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Abstract 

 In this study, the efficiency of using near surface mounted (NSM) carbon fiber 

reinforced polymer (CFRP) strips with CFRP confinement for strengthening reinforced 

concrete (RC) columns was investigated. The columns were subjected to concentric 

load and eccentric load which resulted in uniaxial and biaxial bending. Twenty seven 

specimens of RC columns with different reinforcement ratios were used. The specimens 

were divided into three groups; Axial, Uniaxial and Biaxial groups. Each group was 

subdivided into multiple subgroups with a control un-strengthened specimen. 

Experimental testing was carried out in order to study the effect of using NSM CFRP 

strips reinforcement on short columns considering the effect of several parameters. 

Likewise, the determination of the efficient increase in capacity of the RC columns by 

varying the number of CFRP strips to be used as reinforcement was studied. Moreover, 

a comparison was carried out between the efficiency of using NSM CFRP 

reinforcement with CFRP confinement and without the confinement. Besides, 

examination of the correlation between the loading pattern, load eccentricity and the 

effect of NSM CFRP strip on the column capacity was examined. Furthermore, the 

columns were well instrumented to measure lateral deflection, axial deflection and 

longitudinal and transverse strains. Failure modes, load-deflections and load-strains 

relationships were investigated. The strengthened specimens showed a significant 

increase in the load-carrying capacity and ductility over the control specimens. The 

increase in the load-carrying capacity for confined columns strengthened with strips in 

axial, uniaxial and biaxial bending ranged from 36 to 49%, 48 to 95% and 76 to 128%, 

respectively. The results showed that strengthening RC columns with NSM CFRP 

composites enhances the capacity and ductility consistently with respect to certain 

applied eccentricity ratio. In addition, an analytical model to predict the structural 

behavior of the NSM CFRP strengthened RC columns was developed and presented in 

this thesis showing fair agreement with the experimental results with deviations ranging 

from 1 to 18%. Finally, validation of the experimental results against the developed 

model was done in order to perform future parametric studies and to gain complete 

understanding of each parameter effect, separately. 

Search Terms: CFRP confinement, NSM composite, Strengthening of RC 

columns, Biaxial bending, Uniaxial bending, Concentric, Eccentric 
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Chapter 1: Introduction 

1.1 Background 

It is a proven fact that RC is one of the most used materials for construction 

which is mainly due to its high strength in compression, durability, workability, low 

cost and high thermal resistance. In this regard, RC has been used as a basic material in 

structures for thousands of years ago [1].  

On the other hand, RC has limitations that affect its efficiency when aged and 

exposed to harsh conditions. Our region is considered a harsh environment for 

structures, due to severe temperature and humidity changes over the year. Most of RC 

buildings in UAE are more than forty years old, and as a result most of the structures 

are deteriorated and their useful life span is almost ended. This calls for an urgent need 

of rehabilitation and retrofitting of these structures since deterioration impacts the 

society and the economy negatively [2]. Conventionally, rehabilitation and retrofitting 

can be done using the traditional methods and materials such as steel, concrete and 

timber. The main advantage of these conventional materials is the low cost of raw 

materials, yet the lack of longevity and the susceptibility to deterioration in some cases 

necessitate the use of new emerging sustainable techniques and materials to carry out 

this issue optimally and efficiently [2]. 

Based on preliminary research, there are some relatively new composite 

materials that can be used to improve the capability of RC structures. The ACI 

Committee 440 defines composites as natural or man-made manufactured materials 

with mechanical and physical properties which differ from the properties of their basic 

elements that were used to generate them which consist of a matrix and a reinforcement 

[3]. The fiber or reinforcing phase provides strength to the composite, while the matrix 

phase acts as binder that holds the fibers in place and provides the material’s structural 

integrity. A branch of composites is fiber reinforced polymer (FRP), also known as 

fiber reinforced plastic, so called because of the fiber content in polyester, vinyl ester, 

or some other matrix [2]. There are many commercially available types of FRP's, such 

as Glass Fiber Reinforced Polymer (GFRP), Aramid Fiber Reinforced Polymer (AFRP) 

and CFRP.  
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Lately, CFRP has been widely used in civil engineering industry as reinforcing, 

repairing, strengthening and/or retrofitting material. Carbon Reinforced Polymer is 

produced in a variety of shapes based on the application requirement and usage. It is 

manufactured as plates, sheets, bars and strips of different forms as shown in Figure 1 

a, b, c and d, respectively. 

 
(a) CFRP plate [24] 

 
(b) CFRP sheet [25] 

(c) CFRP bars [4] (d) CFRP strips [4] 

Figure 1: CFRP products as a) plates, b) sheets, c) bars and d) strips [24, 25, 4] 

 The advantages of this material resulted in its wide use in the industry. Some 

particular studies proved that CFRP is a noncorrosive material with high strength to 

weight ratios, easy to install, has good dimensional stability, has high electrochemical 

resistance, has minimal thickness, and has light weight [2, 4]. Strengthening RC 

structures using CFRP can be done using different techniques. Initially, research and 

practical applications focused on strengthening RC structures using externally bonded 

CFRP laminates. Recently, a relatively new technique in strengthening the RC 

structures using CFRP has been implemented which is called NSM FRP reinforcement. 

NSM technique date back to mid twentieth century using steel rebars. The NSM process 

requires a groove cut in the structural element concrete cover then the reinforcement is 

bonded to the structure using epoxy resin or cement grout as illustrated in Figure 2. 

Limits and recommendations as per ACI 440 will be discussed later in Chapter 3. 



17 
 

 

Figure 2: Different NSM systems [4] 

The advantages of FRP mentioned previously makes it better than steel as NSM 

reinforcement. In comparison between externally bonded FRP reinforcement and NSM 

FRP reinforcement, the latter technique has more advantages that make it superior to 

the first method. De Lorenzis et al. [4] summarized the advantages as of using NSM 

FRP as a reinforcement. NSM technique can be anchored easily to RC members, 

resulting in a stronger bond and reduction in debonding failure pattern. Moreover, from 

the aesthetic point of view of the structure, the NSM reinforcement can be easily hidden 

inside the concrete cover which, on the other hand, provides adequate protection for the 

FRP bars or strips from mechanical damages, incidental impact, fire exposure and 

environmental factors. Conversely, the NSM technique requires additional amounts of 

work and effort in comparison with the externally bonded FRP reinforcement. Besides, 

this technique is limited to the availability of efficient clear cover depth in RC members 

[4].  

As mentioned earlier, the use of NSM FRP technique is relatively new, 

therefore, it has attracted the attention of many researchers to investigate and to study 

where, 

hg = height of the groove 

bg = width of the groove 

tf = thickness of the FRP strip 

bf = width of the FRP strip 

hl = height of the FRP bar 

tl = width of the FRP bar 

db = diameter of the FRP bar 

ac = minimum distance between 

groove side and corner. 

ag = minimum distance between 

two adjacent grooves. 

a'e = effective distance between 

groove centerline and corner. 



18 
 

this emerging technique in order to implement it in real life applications. Many 

researchers investigated the efficiency of this technique in structural elements, 

especially, beams [5, 6] and slabs [7]. El-Hacha et al. [5] investigated the behavior of 

RC T-beams flexuraly strengthened using CFRP bars and strips and GFRP strips. The 

test procedure was to compare the effects of the bars to the strips as NSM FRP 

reinforcement. Also, they compared the effects of using strips as externally bonded and 

NSM FRP reinforcement. The results of their investigation supported that of De 

Lorenzis et al. [4] in which they concluded that NSM is more practical providing higher 

capacity than externally bonded FRP. Similarly, De Lorenzis et al. [6] investigated the 

behavior of RC T-beams strengthened with NSM CFRP and GFRP bars, and they 

concluded that NSM FRP increases the strength and the stiffness of the member 

significantly. The increase in the number of NSM bars is limited to the bond failure as 

it will control the increase in capacity. Furthermore, Breveglieri et al. [7] studied the 

effectiveness of using NSM method for strengthening continuous RC slabs. They 

performed a parametric study using FEM method and concluded that the NSM 

technique, if used efficiently, will result in adequate level of ductility, moment 

redistribution and higher capacity as they all depend on the efficiency of the flexural 

strengthening arrangement. 

On the other hand, the use of NSM FRP strips on strengthening RC structural 

columns under combined axial and biaxial bending did not receive enough attention. 

Most of the studies carried out on strengthening RC columns consider the application 

of FRP laminates and confinement alone without the use of NSM FRP technique. 

Investigating the FRP confinement techniques for RC columns was carried out by many 

researchers where they considered various parameters [8-19]. Silva et al. [8] studied the 

behavior of circular and square columns confined with aramid or carbon fibers. A 

summary of the main outcomes was that the circular columns gained almost an equal 

increase in strength from AFRP or CFRP while the square shaped columns showed an 

increase in strength and ductility, yet not for the sharp edges ones. Moreover, Zaki et 

al. [9] investigated the behavior of circular FRP confined columns under biaxial 

bending concluding that the increase in the concrete strength resulted in a higher axial 

strength than bending capacity and the opposite results were for the increase of the FRP 

thickness or strength. In addition, Nanni et al. [10, 11] examined the FRP jacketed 

concrete under uniaxial condition, flexure and combined flexure compression. The 
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conclusion of their study is that FRP jacketing enhances the flexural strength and the 

ductility of RC subjected to combined flexure and compression. Also, they agreed with 

Silva [8] that circular cross-sections of RC columns gain higher enhancements than 

rectangular ones. Likewise, Hadi et al. [12-14] conducted several studies on concentric 

and eccentric FRP wrapped concrete columns considering various parameters. 

Throughout their studies, they considered different layers of CFRP wrapping for plain 

and RC columns and different eccentric loading pattern, resulting in higher strength, 

higher ductility and higher energy absorption using adequate number of CFRP 

wrapping and the fact that eccentric loading lowers the capacity of the FRP 

confinement. In addition, they introduced a new parameter to the confinement which 

was adding steel fibers to the concrete, which resulted in higher ductility than FRP 

confinement alone. Similarly, Wang et al. [15] examined the effect of GFRP wrapping 

for columns and proposed a design methodology. They concluded that columns 

confined with GFRP gain higher strength and ductility than non-confined ones. 

Furthermore, a study was performed by Quiertant et al. [16] on the behavior of RC 

columns confined with CFRP using plates, unidirectional or bidirectional CFRP wraps 

commercially available. The study concluded that a significant increase in strength, 

strain capacity and ductility of the RC columns with various percentages based on the 

confinement system was observed. Additionally, El Maaddawy et al. [17, 18] inspected 

the behavior of FRP confined columns considering the cross-section shape parameter 

and the confinement level of the RC columns. Regarding the cross-section effect on the 

strength and ductility, their results agreed with Silva et al. results [8], that the circular 

cross-section columns gain higher strength and ductility than the square and rectangular 

cross-sections columns. Also, they concluded that the confinement effectiveness is 

inversely proportional to the eccentricity ratio which agreed with Hadi et al. [12] 

findings. Finally, El Maaddawy et al. [17, 18] found that full confinement or partial 

confinement of the RC columns doesn’t differ much in the gain of strength and ductility 

of around 12% difference. In addition to the experimental investigations carried out by 

several researchers, Csuka et al. [19] developed a new finite element (FE) model to 

analyze and design FRP confined circular columns under eccentric loading and 

rectangular columns under concentric loading, providing easier provisions for design 

purposes.  
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Based on the previous studies, the use of NSM FRP strips with FRP 

confinement as strengthening technique for columns under combined axial and biaxial 

bending is still an area of continuous research. In this matter, Barros et al. [20] 

conducted a test on NSM CFRP strips strengthened columns under cyclic bending and 

combined compression loading. They proposed a test matrix of eight specimens and 

conducted twelve tests on them obtaining promising results. The test concluded that a 

significant increase in the capacity of the column due to the use of NSM technique, 

especially for lower ratios of conventional steel reinforcement has been observed. 

Conversely, the energy absorption wasn’t efficient as the columns are not confined. In 

addition to that, El Maaddawy et al. [21] conducted another test using NSM GFRP bars 

with CFRP confinement for strengthening RC columns subjected to axial load and 

biaxial bending using different concrete grades. The test matrix proposed by them 

consisted of nine square cross-sectional shaped specimens and the parameters 

investigated are the grade of concrete, eccentricity ratio and CFRP confinement 

thickness. Based on the results, the failure modes occurred were mainly related to the 

level of reinforcement used. While the crushing of concrete failure mode dominated the 

behavior of specimens without confinement reinforcement, the rupture of CFRP was 

the main mode of failure in the confined specimens. Finally, their significant conclusion 

is that different grade of concrete results in different increase in strength capacity with 

the use of two layers of CFRP confinement and the confinement level of CFRP is 

inversely proportional to the eccentricity ratio. 

1.2 Statement of the problem 

In the light of the previous discussion, new investigations and tests need to be 

carried out to understand the relatively new emerging technique of NSM FRP 

reinforcement for strengthening structures. This paper is considering a new study to 

assess the efficiency of using NSM CFRP strips with CFRP confinement for 

strengthening RC columns subjected to concentric load and eccentric load resulting in 

uniaxial bending and biaxial bending. As mentioned earlier, the NSM FRP 

reinforcement technique requires minimal surface preparation which increases the 

flexural capacity of the structural element significantly, yet the bonding might control 

the failure [4, 22, 23]. As a result, CFRP confinement is used in order to provide higher 

bonding, ductility and energy absorption to the structural element. CFRP strip has been 
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considered in the study in favor of CFRP bar due to its unique advantage of maximizing 

the surface area to sectional area ratio which minimizes the possibility of debonding, 

yet it requires thicker concrete cover based on its dimensions. Moreover, the CFRP strip 

can be bonded throughout three dimensions neglecting the forth one due to its large 

width to thickness ratio as shown in Figure 3 [4]. Finally, the fact of considering 

concentric and eccentric loading in the experiment is to simulate the real life application 

experimentally as most of the columns in real life are subjected to both concentric and 

eccentric loading. 

 

Figure 3: NSM FRP strip system [4] 

1.3 Objectives 

 In this study, the efficiency of using NSM CFRP strips with CFRP confinement 

for strengthening RC columns subjected to concentric and eccentric load resulting in 

uniaxial bending and biaxial bending was investigated. The main objectives can be 

summarized as: 

1- to investigate the effectiveness of using NSM composite reinforcement in 

combination with CFRP wraps to improve the load capacity and ductility of RC 

columns subjected to eccentric load resulting in combined axial load and 

uniaxial and biaxial bending.  

2- to study the impact of varying the amount of longitudinal NSM composite 

reinforcement and level of CFRP confinement on increasing the strength and 

ductility at different load eccentricities.  

3- to examine the correlation between the loading pattern and the effect of NSM 

CFRP strip on the column. 

4- to inspect the relationship between variable eccentricities and the efficiency of 

the NSM CFRP reinforcement technique. 
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5- to develop an analytical model that can predict the load capacity of RC columns 

strengthened with NSM composite reinforcement and CFRP wraps under 

uniaxial and biaxial eccentric loading.      

6- to validate the analytical modeling with the experimental results to perform 

future parametric studies. 

1.4 Organization of the work 

This research comprises of six chapters. Chapter 1 attends an introduction and 

background about this study. It also discusses the statement of the problem in hand and 

the significance of the study. Finally, it lists the objectives and purposes of the study in 

hand and how they are achieved.  

Chapter 2 provides an overall insight into various studies and investigations that 

took place on the area of CFRP structural enhancement material available in the 

literature.  

Chapter 3 provides a detailed description of the experimental program including 

specimen dimensions, preparation and instrumentation of specimens. Full test set up 

and overall test matrix and parameters considered by this study are given in this chapter.  

Chapter 4 of this paper summarizes and interprets the test results and data 

obtained from the study. The interpretation of the results and outcomes from the tests 

are carried out in the entire chapter for each group. Load versus axial and lateral 

deflections and strains readings are illustrated in the chapter. In addition, this chapter 

presents the modes of failures and the effect of the CFRP NSM composite strengthening 

technique on the capacity of specimens. 

In chapter 5, an analytical model was developed to predict the load-carrying 

capacity and bending capability of the specimens under various loading conditions. The 

model approach is clearly described in this chapter as well as a comparison between the 

experimental results obtained in this study versus the predicted ones using the presented 

model, to inspect and demonstrate its effectiveness and validity.  

Finally, chapter 6 illustrates the findings and outcome conclusions of the current 

study. Moreover, recommendations for further investigations on the subject are 

presented as well. 
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Chapter 2: Literature Review 

 Lately, CFRP composites of sheets and plates to strengthen RC columns have 

been widely used. Various studies focused on examining the efficiency of CFRP 

composites in improving the overall behavior of RC columns. The following sections 

summarize some of the available papers in the literature on RC strengthened columns. 

2.1 Investigations on the enhancement of concentrically loaded 

concrete columns using FRP composites 

 Tan [26] studied the enhancement effect of FRP composites confinement on 

rectangular RC columns subjected to axial compression. The experiment was carried 

out on fifty two half-scale specimens on seven series. Five of the series were of 1500 

mm in height with a rectangular cross-section of 115 mm x 420 mm. The other two 

series were of 1200 mm in height with the same cross-sectional aspect ratio of 3.65 as 

mentioned earlier for the first five series. All the test series followed the same steel 

reinforcement pattern. Eight bars of 13 mm diameter were used as longitudinal main 

reinforcement for the specimens with ties of 6 mm each spaced at 100 mm distance 

over the 600 mm middle height of the column and 65 mm spacing for the remaining 

portions of the column. The concrete compressive strengths employed in the study were 

of 15 MPa for the first two series, 20 MPa for the second two series and 25 MPa for the 

remaining series. The objectives of the study were achieved by varying the FRP 

strengthening mechanism between all the identical specimens. The different 

mechanisms of confinement of fibers varied in type, configuration and direction, 

respectively, with consideration of fiber anchors presence furnishing the capacity 

enhancement of rectangular RC columns. The test results showed that using transverse 

FRP confinement results in higher gain in strength and axial capacity of the member 

rather than the use of longitudinal fibers. Moreover, the results demonstrate that the 

longitudinal fibers could enhance the capacity of the member, if adequately enhanced 

by transverse fibers for support. In addition to that, the presence of anchorage for the 

transverse FRP sheets in the wider face of the column provides higher increase in the 

strength and load-carrying capacity. It is worthwhile to note that Tan [26] illustrated 

that the failure mode of GFRP strengthened rectangular RC columns is governed by the 

delamination of the fibers, which is not the case for the CFRP material. Finally, this 

study furnished from the overall behavior of a rectangular RC confined columns that 

using FRP confinement would enhance the strength capacity and stiffness of the 
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rectangular columns subjected to axial compression. This comes in line with Rahai et 

al. [57] and Abbas et al. [35] findings.  

 Masia et al. [27] studied the effect of CFRP confinement on square plain 

concrete prismatic columns subjected to axial compression. The test was carried out on 

thirty square plain concrete columns with different CFRP confinement ratios. The 

columns were of three different sizes with 10 specimens for each group. The first group 

consisted of five unwrapped specimens, and another five confined specimens using two 

layers of CFRP wraps, 300 mm in height and 100 mm x 100 mm in cross-section. The 

second group consisted of five unwrapped specimens and another five confined 

specimens using two layers of CFRP wraps, 375 mm in height and 125 mm x 125 mm 

in cross-section. The last group consisted of five unwrapped specimens and another five 

confined specimens using two layers of CFRP wraps, 450 mm in height and 150 mm x 

150 mm in cross-section. The concrete compressive strength was 27 MPa. The 

objective of the test was achieved by varying the confinement ratio between all identical 

specimens and altering the size of the specimen. The different ratios of confinement 

varied from no layers to two layers. Three different sizes were used as illustrated above. 

The enhancement in axial capacity of the specimens was recorded for each group size 

from small to medium to large by 116%, 66% and 52%, respectively. The test results 

showed that the use of CFRP confinement in plain square columns adequately increases 

the concentric load capacity and ductility of the columns with small specimen size 

which becomes insignificant with higher ones. Finally, the outcomes provided 

additional evidence to the adequacy of enhancement in strength and ductility of square 

prismatic concrete columns using CFRP confinement as mentioned later by Parvin et 

al. [36]. 

 Mandal et al. [28] studied the behavior of CFRP and GFRP confinement on 

normal, medium and high strength plain concrete cylindrical columns of FRP filled 

tubes and wrapped cylinders subjected to concentric loading. The test was carried out 

on two FRP tube filled concrete and fifty nine FRP wrapped cylindrical casted with 

normal, medium and high strength plain concrete prismatic columns. The two FRP tube 

filled concrete specimens were of cylindrical shape with an outer diameter of 326 mm 

and thickness of 6.4 mm. The rest of the fifty nine standard cylinders were constructed 

with a diameter and height of 100 mm and 200 mm, respectively. The FRP tube-filled 
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concrete compressive strengths were 26 and 60 MPa, respectively. The other fifty nine 

specimens were casted with concrete compressive strength varying from 31 to 81 MPa. 

The objective of the test was achieved by varying the confinement ratio among all the 

identical specimens, considering two different confining materials; GFRP and CFRP, 

and considering different concrete compressive strengths. The different ratios of 

confinement varied from FRP tubes to single or multiple layers of CFRP or GFRP 

confinement. The test results showed that confinement of low to medium concrete 

compressive strength is more efficient and that it enhances the strength and ductility in 

a better way than that with higher strength. Moreover, the use of transverse hoop 

confinement enhances the effectiveness of confinement for low and medium strength 

concrete grades rather than high strength ones. These conclusions fall in line with the 

analysis and review done by Parvin et al. [36] on the available literature regarding the 

efficiency of the FRP behavioral enhancement for concrete columns. The FRP filled 

tubes fall in the same outcomes of the plain cylindrical wrapped concrete prisms. On 

the other hand, the high strength concrete lacks the gain in ductility, yet a minimal 

enhancement on the axial carrying capacity was observed. This outcome contradicted 

the findings of Hadi et al. [45] that will be summarized later.  

