

constant until attaining ultimate state at 285 kN. Post ultimate, the load slightly 

decreased for a short interval followed by a sudden drop. This indicates that failure in 

the unanchored U-wrapped specimen CU was brittle, with no ductility exhibited prior 

failure. On the other hand, it can be seen from Fig. 48 that anchoring CFRP laminates 

with CFRP anchors have considerable beneficial effects in terms of enhancing load- 
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Figure 48: Load-Midspan deflection curves for Group 1 specimens. 

 

 
Figure 49: Load-Midspan deflection curves for Group 2 specimens. 

 

carrying capacity and providing a ductile failure process. The stiffness of the load-

deflection graph of specimen CUA remained constant up to 300 kN, after which, it 

started to decrease, while the load-carrying capacity increased gradually until the 

ultimate state (372 kN). After that, the load-carrying capacity was maintained and 

progressively declined while the deflection increased until failure. In a similar manner, 
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load-deflection responses anchored specimens in Groups 2-6 shown in Figs. 49-52 

followed the trend of specimen CUA with differences in the values of shear capacity 

and deflection. One exception is specimen UA-IA180 shown in Fig. 50 which 

experienced a sudden drop in the load-carrying capacity immediately after attaining the 

 

 
Figure 50: Load-Midspan deflection curves for Group 3 specimens. 

 

 
Figure 51: Load-Midspan deflection curves for Group 4 specimens. 
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Figure 52: Load-Midspan Deflection graphs for Group 5. 

 

ultimate state. The behavior of beam UA-IA180, as explained by Del Rey Castillo et 

al. [44], was a result of reduction in anchor slip that is accompanied with the use of high 

obtuse insertion angles. 

In general, load-deflection responses of specimens in Group 2 (Fig. 49) showed 

a direct relation between anchor embedment depth and load-carrying capacity, i.e., 

increasing the embedment depth enhances the load-carrying capacity of the specimens. 

Similarly, results of Group 3 shown in Fig. 50 showed a clear trend in the anchor 

insertion angle. Higher anchor insertion angles (180° and 155°) performed better in 

terms of increasing the load-carrying capacity of the specimens. Load-displacement 

curves of Group 4 specimens investigating anchor dowel diameter shown in Fig. 51 do 

not show a clear relation to dowel diameter load-carrying capacity. Graphs of 

specimens UA-DD14 and UA-DD16 overlap with approximately equal ultimate 

capacities, while load-deflection response of specimen UA-DD12 was slightly lower. 

Load-deflection curves shown in Fig. 52 indicate that increasing the fan length from 75 

mm to 100 mm, did not significantly affect the load-carrying capacity of the beams, as 

the graphs of beams UA-FL75 and UA-FL100 are overlapping. However, doubling the 

fan length from 75 mm to 150 mm, increased the load-carrying capacity of the beams 

but in a nonproportional manner.  
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Figure 53: Load-Midspan Deflection graphs for Group 6 Beams. 
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ED50-REV, UA-FL75-REV and UA-FL150-REV), while beam UA-DD16-REV 

showed an identical trend in load-displacement curve and ultimate capacity as beam 

UA-DD16. This shows that the modified anchor installation detail suggested in this 

study could be safely implemented in designing CFRP anchors due to easier and faster 

in-field installation without compromising strength. 

5.4. Shear Strength 

Measured values of ultimate load (Pu), deflection at ultimate load (δu), 

corresponding total shear strength (Vn), shear contribution of concrete (Vc) and shear 

contribution of FRP (Vf) are summarized in Table 8. Shear strength of the beams was 

calculated as shear force at ultimate load using statics (Pu/2). In addition, shear strength 

of the control beam C-NS (88.81 kN) was considered as the shear contribution of 

concrete (Vc) for all beams in this study due to nonexistence of stirrups in the test span 

of beam C-NS. Furthermore, in accordance with most analytical models, shear 

contribution of FRP was calculated by subtracting Vc from Vn for each beam. Note that 

shear values of the two beams that failed by concrete crushing (UA-FL150 and CUA-

REV) reported in Table 8 represent the minimum shear strength of those specimens.  

Results shown in Table 8 indicate that strengthening using CFRP U-wraps 

enhanced the shear capacity of RC specimens (from 88.81 kN to 142.98 kN). Moreover, 

anchoring the U-wraps with CFRP splay anchors utilized laminates strength and 

enabled the beams to achieve significantly higher levels of shear strength and deflection 

than the unstrengthened and unanchored specimens C-NS and CU, respectively. In 

addition, anchoring the laminates increased the contribution of FRP to the shear 

strength of the specimens as shown in Table 8. Further analysis on the performance of 

anchor embedment depth, insertion angle, dowel diameter, fan length and installment 

detailing on the shear capacity of the specimens is presented in the next chapter. 

5.5. Strain in CFRP laminates 

To assess the effect of anchorage on the level of utilization of CFRP ultimate 

strain, it was important to monitor the strains in the CFRP U-wraps. For this reason, 

two strain gauges were mounted on each U-wrap, one on each side of the beams. It is 

worth noting that, strain results on the same U-wrap were nonsymmetric, indicating 

higher level of damage on one side of the beams. This was visibly observed during 
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Table 8: Shear capacity results. 

Group Designation 
Pu 

(kN) 

δu 

(mm) 

Vn 

(kN) 

Vc 

(kN) 

Vf 

(kN) 

1 

C-NS 177.61 3.57 88.81 88.81 - 

CU 285.95 4.91 142.98 88.81 54.17 

CUA 372.07 7.48 186.04 88.81 97.23 

2 
UA-ED50 343.08 6.04 171.54 88.81 82.73 

UA-ED100 414.49 9.81 207.25 88.81 118.44 

3 

UA-IA180 432.87 8.04 216.44 88.81 127.63 

UA-IA155 431.46 10.30 215.73 88.81 126.92 

UA-IA90 324.88 5.77 162.44 88.81 73.63 

4 
UA-DD14 416.10 8.31 208.05 88.81 119.24 

UA-DD16 405.73 8.73 202.87 88.81 114.06 

5 
UA-FL75 367.19 7.98 183.60 88.81 94.79 

UA-FL150* 410.88 7.63 205.44 88.81 116.63 

6 

CUA-REV* 410.30 8.20 205.15 88.81 116.34 

UA-ED50-REV 368.53 7.21 184.27 88.81 95.46 

UA-DD16-REV 407.05 8.19 203.53 88.81 114.72 

UA-FL75-REV 404.02 8.03 202.01 88.81 113.20 

UA-FL150-REV 433.75 8.70 216.88 88.81 128.07 

     * Beams failed by concrete crushing. 

 

testing where debonding of the laminates was more severe on one side of the U-wraps.  

For simplicity, the strain gauge that recorded higher values on each side of the U-wrap 

is reported herein. Locations of the strain gauges are shown in Fig. 54. In all specimens, 

strain gauges were located mid-depth at the center of the laminates, except for beams 

UA-FL150 and UA-FL150-REV, where the anchors were installed underneath the fan 

at a distance of 90 mm from the beam’s bottom line. Figures 55-60 show load versus 

CFRP strain development for all strengthened beams in this study, and at each strain 

gauge location. Note that L1-L5 labels shown in Figs. 55-60 correspond to laminate1-

laminate5, respectively.  In addition, Figs. 61-66 show the strain distribution along the 

beams’ axis at multiple load levels. The solid red lines in Figs. 61-66 represent strains 

at ultimate load, while the dashed purple lines represent strain states after ultimate load. 

Values of CFRP strain at ultimate load (εult) and maximum strain in CFRP laminates 

(εmax) are reported in Table 9. Moreover, due to possible sources of error in strain  
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Figure 54: CFRP strain gauge locations. 

 

gauges, such as misorientation or calibration errors, the effective strain in CFRP 

laminates is back-calculated from experimental Vf values using ACI440.2R [47] 

provisions. Values of calculated effective strain (εcal) are shown in Table 9.  

