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Abstract 

The use of carbon fiber reinforced polymer (CFRP) composites is a widely accepted method for 

externally strengthening reinforced concrete members. However, there is a notable gap in the 

literature regarding the behavior of CFRP-strengthened beams fiber anchors under reversed cyclic 

loading. This study addresses this gap by examining the performance of normal and low-strength 

concrete, with a moderate steel ratio (0.005) and low steel ratio (0.0034), in constructing fourteen 

identical full-scale rectangular beams. These beams were strengthened with both unanchored and 

anchored CFRP sheets. Based on the concrete strength, steel ratio, and CFRP scheme, the beams 

were categorized into three groups. The first group comprised five beams with lightly reinforced 

steel and low-strength concrete. This group included a control specimen, as well as strengthened 

specimens with thin sheets with and without fiber anchors and strengthened specimens with thick 

sheets with and without fiber anchors. The second group replicated the first group in terms of 

CFRP scheme, but with a moderate steel ratio and higher-strength concrete. The third group 

consisted of four beams, two with the same lightly reinforced steel and low-strength concrete as 

those of group 1, and two with the same moderate steel ratio and higher-strength concrete as those 

of group 2. This third group consisted of two beams strengthened with double thick CFRP sheets 

top and bottom secured with fiber anchors. The other two were strengthened using a recent patent 

concept suggesting the use of a small steel plate as a ductility fuse by sandwiching it in between 

two layers of FRP at the critical plastic hinge region. All specimens underwent cyclic testing under 

displacement control, following the AC 125 loading protocol (Acceptance Criterion 125, ICC). 

The failure modes varied among all three groups, including excessive yielding, CFRP sheet 

debonding, CFRP sheet rupture, shear failure, and cover delamination. The hysteresis response 

loops of the different specimens were compared, including ultimate capacity, ductility, stiffness 



  

degradation, and energy dissipation. Furthermore, this study involved the development of a 

phenomenological model to predict the response behavior of RC beams subjected to fully reversed 

loading cycles until failure. The comparative discussion and analysis of the results with the 

phenomenological model exhibited a promising correspondence. Finally, experimental 

observations were conducted to investigate the behavior of the structural systems with the 

indicated innovative materials under reverse cyclic loading, as well as the load-deflection, and the 

moment-curvature response. These observations aim to establish a basis for future analytical 

modeling of the hysteresis response of RC beams strengthened with CFRP sheets with and without 

fiber anchors. 
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phenomenological model to predict the response behavior of RC beams subjected to fully reversed 
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Chapter 1 - Introduction 

 1.1 Background 

Most of the current standing buildings are vulnerable as a result of being exposed to harsh weather 

conditions, such as humidity, and environmental disasters, such as seismic activity. Therefore, the 

need for innovative and effective methods to retrofit these concrete structures becomes 

increasingly essential. One of the strengthening techniques available is the use of carbon fiber 

reinforced polymer (CFRP). CFRP strengthening has become an ideal technique for upgrading and 

retrofitting concrete elements due to its remarkable properties such as durability as well as high 

ultimate strength. In fact, CFRP is a corrosion resistant material and has a high strength-to-weight 

ratio (Lee et al. 2009, Singh et al. 2014, Wang et al. 2019, Siddika et al. 2018, Sbahieh et al. 2022-

a, Sbahieh et al. 2022-b, and Vijayan et al. 2023). A large number of research studies have been 

done to investigate the use of CFRP as a strengthening material applied to reinforced concrete 

structures. However, the majority of these studies have focused on the behaviors of RC members 

strengthened with CFRP under monotonic loading (Dong et al. 2012, Dias et al. 2018, Alabdulhady 

et al. 2022, Barris et al. 2023, and Liu et al. 2023). Therefore, there is a need to better understand 

the seismic response of these strengthened RC members, since cyclic loading conditions, such as 

those induced by earthquakes, can significantly affect the structural performance and durability of 

RC elements. 

Furthermore, there is a lack of studies investigating the effectiveness of using fiber anchors as an 

anchorage system that can mechanically transfer forces from the CFRP sheet to the concrete 

substrate. As a result, guidelines for installing fiber anchors are limited (Sbahieh et al. 2022-b). 

Factors such as anchor layout, hole inclination, depth and area of the anchor hole, anchor diameter, 
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amount of CFRP materials, anchor fan length, fan angle, and anchor reinforcement influence the 

anchorage success (Garcia et al. 2014). 

 1.2 Objectives  

The use of CFRP to strengthen the existing concrete members can be an alternative option due to 

their affordability, lightweight, as well as durability compared to demolishing the entire structure. 

Over the last two decades, the demand on retrofitting and enhancing the load-carrying capacity of 

existing structures has increased, leading to more research on using CFRP as a strengthening 

material. However, using CFRP sheets to strengthen RC beams subjected to cyclic loading has not 

been well covered yet in the literature. Therefore, this study aims to investigate the seismic 

behavior of full-scale RC simple beams that have been strengthened with CFRP sheets of varying 

thickness at the top and bottom surfaces of the member, with and without carbon fiber anchor 

arrangements, in comparison with a control specimen. The specified objectives of this research 

study are as follows: 

¶ Investigate the seismic performance of RC beams strengthened with CFRP sheets. 

¶ Develop an optimal strengthened technique using carbon fiber splay anchors.  

¶ Study the effects of using various thickness of CFRP sheets with and without carbon 

fiber anchors. 

¶ Examine the influences of using multiple layers of thick CFRP sheets simultaneously 

with or without steel plate acting as a ductility fuse. 

¶ Develop a phenomenological model to simulate the hysteresis loops response of RC 

beams strengthened with CFRP sheets with or without anchors.  

¶ Conduct an experimental investigation to establish a basis for future analytical 

modeling of the hysteresis response of RC beams strengthened with CFRP sheets. 
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 1.3 Scope of Dissertation  

This dissertation consists of seven chapters. The first chapter includes an overview of the topics, 

objectives of this research, and scope of this dissertation. Chapter two, Flexural Seismic Behavior 

of Low Concrete Strength-Steel Ratio RC Beams Strengthened by CFRP Sheets with and without 

Fiber Anchors, presents an experimental study of strengthened RC beams with low-strength 

concrete and lightly reinforced steel ratio to investigate their seismic performance. Chapter three, 

Flexural Seismic Behavior of Moderate Concrete Strength-Steel Ratio RC Beams Strengthened by 

CFRP Sheets with and without Fiber Anchors, includes further experimental investigation of the 

cyclic response of higher strength concrete and moderate steel ratio in RC beams strengthened 

with CFRP sheets with and without fiber anchors. Chapter four focuses on predicting the flexural 

response of the backbone curve using an available analytical model and developing a 

phenomenological modeling to simulate the hysteresis response of strengthened RC beams by 

various CFRP thickness secured with and without fiber anchors. Chapter five introduces an 

additional experimental program with a new test setup and a recent patent concept suggesting the 

use of a small steel plate as a ductility fuse by sandwiching it in between two layers of FRP at the 

critical plastic hinge region. In chapter six, experimental investigations and observations for future 

analytical modeling were highlighted to facilitate formulating and predicting the seismic 

performance of strengthened RC beams. In the last chapter, chapter seven, conclusions, and 

recommendations on the dissertation topics are presented. 
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Chapter 2 - Flexural Seismic Behavior of Low Concrete Strength-

Steel Ratio RC Beams Strengthened by CFRP Sheets with and 

without Fiber Anchors 

 

 2.1. ABSTRACT 

An experimental program was conducted to examine the seismic performance of flexural beam 

members strengthened with carbon fiber-reinforced polymer (CFRP) sheet and anchored using 

carbon fiber splay anchors. This research extends the use of carbon fiber anchors to secure the top 

and bottom CFRP flexural sheets under cyclic loading. In this study, low strength concrete is 

examined, with lightly reinforced steel ratio (0.0034) to test full-scale rectangular beams. Five 

reinforced concrete beams were cast, strengthened, and tested under reversed cycles of four-point 

bending to failure. The beams were categorized into a control specimen, strengthened specimens 

with thin sheets with and without fiber anchors, and strengthened specimens with thick sheets with 

and without fiber anchors. They were tested cyclically under displacement control according to 

the AC 125 loading protocol (Acceptance Criterion 125, ICC). The failure modes ranged from 

classical ultimate failure for the control beam to rupture and IC debonding for the beam with 

unanchored thin CFRP sheets. On the other hand, debonding took place for the thicker sheets with 

no anchors, while the thicker sheets with fiber anchors underwent cover delamination failure mode 

despite the fact that the sheets were extended very close to the simple supports. The hysteresis 

response loops were compared for the different specimens and the analytical envelop curves were 

predicted resulting in a close agreement to the experimental finding. 
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Keywords: Seismic performance; CFRP strengthening; Carbon fiber splay anchors; Cyclic 

response; Modeling backbone curve. 

 2.2. Introduction  

The use of Carbon Fiber Reinforced Polymers (CFRP) has become a well-known technique to 

strengthen or rehabilitate existing reinforced concrete members, such as beams, columns, and 

frames. In fact, during the last two decades, the demand of retrofitting and enhancing the load-

carrying capacity of existing structures has increased, leading to more research on using CFRP as 

a strengthening material. Numerous studies have demonstrated the effectiveness of using CFRP in 

enhancing the flexural behavior of RC beams under monotonic loading (Rasheed and Pervaiz 

2002, Tamimi et al. 2011, Saqan et al. 2013, Rasheed and Decker 2015, and Smith et al. 2017). 

However, using this technique to strengthen (RC) beams located in active seismic zones needs 

further evaluation to investigate the effects of cyclic loading on the response of strengthened RC 

beams. Additionally, new anchoring techniques need to be investigated to develop optimized 

anchoring methods for RC members that significantly improve the cyclic behavior.  

The main components of the CFRP-concrete bonded system, which are utilized to externally 

strengthen RC structures, include CFRP dry fiber sheets, adhesive, and anchors whenever they are 

applied (Rasheed and Pervaiz 2002). Typically, it is assumed that there is a full composite action 

between the surface of concrete members such as beams and CFRP materials. However, the degree 

of bonding directly depends on the shear stiffness and strength of the adhesive, which must be 

sufficient to transfer the shear forces between CFRP and concrete substrate (Rasheed and Pevaiz 

2003, Gao et al. 2012, and Teng 2018). Additionally, the quality of bond is directly impacted by 

concrete properties and surface preparation. Many studies and design codes reflect that as the 

compressive strength of the concrete increases, so does the strength of the CFRP-concrete system 
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(Hollaway et al. 1999, Walraven 2010, Kim 2014, and Fu et al. 2018). Thus, many researchers 

have investigated how to improve the bond deficiencies by applying different types of mechanical 

anchoring systems (Chen et al. 2007, Diab and Farghal 2014, Chen et al. 2018, and Alhassan et al. 

2021). In fact, using anchoring along with adhesive to secure the CFRP sheets can improve the 

loading capacity by significant amounts (Alhassan et al. 2021).  

Limited studies have investigated the seismic behavior of RC structures strengthened with CFRP. 

Ceroni (2010) studied the performance of strengthened RC beams with Externally Bonded 

Reinforcement (EBR) and Near Surface Mounted (NSM) bars under monotonic and cyclic loading. 

The findings of this study showed that the loading-carrying capacity increased in the range of 26% 

to 50% in case of low reinforcement ratio and 17% to 33% for higher reinforcement ratios. It was 

also observed that the ductility was reduced when CFRP is used as externally bonded strengthening 

material due to the premature debonding of the CFRP sheets. On the other hand, the use of Near 

Surface Mounted (NSM) bars successfully improved the ductility of the system along with 

increasing the ultimate failure load. The failure mode changed from debonding when CFRP sheets 

were used to cover delamination or concrete crushing when NSM bars are used. Additionally, 

different types of anchors were used along with Externally Bonded Reinforcement (EBR) to 

investigate their effectiveness towards enhancing the performance of the strengthened system. It 

was found that an adequate ductility was reached as well as enhancement of ultimate loading 

capacity when anchoring devices were applied. Finally, according to the author, a redaction of at 

least 10 % of the ultimate failure load was observed under cyclic compared to monotonic loading.  

Laseima et al. (2020) carried out an experimental study to investigate the seismic behavior of 

exterior RC beam-column joints strengthened with CFRP. According to the authors, the strength, 
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energy dissipation and ductility of the strengthened system were enhanced by 61.7%, 208.9%, and 

61.8% respectively compared to the control specimen.  

Another study by Saqan et al. (2020) investigated the effectiveness of using CFRP with various 

anchors on seismic behavior of RC beam-column joint assemblies. The finding of this study 

demonstrated that the ultimate load-currying capacity increased by 19% to 43.6% compared to the 

control specimens depending on the anchoring arrangements. It was also evident that all 

strengthened specimens exhibited higher total energy dissipation and damping ratios compared to 

the control one. 

A more recent study conducted by Karayanniset and Golias (2022) examined full-scale RC beam-

column joints that were externally strengthened using CFRP ropes. These joints were strengthened 

by applying X-shaped ropes, either single or double, at each side of the joint. Additionally, single 

or double straight ropes were applied at each side of the beam. The specimens that were 

strengthened in this manner exhibited an enhanced hysteretic response compared to the non-

strengthened ones. The improvement was observed in terms of maximum loads per loading step, 

stiffness, and energy dissipation. The ultimate capacity of the strengthened specimens increased 

by a range of 20% to 57%, depending on the number of CFRP ropes used. 

