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Abstract 

          The strengthening and rehabilitation of present structures are increasingly 

important for construction operations. Various strengthening and rehabilitation 

approaches are used to enhance column strength under various loading conditions, 

such as eccentric loads. In the last decade, a new method used to 

strengthen RC structural components is high-performance fiber-reinforced concrete 

(HPFRC).  Despite the large number of conducted studies, most of them did not 

consider the application of HPFRC as a jacketing material. This study aimed to 

investigate the effectiveness of strengthening square RC columns by applying 

HPFRC as a jacketing material under eccentric loaded. Especially, when there is a 

honeycomb as a damage in the ends of the column body. For this purpose, the 

experimental work included the fabrication of thirty column specimens cast from 

normal strength concrete (NSC) and divided into seven groups based on the 

honeycomb defect ratio. The cross-section area of the unstrengthening specimens 

was (120x120 mm) with a total height of 950 mm. Each column had two corbel 

heads at the ends to accommodate eccentric loads during the test. Concrete cover 

conducted with 15 mm for all column sides. All the column specimens have 

similar longitudinal and transverse reinforcement details to conduct this 

experimental program.  The parameters of this investigation were the eccentricity 

(50 or 100 mm), strengthening jacket thickness (15 or 30 mm), strengthening side 

(full cast or laminates), and the honeycomb defect ratio (35% or 70%) of the cross-

section; all of these were considered. In this research study, the honeycomb was 

configured in a column specimen as a ratio of the cross-section (35% and 70%) of 

the specimen's gross area at a constant length (Le/4), represented by using foam 

slices 30 mm thick, divided by a sharp tool according to the required dimensions 
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and weak strength concrete. The effects of these parameters on load-carrying 

capacity, load displacement, ductility, stiffness, and toughness behaviors of the 

columns were studied. The research results indicated that HPFRC is a reliable 

strengthening method to enhance the strength, stiffness, ductility, and toughness of 

reinforced concrete columns subjected to eccentric loads.  The increase in axial 

load capacity and stiffness is directly related to the thickness of the HPFRC jacket 

and inversely related to the eccentricity ratio. Specifically, the full casting strategy 

of the HPFRC jacket proved to be more effective than the laminate. Moreover, the 

gain in strength ranged from (73.04% to 152.17%) for the columns strengthened 

with 2-sides and ranged from (156.2% to 173.91%) for the columns strengthened 

with 4-sides. 
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CHAPTER ONE:  INTRODUCTION 

 General 

          Recently, there has been a growing focus on researching the strengthening of 

concrete structures through various approaches. Several research investigations 

have provided evidence that structural concrete elements, such as RC columns, 

may experience substantial enhancements in their ability to bear loads and 

flexibility when enhanced with a concrete jacket. Although many studies have 

been conducted, most of them have not taken into account the use of HPFRC as a 

jacketing material. Strengthening concrete members is an essential objective for 

civil engineers and much research has been committed to understanding the 

behavior of structures under various loading conditions and disasters. The 

reinforced concrete columns are important elements in the reinforced concrete 

structures, which provide bracing against the horizontal loads and support the 

vertical loads with or without moments. The damage to RC columns is perhaps 

caused by poor construction practices and quality control, overloading, corrosion, 

fire damage, foundation settlement, inadequate maintenance, and surface 

deterioration. Honeycombing is a frequent issue in concrete when there are voids 

or gaps in the structure. These voids can penetrate deep into the concrete. The 

restoration procedures must address the depth and extent of the damage, ensuring 

that it is eliminated or hidden, depending on its severity. The occurrence of 

concrete degradation, particularly honeycombing, is a significant issue that 

requires careful attention [1-3].  
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          The terms restoration, repairing, and strengthening have been defined below 

to provide precise distinctions among them: 

1- Restoration: The process of enhancing structures that are damaged to make 

them useful once again. 

2- Repairing: The process of returning the structural performance of damaged 

structures to their original condition. 

3- Strengthening: The process that involves enhancing the structural 

performance of compromised structures beyond their initial capacities. [4] 

 Definition of Column 

         A column is a critical component in reinforced concrete buildings, offering 

resistance to horizontal loads and supporting vertical loads with or without 

moments, responsible for transferring the load from the superstructure to the 

foundation in a secure manner. 

1.2.1 Failure Mode of Columns 

         Columns may fail in one of the following mechanisms, as shown in Fig. 

(1.1): 

1- Crushing: This is the most common failure mode for columns. It occurs 

when the column is loaded with a compressive force that exceeds its load-

carrying capacity, causing it to buckle or crush. 

2- Buckling: Buckling happens when a column is subjected to an axial 

compressive load, causing it to bend or deform laterally. This can lead to 

sudden and catastrophic failure. 

3- Combination of buckling and crushing: Columns can also fail due to a 

combination of different loading conditions, such as axial compression, 

bending, and shear acting simultaneously, leading to complex failure modes. 
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4- Shear Failure: Shear failure can occur in short columns when they are 

subjected to lateral forces that exceed their shear capacity, causing them to 

fail along a diagonal plane.[5] 

F

1 

 Techniques for Strengthening RC Columns 

         The failure of reinforced concrete (RC) facilities has become more common 

during the last twenty years, in part due to increasing loads and durability 

challenges. Structural parts may need repair or strengthening due to both chemical 

and physical forces. Cracks resulting from dynamic loads, impact loads, inadequate 

maintenance, creep, non-standard design, deterioration of steel reinforcement, and 

inadequate quality control contribute to the degradation of reinforced concrete 

frameworks. Structure kinds and loading configurations influence methods of 

strengthening. For buildings primarily exposed to static loads, enhancing axial and 

flexural strength should be prioritized, while for those mostly subjected to dynamic 

loads, augmenting shear and flexural strength is more important. The following is 

Figure 1.1 Mode Failure of Columns. [6] 
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an outline of different strengthening and retrofitting approaches for reinforced 

concrete columns carried out in recent years:[7] 

1- Steel Jackets Technique 

          Steel-jacketed concrete columns are the oldest way of strengthening them. 