Looking at Figs. 55 – 66, it can be observed that strain values in CFRP U-wraps 

were minimal until the load reached a specific value that ranged from 100 to 150 kN, 

i.e., in the range where the initial slope of load-deflection curve of unstrengthened beam 

C-NS decreased due to cracking. This indicates that CFRP laminates are only activated 

post concrete cracking. After which, strain in CFRP laminates strain increased rapidly, 

especially in Laminates 2 and 3, implying that CFRP laminates started contributing in 

resisting the load. In the unanchored beam CU, the strain in the CFRP laminates 

dropped right after ultimate state, as shown in Fig. 55 (a). However, in all anchored 

specimens, the strain was sustained and, in few beams increased, even when the load 

resisted by the beams decreased after ultimate state. This behavior indicates that in the 

anchored laminates, the FRP contribution to shear capacity may increase even when the 

total shear capacity decreases, and thus proves the efficiency of CFRP anchors in 

delaying debonding. It should be noted that in few specimens, the increase in CFRP 

strain after ultimate state was substantial (such as in beam UA-DD16-REV), and in 

other specimens, the increase in CFRP strain after ultimate state was minor (such as in 

beams UA-ED100, UA-IA180 and UA-FL150).  In addition, it can be seen in Figs. 55 

– 66 that strain in CFRP was nonuniform over the shear span. The low strain levels 

displayed in laminates 1 and 5 indicate that these laminates do not contribute to the 

shear capacity of the beams because they do not intersect the critical shear crack. On  

the other hand, significantly higher strains were observed in Laminates 2, 3 and 4, 

implying that these laminates contributed to resisting the development of the shear 

crack. Figures 55 – 66 show that the maximum strain and strain at ultimate state 
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occurred in either laminate 2 or laminate 3 in all specimens, which imply that debonding 

was initiated in the laminates that have higher distance above the shear crack. 

Values presented in Table 9 indicate that CFRP laminates in the unanchored 

specimen CU have attained a maximum strain of 1685.66 µε utilizing only 15.32% of 

CFRP laminates ultimate strain before debonding. However, the calculated strain at 

ultimate (εcal) is 2681.97 µε as shown in Table 9. This strain value corresponds to  

 

  
(a) CU (b) CUA 

Figure 55: Load versus CFRP strain curves for Group 1 specimens.  

 

  
(a) UA-ED50 (b) UA-ED100 

Figure 56: Load versus CFRP strain curves for Group 2 specimens. 
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(a) UA-IA180 (b) UA-IA155 

 

(c) UA-IA90 

Figure 57: Load versus CFRP strain curves for Group 3 specimens. 

 

24.38% utilization of CFRP ultimate strain. Anchored specimen CUA attained higher 

strain levels than CU with recorded εmax value of 4274.87 µε corresponding to 39% of 

CFRP ultimate strain. This implies that anchoring CFRP U-wrapped laminates with 

CFRP anchors utilizes more of the CFRP strain. In addition, εmax values in Table 9 show 

that specimens UA-IA90 and UA-FL75 have strain values lower than 4000 µε, which 

is the effective strain value recommended by the ACI 440.2R-17  [47] and other design 

provisions to design properly anchored laminates. However, εcal values in Table 9 show 

that effective strain of specimen UA-FL75 was 4693.07 µε which is higher than 4000 
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µε limit, but εcal of UA-IA90 was still below 4000 µε with a value of 3645.68 µε. This 

indicates that anchor configuration of specimen UA-IA90 resulted in a poorly anchored 

specimen. The maximum strains in all other anchored specimens were greater than 4000 

µε, with a maximum recorded εmax of 6471.90 µε observed in beam UA-IA180, utilizing 

59% of CFRP ultimate strain. In general, strain values presented in Table 9 were 

compatible with shear capacity values presented in Table 8. This means that in the same 

group, the beam with higher capacity attained higher strain levels. For example, in  

  

  
(a) UA-DD14 (b) UA-DD16 

Figure 58: Load versus CFRP strain curves for Group 4 specimens.  

 

  
(a) UA-FL75 (b) UA-FL150 

Figure 59: Load versus CFRP strain curves for Group 5 specimens. 
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(a) CUA-REV (b) UA-ED50-REV 

  
(c) UA-DD16-REV (d) UA-FL75-REV 

 
(d) UA-FL150-REV 

Figure 60: Load versus CFRP strain curves.  
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Figure 61: CFRP strain distribution at different load levels for Group 1 specimens. 

 

 

Figure 62: CFRP strain distribution at different load levels for Group 2 specimens. 
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Figure 63: CFRP strain distribution at different load levels for Group 3 specimens. 

 

Group 2 specimens, the ultimate capacity of specimens UA-ED50, CUA (ED = 75 mm) 

and UA-ED100 is 343.08, 372.07 and 414.49 kN, corresponding to maximum recorded 

strain values of 4265.96, 4274.87 and 5421.80 µε, respectively. Likewise, in Group 3 

specimens, the ultimate capacity of specimens UA-IA180, UA- IA155, CUA (IA=135°) 

and UA-IA90 is 432.87, 431.46, 372.07 and 324.88 kN, respectively. Correspondingly, 

the maximum strain values recorded in these four specimens are 6471.90, 5918.17, 

4274.87 and 3854.96 µε, respectively. 
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Figure 64: CFRP strain distribution at different load levels for Group 4 specimens. 

 

 

Figure 65: CFRP strain distribution at different load levels for Group 5 specimens. 
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Figure 66: CFRP strain distribution at different load levels for Group 6 specimens. 
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Table 9: CFRP laminates strain values. 

Designation εult (µε) εmax (µε) εcal (µε) 

CU 1685.66 1685.66 2681.97 

CUA 3346.32 4274.87 4813.76 

UA-ED50 3533.68 4265.96 4096.23 

UA-ED100 5205.29 5421.80 5863.99 

UA-IA180 5834.44 6471.90 6318.99 

UA-IA155 5449.17 5918.17 6284.08 

UA-IA90 3322.03 3854.96 3645.68 

UA-DD14 5137.81 5746.89 5903.84 

UA-DD16 4175.87 4219.20 5647.13 

UA-FL75 3640.66 3692.92 4693.07 

UA-FL150 3012.69 3048.85 5774.62 

CUA-REV 3914.10 4659.99 5760.26 

UA-ED50-REV 5166.56 6288.98 4726.24 

UA-DD16-REV 2476.35 4389.63 5679.81 

UA-FL75-REV 3334.09 5001.67 5604.80 

UA-FL150-REV 3125.60 3514.54 6340.77 

 

In Group 4, specimens UA-DD14 and UA-DD16 had almost equal shear 

capacities but εmax of specimen UA-DD16 is 4219.2 µε, which is lower than εmax of 

specimen UA-DD14 (5746.89 µε). However, εcal for specimens UA-DD14 and UA-

DD16 is comparable with values of 5903.84 and 5613 µε, respectively. The calculated 

strain values are closer to the strain measured in UA-DD14 specimen. As previously 

mentioned, the difference in strain measurements could be due to an error in the strain 

gauge readings.  

An unusual strain behavior was observed in specimens UA-FL150 and UA-

F150-REV. Despite attaining high capacities, exceptionally low CFRP strain values 

were recorded in those specimens (3048.85 and 3514.54 µε, respectively). This 

behavior could have been due to the additional CFRP material available in the 150 mm 

fan compared to 100 mm in the other specimens. If the strain in these two specimens 

was back calculated with number of layers (n) = 2, then the corresponding εcal for 

specimens UA-FL150 and UA-FL150-REV is 2887.3 and 3170.4 µε, respectively. 

These values are close to measured εult values of 3012.69 and 3125.60 for specimens 
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UA- FL150 and UA-FL150-REV, respectively. Hence, the 150 mm fan acted as a 

second CFRP layer and reduced the strains in the CFRP U-wraps. Another justification 

for the low strain levels in specimens UA-FL150 and UA-FL150-REV could be due 

the location of strain gauges which were installed 90 mm from the bottom. Studies have 

shown that maximum strain within the laminate is mainly at the center of the laminates 

where it intersects the shear crack [41], [60], [80].  

With respect to the specimens in Group 6 presented in Fig.  66, strain values 

attained in CFRP laminates in all REV beams were higher than their equivalent 

counterparts due to achieving higher load capacities. For example, the maximum strains 

in beam UA-ED50-REV and UA-ED50 were 6288.98 and 4265.96 µε, respectively. 

One exception was found in specimens UA-DD16 and UA-DD16-REV that had similar 

load-carrying capacity, and similar maximum strain values. The ultimate capacity 

values for specimens UA-DD16 and UA-DD16-REV were 405.73 kN and 407.05 kN, 

respectively, and the corresponding maximum CFRP strains recorded in those beams 

were 4219.20 µε and 4389.63 µε, respectively. 
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Chapter 6.  Discussion of Results 

 

In this Chapter, the experimental results in terms of shear capacity and ductility 

are presented and discussed. The performance of the anchored specimens is compared 

to that of the unstrengthened specimen and unanchored strengthened specimen. In 

addition, the shear capacity and ductility are compared within specimens of each group. 