 Sadeghain et al. [29] investigated the effect of CFRP confinement on slender 

circular plain concrete columns subjected to axial loading condition. The test was 

carried out on thirty slender circular plain concrete columns confined with CFRP in 

different ratios and configurations of confinement. The columns were circular with a 

diameter of 100 mm, casted with different heights. The height of the specimens varied 

from 200 mm to 1000 mm with an increment of 200 mm. The concrete compressive 

strength of the casted specimens was 25 MPa. The objective of the test was achieved 

by varying the confinement ratios and orientation between all the identical specimens 

and altering the slenderness ratios of the specimens. The different ratios of confinement 

varied from no layers to two layers with multiple configurations of the fibers directions. 

The slenderness ratio was altered from 2 to 10 in an increment of 2. The test results 

showed that using CFRP confinement in plain slender cylindrical columns adequately 

increases the concentric load-carrying capacity and ductility of the columns. Moreover, 

the results indicated that the use of CFRP confinement in hoop and transverse direction 

is more advantageous than longitudinal ones for the enhancement of strength and 

ductility. This finding goes in line with Hadi et al. [47] outcomes. Furthermore, 
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Sadeghain et al. [29] suggested that the strength enhancement of slender columns is 

inversely proportioned to the slenderness ratio which agrees to Xu et al. [41] 

conclusions. On the other hand, the ductility increases as the slenderness ratio of the 

columns increases.  

 Issa et al. [30] examined the effect of CFRP confinement on short RC 

cylindrical columns subjected to concentric loading. The test was carried out on fifty 

five short RC cylindrical columns confined with CFRP. The columns were circular in 

cross-section with 150 mm diameter, casted with different heights of 450 mm, 600 mm, 

750 mm and 900 mm, respectively. The concrete compressive strength of 55 MPa was 

used for the specimen preparation. Four #3 bars were used as longitudinal main 

reinforcement for the specimens with 4.75 mm diameter helical reinforcement pitched 

at 75 mm all over the height of the specimens. The objective of the test was achieved 

by varying the confinement ratio, configuration and specimen heights. The confinement 

ratio varied between five layers of wrapping to no wrapping and the configuration of 

confinement was altered between transverse and longitudinal confinement schemes. On 

the other hand, the heights considered varied from 450 mm to 900 mm with an 

increment of 150 mm. The test results showed that using CFRP confinement to enhance 

the capacity of the concentrically short RC columns is effective in enhancing the 

capacity and ductility. Moreover, similar to the findings of Rahai et al. [57], the CFRP 

confinement increases the energy absorption of the short RC cylindrical specimens. In 

addition, the study showed that increasing the CFRP confinement ratio increased the 

strength, ductility and stiffness up to a certain point where capacity and ductility 

enhancement was diminished past this point. This outcome disagrees with the findings 

of Youcef et al. [55]. In addition, the results demonstrated that longitudinal fibers could 

enhance the capacity of the member if adequately confined by transverse fibers which 

conform with the outcomes of other researchers Hadi et al. [47], Tan [26], and 

Sadeghain et al. [29], yet it contravenes with the conclusions of Rahai et al. [57]. This 

could be due to the rectangular cross-sectional shape effect over the cylindrical ones 

where stress concentrations usually take place around the corners. Furthermore, Issa et 

al. [30] agreed with Parvin et al. [36] and Mandal et al. [28] where the ductility and 

strength enhancement is directly related to the decrease in the concrete compressive 

strength. Besides, the concrete compressive strength is one of the major components in 

the determination of the adequacy of CFRP confinement as discussed latter by Parvin 
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et al. [36]. It is worth to note that the size of circular cross-section has a major impact 

on the efficiency of CFRP confinement where it is inversely related with the circular 

diameter.   

 Olivova et al. [31] examined the structural behavior of square RC columns 

strengthened with CFRP strips using the NSM technique, confined with CFRP sheets 

and subjected to axial and horizontal cyclic loading applied at the top end of the 

specimens. The test was carried out on eleven square RC columns. The height of 

columns was 1500 mm and the length of the sides was 250 mm. Two 500 mm thick 

foundation blocks were added at both ends with a cross-section of 250 mm x 400 mm 

to avoid premature failure and to provide stability to the specimens while horizontal 

cyclic loading is being applied. A concrete compressive strength of 33 MPa was used 

for specimen preparation. Four bars of 10 mm diameter were used as longitudinal main 

reinforcement for the specimens with ties of 6 mm spaced equally all over the height of 

the column. The objective of the test was achieved by varying the strengthening 

combination of NSM CFRP strips with CFRP wrap confinement. Hence, one series of 

columns were the control specimens without any CFRP wraps nor CFRP strips and the 

other three series were strengthened using one of the following methods; three CFRP 

strips on each perpendicular face of the column to the applied cyclic horizontal load, 

CFRP confinement of two layers and a combination of the two methods of 

strengthening. The test results showed that the combination of NSM CFRP strips and 

CFRP confinement enhanced the load-carrying capacity 2-3 times rather than using 

each of the strengthening methods separately. Moreover, the use of NSM CFRP strips 

enhanced the capacity of bending for RC columns while the CFRP confinement 

enhanced the axial strength capacity.  

 Mirmiran et al. [32] inspected the behavior of CFRP confinement on normal 

and high strength plain concrete cylindrical column stubs subjected to concentric 

loading. The test was carried out on forty five high and normal strength plain concrete 

columns confined with CFRP. The column stubs were of 152.5 mm in height with a 

circular cross-section of 305 mm in diameter. The concrete compressive strength of 

19.4 MPa and 49 MPa was used for the specimen preparation. The objective of the test 

was achieved by varying the confinement ratio among all identical specimens, 

considering two different concrete compressive strengths of normal and high strength. 
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The different ratios of confinement varied from no layers to five layers from specimen 

to another. A monotonic load was applied in small increments to avoid the effects of 

sudden loading. The test results showed that increasing the number of CFRP 

confinement in plain cylindrical concrete column stubs adequately increased the 

concentric load capacity and ductility of the columns. This agrees with findings of 

Parvin et al. [44] and Wu et al. [51] discussed later. In addition to his study, Mirmiran 

et al. [32] reproduced an analytical model to predict the behavior of concentrically 

loaded plain concrete CFRP confined cylindrical columns. The model was developed 

earlier to predict the behavior of GFRP confined cylindrical columns, yet it was 

applicable for the case of CFRP confinement. Furthermore, the study demonstrated that 

the effect of the adhesive bond differences between GFRP and CFRP application is 

minor on the overall behavior of the confinement.  

 Tarabia et al. [33] examined the structural behavior of square RC columns 

strengthened with steel strips and angles subjected to axial load. The test was carried 

out on ten square RC columns. The columns were of 1000 mm height with a square 

cross-section of 150 mm x 150 mm. The concrete compressive strength of 57.8 MPa 

and 47.5 MPa was used for specimen preparation. Four bars of 10 mm diameter were 

used as longitudinal main reinforcement for the specimens with ties of 6 mm equally 

spaced at 100 mm all over the height of the column with extra ties being placed at both 

ends to prevent premature failure. The objective of the test was achieved by setting 

various parameters; two different concrete grades, two altered horizontal spacing for 

the transverse steel strips, two different types of grout material, two unequal sizes of 

steel angles and finally the existence of steel connection between the angles and the 

specimens head. The test results showed that using the proposed strengthening 

mechanism was advantageous in gaining axial load-carrying capacity and ductility of 

RC columns. Moreover, the use of cement grout is more economical than epoxy grout 

due to the price difference between both since the enhancement effect in comparison 

was minimal. In addition, having a direct connection between the column head and the 

steel angles provided extra ductility to the specimen where the angles yielded prior to 

failure. In comparison to Tarabia et al. [33] investigation, using NSM CFRP strips and 

CFRP confinement enhanced the load-carrying capacity 2-3 times as proposed by 

Olivova et al. [31] rather than 1-2 times using the proposed steel strengthening 

technique. In addition to his study, Tarabia et al. [33] developed an analytical model to 
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predict the behavior of square RC columns strengthened with steel strips and angles 

subjected to axial load. The model was developed using conventional simple mechanics 

and stress strain compatibility relations. Furthermore, the analytical model took into 

account the effect of confining stress due to the existence of the transverse outer steel 

cage. The new model developed by Tarabia et al. [33] showed good agreement with the 

measured experimental results. 

 Benzaid et al. [34] studied the behavior of GFRP confinement on high strength 

reinforced and plain concrete cylindrical and square column stubs subjected to 

concentric loading. The test was carried out using thirteen high strength plain and RC 

prismatic columns confined with GFRP wraps. The columns were of two cross-

sectional shapes, circular and square. The cylindrical columns were 320 mm in height 

and 160 mm in diameter. On the other hand, the square prismatic columns were 300 

mm in height and the length of the sides was 100 mm. The concrete compressive 

strength of 56.7 MPa was used for the specimen preparation. The objective of the test 

was achieved by varying the confinement ratio between all the identical specimens, 

considering two different cross-sectional shapes, circular and square, and considering 

three various corner radii for the square specimens. The different ratios of confinement 

varied from no layer to four layers from specimen to another and the corner radius 

varied from 0 mm to 16 mm with an increment of 8 mm. The test results showed that 

using GFRP confinement for both cylindrical and square high strength concrete 

prismatic columns enhanced the capacity and the ductility of the specimen. Moreover, 

increasing the number of GFRP layers in cylindrical concrete column adequately 

increased the load-carrying and ductility of the columns, yet for the square ones it was 

negligible. In addition, the results demonstrated that the cross-sectional shape played a 

big role in the enhancement capacity with GFRP confinement. The circular cross-

section gained higher axial load-carrying capacity than that of the square ones where 

the transverse stress was uniformly distributed around the perimeter of the cross-

section, however, the square ones experienced stress concentration around the corners.  

 Abbas et al. [35] studied the effect of CFRP composites confinement on 

rectangular wall-like RC columns subjected to axial compression. The experiment was 

carried out on two large scale specimens 500 mm x 125 mm x 1500 mm in length, width 

and height, respectively. Two 300 mm deep bulbs were added to the specimens each at 
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one end of the column with a cross-section of 520 mm x 500 mm to prevent stress 

concentration and to avoid premature failure at the ends of the columns. The concrete 

compressive strength of 22.7 MPa was used for the preparation of specimens. Ten bars 

of 10 mm diameter were used as longitudinal main reinforcement for the specimens 

with ties of 6 mm each spaced at 140 mm distance all over the height of the column. 

The objective of the test was achieved by developing an FE model to carry out a 

parametric study on the strength, ductility and post failure stress strain relationship for 

the strengthened CFRP confined wall-like column. A monotonic load was applied 

axially. This study furnished from the overall behavior of a wall-like RC confined 

columns that using CFRP confinement would enhance the strength and stiffness of 

rectangular columns subjected to axial compression with an increase in the ductility 

providing high levels of energy dissipation extensively controlled by the weaker axis 

of the specimen. This comes in line with Rahai et al. [57] findings. In addition, the test 

results concluded that transforming the wall-like rectangular RC columns into an 

elliptical shape is more efficient to come over the ductility and slenderness of the 

column.  

 Parvin et al. [36] provided a review on the strengthening technique of RC 

columns under diverse loading conditions using FRP composites. This review covered 

major aspects of concrete columns repairing and strengthening FRP techniques 

available in the literature to enhance their capacities, repair and retrofit the existing 

damaged and newly designed RC columns. The paper discussed this new emerging 

technique in various aspects including FRP confinement of columns, enhancement of 

RC columns subjected to corrosion and strengthening of axially eccentric loaded 

columns, impact loaded RC columns and seismic loaded columns. The paper concluded 

that using angles, hoops and stacking of FRP wrap increases the ductility and strength 

in various degrees regardless of the thickness of the FRP wrap. Moreover, for prismatic 

columns, the combination of hoop and ply of the FRP wrap pattern is recommended to 

delay premature fracture at the corners. In addition, the available formulation of 

analytical models in the literature which are based on small scale and prismatic columns 

are inadequate in predicting the behavior of large scale RC columns due to different 

stress-strain relationship developed by the differentiation in sizes. Furthermore, the 

review agrees with the practical recommendations of flattening the sharp edges and 

corners of square and rectangular shape columns, transforming them into circular and 
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elliptical shaped columns, respectively, to provide superior enhancement to the strength 

and ductility. Additionally, the compressive strength of concrete and the stiffness of the 

FRP wraps play a major role in the efficiency of the FRP strengthening technique where 

lower grades of concrete are more beneficial than higher ones. On the other hand, the 

higher the stiffness of the FRP jacket design, the higher the enhancement in ductility. 

In line with the findings of Parvin et al. [44], a minor enhancement factor should be 

introduced to the prediction models to account for the strain gradient effect on the 

behavior of FRP jacketed concrete column subjected to eccentric loading. For 

seismicity, it is advisable to use unidirectional FRP wraps in both directions, 

longitudinal and lateral, all over the column height to enhance the flexural capacity and 

to increase the ductility and energy absorption, respectively. On the other hand, for RC 

columns to endure the impact loadings, a proper strengthening technique should be 

followed to produce adequate gain in strength, ductility and energy absorption capacity. 

Finally, the corrosion of damaged columns strengthened using FRP material does not 

only benefit from strength, ductility and energy absorption capacity, yet the FRP 

reduces the rate of corrosion sufficiently.  

 Benzaid et al. [37] studied the behavior of CFRP confinement on normal, 

medium and high strength reinforced and plain concrete cylindrical and square column 

stubs subjected to concentric loading. The test was carried out on thirty six specimens 

configured from normal, medium and high strength plain and RC prismatic columns 

confined with CFRP. The columns were of two cross-sectional shapes, circular and 

square. The cylindrical columns were circular in cross-section with 320 mm and 

160mm in height and diameter, respectively. On the other hand, the square prismatic 

columns were of a 280 mm height with a square cross-section of 140 mm x 140 mm. 

The specimens were cast with a concrete compressive strength of 26, 50 and 60 MPa, 

respectively. The objective of the test was achieved by varying the confinement ratio 

between all the identical specimens, considering two different cross-sectional shapes, 

circular and square and considering three different concrete grades. The different ratios 

of confinement varied from no layers to three layers from specimen to another and the 

specimens varied in reinforcement ratio from plain to reinforced with 12 mm diameter 

of longitudinal main reinforcement and 8 mm transverse reinforcement. The test results, 

considering the use of CFRP confinement, go in line with same findings of Benzaid et 

al. [34] mentioned earlier in this chapter.  
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 Wu et al. [38] investigated the effect of CFRP confinement on rectangular plain 

concrete columns subjected to axial compression. The test was carried out on forty five 

rectangular plain concrete columns confined with CFRP in different ratios of 

confinement. The columns were 300 mm in height with variable rectangular cross-

sectional aspect ratios varying from 1 to 2 with an increment of 0.25. The concrete 

compressive strength of 30 MPa was used for the specimen preparation. The objective 

of the test was achieved by varying the confinement ratio between all identical 

specimens and altering cross-section aspect ratio of the specimen. The different ratios 

of confinement varied from no layers to two layers and the cross-section aspect ratio 

varies from 1 to 2 with an increment of 0.25 from one specimen to another. The test 

results showed that increasing the number of CFRP confinement layers in plain 

rectangular columns adequately increased the concentric load-carrying capacity of the 

columns with small cross-sectional aspect ratio which becomes insignificant with 

higher ones. In addition to their study, Wu et al. [38] introduced an analytical model to 

predict the behavior of concentrically loaded plain concrete CFRP confined rectangular 

columns. Furthermore, the study demonstrated that other previously developed models 

in the literature for the prediction of concentrically loaded columns is inadequate to be 

used for rectangular cross-sections with different aspect ratios. The new model 

developed by Wu et al. [38] was modified to account for the shape factor and aspect 

ratio of the rectangular CFRP confined columns under concentric loading. It showed a 

good agreement with the experimental results.  

 In another study, Wu et al. [39] investigated the effect of CFRP confinement on 

square plain concrete columns subjected to axial compression bending. The test was 

carried out on hundred and eight square plain concrete columns confined with CFRP in 

different ratios of confinement. The columns were 300 mm in height with a square 

cross-section of 150 mm x 150 mm with variable corner radius. Concrete compressive 

strength of 30 MPa and 50 MPa was used for specimen preparation. The objective of 

the test was achieved by varying the confinement ratio between all identical specimens, 

altering corner radius of the specimen and using two different grades of concrete. The 

different ratios of confinement varied from no layers to two layers and corner radius 

varied from 0 mm to 75 mm with an increment of 15 mm from specimen to another. 

The test results showed that using CFRP confinement for square prismatic columns is 

in direct proportion to the radius of the corners. The higher the radius, the higher the 
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gain in strength and ductility. This goes in line with Benzaid et al. [34]. Moreover, 

increasing the number of CFRP confinement layers in high radius of corners of square 

concrete columns adequately increases the concentric load capacity and ductility of the 

columns, yet for the square ones with sharp edges, it is negligible. In addition, the 

results demonstrated that for higher grade of concrete, the enhancement in ductility is 

more effective than in lower grades which goes in line with Hadi et al. [45] and 

contradicts with Parvin et al. [36] findings, where lower grades of concrete are more 

beneficial than higher ones.  

 Kumutha et al. [40] investigated the effect of GFRP confinement on rectangular 

RC columns subjected to axial compression bending. The test was carried out on nine 

rectangular RC columns confined with GFRP in different ratios of confinement. The 

columns were 750 mm in height with a variable rectangular cross-section aspect ratio 

of 1, 1.25 and 1.66 with a constant cross-sectional area of 15625 mm2. The concrete 

compressive strength of 27.45 MPa was used for the specimen preparation. The 

objective of the test was achieved by varying the confinement ratio between the 

identical specimens, altering cross-sectional aspect ratio. The different ratios of 

confinement varied from no layers to two layers. The test results showed that increasing 

the number of CFRP confinement layers in reinforced rectangular columns adequately 

increases the concentric load-carrying capacity of the columns with small cross-

sectional aspect ratio which becomes insignificant with higher ones. These outcomes 

go in line with the findings of Wu et al. [38] where an inversely linear relationship 

between the aspect ratio and the increase in strength and ductility enhancement is 

clearly interpreted from the test results. 

 Xu et al. [41] investigated the effect of CFRP confinement on elliptical modified 

rectangular slender RC columns subjected to axial compression. The test was carried 

out on six elliptical modified rectangular slender RC columns confined with CFRP. The 

slenderness ratio for the specimens varied between 4.5 to 17.5. The columns were 

prepared with a typical rectangular cross-section of 120 mm x 150 mm. The concrete 

compressive strength of 36 MPa was used for the specimen preparation. Four bars of 

12 mm diameter were used as longitudinal main reinforcement for the specimens with 

ties of 5 mm each spaced at 100 mm distance over the middle portion of the column 

height and ties of 6 mm in diameter were spaced over both ends for a height of 250 mm 
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each spaced at 50 mm spacing. The objective of the test was achieved by varying the 

slenderness ratio between typical specimens. The considered slenderness ratios were 

4.5, 8, 10, 12.5, 14, and 17.5. Prior to the test, the specimens were modified in shape 

and transformed from rectangular slender columns to elliptical ones using cement 

mortar and smoothening the corners of the original ones. The test results showed that 

the gain of the strength and axial load-carrying capacity from the use of the CFRP 

confinement is inversely proportional to the slenderness ratio. Moreover, the 

transformation of wall-like columns to elliptical shape is more efficient to enhance the 

gain of load-carrying capacity resulted from the use of CFRP confinement, as 

previously discussed with the findings of Abbas et al. [35]. 

 Teng et al. [42] investigated the effect of CFRP confinement on elliptical short 

plain concrete columns subjected to axial compression. The test was carried out on 

twenty elliptical short plain concrete columns confined with CFRP. The specimens 

were divided into five series having one circular plain column and three elliptical ones 

per series. The cylindrical columns were prepared with a typical circular cross-section 

152 mm in diameter and a height of 608 mm. The elliptical specimens had the same 

height of the cylindrical ones, yet with different aspect ratios between the major and 

minor axes of the specimen. The considered aspect ratios for each three of the elliptical 

specimens in the five series varied from 5/4, 5/3 and 5/2, respectively. The concrete 

compressive strength of average of 45.96 MPa was used for the specimen preparation. 

The objective of the test was achieved by varying the aspect ratio between the typical 

specimens and changing the CFRP confinement ratio. The test results showed that the 

gain of the strength and axial load-carrying capacity from the use of the CFRP 

confinement is inversely proportioned to the cross-sectional aspect ratio of the ellipse, 

where the increase in the major axis of the ellipse over the minor axis of the cross-

section the increase of strength becomes inadequate. This agrees with the findings of 

Xu et al. [41]. Moreover, the increase in the number of CFRP confinement layers 

enhanced the strength and ductility of elliptical shaped plain concrete columns. 

 Vasumathi et al. [43] studied the effect of using CFRP partial confinement in 

enhancing capacity and ductility on cylindrical fiber reinforced concrete (FRC) 

columns subjected to concentric loading. The experiment was carried out on seven 

specimens divided into two groups based on the partial confinement spacing. 
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Specimens were 800 mm in height with a circular cross-section of 125 mm in diameter. 

All the test specimens followed the same steel reinforcement pattern. Six bars of 8 mm 

diameter were used as longitudinal main reinforcement for the specimens with circular 

ties of 8 mm. The concrete compressive strengths employed in the study was 36.5 MPa. 

The objectives of the study were achieved by varying the number and the spacing of 

CFRP wrapping between all the identical specimens. The test results showed that using 

partial CFRP wrapping enhances the ductility of the FRC specimens. Moreover, the use 

of partial wrapping enhances the load-carrying capacity of the specimens. In addition, 

the results concluded that increasing the number of CFRP partial wrapping increases 

both the capacity and ductility of FRC specimens. Finally, FRC columns strengthened 

using CFRP wraps gains higher capacity than normal RC columns strengthened using 

the same method.  

2.2 Investigations on the enhancement of eccentrically unidirectional 

loaded concrete columns using FRP composites 

 Parvin et al. [44] investigated the effect of CFRP confinement on square plain 

concrete column stubs subjected to uniaxial bending. The test was carried out on nine 

square plain concrete columns confined with CFRP in different ratios of confinement. 

The columns were 305 mm in height with a square cross-section of 108 mm x 108 mm. 

The concrete compressive strength of 20.7 MPa was used for the specimen preparation. 