This study aims to investigate the seismic behavior of full -scale RC simply supported beams 

strengthened with CFRP sheets of varying thicknesses at their top and bottom surfaces, with and 

without carbon fiber anchor arrangements, in comparison with a control specimen. All specimens 

in this study have been designed with low concrete strength to simulate older beams having nearly 

a minimum steel ratio. The main objective of this strengthening study is to enhance the capability 

of RC beams, particularly under extreme events like earthquakes. To evaluate their performance, 

all specimens are subjected to a quasi-static cyclic loading in displacement control. A comparison 
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is made between the strengthened specimens and the control specimen, as well as between 

specimens with different sheet thickness and anchoring arrangements. Furthermore, the 

experimental envelope response is accurately predicted using an analytical approach typically 

suitable for monotonic loading. 

 2.3. Experimental Campaign 

 2.3.1. Specimen Matrix and Beam Parameters 

Five full-scale RC beam specimens were designed in accordance with ACI 318 building code 

(American Concrete Institute, 2019). All specimens are identical in geometry, reinforcement steel, 

ʬ 13 bars in flexure and ʬ 10 bars in shear (#4 bars in flexure and #3 bars in shear), as well as 

concrete strength but are categorized differently in terms of the level of strengthening, based on 

the thickness of CFRP layers and their anchoring status, as shown in Table2.1. The dimensions, 

steel reinforcement layout as well as the supports and loading protocol are shown in Figure 2.1. 

Furthermore, Figure 2.2. to Figure 2.5. present the geometry of specimens No.2 to No.5 along with 

the steel reinforcement as well as the strengthening CFRP sheet types and anchors arrangement. 

Figure 2.6. illustrates the carbon fiber splay anchors that are used to secure the CFRP sheet in 

beams No.3 and No.5. 

Table 2.1. Beams details summary. 

Beam 

No. 

Specimen Type CFRP Sheets Number of layers Figure 

No. 

æy Analysis (µ=1)     mm 

(in) 

1 Control N/A N/A 1 18.30 (0.72) 

2 FRP strenghened CSS V-WrapÊ C100HM 1 top and bottom 2 19.05 (0.75) 

3 FRP strenghened & anchored CSS V-WrapÊ C100HM 1 top and bottom 3 19.05 (0.75) 

4 FRP strenghened CSS V-WrapÊ C400HM 1 top and bottom 4 20.32 (0.80) 

5 FRP strenghened & anchored CSS V-WrapÊ C400HM 1 top and bottom 5 20.32 (0.80) 
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Figure 2.1. Beam No.1 (Control beam) 

 

 

Figure 2.2. Beam No.2 

3657.6 mm (144 in) 

3657.6 mm (144 in) 
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Figure 2.3. Beam No.3 

 

Figure 2.4. Beam N.4 

3657.6 mm (144 in) 

3657.6 mm (144 in) 
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Figure 2.5. Beam No.5 

 

Figure 2.6. Carbon fiber splay anchors. 

 

 2.3.2. Materials Characteristics 

2.3.2.1. Concrete 

The concrete mix was designed to have a 28-day compressive strength of 17.24 MPa (2.5 ksi) with 

a slump of 75 mm (3 inches). Three concrete cylinders of 100 mm diameter x 200 mm height (4ò 

diameter x 8ò height) were tested to determine the 28-day compressive strength of the concrete 

3657.6 mm (144 in) 



   

 

12 
 

mixture based on ASTM C39. One additional cylinder was tested on the day of testing beam No. 

3 (216 days from the casting date), see Table 2.2. Based on the conducted cylinder tests, the 

concrete had an average 28-day compressive strength of 21.02 MPa (3.05 ksi). It is interesting to 

observe that this concrete gained around 4.75 MPa (0.69 ksi) extra strength by the day of testing 

compared to its standard 28-day strength.  

Table 2.2.Concrete Compressive Strength Testing 

Specimen Testing type Strength MPa (psi) Average strength MPa (psi) 

C1 Compressive at 28-day 

 

21.23 (3,081.00) 21.02 (3,048.50) 

C2 20.52 (2,978.00) 

C3 21.30 (3,092.00) 

C4 Compressive at day of testing 25.77 (3,740.00) 25.77 (3,740.00) 

 

2.3.2.2. Steel Reinforcement 

The acquired ʬ 13 (#4) steel bars were reported to have a yield strength of 572.95 MPa (83.1 ksi) 

based on the manufacturer mill certificates. To examine the mechanical properties of these bars in 

the lab, three rebars were tested in accordance with ASTM A615. The average yielding strength 

was obtained to be 536.01 MPa (77.74 ksi). The average modulus of elasticity was also measured 

using stress-strain curves to be 170,489 MPa (24,727.34 ksi), while the typical modulus of 

elasticity of steel is known to be 200,000 MPa (29,000 ksi). A possible reason for this discrepancy 

is the use of sacrificial grips, cut from steel sheets, between the re-bar and the hydraulic grips of 

the Universal Testing Machine where minor slippage might have taken place under a gripping 

pressure of 27.58 MPa (4000 psi). In addition, the steel bar surface was slightly grinded to allow 

for mounting the strain gauge on a flat smooth surface causing a very minor reduction in cross 
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section. The mechanical properties of steel according to the experimental testing are shown in 

Table 2.3. 

Table 2.3. Mechanical properties of the tested steel bars. 

Specimens Average Yielding Strength MPa (ksi) Average Elastic Modulus MPa (ksi) 

Rebar ʬ 10 (# 3) 485.54 (70.42) 173,181.67 (25,117.88) 

Rebar ʬ 13 (# 4) 536.01 (77.74) 170,489.00 (24,727.34) 

 

2.3.2.3. Carbon Fiber-Reinforced Polymer 

Two types of commercially available high-modulus unidirectional carbon fiber fabric sheets were 

used to strengthen the RC beams. One of the fabrics has a 0.508 mm (0.02 in) thick saturated 

laminate layer made from 0.165 mm (0.0065 in.) dry fabric sheet (CSS V-WrapÊ C100HM) 

having 330 g/m2 (9.73 oz/yd2) weight. The other one has 2.03 mm (0.08 in) thick saturated laminate 

layer made from 0.66 mm (0.026in.) dry fabric sheet (CSS V-WrapÊ C400HM) having 1300 

g/m2 (38.34 oz/yd2). Table 2.4 illustrates the manufactured data for both of the CFRP types.  

Table 2.4. Mechanical Properties of CFRP per Manufacturer. 

Type of Carbon 

fiber fabric  

Properties Type Nominal thickness 

t, mm (in) 

Ultimate tensile strength 

██◊ȟ , MPa (ksi) 

Elongation at 

break █◊ȟ % 

Modulus of elasticity 

E, MPa (ksi) 

CSS V-WrapÊ 

C100HM 

Dry fiber 
properties 

0.165 (0.0065) 5,440.00 (790.00) 1.90 289,550 (42,000) 

Cured laminate 

properties 

0.508 (0.02) 1,490.00 (216.00) 1.30 115,142 (16,700) 

CSS V-WrapÊ 

C400HM 

Dry fiber 
properties 

0.66 (0.026) 5,440.00 (790.00) 1.90 289,550 (42000) 

Cured laminate 

properties 

2.03 (0.08) 1,241.00 (180.00) 1.27 98,181 (14,240) 

 

 2.3.3. Specimen Fabrication 

Five full-scale beams were manufactured in the Structural Engineering laboratory at Kansas State 

University using wooden formwork. The specimens were fabricated carefully after placing all 

required strain gauges on the top and bottom steel rebars at mid-span.  
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 2.3.4. Specimen Strengthening  

After the curing of the concrete mixtures, the strengthened specimen surfaces were prepared using 

a grinder to ensure adequate bonding with CFRP. Two types of CFRP sheets with varying 

thickness were used, along with anchoring for two of those specimens, see Figure. 2.3 and Figure. 

2.5. Figure. 2.7 (a-c) illustrates the surface preparation and CFRP installation phase. 

 

Figure 2.7. (a-c) RC Beams during Surface Preparing and CFRP Installation. 

 2.3.5. Loading Protocol and Measurement Instrumentation 

To simulate the seismic load, a displacement-controlled cyclic four-point loading was employed 

using a 668 kN (150 kip) hydraulic actuator at Kansas State Universityôs Structural Engineering 

Lab, see Figure. 2.1. The average rate of applied displacement was 17.78 mm/min (0.7 in/min). 

To capture the behavior of the tested beams, various instruments were used including, four 

LVDTôs, two at mid-span and one at each support, at least eight strain gauges at mid-span, in 

addition to extra strain gauges in-between the load point and the nearest anchors to capture any 

possible debonding scenarios. An 890 kN (200-kips) load cell, to measure the applied load, is also 

used. According to AC 125 (ICC ES AC125 2021), the displacement-controlled loading protocol 

followed the variation shown in Figure. 2.8. The entire measured data was collected and stored in 

a Vishay System 7000 data acquisition equipment having 16-strain gauge channels, 4-LVDT 

channels, one-load cell channel and one channel for actuator displacement. 
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Figure 2.8. Loading Protocol for Beam No.2. 

 2.3.6. Test Setup  

A comprehensive testing setup was applied in this study to examine the flexural behavior of all 

five beam specimens under reversed cyclic loading. A simply supported setup with a clear span 

between supports of 3657.6 mm (144inches)1, and the load applied at the one-third points along 

the member using a steel spreader beam, see Figure 1. To securely hold the specimens in place 

during the pull loading, steel C channels with threaded rods on both sides were utilized as shown 

in Figure. 2.9. Each threaded rod was pre-tensioned to 66.72 kN (15-kips) using a torque wrench 

allowing for sufficient clamping force during the pull loading direction. It is important to note 

that under an ultimate pull load of 266.88 kN (60-kips), each threaded rod will pick up an 

additional 66.72 kN (15-kip) force resulting in a 133.44 kN (30-kip) maximum force. The load 

required to yield a 1-in threaded rod at 413.69 MPa (60 ksi) yield strength is 209.06 kN (47-kips) 

leaving a 1.57 factor of safety for the rods used. 

 
1 The clear span of the RC beams was slightly over 144 in. since the center-to-center distance between the strong 

floor tie-down was 144.75 in. 
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Figure 2.9. Standard testing set-up of beam No.2 

 2.4. Results and Discussions 

The results, observations and findings of the experimental tests will be discussed individually for 

each beam in this section. Additionally, the performance of all five specimens will be compared 

against each other.  

 2.4.1. Beam No.1 

Based on the obtained results, the control specimen exhibited a ductile behavior. Moreover, the 

beam was able to survive up to more than 82.55 mm (3.25 in.) of displacement with negligible 

reduction of strength. During the experiment, the cracking load was 34.75 kN (7.81 kips) in the 

push direction with a corresponding cycle size of 7.62 mm (0.30 in.) while it was 43.14 kN (9.70 

kips) in the pull mode within the same cycle size. The first cracking was followed by several 

flexural cracks developed within the constant moment region. The yielding occurred around a load 

of 62.27 kN (13.74 kips) in push with a corresponding cycle of 19.05 mm (0.75 in.) while it was 

74.59 kN (16.77 kips) in the pull mode within the same corresponding cycle size. This was 

accompanied by more flexural crack propagation at the constant moment region along with shear 

cracking at both points where the loading was applied on the shear span side. The ultimate load at 
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which the failure took place due to excessive yielding was around 89.01 kN (20.01 kips) in push 

mode with a corresponding cycle size equal to 82.55 mm (3.25 inches). It also took place at around 

125.80 kN (28.29 kips) in the pull mode during a similar corresponding displacement cycle level. 

It is important to observe that the different loads in the pull direction are noticeably higher than 

the same loads in the push direction for this beam. Part of the reason is the fact that gravity acts in 

the push direction resulting in higher reported load values for the pull direction in this case. 

Another reason is the pin-pin boundary conditions used for Beam No.1 that did add extra constraint 

in the pull direction due to the tightened clamping of the threaded rods. Figure. 2.10. illustrates the 

hysteretic response of the control specimen. Figure. 2.11. presents the beam setup prior to and after 

testing.  

 

Figure 2.10. Load-displacement response of beam No.10 (1 Kips=4.45 KN) 
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Figure 2.11. Specimen No.1. (a) before testing. (b) at failure 

 

 2.4.2. Beam No.2 

For the second specimen, some ductility was observed despite the use of CFRP to strengthen the 

beam since the external sheets applied were of the thin type. Moreover, the beam was able to 

survive up to more than 34.30 mm (1.35 in.) of displacement with a sudden drop in strength within 

that cycle due to CFRP fiber rupture, see Figure. 2.12. A cracking load was determined to be 34.33 

kN (7.71 kips) on the push side with a corresponding cycle size of 7.62 mm (0.30 in.) while it was 

37.68 kN (7.79 kips) on the pull side within a similar cycle size. Subsequently, typical flexural 

cracks were developed within the constant moment region. Although less than those observed in 

the control specimen due to the influence of the externally bonded CFRP sheets in restraining and 

redistributing these cracks. Yielding occurred around a push load of 80.40 kN (18.08 kips) and a 

corresponding cycle size of 19.07 mm (0.75 in.). On the other hand, yielding happened at a pull 

load of 81.43 kN (18.30 kips) having the same corresponding cycle size followed by shear-crack 

propagation at both load points inside the shear span. Evidently, the failure took place due to 

rupture of the CFRP sheet at both surfaces of the beam, top and bottom, at the loading points but 

inside the shear span at a push load of approximately 104.80 kN (23.56 kips) and a pull load of 

124 kN (28.07 kips) with a corresponding cycle equal to 57.2 mm (2.25 inches).  The failure was 
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primarily caused by large diagonal shear cracks adjacent to the load application location in the 

shear span. Figure. 2.12. illustrates the response of the beam No.2 specimen. Figure. 2.13. presents 

the beam setup prior to and after testing. 