6.1. Shear Strength 

Test results including shear capacity (Vn), shear contribution of concrete (Vc) 

and calculated values of shear contribution of FRP (Vf) are reported in Table 10. In 

addition, shear strength (Vn) is presented in the form of bar graphs in Figs. 67 and 68 

for Groups 2-5 and Group 6 specimens, respectively.  In order to assess the effect of 

shear strengthening using CFRP U-wrapped laminates, and the effect of anchoring the 

laminates with CFRP splay anchors, shear capacity of the specimens was normalized 

with respect to shear strength of the unstrengthened specimen C-NS, and unanchored 

strengthened specimen CU. Normalized Vn values with respect to C-NS and CU are 

shown in Table 10. In addition, normalized Vn values are shown in bar graphs form in 

Figs. 69 and 70 for Groups 2-5 and Group 6, respectively.  The following subsections 

provide detailed discussion and analysis of the results presented herein. 

6.1.1. Effect of shear strengthening. The effect of strengthening using CFRP 

U-wrapped laminates was judged by comparing Vn of U-wrapped specimen CU and 

unstrengthened specimen C-NS. It is clear from Table 10 that strengthening without 

anchors enhanced the shear capacity by 61%. However, as reported earlier, specimen 

CU failed in a brittle manner by the debonding of the laminates at low displacement 

without utilizing the strength of CFRP laminates. On the other hand, anchoring the 

laminates with CFRP splay anchors resulted in significantly higher levels of shear 

strength in the anchored specimens compared to the unstrengthened and unanchored 

specimens C-NS and CU. Normalized Vn values of anchored specimens with respect to 

C-NS ranged between 1.83-2.44, while the normalized Vn values with respect to CU 

ranged between 1.14-1.52. In addition, shear contribution of FRP in all anchored 

specimens was higher than that of CU. It is worth noting that shear capacity provided 

by FRP for all samples did not exceed the maximum strengthening limit of 175kN 

calculated by the ACI440.2R-17 [47] provisions. 
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Table 10: Shear capacity results. 

Group Designation 
Vn 

(kN) 

Vc 

(kN) 

Vf 

(kN) 

𝑽𝒏

𝑽𝒏(𝑪−𝑵𝑺)
 

𝑽𝒏

𝑽𝒏(𝑪𝑼)
 

1 

C-NS 88.81 88.81 - - - 

CU 142.98 88.81 54.17 1.61 - 

CUA 186.04 88.81 97.23 2.09 1.30 

2 
UA-ED50 171.54 88.81 82.73 1.93 1.20 

UA-ED100 207.25 88.81 118.44 2.33 1.45 

3 

UA-IA180 216.44 88.81 127.63 2.44 1.51 

UA-IA155 215.73 88.81 126.92 2.43 1.51 

UA-IA90 162.44 88.81 73.63 1.83 1.14 

4 
UA-DD14 208.05 88.81 119.24 2.34 1.46 

UA-DD16 202.87 88.81 114.06 2.28 1.42 

5 
UA-FL75 183.60 88.81 94.79 2.07 1.28 

UA-FL150* 205.44 88.81 116.63 2.31 1.44 

6 

CUA-REV* 205.15 88.81 116.34 2.31 1.43 

UA-ED50-REV 184.27 88.81 95.46 2.07 1.29 

UA-DD16-REV 203.53 88.81 114.72 2.29 1.42 

UA-FL75-REV 202.01 88.81 113.20 2.27 1.41 

UA-FL150-REV 216.88 88.81 128.07 2.44 1.52 

 * Beams failed by concrete crushing. 

 

6.1.2. Effect of anchor embedment depth. Embedment depth is the length of 

FRP anchor dowel that is embedded in the concrete. Three anchor embedment depths 

were investigated in this experimental study: 50, 75 and 100 mm. It should be noted 

that higher embedment depths could not be investigated due restrictions of T-beam 

flange’s depth. Based on the results presented in Table 10, Figs. 67(a) and 69(a), it is 

observed that embedment depth parameter highly impacted the behavior of the 

anchored specimens. In addition, a direct relation was indicated between anchor 

embedment depth and shear capacity of the beams. As expected, longer embedded 

anchors performed better in enhancing the shear capacity than shorter ones. This is 

attributed to the increase in the pullout capacity of the anchors when longer embedment 

depths are implemented, as reported elsewhere [10], [44], [66]. Consequently, longer 

embedment depth anchors delayed debonding failure and utilized more of CFRP 

laminates strength. It can be seen from Table 10 and Fig 69(a) that anchor embedment  
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(a) Group 2 (b) Group 3 

  
(c) Group 4 (d) Group 5 

Figure 67: Shear strength values for Groups 2-5. 

 

 
Figure 68: Shear strength values for Group 6. 
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(a) Group 2 (b) Group 3 

  
(c) Group 4 (d) Group 5 

 
Figure 69: Normalized Vn with respect to Vn of C-NS and CU for Groups 2-5. 

 

depths of 50, 75, and 100 mm increased the shear capacity of the specimens by 1.93, 

2.09 and 2.33 compared to C-NS and by 1.20, 1.30 and 1.45 compared to CU, 

respectively. Hence, anchor embedment depth of 100 mm resulted in 20.80 and 11.44% 

increase in shear capacity compared to 50- and 75-mm embedment depths, respectively. 

Further, embedment depths less than 100 mm could be insufficiently long to reach the 

concrete core and are likely to fail when the concrete cover spalls off. Practically, 

minimum embedment depth of anchors is calculated as 6 times the dowel diameter. 

Accordingly, the minimum embedment depth of 12 mm diameter anchors is 76 mm. 
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The findings of this study concur with the practical measures, as anchors with 

embedment depths of 50 mm and 75 mm performed inferior to those with 100 mm 

embedment depth.  Therefore, out of the three specimens in this group, specimen UA-

ED100 is considered a well-anchored specimen. Hence, it is recommended that CFRP 

anchors be designed with a minimum embedment length of 100 mm to maximize the 

increase in shear capacity, utilize more of CFRP laminates strain and prevent failure 

when concrete cover separates.  

6.1.3. Effect of anchor insertion angle. FRP anchor insertion angle is the 

angle measured anticlockwise from the fan to the anchor dowel as shown in Fig. 21.  

 

   

  

 
Figure 70: Normalized Vn with respect to Vn of C-NS and CU for Group 6. 
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Insertion angles investigated in this study were: 180, 155, 135 and 90°. Test results 

presented in Table 10, Figs. 67(b) and 69(b), showed that insertion angle parameter 

highly impacted the capacity of the beams. In addition, it was observed that there is a 

direct relation between insertion angle of the anchors and shear capacity. Specimens 

with more obtuse insertion angles attained higher levels of shear capacity. In particular, 

beams with laminates anchored with straight and 155° inserted anchors had equal 

capacities (~216 kN) and enhanced the shear capacity of specimen CU by 51%. In 

addition, 135° insertion angle caused 30% enhancement in shear strength compared to 

CU. The least shear enhancement was noticed in specimen UA-IA90 that was anchored 

with horizontal anchors. The enhancement in shear capacity of beam UA-IA90 

compared to the unanchored strengthened specimen CU was only 13%, implying that 

straight anchors were more effective than horizontal anchors by 33%. The behavior of 

specimens in this group is attributed to the significantly lower pullout capacity of 

anchors with acute insertion angles compared to straight or obtuse insertion angles, as 

reported elsewhere [44], [69], [81]. In addition, unlike vertical anchors, horizontal 

anchors can hardly sustain tension as these anchors are subjected to shear forces that 

reduce their capacity. Based on the results of this experimental study, large insertion 

angles (~155°) had negligible effect on the reduction in the shear capacity of the 

specimens compared to straight anchors. On the other hand, further reduction in the 

insertion angle resulted in significant reduction in the shear strength.  As a result, if the 

member has sufficient depth, it is recommended to design straight anchors for 

anchoring the laminates. However, if the beam is not connected to a slab, or in case of 

thin slabs, it is suggested to use the highest obtuse angle possible to drill, and to avoid 

horizontal anchors.  

6.1.4. Effect of anchor dowel diameter. Three dowel diameters were 

considered in this study: 12, 14, and 16 mm. Test results shown in Table 10 and Figs. 