The objective of the test was achieved by varying the confinement ratio between all the 

identical specimens, altering eccentricities in one direction of the specimen. The 

different ratios of confinement varied from no layers to two layers and the eccentricity 

ratios were altered from 0 to 0.14 with a 0.07 increment from specimen to another. A 

monotonic load was applied in small increments to avoid the effects of impulsive 

loading. The test results showed that increasing the number of CFRP confinement in 

plain square concrete column stubs adequately increases the concentric load-carrying 

capacity of the columns. Moreover, the same condition applies in the case of eccentric 

loading even with higher eccentricities. This agrees with findings of Wu et al. [51] 

discussed later in this chapter. In addition to their study, Parvin et al. [44] introduced 

an analytical model to predict the behavior of eccentrically loaded plain concrete CFRP 

confined square columns. Furthermore, the study demonstrated that a minor 

enhancement factor should be introduced to the prediction models to account for the 

strain gradient effect on the behavior of CFRP jacketed concrete column stubs subjected 
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to eccentric loading. The new model developed by Parvin et al. [44] showed a good 

agreement with the measured experimental results.  

 Hadi et al. [45] examined the behavior of CFRP and GFRP confinement on high 

strength reinforced and plain concrete columns subjected to eccentric loading. The test 

was carried out on seven high strength reinforced and plain concrete columns confined 

with CFRP and GFRP. The columns were 620 mm in height with a circular cross-

section of 150 mm in diameter. Two 390 mm deep haunches were added to the 

specimens at both ends with a circular section of 235 mm in diameter to avoid 

premature failure at the ends of the columns and to provide an eccentric moment effect 

by moving the applied load a distance away from the center axis of the main test 

specimen resulting in an eccentricity of 42.5 mm. A concrete compressive strength of 

100 MPa was used for the specimen preparation. Two specimens only were reinforced 

with six longitudinal bars of 10 mm in diameter with spiral reinforcement of Ø 110 with 

a 60 mm pitch all over the length of the specimen. Additional equally spaced three 8 

mm ties were used at each end of the specimen to prevent premature failure at the ends. 

The objective of the test was achieved by varying the confinement ratio and material 

between the seven identical specimens using different combinations. A monotonic load 

was applied at an eccentricity of 42.5 mm. The test results were in line with the 

outcomes of Youcef et al. [51] where the increase in the number of the layers of 

confinement enhances the strength and ductility of circular columns, yet to a certain 

extent, especially for high strength concrete. Moreover, the results illustrated that there 

is a certain point of increase in the number of confinement layers after which the effect 

on strength gain is minimal. Conversely, the ductility increases significantly with the 

increase in the number of confinement layers used. In addition to these findings, Hadi 

et al. [45] demonstrated that CFRP confinement to high strength concrete is more 

efficient than GFRP confinement for the enhancement of high strength circular concrete 

columns. 

 Mukherjee et al. [46] investigated the mechanical behavior of FRP confined 

plain concrete columns subjected to concentric and eccentric loading conditions. The 

test was carried out on fifteen different shaped RC columns confined with FRP 

composites in different ratios of confinement with the presence of vertical CFRP straps. 

The columns were of three different cross-sectional shapes; circular, square and 
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rectangular. The cylindrical columns were 750 mm in height with a circular cross-

section of 100 mm in diameter. On the other hand, the square columns were 1000 mm 

in height with a square cross-section of 100 mm x 100 mm. Besides, the rectangular 

cross-section specimens were 850 mm in height with a cross-section of 85 mm x 180 

mm. For the case of non-axisymmetric columns, the corners were rounded using 

different radii values. The cylindrical specimens had a slenderness ratio of 30 while the 

rest had a slenderness ratio of 34.6. The objectives of the investigation was achieved by 

varying the confinement ratios between all the identical specimens, considering three 

different cross-sectional shapes (circular, square and rectangular) and considering 

multiple loading conditions. The different ratios of confinement varied from one layer 

of GFRP to a combination of CFRP strips and a layer of GFRP from specimen to 

another. Moreover, the eccentricities were altered from 0 mm to 20 mm with a 10 mm 

increment from one specimen to another. A monotonic load was applied in small 

increments to avoid the effects of sudden loading considering both cases of concentric 

and eccentric loading conditions. The test results go in line with same findings of 

Benzaid et al. [34, 37] who showed that using FRP confinement for cylindrical, square 

and rectangular plain concrete columns enhances the capacity and the ductility of the 

specimen. Moreover, increasing the number of CFRP confinement in cylindrical 

concrete column adequately increases the concentric load-carrying capacity and 

ductility of the columns, yet for the square and rectangular ones, it is negligible. In 

addition, the results demonstrated that the cross-sectional shape plays a big role in the 

enhancement capacity of the CFRP confinement. The circular cross-section gained 

higher axial load-carrying capacity than the square ones where the transverse stress is 

uniformly distributed all around the perimeter of the cross-section, yet the square 

experienced a stress concentration around the corners. Finally, the results conform to 

Wu et al. [38, 39] findings where the use of FRP confinement in high radius of corners 

of square, and or rectangular concrete column adequately, increases the concentric load-

carrying capacity and ductility of the columns, yet for the ones with sharp edges, it is 

negligible. 

 Hadi et al. [47] investigated the effect of CFRP confinement and vertical CFRP 

straps on square RC column subjected to axial and uniaxial bending. The test was 

carried out on sixteen square RC columns confined with CFRP in different ratios of 

confinement with the presence of vertical CFRP straps. The columns were 800 mm in 
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height with a square cross-section of 200 mm x 200 mm. The concrete compressive 

strength of 79.5 MPa was used for the specimen preparation. The objective of the test 

was achieved by varying the confinement ratio between all of the identical specimen, 

and/or by altering eccentricities in one direction of the specimen and the presence of 

the vertical CFRP straps. The different ratios of confinement varied from no layers to 

three layers and the eccentricities were altered from 0 mm to 50 mm with a 25 mm 

increment from one specimen to another, and finally a pure bending condition was 

considered in this study as well. A monotonic load was applied in small increments to 

avoid the effects of sudden loading. The test results showed that increasing the number 

of CFRP confinement layers in reinforced square concrete column adequately increases 

the concentric load-carrying capacity of the columns. Moreover, the same condition 

applies in the case of eccentric loading, even with higher eccentricities. This agrees 

with the findings of Wu et al. [51] and Parvin et al. [44] discussed in this chapter. 

Furthermore, using longitudinal CFRP straps beside the transverse confinement 

increases the ductility and the bending resistance capacity of RC columns with higher 

eccentricities. Finally, the results showed that the confined eccentrically loaded 

columns gained higher enhancement than concentrically loaded columns which 

contradicts with the conclusions of Wu et al. [51]. This contradiction might fall under 

the region of different concrete grades effect.  

 Bisby et al. [48] examined the effect of CFRP confinement on slender RC 

columns subjected to uniaxial bending. The test was carried out on fourteen slender RC 

columns confined with CFRP. The columns were 608 mm in height with a circular 

cross-section of 152 mm in diameter. The concrete compressive strength of 33.2 MPa 

was used for the specimen preparation. Four bars of 6.4 mm in diameter were used as 

longitudinal main reinforcement for the specimens with ties of 6.4 mm each spaced at 

a distance of 100 mm all over the height of the column. The objective of the test was 

achieved by varying the confinement ratio between the identical specimens, altering 

eccentricities in one direction of the specimen. The different ratios of confinement 

varied from no layers to one layer and the eccentricities were altered from 0 mm to 40 

mm with a 10 mm increment from one specimen to another and finally a pure bending 

condition was considered in this study. The test results concluded that using CFRP 

confinement for slender circular columns lead to an enhancement in the strength and 

ductility of the specimen. It is worth to note that the CFRP confined specimens with 
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higher eccentricities encounter higher reductions in enhanced capacity in comparison 

with the unconfined specimens.  

 El Maaddawy [49] considered the effect of CFRP confinement on corrosion 

damaged RC square columns subjected to eccentric loading. The test was carried out 

on sixteen corrosion damaged RC square columns confined with CFRP. The columns 

were 1200 mm in height with a square cross-section of 125 mm x 125 mm. Two 350 

mm thick concrete loading corbels were added to the specimens at both ends with a 

cross-section of 250 mm x 250 mm to avoid stress concentration at the ends of the 

columns and to provide an eccentrically loading effect by moving the applied load in 

one directions of eccentricity away from the center axis of the column. The concrete 

compressive strength of 28.5 MPa was used for the specimen preparation. Four Ø10 

bars were used as longitudinal main reinforcement for the specimens with Ø6 ties 

equally spaced all over the height of the column. The objective of the test was achieved 

by varying the confinement ratio and eccentricity to section height ratio between the 

sixteen identical specimens. The confinement ratio varied between fully wrapped, 

partially wrapped and unwrapped. On the other hand, the eccentricity ratios considered 

were 0.3, 0.43, 0.57 and 0.86. Hence, eight columns were control specimens, half of 

them without any CFRP wrapping nor corrosion exposure, and the remaining 

specimens exposed to corrosion environment each, considering one eccentricity ratio 

value. The other half of the specimens considered the effect of confinement ratio where 

four specimens were partially confined using one layer of CFRP confinement and the 

rest of the specimens were fully confined around the test region using one layer of 

CFRP fabric. A monotonic load was applied in a line load pattern using a knife edge 

loading plate with a v-notch specimen cap plate. The test results showed that using 

CFRP confinement to enhance the capacity of the eccentrically loaded RC columns is 

effective. The fully confined specimens exhibited 40% increase in the capacity of the 

cross-section over the undamaged unwrapped RC specimens. Also, the results 

confirmed that the enhancement efficiency of CFRP confinement is inversely 

proportional to the eccentricity ratio. This goes along with the outcomes of Bisby et al. 

[48] mentioned earlier. Moreover, the partial confinement enhancement scenario is 

insufficient in case of higher eccentricities and it is less effective that the full one where 

the enhancement of the capacity that took place was 8% less than its counterpart. 

Finally, corrosion effect on the reinforcement steel volumetric loss of 4.25% has 
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negligible effect on the load-carrying capacity of the RC columns subjected to eccentric 

loading. In addition to his study, El Maaddawy [49] introduced an analytical model to 

predict the behavior of eccentrically loaded RC CFRP confined corrosion damaged 

square columns. The model accounted for the stress-strain compatibility and 

equilibrium of the CFRP confinement and it showed a good agreement with the 

experimental results discussed above.  

 Yazici et al. [50] examined the effect of CFRP confinement on hollow core RC 

cylindrical columns subjected to both concentric and eccentric loading. The test was 

carried out on eight hollow core RC cylindrical columns confined with CFRP. The 

columns were 925 mm in height with a circular hollow core cross-section of 205 mm 

outer diameter and 56 mm inner diameter. Concrete compressive strength of 60 MPa 

was used for the specimen preparation. Six 12 mm diameter bars were used as 

longitudinal main reinforcement for the specimens with 10 mm diameter helical 

reinforcement with a pitch of 50 mm all over the height of the column. The objective 

of the test was achieved by varying the confinement ratio and eccentricity to section 

height ratio between the eight identical specimens. The confinement ratio varied 

between three layers of wrapping to no wrapping (scheme). On the other hand, the 

eccentricity considered varied from 0 to 50 mm with an increment of 25 mm in one 

direction with an additional consideration for pure bending condition. Hence, half of 

the columns was without any CFRP wrapping and the other half was wrapped using 

three layers of CFRP wrapping. Each half of the specimens experienced all the four 

eccentricity values where each eccentricity took place on two, wrapped and unwrapped, 

specimens for the test. A monotonic load was applied in a line load pattern using a knife 

edge loading plate with a v-notch specimen cap plate one on each end of the specimen. 

The test results showed that using CFRP confinement to enhance the capacity of the 

concentrically and eccentrically loaded hollow core RC columns is effective. The 

considerations of no eccentricity gains and advantages more in the strength and ductility 

than the eccentric case one. Moreover, Yazici et al. [50] agreed with the outcome of El 

Maaddawy [49] and Bisby et al. [48] that the enhancement efficiency of CFRP 

confinement is inversely proportional to the eccentricity ratio. Conversely, the results 

demonstrated that ductility increases dramatically with the increase of the number of 

confinement layers and the increase in the eccentricity ratio of the applied load which 

agrees with the outcomes of Youcef et al. [55] discussed earlier.  
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 Wu et al. [51] investigated the effect of CFRP confinement on circular plain 

concrete columns subjected to uniaxial bending. The test was carried out on thirty six 

circular plain concrete columns confined with CFRP in different ratios of confinement. 

The columns were 300 mm in height with a circular cross-section of 300 mm diameter. 

The concrete compressive strength of 35 MPa was used for the specimen preparation. 

The objective of the test was achieved by varying the confinement ratio between all the 

identical specimens and altering eccentricities in one direction of the specimen. The 

different ratios of confinement varied from no layers to two layers, and the eccentricities 

were altered from 0 mm to 50 mm in a 10 mm increment from a specimen to another. 

A monotonic load was applied in a line load pattern using a knife edge loading plate 

with a v-notch specimen cap plate. The test results showed that increasing the number 

of CFRP confinement in plain cylindrical columns adequately increases the concentric 

load capacity of the columns. Moreover, the same condition applied in the case of 

eccentric loading even with higher eccentricities. This contradicts with findings of 

Youcef et al. [55] discussed below and could be due to the effect of secondary moment 

in slender columns examined by the latter. In addition to their study, Wu et al. [51], 

introduced an analytical model to predict the stress-strain relationship of eccentrically 

loaded plain concrete CFRP confined circular columns. Furthermore, the study 

demonstrated that other previously developed models in the literature for the prediction 

of concentrically loaded columns is inadequate to be used for eccentrically loaded ones. 

The new model developed by Wu et al. [51] was modified to account for the stress-

strain relationship of the CFRP confinement under eccentric loading and it showed a 

good agreement with the experimental results.  

 Mostofinejad et al. [52] studied the effect of using NSM technique over the 

externally bonded technique in enhancement of capacity, ductility and de-bonding 

reduction efficiency on cylindrical RC columns subjected to concentric and eccentric 

loading in one direction. The experiment was carried out on thirty five specimens on 

five groups based on the applied eccentricity value. Specimens were 500 mm in height 

with a circular cross-section of 150 mm in diameter. All the test specimens followed 

the same steel reinforcement pattern. Six bars of 8 mm diameter were used as 

longitudinal main reinforcement for the specimens with ties of 8 mm each spaced at 85 

mm distance. The concrete compressive strength employed in the study was 28 MPa. 

The objectives of the study were achieved by varying the FRP strengthening 
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mechanism between all the identical specimens and varying eccentricities applied. The 

different mechanisms of confinement of fibers varied from number of layers, 

configuration of fibers and application type; externally bonded or NSM technique. 

Moreover, eccentricities applied varied for each group from 0, 30, 60, 90 and pure 

bending, respectively. The test results showed that using CFRP strips enhances the 

load-carrying capacity at higher eccentricities and has insignificant effect when 

subjected to axial loading. Moreover, NSM strengthening technique is more 

advantageous in load-carrying capacities over the externally bonded ones. In addition, 

increasing the eccentricity applied eliminates the effects of CFRP wrap and increases 

the effect of using CFRP strips. Finally, partial confinement of the RC columns has no 

significant effect on the enhancement capacity that resulted from the CFRP strips using 

either of the two strengthening technique. 

 In another study, Mostofinejad et al. [53] studied the effect of using CFRP 

corner strips confined using conventional wrapping and/or CFRP batten technique in 

enhancing capacity, ductility and overall performance of square RC columns subjected 

to uniaxial bending. The experiment was carried out on sixteen specimens divided on 

four groups based on the strengthening technique used. Specimens were 500 mm in 

height with a square cross-section of 133 x 133 mm. All the test specimens followed 

the same steel reinforcement pattern. Four bars of 10 mm diameter were used as 

longitudinal main reinforcement for the specimens with ties of 8 mm each spaced at 85 

mm distance. The concrete compressive strength used in the study was 28 MPa. The 

objectives of the study were achieved by varying the FRP strengthening mechanism 

between all the identical specimens. The different mechanisms of confinement of fibers 

varied from number of layers, type of material and continuity of confinement. The test 

results showed that using either method of confinement, conventional wrap of batten, 

along with the CFRP corner strips reduces the effect of stress concentration around the 

corners in RC square columns. Moreover, using CFRP strips at corners enhances the 

load carrying capacity and ductility of RC columns in comparison with using 

confinement wraps alone. Finally, using partial CFRP corner strips gains higher 

capacity and ductility over using continuous corner strips in either method of 

confinement. 
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 Moshiri et al. [54] studied the effect of using longitudinal CFRP wraps 

considering four different methods of confinement in enhancing capacity, ductility and 

overall performance of square and circular RC columns subjected to uniaxial bending. 

The experiment was carried out on ten specimens divided into two groups based on the 

specimen cross-section. Five specimens with a circular cross-section diameter of 150 

mm and 500 mm in height. The remaining specimens were square in cross-section of 

133 x 133 mm and 500 mm in height were used. The steel reinforcement ratio for the 

circular and square specimens was 2.67 and 2.56 %, respectively. The concrete 

compressive strength used in the study was 28 MPa. The objectives of the study were 

achieved by varying the CFRP sheets strengthening mechanism between all the 

identical specimens. Two conventional strengthening mechanisms were used; the 

externally bonded and NSM technique. Additionally, two new methods were 

introduced namely externally bonded reinforcement on grooves (EBROG) and 

externally bonded reinforcement in grooves (EBRIG). Both new methods follow the 

same technique, except for the application procedure. The EBROG technique considers 

wrapping of the RC columns using grooves filled with epoxy only, wrapping the 

circumference of the column. On the other hand, EBRIG the procedure is the same as 

the EBROG, except that the confining takes place inside the groove itself and around 

the circumference of the RC column. The test results showed that the proposed new 

methods illustrated higher performance and gains in capacity in comparison to the 

conventional externally bonded method and NSM technique. Moreover, using NSM 

technique has better enhancement in load-carrying capacity over the conventional 

externally bonded method. Finally, enhancement in circular cross-sectional shaped 

columns is more efficient than square cross-sectional shape columns using any of the 

proposed strengthening methods. 

2.3 Investigations on the enhancement of eccentrically bidirectional 

loaded concrete columns using FRP composites 

 Youcef et al. [55] investigated the effect of CFRP confinement on slender RC 

columns subjected to biaxial bending. The test was carried out on sixteen slender RC 

columns confined with CFRP, only four columns with slenderness ratio of (l/h=22.8) 

results are illustrated in the study. The columns were 1600 mm in height with a square 

cross-section of 70 mm x 70 mm. Two 150 mm thick bumps were added to the 

specimens at both ends of the column with a cross-section of 200 mm x 200 mm to 
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avoid premature failure at the ends of the columns and to provide a biaxial moment 

effect by moving the applied load in two directions of eccentricity away from the center 

axis of the column. The concrete compressive strength of 29 MPa was used for the 

specimen preparation. Four bars of 4 mm diameter were used as longitudinal main 

reinforcement for the specimens with ties of 2 mm each spaced at 100 mm distance all 

over the height of the column. The objective of the test was achieved by varying the 

confinement ratio between the four identical specimens. Hence, one column was the 

control specimen without any CFRP wraps, and the remaining three columns were 

confined using one, two and three layers of CFRP confinement respectively. A 

monotonic load was applied at two directional eccentricity equal to 51.21 mm. The test 

results concluded that the increase in the number of the layers of confinement enhances 

the strength and ductility of slender columns, yet to a certain extent. Moreover, the 

results illustrated that there is a certain point of increase in the number of confinement 

layers after which the effect on strength gain is minimal. Conversely, the ductility 

increases dramatically with the increase of the number of confinement layers used.  

 Hsu et al. [56] considered the effect of CFRP confinement on slender RC square 

columns subjected to both axial load and biaxial bending. The test was carried out on 

five slender RC square columns confined with CFRP. The columns were 813 mm in 

height with a square cross-section of 76 mm x 76 mm. Two 203 mm thick concrete 

loading brackets were added to the specimens, each at one end of the column with a 

cross-section of 178 mm x 178 mm to avoid stress concentration at the ends of the 

columns and to provide a biaxial moment effect by moving the applied load in two 

directions of eccentricity away from the center axis of the column. The concrete 

compressive strength of 34.5 MPa was used for the specimen preparation. Four #3bars 

were used as longitudinal main reinforcement for the specimens with 12 gage steel wire 

each as ties spaced at 75 mm distance all over the height of the column. The objective 

of the test was achieved by varying the confinement ratio and the CFRP fabric 

orientation between the five identical specimens. Hence, one column was the control 

specimen without any CFRP wraps, and the remaining four columns were confined 

using one and/or two layers of CFRP confinement with different fabric orientation 

longitudinally of transversely. A monotonic load was applied at two directional 

eccentricity equal to 50.8 mm. The test results showed that confinement with one layer 

of transverse CFRP fabric increases the load by 22.5% in which is closely equal to one 



45 
 

layer of longitudinal CFRP confinement 23% and two layers of transversely 

confinement 26.3%. This result agreed with Rahai et al. [57] outcome mentioned below, 

where the increase in number of transverse layers of confinement induces low effect on 

the strength and ductility of wall-like columns. On the other hand, the combination of 

both directions, one layer of each transverse and longitudinal direction, enhanced the 

load-carrying capacity by 67.5%. The test results concluded that the key factor in 

improving the strength and ductility of slender columns is the orientation of CFRP 

confinement fibers rather than the increase in the number of layers of confinement. 

Moreover, the results illustrated that buckling effect of the slender RC columns is 

dramatically reduced by the use of CFRP confinement where the main failure 

mechanism took place in CFRP fabric was delaminating and rupture of the CFRP 

confinement. This goes in line with the findings of Youcef et al. [55] discussed above. 

In addition to their study, Hsu et al. [56] introduced an analytical model to predict the 

behavior of biaxially loaded RC CFRP confined slender square columns. The model 

accounted for the stress-strain relationship of the CFRP confinement, and showed a 

good agreement with the experimental results discussed above where this model can be 

used for practical engineering design of RC confined slender square columns.  