 

Figure 2.12. Load-displacement response of beam No.2 (1 Kips=4.45 KN) 

 

Figure 2.13. Specimen No.2. (a) before testing. (b) at failure 

 2.4.3. Beam No.3 

The third specimen showed a hysteretic response similar to the second specimen until it reached 

the yield point. After yielding, the behavior of the third specimen differed, as it exhibited a higher 

ultimate load. The experimental data clearly indicate that specimen No.3 showed ductility until 
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failure, followed by a sudden reduction of the strength that occurred due to the external sheet 

debonding on the top and CFRP rupture on the bottom sides of the beam at the boundary of the 

shear span. On the push side, a cracking load of approximately 34.33 kN (7.71 kips) was observed, 

while on the pull side, a cracking load of approximately 28.23 kN (6.35 kips) was noticed. Both 

sides exhibited a corresponding cycle size of 7.62 mm (0.30 in.). Yielding occurred at a push load 

of 83.64 kN (18.81 kips) and a pull load of 75.82 kN (17.05 kips), both corresponding to a cycle 

size of 19.05 mm (0.75 in.) followed by the propagation of shear cracks at both points where the 

loading was applied. The failure of the third specimen was caused by the CFRP rupture of the 

external sheet on the bottom side of the beam (push loading) at the boundary of the shear span. On 

the other hand, failure of this beam was caused by CFRP debonding of the external sheet on the 

top side of the beam (pull loading) at the boundary of the shear span as well. Failure occurred at a 

push load of approximately 119.5 kN (26.81 kips) and a pull load of approximately 109.42 kN 

(24.6 kips), with a corresponding cycle displacement equal to 57.15 mm (2.25 in.) same for the 

push and pull loading. The failure was attributed to large diagonal shear cracks at the edge of the 

shear span, which developed at the location of load application. When investigating the reason for 

the higher cracking, yielding and ultimate loading for the push direction, the authors realized that 

the effective depth (d) of the push side was noticeably higher 292 mm (11.5 in.) than the (d) of the 

pull side which was lower 279 mm (11 in.). Figure. 2.14. illustrates the hysteretic response of beam 

No.3. Additionally, Figure. 2.15. presents the beam setup prior to and after testing. It is also worth 

mentioning that the end anchor prevented the thin CFRP sheet from fully separating from the beam 

in the pull direction. 
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Figure 2.14. Load-displacement response of beam No.3 (1 Kips=4.45 KN) 

 

Figure 2.15. Specimen No.3. (a) before testing. (b) at failure 

 2.4.4. Beam No.4 

Specimens No.4 exhibited reduced ductility compared to specimens No.1 to No.3, as it failed by 

CFRP debonding within the displacement cycle of 40.64 mm (1.60 in.) before experiencing a 

sudden reduction in strength. Despite the limited ductility, the ultimate capacity of specimen No.4 

demonstrated a significant increase. According to the experimental data, the cracking load on the 

push side was measured at 35.30 kN (7.93 kips), while on the pull side, it was measured at 32.97 
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kN (7.41 kips). Both of these cracking loads were observed within a corresponding cycle size of 

3.81 mm (0.15 in.). Subsequently, normal flexural cracks developed within the fixed moment 

region. Yielding was observed at a push load of 115.91 kN (26.06 kips) and a pull load of 112.73 

kN (25.34 kips), both occurred at a corresponding cycle size of 20.32 mm (0.80 in.). Yielding was 

followed by the formation of more flexural cracks within the constant moment region and shear 

cracks within the shear span. The failure occurred as a result of the debonding of the external CFRP 

sheets on both the top and bottom sides of the beam, specifically at the edge of the shear span. This 

debonding occurred at a load of approximately 146.34 kN (32.9 kips) on the push side and at a 

load of around 154.05 kN (34.63 kips) on the pull side, both corresponding to a cycle size of 40.64 

mm (1.60 in.). The failure of the beam was primarily attributed to the development of large 

diagonal shear cracks at the load application location. Figure. 2.16. illustrates the response of beam 

No.4 reflecting higher hysteresis pinching due to the use of thicker CFRP. Figure. 2.17. presents 

the beam setup prior to and after testing. 

 

Figure 2.16. Load-displacement response of beam No.4 (1 Kips=4.45 KN) 
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Figure 2.17. Specimen No.4. (a) before testing. (b) at failure 

 2.4.5. Beam No.5  

Beam No.5 showed almost identical results to those obtained from specimen No.4 with slightly 

higher ultimate capacity at about the same ductility while the energy dissipation seemed a bit more 

than that of beam No.4, Figure. 2.16. and Figure. 2.18. Similar to specimen No.4, the beam failed 

within the displacement cycle of 40.64 mm (1.60 in.) before experiencing a sudden reduction in 

strength due to concrete cover delamination. However, it exhibited the highest ultimate capacity 

among all five specimens. It is very interesting to observe that the anchors in beam No.5 functioned 

perfectly forcing the concrete separation to take a path around and below the anchors introducing 

complete cover delamination failure mode, Figure. 2.19b. Therefore, it is recommended to 

consider the effect of deeper anchors as a potential reason for improving the response of this beam 

during future testing. Experimentally, the cracking load on both the push and pull sides of the 

specimen was measured at 35.35 kN (7.95 kips) and 31.39 kN (7.05 kips) respectively, both 

occurring at a corresponding cycle of 3.81 mm (0.15 in.). After that, typical flexural cracks 

developed within the constant moment region between the applied load points. At a cycle size of 

28.58 mm (1.125 in.), yielding was reached on both the push and pull sides at a load of 130.35 kN 

(29.31 kips) and 131.48 kN (29.56 kips) respectively followed by the propagation of shear cracks 
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at both points where the loading was applied, similar to those observed in specimen No.4. The 

failure took place due to concrete cover separation at both faces of the beam, top and bottom, at 

the edge of the shear span at a load of approximately 154.8 kN (34.8 kips) on the push side and 

160.35 kN (36.05 kips) on the pull side, within a corresponding cycle of 40.64 mm (1.60 in.). 

Figure. 2. 18. illustrates the hysteretic response of beam No.5 while Figure. 2.19. presents the beam 

setup prior to and after testing. 

 

Figure 2.18. Load-displacement response of beam No.5 (1 Kips=4.45 KN) 

 

Figure 2.19. Specimen No.5. (a) before testing. (b) at failure 
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 2.5. Comparison of Specimen Responses  

 2.5.1. Strength and Ductility  

The results of the control specimen showed a ductile behavior with significant energy dissipation 

due to extensive steel yielding, which is expected of un-strengthened RC beams. Specimens No.2 

and No.3 still exhibited some noticeable ductility. However, the ultimate capacity on the push side 

was enhanced when compared to the control one by 17.74% and 33.3%, respectively. The 

comparison between specimens No.2 and No.3 indicated that both have almost the same cracking 

and yielding load while the ultimate capacity of the third beam was, on average, 14% higher as 

results of applying the anchors which delayed the failure as well as shifted the failure mode from 

top and bottom rupture to a mixed debonding-rupture mode, see Figure. 2.17b. and Figure. 2.18b. 

As for specimens No.4 and No.5, the ultimate failure load was increased by 64.41% and 73.91% 

respectively in comparison to the control specimen. Both specimens exhibited very similar 

responses such that cracking and yielding load were almost the same, with a slight difference in 

the ultimate failure load as shown in Figure. 2.20. However, the failure mode was changed from 

debonding of the CFRP sheets to concrete cover delamination due to the carbon fiber splay anchors 

and the ultimate load for beam No. 5 was 14.75 % higher than beam No. 4 on average. It is evident 

from Figure. 2.20. that the strength increases, and ductility decreases from the control beam to the 

beams strengthened with thin CFRP to those strengthened with thick CFRP. The use of fiber 

anchors in these experiments was mainly concentrated at the sheet ends causing minimal strength 

benefits. Had there been anchors installed across the whole shear span, the strength and ductility 

improvement would have been anticipated to be more (Zaki et al. 2020). Also, it is worth 

mentioning that using deeper fiber anchors would have potentially helped with strength and 
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ductility, as it would have delayed or prevented the cover delamination failure mode observed in 

beam No.5. Figure. 2.21. shows energy dissipation of all specimens together. 

 

 
Figure 2.20. Envelope Carves Comparison of all Beams. 

 

 
Figure 2.21. Energy dissipation of all beams2  

 
2 Energy dissipation for CFRP strengthened beams is measured up to the failure of the strengthening system and 
not beyond that.  
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 2.5.2. Stiffness Degradation 

Specimens showed various stiffness degradation trends due to the influence of CFRP sheet 

thickness as well as the use of carbon fiber splay anchors. Based on the collected data, it is evidence 

that specimen No.1 (control beam) exhibited the highest stiffness reduction after cracking as 

shown in Figure. 2.20. Specimens No.2 and 3 showed lower stiffness reduction compared to the 

control beam, but slightly higher reduction compared to beams No.4 and 5. On the other hand, 

post-peak stiffness drop was highest for thicker CFRP (beams No. 4 and 5) compared to the 

corresponding stiffness drop for thinner CFRP (beams No.2 and 3), while the control beam did not 

experience any stiffness drop due to the lack of CFRP strengthening.  

 2.5.3. Experimental Envelope Curve 

The envelope curve was extracted from the hysteresis loops of each specimen for the purpose of 

comparing it to the analytical envelope curve. Table 2.5 depicts the key points of the envelope 

curve on the push side at cracking, yielding and ultimate levels for all five beams. It is evident 

from Table 2.5 that the ultimate strength increases steadily by increasing the beam number (i.e., 

by using thicker CFRP sheets and applying fiber anchors). Ductility is also seen to reduce as the 

CFRP sheet thickness increases while it increases when applying anchors to the thin sheet type at 

ultimate push side. For the thick sheet type, the ductility was almost the same with and without 

anchors. Table 2.6, on the other hand, is identical to Table 2.5 but it is depicted for the pull side. 

It can be noted that beams No. 4 and 5 show increase in ultimate load compared to the control 

while beams No.2 and 3 shows reduction in ultimate capacity, which is attributed to the use of a 

pin-pin boundary condition for the control beam and beam No.2 while adjusting the boundary 

condition to a pin-roller for beams No. 3-5, as mentioned earlier. Similar trend can be observed 

for the ductility on the pull side as that captured for the push side. The only exception is beam 
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No.3 which failed by rupture on the push side and by debonding on the pull side due to some 

uneven surface on the latter. Furthermore, Table 2.7 and 2.8 shows the same key loading for the 

push and pull side, respectively, while reporting the cycle size at which these key loadings took 

place. Figure. 2.22. and Figure. 2.23. show the peak ultimate load and the peak displacement at 

failure for all beams, respectively.  

Table 2.5. Forward loading against displacement (Push Side). 

Specimen Experimental results 

Cracking load 

kN (Kips) 

Cracking Displacement 

mm (in) 

Yielding load    

kN (Kips) 

Yielding Displacement 

mm (in) 

  Ultimate load     

kN (Kips) 

Ultimate 

Displacement mm (in) 

Percent increase 

in ultimate load % 

Beam No.1 34.75 (7.81) 7.81 (0.15) 62.27 (13.74) 13.74 (0.54) 89.01 (20.01) 69.85 (2.75) - 

Beam No.2 34.33 (7.71) 2.37 (0.09) 80.40 (18.08) 15.24 (0.60) 104.8 (23.56) 34.29 (1.35) 17.74 

Beam No.3 34.33 (7.71)  1.59 (0.062) 83.64 (18.81) 15.17 (0.60) 119.50 (26.81) 55.37 (2.18) 33.3 

Beam No.4 35.30 (7.93) 1.065 (0.042) 115.91 (26.06) 15.86 (0.62) 146.34 (32.9) 26.67 (1.05) 64.41 

Beam No.5 35.35 (7.95) 1.35 (0.05) 130.35 (29.31) 17.07 (0.67) 154.8 (34.8) 25.40 (1.00) 73.91 

 

Table 2.6. Reversed loading against displacement (Pull Side). 

Specimen Experimental results 

Cracking load 

kN (Kips) 

Cracking 

Displacement mm (in) 

Yielding load    kN 

(Kips) 

Yielding Displacement 

mm (in) 

  Ultimate load     

kN (Kips) 

Ultimate 

Displacement mm (in) 

Percent increase in 

ultimate load % 

Beam No.1 43.14 (9.70) 6.67 (.26) 74.59 (16.77) 15.31 (0.60) 125.8 (28.29) 54.61 (2.15) - 

Beam No.2 37.68 (7.79) 3.12 (0.13) 81.43 (18.30) 14.71 (0.58) 124 (28.07) 35.05 (1.38) -1.43 

Beam No.3 28.23 (6.35) 1.09 (0.04) 75.82 (17.05) 14.30 (0.56) 109.42 (24.6) 41.91 (1.65) -14.324 

Beam No.4 32.97 (7.41) 1.35 (0.053) 112.73 (25.34) 16.33 (0.64) 154.05 (34.63) 27.18 (1.07) 22.5 

Beam No.5 31.39 (7.05) 1.10 (0.044) 131.48 (29.56) 18.43 (0.73) 160.35 (36.05) 25.40 (1.00) 27.46 

Table 2.7. Forward loading against cycle size (Push Side). 