67(c) and 69 (c) did not show consistent trend. Increasing the diameter from 12 mm to 

14 mm (113.10 mm2 to 153.94 mm2 dowel area) increased the shear capacity by 

11.83%, while increasing the dowel diameter from 14 mm to 16 mm resulted in a slight 

reduction of 2.5% in the shear capacity. Specimen CUA (DD=12 mm) had the lowest 

shear capacity (186.03 kN), while specimens UA-DD14 and UA-DD16 had comparable 

shear capacities (208.05 and 202.87 kN, respectively). The maximum enhancement in 
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shear capacity was exhibited by specimen UA-DD14 with 2.34 and 1.46 increase in 

shear strength compared to C-NS and CU, respectively. Theoretically, two 12 mm 

diameter anchors each of area 113.10 mm2 should be able to transfer all the load from 

the U-wraps of area 204 mm2. Beyond that, FRP laminates debond without gaining 

much capacity. As a result, the difference in shear capacity between specimens of this 

group was marginal. In addition, the enhancement in shear capacity might have been 

limited by the choice of embedment depth, insertion angle and hole diameter. It is worth 

noting here that hole diameter choice was based on the availability of drill bits. The 

hole diameter of specimens with 12 mm and 14 mm anchors is 16 mm, while specimens 

with 16 mm dowel diameter were drilled with holes of 20 mm diameter. According to 

Kim and Smith [23], the pullout capacity of FRP anchors decreases when the ratio of 

hole diameter to embedment depth increases. Therefore, for the same embedment depth 

(100 mm) when the hole diameter increases the pullout capacity decreases. This 

behavior explains the slight reduction in the capacity of UA-DD16 specimen compared 

to UA-DD14. In addition, increasing the dowel diameter reduces the bond strength 

between epoxy and concrete due to Poisson’s effect [66]. Hence, another possible 

explanation to the slight reduction in the capacity of specimen UA-DD16 compared to 

UA-DD14 is the reduction of frictional locking stresses as the anchors are subjected to 

tension which reduces the bond strength between epoxy and concrete. On the other 

hand, increasing the dowel diameter from 12 mm to 14 mm while maintaining similar 

hole diameter to embedment depth ratio slightly improved the shear capacity due to 

enhancement in tensile capacity of FRP anchors. To sum up, it can be concluded that 

for an embedment depth of 100 mm, anchor dowel diameter of 14 mm was ideal and 

provided the maximum enhancement in shear capacity. However, further testing needs 

to be carried out to study the effect of larger dowel diameters with different combination 

of hole diameters and other anchor parameters.  

6.1.5. Effect of anchor fan length. In this experimental study, three anchor 

fan lengths were varied while all other parameters remained constant. The fan lengths 

investigated are: 75, 100 and 150 mm.  It is clear from Table 10 and Figs. 67(d) and 69 

(d) that increasing the fan length lead to a nonproportional increase in the ultimate 

capacity of the specimens. Increasing the fan length from 75 to 100 mm had no 

significant effect on the shear capacity of the specimens (enhancement of 1.32% only). 
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However, doubling the fan length from 75 to 150 mm increased the ultimate load-

carrying capacity of the specimens by 11.90%. Anchors with fan length of 75 and 100 

mm enhanced the shear capacity of specimen CU by 28% and 30%, respectively, while 

anchors with 150 mm fan length enhanced shear capacity of specimen CU by 44%. As 

previously mentioned, specimen UA-FL150 failed by concrete crushing which shows 

that fan length of 150 mm significantly increased the shear capacity that the specimen 

failed by flexure rather than shear. The significant increase in the capacity noticed in 

specimen UA-FL150 could be due to the enhancement in bond capacity provided by 

full anchored development length which in turn caused proper lapping at the section in 

the web where the shear stress is maximum (at the neutral axis). According to the 

ACI440.2R-17  [47], the minimum anchorage length of FRP (𝑙𝑑𝑓) to develop effective 

FRP stress at the section is given by: 

𝑙𝑑𝑓 ≥  √
𝑛𝐸𝑓𝑡𝑓

√𝑓′𝑐
               (69) 

 Calculating 𝑙𝑑𝑓 by Eq. (69) gives a value of 124.76 mm. Consequently, fan 

lengths of 75 and 100 mm are considered insufficient. Hence, it is advised to design 

FRP splay anchors with fan lengths greater than minimum development length 

provided by Eq. (69) to maximize the enhancement in shear capacity. Further 

explanation to the behavior of specimens in this group is due to the effect of the fanning 

angle (α). The fanning angles of specimens UA-FL75, UA-FL100 and UAFL150 are 

18.4, 26.6, and 33.6°, respectively. Several studies [46], [64] have noted a trend of 

increase in anchor capacity with narrower anchors as they provide a more progressive 

transfer of force to the anchors. As a result, specimen UA-FL150 that have the smallest 

fanning angle provided the highest enhancement in shear capacity compared to other 

specimens. 

6.1.6. Effect of anchor installation order. The effect of detailing the anchors 

by reversing order of anchor installation was investigated in this group. It is clear from 

Table 10 and Figs. 68 and 70 that anchors installed in reverse order performed similar 

to the beams with similar anchor configuration. The percentage difference between 

beams CUA, UA-ED50, UA-FL75, UA-FL150 and their REV equivalents are 9.77, 

7.15, 0.32, 9.55, and 5.42 %, respectively. The results showed that not only it is safe to 
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design anchors installed before the laminates, but it could also slightly enhance the 

load-carrying capacity (but not more than 10%) than beams with anchors installed after 

the laminates. The results of this group showed that for bonded applications (i.e. when 

the CFRP sheets are bonded to the concrete substrate by epoxy adhesive), epoxy resin 

is the main factor responsible for providing enough bond strength and transferring 

stresses between CFRP anchor and CFRP laminates and between CFRP laminates and 

concrete substrate. Therefore, the order of installing the anchors shouldn’t affect the 

load-carrying capacity of the specimens if all other conditions are kept constant. 

However, further testing needs to be done on a wider scale to investigate this detailing 

in other conditions such as different concrete compressive strengths, concrete cover, 

and FRP anchor parameters. 

6.2. Ductility 

Ductility is a measure of reinforced concrete member’s ability to maintain large 

inelastic deformation without excessive reduction in strength. Ductility is a beneficial 

structural property because it allows stress redistribution and gives warning prior 

failure. Ductility can be represented in terms of ductility index (μ). The ductility index 

can be either measured by the ratio of displacement at failure over displacement at yield 

or by the ratio of displacement at 85% of the ultimate load post ultimate state over 

displacement at 85% of the ultimate load prior ultimate state. In this study, all beams 

were designed to fail in shear rather than flexure. Hence, the second approach of 

determining the ductility index was found appropriate for use. Figure 71 demonstrates 

how the ductility index was determined. The following equation is applied to calculate 

the ductility index (µ): 

𝜇 =  
∆0.85,𝑝𝑜𝑠𝑡

∆0.85,𝑝𝑟𝑖𝑜𝑟
                (70) 

where: 

∆0.85,𝑝𝑜𝑠𝑡 = deflection at 85% of the ultimate load post ultimate state (mm). 

∆0.85,𝑝𝑟𝑖𝑜𝑟 = deflection at 85% of the ultimate load prior ultimate state (mm). 

Ductility indices of specimens in Groups 1-5 calculated using Eq. (70) are 

shown in Table 11 and Fig. 72(a). In addition, ductility indices of specimens in Group 

6 and corresponding specimens with anchor similar configuration are shown in Fig. 

72(b). In order to assess the ductility of anchored specimens compared to the  
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Figure 71: Method of determining ductility index. 

 

strengthened unanchored specimen, ductility indices of anchored specimens were 

normalized with respect to ductility index of CU specimen. Normalized values are 

shown in Table 11 and Fig. 73. It is clear from Table 11 and Fig. 72 that unstrengthened 

specimen C-NS had low ductility index value (μ= 1.49) due to brittle failure of concrete 

owing to the nonexistence of transverse steel reinforcement. In addition, as expected, 

external strengthening without anchorage further reduced the ductility of RC beams. In 

particular, the unanchored U-wrapped specimen CU was 6.06% less ductile than the 

unstrengthened control specimen C-NS. The brittle behavior of specimen CU is 

attributed to the brittle debonding failure of CFRP laminates. In general, the ductility 

of all anchored specimens surpassed the ductility of the control specimens C-NS and 

CU. Typically, during loading, when FRP-to-concrete bond strength decreases until it 

reaches a peak stress value, FRP anchors become activated in tension. This action 

delays debonding and utilizes the laminates strength, while providing a ductile failure 

process.  

Group 2 ductility results showed that anchors with longer embedment depths provided 

more ductility to the beams than shorter anchor embedment depths. In particular, the 

specimen with embedment depth of 50 mm had lowest ductility with µ=1.73. Increasing 

embedment depth to 75 mm and 100 mm increased the ductility indices to 1.92 and 

1.85 (32 and 27% increase with respect to CU), respectively.  
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Table 11: Ductility index results. 