 Rahai et al. [57] studied the effect of CFRP composites confinement on 

rectangular RC columns subjected to both axial and biaxial bending. The experiment 

was carried out on eight large scale specimens 1500 mm in height with a rectangular 

cross-section of 150 mm x 450 mm. Two 400 mm deep brackets were added to the 

specimens each at one end of the column with a cross-section of 350 mm x 700 mm to 

prevent stress concentration and to avoid premature failure at the ends of the columns 

and to provide a biaxial moment effect by moving the applied load in two directions of 

eccentricity away from the center axis of the column. The concrete compressive 

strength of 35 MPa was used for the specimen preparation. Six bars of 12 mm diameter 

were used as longitudinal main reinforcement for the specimens with ties of 6 mm each 

spaced at 150 mm distance all over the height of the column. The objective of the test 

was achieved by varying the confinement ratio between the eight identical specimens, 

changing the CFRP fibers orientation and altering eccentricities in both directions of 

the specimen. A monotonic load was applied at two directional different eccentricities. 

This study furnished from the overall behavior of a wall-like RC confined columns that 

using CFRP confinement would enhance the strength and stiffness of the rectangular 
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columns subjected to biaxial bending with an increase in the ductility providing high 

levels of energy dissipation extensively controlled by the weaker axis of the specimen. 

In addition, the test results concluded that the increase in the number of longitudinal 

layers of confinement enhance the strength and ductility of wall-like columns rather 

than transverse layers.  

2.4 Significance of the study 

As per the previous discussion of the available literature, investigation on 

strengthening RC columns with NSM CFRP strips and fabric require more research and 

study. Therefore, as the project is performed and the results of the tests and 

investigations are obtained, the civil engineering industry will likely benefit from the 

outcomes of this investigation. One reason is that NSM CFRP technique is efficient and 

cost effective. This project will advance the knowledge in retrofitting and strengthening 

of concrete structures using NSM technique. It has a major application in fixing and 

repairing materials and the desirable characteristics of CFRP will make it advantageous 

as it doesn’t have many specifications which gives it this advantage.  

The project can be considered unique and innovative. It will fill a gap as only 

few investigations around the world focused on such problem. In addition, it will 

provide the industry with more knowledge about this topic and will reduce the 

conservative rules on available design provisions. Moreover, the outcomes of this 

project will improve the existing structures’ life span, which implies more durable and 

sustainable structures. On sustainability basis, the new emerging technique of NSM 

CFRP reinforcement will help produce smaller cross-sections with higher capacity that 

saves material and the natural resources. Also, it provides more durable structures than 

conventional ways which`h maximizes the useful life of any facility and saves more 

resources. Finally, it’s considered as environmentally friendly, as the amount of cement 

used is relatively reduced which implies less pollution [2]. In conclusion, these tests 

will provide better understanding of composite materials and their behavior. 
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Chapter 3: Experimental Program 

3.1 Test specimens 

 Tests were performed on twenty seven specimens of RC columns with the same 

dimensions, but with different number of NSM CFRP strip reinforcement, CFRP 

confinement layers and loading eccentricities. Additional difference was between the 

uniaxially loaded group and the biaxially loaded group in the column orientation with 

respect to corbel. The first group column orientation was at the center of corbels edge, 

and the latter was oriented by the corner of the corbel. All columns were designed as 

tied short columns having a height of 1000 mm, a cross-section of 200 x 200 mm, a 

longitudinal reinforcement of 4Ø12 providing a reinforcement ratio ρ of 1.13% and 

closed ties of Ø6 @ 200mm c/c with two extra closed ties, of the same size at both ends 

of the column to prevent premature failure between the column and the corbel. As 

mentioned earlier, the specimens were at the height of 1000 mm in order to investigate 

the effect of NSM CFRP strips reinforcement on short columns. A 300 mm in depth 

corbel was attached to both ends of the specimen in order to provide adequate 

eccentricity. It was designed to sustain the loads and transfer them to the column 

without failing. A note to mention, the Axial Group specimens followed the same 

dimensions and detailing as the Uniaxial Group specimens. The dimensions of the 

specimens and the detailing of steel reinforcement are provided in Figure 4. The test 

matrix is provided in Table 15 and illustrated graphically in Table 16, whereas for each 

parameter change, there is a control specimen in order to capture the changes and the 

effects. 

 

 

 
 



48 
 

3
0

0
1

0
0

0
3

0
0

1
6

0
0

350 350

3
0

0
3

0
0

1
0

0
0

1
6

0
0

5 Ø12 Confinement

spaced @ 51.5 c/c

5 Ø16 spaced

@ 65 c/c

6
 Ø

6
 s

p
ac

ed
 t

ie
s 

&
 2

0
0

 m
m

 c
/c

Additional Ø6

Tie @ both

edges of the

column

5 Ø12 Confinement

spaced @ 51.5 c/c

5 Ø16 spaced

@ 65 c/c

6
 Ø

6
 s

p
ac

ed
 t

ie
s 

&
 2

0
0

 m
m

 c
/c

Additional Ø6

Tie @ both

edges of the

column

Notes:

All dimensions are in

mm, unless otherwise

noted.
(a) (b)

 

Figure 4: Specimen dimensions and reinforcing steel detailing a) axial and uniaxial 

specimens b) biaxial specimens 

3.1.1 Axial group. This group presents the concentric group of the test matrix 

provided in Table 15 later in this chapter and contains three specimens of the same 

dimensions, reinforcement ratios and NSM CFRP strips, yet with variable confinement 

ratios of CFRP wraps in order to capture the effect of the confinement on the axial 

capacity of the RC columns. The first specimen is a control specimen, without NSM 

CFRP strips and CFRP wraps, which is designated as “A_0S_0W”. The other two 

specimens had the same amount of NSM CFRP strips reinforcement and varied in the 

confinement layers. The details of the specimens in this group are illustrated in Figures 

5-7. 
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Figure 5: Specimen A_0S_0W; (a) top view, (b) front view, (c) back view and (d) 

side view 
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Figure 6: Specimen A_4S_2W; (a) top view, (b) front view, (c) back view and (d) 

side view 
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Figure 7: Specimen A_4S_4W; (a) top view, (b) front view, (c) back view and (d) 

side view 

3.1.2 Uniaxial group. This group contains twelve columns of four altered 

strengthening ratios of CFRP NSM composites techniques and three different 

eccentricity ratios. This group was divided into three subgroups based on the 

eccentricity ratio in order to capture the effect of the eccentric loading in one direction 

on the capacity of the columns. Each subgroup encloses four specimens of one control 

specimen and three variable CFRP NSM composites proportions. The control specimen 

of each subgroup was a virgin specimen without any NSM CFRP strips or CFRP wraps. 

The designation of each specimen in this group follows the format of “U-eccentricity 

ratio in X direction_# of NSM CFRP strips_# of CFRP wraps”, hence, the control 

specimen of the first subgroup was designated as “U-0.25x_0S_0W”. The details of the 

specimens in this group are illustrated in Figures 8-20. 
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Figure 8: Uniaxial specimen dimensions and reinforcing steel detailing a) corbel top 

view b) specimen back view 
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Figure 9: Specimen U-0.25x_0S_0W; (a) top view, (b) front view, (c) back view and 

(d) side view 
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Figure 10: Specimen U-0.25x_4S_2W; (a) top view, (b) front view, (c) back view and 

(d) side view 
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Figure 11: Specimen U-0.25x_4S_4W; (a) top view, (b) front view, (c) back view and 

(d) side view 
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Figure 12: Specimen U-0.25x_8S_2W; (a) top view, (b) front view, (c) back view and 

(d) side view 
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Figure 13: Specimen U-0. 50x_0S_0W; (a) top view, (b) front view, (c) back view 

and (d) side view 
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Figure 14: Specimen U-0. 50x_4S_2W; (a) top view, (b) front view, (c) back view 

and (d) side view 
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Figure 15: Specimen U-0. 50x_4S_4W; (a) top view, (b) front view, (c) back view 

and (d) side view 
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Figure 16: Specimen U-0. 50x_8S_2W; (a) top view, (b) front view, (c) back view 

and (d) side view 
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Figure 17: Specimen U-0.75x_0S_0W; (a) top view, (b) front view, (c) back view and 

(d) side view 
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Figure 18: Specimen U-0.75x_4S_2W; (a) top view, (b) front view, (c) back view and 

(d) side view 
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Figure 19: Specimen U-0.75x_4S_4W; (a) top view, (b) front view, (c) back view and 

(d) side view 
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Figure 20: Specimen U-0.75x_8S_2W; (a) top view, (b) front view, (c) back view and 

(d) side view 

3.1.3 Biaxial group. This group contains twelve columns of three altered 

strengthening ratios of CFRP NSM composites techniques and four different 

eccentricity ratios. This group was divided into four subgroups based on the eccentricity 

ratios, in both X and Y directions, in order to capture the effect of the eccentric loading 

in two directions on the capacity of the columns. Each subgroup encloses three 

specimens of one control specimen and two variable CFRP NSM composites 

proportions. The control specimen of each subgroup was a virgin specimen without any 

NSM CFRP strips or CFRP wraps. The designation of each specimen in this group 

follows the format of “B-eccentricity ratio in X direction -eccentricity ratio in Y 

direction _# of NSM CFRP strips_# of CFRP wraps”, hence, the control specimen of 

the first subgroup was designated as “B-0.25x-0.25y_0S_0W”. The details of the 

specimens in this group are illustrated in Figures 21-33. 
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Figure 21: Biaxial specimen dimensions and reinforcing steel detailing a) corbel top 

view b) specimen back view 
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Figure 22: Specimen B-0.25x-0.25y_0S_0W; (a) top view, (b) front view and (c) back 

view 
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Figure 23: Specimen B-0.25x-0.25y_8S_2W; (a) top view, (b) front view and (c) back 

view 
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Figure 24: Specimen B-0.25x-0.25y_8S_4W; (a) top view, (b) front view and (c) back 

view 
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Figure 25: Specimen B-0.25x-0.5y_0S_0W; (a) top view, (b) front view and (c) back 

view 
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Figure 26: Specimen B-0.25x-0.5y_8S_2W; (a) top view, (b) front view and (c) back 

view 
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Figure 27: Specimen B-0.25x-0.5y_8S_4W; (a) top view, (b) front view and (c) back 

view 
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Figure 28: Specimen B-0.5x-0.5y_0S_0W; (a) top view, (b) front view and (c) back 

view 
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Figure 29: Specimen B-0.5x-0.5y_8S_2W; (a) top view, (b) front view and (c) back 

view 



74 
 

4 Ø12

Ø6 @ 200 mm c/c

8 NSM CFRP Strip 15mm x 2.5mm

4 Layers CFRP Wrap

60(TYP.)150

2
0

0
1

5
0

4 Ø12

Ø6 @ 200 mm c/c

350

3
0

0
1

0
0

0
3

0
0

150

4 Layers CFRP Wrap

NSM CFRP Strip

4 Ø12

Ø6 @ 200 mm c/c

350

3
0

0
1

0
0

0
3

0
0

150

4 Layers CFRP Wrap

NSM CFRP Strip
6

0
(T

Y
P

.)

10
(TYP.)

B-0.5x-0.5y_8S_4W

Notes:

All dimensions are in

mm, unless otherwise

noted.

(a)

(b) (c)
 

Figure 30: Specimen B-0.5x-0.5y_8S_4W; (a) top view, (b) front view and (c) back 

view 
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Figure 31: Specimen B-0.5x-0.75y_0S_0W; (a) top view, (b) front view and (c) back 

view 
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Figure 32: Specimen B-0.5x-0.75y_8S_2W; (a) top view, (b) front view and (c) back 

view 
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Figure 33: Specimen B-0.5x-0.75y_8S_4W; (a) top view, (b) front view and (c) back 

view 

3.2 Materials 

3.2.1 Concrete. A ready mixed concrete of grade C25/20 was supplied from 

a local plant, Jamix Ready Mix Concrete, with mix proportions and specific gravity 

properties as shown in Table 1. The water cement ratio used was 0.4 using an Ordinary 

Portland Cement Type-1. The temperature of the fresh concrete was 32o C. Moreover, 

a slump test took place prior to casting in order to determine the fresh properties of 

concrete including workability. The slump test results in a true slump shape with a value 

of 110 mm which implies a suitable workability for placement with vibration. All 

twenty seven specimens were casted from the same mix batch. Also, nine cylinders, 

100 mm x 200 mm, and nine cubes, 100 mm x 100 mm x 100 mm, were casted from 

the same mix design to determine the properties of the concrete mix in the lab at 28 
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days and at the day of testing as shown in Figure 34. Three cylinders and cubes were 

submerged in a water tank for curing as shown in Figure 35. The rest of the cylinders 

and cubes were under the same conditions of curing the specimens. All specimens were 

cured with water spray for one week three times a day and were covered by plastic 

sheeting and wet covering to eliminate water evaporation and to ensure the adequacy 

of curing. At the age of 28 days, the submerged cylinders and cubes were crushed 

resulting in a concrete compressive strength of 22 MPa and 27 MPa, respectively as 

shown in Table 2. Figures 36 and 37, illustrate the test set up to determine the concrete 

compressive strength and the failure mode of crushed cylinders and cubes, respectively.  

Table 1: Concrete mix proportions and properties 

Material Specific Gravity 
Mix Proportion 

[%] 

Cement 3.14 11.16 

Water 1 4.46 

Aggregates 3/4" 2.75 19.96 

Aggregates 3/8" 2.75 16.33 

Aggregates 3/16" 2.75 27.36 

Dune Sand 2.64 20.64 

Admixture 1.15 0.09 

Total - 100 

 

 

Figure 34: Prismatic cylinders and cubes 

 

Figure 35: Curing tank 
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Figure 36: Test set-up to determine 

concrete compressive strength 

 

Figure 37: Crushed cylinders and cubes 

Table 2: Concrete compressive strength at 28 days 

Cylinder 

Specimen No. 

ƒ'c 

[MPa] 

Cube Specimen 

No. 

ƒ'c 

[MPa] 

Specimen #1 22.43 Specimen #1 28.71 

Specimen #2 22.15 Specimen #2 27.27 

Specimen #3 22.41 Specimen #3 25.48 

Average 22.00 Average 27.15 

 

3.2.2 Reinforcing steel. Steel reinforcement, Qatar Steel, of grade (B500B) 

was used for the specimens’ preparation. The properties of the steel bars are illustrated 

in Table 3 below. The main longitudinal reinforcement was of Ø12 mm and the ties 

were of Ø6 mm. A steel tensile test was performed on three steel specimens of total 

length of 300 mm and a gauge length of 100 mm using Instron® universal testing 

machine with a tensile loading rate of 10 mm/min as shown in Figure 38. The yielding 

strength and the modulus of elasticity of each specimen are summarized in Table 4 with 

Figure 39 showing a tested specimen and the stress strain behavior of each specimen is 

illustrated in Figure 40.  
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Table 3: Steel rebar properties 

Mechanical & Physical Properties GrB500B 

Yield Strength [MPa] 500.0 

Tensile Strength [MPa] 540.0 

Elongation [%] 14 

 

 

Figure 38: Instron® universal testing 

machine 

 

Figure 39: Tested steel specimen 

Table 4: Steel rebar tensile test results 

Specimen No. 
ƒy

 a 

[MPa] 

Es
 b 

[GPa] 

Specimen#1 588.51 199.95 

Specimen#2 587.42 199.81 

Specimen#3 595.07 200.44 

Average 590.33 200.07 

a Steel yield Stress 
b Steel modulus of Elasticity 
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Figure 40: Stress-strain relationship for steel rebars 

3.2.3 CFRP wrap. CFRP wraps were used in strengthening the RC columns 

by providing confinement to the entire length of the specimen. The CFRP wraps, 

SikaWrap®-300C, were provided by a local supplier, Sika (UAE) LLC. The CFRP 

wraps come as a loose fabric material with a width of 500 mm, as shown in Figure 41, 

in which they need an adhesive material to be applied on the surface of the RC columns 

to provide the adequate confinement to the specimen. Hence, an adhesive material, 

recommended by the manufacturer, Sikadur®-330, was used in combination with the 

CFRP wraps to provide the required confinement to the specimens. The adhesive 

material comes in a set of two containers of A and B materials of total 5 Kg with a mix 

proportion 1:4 as shown in Figure 42.The mechanical properties of the SikaWrap®-

300C and Sikadur®-330 provided by the manufacturer technical data sheet are 

summarized in Table 5. [58, 59] Five coupons of CFRP wrap with the epoxy having a 

total length of 235 mm and a width of 40 mm were prepared and tested with a 

displacement control test using loading rate of 2 mm/min. The results of the coupon 

tensile test and the mechanical properties of the specimens are summarized in Table 6 

and the specimens’ stress-strain relationship is illustrated in Figure 43. It is worth to 

note that the results vary from the manufacturers’ reports due to the use of combinations 

between the SikaWrap®-300C and Sikadur®-330. 
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Figure 41: CFRP wrap 

 

Figure 42: Sikadur®-330 

Table 5: Mechanical properties of CFRP wrap and adhesive 

Material 
tƒ

 a 

[mm] 

Eƒ
 b 

[GPa] 

ƒƒu
 c 

[MPa] 

εƒr
 d 

[%] 

SikaWrap®300C 0.17 230 3900 1.5 

Sikadur®-330 - 4.5 30 0.9 

a CFRP wrap thickness   c CFRP wrap ultimate tensile stress 
b CFRP wrap modulus of elasticity  d CFRP wrap strain at rupture 

 

Table 6: Results of CFRP wrap coupon tensile test 

CFRP Coupon 

Specimen No. 

ƒƒu 

[Mpa] 

εƒr
 

[%] 

Specimen #1 762.17 1.13 

Specimen #2 744.77 1.07 

Specimen #3 833.68 1.19 

Specimen #4 672.63 1.07 

Specimen #5 686.13 1.12 

Average 739.87 1.12 
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Figure 43: Stress-strain relationship for CFRP wrap 

3.2.4 CFRP strips. CFRP strips were used in strengthening the RC columns 

by providing secondary enhancement to the bending capacity of the entire length of the 

specimen. The CFRP strips, Sika®CarboDur®-S1.525, were provided by a local 

supplier, Sika (UAE) LLC. The CFRP strips come as a plate material with a width of 

15 mm and thickness of 2.5 mm, as shown in Figure 44, in which they need an adhesive 

material to be filled in the groove where the strip will be placed at the RC columns to 

provide the adequate bond with the specimen. Hence, an adhesive material, 

recommended by the manufacturer, total 6 Kg with a mix proportion 1:3 as shown in 

Figure 45. The mechanical properties of the Sika®CarboDur®-S1.525and Sikadur®-30 

LP provided by the manufacturer technical data sheet are summarized in Table 7. [60, 

61]. 
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Figure 44: CFRP strip 

 

Figure 45: Sikadur®-30 LP 

Table 7: Mechanical properties of CFRP strip and adhesive 

Material 
tƒs

 a 

[mm] 

Eƒs
 b 

[GPa] 

ƒƒus
 c 

[MPa] 

εƒrs
 d 

[%] 

CarboDur® 

S1.525 

1.5 165 3100 >1.7 

Sikadur®-30 LP - 10 >25 - 
a CFRP strip thickness 
b CFRP strip modulus of elasticity 
c CFRP strip ultimate tensile stress 
d CFRP strip strain at rupture 
 

3.3 Fabrication and preparation 

 All specimens were prepared at the American University of Sharjah 

Manufacturing and Construction Materials Labs. Thirty wooden forms of two different 

shapes were cut and prepared as shown in Figure 46. Then they were transferred to a 

construction site, next to the university, in order to pour the concrete. The steel re-bars, 

Figure 47, were cut, bent and prepared for each specimen, at the site, as shown in Figure 

48.  
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Figure 46: Cutting wood for formwork 

preparation 

 

Figure 47: Steel rebars 

 

Figure 48: Reinforcement steel cage placement 

After that, the steel cages were placed in the forms, while strain gauges were 

installed at the mid-height of the longitudinal steel re-bars. The strain gauges were 

installed at the steel re-bars of the tension side for the Uniaxial Group and on all re-bars 

for the Biaxial Group as shown in Figure 49. The strain gauges were supplied from a 

local supplier, KYOWA® with properties summarized in Table 8.  
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Figure 49: Strain gauge installation 

Table 8: Strain gauge properties 

Type 

Gage 

Length 

 

[mm] 

Gage 

Resistance 

 

[Ω] 

Gage 

factor 

 

[%] 

Adoptable 

Thermal 

Expansion 

[PPM/°C] 

Transverse 

Resistivity 

 

[%] 

Applicable 

Gage 

Cement 

KFG-5-

120-C1-

11L3M2R 

5 120 
2.06 ± 

1.0 
11.7 0.4 CC-33A 

 

After all, the molds were cleaned and a de-molding agent was applied and 

concrete was poured as shown in Figure 50. As mentioned earlier in this chapter, wet 

curing took place for a week, three times a day, for all specimens. Later, the specimens 

were transferred back to university and were de-molded as shown in Figure 51.  

 

Figure 50: Concrete poured specimens 
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Figure 51: De-molding of specimens 

As the NSM technique implies a groove in each side of the column as illustrated 

by Figure 52, this was the next step of preparation. Grooves were made-up using HILTI 

DC-SE20 grooving machine with a width of 10 mm and depth of 25 mm as shown in 

Figure 53. Grooves were all the way through on the long sides of the columns with the 

corbels and 150 mm penetration on each end of the short side of the columns with the 

corbels as illustrated in Figures 54. According to ACI 440.2R-08 [3] guidelines, in 

section 13.3, the minimum dimensions of grooves for CFRP strips is as follow: 

𝑀𝑖𝑛 𝑤𝑖𝑑𝑡ℎ ≥ 3 𝑥 𝑎𝑏       (1) 

𝑀𝑖𝑛 𝑑𝑒𝑝𝑡ℎ ≥ 1.5 𝑥 𝑏𝑏       (2) 

where,  

ab = Thickness of the CFRP strip (mm) 

bb = Depth of the CFRP strip (mm) 

Hence, 10 mm provided width > 3 x 2.5 mm = 7.5 mm    

25 mm provided depth > 1.5 x 15 mm = 22.5 mm    

Also, ACI 440.2R-08 [3] recommended a minimum clear groove spacing greater than 

twice the provided groove depth. Hence, 60 mm provided clear groove spacing > 2 x 

25 mm = 50 mm. 