Specimen Experimental results 

Cracking load kN 

(Kips) 

Cracking Cycle 

Displacement mm (in) 

Yielding load    

kN (Kips) 

Yielding Cycle 

Displacement mm (in) 

  Ultimate load     

kN (Kips) 

Ultimate Cycle 

Displacement mm (in) 

Percent increase in 

ultimate load % 

Beam No.1 34.75 (7.81) 7.62 (0.30) 62.27 (13.74) 19.05 (0.75) 89.01 (20.01) 82.55 (3.25) - 

Beam No.2 34.33 (7.71) 7.62 (0.30) 80.40 (18.08) 19.05 (0.75) 104.8 (23.56) 57.15 (2.25) 17.74 

Beam No.3 34.33 (7.71)  3.81 (0.15) 83.64 (18.81) 19.05 (0.75) 119.50 (26.81) 57.15 (2.25) 33.3 

Beam No.4 35.30 (7.93) 3.81 (0.15) 115.91 (26.06) 20.32 (0.80) 146.34 (32.9) 40.64 (1.6) 64.41 

Beam No.5 35.35 (7.95) 3.81 (0.15) 130.35 (29.31) 28.575 (1.125) 154.8 (34.8) 40.64 (1.6) 73.91 

 

 



   

 

29 
 

Table 2.8. Reversed loading against cycle size (Pull Side). 

Specimen Experimental results 

Cracking load 

kN (Kips) 

Cracking Cycle 

Displacement mm (in) 

Yielding load    

kN (Kips) 

Yielding Cycle 

Displacement mm (in) 

  Ultimate load     

kN (Kips) 

Ultimate Cycle 

Displacement mm (in) 

Percent increase in 

ultimate load % 

Beam No.1 43.14 (9.70) 7.62 (0.30) 74.59 (16.77) 19.05 (0.75) 125.8 (28.29) 82.55 (3.25) - 

Beam No.2 37.68 (7.79) 7.62 (0.30) 81.43 (18.30) 19.05 (0.75) 124 (28.07) 57.15 (2.25) -1.43 

Beam No.3 28.23 (6.35)  3.81 (0.15) 75.82 (17.05) 19.05 (0.75) 109.42 (24.6) 57.15 (2.25) -14.324 

Beam No.4 32.97 (7.41) 3.81 (0.15) 112.73 (25.34) 20.32 (0.80) 154.05 (34.63) 40.64 (1.6) 22.5 

Beam No.5 31.39 (7.05) 3.81 (0.15) 131.48 (29.56) 28.575 (1.125) 160.35 (36.05) 40.64 (1.6) 27.46 

 

 

 

Figure 2.22. Peak ultimate load at failure for all beams  
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Figure 2.23. Peak displacement at failure for all beams  

 

 2.6. Analysis of the Envelope Curves  

To predict the envelope curve response of the tested specimens, a trilinear load-displacement 

model that was developed by Charkas et al. (2003) for monotonic loading was utilized. According 

to this model, the Moment-Curvature analysis was approximated by a trilinear curve. In fact, this 

curve is controlled by three key points as follows: 

 2.6.1. Cracking Point: 

The first point of the trilinear curve can be easily computed using the following equations:  

ὓ
 

                                       (1) 

ᶮ
 
               (2) 

Where: 

Ὢ χȢυ Ὢ        Ὥὲ ὴίὭ     έὶ  Ὢ πȢφςὪ      Ὥὲ ὓὖὥ .     

Ὁὧ is modulus of elasticity of concrete. 
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Ὅ  is gross transformed section moment of inertia. 

ώ is the centroid depth of the section to the extreme tension fiber. 

 2.6.2. Yielding Point: 

To predict the yielding point of the trilinear curve, the following equations are used:  

ᶻ ᶻ

Ὢ  ὄ ὧ ὃ  Ὁ ὧ Ὠ  ὃὪ ὃὉ Ὠ ὧ π    (3)     

ὓ   ὃὪ Ὠ πȢυ ‍ ὧ ὃὉ‐  Ὠ πȢυ ‍ ὧ ὃ  Ὁ ‐ πȢυ ‍ ὧ Ὠ     (4) 

 ̕  
  

            (5) 

Where:  

‐  
            (6) 

‐ ᶻὨ ὧ            (7) 

‐
ᶻ

            (8) 

‌             (9) 

‍
ᶻ

ᶻ

            (10) 

‍ ςz ‍            (11) 

 2.6.3. Ultimate Point: 

This model was modified to capture the three different failure modes of strengthened RC beams, 

including crushing, debonding, and rupture failure as demonstrated below. Similar force 

equilibrium equations, to that presented above for the yielding point, are used to solve for the 

neutral axis location at the ultimate point based on the various failure modes considered. 



   

 

32 
 

2.6.3.1. Crushing failure:         

ὓ ὃὪὨ πȢυz ‍ ὧ ὃὉ‐ ὨὪ πȢυz ‍ ὧ ὃ Ὁ‐ πȢυz ‍ ὧ Ὠᴂ    (12)  

̕             (13)  

2.6.3.2. Debonding failure: 

ὓ ὃὪὨ πȢυz ‍ ὧ ὃὉ‐ ὨὪ πȢυz ‍ ὧ ὃ Ὁ‐ πȢυz ‍ ὧ Ὠᴂ    (14)  

̕             (15) 

 

2.6.3.3. Rupture failure:  

ὓ ὃὪὨ πȢυz ‍ ὧ ὃὉ‐ ὨὪ πȢυz ‍ ὧ ὃ Ὁ‐ πȢυz ‍ ὧ Ὠᴂ    (16)  

̕             (17) 

Based on the analytical results, it is worth mentioning that the present model does not account for 

the extra contribution of carbon fiber splay anchors. Thus, it is expected that the model will yield 

similar results for specimens No.2, and No.3 as well as No.4 and No.5. However, the expected 

values have excellent agreement with the experimental ones. This is simply because the fiber 

anchors in these tests had a minor contribution since they were only applied at the sheet ends. The 

analytical yielding load for beam No.2 was predicted to be 80.92 kN (18.19kips) while the actual 

yielding load was measured to be 81.85 kN (18.40 kips) showing an excellent agreement. 

Furthermore, the expected cracking loads for all specimens showed a strong agreement with 

experimental data. The observation of the comparison adds further evidence to the precision and 

consistency of the current model in capturing the envelope curve of cyclic responses of RC beams, 

both with and without CFRP strengthening. Table 2.9, and Figure. 2.24. to Figure. 2.28. illustrate 

the comparison between the proposed model and the results obtained from experimental data. 
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Table 2.9. Comparison of average experimental results against analytical predictions. 

Specimen Average experimental results Analytical results 

Cracking 

load kN 

(Kips) 

Yielding load     

kN (Kips) 

  Ultimate load     

kN (Kips) 

Cracking load 

kN (Kips) 

Yielding load         

kN (Kips) 

 Ultimate load            

kN (Kips) 

Beam No.1 38.03 (8.55) 67.87 (15.26) 107.41 (24.15) 31.14 (7.00) 57.83 (13.00) 80.07 (18.00) 

Beam No.2 34.47 (7.75) 80.92 (18.19) 114.4 (25.72) 33.36 (7.50) 81.85 (18.40) 102.31 (23.00) 

Beam No.3 31.26 (7.03) 79.75 (17.93) 114.46 (25.73) 33.36 (7.50) 81.85 (18.40) 102.31 (23.00) 

Beam No.4 34.12 (7.67) 114.34 (25.71) 150.20 (33.77) 36.03 (8.10) 116.54 (26.20) 133.45 (30.00) 

Beam No.5 33.36 (7.50) 130.93 (29.44) 157.43 (35.39) 36.03 (8.10) 116.54 (26.20) 133.45 (30.00) 

 

 

Figure 2.24. Analytical vs. Experimental Envelope Curve Comparison of beam No.1 
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Figure 2.25. Analytical vs. Experimental Envelope Curve Comparison of beam No.2 

 

 

Figure 2.26. Analytical vs. Experimental Envelope Curve Comparison of beam No.3 
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Figure 2.27. Analytical vs. Experimental Envelope Curve Comparison of beam No.4 

 

Figure 2.28. Analytical vs. Experimental Envelope Curve Comparison of beam No.5 
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 2.7. Load-Strain and Moment-Curvature Response 

Experimental load-strain data was collected for the purpose of extracting the equivalent 

experimental moment-curvature response for all beams. In this section, the hysteretic load-strain 

curves for the strain gauges mounted on the FRP sheets are plotted first for beam No.3 to maintain 

the brevity of presentation in this paper, Figure. 2.29-2.30. These figures clearly show the 

difference in behavior between the compressive and tensile sides. It is interesting to note that the 

two graphs are symmetric about the X- axis indicating an accurate measurement protocol. On the 

other hand, the hysteretic load-strain curves for the strain gauges mounted on the steel bars are 

plotted next for beam No.3, Figure. 2.31-2.32. These figures show a similar trend to the results 

plotted for the FRP strain gauges. Figure.2.29-2.30 are used to extract the hysteretic moment -

curvature response of that beam for the FRP gauges while Figure. 2.31-2.32 are used to determine 

the same moment-curvature curve for the steel gauges. Figure. 2.33 shows a comparison between 

the two independently extracted moment-curvature curves indicating the relevance of the 

Bernoulli-Navier hypothesis of plane section remine plane after bending. However, the small 

discrepancy between the two curves might be attributed to some bond slip in the FRP sheets at 

mid-span causing the FRP strains to be lower than the steel strain especially in the post cracking 

region. Furthermore, the analytical moment-curvature response derived using section 5 above is 

also plotted in the same figure. It is evident that the analytical curve perfectly matches the envelope 

curve of the steel strain gauges. The small discrepancies between the FRP experimental and the 

analytical moment-curvature curves is expected since these correspond to localized strain 

measurement that cannot perfectly align with theoretical predictions.  
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Figure 2.29. Top FRP Load-Strain for Beam No.3 

 

Figure 2.30. Bottom FRP Load-Strain for Beam No.3 
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Figure 2.31. Top Steel Rebar Load-Strain for Beam No.3 

 

Figure 2.32. Bottom Steel Rebar Load-Strain for Beam No.3 
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Figure 2.33. Experimental and Modeled Moment-Curvature of Beam No.3 

 

 2.8. Conclusions 

This study presents detailed results on CFRP strengthened RC beams, with and without fiber 

anchors, subjected to cyclic displacement-controlled loading protocol up to failure. The use of 

carbon fiber splay anchors along with thin CFRP sheets had limited effect on the load-

displacement response prior to yielding of reinforcing steel compared to the response without 

anchoring. In contrast, the ultimate capacity was noticeably enhanced due to the fact that anchors 

delayed the CFRP debonding. The use of carbon fiber splay anchors along with thick CFRP sheets 

had slight effect on the load-displacement response even after yielding of reinforcing steel 

compared to the one without anchoring even though the anchors shifted the failure mode to 

complete cover delamination around the anchor depths as opposed to sheet debonding. This is 

attributed to the use of no more than two anchors per shear span located back-to-back at the sheet 

ends with a limited fiber anchor embedment depth. On the other hand, the increase in CFRP 
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thickness positively influenced the ultimate strength while negatively impacting the energy 

dissipation and ductility for thicker CFRP sheets. It is important to conduct further investigation 

into the impact of deeper anchors on the failure mode of the beams with thick CFRP, which could 

potentially mitigate this issue. It is also relevant to examine the impact of multi-layer CFRP system 

with thick fabric when anchored continuously within the shear span. It should be noted that this 

aspect will be thoroughly examined and validated in future tests. 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

41 
 

Chapter 3 - Flexural Seismic Behavior of Moderate Concrete 

Strength-Steel Ratio RC Beams Strengthened by CFRP Sheets with 

and without Fiber Anchors 

 

 3.1. ABSTRACT 

The behavior of carbon fiber reinforced polymer (CFRP) flexurally-strengthened reinforced 

concrete beams under reversed cyclic loading is not sufficiently studied. In this paper, normal 

strength concrete is used, with a typical steel ratio (0.5%), to build full -scale rectangular beams 

strengthened on top and bottom with flexural unanchored and anchored CFRP sheets. Five 

identical beams were examined under fully-reversed cycles up to failure following the AC 125 

displacement loading protocol (Acceptance Criterion 125, ICC). The first beam was tested as an 

unstrengthened control specimen. The second and third beams were tested as strengthened 

specimens using thin sheets with and without fiber anchors. On the other hand, the fourth and fifth 

beams were tested when strengthened using thick sheets with and without fiber anchors. 

Specimens with thin sheets underwent higher ductility and lower hysteresis pinching relative to 

the thick ones. The results are comparatively discussed and compared to a phenomenological 

cyclic analysis model showing promising correspondence. 

Keywords: Seismic strengthening; Carbon fiber anchors; Flexural members; Hysteresis modeling; 

Backbone curve. 

 3.2. Introduction  

The externally bonded carbon fiber reinforced polymer (CFRP) strengthening technique has been 

widely established as the method of choice to enhance or retrofit deficient and damaged reinforced 
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concrete structures because of its durability and high strength-to-weight ratio. CFRP is typically 

used as externally bonded material to the surface of RC members. Due to the premature debonding 

failure mode of externally bonded CFRP, the response of strengthened elements can be improved 

using mechanical fiber anchors. Some studies in the literature found that the ultimate failure load 

was enhanced when mechanical fiber anchors were applied compared to those RC beams without 

anchors (Ceroni et al. 2008 and Esmaeili et al. 2022). Most of these studies aimed to examine the 

performance of strengthened RC beams under static monotonic loads (Khalifa et al. 2016, Dias et 

al. 2018, Jawdhari et al. 2018, Alabdulhady et al. 2022, Liu et al. 2023, Liu et al. 2023, and Li et 

al. 2023). On the other hand, studies addressing the performance of such members under cyclic 

loads have been limited (Anil 2008, Capani et al. 2017, Saqan et al. 2018 and Saqan et al. 2020). 

Thus, there is a lack of knowledge regarding the seismic behavior of these strengthened systems.  