Designation 
Vn 

(kN) 

Δ0.85, prior 

(mm) 

Δ0.85, post 

(mm) 

µ 
𝝁

𝝁𝑪𝑼
 

C-NS 88.81 3.12 4.63 1.49 - 

CU 142.98 3.97 5.81 1.46 - 

CUA 186.04 5.38 10.33 1.92 1.32 

UA-ED50 171.54 4.49 7.79 1.73 1.18 

UA-ED100 207.25 5.52 10.22 1.85 1.27 

UA-IA180 216.44 5.71 8.64 1.51 1.03 

UA-IA155 215.73 6.49 12.63 1.95 1.34 

UA-IA90 162.44 4.42 8.85 2.00 1.37 

UA-DD14 208.05 5.84 10.45 1.79 1.23 

UA-DD16 202.87 5.88 10.63 1.81 1.24 

UA-FL75 183.60 5.04 9.98 1.98 1.36 

UA-FL150 205.44 5.66 10.25 1.81 1.24 

CUA-REV 205.15 5.83 10.49 1.80 1.23 

UA-ED50-REV 184.27 5.14 11.16 2.17 1.49 

UA-DD16-REV 203.53 6.07 12.06 1.99 1.36 

UA-FL75-REV 202.01 5.93 10.97 1.85 1.27 

UA-FL150-REV 216.88 6.33 11.15 1.76 1.21 

 

With respect to Group 3 specimens, lower insertion anchor angles provided 

more ductility than obtuse angles, as reported elsewhere [69]. Comparing beam UA-

IA90 with beam UA-IA180, UA-IA90 had a ductility index of 2, which was 32.45% 

more than beam UA-IA180 (μ=1.51). Overall, specimens UA-IA90, UA-IA155, and 

UA-IA180 have increased the ductility compared to unanchored specimen CU by 1.37, 

1.34 and 1.03, respectively. The brittle performance of specimen UA-IA180 with 

straight embedded anchors could be due to anchor slippage after FRP-to-concrete 

debonding occurs. Hence, it can be concluded that bent anchors enhance the ductility 

of the anchored specimens significantly more than straight anchors.  

Ductility of specimens UA-DD14 and UA-DD16 were comparable with 

ductility indices of 1.79 and 1.81, respectively. However, specimen CUA with DD=12 

mm had a relatively higher ductility index (μ=1.92) than specimens with larger dowel 

diameters. Specimens UA-DD14 and UA-DD16 increased the ductility of specimen CU 

only by 23 and 24%, respectively, compared to 32% increase in ductility of specimen 

CUA. Thus, larger dowel diameters caused reduction in the ductility of RC specimens. 
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It is clear from Table 11 and Figs. 72(a) and 73 that there is a clear trend between 

ductility and anchor fan length. Lower anchor fan lengths exhibited higher ductility 

than longer ones. The highest ductility was observed in beam UA-FL75 with 1.98 

followed by beam CUA with FL=100 mm (μ =1.92). Consequently, the 25 mm increase 

in fan length decreased the ductility by 3%. Increasing the fan length to 150 mm further 

reduced the ductility of the specimen by 5.7%. In general, anchor fan lengths of 75, 100 

and 150 mm enhanced the ductility of specimen CU by 36, 32 and 24%, respectively. 

As a result, it is safe to indicate that even though small fan lengths provide slightly 

higher ductility, the strength provided by longer fans outweighs the ductility advantage.  

 

 
(a) Ductility indices for Groups 1-5 

 
(b) Ductility indices for Group 6 

Figure 72: Ductility indices. 
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Figure 73: Normalized ductility indices of anchored specimens with respect to CU. 

 

Finally, it is clear from Table 11 at Figs. 72(b) and 73 that reversing the anchors 

did not significantly affect the ductility behavior of the specimens compared to their 

equivalent counterparts, except for beam UA-ED50-REV which provided the highest 

ductility out of all tested beams. Beam UA-ED50-REV was 25.43% more ductile than 

beam UA-ED50 and 49% more ductile than beam CU. Similar to shear strength results, 

the difference in the ductility performance of specimens in the same group compared 

to their equivalents did not exceed 10%. For example, the ductility in beam UA-DD16-

REV was 9.47% more than that of beam UA-DD16. Moreover, the ductility in beam 

UA-FL75-REV was 6.78% less than that of beam UA-FL75. Specimen UA-FL150-

REV that failed at the highest load compared to all specimens had a relatively low 

ductility index of 1.76, corresponding to a slight increase in ductility (21%) compared 

to CU. 
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Chapter 7.  Theoretical Predictions 

 

In this Chapter, the experimental results are compared to shear strength models 

in current design codes of practice. In the first section of this Chapter, the shear capacity 

of the control specimen C-NS is evaluated and compared to shear design provisions of 

current codes and models from the literature. In the second section of this Chapter, the 

measured shear contribution of FRP in all strengthened specimens is predicted using 

equations from FRP design codes of externally bonded FRP systems for strengthening 

RC structures.  

7.1. Capacity of Unstrengthened Control Specimen C-NS 

All T-beams in this study do not contain steel stirrups in the test span. Hence, 

there is no contribution of steel (Vs) in all design equations. Consequently, the focus of 

this section is to predict the shear contribution of concrete (Vc). Vc of the tested control 

specimen C-NS is compared to Vc calculated by shear provisions of the following 

design codes and models from the literature provided in section 3.1.: The ACI 318-19 

design code [70] Eq. (10) for sections that do not contain minimum transverse 

reinforcement, Kim and Park model [71], and Zararis et al. model for T-sections [27]. 

In addition, Vc was also calculated by the AASHTO LRFD bridge design specifications 

[74] code that implements Modified Compression Field Theory (MCFT) developed by 

Vecchio and Collins [72]. It is worth noting that calculations using MCFT are iterative 

and extensive. For this reason, an online available software (Response (2000)) that 

applies the MCFT equations was used to calculate shear strength of the control 

specimen.  

The shear contribution of concrete (Vc) calculated using the above four design 

provisions along with experimental value of the control specimen C-NS is summarized 

in Table 12. In addition, as presented in [28],  the flange contribution to shear strength 

is implemented by multiplying the values of predicted Vc by 1.25 for the ACI 318-19 

[70], Kim and Park [71], and MCFT [72] models. Note that this factor was not 

multiplied for Zararis et al. [27] as the model already accounts for the flange 

contribution to shear capacity. In order to assess the accuracy of the design provisions, 

normalized values of the experimental Vc results with respect to the predicted Vc are 
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summarized in Table 12. In addition, to visualize the results presented in Table 12, Fig. 

74 demonstrate predicted Vc results in the form of bar graphs. 

 

Table 12: Shear prediction of control specimen. 

Model 
𝑽𝒄 

(kN) 

𝑽𝒄(𝒆𝒙𝒑) 

𝑽𝒄(𝒑𝒓𝒆𝒅)
 

𝟏. 𝟐𝟓𝑽𝒄 

(kN) 

𝑽𝒄(𝒆𝒙𝒑) 

𝟏. 𝟐𝟓𝑽𝒄(𝒑𝒓𝒆𝒅)
 

Experimental 88.81 - - - 

ACI 318-19 [70] 61.30 1.45 76.62 1.16 

Kim and Park [71] 85.40 1.04 106.75 0.83 

Zararis et al. [27] 85.97 1.03 - - 

MCFT [72], [74] 

Response (2000) 
69.40 1.28 86.75 1.02 

 

 

Figure 74: Concrete shear prediction of control specimen. 

 

It is clear from Table 12 and Fig. 74 that the models proposed by Zararis et al. 

[27] and Kim and Park [71] closely predicted the shear capacity of the control specimen 

C-NS with normalized Vc values of  1.03 and 1.04, respectively. The accuracy of Zararis 

et al. [27] model comes from taking into account the contribution of T-beam flange to 

shear capacity, while the accuracy of Kim and Park model  [71] comes from taking into 

account primary factors such as flexural reinforcement (dowel action), shear span-to-
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depth ratio, concrete compressive strength and effective depth. It is worth noting that 

the beams in this study were overdesigned in flexure, hence, dowel action contribution 

to the shear strength is not negligible. The ACI 318-19 [70] provisions provided the 

most conservative predictions and significantly underestimated the capacity of the 

control specimen C-NS with normalized value of 1.45. Likewise, the MCFT [72] also 

underestimated the capacity of the specimen with a normalized value of 1.28 

corresponding to an error of 21.86%. Although the ACI 318-19 [70] and the MCFT  

[72] equations account for the dowel action, the provisions do not consider the effect 

of flange on the shear capacity. Hence, the predicted capacities provided by these 

models were multiplied by a factor of 1.25 to account for flange contribution to shear 

capacity as recommended by Ayensa et al. [28].  