88 
 

In addition, ACI 440.2R-08 [3] provides guidelines for minimum development length 

required for CFRP bars in tension side by Equation (13-4) in Section 13.3 as follows: 

𝑙𝑑𝑏 =  
𝑎𝑏𝑏𝑏

2 (𝑎𝑏+𝑏𝑏)𝜏𝑏
ƒƒ𝑑        (3) 

where, 

ldb = Minimum development length required (mm) 

𝜏𝑏 = Average bond strength between the CFRP strip and the epoxy = 6.9 MPa 

ƒƒ𝑑 = Design stress of CFRP reinforcement (MPa) 

Hence, provided ldb = 300 mm ~ required ldb = 317.8 mm    

Although, the provided development length is less than the required development 

length, this remains acceptable due to corbel depth limitation which is 300 mm. 

 

Figure 52: CFRP strips grooves in both short and long faces of the specimen 
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Figure 53: Grooving machine 

 

 

Figure 54: Extending grooves 150 mm 

inside the corbels for anchorage 

After that, strips were installed in the grooves with a strain gauge attached at the 

mid-height of each strip, as shown in Figure 55. Then, the Sikadur®-30 LP adhesive 

was prepared and filled in the groove as shown in Figures 56 and 57. In the end, 

SikaWrap®-300C and in combination with Sikadur®-330 were applied on the columns 

surface to provide the required confinement to the columns as shown in Figure 58.  

 

Figure 55: Strain gauge on 

CFRP strip 

 

Figure 56: Epoxy adhesive groove filling 
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Figure 57: Epoxy adhesive groove filled 

specimens 

 

Figure 58: CFRP confined specimens 

As mentioned earlier, SikaWrap®-300C comes in a width of 500 mm which 

implies a specific recommended overlap length to provide adequate confinement to the 

full height of the specimens of 1000 mm. Each layer of the CFRP wrap followed the 

pattern illustrated in Figure 59 in order to provide the required confinement ratio and 

to satisfy the recommended overlap length specified by the manufacturer. Following 

Figure 59, the CFRP confinement configuration for each layer was using a 500 mm 

width layer at mid height with a length of 900 mm, layer (a), then two 300 mm width 

layers; one at each end of the specimen allowing for 50 mm overlap with the layer (a), 

layer (b), repeating the same until meeting the required number of layers, then finally 

applying four layers of 100 mm width, layer (c), two at each end of the specimen to 

prevent premature failure. After all, specimens were kept for two weeks at room 

temperature for curing of the epoxy adhesive. According to ACI 440.2R-08 [3] 

guidelines, a minimum development length required for CFRP wraps is covered by 

Equation (13-2) in Section 13.1 as follows: 

𝑙𝑑ƒ =  √
𝑛 𝐸ƒ𝑡ƒ

√ƒ𝑐
′

        (4) 
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where, 

𝑙𝑑ƒ = Development length required for the CFRP wrap (mm) 

n = Number of CFRP wrap layers 

𝐸ƒ = Modulus of elasticity for the CFRP wrap (MPa) 

𝑡ƒ = Thickness of the CFRP wrap (mm) 

ƒ𝑐
′  = Concrete compressive strength (MPa) 

Hence, provided overlap length = 100 mm > required ldƒ = 91.3 mm  

 

Figure 59: CFRP confinement configuration 

3.4 Test set-up and loading 

 All specimens were tested using Instron® Universal Testing Machine (UTM) 

with a loading rate of 2 mm/min, as shown in Figure 60. The load was applied on the 

specimens in a form of point loading using a fabricated pin support of a diameter 50 

mm at both ends of the corbels, as shown in Figure 61 and 62. Each corbel was capped 
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with a 40 mm thick steel plate in order to avoid stress concentration and premature 

failure at the loading point. An adjustable protective steel frame was fabricated to hold 

the tested column away from the hydraulics of the UTM machine after failure and to 

insure safety as shown in Figure 63. All data of loadings, axial and lateral deflections 

and strains readings were continuously and automatically recorded throughout the 

entire test. 

 

Figure 60: Instron® UTM 

 

Figure 61: Top loading pin 

 

Figure 62: Bottom support pin 

 

Figure 63: Protective steel frame 
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During the considerations of test set-up, instrumentation and analysis of the 

results, the following assumptions have been made. 

 Surfaces of RC columns are considered smooth and the column cross-section 

is considered constant all over the height of specimen.  

 Corners and edges of specimen are considered perfectly smooth with 1.06 mm 

radius all over the height of specimen.  

 Longitudinal CFRP strips do not contribute to the axial capacity of the RC 

column. 

 Uniform CFRP strips enhancement and wraps confinement are all over the 

height of specimens. 

 CFRP wrap fibers are oriented in hoop direction at 0o with respect to the 

lateral direction of the specimen and are considered the same all over the 

height of specimen.  

 Load is distributed uniformly over the cross-section along the full height of 

specimen. 

 Strains and stresses are equal along the cross-section of the specimen at any 

certain height. 

 Corbel load/effect is neglected. 

 Specimen longitudinal orientation during testing remains stable during the 

whole testing and loading period. 

 Plane sections remain plane. 

 No tri-axial stresses/strains are considered in overall behavior of specimens.  

 No effects of temperature, humidity, magnetic and electric on the strain 

gauges during specimen preparation and/or testing is considered.  

 No effect of aggregate orientation is considered in this study, i.e. casting 

specimens in horizontal direction or vertical direction has no effect.  

 Maximum moment and lateral deflection to occur at the mid-height of the 

specimen as shown in Figure 64. 

o Where, Pn = Applied load (N) 

o e = Applied eccentricity (mm) 

o Mn = Applied moment = Pn x e (Nmm) 

o Mmax = Maximum moment at specimen’s mid-height (Nmm) 
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Pn
e

Mn
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Figure 64: Specimen deformed shape and moment distribution, (a) undeformed shape, 

(b) deformed shape and (c) moment distribution 

 For each group, a certain test setup and instrumentation took place with slight 

modifications in order to capture the corresponding behavior of each group. Based on 

Figure 64, the instrumentation of the specimens took place at the mid-height of the 

specimen in order to capture the overall maximum behavior of the specimens. For the 

Axial Group, all specimens were loaded concentrically as shown in Figure 65. Two 

strain gauges were installed at the mid-height of the specimen; one on the longitudinal 

direction and the other on the lateral direction, at the point of stress concentration to 

capture the behavior of the concrete/CFRP wrap at that point as shown in Figure 66. 
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Figure 65: Axially loaded group test set-

up 

 

Figure 66: Strain gauges at mid-height 

of the specimen 

 Schematic drawings for the instrumentation and strain gauges arrangement that 

took place in the Axial Group, control specimen and strengthened specimens, are 

illustrated by Figures 67 and 68, respectively. In addition to that, the use of each strain 

gauge is summarized in Tables 9 and 10 for the control specimen and strengthened 

specimens, respectively. 

Table 9: Axial group control specimen strain gauges parameters 

Strain Gauge No. Measured Parameter 

SG #1 
To capture the longitudinal strains and deformations, 

the concrete undergoes during testing 

SG #2 
To capture the lateral (hoop) strains and deformations, 

the concrete undergoes during testing 
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A A
SG #2SG #1

SECTION A-A

Specimen Mid-Height

 

Figure 67: Axial group control specimen instrumentation and strain gauges 

arrangement 
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A A
SG #2SG #1

SECTION A-A

Specimen Mid-Height

 

Figure 68: Axial group strengthened specimen instrumentation and strain gauges 

arrangement 

Table 10: Axial group strengthened specimen strain gauges parameters 

Strain Gauge No. Measured Parameter 

SG #1 
To capture the longitudinal strains and deformations, 

the CFRP wrap undergoes during testing 

SG #2 
To capture the lateral (hoop) strains and deformations, 

the CFRP wrap undergoes during testing 

 

 For the Uniaxial Group, all specimens were loaded eccentrically with different 

eccentricity ratios as shown in Figure 69. Two strain gauges were installed at the mid-

height of the specimen; one on the longitudinal direction and the other on the lateral 
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direction, at the point of stress concentration to capture the behavior of the concrete 

and/or CFRP wrap at that point. As mentioned earlier, various strain gauges were 

installed on the steel re-bars and the CFRP strips to recognize the behavior of the 

composite at various loading conditions as shown in Figure 70. Moreover, a Linear 

Variable Differential Transformer (LVDT) was installed at the direction of lateral 

bending in order to measure the lateral deflection in the X-direction as shown in Figure 

70. 

 

Figure 69: Uniaxial group test set-up 

 

Figure 70: Strain gauges and LVDT set-

up 

Schematic drawings for the instrumentation and strain gauges arrangement that 

took place in the Uniaxial Group, control specimen and strengthened specimens, are 

illustrated by Figures 71, 72 and 73, respectively. In addition to that, the use of each 

strain gauge and LVDT is summarized in Tables 11 and 12 for the control specimen 

and strengthened specimens, respectively. 
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Figure 71: Uniaxial group control specimen instrumentation and strain gauges 

arrangement 

Table 11: Uniaxial group control specimen strain gauges parameters 

Strain Gauge No. Measured Parameter 

SG #1 
To capture the longitudinal strains and deformations, the concrete 

undergoes during testing 

SG #2 
To capture the lateral (hoop) strains and deformations, the concrete 

undergoes during testing 

SG #3 
To measure the longitudinal strains and deformations, the steel 

rebars undergo during testing. 

SG #4 
Same as SG #3 as a redundancy plan, and to ensure that strains are 

equally distributed along the same bending plane. 

LVDT - 1 
To capture the maximum lateral deflection, the specimen undergoes 

during testing. 
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Figure 72: Uniaxial group strengthened specimen by 4 CFRP strips instrumentation 

and strain gauges arrangement 

Table 12: Uniaxial group strengthened specimens’ strain gauges parameters 

Strain Gauge No. Measured Parameter 

SG #1 
To capture the longitudinal strains and deformations, the CFRP 

wrap undergoes during testing 

SG #2 
To capture the lateral (hoop) strains and deformations, the CFRP 

wrap undergoes during testing 

SG #3 and SG #4 
To measure the longitudinal strains and deformations, the steel 

rebars undergo during testing. 

SG #5, SG #6 

and SG #7 

To measure the longitudinal tension/compression strains, the 

CFRP strip exhibits during testing, depending on the applied 

eccentricity and the depth of the neutral axis. 

LVDT - 1 
To capture the maximum lateral deflection, the specimen undergoes 

during testing. 
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Figure 73: Uniaxial group strengthened specimen by 8 CFRP strips instrumentation 

and strain gauges arrangement 

 For the Biaxial Group, all specimens were loaded eccentrically with different 

eccentricity ratios in both X and Y directions as shown in Figure 74. Two strain gauges 

were installed at the mid-height of the specimen; one on the longitudinal direction and 

the other on the lateral direction, at the point of stress concentration to capture the 

behavior of the concrete and/or CFRP wrap at that point. As mentioned earlier, various 

strain gauges were installed on the steel re-bars and the CFRP strips to recognize the 

behavior of the composite at various loading conditions as shown in Figures 75 and 76. 

Moreover, two LVDT’s were installed at the mid-height of the specimen in each lateral 

direction in order to measure the lateral deflection in both the X-direction and the Y-

direction as shown in Figures 75 and 76.  
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Figure 74: Biaxial group test set-up 

 

Figure 75: Strain gauges and LVDT in 

X direction 

 

Figure 76: Strain gauges and LVDT in 

Y direction 

Schematic drawings for the instrumentation and strain gauges arrangement that 

took place in the Biaxial Group, control specimen and strengthened specimen, are 

illustrated by Figures 77 and 78, respectively. In addition to that, the use of each strain 

gauge and LVDT is summarized in Tables 13 and 14 for the control specimen and 

strengthened specimen, respectively. 
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Figure 77: Biaxial group control specimen instrumentation and strain gauges 

arrangement 

Table 13: Biaxial group control specimen strain gauges parameters 

Strain Gauge No. Measured Parameter 

SG #1 
To capture the longitudinal strains and deformations, the concrete 

undergoes during testing 

SG #2 
To capture the lateral (hoop) strains and deformations, the concrete 

undergoes during testing 

SG #3, SG #4, 

SG #5 and SG #6 

To measure the longitudinal strains the steel rebars undergo 

during testing, whether tension or compression depending on 

the applied eccentricity and the depth of the neutral axis. 

LVDT - 1 
To capture the maximum lateral deflection in X-direction, the 

specimen undergoes during testing. 

LVDT - 2 
To capture the maximum lateral deflection in Y-direction, the 

specimen undergoes during testing. 
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Figure 78: Biaxial group strengthened specimen instrumentation and strain gauges 

arrangement 

Table 14: Biaxial group strengthened specimen strain gauges parameters 

Strain Gauge No. Measured Parameter 

SG #1 and SG #2 
To capture the longitudinal and lateral (hoop) strains and 

deformations, the CFRP wrap undergoes during testing, respectively 

SG #3, SG #4, 

SG #5 and SG #6 

To measure the longitudinal strains and deformations, the steel 

rebars undergo during testing, whether tension or compression 

subject to the applied eccentricity and the depth of the neutral axis. 

SG #7, SG #8, 

SG #9 and SG 

#10 

To measure the longitudinal strains and deformations, the CFRP 

strips undergo during testing, whether tension or compression 

subject to the applied eccentricity and the depth of the neutral axis. 

LVDT – 1 & 

LVDT – 2 

To capture the maximum lateral deflection in X and Y direction, the 

specimen undergoes during testing, respectively. 
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3.5 Test matrix 

Table 15 summarizes the test matrix of the specimens used in this research. 

Table 16 illustrates the test matrix graphically. The notations used in the test matrix for 

specimens names and designations follows the format of “group – eccentricity ratio in 

X direction (if applicable) – eccentricity ratio in Y direction (if applicable) _ number of 

NSM CFRP strips _ number of CFRP wrap layers”. For instance, the group notations 

are; “A” for Axial Group specimens, “U” for Uniaxial Group specimens and “B” for 

Biaxial Group Specimens. Considering specimen B-0.25x-0.5y_8S_4W; “B” stands for 

Biaxial Group, “0.25x” stands for 0.25 eccentricity ratio in X direction, “0.25y” denotes 

the eccentricity ratio of the applied load was 0.25 in Y direction, “8S” implies eight 

CFRP strips were used in specimen preparation and “4W” indicates that the specimen 

was confined using four layers of CFPR wrap.  

3.6 Accuracy of the test results 

The accuracy of the test results obtained in this study depends on the accuracy 

of the specimen preparation, test set-up and the accuracy of the machines and 

instruments used. Table 17 summarizes the accuracy ranges involved in this study. 

Table 15: Accuracy of the test results 

Factor Error range a 

UTM machine ± 1% 

Strain gauges ± 1% 

LVDT ± 1% 

Human error in specimen preparation 

and test set-up 

± 2% 

a as per manufacturers’ information 
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Table 16: Test matrix 

Group 
Eccentricity 

Ratio 
Specimen Name 

Number of 

CFRP 

Strips 

Number of 

CFRP Wrap 

Layers 

Axial 
ex/bx=0, 

ey/by=0 

A_0S_0W 0 0 

A_4S_2W 4 2 

A_4S_4W 4 4 

Uniaxial 

ex/bx=0.25, 

ey/by=0 

U-0.25x_0S_0W 0 0 

U-0.25x_4S_2W 4 2 

U-0.25x_4S_4W 4 4 

U-0.25x_8S_2W 8 2 

ex/bx=0.5, 

ey/by=0 

U-0.5x_0S_0W 0 0 

U-0.5x_4S_2W 4 2 

U-0.5x_4S_4W 4 4 

U-0.5x_8S_2W 8 2 

ex/bx=0.75, 

ey/by=0 

U-0.75x_0S_0W 0 0 

U-0.75x_4S_2W 4 2 

U-0.75x_4S_4W 4 4 

U-0.75x_8S_2W 8 2 

Biaxial 

ex/bx=0.25, 

ey/by=0.25 

B-0.25x-0.25y_0S_0W 0 0 

B-0.25x-0.25y_8S_2W 8 2 

B-0.25x-0.25y_8S_4W 8 4 

ex/bx=0.25, 

ey/by=0.5 

B-0.25x-0.5y_0S_0W 0 0 

B-0.25x-0.5y_8S_2W 8 2 

B-0.25x-0.5y_8S_4W 8 4 

ex/bx=0.5, 

ey/by=0.5 

B-0.5x-0.5y_0S_0W 0 0 

B-0.5x-0.5y_8S_2W 8 2 

B-0.5x-0.5y_8S_4W 8 4 

ex/bx=0.5, 

ey/by=0.75 

B-0.5x-0.75y_0S_0W 0 0 

B-0.5x-0.75y_8S_2W 8 2 

B-0.5x-0.75y_8S_4W 8 4 

ex Applied eccentricity in X direction (mm) 

ey Applied eccentricity in Y direction (mm) 

bx Width of the specimen cross-section in X direction (mm) 

by Width of the specimen cross-section in Y direction (mm) 
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Table 17: Graphical illustration of the test matrix 

Axial Group 

 

ex/bx=0, ey/by=0 

Y

X
Pn

 

1
0

0
0
 m

m

 

A_0S_0W 

 

A_4S_2W 

 

A_4S_4W 

 

+Pn Applied load position on the specimen 
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Cont. Table 16: Graphical illustration of the test matrix 

Uniaxial Group 
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Cont. Table 16: Graphical illustration of the test matrix 
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Cont. Table 16: Graphical illustration of the test matrix 
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Cont. Table 16: Graphical illustration of the test matrix 
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Cont. Table 16: Graphical illustration of the test matrix 
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Cont. Table 16: Graphical illustration of the test matrix 
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Cont. Table 16: Graphical illustration of the test matrix 
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Chapter 4: Results and Discussion 

 In this chapter the test results and data are summarized and interpreted. The 

interpretation of the results and outcomes from the tests are carried out through the 

entire chapter for each group. Load versus axial and lateral deflections and strains 

readings are illustrated throughout the chapter. In addition, this chapter contains the 

modes of failures and the effect of the CFRP NSM composite strengthening technique 

on the capacity of the specimen. 

4.1 Results of axial group 

4.1.1 Structural behavior of specimens. The results of the Axial Group 

summarized in Table 18 demonstrates that confinement with CFRP increases the 

concentric load-carrying capacity of the specimen where just two and four layers of 

wrapping enhanced the load-carrying capacity by 36 and 49%, respectively. Moreover, 

the axial and lateral hoop strains enhancements are clearly presented by Figures 79, 80 

and 81.  

 

 

Figure 79: Load-strain relationship A_0S_0W 
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Figure 80: Load-strain relationship A_4S_2W 

 

Figure 81: Load-strain relationship A_4S_4W 

It is worth to mention that the measured rupture hoop strain of the CFRP wrap 

was about 7% of the value obtained from the direct tensile test performed earlier on the 

CFRP coupon specimens, (See Table 6 Chapter 3). This observation could be 

interpreted by the cause of multi axial state of stress implied on the CFRP wrap by the 

nature of loading distribution rather than the pure axial tensile stress resulted from the 

direct tensile test as inferred by other researchers, Bank [66] and ACI 440.2R-08 [3]. 
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Table 18: Test results of specimens of axial group 

Specimen Name 
Pn

 a 

[KN] 

δu
 b 

[mm] 

δr
 c 

[mm] 

εuƒ,axial
 d 

[%] 

εuƒ,trans.
 e 

[%] 

Enhancement in 

Load-carrying 

Capacity 

[%] 

Mode of Failure 

A_0S_0W 1116.85 26.82 26.97 -0.21* - - 
Crushing of 

Concrete 

A_4S_2W 1519.65 25.13 34.52 -1.18 0.023 36.07 
Rupture of CFRP 

Confinement 

A_4S_4W 1666.98 20.6 31.6 -0.89 0.077 49.26 
Rupture of CFRP 

Confinement 
a Ultimate load 

b Axial deflection at ultimate load 

c Axial deflection at rupture 

d Axial CFRP wrap strain at ultimate load 

* Axial concrete strain at ultimate load 

e Transverse CFRP wrap strain at ultimate load 
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In addition, Figure 82 compares the overall behavior of the Axial Group 

specimens where it is clearly showing that the increase in the number of CFRP wrap 

layer increases the load-carrying capacity, yet the inverse is showing for the axial 

deflection capacity.  

 

Figure 82: Load-axial deflection relationship for the axial group 

4.1.2 Modes of failure. The modes of failure for the concentric loaded group, 

Axial Group, can be summarized by two phenomena; crushing of concrete and/or 

rupture of CFRP strips and wraps. Table 19 summarizes the observed modes of failure 

for this group. 

Table 19: Modes of failure for the axial group 

Mode No. Failure Pattern 

Mode – 1 Crushing of concrete 

Mode – 2 Rupture of CFRP wrap 

 

 The control specimen, A_0S_0W, failed in a bursting manner by crushing of 

the concrete, Mode – 1, as shown in Figure 83. On the other hand, the other two 

specimens in this group, A_4S_2W and A_4S_4W, failed in a brittle manner by rupture 

of the CFRP confinement wrap and the CFRP strips, Mode – 2. The rupture of the CFRP 

wrap was initiated at the corners of the specimen as shown in Figure 84. This could be 

due to stress concentration at the corners of a square RC confined column. 
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Figure 83: Specimen A_0S_0W failure 

mode; Mode - 1 

 

Figure 84: Specimen A_4S_4W failure 

mode; Mode - 2 

 

4.2 Results of uniaxial group 

4.2.1 Structural behavior of specimens. The results of the Uniaxial Group 

are summarized in Table 20 which is noticeably proving that confinement with CFRP 

increases the eccentric load-carrying capacity of the specimen and that the CFRP NSM 

strips enhance the lateral deflection capability of the specimens.  