Anil  (2008) examined the seismic behaviors of RC T-beams strengthened with CFRP and loaded 

in cyclic shear. It was reported that the performance of the strengthened system could be directly 

influenced by CFRP layout, the concrete strength, and whether the application of steel bolts (used 

to anchor the CFRP) was implemented or not. The strength was increased by about 26% without 

anchor bolts, while the ultimate capacity of the tested RC beam with steel bolts increased by about 

147% compared to the control beam. The use of these bolts successfully enhanced the cyclic 

response including strength and energy dissipation of the strengthened specimens. 

Capani et al. (2017) experimentally investigated the cyclic response of RC beam-columns 

externally repaired with CFRP sheets. The tested specimens were categorized in terms of damage 

level, magnitude of the axial load, as well as strengthening technique. The results of the experiment 

showed that the strengthened repaired members exhibited improvement of the overall mechanical 

behavior compared to the unstrengthened ones. It was also noticed that the usage of CFRP sheets 
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prevented the separation of concrete cover, excessive damage, and bucking of the longitudinal 

steel rebars. Regarding the number of loading cycles, the strengthened members survived more 

cycles than the control specimen.  

Further research by Saqan et al. (2018) studied the effectiveness of CFRP sheets with full wrap 

anchorage as well as Near Surface Mounted (NSM) bars on the seismic performance of RC beam-

column joint assemblies. It was observed that the use of both strengthening methods enhanced the 

overall behavior, including stiffness degradation, ultimate failure load, and energy dissipation. The 

hysteresis response of strengthened specimens was also improved in comparison to the control 

specimen. Additionally, the energy dissipation of the specimen, strengthened with CFRP sheets, 

was higher than the specimen strengthened using NSM. According to the authors, this is attributed 

to the gradual debonding of CFRP sheets. Furthermore, there was no significant improvement of 

the stiffness after yielding under cyclic loading compared to the stiffness after yielding under 

monotonic loading. In fact, the load-deflection response flattened and subsequently degraded 

because of the localized separation of the CFRP and NSM bars. 

Alkhawaldeh et al. (2023) conducted an experimental study to investigate the improvement of 

cyclic response of heat-damaged non-ductile RC joints using CFRP hybrid (sheets and bars) 

systems. Twelve RC beam-column joints were built and categorized based on the strengthening 

technique employed. The joints as well as the beams and columns were wrapped with CFRP sheets 

in addition to NSM-CFRP string. Eight of the specimens were pre-damaged by exposing them to 

a temperature of 400°C and 600°C, the remaining specimens were kept at room temperature. The 

use of CFRP hybrid systems enhanced the cyclic response, resulting in higher ultimate load, larger 

displacement, and higher ductility compared to the control specimens. Furthermore, it was 

observed that the use of the CFRP hybrid system caused the joints to have superior energy 
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dissipation. It was noted that the crack propagation was delayed due to the use of the CFRP 

strengthening. When comparing the strengthened specimens against the control ones, it was 

observed that the average improvement in ultimate capacity was 45%, 62%, and 75% for 

specimens strengthened with one, two, and three layers of CFRP sheets and strings, respectively.  

The focus of this study is to investigate the seismic performance of externally strengthened RC 

beams using flexural CFRP sheets with different thicknesses and variable anchoring schemes. All 

tested RC beams were designed and built according to the ACI-318 building code (American 

Concrete Institute, 2019). Quasi-static cyclic loading in displacement control was applied to all 

five specimens in order to investigate the effects of using CFRP sheets on the seismic performance 

of the RC beam loaded by cyclic four-point bending. The load-displacement responses of the tested 

specimens are presented, the results are compared against each other and discussed. A 

phenomenological model is developed to predict the hysteresis response and compare it with the 

experimental data for two of the tested specimens. 

 3.3. Experimental Program  

 3.3.1. Specimen Design and geometric properties 

A total of five full-scale RC beam specimens were designed based on ACI-318 code (American 

Concrete Institute, 2019). These specimens share the same dimensions, steel reinforcement, and 

concrete strength, see Fig. 1. Steel reinforcement was composed of 2 ʬ 16 bars (2 #5 bars) top and 

bottom in flexure and ʬ 10 bars at 152 mm (#3 bars at 6 in.) for stirrups in the shear span. The 

tested beams differ in terms of the level of strengthening, categorized based on the thickness of 

CFRP layers and their anchoring status, see Table 3.1. The vertical actuator mid-span displacement 

at yielding corresponding to a ductility ratio of 1, is also given in Table 3.1. The layout of steel 

reinforcement, boundary supports, and loading protocol are shown in Figure. 3.1. Additionally, 
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Figure. 3.2. to Figure. 3.5. provide details on the geometry of specimens No.11 to No.14, including 

the steel reinforcement, types of CFRP sheets used for strengthening, and arrangement of anchors. 

Figure. 3.6. presents the carbon fiber splay anchors employed to secure the CFRP sheets in beam 

No.12 and No.14. 

Table 3.1. CFRP strengthening details of all specimens. 

Beam No. Specimen Type CFRP Sheets Number of layers Fig. No. æy Analysis (µ=1)     mm (in) 

10 Control N/A N/A 1 18.30 (0.72) 

11 FRP strengthened CSS V-WrapÊ C100HM 1 top and bottom 2 19.05 (0.75) 

12 FRP strengthened & anchored CSS V-WrapÊ C100HM 1 top and bottom 3 19.05 (0.75) 

13 FRP strenghened CSS V-WrapÊ C400HM 1 top and bottom 4 19.05 (0.75) 

14 FRP strengthened & anchored CSS V-WrapÊ C400HM 1 top and bottom 5 19.05 (0.75) 

 

 

Figure 3.1. Beam No.10 (Control beam) 

3657.6 mm (144 in) 
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Figure 3.2. Beam No.11 

 

Figure 3.3. Beam N.12 

3657.6 mm (144 in) 

3657.6 mm (144 in) 
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Figure 3.4. Beam N.13 

 

Figure 3.5. Beam No.14 

3657.6 mm (144 in) 

3657.6 mm (144 in) 
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Figure 3.6. Carbon fiber splay anchors 

 3.3.2. Material Properties 

3.3.2.1. Concrete Parameters 

The compressive strength of the concrete mixture was initially designed to be 31 MPa (4500 psi) 

for all five specimens at 28 days. The standard cylinder tests followed in ASTM C39, utilizing 

four cylindrical specimens measuring 100 mm in diameter and 200 mm in height (4" diameter x 

8" height). Since all the beams used the same concrete mix design, four cylinders were made to 

test the compressive strength of concrete. Three of these specimens (CS1-CS3) were tested at 28-

days, while the fourth one (CS4) was tested at the day of beam No.11 testing, which occurred at 

an age of 230 days from casting, see Table 3.2. Based on the test results, it was determined that 

the average 28-day compressive strength of the concrete was approximately 39.28 MPa (5.7 ksi), 

which exceeded the cylinder strength tested after 230 days. Nevertheless, the result of one cylinder 

is not enough to make a conclusion about that issue. It is worth mentioning that the strength value 

determined from testing slightly exceeded the target design strength, which is common for 

commercial concrete mix designs.  
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Table 3.2. Concrete Compressive Strength Testing 

Specimen Testing type Strength MPa (psi) Average strength MPa (psi) 

CS1 
28-day Compressive Strength 

 

41.60 (6,038) 

39.28 (5,700) CS2 37.87 (5,496) 

CS3 38.36 (5,567) 

CS4 Day of testing 37.95 (5,508) 37.95 (5,508) 

 

 3.3.2.2. Steel Reinforcement 

ASTM A615 was followed in testing three ʬ 16 (#5) steel rebars to determine the modulus of 

elasticity and the yield strength of steel reinforcement. The average tested modulus of elasticity 

was 176.54 GPa (25,623 ksi), and the average yield strength was 513.30 MPa (74.50 ksi). 

Additional testing was carried out to determine the mechanical properties of shear reinforcement. 

It is important to note that the manufacturer mill certificates indicate that the ʬ 16 (#5) steel bars 

have a yield strength of 560.50 MPa (81.30 ksi). It is worth mentioning that the modulus of 

elasticity of this bar, from laboratory testing, appears to be lower than the typical steel modulus of 

200 GPa (29,000 ksi). This difference may be attributed to a slight slippage in the Aluminum 

sacrificial inserts that fill in the gap between the bar and the hydraulic grips of the universal testing 

machine. The mechanical properties of longitudinal steel according to the experimental results are 

presented in Table 3.3 below along with the properties of ʬ 10 (#3) steel stirrups. 

Table 3.3. Steel mechanical property testing results. 

Rebar 

Size 

Average Yielding 

Strength MPa (ksi) 

Manufacturer Yielding 

Strength MPa (ksi) 

Average Elastic Modulus 

MPa (ksi) 

Manufacturer Elastic 

Modulus MPa (ksi) 

ʬ 16 

(No.5) 
513.30 (74.50) 560.50 (81.30) 176,542 (25,623) 200 (29,000) 

ʬ 10 

(No.3) 
485.50 (70.40) 470.20 (68.20) 173,182 (25,118) 200 (29,000) 
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3.3.2.3. Carbon Fiber Reinforced Polymer 

Commercial high-modulus carbon fabric sheets were utilized as external strengthening materials 

with two different thicknesses. The thin fabric has a dry thickness value of 0.165 mm (0.0065 in.) 

resulting in a typical 0.508 mm (0.02 in) thick saturated laminate (CSS V-WrapÊ C100HM) with 

330 g/m2 (9.73 oz/yd2) areal weight. The thick fabric has a dry thickness value of 0.66 mm 

(0.026in.) making the saturated laminate 2.03 mm (0.08 in) (CSS V-WrapÊ C400HM) with a 

1300 g/m2 (38.34 oz/yd2) areal weight. The manufacturer data and dimensions are shown in Table 

3.4 for both CFRP types. 

Table 3.4. Mechanical Properties of CFRP per Manufacturer 

Type of Carbon 

fiber fabric 

Properties 

Type 

Nominal thickness 

t, mm (in) 

Ultimate tensile 

strength ██◊ȟ , MPa 

(ksi) 

Elongation at 

break █◊ȟ % 
Modulus of elasticity 

E, MPa (ksi) 

CSS V-WrapÊ 

C100HM 

Dry fiber 

properties 
0.165 (0.0065) 5,440 (790) 1.9 289,550 (42,000) 

Cured laminate 

properties 
0.508 (0.02) 1,490 (216) 1.3 115,142 (16,700) 

CSS V-WrapÊ 

C400HM 

Dry fiber 

properties 
0.66 (0.026) 5,440 (790) 1.9 289,550 (42000) 

Cured laminate 

properties 
2.03 (0.08) 1,241 (180) 1.27 98,181 (14,240) 

 

 3.3.3. Building and Casting of the Specimens 

After formwork and steel caging were finished, the steel strain gauges were installed on the top 

and bottom longitudinal steel rebars at mid-span before the concrete was cast for all five 

specimens. The fabricated specimens were sprayed with water for seven days to ensure high 

quality of concrete curing and control the hydration process.  

 3.3.4. Preparing and Strengthening Techniques 

The surfaces of the top and bottom faces of the beam were prepared by grinding the surface down 

to the aggregate level to ensure the quality of bond at the interface between concrete and CFRP 

sheets, see Figure. 3.2 to Figure. 3.5. Different types of strengthening systems were utilized based 
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on the sheet thickness, and the arrangement of the CFRP anchors. Figure. 3.7. (a-c) illustrates the 

surface preparation and CFRP installation phase.  

 

Figure 3.7. (a-c) RC Beams during Surface Preparation and CFRP Installation and Anchoring. 

 

 3.3.5. Cyclic Loading and Instrumentation  

Displacement-controlled cyclic four-point bending was applied using a 668 kN (150-kip) hydraulic 

actuator, with an average rate of applied displacement equal to 17.78 mm/min (0.70 in/min), at 

Kansas State Universityôs Structural Engineering Lab, see Figure. 3.1. Figure. 3.8. presents the 

displacement-controlled loading procedure. Additionally, to assess the net measured displacement 

at mid-span, four LVDTs (linear variable differential transformers) were employed. These LVDTs 

allowed for the measurement of displacement at both end supports (1 LVDT per support) and the 

mid-span of the specimen (2 LVDTôs on both sides of the mid-span). Moreover, a minimum of 

four pairs of strain gauges were installed on the top and bottom of the beams at the mid-span to 

obtain the strain data for the steel and CFRP sheets (or for concrete faces in the case of the control 

beam). Also, CFRP strain gauges were installed on the top and bottom faces within the shear span, 

halfway between the anchors, to indicate any signs of premature debonding. In addition, an 890 

kN (200-kips) load cell was employed to measure the applied load. Regarding the loading protocol, 

a displacement-controlled scheme followed the variations depicted in AC 125 (ICC ES AC125 

2021), see Figure. 3.8. To collect the test data, including strains, displacements, and load, a Vishay 
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System 7000 data acquisition equipment was used. This data acquisition device consists of 16-

strain gauge channels, one-load cell channel, one displacement actuator channel and 4 LVDTs 

channels. 

 

Figure 3.8. Loading Protocol for Beam No.10. 