It can be seen from Table 12 and Fig. 74 that after enhancing the predicted 

capacities of the models by 25%, the MCFT [72] closely estimated the shear capacity 

of the control specimen with normalized value of 1.02. The ACI 318-19 [70] provisions 

still resulted in conservative predictions, however, the prediction error decreased from 

29 to 11%. Finally, after multiplying Kim and Park model [71] by 1.25, the model 

overestimated the capacity and the normalized Vc value with respect to experimental Vc 

which changed from 1.04 to 0.83. Hence, based on the results of this experimental 

study, it can be concluded that Zararis et al. [27] and Kim and Park [71] models provide 

excellent prediction to the capacity of a reinforced concrete T-beam with no transverse 

reinforcement. The MCFT  [72] can also accurately predict the shear capacity provided 

that that shear contribution of the flange is included by multiplying the equation by a 

factor of 1.25 as proposed by Ayensa et al. [28]. Finally, the ACI 318-19 [70] design 

provisions provide the most conservative predictions and significantly underestimate 

shear capacity of RC T-beams.  

7.2. Capacity of Strengthened Specimens 

In this section, the shear contribution of FRP (Vf) of the strengthened specimens 

is evaluated by design guidelines provided in Chapter 3:  ACI 440.2R-17 [47], CSA-

S806.12(R2017) [48], fib14 [49], and ISIS-M04 [50]. The effective strain in the 

unanchored specimen CU is calculated as per the provisions of each design code for U-

wrapped sections. All codes limit the effective strain in the anchored FRP laminates to 

a certain value, that is a fraction of the FRP ultimate strain, to prevent premature bond 
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failure and loss of aggregate interlock, hence, limiting crack widths to reasonable 

values. The effective strain in FRP for anchored specimens as specified by ACI 440.2R-

17 [47] is the lesser of 0.004 and 0.75εfu. In a similar manner, CSA-S806.12(R2017) 

[48] limits the effective strain in the FRP laminates anchored with proven anchorage 

systems to lesser of 0.005 and 0.75εfu. According to fib14 [49], Eq. (54) in Chapter 3 is 

implemented to calculate the effective strain of completely wrapped and properly 

anchored sections and is used in this study to calculate the effective strain of the 

anchored specimens. The calculated effective strain of anchored specimens based on  

fib14 [49] provisions is 0.0043. Design guidelines of ISIS-M04 [50] do not consider 

anchorage; therefore, an effective strain of 0.004 used to design completely wrapped 

sections is considered for anchored sections in this study. The material reduction factor 

(𝜓𝑓) in the ACI 440.2R-17 [47] is set to unity as the value of 0.85 is based on reliability 

analysis of FRP data. However, reduction parameter (k) = 0.8 is applied to the effective 

strain in fib14 [49] since debonding failure dominates. Table 13 summarizes the results 

in terms of experimental Vf (Vf(exp)), predicted Vf (Vf(pred)), predicted effective strain (εfe), 

and normalized Vf (i.e. the ratio of Vf(exp) to Vf(pred)). In addition, Figure 75 illustrates the 

normalized Vf for all considered design guidelines to visualize the statistical 

measurement of prediction. 

The results in Table 13 and Fig. 75 clearly indicate that ACI 440.2R-17 [47] 

and CSA-S806.12(R2017) [48] closely predict the capacity of unanchored specimen 

CU with normalized Vf values of 0.99 and 1.10, respectively. On the other hand, fib14 

[49] and ISIS-M04 [50]  significantly overestimate the capacity of the unanchored beam 

CU by 21 and 28%, respectively. This can be attributed to the low strain levels attained 

in the CFRP laminates of specimen CU due to early debonding. With respect to the 

anchored specimens, it can be seen from Table 13 and Fig. 75 that ACI 440.2R-17 [47] 

provide the most conservative guidelines compared to other design codes, with 

normalized Vf  ranging from 0.91-1.58. The only specimen with normalized Vf  value 

under the unity line in Fig. 75 for ACI 440.2R-17 [47] predictions is UA-IA90, 

indicating that the horizontal anchor configuration is not efficient and results in a poorly 

anchored specimen. It should be noted that the results are based on the limited 

parameters tested in this study. The efficiency of horizontal anchors could have been 

enhanced by increasing the embedment depth, for example. In general, the ratio of Vf(exp)
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Table 13: Prediction of shear strength provided by FRP. 

 ACI 440.2R-17 CSA-S806.12(R2017) fib14 ISIS-M04 

Designation 
Vf(exp) 

(kN) 
εfe 

Vf(pred) 

(kN) 

𝑽𝒇(𝒆𝒙𝒑)

𝑽𝒇(𝒑𝒓𝒆𝒅)
 εfe 

Vf(pred) 

(kN) 

𝑽𝒇(𝒆𝒙𝒑)

𝑽𝒇(𝒑𝒓𝒆𝒅)
 εfe 

Vf(pred) 

(kN) 

𝑽𝒇(𝒆𝒙𝒑)

𝑽𝒇(𝒑𝒓𝒆𝒅)
 εfe 

Vf(pred) 

(kN) 

𝑽𝒇(𝒆𝒙𝒑)

𝑽𝒇(𝒑𝒓𝒆𝒅)
 

C-NS - - - - - - - - - - - - - 

CU 54.17 0.0027 

 

54.52 0.99 0.0029 49.43 1.10 0.0030 68.53 0.79 0.0029

64467 

75.05 0.72 

CUA 97.23 0.0040 80.79 1.20 0.0050 85.52 1.14 0.0043 96.53 1.01 0.004 101.27 0.96 

UA-ED50 82.73 0.0040 80.79 1.02 0.0050 85.52 0.97 0.0043 96.53 0.86 0.004 101.27 0.82 

UA-ED100 118.44 0.0040 80.79 1.47 0.0050 85.52 1.38 0.0043 96.53 1.23 0.004 101.27 1.17 

UA-IA180 127.63 0.0040 80.79 1.58 0.0050 85.52 1.49 0.0043 96.53 1.32 0.004 101.27 1.26 

UA-IA155 126.92 0.0040 80.79 1.57 0.0050 85.52 1.48 0.0043 96.53 1.31 0.004 101.27 1.25 

UA-IA90 73.63 0.0040 80.79 0.91 0.0050 85.52 0.86 0.0043 96.53 0.76 0.004 101.27 0.73 

UA-DD14 119.24 0.0040 80.79 1.48 0.0050 85.52 1.39 0.0043 96.53 1.24 0.004 101.27 1.18 

UA-DD16 114.06 0.0040 80.79 1.41 0.0050 85.52 1.33 0.0043 96.53 1.18 0.004 101.27 1.13 

UA-FL75 94.79 0.0040 80.79 1.17 0.0050 85.52 1.11 0.0043 96.53 0.98 0.004 101.27 0.94 

UA-FL150 116.63 0.0040 80.79 1.44 0.0050 85.52 1.36 0.0043 96.53 1.21 0.004 101.27 1.15 

CUA-REV 116.34 0.0040 80.79 1.44 0.0050 85.52 1.36 0.0043 96.53 1.21 0.004 101.27 1.15 

UA-ED50-REV 95.46 0.0040 80.79 1.18 0.0050 85.52 1.12 0.0043 96.53 0.99 0.004 101.27 0.94 

UA-DD16-REV 114.72 0.0040 80.79 1.42 0.0050 85.52 1.34 0.0043 96.53 1.19 0.004 101.27 1.13 

UA-FL75-REV 113.20 0.0040 80.79 1.40 0.0050 85.52 1.32 0.0043 96.53 1.17 0.004 101.27 1.12 

UA-FL150-REV 128.07 0.0040 80.79 1.59 0.0050 85.52 1.50 0.0043 96.53 1.33 0.004 101.27 1.26 
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Figure 75:Normalized Vf(exp) with respect to Vf(pred). 

 

to Vf(pred) is comparatively higher in well-anchored specimens, such as, UA-ED100, 

UA-IA180, UA-IA155, UA-DD14, UA-DD16, UA-FL150, and all REV specimens 

except for UA-ED50-REV. In order to measure the effect different effective strain 

values on the predicted shear capacity using ACI 440.2R-17 [47] design provisions, 

Figure 58 shows normalized experimental Vf with respect to predicted Vf for anchored 

specimens using effective strain values of 0.0027 – considered for unanchored U-wraps, 

0.004 and 0.005. It is clear from Fig. 58 that it is very conservative to design anchored 

specimens using the effective strain in unanchored CFRP U-wraps (~0.0027). 