 

 

 

 

 

 

 

 



120 
 

Table 20: Test results of specimens of uniaxial group 

Specimen Name 
Pn

 a 

[KN] 

δu
 b 

[mm] 

Δux
 c 

[mm] 

δr
 d 

[mm] 

Δrx
 e 

[mm] 

Enhancement in Load-

carrying Capacity 

Enhancement in 

Bending Capacity 

U-0.25x_0S_0W 545.83 10.04 6.26 18.06 25.34 - - 

U-0.25x_4S_2W 901.54 12.22 10.53 28.87 44.50 65.17 68.17 

U-0.25x_4S_4W 891.16 13.58 10.84 43.28 47.73 63.27 73.23 

U-0.25x_8S_2W 808.01 12.25 22.15 29.68 46.82 48.03 253.85 

U-0.5x_0S_0W 272.16 12.90 9.39 19.89 34.18 - - 

U-0.5x_4S_2W 474.00 15.65 21.00 35.37 56.00 74.16 123.64 

U-0.5x_4S_4W 422.73 12.20 16.17 29.47 52.67 55.32 72.20 

U-0.5x_8S_2W 531.41 15.33 21.94 36.43 54.81 95.25 133.68 

U-0.75x_0S_0W 182.09 9.53 10.30 32.00 47.06 - - 

U-0.75x_4S_2W 290.48 20.35 27.59 52.46 60.07 59.53 167.89 

U-0.75x_4S_4W 315.82 14.19 18.20 53.18 44.02 73.44 76.78 

U-0.75x_8S_2W 348.23 24.74 37.11 45.38 38.28 91.24 260.43 
a Ultimate load 

b Axial deflection at ultimate load  

c Lateral deflection at ultimate load in x-direction 

d Axial deflection at rupture  

e Lateral deflection at rupture in x-direction 
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Cont. Table 20: Test results of specimens of uniaxial group 

Specimen Name 
Pn 

[KN] 

εuƒ,axial
 a 

[%] 

εuƒ,trans.
 b 

[%] 

εuƒ,strip,c
 c 

[%] 

εuƒ,strip,s
 d 

[%] 

εuƒ,strip,t
 e 

[%] 

εus
 f 

[%] 
Mode of Failure 

U-0.25x_0S_0W 545.83 0.02 * - - - - 0.32 Compression 

U-0.25x_4S_2W 901.54 6.00 -0.08 -3.75 -0.72 1.47 - Tension 

U-0.25x_4S_4W 891.16 0.76 -0.05 -5.00 -1.16 - 11.62 Tension 

U-0.25x_8S_2W 808.01 1.99 0.03 -4.40 1.20 4.90 - Balanced 

U-0.5x_0S_0W 272.16 0.01 * - - - - 2.03 Compression 

U-0.5x_4S_2W 474.00 0.10 -0.02 -6.27 -0.02 6.74 1.14 Tension 

U-0.5x_4S_4W 422.73 1.59 -0.19 -5.57 -0.08 - 0.85 Tension 

U-0.5x_8S_2W 531.41 1.93 -0.08 -7.02 2.22 - - Tension 

U-0.75x_0S_0W 182.09 -0.23 * - - - - 0.34 Compression 

U-0.75x_4S_2W 290.48 0.22 -0.04 -10.29 3.81 12.00 1.91 Tension 

U-0.75x_4S_4W 315.82 0.45 0.01 -2.90 1.59 7.09 1.24 Tension 

U-0.75x_8S_2W 348.23 1.19 -0.08 -9.06 5.80 10.57 - Tension 
a Axial CFRP wrap strain at ultimate load 

* Axial concrete strain at ultimate load 

b Transverse CFRP wrap strain at ultimate load 

c Strain in compression CFRP strip at ultimate load 

d Strain in side CFRP strip at ultimate load 

e Strain in tension CFRP strip at ultimate load 

f Strain in tensile steel at ultimate load 
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As can be seen from Table 20 and Figures 85 and 86, the first subgroup with 

0.25x eccentricity ratio, specimens U-0.25x_4S_2W and U-.25x_4S_4W gained 65 and 

63% in load-carrying capacity and 68 and 73% in bending capacity, respectively. 

Although the number of CFRP wraps was different, 2 layers and 4 layers, respectively, 

the gain in load-carrying capacity was about the same. This could be due to the presence 

of eccentricity in which it eliminates the effect of CFRP wraps, as discussed by other 

researchers like Yazici et al. [50], El Maaddawy [49] and Bisby et al. [48]  On the other 

hand, specimen U-0.25x_8S_2W gained in strength and bending capacity 48 and 254%, 

respectively. Although the number of strips was doubled, the effect dramatically 

increased in the bending capacity which clarifies the lesser effect of the gain in load-

carrying capacity. This could have resulted from the balanced failure of this specimen 

compared to others of the same group as discussed earlier.  

 

Figure 85: Load-axial deflection relationship for uniaxial group, sub-group 1 
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Figure 86: Load-lateral deflection relationship for uniaxial group, sub-group 1 

For the second subgroup of 0.50x eccentricity ratio, from Table 20 and Figures 

87 and 88, specimen U-0.5x_8S_2W was the highest in gaining in load-carrying 

capacity and lateral deflection capacity of 95 and 133%, respectively. On the other 

hand, specimen U-0.5x_4S_4W was the lowest in gaining in load-carrying capacity and 

lateral deflection capacity of 55 and 72%, respectively. Although the number of CFRP 

wraps in this specimen was higher than the other specimens, the effect of load-carrying 

capacity was less, different than the case of smaller eccentricity. This could be due to 

the presence of higher eccentricity which eliminates the effect of the CFRP 

confinement.  

 

Figure 87: Load-axial deflection relationship for uniaxial group, sub-group 2 
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Figure 88: Load-lateral deflection relationship for uniaxial group, sub-group 2 

 For the third subgroup of 0.75x eccentricity ratio, from Table 20 and Figures 89 

and 90, specimen U-0.75x_8S_2W was the highest in gaining in load-carrying capacity 

and lateral deflection capacity of 91 and 260%, respectively. On the other hand, 

specimen U-0.75x_4S_2W was the lowest in gaining in load-carrying capacity of 59% 

and specimen U-0.75x_4S_4W was the lowest in gaining in bending capacity of 76%. 

Although the number of CFRP NSM strips between specimens U-0.75x_8S_2W and 

U-0.75x_4S_2W was doubled the increase in the bending capacity was increased by 

55% only.  

 

Figure 89: Load-axial deflection relationship for uniaxial group, sub-group 3 
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Figure 90: Load-lateral deflection relationship for uniaxial group, sub-group 3 

 This group results demonstrated that with the presence of higher eccentricities, 

the effect of the CFRP NSM strips enhancement is reduced. In addition, as the 

eccentricity ratio increases, the number of layers of the CFRP wraps affects the bending 

enhancement of the CFRP NSM strips. The same outcome is illustrated by Figures 91 

– 94 where the load-axial deflection relation is showing. As the eccentricity increases 

the capacity decreases for any strengthening configuration. 

 

Figure 91: Load-axial deflection relationship; eccentricity effect for control specimens 
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Figure 92: Load-axial deflection relationship; eccentricity effect for 4 CFRP strips & 

2 layers of CFRP confinement 

 

Figure 93: Load-axial deflection relationship; eccentricity effect for 4 CFRP strips & 

4 layers of CFRP confinement 
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Figure 94: Load-axial deflection relationship; eccentricity effect for 8 CFRP strips & 

2 layers of CFRP confinement 

Similarly, Figures 95 – 98 illustrates the load-lateral deflection relation. As the 

eccentricity increases the capacity decreases for any strengthening configuration. For 

the two layers of the CFRP wraps, the NSM strips enhancement to the bending capacity 

was noticed. Also, as the eccentricity ratio increases the effect of NSM CFRP strips 

increases in the range of 68, 123 and 167%, respectively for the three different 

eccentricity ratios. On the other hand, the four layers of CFRP strips eliminated the 

CFRP NSM strips effect to the bending capability as it was constant in a range of 72, 

73 and 76% enhancement, respectively for the three different eccentricity ratios. 

Thereafter, the presence of the four layers of CFRP wraps reduces the lateral bending 

capacity comparing to its counterparts with higher eccentricity ratios. This is due to the 

increase in the confinement compressive stress and ultimate strains of the confined 

concrete which reduces the bending capacity.  
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Figure 95: Load-lateral deflection relationship; eccentricity effect for control 

specimens 

 

Figure 96: Load-lateral deflection relationship; eccentricity effect for 4 CFRP strips & 

2 layers of CFRP confinement 
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Figure 97: Load-lateral deflection relationship; eccentricity effect for 4 CFRP strips & 

4 layers of CFRP confinement 

 

Figure 98: Load-lateral deflection relationship; eccentricity effect for 8 CFRP strips & 

2 layers of CFRP confinement 

In addition, the strengthened specimens gained higher compressive and tensile 

strains than the control ones where the tensile strains ranged between 0.1% and 0.14%. 

It is worth to mention that specimens with compression mode of failure gained higher 

loading capacities than the others. This observation goes along with other researchers 

conclusions mentioned earlier [3, 49, 62]. 
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4.2.2 Modes of failure. The modes of failure for the eccentric loaded group, 

Uniaxial Group, can be summarized by three phenomena; crushing of concrete, slip of 

the CFRP strip and/or rupture of CFRP wrap. Table 21 summarizes the observed modes 

of failure for this group. 

Table 21: Modes of failure for the uniaxial group 

Mode No. Failure Pattern 

Mode – 1 Crushing of concrete cover at the 

compression side. Mode – 2 Cracking of concrete at the tension side. 

Mode – 3 Yielding of steel rebar. 

Mode – 4 Rupture of CFRP wraps. 

Mode – 5 Slip of CFRP strips in tension side. 

 

For the unconfined specimens, control specimens, the mode of failure was 

dominated by a brittle compression failure of the concrete cover, Mode – 1, as shown 

in Figure 99. This mode of failure can be shown from the behavior of the specimens; 

as the load increases the ultimate compression strain of concrete is reached which led 

to the sudden crushing of the concrete in the compression zone thereafter the steel 

experienced tension and reached its tensile yielding strain.  

 

Figure 99: Specimen U-0.5x_0S_0W failure mode, Mode -1 

On the other hand, the strengthened columns with CFRP NSM composites 

behaved differently based on the strengthening and eccentricity ratios provided. For the 
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first subgroup with eccentricity ratio of 0.25x, the mode of failure was dominated by 

rupture of CFRP confinement, Mode – 4, mainly by the corner of the compression zone 

without the yielding of the steel as shown in Figures 100 and 101.  

 

Figure 100: Specimen U-0.25x_4S_2W 

failure mode, Mode - 4 

 

Figure 101: Specimen U-0.25x_4S_2W 

failure mode, Mode - 4 

Yet specimen U-0.25x_8S_2W, failed in a balanced manner where the crushing 

of concrete and rupture of the CFRP wraps was accompanied by yielding of the tensile 

steel, Mode – 1, Mode – 4 and Mode -3, respectively, as shown in Figure 102. This 

could be due to the presence of extra CFRP NSM strips in all sides of the specimen. 

The behavior of the specimens in this subgroup can be summarized as follows; as the 

load increases the concrete crushed around the front CFRP NSM strip then the load 

transfers to the side strip where the concrete crush around it as well after that the load 

was carried by the back strip and the bonding between the CFRP strip and the epoxy 

reaches its ultimate stress and the strip slips leading to the rupture of the CFRP wraps 

around the column without the yielding of the steel.  
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Figure 102: Specimen U-0.25x_8S_2W failure mode, Mode – 3 and Mode - 4 

However, as mentioned earlier, specimen 0.25x_4S_2W behaves the same yet 

the back CFRP NSM strip slips, Mode – 5, before the crushing of concrete around the 

side strip which leads to the yielding of the tensile steel. Figure 103 shows the slip 

failure mode of NSM CFRP strip. It is worth to mention that none of the CFRP NSM 

strips ruptures as they always slips when the strain reaches around 1.4% and their 

rupture strain is 1.7% based on the manufacturers specifications. On the other hand, 

with higher eccentricities, 0.50x and 0.75x, the main failure phenomenon was tension 

failure where the steel yields before the whole system collapses, Mode 2 and Mode - 3.  

 

Figure 103: Specimen U-0.25x_4S_2W failure mode, Mode - 5 
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The behavior of all specimens follows the same pattern as the 0.25x_8S_2W 

specimen, yet the steel yields prior to the rupture of the CFRP wraps as shown in 

Figures 104 and 105 for the third sub-group specimens. It can be inferred from the 

behavior that the CFRP NSM composite strengthening technique changes the failure 

mode from sudden brittle compression failure to ductile tension failure with higher 

eccentricities ratios. This can be accredited to the enhancement of the compressive 

stress and strain of the confined concrete which endorsed the yielding of the steel prior 

to the rupture and the collapse of the strengthened system. 

 

Figure 104: Specimen U-0.75x_4S_2W failure mode, Mode - 4 

 

Figure 105: Specimen U-0.75x_0S_0W failure mode, Mode – 1, Mode –2 and 

Mode -3 
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4.3 Results of biaxial group 

4.3.1 Structural behavior of specimens. The results of the Biaxial Group are 

summarized in Table 22 and it is noticeably proving that confinement with CFRP 

increases the eccentric load-carrying capacity of the specimen with smaller eccentricity 

ratios in both “X and Y” directions, yet it reduces the effect of the bending capacity as 

the number of layers of the CFRP wraps increases.   

From Table 22 and Figures 106-108, the first subgroup with 0.25 eccentricity ratio 

in both directions “X and Y”, specimens B-0.25x-0.25y_8S_2W and B-0.25x-

0.25y_8S_4W gained 76 and 92% in load-carrying capacity, respectively, and gained 

more than100% in the lateral deflection enhancement over the control specimen. 

Although the number of CFRP NSM strips were the same, the number of layers of 

CFRP wraps was different, 2 layers and 4 layers, the gain in bending capacity was less 

in the case of four layers than the two layers, 158 and 138% in X-direction and 769 and 

575% in Y-direction, respectively.  

 

Figure 106: Load-axial deflection relationship for biaxial group, sub-group 1 
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Table 22: Test results of specimens of biaxial group 

Specimen Name 
Pn

  a 

[KN] 

δu
 b 

[mm] 

Δux
 c 

[mm] 

Δuy
 d 

[mm] 

δr
 e 

[mm] 

Δrx
 f 

[mm] 

Δry
 g 

[mm] 

B-0.25x-0.25y_0S_0W 390.96 7.61 3.30 1.16 18.30 39.76 40.56 

B-0.25x-0.25y_8S_2W 689.30 10.40 8.55 10.07 34.45 55.96 53.37 

B-0.25x-0.25y_8S_4W 750.01 13.06 7.87 7.83 33.22 41.43 53.56 

B-0.25x-0.5y_0S_0W 252.24 9.16 1.86 6.48 23.37 31.15 33.61 

B-0.25x-0.5y_8S_2W 508.83 15.33 10.85 22.74 43.96 28.05 54.11 

B-0.25x-0.5y_8S_4W 512.66 15.52 9.15 18.38 37.04 38.07 55.07 

B-0.5x-0.5y_0S_0W 175.07 7.95 6.34 3.01 27.42 41.29 38.54 

B-0.5x-0.5y_8S_2W 400.41 18.35 18.95 13.64 48.93 73.86 44.20 

B-0.5x-0.5y_8S_4W 399.99 14.56 13.27 12.49 51.09 84.54 54.02 

B-0.5x-0.75y_0S_0W 137.24 8.54 4.01 5.92 30.05 31.42 17.22 

B-0.5x-0.75y_8S_2W 291.54 17.59 15.43 19.10 52.88 65.65 47.86 

B-0.5x-0.75y_8S_4W 312.32 18.20 12.51 10.99 50.88 45.03 51.15 
a Ultimate load        e Axial deflection at rupture  

b Axial deflection at ultimate load       f Lateral deflection at rupture in x-direction 

c Lateral deflection at ultimate load in x-direction    g Lateral deflection at rupture in y-direction 

d Lateral deflection at ultimate load in y-direction 
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Cont. Table 22: Test results of specimens of biaxial group 

Specimen Name 
Pn 

[KN] 

εuƒ,axial
 a 

[%] 

εuƒ,trans.
 b 

[%] 

εuƒ,strip,c
 c 

[%] 

εuƒ,strip,l
 d 

[%] 

εuƒ,strip,r
 e 

[%] 

εuƒ,strip,t
 f 

[%] 

B-0.25x-0.25y_0S_0W 390.96 0.03 * - - - - - 

B-0.25x-0.25y_8S_2W 689.30 0.67 0.30 -5.82 -2.83 3.49 1.41 

B-0.25x-0.25y_8S_4W 750.01 1.05 -0.03 -6.18 -2.73 - 1.47 

B-0.25x-0.5y_0S_0W 252.24 0.14 * - - - - - 

B-0.25x-0.5y_8S_2W 508.83 1.20 0.04 -5.56 -5.71 1.60 - 

B-0.25x-0.5y_8S_4W 512.66 0.07 0.02 -4.78 -6.08 1.76 8.06 

B-0.5x-0.5y_0S_0W 175.07 -0.02 * - - - - - 

B-0.5x-0.5y_8S_2W 400.41 -0.22 0.07 -2.20 -6.95 4.04 8.18 

B-0.5x-0.5y_8S_4W 399.99 1.24 0.04 -5.13 -2.34 7.23 - 

B-0.5x-0.75y_0S_0W 137.24 0.001 * - - - - - 

B-0.5x-0.75y_8S_2W 291.54 1.31 0.11 -2.38 -5.74 4.95 - 

B-0.5x-0.75y_8S_4W 312.32 0.4 -0.01 -1.98 -4.44 4.19 2.21 
a Axial CFRP wrap strain at ultimate load 

* Axial concrete strain at ultimate load 

b Transverse CFRP wrap strain at ultimate load 

c Strain in compression CFRP strip at ultimate load 

d Strain in left side CFRP strip at ultimate load 

e Strain in right side CFRP strip at ultimate load 

f Strain in tension CFRP strip at ultimate load 
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Cont. Table 22: Test results of specimens of biaxial group 

Specimen Name 
Pn 

[KN] 

εus,l
 a 

[%] 

εus,r
 b 

[%] 

εus,c
 c 

[%] 

εus,t
 d 

[%] 

Capacity 

Enhancement 

Bending 

Enhancement 

"X-Direction" 

Bending 

Enhancement 

"Y-Direction" 

Mode of 

Failure 

B-0.25x-0.25y_0S_0W 390.96 - -1.46 -0.30 -0.19 - - - Compression 

B-0.25x-0.25y_8S_2W 689.30 - -0.24 - - 76.31 158.84 769.16 Compression 

B-0.25x-0.25y_8S_4W 750.01 - - - - 91.84 138.33 575.47 Compression 

B-0.25x-0.5y_0S_0W 252.24 1.46 -0.11 -0.55 0.83 - - - Compression 

B-0.25x-0.5y_8S_2W 508.83 0.61 - - 0.51 101.72 481.85 250.99 Tension 

B-0.25x-0.5y_8S_4W 512.66 - - -0.33 - 103.24 390.51 183.62 Tension 

B-0.5x-0.5y_0S_0W 175.07 0.84 0.19 -1.54 1.07 - - - Compression 

B-0.5x-0.5y_8S_2W 400.41 - - 0.60 - 128.72 198.93 353.78 Tension 

B-0.5x-0.5y_8S_4W 399.99 1.22 - -2.56 2.32 128.48 109.37 315.58 Tension 

B-0.5x-0.75y_0S_0W 137.24 0.71 1.95 -2.45 - - - - Compression 

B-0.5x-0.75y_8S_2W 291.54 0.64 - - - 112.43 284.80 222.84 Tension 

B-0.5x-0.75y_8S_4W 312.32 - 1.66 - - 127.57 211.82 85.68 Tension 

a Strain in left side steel at ultimate load 

b Strain in right side steel at ultimate load  

c Strain in compression steel at ultimate load 

d Strain in tension steel at ultimate load 
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Figure 107: Load-lateral deflection in X-direction relationship for biaxial group, sub-

group 1 

 

Figure 108: Load-lateral deflection in Y-direction relationship for biaxial group, sub-

group 1 

 For the second subgroup of 0.25 eccentricity ratio in the X-direction and 0.50 

eccentricity ratio in the Y-direction, from Table 22 and Figures 109-111, both 

specimens gained almost the same percentage of enhancement in the load-carrying 

capacity in a range of 101 to 103% regardless of the differentiation in the number of 

the CFRP layers of confinement. On the other hand, specimen B-0.25x-0.5y_8S_2W 

was the highest in gaining lateral deflection capacity of 481 and 250% in both X and Y 

directions respectively. Conversely, specimen B-0.25x-0.5y_8S_4W was the lowest in 
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gaining lateral deflection capacity of 390 and 183% in both X and Y directions 

respectively. Although the number of CFRP wraps in this specimen was higher than the 

other specimens, the effect of load-carrying capacity was almost the same, not the same 

as the case of smaller eccentricity. This could be due to the presence of higher 

eccentricity which eliminates the effect of the CFRP confinement. 

 

Figure 109: Load-axial deflection relationship for biaxial group, sub-group 2 

 

Figure 110: Load-lateral deflection in X-direction relationship for biaxial group, sub-

group 2 
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Figure 111: Load-lateral deflection in Y-direction relationship for biaxial group, sub-group 2 

 For the third subgroup of 0.50 eccentricity ratio in both directions “X and Y”, 

from Table 22 and Figures 112-114, both specimens gained the same percentage of 

enhancement in the load-carrying capacity by 128% regardless of the differentiation in 

the number of the CFRP layers of confinement. On the other hand, specimen B-0.5x-

0.5y_8S_2W was the highest in gaining lateral deflection capacity of 199 and 354% in 

both X and Y directions respectively. Conversely, specimen B-0.5x-0.5y_8S_4W was 

the lowest in gaining lateral deflection capacity of 109% and 315% in both X and Y 

directions respectively. Although the number of CFRP wraps in this specimen was 

higher than the other specimens, the effect of load-carrying capacity was almost the 

same, not the same as the case of smaller eccentricity. This could be due to the presence 

of higher eccentricity which eliminates the effect of the CFRP confinement.  

 

Figure 112: Load-axial deflection relationship for biaxial group, sub-group 3 
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Figure 113: Load-lateral deflection in X-direction relationship for biaxial group, sub-

group 3 

 

Figure 114: Load-lateral deflection in Y-direction relationship for biaxial group, sub-

group 3 
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the CFRP layers of confinement. On the other hand, specimen B-0.5x-0.75y_8S_2W 
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gaining lateral deflection capacity of 211 and 86% in both X and Y directions, 

respectively. Although the number of CFRP wraps in this specimen was higher than the 

other specimens, the effect of load-carrying capacity was almost the same, not the same 

as the case of smaller eccentricity. This could be due to the presence of higher 

eccentricity which eliminates the effect of the CFRP confinement. It is worth to note 

that with higher eccentricities the enhancement in the bending capacity reduces 

dramatically as shown from the above discussed results.  