 3.3.6. Experimental Setup 

To evaluate the performance of the tested specimens subjected to reversed cyclic loading, a unique 

testing setup was utilized. The support conditions were a pin on one end and a roller on the other 

end with a clear span of 3657.6 mm (144inches)3. The load was applied at the one-third points 

along the specimen using a steel spreader beam as presented in Figure. 3.1. Additionally, steel C 

channels with threaded rods on both sides were employed to secure the specimens and prevent the 

movement during the application of the pull load, see Figure. 3.9. A torque wrench was used to 

apply a 66.72 kN (15-kips) pre-tensioned force to each of those threaded rods in order to provide 

adequate clamping force during the pull loading. According to the manufacturer data, the yielding 

strength of each 1-in threaded rod is reported to be 413.69 MPa (60 ksi). Thus, a load of 209.06 

kN (47-kips) is required to cause yielding of each rod. Under an ultimate pull load of 266.88 kN 

 
3 The clear span of the RC beams was slightly over 144 in. since the center-to-center distance between the strong 

floor tie-down was 144.75 in. 
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(60-kips), each threaded rod will pick up an additional 66.72 kN (15-kip) to the pre-tensioned force 

leading to a 133.44 kN (30-kip) maximum force. Consequently, the threaded rods used have a 

safety factor of 1.57. 

 

Figure 3.9. Typical testing set-up (Beam No.13). 

 3.4. Testing Outcomes 

This section will discuss the outcomes, observations, and findings of the experimental data for 

each individual beam as well as a comparison of performance of all beams.  

 3.4.1. Beam No.10 

The control beam showed a very ductile response, represented by a significant energy dissipation 

in hysteresis loops. The beam withstood sizeable displacement exceeding 57.15 mm (2.25 in.), in 

the pull direction, with minimal gradual reduction in strength near failure. The initial cracking of 

the beam occurred at a pushing load of 34.78 kN (7.82 kips) and a pulling load of 34.91 kN (7.85 

kips), both at a cycle displacement of 7.62 mm (0.30 in.). As the displacement increased, additional 

typical flexural cracks formed in the constant moment region, accompanied by propagation of 

shear cracks underneath the points of load application. Based on strain readings of the steel, 

yielding was observed at a load of 92.62 kN (20.82 kips) in the push direction and 90.55 kN (20.36 
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kips) in the pull direction, both corresponding to a cycle displacement of 19.05 mm (0.75 in.). 

With further displacement, more flexural and shear cracks developed, and the existing ones 

widened. Failure of the beam occurred at a cycle displacement of 57.15 mm (2.25 in.) due to 

excessive yielding, which is expected for a typical steel RC beam. The ultimate load was 

experimentally determined to be 103.20 kN (23.20 kips) in the push direction and 107.14 kN 

(24.09 kips) in the pull direction. Figure. 3.10. illustrates the hysteretic response of the control 

specimen, while Figure. 3.11. shows the setup of the beam before and after testing.  

 

Figure 3.10. Load-displacement response of beam No.10 (1 Kips=4.45 KN) 
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Figure 3.11. Specimen No.10. (a) before testing. (b) at failure 

 

 3.4.2. Beam No.11 

Despite the use of CFRP sheets to enhance the strength of the second specimen, some level of 

ductility was notable due to the implementation of the thin sheet. The beam was able to endure 

displacement of 47.75 mm (1.88 in.), in the pull direction, before experiencing a sudden drop in 

strength within that cycle, caused by CFRP fiber rupture on the top face of the beam. Debonding 

of the bottom side, refer to Figure. 3.12, took place at a displacement of 38.11 mm (1.50 in.), in 

the push direction due to some unevenness in the bottom surface to which the CFRP was attached. 

The experimental data indicated the cracking load on both sides of the beam, push and pull, to be 

53.06 kN (11.93 kips) and 30.87 kN (6.94 kips) respectively with a corresponding displacement 

cycle of 3.81 mm (0.15 in.). Also, it was observed that the density of flexural cracks increased, 

and shear cracks formed as displacement cycles increased. However, the cracks were narrower in 

comparison to the control specimen due to the restraint of the externally bonded CFRP sheets that 

controlled the distribution of these cracks. Furthermore, yielding was reached at a push load of 

approximately 108.21 kN (24.22 kips) with a corresponding cycle displacement of 29.21 mm (1.15 

in.). In the pull direction, yielding occurred at a load of 106.80 kN (24.01 kips) at the same 
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corresponding cycle displacement. As the applied load passed the yielding value, the shear-crack 

at the location of the load application, within the shear span, expanded across the height of the 

beam and became wider. Beam No.11 failed because of CFRP rupture on the top side of the beam 

(pull loading) at the boundary of the shear span. Failure of this beam was caused by CFRP 

debonding on the bottom side of the beam (push loading) at the boundary of the shear span. This 

failure took place at a push load of approximately 136.11 kN (30.60 kips) and a pull load of 132.11 

kN (29.70 kips) with a corresponding cycle displacement of 57.2 mm (2.25 in.). Failure was mainly 

due to large diagonal shear cracks close to the load application location in the shear span. These 

cracks were attributed to the roller plates clamped by the C channels causing an anchor effect at 

these locations. Figure. 3.12 illustrates the response of Beam No. 11, while Figure. 3.13 shows the 

setup of the beam before and after testing. 

 

Figure 3.12. Load-displacement response of beam No.11 (1 Kips=4.45 KN) 
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Figure 3.13. Specimen No.11. (a) before testing. (b) at failure 

 3.4.3. Beam No.12 

The hysteretic response of the third specimen is almost the same as the previous specimen (beam 

No.11) until the ultimate load. Despite the use of carbon fiber splay anchors at the ends of the 

CFRP sheets of beam No.12, failure took place at the same displacement cycle under a similar 

strength and displacement. The specimen experienced a sudden reduction of strength that occurred 

due to CFRP rupture on the top and bottom faces of the beam within the constant moment region 

at the mid-span. The cracking load was approximately 41.38 kN (9.30 kips) in the push direction 

and 56.34 kN (12.65 kips) in the pull direction with a corresponding cycle displacement of 7.62 

mm (0.30 in.). After the applied load exceeded the cracking load, the density of flexural cracks 

increased, accompanied by shear crack propagation at the edge of the shear span under the load. 

The yielding load during testing was determined to be 113.82 kN (25.59 kips) and 107.42 kN 

(24.15 kips) in the push and pull directions, respectively. These loads corresponded to the same 

cycle displacement of 29.21 mm (1.15 in.). After reaching the yielding load, both shear and flexural 

cracks increased. Specifically, shear cracks became wider and more noticeable, especially at the 

location of the load application. Unlike beam No. 11 that failed at the end of the shear span, beam 

No. 12 experienced failure at its mid-span, specifically within the constant moment region. This 
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failure was attributed to the rupture of the external CFRP sheet on both top and bottom surfaces of 

the member. Failure load, in push and pull directions, was 129.62 kN (29.11 kips) and 135.91 kN 

(30.56 kips), respectively, with a corresponding cycle displacement of 38.10 mm (1.50 in.). Figure. 

3.14 illustrates the hysteretic response of beam No.12. Figure. 3.15 presents the beam setup prior 

to and after testing. It is also worth mentioning that the end anchor prevented the thin CFRP sheet 

from completely separating from the beam. 

 

Figure 3.14. Load-displacement response of beam No.12 (1 Kips=4.45 KN) 
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Figure 3.15. Specimen No.12. (a) before testing. (b) at failure 

 3.4.4. Beam No.13 

A reduction in ductility was observed in beam No. 13 due to the use of a thicker CFRP sheet 

compared to the previous two specimens. The experimental data indicates that, on average, the 

beam only reached a displacement of 30.00 mm (1.18 in.) at the maximum load, which is 43 % 

less than the maximum displacement of beam No. 11. Additionally, a sudden drop of strength 

occurred at the failure, which was mainly caused by CFRP sheets debonding within the shear span 

at top and bottom faces of the member as shown in Figure. 3.16. The cracking loads on both faces 

of the beam, in push and pull directions, were 52.94 kN (11.90 kips) and 32.18 kN (7.24 kips) 

respectively. Furthermore, the corresponding displacement cycle for the push mode was 3.81 mm 

(0.15 in.), while for the pull direction, it was 7.62 mm (0.30 in.). It was observed that the flexural 

cracks became denser and increased while shear cracks developed as displacement cycles 

increased. The cracks present in beam No. 13 are narrower than the cracks in beam No. 11. This 

can be attributed to using thicker CFRP sheets, which provided more restraint and redistribution 

of the cracks. Moreover, the yielding was reached at a push load of approximately 133.35 kN 

(29.98 kips) with a corresponding cycle displacement of 29.21 mm (1.15 in.). In the pull direction, 

yielding occurred at a load of 127.67 kN (28.70 kips) having the same corresponding cycle 
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displacement. The shear-crack at the location of the load application expanded within the height 

of the beam and became wider as flexural rebar yielded. The failure took place because of the 

debonding of the external CFRP sheets on both the top and bottom faces of the beam, specifically 

at the outer edge of the shear span. This debonding occurred at 173.79 kN (39.07 kips) on the push 

direction and at 177.41 kN (39.89 kips) in the pull direction, both corresponding to a cycle 

displacement of 38.10 mm (1.50 in.). Figure. 3.16 illustrates the response of beam No.13 reflecting 

lower energy dissipation and higher hysteresis pinching due to the use of thicker CFRP. Figure. 

3.17 presents the beam specimen prior to and after testing. 

 

Figure 3.16. Load-displacement response of beam No.13 (1 Kips=4.45 KN) 
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Figure 3.17. Specimen No.13. (a) before testing. (b) at failure 

 3.4.5. Beam No.14 

The fifth specimen, beam No.14, assumed a similar hysteretic response to that of the fourth 

specimen, beam No.13, prior to yielding. However, it showed a higher ultimate capacity 

specifically in the push direction. The ultimate capacity of beam No.14 was enhanced by 23% and 

5 % in the push and pull direction, respectively. Additionally, the energy dissipation appeared to 

be greater than that of beam No.13. The ductility of beam No.14 was also greater than that of beam 

No. 13 because of the use of anchors, see Figure. 3.16 and Figure. 3.18. Similar to all strengthened 

specimens, a sudden reduction of strength was observed after failure of the CFRP strengthening 

system. The failure occurred due to a partial cover delamination of the CFRP sheets along with 

the end anchor on one side of the bottom face of the beam close to the support. Failure was caused 

by rupture and debonding of CFRP sheets on the top side close to the load at that end of the shear 

span. In the push direction, a cracking load of 77.42 kN (17.41 kips) was observed, while in the 

pull direction, a cracking load was 49.78 kN (11.19 kips). Both sides exhibited a corresponding 

cycle displacement of 7.62 mm (0.30 in.). Also, it was observed that the width of flexural cracks 

and the appearance of shear cracks were minimal in beam No.14 compared to all other tested 

specimens. This result was attributed to the use of thicker CFRP sheets with anchors, which 
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positively influenced crack restraint and redistribution. Yielding occurred at a push load of 154.97 

kN (34.84 kips) and a pull load of 152.16 kN (34.21 kips), both corresponding to a cycle size of 

29.21 mm (1.15 in.) followed by the propagation of shear cracks at both points where the loading 

was applied. The failure took place at a push load of approximately 214.70 kN (48.27 kips) and a 

pull load of 186.76 kN (41.99 kips) with a corresponding cycle displacement of 57.2 mm (2.25 

in.). Figure. 3.18 illustrates the response of Beam No.14, while Figure. 3.19 presents the setup of 

the beam before and after testing. 

 
Figure 3.18. Load-displacement response of beam No.14 (1 Kips=4.45 KN) 

 

Figure 3.19. Specimen No.14. (a) before testing. (b) at failure 
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 3.5. Performance Comparison of Specimens 

In this research, a comprehensive comparison has been conducted between experimental results 

for all beams. The purpose of this comparison was to evaluate the structural behavior of these 

beams under various strengthening levels. The key parameters investigated in this section included 

strength, ductility, as well as stiffness degradation and envelope curves. These parameters were 

analyzed to gain insights into the performance and structural integrity of the tested beams. 

 3.5.1. Strength and Ductility 

Comparing the strength and ductility of the tested specimens, the control beam (beam No.10) 

demonstrated the highest ductility and most significant energy dissipation due to extensive steel 

yielding. This can be attributed to the absence of CFRP strengthening. Based on the experimental 

results, specimens No.11 and No.12 exhibited some ductility, with beam No.11 displaying the 

highest level of ductility among the strengthened beams. On average, the ultimate capacity of 

beams No.11 and No.12 increased by 32% and 26%, respectively. Both specimens (No.11 and 

No.12) exhibited similar behavior, but different failure modes. Beam No.11 failed due to CFRP 

sheet debonding on the bottom face and CFRP sheet rupture on the top face, while beam No.12 

failed as a result of CFRP sheet rupture at the mid-span within the constant moment region on both 

sides of the beam (top and bottom), Figure. 3.13(b) and Figure. 3.15(b). Regarding specimens 

No.13 and No.14, the use of carbon fiber splay anchors resulted in a different response. The 

cracking, yielding, and ultimate load for beam No.14 were higher, on average, by 49%, 18%, and 

14%, respectively, compared to beam No.13. When comparing the ultimate capacity of these 

specimens to the control (No.10), it was found that the ultimate load capacity was enhanced by 

67% and 90% for beam No.13 and No.14, respectively, see Figure. 3.20. The failure mode of beam 

No.13 occurred due to CFRP sheet debonding on both faces of the specimen, while for beam 
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No.14, the failure was caused by CFRP sheet debonding and rupture on the top side and concrete 

cover delamination on the bottom side near the support. It is important to note that the use of 

anchoring allowed for more deformation capacity, resulting in improved ductility and ultimate 

capacity of the strengthened beams with the CFRP sheet and anchors. In the present study, 

however, it should be noted that the locations of these anchors were concentrated at the ends, close 

to the supports, resulting in minimal benefits. Figure. 3.20 and Figure. 3.21 show the envelope 

load-displacement responses and energy dissipation of all specimens together.  