Nevertheless, FRP shear capacity of poorly anchored specimens, such as UA-IA90, 

could be predicted using the effective strain in unanchored U-wraps. The advantage of 

anchorage in this case is the slight enhancement in shear capacity and significant 

enhancement in ductility. On the other hand, it can be seen from Fig. 76 that it is feasible 

to design anchored U-wraps with CFRP anchors using an effective strain of 0.005 

except for poorly designed anchors, such as anchors with low embedment depths (50 

mm), low fan lengths (75 mm) and low insertion angles (90°). As a result, an effective 

strain of 0.004, as recommended by ACI 440.2R-17 [47], is considered a reasonable 

lower bound limit in designing anchored CFRP laminates with CFRP anchors. 

It is clear from Fig. 75 that design provisions of CSA-S806.12(R2017) [48] are 

comparable to the ACI 440.2R-17 [47] predictions. The FRP shear capacity of all  
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Figure 76: Normalized Vf(exp) with respect to Vf(pred) by ACI 440.2R-17. 

 

anchored specimens with normalized Vf values range from 0.86 to 1.50. All CSA-

S806.12(R2017) [48] predictions fall above unity line in Fig. 76 except for UA-ED50 

and UA-IA90 with normalized Vf of 0.86 and 0.97, respectively. Hence, an effective 

FRP strain of 0.005 can be safely implemented in CSA-S806.12(R2017) [48] 

provisions to design well-anchored specimens. To evaluate the effect of effective strain 

using CSA-S806.12(R2017) [48] design provisions, Fig. 77 presents normalized Vf 

results of all anchored specimens when effective strains of 0.004 and 0.005 are used in 

the shear capacity equation of CSA-S806.12(R2017) [48]. It can be seen from Fig. 77, 

that an effective strain of 0.004 could be safely applied to design CFRP laminates with 

any anchor configuration. It is important to note that other design codes limit the 

effective strain in the anchored FRP laminates to 0.004 to prevent loss of aggregate 

interlock and limit crack widths to reasonable values. In addition, limiting the effective 

strain prevents premature bond failure.  

FRP strength predictions of fib14 [49] for anchored specimens are acceptable 

with only two points falling slightly under the unity line in Fig. 57: UA-ED50 and UA- 

IA90. As previously mentioned, horizontal anchors and anchors with small embedment 

depths caused the least enhancement in the shear capacity compared to other anchor 

configurations. The range of normalized Vf of fib14 [49] predictions is 0.76 – 1.33. 
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Figure 77: Normalized Vf(exp) with respect to Vf(pred) by CSA-S806.12(R2017). 

  

Finally, ISIS-M04 [50] predictions slightly overestimate the capacity of most 

anchored specimens except for CUA, UA-ED50, UA-IA90, UA-FL75 and UA-ED50-

REV. The range of normalized Vf of ISIS-M04 [50] predictions is 0.73 – 1.26. It is 

noticed from Fig. 75 that predictions of fib14 [49] and ISIS-M04 [50] are comparable, 

with the latter being slightly less conservative. 

It can be concluded that ACI 440.2R-17 [47] and CSA-S806.12(R2017) [48] 

provide the most conservative predictions, and their provisions can be safely applied to 

design CFRP laminates anchored with CFRP anchors. In addition, an effective strain 

of 0.004 is considered a reasonable limit to avoid degradation of concrete shear 

resistance mechanisms.  fib14 [49] and ISIS-M04 [50] shear provisions can also be 

safely applied to design well-anchored specimens (specimens with anchors having 

sufficient embedment depth, fan length and high insertion angle). Based on the results 

of this study, it is recommended to avoid anchors with short embedment depths, low 

fan lengths and horizontal anchors as these parameters result in poorly anchored 

specimens. However, if it necessary to design these types of anchors due to insufficient 

member depth or due to presence of internal steel that makes it hard to drill straight 

anchors, it is recommended to implement the effective strain in the unanchored U-

wrapped specimens to design the FRP shear capacity of these anchored specimens. The 

0.00
0.20
0.40
0.60
0.80
1.00
1.20
1.40
1.60
1.80
2.00

V
f(

ex
p

)/
V

f(
p

re
d

) 

CSA-S08.12 (R2017)

Effective strain - 0.004 Effective strain - 0.005



118 

 

 

advantage of anchoring the laminates in this case is the slight enhancement in shear 

capacity and significant enhancement in ductility. It should be noted that this conclusion 

is based on limited test results and needs to be verified against wider range of 

parameters, such as, concrete compressive strength, beam geometry and varied anchor 

parameters.  

7.3. Force in Anchors 

In this section, the capacity of CFRP anchors is calculated and compared to the anchor 

capacity predicted by existing models in the literature. The force in CFRP anchors is 

calculated by dividing shear contribution of FRP for each anchored specimen by the 

number of anchors on each U-wrap (2 anchors per U-wrap). Several models in the 

literature predict force in anchors depending on the failure mode exhibited. The 

predicted force (Npred) in straight anchors is calculated as the minimum anchor capacity 

calculated by three failure modes (fiber rupture (Nfr), concrete cone pullout (Ncc), and 

combined concrete-cone and bond pullout (Ncb)). The design models that are adapted 

to calculate straight anchor capacity are provided in Eq. (1) and Eqs. (3)-(5) in Chapter 

2. In this study, only one specimen was inserted with straight anchors (UA-IA180). 

However, the same equations are applied to calculate the capacity of anchors in 

specimen UA-IA155 based on the recommendation by Del Rey Castillo et al. [46] 

which states that anchors with large insertion angles close to 180° need to be designed 

using straight anchors equations. Moreover, Eq. (2) provided in Chapter 2 is applied to 

calculate the capacity of bent anchors with insertion angle of 90° exhibiting fiber 

rupture failure (Nfr). Due to lack of design models in the literature to predict the capacity 

of other insertion angles, Eq. (2) is applied conservatively to predict the capacity of 

bent anchors for the specimens in this study. Note that Npred for bent anchors is Nfr 

calculated by Eq. (2), as the pull-out models presented in Eqs. (3)-(5) are based only on 

straight anchors and cannot be applied on bent anchors. Table 14 shows the results in 

terms of experimental anchor capacity (Nexp), predicted fiber rupture capacity (Nfr), 

predicted concrete cone pullout capacity (Ncc), predicted combined concrete-cone and 

bond pullout capacity (Ncb), predicted anchor capacity (Npred) and ratio of Nexp to Npred. 

In addition, Fig. 78 plots Nexp versus Npred to visualize the accuracy of the predictions.  

It can be seen from Table 14 and Fig. 78 that anchor capacity predictions 

significantly underestimate the capacity of the anchors. The normalized anchor capacity 
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Table 14: Predictions of CFRP anchor capacity. 

Designation  
Nexp 

(kN) 

Bent 

Anchors 
Straight Anchors 

Npred 

(kN) 

𝑵𝒆𝒙𝒑

𝑵𝒑𝒓𝒆𝒅
 

Nfr 

(kN) 

Nfr 

(kN) 

Ncc 

(kN) 

Ncb 

(kN) 

CUA 48.61 28.07 - - - 28.07 1.73 

UA-ED50 41.37 28.07 - - - 28.07 1.47 

UA-ED100 59.22 28.07 - - - 28.07 2.11 

UA-IA180 63.81 - 39.56 39.76 34.20 34.20 1.87 

UA-IA155 63.46 - 39.56 39.76 34.20 34.20 1.86 

UA-IA90 36.82 28.07 - - - 28.07 1.31 

UA-DD14 59.62 33.98 - - - 33.98 1.75 

UA-DD16 57.03 40.10 - - - 40.10 1.42 

UA-FL75 47.39 24.96 - - - 24.96 1.90 

UA-FL150 58.32 31.67 - - - 31.67 1.84 

CUA-REV 58.17 28.07 - - - 28.07 2.07 

UA-ED50-REV 47.73 28.07 - - - 28.07 1.70 

UA-DD16-REV 57.36 40.10 - - - 40.10 1.43 

UA-FL75-REV 56.60 24.96 - - - 24.96 2.27 

UA-FL150-REV 64.03 31.67 - - - 31.67 2.02 

 

 
Figure 78: Experimental versus predicted anchor capacity.  