 

Figure 115: Load-axial deflection relationship for biaxial group, sub-group 4 

 

Figure 116: Load-lateral deflection in X-direction relationship for biaxial group, sub-

group 4 
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Figure 117: Load-lateral deflection in Y-direction relationship for biaxial sub-group 4 

 This group results demonstrated that with the presence of higher eccentricities, 

the effect of the CFRP NSM strips enhancement is reduced. In addition, as the 

eccentricity ratio increases, the number of layers of the CFRP wraps affects the bending 

capability enhancement of the CFRP NSM strips. The same outcome is illustrated by 

Figures 118 – 120 where the load-axial deflection relation is showing. As the 

eccentricity increases the capacity decreases for any strengthening configuration. 

 

Figure 118: Load-axial deflection relationship; eccentricity effect for control 

specimens 
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Figure 119: Load-axial deflection relationship; eccentricity effect for 8 CFRP strips & 

2 layers of CFRP confinement 

 

Figure 120: Load-axial deflection relationship; eccentricity effect for 8 CFRP strips & 

4 layers of CFRP confinement 
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comparing to its counterparts with higher eccentricity ratios. This is due to the increase 

in the confinement compressive stress and ultimate strains of the confined concrete 

which reduces the bending capacity.  

 

Figure 121: Load-lateral deflection in X-direction relationship; eccentricity effect for 

control specimens 

 

Figure 122: Load-lateral deflection in Y-direction relationship; eccentricity effect for 

control specimens 
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Figure 123: Load-lateral deflection in X-direction relationship; eccentricity effect for 

8 CFRP strips & 2 layers of CFRP confinement 

 

Figure 124: Load-lateral deflection in Y-direction relationship; eccentricity effect for 

8 CFRP strips & 2 layers of CFRP confinement 
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Figure 125: Load-lateral deflection in X-direction relationship; eccentricity effect for 

8 CFRP strips & 4 layers of CFRP confinement 

 

Figure 126: Load-lateral deflection in Y-direction relationship; eccentricity effect for 

8 CFRP strips & 4 layers of CFRP confinement 
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square cross-section of the columns where it is more effective around corners than the 

sides of the column cross-section [3, 49, 62]. 

4.2.3 Modes of failure. The modes of failure for the eccentric loaded group 

in two directions, Biaxial Group, can be summarized by three phenomena; crushing of 

concrete, slip of the CFRP strip and/or rupture of CFRP wrap. Table 23 summarize the 

observed modes of failure for this group. 

Table 23: Modes of failure for the biaxial group 

Mode No. Failure Pattern 

Mode – 1 Crushing of concrete cover at the compression side. 

Mode – 2 Cracking of concrete at the tension side. 

Mode – 3 Yielding of steel rebar. 

Mode – 4 Rupture of CFRP wraps. 

Mode – 5 Slip of CFRP strips in tension side. 

 

For the unconfined specimens, control specimens, the mode of failure was 

dominated by a brittle compression failure of the concrete cover, Mode – 1, as shown 

in Figure 127. This mode of failure can be shown from the behavior of the specimens; 

as the load increases the ultimate compression strain of concrete is reached which 

leaded to the sudden crushing of the concrete in the compression zone thereafter the 

steel experienced tension and reached its tensile yielding strain. On the other hand, the 

strengthened columns with CFRP NSM composites behaved differently based on the 

strengthening and eccentricity ratios provided.  

 

Figure 127: Specimen B-0.25x-0.25y_0S_0W failure mode, Mode -1 and Mode - 2 
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For the specimens under small eccentricity ratios in both directions “X and Y”, 

the mode of failure was dominated by a compression mode of failure without the 

yielding of the steel as shown in Figure 128. The behavior of the specimens in these 

subgroups can be summarized as follows; as the load increases the concrete crushes, 

Mode – 1, around the CFRP NSM strip under compression then the load transfers to 

the CFRP NSM strips under tension where the load was carried by the bond between 

the strips and the epoxy and once it reaches its ultimate stress the strip slips, Mode – 5, 

transferring the load to the CFRP wraps leading to the rupture of the CFRP wraps, Mode 

– 4, around the column without the yielding of the steel.  

 

Figure 128: Specimen B-0.5x-0.5y_8S_2W failure mode, Mode - 4 

On the other hand, the specimens under larger eccentricity ratios in both 

directions “X and Y”, the mode of failure was dominated by a tension mode of failure 

with yielding of the tensile steel as shown in Figure 129. The behavior of the specimens 

in these subgroups can be summarized as follows; as the load increases the CFRP NSM 

strips under tension takes the load, where the load was carried by the bonding between 

the strips and the epoxy, and once it reaches its ultimate stress the strip slips, Mode -5, 

transferring the load to the CFRP strips under compression, where the load is carried 

by the bond between the concrete and the epoxy, and when the compressive tress and 

strains of concrete is reached the concrete crushes, Mode – 1, around the CFRP NSM 

strip under compression then the load transfers to the CFRP wraps leading to the rupture 

of the CFRP wraps, Mode – 4, around the column with yielding of the steel, Mode – 2 

and Mode – 3. It is worth to mention that none of the CFRP NSM strips ruptures as they 
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always slip when the strain reaches around 1.4% and their rupture strain is 1.7% based 

on the manufacturers specifications. 

 

Figure 129: Specimen B-0.5x-0.75y_8S_2W failure mode, Mode -3 and Mode - 4 

4.4 Performance evaluation 

4.4.1 Gain in load-carrying capacity. The effect of CFRP NSM 

strengthening ratios in gain in load-carrying capacity is shown in Figure 130. As clearly 

shown from the figure the gain in load-carrying capacity under concentric loading is 

highly dependent on the number of layers of CFRP wraps where the two and four layers 

enhanced the load by 36 and 49%, respectively. Moreover, the gain in load-carrying 

capacity under uniaxial and biaxial bending is affected by the number of CFRP layers 

used for confinement, yet the effect is lower with the increase in eccentricity ratio. Also, 

it can be inferred that the number of NSM CFRP strips has a slight effect on the gain in 

load-carrying capacity as the eccentricity ratio increase in unidirectional loading 

condition. Moreover, it is noticeably proving that the gain in load-carrying capacity 

under biaxial bending is much greater than the one in uniaxial bending. This 

phenomenon could be explained by the effective confinement area of the column cross-

section where it is more effective around the corners than the sides of the column. In 

addition, the gain in load-carrying capacity is higher as the eccentricity ratio increases 

in the biaxial bending condition rather than the uniaxial bending condition where the 

gain is not highly differentiated.  
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Figure 130: Effect of CFRP NSM strengthening ratios in gain in load-carrying capacity 

4.4.2 Gain in ductility. Another important parameter to examine the 

efficiency of the proposed strengthening technique in performance evaluation is the 

ductility. Ductility can be defined as the ability of a material to undergo permanent 

deformations prior to fracture or failure and it can be calculated using the following 

Equation: 

𝛥𝐼 =  
𝛥𝑢

𝛥𝑦
         (5) 

where, 

𝛥𝐼 = Ductility index 

𝛥𝑢 = Deflection corresponding to ultimate load (mm) 

𝛥𝑦 = Deflection corresponding to yielding load (mm) 

In this context ductility has been calculated using three different ratios, (δf / δu), (δf / δy) 

and (δu / δy). 

where, 

δf = Deflection corresponding to failure load which is considered as 80% of ultimate 

load (mm). 
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δu = Deflection corresponding to ultimate load (mm). 

δy = Deflection corresponding to yielding load (mm). 

Table 24 summarizes the ductility indexes for all tested specimens.  

Table 24: Ductility index for all specimens 

Specimen Name 
Pn 

[KN] 

δu 

[mm] 

δf 

[mm] 

δy 

[mm] 
δf / δu δf / δy δu / δy 

Axial Group 

A_0S_0W 1116.85 29.80 29.96 29.80 1.01 1.01 1.00 

A_4S_2W 1519.65 22.84 25.29 20.53 1.11 1.23 1.11 

A_4S_4W 1666.98 15.85 18.63 15.07 1.18 1.24 1.05 

Uniaxial Group, sub-group - 1 

U-0.25x_0S_0W 545.83 6.26 9.19 2.76 1.47 3.33 2.27 

U-0.25x_4S_2W 901.54 10.53 26.26 2.30 2.49 11.44 4.58 

U-0.25x_4S_4W 891.16 10.84 29.02 2.52 2.68 11.50 4.30 

U-0.25x_8S_2W 808.01 22.15 34.10 9.59 1.54 3.55 2.31 

Uniaxial Group, sub-group - 2 

U-0.5x_0S_0W 272.16 9.39 16.86 7.94 1.80 2.12 1.18 

U-0.5x_4S_2W 474.00 21.00 47.00 10.00 2.24 4.70 2.10 

U-0.5x_4S_4W 422.73 16.17 46.14 9.14 2.85 5.05 1.77 

U-0.5x_8S_2W 531.41 21.94 33.03 12.50 1.51 2.64 1.76 

Uniaxial Group, sub-group - 3 

U-0.75x_0S_0W 182.09 10.30 25.11 7.31 2.44 3.44 1.41 

U-0.75x_4S_2W 290.48 27.59 46.09 7.00 1.67 6.58 3.94 

U-0.75x_4S_4W 315.82 18.20 38.60 8.95 2.12 4.31 2.03 

U-0.75x_8S_2W 348.23 37.11 38.60 20.79 1.04 1.86 1.79 

Biaxial Group, sub-group - 1 

B-0.25x-0.25y_0S_0W 390.96 3.50 6.33 2.93 1.81 2.16 1.20 

B-0.25x-0.25y_8S_2W 689.30 13.21 24.74 4.41 1.87 5.61 3.00 

B-0.25x-0.25y_8S_4W 750.01 11.10 24.71 5.29 2.23 4.67 2.10 

Biaxial Group, sub-group - 2 

B-0.25x-0.5y_0S_0W 252.24 6.74 12.59 2.98 1.87 4.23 2.27 

B-0.25x-0.5y_8S_2W 508.83 25.20 40.19 9.24 1.59 4.35 2.73 

B-0.25x-0.5y_8S_4W 512.66 20.53 30.63 8.39 1.49 3.65 2.45 

Biaxial Group, sub-group - 3 

B-0.5x-0.5y_0S_0W 175.07 7.02 17.07 4.40 2.43 3.88 1.59 

B-0.5x-0.5y_8S_2W 400.41 23.35 31.81 12.02 1.36 2.65 1.94 

B-0.5x-0.5y_8S_4W 399.99 18.22 42.89 12.82 2.35 3.35 1.42 

Biaxial Group, sub-group – 4 

B-0.5x-0.75y_0S_0W 137.24 7.15 14.57 4.97 2.04 2.93 1.44 

B-0.5x-0.75y_8S_2W 291.54 24.56 37.86 11.10 1.54 3.41 2.21 

B-0.5x-0.75y_8S_4W 312.32 16.65 18.74 7.77 1.13 2.41 2.14 
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 The effect of CFRP NSM strengthening ratios in gain in ductility is shown in 

Figure 131 and Table 24. As clearly shown from the table and the figure, the ductility 

index increases in comparison between the strengthened specimens over the non-

strengthened control specimens. For the Axial Group the specimen A_4S_2W gained 

higher ductility than A_4S_4W. For the Uniaxial Group, specimens strengthened using 

four CFRP strips and two CFRP layers of wrap gains the highest increase in ductility 

index over the other specimens. On the contrary, increasing the number of CFRP strips 

gained the lowest in ductility index for the same group. For the Biaxial Group, 

strengthening specimens using four layers of CFRP wrap reduces the ductility index in 

comparison to two layers. Overall, the ductility index decreases as the gain in capacity 

increases. Moreover, eccentric loaded specimens undergoes higher ductility 

enhancement than the concentric specimens. In addition, for biaxially loaded specimen 

strengthened using eight CFRP strips and two layers of CFRP wrap, the gain in ductility 

is higher in comparison to same strengthened specimen subjected to uniaxial bending 

at high eccentricity ratio. This phenomenon could be explained by the effective 

confinement area of the column cross-section where it is more effective around the 

corners than the sides of the column. Also, this could be due to the orientation of 

bending axis over the direction of CFRP strips encountered in bending. Furthermore, 

the ductility index is inversely proportional to the increase in number of CFRP strips 

and/or wraps used for strengthening. Finally, there is no relation between the ductility 

index the applied eccentricity ratio. 

 

Figure 131: Effect of CFRP NSM strengthening ratios in gain in ductility 
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4.4.3 Eccentricity ratio. The effect of eccentricity ratio in uniaxial loading 

case is shown in Figure 132 where the normalized axial load capacity versus the 

nominal eccentricity ratio is presented. The figure illustrates the reduction in load-

carrying capacity of the cross-section in unidirectional bending condition, as the 

eccentricity ratio increases the load-carrying capacity decreases. The figure focuses on 

two strengthened scenarios and the non-strengthened specimen. It is clearly showing 

that the non-strengthened specimens decrease with higher eccentricity in a lower scale 

comparing to the strengthened ones. Moreover, the figure demonstrates that with higher 

strengthening ratio of CFRP wraps the reduction in the capacity is greater than the 

others, steeper line. It is worth to note, that from the regression analysis results, the R2 

values for all specimens are close to one which implies that the load-carrying capacity 

is highly dependent on the eccentricity ratio.  

 

Figure 132: Effect of eccentricity ratio in uniaxial loading case 
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Chapter 5: Analytical Predictions 

 In this chapter an analytical model was developed to predict the load-carrying 

capacity and bending capability of the specimens under various loading conditions. The 

model is developed based on previous research by Mohammed El Sayed et al. [63] and 

modified to account for the effect of NSM CFRP strips presented in this study. 

Furthermore, the model is adopted by the ACI 440.2R-08 [3] committee and follows 

the same equations, procedures and assumptions in section 12.1, yet with minor 

variations eliminating any reduction factor proposed by the code. These variations are 

considered in order to determine the nominal capacities of the member and understand 

their behavior entirely. Elsewhere, the reduction factors can be used in the real life 

applications as a margin of safety. The model is based on the material properties and 

constitutive laws presented previously in chapter three and it satisfies all the 

compatibility and equilibrium requirements of the mechanical behavior of the section 

presented in this study. The model approach is clearly described in this chapter as well 

as a comparison between the experimental and numerical results is presented in this 

chapter to inspect and demonstrate the effectiveness and validity of the proposed model.  

5.1 Material constitutive laws 

5.1.1 Concrete. The stress-strain response of unconfined concrete under 

compression loading is illustrated in Figure 133. It follows a parabolic behavior based 

on the Hognestad [64] model that is expressed by Equations (6)-(8). 

 

Figure 133: Stress-strain response of unconfined concrete [63] 

ƒc =  ƒ𝑐
′  [

2ε𝑐

ε𝑐𝑜
 −  (

ε𝑐

ε𝑐𝑜
)

2

]        (6) 
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with, 

ε𝑐𝑜 =  
2ƒ𝑐

′

𝐸𝑐
          (7) 

and with Young’s modulus [65]. 

𝐸𝑐 =  4700 √ƒ𝑐
′          (8) 

where, 

ƒc = Concrete compressive strength (MPa) 

ƒ'c = Unconfined concrete compressive strength (MPa) 

εc = Concrete strain corresponding to ƒc (mm/mm) 

εco = Concrete strain corresponding to ƒ'c (mm/mm) 

Ec = Concrete modulus of elasticity (MPa) 

 On the other hand, the confined concrete behaves in a different manner as 

Figure 134 demonstrates. This stress-strain response was developed by Lam et al. [66] 

and is used in the developed model presented in this study. The stress-strain 

relationship is expressed by Equation (9). 

 

Figure 134: Stress-strain response of CFRP confined concrete [63] 

ƒ𝑐 =  {
𝐸𝑐ε𝑐 −

(𝐸𝑐−𝐸2)2

4ƒ𝑐
ε𝑐

2          0 ≤ ε𝑐 ≤ ε𝑡
′                  

ƒ𝑐
′ + 𝐸2ε𝑐                         ε𝑡

′ ≤ ε𝑐 ≤ ε𝑐𝑐𝑢              
     (9) 
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with, 

𝐸2 =  
ƒ𝑐𝑐
′ −ƒ𝑐

′

ε𝑐𝑐𝑢
         (10) 

and, 

ε𝑡
′ =  

2ƒ𝑐
′

𝐸𝑐−𝐸2
         (11) 

where, 

E2 = Slope of linear portion Stress-Strain response of CFRP confined concrete (MPa) 

ε't = Transfer strain in CFRP confined concrete corresponding to ƒ'c (mm/mm) 

εccu = Maximum strain in CFRP confined concrete corresponding to ƒ'cc (mm/mm) 

ƒ'cc = Confined concrete compressive strength (MPa) 

 From Figure 134 and Equation (9), it can be seen that the stress strain response 

of the confined concrete follows two patterns. The first proportion goes in a parabolic 

response, same as the unconfined concrete, until the strain in concrete reaches the value 

of the transfer strain in the CFRP confined concrete, ε't. Then the behavior moves into 

a linear trend beyond the strain value of ε't till it reaches the maximum CFRP strain of 

confined concrete compressive strain, εccu which corresponds to CFRP confined 

concrete compressive strain, ƒ'cc. The following Equations (12)-(15) illustrates the 

behavior.  

ƒ𝑐𝑐
′ =  ƒ𝑐

′ + 3.3𝑘𝑎ƒ𝑙         (12) 

ε𝑐𝑐𝑢 =  ε𝑐𝑜 (1.5 + 12𝑘𝑏
ƒ𝑙

ƒ𝑐
′ (

εƒe

εco
)

0.45

) ≤ 0.01     (13) 

with, 

ƒ𝑙 =  
2𝐸ƒ𝑛𝑡ƒεƒe

𝐷
         (14) 

and, 

εƒe =  𝑘εεƒr         (15) 
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where, 

ka = Efficiency factor for determination of ƒ'cc 

ƒl = Effective lateral confining pressure of CFRP (MPa) 

kb = Efficiency factor for determination of εccu 

εƒe = Effective strain at failure of CFRP (mm/mm) 

kε = Efficiency factor for determination of εƒe 

εƒr = Rupture strain at failure of CFRP (mm/mm) 

Eƒ = CFRP modulus of elasticity (MPa) 

n = Number of CFRP confinement layers 

tƒ = Thickness of single layer of CFRP (mm) 

 It should be noted that the maximum CFRP confined concrete compressive 

strain εccu should be limited to 0.01 as illustrated by Equation (13) to prevent the loss 

of concrete integrity due to excessive cracking according to ACI 440.2R-08 [3] 

guidelines. 

 The term D in Equation (14) for non-circular cross-section of the column is 

found by an equivalent diameter expression followed by Equation (16). 

𝐷 =  √𝑏𝑐
2 + ℎ𝑐

2         (16) 

where, 

D = Equivalent diameter of a non-circular cross-section column (mm) 

bc = Shortest dimension of a cross-section (mm) 

hc = Longest dimension of a cross-section (mm) 

 The efficiency factors ka, kb and kε are determined by Equations (17) and (18).  

𝑘𝑎 =  (
𝑏𝑐

ℎ𝑐
)

2
[1−

(
𝑏𝑐
ℎ𝑐

)(ℎ𝑐−2𝑟𝑐)2+ (
𝑏𝑐
ℎ𝑐

)(𝑏𝑐−2𝑟𝑐)2

3𝐴𝑔
−ρ𝑔]

(1−ρg)
      (17) 
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𝑘𝑏 =  (
𝑏𝑐

ℎ𝑐
)

0.5
[1−

(
𝑏𝑐
ℎ𝑐

)(ℎ𝑐−2𝑟𝑐)2+ (
𝑏𝑐
ℎ𝑐

)(𝑏𝑐−2𝑟𝑐)2

3𝐴𝑔
−ρ𝑔]

(1−ρg)
      (18) 

where, 

rc = Radius of the column corners (mm) 

Ag = Cross-sectional gross area of the confined concrete (mm2) 

ρg = Longitudinal steel reinforcement ratio 𝜌𝑔 = (
𝐴𝑠

𝑏𝑐ℎ𝑐
) 

 The ka and kb are efficiency factors that account for the effect of the cross-

section shape of confined concrete on the determination of ƒ'cc and εccu, respectively. 

The effective confinement area of a confined concrete column is illustrated in Figure 

135 [66], where for non-circular cross-sections the effectiveness of the confinement is 

reduced according to the values of ka and kb. The efficiency factor kε, which accounts 

for the premature failures of the CFRP confinement, is considered in the developed 

model and a value of 0.55 is adopted in this study according to ACI 440.2R-08 [3] 

guidelines. 

 

Figure 135: Effective confinement area of a non-circular confined concrete column 

[63] 

5.1.2 Reinforcing steel. The stress-strain response of steel reinforcing bars 

under compression and tension loading conditions is illustrated in Figure 136. It is 

idealized with a linear elastic region and a post-yield region with strain hardening of 

1% for the steel pre-yield modulus and is expressed by Equations (19)-(20).  
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Figure 136: Stress-strain response of steel reinforcement [63] 

ƒ𝑠 =  {
𝐸𝑠ε𝑠                                        𝑝𝑟𝑒 − 𝑦𝑖𝑒𝑙𝑑 𝑠𝑡𝑎𝑔𝑒        

ƒ𝑦 + 𝐸𝑠𝑝(ε𝑠 − ε𝑦)               𝑝𝑜𝑠𝑡 − 𝑦𝑖𝑒𝑙𝑑 𝑠𝑡𝑎𝑔𝑒      
 

    (19) 

with, 

𝐸𝑠𝑝 =  0.01𝐸𝑠         (20) 

where, 

ƒs = Reinforcement steel stress (MPa) 

εs = Steel strain corresponding to ƒs (mm/mm) 

Es = Steel modulus of elasticity in pre-yield region (MPa) 

Esp = Steel modulus of elasticity in post-yield region (MPa) 

ƒy = Reinforcement steel yield stress (MPa) 

εy = Steel yield strain corresponding to ƒy (mm/mm) 

5.1.3 CFRP strips and wraps. The stress-strain response of CFRP 

strengthening composites under tension loading conditions is illustrated in Figure 137. 