 

Figure 3.20. Envelope Carves Comparison of all Beams (1 Kips=4.45 KN) 
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Figure 3.21. Energy dissipation of all beams4  

 

 3.5.2. Stiffness Degradation 

When comparing the stiffness degradation of the beams tested under cyclic loading conditions, it 

is evident that each specimen exhibited a different level of degradation due to the use of varying 

thicknesses of CFRP sheets and different arrangements of carbon fiber splay anchors. Beam No.10 

(control beam) demonstrated the highest stiffness degradation among all beams after cracking due 

to the absence of CFRP strengthening restraint, see Figure. 3.10. In contrast, beams No.11 and 12 

showed less stiffness degradation compared to the control beam because of the CFRP 

strengthening. Beams No.13 and 14 exhibited a minimal reduction in stiffness due to the use of 

thicker CFRP sheets. Beams No.13 and 14 experienced the highest post-peak drop in stiffness due 

to the use of thick CFRP sheets. Beams No.11 and 12 also showed a drop in stiffness, but it is less 

pronounced compared to beams No.13 and 14, as the thinner sheets provide less stiffness 

 
4 Energy dissipation for CFRP strengthened beams is measured up to the failure of the strengthening system and 
not beyond that. 
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contribution. As expected, the control beam, lacking CFRP strengthening, did not exhibit any post-

peak stiffness drop. To facilitate the reproduction of results in future studies, the key parameters 

of the response curves are summarized in Tables 3.5 to Table 3.8. Figure. 3.22 to Figure 3.23 show 

the peak displacement and the peak ultimate load at failure for all beams, respectively. 

Table 3.5. Forward loading against displacement (Push direction). 

Specimen 

Experimental results 

Cracking load kN 

(Kips) 

Cracking Displacement 

mm (in) 

Yielding load    

kN (Kips) 

Yielding Displacement 

mm (in) 

Ultimate load     kN 

(Kips) 

Ultimate Displacement 

mm (in) 

Percent increase in 

ultimate load % 

Beam No.10 34.78 (7.82) 3.81 (0.15) 92.62 (20.82) 13.72 (0.54) 103.2 (23.20) 50.7 (2.00) - 

Beam No.11 53.06 (11.93) 3.43 (0.135) 108.21 (24.22) 16.92 (0.67) 136.11 (30.60) 38.11 (1.50) 31.89 

Beam No.12 41.38 (9.30) 6.07 (0.24) 113.82 (25.59) 15.29 (0.60) 129.62 (29.11) 25.40 (1.00) 25.26 

Beam No.13 52.94 (11.90) 3.30 (0.13) 133.35 (29.98) 17.97 (0.71) 173.79 (39.07) 31.69 (1.25) 68.40 

Beam No.14 77.42 (17.41) 7.11 (0.28) 154.97 (34.84) 19.75 (0.78) 214.70 (48.27) 43.33 (1.71) 108.04 

 

Table 3.6. Reversed loading against displacement (Pull direction). 

Specimen 

Experimental results 

Cracking load 

kN (Kips) 

Cracking Displacement 

mm (in) 

Yielding load    kN 

(Kips) 

Yielding Displacement 

mm (in) 

Ultimate load     

kN (Kips) 

Ultimate Displacement 

mm (in) 

Percent increase in 

ultimate load % 

Beam No.10 34.91 (7.85) 3.30 (.13) 90.55 (20.36) 16.76 (0.66) 107.14 (24.09) 57.36 (2.26) - 

Beam No.11 30.87 (6.94) 3.68 (0.145) 106.8 (24.01) 19.05 (0.75) 132.11 (29.70) 47.75 (1.88) 23.31 

Beam No.12 56.34 (12.65) 5.84 (0.23) 107.42 (24.15) 15.16 (0.60) 135.91 (30.56) 39.00 (1.50) 26.85 

Beam No.13 32.18 (7.24) 4.83 (0.19) 127.67 (28.70) 14.23 (0.56) 177.41 (39.89) 30.05 (1.18) 65.60 

Beam No.14 49.78 (11.19) 7.34 (0.289) 152.16 (34.21) 17.40 (0.69) 186.76 (41.99) 38.84 (1.41) 74.31 

 

Table 3.7. Forward loading against cycle displacement (Push direction). 

Specimen 

Experimental results 

Cracking load kN 

(Kips) 

Cracking Cycle 

Displacement mm (in) 

Yielding load    

kN (Kips) 

Yielding Cycle 

Displacement mm (in) 

Ultimate load     kN 

(Kips) 

Ultimate Cycle 

Displacement mm (in) 

Percent increase in 

ultimate load % 

Beam No.10 34.78 (7.82) 7.62 (0.30) 92.62 (20.82) 19.05 (0.75) 103.2 (23.20) 57.15 (2.25) - 

Beam No.11 53.06 (11.93) 3.81 (0.15) 108.21 (24.22) 29.21 (1.15) 136.11 (30.60) 57.15 (2.25) 31.89 

Beam No.12 41.38 (9.30) 7.62 (0.30) 113.82 (25.59) 29.21 (1.15) 129.62 (29.11) 24.40 (1.50) 25.26 

Beam No.13 52.94 (11.90) 3.81 (0.15) 133.35 (29.98) 29.21 (1.15) 173.79 (39.07) 24.40 (1.50) 68.40 

Beam No.14 77.42 (17.41) 7.62 (0.30) 154.97 (34.84) 29.21 (1.15) 214.70 (48.27) 57.15 (2.25) 108.04 
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Table 3.8. Reversed loading against cycle displacement (Pull direction). 

Specimen 
Experimental results 

Cracking load 

kN (Kips) 

Cracking Cycle 

Displacement mm (in) 

Yielding load    

kN (Kips) 

Yielding Cycle 

Displacement mm (in) 

Ultimate load     

kN (Kips) 

Ultimate Cycle 

Displacement mm (in) 

Percent increase in 

ultimate load % 

Beam No.10 34.91 (7.85) 7.62 (0.30) 90.55 (20.36) 19.05 (0.75) 107.14 (24.09) 57.15 (2.25) - 

Beam No.11 30.87 (6.94) 3.81 (0.15) 106.8 (24.01) 29.21 (1.15) 132.11 (29.70) 57.15 (2.25) 23.31 

Beam No.12 56.34 (12.65) 7.62 (0.30) 107.42 (24.15) 29.21 (1.15) 135.91 (30.56) 24.40 (1.50) 26.85 

Beam No.13 32.18 (7.24) 7.62 (0.30) 127.67 (28.70) 29.21 (1.15) 177.41 (39.89) 24.40 (1.50) 65.60 

Beam No.14 49.78 (11.19) 7.62 (0.30) 152.16 (34.21) 29.21 (1.15) 186.76 (41.99) 57.15 (2.25) 74.31 

 

 

Figure 3.22. Peak displacement at failure for all beams 



   

 

68 
 

 

Figure 3.23. Peak ultimate load at failure for all beams  

 3.6. Phenomenological Modeling of Hysteresis Loops 

This section provides information on the modeling of the hysteresis loops of beams No.11 and 12. 

A phenomenological model is developed based on the observations of the experimental data to 

simulate the hysteresis response of RC beams strengthened with longitudinal CFRP sheets. 

Various assumptions have been made to adequately predict the seismic behavior.  

 3.6.1. Assumptions 

When modeling the hysteresis loops: 

1. Each cycle is broken down into three linear regions in the unloading and reloading paths, 

respectively. 

2. These linear regions are named push, inflection range, and pull direction in the unloading 

path and the reloading path, see Figure. 3.24.  
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3. The unloading push path has a similar slope to the reloading pull path. Accordingly, these 

two-line slopes are averaged together in the present model and are referred to as Region A, 

Figure. 3.24. 

4. The unloading pull path has a comparable slope to the reloading push path, and they are, 

therefore, averaged together in this model and referred to as Region C, Figure. 3.24. 

5. The inflection range, indicated as Region B, has similar slopes in the unloading and 

reloading bounds. Therefore, these two bounds are averaged. 

6. To automate the model, curves correlating the ratio of slope variations of each region to 

the initial backbone curve slope on the x-axis vs. the backbone curve drift ratios at the 

envelope curve to that drift ratio at yielding on the y-axis are generated for all cycles 

throughout the response, Figure. 3.25. These three curves define the rules that the hysteresis 

loops behave in accordance with. 

Using the assumptions above with the graphs of the three regions shown in Figure. 3.25, the 

complete set of hysteresis loops are defined for beam No.11, Figure. 3.26, and are used to 

reproduce the hysteretic response of beam No. 12 using the rules and graphs established for beam 

No. 11, Figure. 3.25. It is evident that the analytical hysteresis loops predicted in Figure. 3.26-

Figure 3.27 are in agreement with the corresponding experimental loops. 
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Figure 3.24. Three linear regions of the hysteresis loop model. 

 

 

Figure 3.25. Regions a, b, c graphs to characterize the hysteresis loops beam No.11 
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Figure 3.26. Experimental vs. modeled hysteresis loops for beam No.11 (1 Kips=4.45 KN) 

 

 

Figure 3.27. Experimental vs. modeled hysteresis loops for beam No.12 (1 Kips=4.45 KN) 

 

 3.7. Conclusions  

In this chapter, a seismic investigation was performed on rectangular RC beams strengthened with 

thin and thick CFRP sheets to failure. Carbon fiber splay anchors were applied to twin beams with 
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those of no anchors to determine the improvement in cyclic response, if any. The following 

conclusions may be drawn from this study: 

1. The higher the CFRP thickness applied, the less energy dissipation and the more pinching 

is observed, leading to the conclusion that heavily strengthened RC beams with externally 

bonded CFRP will behave less favorably to anticipated seismic response. 

2. The higher the CFRP thickness applied, the higher the ultimate loading capacity 

experienced, especially with the application of CFRP anchors. Conversely, the use of 

anchors with the thin CFRP layer resulted in no tangible benefit compared to the twin beam 

with no anchors. 

3. Failure modes were controlled by CFRP rupture or debonding on the shear span side of the 

load point due to the current experimental setup forcing the clamped C channels above and 

below the beam at the load points to behave as rigid anchors. 

4. The control beam had the highest ductility while the beam with an unanchored thin CFRP 

sheets had the second highest ductility. The beam with an unanchored thick CFRP sheets 

demonstrated the least ductility. It is important to note that the use of end anchors in the 

thin CFRP sheet beam reflected no benefit in behavior, while the use of two end anchors 

per shear span in the thick CFRP sheet beam illustrated a noticeable improved performance 

over the beamôs unanchored twin.  

5. In future testing, it will be important not to clamp the CFRP sheets at the load point with 

C clamps, but rather, bridge the CFRP sheets so they may debond freely. 

6. The shear span must be strengthened with intermediate anchors to realize significant 

improvements in ultimate capacity, ductility, energy dissipation, and stiffness degradation 

compared to the twin specimens without anchors. 
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Chapter 4 - Analytical Modeling of the Envelope Curve and 

Phenomenological Depiction of Hysteretic Loops. 

 

4.1. Introduction  

The seismic response of reinforced concrete strengthened with FRP composites is an attractive 

research topic that has drawn significant attention of researchers during the last thirty years. 

Several research studies have been conducted and found that cyclic response of RC members can 

be enhanced by the application of FRP materials (Al -Salloum et al. 2007, Alsayed et al. 2010, 

Saqan et al. 2018, Saqan et al. 2020, and Alshamrani et al. 2024). 

Nehdi and Said (2005) studied the performance of RC frames with hybrid reinforcement (steel and 

GFRP) under reversed cyclic loading. Joints reinforced with GFRP and subjected to reversed 

cyclic loading exhibited a significant reduction in plasticity features and low energy dissipation 

compared to joints with hybrid and steel reinforcement. The hybrid specimens resulted in stiffness 

lower than the typically reinforced joints but higher than those strengthened using GFRP only. 

Golias et al. (2021) studied the application of X-Shaped CFRP ropes for structural upgrading of 

reinforced concrete beamïcolumn joints under cyclic loading. Both the strength and seismic 

characteristics of specimens strengthened with CFRP ropes were improved when compared to the 

control specimen. Furthermore, the density of cracks as well as the width were reduced within the 

joints due to the use of CFRP ropes. At a drift ratio of 1.00%, all the strengthened specimens 

showed higher energy dissipation by about 60% compared to the control one. In summary, the use 

of CFRP ropes can enhance the ultimate load, energy dissipation under a small drift ratio, and 

overall seismic performance. 
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A more recent study conducted by Sawant and Jadhav (2022) examined the response of 

strengthened RC beams under cyclic loading. It was found that the use of CFRP strengthening 

technique can increase the ultimate load capacity in both directions of loading (forward and reverse 

loading).    

However, there is a lack of available modeling to simulate the behaviors under cyclic load. A 

limited literature has been carried out to develop a suitable modeling technique to mimic such 

responses. Dowell et al. (1998) conducted a research study to predict the non-linear behavior of 

RC columns by developing a pivot hysteresis model. Based on the available experimental 

literatures, the model was established. The outputs of the experimental investigations observed 

that the unloading path returns to zero from any displacement level, extending to a singular point 

on the force-displacement graph known as the primary pivot point. Moreover, all force-

displacement curves were found to meet at one pinching pivot point on the force-displacement 

graph as well. The study presented two parameters,  and ɓ, related to the primary pivot point and 

pinching pivot point, respectively, to regulate unloading stiffness and pinching characteristics.  

An additional model was developed by Sharma et al. (2013) to predict the cyclic response of RC 

frame subjected to reversed cyclic load. Similar to Dowell et al. (1998) mode, this model utilized 

 and ɓ parameters from Dowell et al. model after an improvement in order to increase the ability 

and accuracy of the model in capturing the seismic response. According to the authors,  and ɓ 

are parameters that account for the influence of the transfer steel reinforcement as well as the 

amount of the applied axial load at the tip of the column on the pinching behavior of the frame. 