 

with respect to the predicted capacity ranged from 1.31 to 2.27. As previously 

mentioned, there are no equations in the literature to predict the pull-out capacity of 

bent anchors. Hence, the effect of embedment depth and concrete compressive strength 
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was not evaluated in the bent anchors of this study. In addition, Eq. (2) that predicts the 

capacity of bent anchors was generated based on 90° insertion angles, while most of 

the specimens of this study were inserted with a 135° insertion angle which should 

theoretically provide higher capacity than horizontal anchors. Furthermore, Eqs. (1) and 

(2) (used to predict fiber rupture capacity of straight and bent anchors, respectively) 

were obtained based on 95th percentile confidence level. This means that the equation 

that estimates the average fiber capacity of bent anchors was statistically reduced to 

accommodate 95% of the sample data. Thus, all data points in this study are above the 

black dashed line in Fig. 78 showing that the experimental values are higher than 

predicted values. Based on the results of this experimental study, Eqs. (1) – (5) provided 

in the literature to calculate the capacity of FRP anchors can be safely implemented to 

design anchored FRP-EBR systems. However, more research is still needed to account 

for the effect of different insertion angles and establish pull-out strength models for 

bent anchors. 
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Chapter 8.  Summary and Conclusions  

 

8.1. Summary 

Strengthening of deteriorated RC structures using FRP laminates has gained 

popularity over the last three decades due to the numerous advantages of the system. 

However, the main drawback of this strengthening technique is the premature 

debonding of the FRP laminates prior utilizing the full capacity of the system. As a 

result, ongoing research in the subject has shown that properly anchoring the FRP 

laminates could delay or even prevent the brittle debonding failure. One of the 

anchorage systems that proved to be an appropriate solution to enhance the behavior of 

FRP-EBR system is FRP splay anchors. However, there is still a gap in the available 

literature on the effect of FRP anchors on the strength and ductility of RC beams 

externally strengthened in shear with CFRP laminates. In addition, there are no design 

guidelines in the current codes of practice for strengthening with FRP anchors. 

Accordingly, more research is required to address wider range of anchor parameters 

and structural geometries. To narrow the research gap, a total of fifteen shear deficient 

T-beams were cast and externally strengthened with CFRP U-wrapped laminates and 

anchored with different CFRP splay anchor configurations. In addition, two control 

specimens were cast to act as benchmark specimens, one was left unanchored and the 

other was strengthened with unanchored CFRP U-wrapped laminates. Anchor 

parameters investigated in this study are anchor embedment depth, insertion angle, 

dowel diameter, and fan length. In addition, two CFRP anchor installation procedures 

were implemented in the study: commonly used detail where anchors are installed after 

laminates, and the second one is installing anchors before laminates. The latter has 

never been addressed in the literature although it is easier to implement in in-field 

installations. Therefore, the effect of reversing the order of anchors installation on the 

shear strength of the specimens was studied herein. 

Two-point loading tests were performed on all specimens, and the performance 

of the specimens in terms of load-deflection responses, shear strength, strain in CFRP 

laminates and ductility of the specimens was examined and discussed. In addition, 

CFRP contribution to shear strength found experimentally was predicted using ACI 

440.2R-17 [47], CSA-S806.12(R2017) [48], fib14 [49], and ISIS-M04 [50] shear 
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strength design guidelines. Finally, force in CFRP anchors is predicted using models 

from the literature.  

8.2. Conclusions 

Based on the experimental results and theoretical predictions, the main findings 

of this study are: 

1. Anchoring CFRP U-wrapped laminates with CFRP splay anchors 

significantly increased the shear capacity of the specimens, in the range of 

83-144% compared to a control unstrengthened specimen and 14-52% 

compared to unanchored strengthened specimen, respectively. Hence, if the 

completely wrapping scheme is unviable, this strengthening system could 

be effectively implemented. 

2. Most of the specimens failed by debonding of the CFRP laminates. The 

implementation of CFRP anchors delayed debonding failure, and thus 

utilized the strength of the laminates and resulted in a ductile failure mode.  

3. CFRP splay anchors considerably increased the effective strain in the CFRP 

laminates. The average calculated effective strains at ultimate state of poorly 

anchored and well-anchored specimens were 4754 με and 5977 με, 

respectively. Both values are higher than the maximum effective strain 

recommended by the ACI 440.2R-17 guidelines to design properly anchored 

specimens.  

4. Strain values showed that the strain in CFRP laminates is nonuniform over 

the shear span. The lowest strain levels were displayed in laminates 1 and 5 

that do not intersect the critical shear crack. Significantly higher strains were 

observed in the three middle laminates, where CFRP debonding was 

initiated. This implies that these laminates contributed to resisting the 

development of the major shear cracks.  

5. Ductility index of unstrengthened specimen C-NS is low with (μ= 1.49), 

owing to the nonexistence of transverse steel reinforcement. In addition, as 

expected, external strengthening without anchorage further reduces the 

ductility of RC beams by 6.06% due to the brittle debonding failure of CFRP 

laminates. In general, the ductility of all anchored specimens surpassed the 

ductility of specimen CU (in the range of 3-49%) due to the engagement of 
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CFRP anchors in delaying the debonding failure mode, and hence providing 

a more ductile failure process.  

6. As expected, anchors with longer embedment depths performed better in 

terms of increasing the shear capacity of the specimens and utilizing strains 

in CFRP laminates. A minimum embedment length of 100 mm is 

recommended to allow the anchors to reach the concrete core and prevent 

failure when the concrete cover spalls off due to cracks.   

7. Straight embedded anchors (insertion angle = 180°) are more effective in 

increasing the shear capacity and utilizing strains in CFRP laminates than 

horizontal anchors. The shear capacity of the specimen with straight anchor 

was 33% higher than that with horizontal anchors. In a similar manner, the 

strain in CFRP laminates of straight anchored specimen was 68% more than 

that with horizontal anchors indicating that vertical anchors are more 

effective in enhancing the shear strength of the specimens. However, if 

straight anchors were infeasible to install, bent anchors with large insertion 

angles could be effectively implemented. 

8. Test results showed no consistent trend with respect to anchor dowel 

diameter due to limitation of the chosen embedment depth, insertion angle 

and hole diameter. Increasing the diameter from 12 mm to 14 mm increases 

the shear capacity by 11.83%, while increasing the dowel diameter from 14 

mm to 16 mm resulted in a slight reduction of 2.5% in the shear capacity. A 

dowel diameter of 14 mm was found to be the optimum diameter in this 

study, utilizing 52% of CFRP ultimate strain. However, further testing needs 

to be carried out to study the effect of larger dowel diameters with different 

combination of hole diameters and other anchor parameters. 

9. Increasing the fan length resulted in nonproportional increase in shear 

strength. Based on the test results of this study, it is advised to use fan 

lengths longer than the development length provided by ACI 440.2R-17 

guidelines. In addition, it is recommended to spread the fan along the width 

of CFRP sheet while maintaining low fanning angle. In case of wide sheets, 

multiple anchors can be used to anchor the FRP sheets. 

10. Installing CFRP splay anchors in reverse order, i.e., before the CFRP 

laminates, showed promising results and comparable behavior to the beams 
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with similar anchor configuration installed on the top surface of the 

laminates. The former detailing can be safely implemented in designing 

FRP anchors, as it aids in easier and faster in-field installation without 

compromising the overall strength.  

11. The ACI440.2R-17 and CSA-S806.12(R2017) guidelines provide the most 

conservative predictions and can be safely applied to design CFRP 

laminates bonded with CFRP anchors. The fib14 and ISIS-M04 shear 

provisions provide reasonable predictions for well-anchored specimens.  

12.  Designing anchored CFRP laminates with an effective strain of 0.004 is 

considered reasonable to avoid the degradation of concrete shear resistance 

mechanisms. However, for poorly designed anchors, such as anchors with 

low embedment depths and/or low insertion angles, it is recommended to 

implement the effective strain in the unanchored U-wrapped specimens to 

predict the FRP shear capacity of the anchored specimens. The advantage 

of anchoring the laminates in this case is the slight enhancement in shear 

capacity and significant enhancement in ductility.  

13. Anchor capacity predictions present in the literature significantly 

underestimate the capacity of CFRP anchors. More research needs to be 

conducted to include the effect of different insertion angles and to establish 

pull-out strength models for bent anchors. 

8.3. Suggested future research work 

The following proposed topics could be addressed in future research: 

• Investigating the effect of wider range of FRP splay anchor parameters 

on the shear strength of strengthened specimens.  

• Studying the effect of wide range of straight anchor parameters on shear 

capacity of strengthened specimens.  

• Performance of anchored strengthened specimens under different 

geometrical and loading conditions, such as, the effect of shear span-to-

depth ratio, transverse steel reinforcement ratio and concrete 

compressive strength. 

• Impact of seismic loading on members strengthened with anchored 

CFRP laminates.  
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• Develop models that include the effect of insertion angle to predict the 

capacity of FRP anchors. 

• Develop pull-out strength models to predict the capacity of bent anchors.  
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