It is idealized as a linear elastic behavior until rupture and is expressed by Equation 

(21).   
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Figure 137: Stress-strain response of CFRP strips and CFRP confinement [63] 

ƒƒ =  𝜀ƒ𝐸ƒ         (21) 

where, 

ƒƒ = CFRP strips or wraps stress (MPa) 

εƒ = CFRP strips or wraps strain corresponding to ƒƒ (mm/mm) 

5.2 Compatibility requirements 

 The stress and strain distribution over the cross-section of an eccentric loaded 

column is shown in Figures 138-140 for non-strengthened and strengthened specimens, 

respectively.  

 

Figure 138: Strain and stress distribution over the cross-section of uniaxially loaded 

unconfined column [63] 
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Figure 139: Strain and stress distribution over the cross-section of uniaxially loaded 

confined column [63] 

 

Figure 140: Strain and stress distribution over the cross-section of biaxially loaded a) 

unconfined and b) confined columns [63] 

 To satisfy the strain compatibility condition, a maximum value for the 

unconfined concrete column εc,max = εcu =0.003 is used in the model, whereas for the 

confined column εc,max = εccu computed from Equation (13) is used. This assumption is 

used in accordance with the ACI 318R-05 guidelines [65]. The strain compatibility 

a) unconfined b) confined 
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model is based on an initial assumed value for the depth of the neutral axis of the cross-

section, "c", where at any distance from the neutral axis the strain in concrete, steel 

and/or CFRP composite is determined by Equation (22) as follows.  

εz =  
ε𝑐,𝑚𝑎𝑥𝑧

𝑐
          (22) 

where, 

εz = Strain in concrete corresponding to depth z of the cross-section (mm/mm) 

εc,max = Strain in concrete at extreme compression fiber (mm/mm) 

εcu = Crushing strain in concrete (mm/mm) 

z = Arbitrary depth of the cross-section (mm) 

c = Neutral axis depth of the cross-section (mm) 

5.3 Equilibrium condition 

 To satisfy the equilibrium requirements, the internal compression forces and 

bending moments are calculated using Equations (23)-(24). The term Pn is calculated 

by the numerical integration of the forces in the discretized finite layers of concrete 

under compression, the forces in the steel longitudinal rebars and the forces in the CFRP 

composite material. Moreover, the term Mn is determined by numerical integration of 

the moments of the forces calculated around the plastic centroid of the cross-section 

from the concrete, steel and CFRP composite, respectively. For the present model, it is 

assumed that plane sections remain plane, concrete tensile strength is neglected, as well 

as the confinement provided by the steel ties.  

∑ ƒ𝑐𝑖𝐴𝑖 + ∑ ƒ𝑠𝑖𝐴𝑠𝑖 + ∑ ƒƒi𝐴ƒi =  𝑃𝑛
𝑖=𝑛
𝑖=1

𝑖=𝑛
𝑖=1

𝑖=𝑛
𝑖=1       (23) 

∑ ƒ𝑐𝑖𝐴𝑖𝑑𝑖 + ∑ ƒ𝑠𝑖𝐴𝑠𝑖𝑑𝑠𝑖 + ∑ ƒƒi𝐴ƒi𝑑ƒi =  𝑀𝑛
𝑖=𝑛
𝑖=1

𝑖=𝑛
𝑖=1

𝑖=𝑛
𝑖=1     (24) 

where, 

ƒci = Stress of concrete at the center of the discretized layer i (MPa) 

Ai = Concrete Area of layer i (mm2) 
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Asi = Rebar i cross-sectional area (mm2) 

ƒsi = Stress of steel rebar i (MPa) 

di = Distance between the center of concrete layer i and the plastic centroid (mm) 

dsi = Distance between the center of steel rebar i and the plastic centroid (mm) 

Aƒi = Cross-sectional area of the ith CFRP strips and / or wraps (mm2) 

ƒƒi = Stress in the ith CFRP strips and / or wraps (MPa) 

dƒi = Distance between the center of the ith CFRP strips and/or wraps and the plastic 

centroid (mm) 

Pn = Axial force of the cross-section (N) 

Mn = Bending moment of the cross-section (Nmm) 

The model procedure to predict the load-carrying capacity of any specimen with 

a defined external eccentricity is computed using the following steps: 

1. Assume initial neutral axis depth c for any given external applied eccentricity, eext. 

2. Follow the strain compatibility requirement by calculating the strains in each layer 

of steel, concrete and CFRP. 

3. Follow materials constitutive laws by calculating the stresses in each layer of steel, 

concrete and CFRP. 

 4. Satisfy the equilibrium requirements by calculating the axial forces Pn and the 

bending moment Mn. 

5. Compare external eccentricity, eext, with the internal eccentricity, eint. 

where, eint = Mn/Pn 

6. Keep iterating the same procedure until eext converges to the same value of eint, and 

note the prediction of the columns capacity Pn & Mn. 
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5.4 Axial group 

 Computer software was coded and calibrated using the presented model to 

predict the load-carrying capacity of the specimens tested in this study. The concentric 

loaded group predicted capacity can be done using Equation (25). The results are 

summarized in Table 25 with a comparison of the values obtained from the 

experimental tests presented earlier. The predicted results show a good agreement with 

the experimental ones within a range of error of 7% as shown in Table 25.  

𝑃𝑛𝑜 =  {
ƒ𝑐
′ (𝐴𝑔 − 𝐴𝑠𝑡) + 𝐴𝑠𝑡ƒ𝑠𝑜              𝑈𝑛𝑐𝑜𝑛𝑓𝑖𝑛𝑒𝑑       

ƒ𝑐𝑐
′ (𝐴𝑔 − 𝐴𝑠𝑡) + 𝐴𝑠𝑡ƒ𝑠𝑐             𝐶𝐹𝑅𝑃 𝐶𝑜𝑛𝑓𝑖𝑛𝑒𝑑

    (25) 

where, 

Pno = Concentric loaded columns axial load-carrying capacity (N) 

Ast = Total cross-sectional area of steel rebar (mm2) 

ƒso = Stress in steel rebars corresponding to steel strain εco, (MPa) but < ƒsu 

ƒsc = Stress in steel rebars corresponding to steel strain εccu, (MPa) but < ƒsu 

ƒsu = Ultimate stress in steel rebars (MPa) 

Table 25: Comparison between experimental and analytical predictions for axial 

group 

Group 
Specimen 

Name 

Pn,exp 
a 

[KN] 

Pn,anl 
b 

[KN] 

% Difference c 

[%] 

Axial 

A_0S_0W 1116.85 1050.70 -5.92 

A_4S_2W 1519.65 1411.68 -7.11 

A_4S_4W 1666.98 1641.04 -1.56 
a Experimental axial load-carrying capacity 

b Analytical axial load-carrying capacity 

c % Difference = (
Pn,anl− Pn,exp

Pn,exp
) 100% 
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5.4.1 Statistical evaluation. The following section provides some statistical 

measurements evaluation for the Axial Group predicted results using the earlier 

proposed method of prediction adopted by the ACI 440.2R-08 [3] guidelines. The main 

statistical measurement entities are the mean absolute error (MAE), the mean absolute 

percent error (MAPE), the mean square error (MSE), the variance (σ2) and the 

correlation coefficient (R). Each measurement is calculated as follow: 

MAE = |Pn,anl −  Pn,exp|       (26) 

% MAPE =
100%

𝑛
∑ |

Pn,anl− Pn,exp

Pn,exp
|𝑛

𝑡=1       (27) 

MSE = (|Pn,anl −  Pn,exp|)
2
       (28) 

σ2 =  (
∑ Pn,exp

𝑛
𝑡=1

𝑛
−  Pn,exp)

2

       (29) 

Table 26 summarizes the statistical measurements for the Axial Group 

specimens. As we can see, the correlation coefficient is close to unity and the 

normalized mean square error is close to zero which implies the accuracy of the 

proposed model in prediction of the capacity of concentric loaded specimens. 

Table 26: Statistical measurements for the axial group 

Specimen 

Name 

Pn,exp 

[KN] 

Pn,anl 

[KN] 
MAE 

MAPE 

[%] 

A_0S_0W 1116.85 1050.70 66.15 5.92 

A_4S_2W 1519.65 1411.68 107.97 7.10 

A_4S_4W 1666.98 1641.04 25.94 1.56 

   66.69 4.86 

MSE normalized = 
σ2

MSE
 = 0.0026    MAPE min = 1.56 

R = 0.9996      MAPE max = 7.10  
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5.5 Uniaxial group 

 The Uniaxial Group predicted load-carrying capacity for each specimen is 

computed using the earlier presented model in this chapter. The eccentric loaded group 

in one direction predicted results are summarized in Table 27 with a comparison of the 

experimental results obtained earlier. The predicted results showed a good agreement 

with the experimental measured data with a maximum deviation 24.28%. It is clear 

from Table 27 that the results are with error band of 15% which demonstrates the ability 

of the proposed model to predict the uniaxial load-carrying capacity of RC columns 

strengthened using CFRP NSM strips and wraps. This is true for all specimens except 

U-0.5x_4S_4W which deviates from the error band due to experimental and human 

errors.  

Table 27: Comparison between experimental and analytical predictions for uniaxial 

group 

Eccentricity 

Ratio 

Specimen 

Name 

Pn,exp 
a 

[KN] 

Pn,anl 
b 

[KN] 

% Difference c 

[%] 

ex/bx=0.25, 

ey/by=0 

U-0.25x_0S_0W 545.83 538.87 -1.28 

U-0.25x_4S_2W 901.54 794.70 -11.85 

U-0.25x_4S_4W 891.16 923.74 3.53 

U-0.25x_8S_2W 808.01 884.11 9.42 

ex/bx=0.5, 

ey/by=0 

U-0.5x_0S_0W 272.16 302.49 10.03 

U-0.5x_4S_2W 474.00 487.08 2.76 

U-0.5x_4S_4W 422.73 558.32 24.28 

U-0.5x_8S_2W 531.41 556.82 4.78 

ex/bx=0.75, 

ey/by=0 

U-0.75x_0S_0W 182.09 204.27 10.86 

U-0.75x_4S_2W 290.48 323.41 11.34 

U-0.75x_4S_4W 315.82 374.54 15.68 

U-0.75x_8S_2W 348.23 384.72 10.48 
a Experimental axial load-carrying capacity 

b Analytical axial load-carrying capacity  

c % Difference = (
Pn,anl− Pn,exp

Pn,exp
) 100% 

5.5.1 Statistical evaluation. The following section provides some statistical 

measurements evaluation for the Uniaxial Group predicted results using the earlier 
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proposed method of prediction adopted by the ACI 440.2R-08 [3] guidelines. The 

statistical measurement entities are the same ones discussed earlier in section 5.4.1. 

Table 28 summarizes the statistical measurements for the Uniaxial Group specimens. 

As we can see the correlation coefficient is close to unity, and the normalized mean 

square error is close to zero which implies the accuracy of the proposed model in 

prediction the capacity of eccentric loaded specimens. 

Table 28: Statistical measurements for the uniaxial group 

Specimen Name 
Pn,exp 

[KN] 

Pn,anl 

[KN] 
MAE 

MAPE 

[%] 

U-0.25x_0S_0W 545.83 538.87 6.96 1.28 

U-0.25x_4S_2W 901.54 794.70 106.84 11.85 

U-0.25x_4S_4W 891.16 923.74 32.58 3.66 

U-0.25x_8S_2W 808.01 884.11 76.10 9.42 

U-0.5x_0S_0W 272.16 302.49 30.33 11.14 

U-0.5x_4S_2W 474.00 487.08 13.08 2.76 

U-0.5x_4S_4W 422.73 558.32 135.59 32.07 

U-0.5x_8S_2W 531.41 556.82 25.41 4.78 

U-0.75x_0S_0W 182.09 204.27 22.18 12.18 

U-0.75x_4S_2W 290.48 323.41 32.93 11.34 

U-0.75x_4S_4W 315.82 374.54 58.72 18.59 

U-0.75x_8S_2W 348.23 384.72 36.49 10.48 

   48.10 10.80 

MSE normalized = 
σ2

MSE
 = 0.0123   MAPE min = 1.28 

R = 0.9948     MAPE max = 32.07 

5.6 Biaxial group 

 The load-carrying capacity of the biaxially loaded group of specimens is 

predicted using Equation (30) in line with what is presented earlier. The biaxially 

loaded group predicted results are summarized in Table 29 with a comparison of the 

experimental results obtained earlier. The predicted results showed good agreement 

with the experimental measured values with a maximum deviation of 11.42%.  

1

𝑃𝑛
=  

1

𝑃𝑛𝑥
+

1

𝑃𝑛𝑦
−

1

𝑃𝑛𝑜
         (30) 
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where, 

Pnx = Load-carrying capacity under uniaxial eccentric loading in x-direction (N) 

Pny = Load-carrying capacity under uniaxial eccentric loading in y-direction (N) 

Table 29: Comparison between experimental and analytical predictions for biaxial 

group 

Eccentricity 

Ratio 
Specimen Name 

Pn,exp 
a 

[KN] 

Pn,anl 
b 

[KN] 

% Difference c 

[%] 

ex/bx=0.25, 

ey/by=0.25 

B-0.25x-0.25y_0S_0W 390.96 362.35 -7.32 

B-0.25x-0.25y_8S_2W 689.30 643.59 -6.63 

B-0.25x-0.25y_8S_4W 750.01 775.66 3.42 

ex/bx=0.25, 

ey/by=0.5 

B-0.25x-0.5y_0S_0W 252.24 237.54 -5.83 

B-0.25x-0.5y_8S_2W 508.83 450.73 -11.42 

B-0.25x-0.5y_8S_4W 512.66 539.29 5.19 

ex/bx=0.5, 

ey/by=0.5 

B-0.5x-0.5y_0S_0W 175.07 176.68 0.92 

B-0.5x-0.5y_8S_2W 689.30 643.59 -6.63 

B-0.5x-0.5y_8S_4W 399.99 413.33 3.34 

ex/bx=0.5, 

ey/by=0.75 

B-0.5x-0.75y_0S_0W 137.24 137.94 0.51 

B-0.5x-0.75y_8S_2W 291.54 271.24 -6.96 

B-0.5x-0.75y_8S_4W 312.32 324.85 4.01 

a Experimental axial load-carrying capacity  c % Difference = (
Pn,anl− Pn,exp

Pn,exp
) 100% 

b Analytical axial load-carrying capacity  

5.6.1 Statistical evaluation. The following section provides some statistical 

measurements evaluation for the Biaxial Group predicted results using the earlier 

proposed method of prediction adopted by the ACI 440.2R-08 [3] guidelines. The 

statistical measurement entities are the same ones discussed earlier in section 5.4.1. 

Table 30 summarizes the statistical measurements for the Biaxial Group specimens. As 

we can see, the correlation coefficient is close to unity, and the normalized mean square 

error is close to zero which implies the accuracy of the proposed model in predicting 

the capacity of eccentric loaded specimens. 

 



170 
 

Table 30: Statistical measurements for the biaxial group 

Specimen Name 
Pn,exp 

[KN] 

Pn,anl 

[KN] 
MAE 

MAPE 

[%] 

B-0.25x-0.25y_0S_0W 390.96 362.35 28.61 7.32 

B-0.25x-0.25y_8S_2W 689.30 643.59 45.71 6.63 

B-0.25x-0.25y_8S_4W 750.01 775.66 25.65 3.42 

B-0.25x-0.5y_0S_0W 252.24 237.54 14.70 5.83 

B-0.25x-0.5y_8S_2W 508.83 450.73 58.10 11.42 

B-0.25x-0.5y_8S_4W 512.66 539.29 26.63 5.19 

B-0.5x-0.5y_0S_0W 175.07 176.68 1.61 0.92 

B-0.5x-0.5y_8S_2W 689.30 643.59 45.71 6.63 

B-0.5x-0.5y_8S_4W 399.99 413.33 13.34 3.34 

B-0.5x-0.75y_0S_0W 137.24 137.94 0.70 0.51 

B-0.5x-0.75y_8S_2W 291.54 271.24 20.30 6.96 

B-0.5x-0.75y_8S_4W 312.32 324.85 12.53 4.01 

   24.47 5.18 

MSE normalized = 
σ2

MSE
 = 0.0041   MAPE min = 0.51 

R = 0.9983     MAPE max = 11.42  
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Chapter 6: Conclusions and Recommendations 

6.1  Conclusions 

 The efficiency and effectiveness of using NSM CFRP strips in combination with 

CFRP confinement as a strengthening technique for enhancement in concentrically and 

eccentrically load-carrying capacity and ductility of RC columns was investigated 

throughout this study. The study considered the effect of various eccentricity ratio 

combinations in one direction and/or two directions with multiple arrangement of NSM 

CFRP strengthening mechanism. Following the experimental and analytical results, 

earlier presented in this study, the subsequent conclusions can be derived: 

 For RC columns subjected to concentric axial loading the increase in number of 

CFRP wrap layer increases the load-carrying capacity yet the inverse is showing 

for the axial deflection capacity. Moreover, the effect of NSM CFRP strip is 

almost negligible in the case of concentrically loaded RC columns. 

 At higher eccentricities, eccentric loaded RC columns in uni-direction, the use 

of CFRP NSM composite strengthening technique changes the failure mode 

from sudden brittle compression failure to ductile tension failure. Furthermore, 

the proposed CFRP NSM composite strengthening mechanism enhances the 

compressive stress and strain of the confined concrete which endorsed the 

yielding of steel prior to the rupture and the collapse of the strengthened system. 

 The effect of NSM CFRP strips plays a major role in enhancing the lateral 

deflection capacity and ductility of RC columns subjected to uni-directional 

bending with the increase of eccentricity ratio. On the other hand, the CFRP 

confinement enhances the load-carrying capacity of the RC columns at lower 

eccentricities.  

 The presence of higher CFRP confinement ratio in RC columns subjected to 

high eccentricity ratios in one direction, reduces the lateral bending capacity of 

the cross-section due to the increase in the confinement compressive stress and 

ultimate strains of the confined concrete. 

 For biaxially loaded NSM CFRP strengthened RC columns, increasing the 

number of CFRP confinement layers increases the load-carrying capacity at 

lower eccentricity ratios. Inversely, at higher eccentricity ratio, the effect of 

increasing CFRP confinement layers is diminished.  
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 Furthermore, the effect of increasing the number of CFRP wraps reduces the 

lateral bending enhancement of the NSM CFRP strips in line with higher 

eccentricity ratios. This is due to the increase in the confinement compressive 

stresses and ultimate strains of the confined concrete which reduces the bending 

capacity for biaxially loaded RC columns strengthened using NSM CFRP 

composite mechanism.  

 The gain in load-carrying capacity under concentric loading is highly dependent 

on the number of layers of CFRP wraps. On the other hand, for the uniaxial and 

biaxial eccentric loaded columns, it is affected by the number of CFRP layers 

used for confinement, yet the effect is lower with the increase in eccentricity 

ratio. Also, it can be inferred from the study, that the number of NSM CFRP 

strips has a slight effect on the gain in load-carrying capacity as the eccentricity 

ratio increase in unidirectional loading condition. In other words, it is noticeably 

proving that the gain in load-carrying capacity under biaxial bending is much 

greater than the one in uniaxial bending. 

 The gain in ductility under eccentric loading is highly dependent on the number 

of CFRP NSM strips. Moreover, the gain in ductility under uniaxial and biaxial 

bending is affected by the number of CFRP layers used for confinement where 

it is clearly showing an inversely proportional relationship between the two.  

Besides, this conclusion should be considered with the effect of eccentricity 

ratio. In other words, the lower the number of layers of the CFRP wraps, with 

higher eccentricity ratio, the lower the effect of reduction in ductility. The 

results noticeably demonstrate that the gain in ductility under biaxial bending is 

much greater than the one in uniaxial bending. 

 The ductility index decreases as the gain in capacity increases. Moreover, 

eccentric loaded specimens undergo higher ductility enhancement than the 

concentric specimens. In addition, for biaxially loaded specimen strengthened 

using eight CFRP strips and two layers of CFRP wrap, the gain in ductility is 

higher in comparison to same strengthened specimen subjected to uniaxial 

bending at high eccentricity ratio. Furthermore, the ductility index is inversely 

proportional to the increase in the number of CFRP strips and/or wraps used for 

strengthening. Finally, there is no relation between the ductility index and the 

applied eccentricity ratio. 
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 The load-carrying capacity of the uniaxially loaded RC columns is highly 

dependent on the applied eccentricity ratio. Moreover, the results indicate that 

with higher strengthening ratio of CFRP wraps, the reduction in the capacity is 

greater than the others. In other words, non-strengthened specimens decrease 

with higher eccentricity in a lower scale compared to the strengthened ones.  

 An analytical model for prediction of concentrically and eccentrically load-

carrying capacity and ductility of RC columns strengthened with NSM CFRP 

strips in combination with CFRP confinement was developed in this study. The 

model presented here [63] was modified to account for the presence of NSM 

CFRP strips in the cross-section. The model was able to predict the load-

carrying capacity of the axially, uniaxially and biaxially loaded columns in a 

fairly good agreement with the experimented results.  

 The proposed method of strengthening and the developed analytical mode 

predictions can be used in real life design applications where a sufficient amount 

of concrete can be saved. The proposed method of strengthening using only four 

CFRP strips and two CFRP wraps in either concentric or eccentric loading 

condition with the same cross-section of 200 x 200 mm is equivalent to non-

strengthened RC column with a cross-section of 310 x 310 mm. This saves more 

than 150% in concrete quantity.  

6.2  Recommendations 

 This study provides an insight into the behavior of NSM CFRP strips in 

combination with CFRP confinement as a strengthening mechanism for enhancement 

in concentrically and eccentrically load-carrying capacity and ductility of RC column. 

Further explorations are required to enhance the development of standards and design 

guidelines on the area under discussion. The following are recommendations for further 

investigations on this topic: 

 Investigate wider range of eccentricity ratios in various loading conditions, 

CFRP confinement proportions and NSM CFRP strips reinforcement ratios.  

 Introduce further parameters to the current study such as, not limited to, 

concrete grade, cross-sectional shape, CFRP strip bond strength, seismic and 

impact loading, durability and environmental and weathering conditions.  

 Further examinations on the proposed analytical model using wider range of 

experimental results for better comprehensive assessment and validation. 
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