Further parameters were presented in order to consider the impacts of the exterior joints that are 

not seismically reinforced. The comparison of the model prediction to the experimental showed 

very good agreement.  
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In this chapter, a trilinear load-displacement model that was developed by Charkas et al. (2003) 

for monotonic loading was utilized for the strengthened beams from chapters 3 and 4 to capture 

the load-displacement envelope curve and showed an excellent agreement compared to the 

experimental response. Furthermore, a phenomenological hysteresis loop model developed by 

(Alshamrani et al. 2024) for RC frame assembly was used in order to predict the cyclic response 

of RC beams strengthened with CFRP with and without fiber anchors. The phenomenological 

model was based on careful observations of the experimental results leading to identifying 3 

distinct zones of the hysteresis cycles. The decrease in stiffness during unloading and reloading, 

as a percentage of the initial stiffness, is compared to the drift ratio, expressed as a percentage of 

the drift ratio at the yielding point. The boundaries of the three zones were identified based on 

experimental observations as well. This treatment resulted in a simplified yet unique cyclic 

response model for reinforced concrete beams strengthened with CFRP that was applied blindly 

to other specimens with similar strengthening features reflecting good correspondence.  

4.2. Analysis of the Envelope Curves 

To predict the envelope curve response of the tested specimens, a trilinear load-displacement 

model that was developed by (Charkas et al. 2003) for monotonic loading was utilized. According 

to this model, the Moment-Curvature analysis was approximated by a trilinear curve. In fact, this 

curve is controlled by three key points as follows: 

 4.2.1. Cracking Point: 

The first point of the trilinear curve can be easily computed using the following equations:  

ὓ
 

                                       (18) 

ᶮ
 
               (19) 
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Where: 

Ὢ χȢυ Ὢ        Ὥὲ ὴίὭ     έὶ  Ὢ πȢφςὪ      Ὥὲ ὓὖὥ .     

Ὁὧ is modulus of elasticity of concrete. 

Ὅ  is gross transformed section moment of inertia. 

ώ is the centroid depth of the section to the extreme tension fiber. 

 4.2.2. Yielding Point: 

To predict the yielding point of the trilinear curve, the following equations are used:  

ᶻ ᶻ

Ὢ  ὄ ὧ ὃ  Ὁ ὧ Ὠ  ὃὪ ὃὉ Ὠ ὧ π    (20)     

ὓ   ὃὪ Ὠ πȢυ ‍ ὧ ὃὉ‐  Ὠ πȢυ ‍ ὧ ὃ  Ὁ ‐ πȢυ ‍ ὧ Ὠ     (21) 

 ̕  
  

            (22) 

Where:  

‐  
            (23) 

‐ ᶻὨ ὧ            (24) 

‐
ᶻ

            (25) 

‌             (26) 

‍
ᶻ

ᶻ

            (27) 

‍ ςz ‍            (28) 
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 4.2.3. Ultimate Point: 

This model was modified to capture the three different failure modes of strengthened RC beams, 

including crushing, debonding, and rupture failure as demonstrated below. Similar force 

equilibrium equations, to that presented above for the yielding point, are used to solve for the 

neutral axis location at the ultimate point based on the various failure modes considered. 

4.2.3.1. Crushing failure:        

ὓ ὃὪὨ πȢυz ‍ ὧ ὃὉ‐ ὨὪ πȢυz ‍ ὧ ὃ Ὁ‐ πȢυz ‍ ὧ Ὠᴂ    (29)  

̕             (30)  

4.2.3.2. Debonding failure: 

ὓ ὃὪὨ πȢυz ‍ ὧ ὃὉ‐ ὨὪ πȢυz ‍ ὧ ὃ Ὁ‐ πȢυz ‍ ὧ Ὠᴂ    (31)  

̕             (32) 

4.2.3.3. Rupture failure:  

ὓ ὃὪὨ πȢυz ‍ ὧ ὃὉ‐ ὨὪ πȢυz ‍ ὧ ὃ Ὁ‐ πȢυz ‍ ὧ Ὠᴂ    (33)  

̕             (34) 

Based on the analytical results, it is worth mentioning that the present model does not account for 

the extra contribution of carbon fiber splay anchors. Thus, it is expected that the model will yield 

similar results for specimens No.2, and No.3 as well as No.4 and No.5. Likewise, beams No. 11 

and No. 12, along with No. 13 and No. 14, are expected to exhibit identical predictions.  However, 

the expected values have excellent agreement with the experimental ones. This is simply because 

the fiber anchors in these tests had a minor contribution since they were only applied at the sheet 

ends. The analytical yielding load for beam No.2 was predicted to be 80.92 kN (18.19kips) while 

the actual yielding load was measured to be 81.85 kN (18.40 kips) showing an excellent agreement. 
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Furthermore, the expected cracking loads for all specimens showed a strong agreement with 

experimental data. The observation of the comparison adds further evidence to the precision and 

consistency of the current model in capturing the envelope curve of cyclic responses of RC beams, 

both with and without CFRP strengthening. Table 2.9, and Figure. 4.1. to Figure. 4.10. illustrate 

the comparison between the proposed model and the results obtained from experimental data. 

Table 4.1. Comparison of average experimental results against analytical predictions. 

Specimen Average experimental results Analytical results 

Cracking 

load kN 

(Kips) 

Yielding load     

kN (Kips) 

  Ultimate load     

kN (Kips) 

Cracking load 

kN (Kips) 

Yielding load         

kN (Kips) 

 Ultimate load            

kN (Kips) 

Beam No.1 38.03 (8.55) 67.87 (15.26) 107.41 (24.15) 31.14 (7.00) 57.83 (13.00) 80.07 (18.00) 

Beam No.2 34.47 (7.75) 80.92 (18.19) 114.4 (25.72) 33.36 (7.50) 81.85 (18.40) 102.31 (23.00) 

Beam No.3 31.26 (7.03) 79.75 (17.93) 114.46 (25.73) 33.36 (7.50) 81.85 (18.40) 102.31 (23.00) 

Beam No.4 34.12 (7.67) 114.34 (25.71) 150.20 (33.77) 36.03 (8.10) 116.54 (26.20) 133.45 (30.00) 

Beam No.5 33.36 (7.50) 130.93 (29.44) 157.43 (35.39) 36.03 (8.10) 116.54 (26.20) 133.45 (30.00) 

Beam No.10 34.85 (7.83) 91.86 (20.65) 105.17 (23.64) 35.67 (8.02) 95.77 (21.53) 103.64 (23.30) 

Beam No.11 41.97 (9.44) 107.51 (24.17) 134.11 (30.15) 35.94 (8.08) 115.92 (26.06) 151.60 (34.08) 

Beam No.12 48.86 (10.86) 110.62 (24.87) 132.37 (29.76) 35.94 (8.08) 115.92 (26.06) 151.60 (34.08) 

Beam No.13 52.46 (11.79) 130.61 (29.36) 175.60 (39.48) 37.81 (8.50) 162.05 (36.43) 196.03 (44.07) 

Beam No.14 63.60 (14.30) 153.57 (34.52) 200.73 (45.13) 37.81 (8.50) 162.05 (36.43) 196.03 (44.07) 

 

 

Figure 4.1. Analytical vs. Experimental Envelope Curve Comparison of beam No.1 
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Figure 4.2. Analytical vs. Experimental Envelope Curve Comparison of beam No.2 

 

 

Figure 4.3. Analytical vs. Experimental Envelope Curve Comparison of beam No.3 
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Figure 4.4. Analytical vs. Experimental Envelope Curve Comparison of beam No.4 

 

Figure 4.5. Analytical vs. Experimental Envelope Curve Comparison of beam No.5 
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Figure 4.6. Analytical vs. Experimental Envelope Curve Comparison of beam No.10 

 

Figure 4.7. Analytical vs. Experimental Envelope Curve Comparison of beam No.11 
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Figure 4.8. Analytical vs. Experimental Envelope Curve Comparison of beam No.12 

 

 

Figure 4.9. Analytical vs. Experimental Envelope Curve Comparison of beam No.13 
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Figure 4.10. Analytical vs. Experimental Envelope Curve Comparison of beam No.14 

 

 4.3. Hysteresis Loops Model 

When modeling the hysteresis loops, each cycle is broken down into three linear regions in the 

unloading and reloading paths, respectively. These linear regions are named push, inflection range, 

and pull side in the unloading path as well as the reloading path, see Figure 4.11. It is observed 

that the unloading push path has a very similar slope to the reloading pull path. Accordingly, these 

two-line slopes are averaged together in the present model and are referred to as Region A, Figure 

4.12. Similarly, the unloading pull path has a comparable slope to the reloading push path, and 

they are, therefore, averaged together in this model and referred to as Region C, Figure 4.12. Also, 

the inflection range, indicated as Region B, has similar slopes in the unloading and reloading 

bounds. Therefore, these two bounds are averaged here as well. To automate the model, curves 

correlating the ratio of unloading and reloading push slope variations to the initial backbone curve 

slope on the x-axis vs. the backbone curve drift ratios at the envelop curve to that drift ratio at 
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yielding on the y-axis are generated for all cycles throughout the response, Figure 4.13. These 

three curves define the rules that the hysteresis loops behave in accordance with. For example, the 

drift ratio of the yielding point on the envelope curve (100% value of the y-axis) corresponds to a 

0.75 slope ratio for region A, 0.47 slope ratio for region B and 0.55 slope ratio for region C, Figure 

4.13. This formulation is used consistently for all cycles of load-drift ratio when reconstructing the 

hysteresis loops of specimen No.11. Likewise, specimen No.13 has similar graphs developed for 

that calibration in Figure 4.14. Finally, the three-line slopes extracted from Figure 4.13 or Figure 

4.14 extend to drift ratio pivot points (on the drift axis) based on the following equations, Figure 

4.11 and Figure 4.12:  

Ὠ  Ὠ ςυϷ έὪ Ὠ                      (35)  

Ὠ  Ὠ υπϷ έὪ Ὠ            (36)  

Ὠ  Ὠ ςυϷ έὪ Ὠ          (37)  

Where:  

Ὠ  Ὥί 5ÎÌÏÁÄÉÎÇ ÐÕÓÈ ÓÉÄÅ ÓÈÉÆÔ ÏÎ ÔÈÅ Ø ÁØÉÓ ÄÒÉÆÔ ÁØÉÓ ÏÆ ÔÈÅ ÈÙÓÔÅÒÉÓÉÓ ÌÏÏÐȢ     

Ὠ  Ὥί 2ÅÌÏÁÄÉÎÇ ÐÕÌÌ ÓÉÄÅ ÓÈÉÆÔ ÏÎ ÔÈÅ Ø ÁØÉÓ ÄÒÉÆÔ ÁØÉÓ ÏÆ ÔÈÅ ÈÙÓÔÅÒÉÓÉÓ ÌÏÏÐȢ    

Ὠ  Ὥί ÔÈÅ ÔÏÔÁÌ ÄÒÉÆÔ ×ÉÄÔÈ ÏÎ ÔÈÅ Ø ÁØÉÓ ÄÒÉÆÔ ÁØÉÓ ÏÆ ÔÈÅ ÈÙÓÔÅÒÉÓÉÓ ÌÏÏÐȢ      

Ὠ  Ὥί 5ÎÌÏÁÄÉÎÇ )ÎÆÌÅÃÔÉÏÎ ÒÁÎÇÅ ÓÈÉÆÔ ÁÌÏÎÇ ÔÈÅ Ø

ÁØÉÓ ÄÒÉÆÔ ÁØÉÓ ÏÆ ÔÈÅ ÈÙÓÔÅÒÉÓÉÓ ÌÏÏÐȢ  

 Ὠ  Ὥί 2ÅÌÏÁÄÉÎÇ )ÎÆÌÅÃÔÉÏÎ ÒÁÎÇÅ ÓÈÉÆÔ ÁÌÏÎÇ ÔÈÅ Ø

ÁØÉÓ  ÄÒÉÆÔ ÁØÉÓ ÏÆ ÔÈÅ ÈÙÓÔÅÒÉÓÉÓ ÌÏÏÐȢ  
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Ὠ  Ὥί  5ÎÌÏÁÄÉÎÇ ÐÕÌÌ ÓÉÄÅ ÓÈÉÆÔ ÁÌÏÎÇ ÔÈÅ Ø ÁØÉÓ  ÄÒÉÆÔ ÁØÉÓ ÏÆ ÔÈÅ ÈÙÓÔÅÒÉÓÉÓ ÌÏÏÐȢ   

Ὠ   Ὥί 2ÅÌÏÁÄÉÎÇ ÐÕÓÈ ÓÉÄÅ ÓÈÉÆÔ ÁÌÏÎÇ ÔÈÅ Ø ÁØÉÓ  ÄÒÉÆÔ ÁØÉÓ ÏÆ ÔÈÅ ÈÙÓÔÅÒÉÓÉÓ ÌÏÏÐȢ    

By using these formulations, the hysteresis loop responses of beam No.11 and No.13 were 

accurately reconstructed for the entire cyclic loading range. 

 

Figure 4.11. Three Linear Regions of The Hysteresis Loop Model. 

 

Figure 4.12. Hysteresis Regions Relative to The Backbone Curve. 
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Figure 4.13. Regions A, B, C Graphs to Characterize the Hysteresis Loops beam No.11. 

 

Figure 4.14. Regions A, B, C Graphs to Characterize the Hysteresis Loops beam No.13. 

 

 4.3.1. Analysis Steps 

The synthesis of the hysteresis loops can be re-produced based on the following steps for 

a single hysteretic cycle: 






































































































































































