Strengthening non-ductile columns with steel jackets is common. Increase column 

strength using steel jackets, plates, external ties, partial jackets, complete jackets, 

and varied steel forms. The basic structure includes longitudinal steel angles or 

channel sections at each column corner and horizontal steel sheets welded at 

suitable intervals. Filling the area between the steel jacket and the column with a 

specific mortar improves system performance. Add reinforcement to transmit 

stress between the mortar layer and the column. Fig. (1.2) illustrates a control RC 

column with angle, channel, and plate steel jackets. Steel jacketing strengthens 

undamaged, non-ductile columns. Partial steel jacketing with steel ties is suitable 

for columns with improper strap arrangement. Steel jacketing also reduces 

construction time, costs, and column dimensions. Steel jackets may significantly 

deteriorate in corrosive conditions and fire, resulting in an unsightly look, 

particularly with large steel dimensions. In instances of incomplete steel jacketing, 

the enhancement just increases shear strength [8]. 

 

 

 

 

 

 

 

 
Figure 1.2 Details of Steel Jacketing Technique.[8] 
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2- Reinforced Concrete Jacket Technique 

         A reinforced concrete jacket is extensively used to repair severely damaged 

columns. Around the damaged column, an additional reinforced concrete layer, 

including a reinforcing steel cage and an alternative concrete substance, is applied. 

Adhesive materials or anchoring bolts enhance the connection between the column 

and the additional layers; Fig. (1.3) illustrates the specifics of concrete jacketing 

types of jackets. Concrete jacketing improves the seismic performance of the 

column by increasing its axial load-bearing capacity, flexural strength, and 

ductility. It further increases the rigidity of the building practices. Concrete jackets 

increase column section dimensions, add extra weight, need expert labor and 

quality control, involve higher costs, and creation takes time [9]. 

 

 

 

 

 

 

 

 

 

3- Ferro Cement Jacket Technique   

          The process of Ferro-cement jackets is an efficient rehabilitation method for 

reinforced concrete columns. The ferro-cement jacketing system includes a thin 

reinforced mortar wall, constructed from cement-sand mortar, with one or several 

layers of wove or welded wire mesh as shown in Fig. (1.4). It offers a cost-

Figure 1.3 Details of Reinforced Concrete Jacketing Technique.[9] 
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effective option for improving reinforced concrete columns in comparison to 

costlier methods such as steel jacketing and concrete jacketing. Ferro-cement 

jacketing is simple and requires few qualified people. Ferro-cement confinement 

enhances ultimate load capacity, impact resistance, seismic vibration resistance, 

fire and corrosion resistance, and maintenance cost. However, ferro-cement 

jacketing enlarges columns and adds weight [10]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Details of partially Ferro-cement Jacketing technique [4]. 

 

 

Figure 1.4 Details of Partially Ferro-cement Jacketing Technique.[10] 
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Figure 1.5 Details of  CFRP Jackets Technique.[12] 

4- CFRP Jackets Technique 

          Since the 1960s, carbon fiber has been used for strengthening and restoring 

structural components, replacing conventional techniques that depend on 

increasing cross-sectional dimensions. Carbon Fiber-reinforced polymer (CFRP) is 

a lightweight composite composed of carbon fibers and a polymer matrix, as 

shown in Fig. (1.5). The installation of CFRP typically uses epoxy or polyurethane 

resins. Epoxy resin penetrates carbon fibers and adheres the composite wrap to the 

structural component. A significant use of CFRP sheets is the strengthening of 

concrete columns by jacketing with CFRP wrapping. CFRP wrapping is a 

lightweight substance that could be simply erected on-site without difficult issues. 

They also lack corrosion issues, unlike steel jacketing, and exhibit outstanding 

resistance to chemical attack. They defend against fire. Carbon fiber reinforced 

polymer jackets are expensive [11]. 
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5- HPFRC Jackets Technique 

          HPFRC is a fiber-reinforced cementitious material composed of cement, 

quartz powder, silica fume, and steel fibers, exhibiting significantly superior 

compressive, tensile, and flexural strength, as well as enhanced ductility compared 

to conventional concrete. In recent years, efforts have enhanced the properties of 

cementitious materials by the use of fibers, resulting in the emergence of Ultra-

High Performance Fiber Reinforced Concrete (HPFRC). This kind of 

technique was used to improve the strength of reinforced concrete buildings. Many 

investigations have shown improvements in the mechanical characteristics of 

HPFRC and its efficiency in the strengthening process as shown in Fig. (1.6). 

Owing to the increased fluidity of HPFRC, the jacket thickness may be lowered to 

below 30-50 mm, so reducing the primary drawback of the conventional concrete 

jacketing technique. Additional benefits of HPFRC strengthening include 

exceptional durability, versatile adaptability in many situations, and compatibility 

with other materials like wire mesh, textile mesh, and CFRP to enhance 

performance [13]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 1.6 Details of HPFRC Jacketing technique.[13] 
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 Ultra-High Performance Fiber Reinforced Concrete (HPFRC) 

1.4.1 Definition of HPFRC 

          HPFRC is a cementitious composite material containing steel fibers as 

reinforcement, substituting traditional reinforcement rebar [14]. HPFRC is an 

efficient material for strengthening because of its exceptional mechanical qualities. 

Moreover, HPFRC has exceptional durability, ductility, and workability; low 

permeability; and strong resistance to abrasion and fire. For these reasons, HPFRC 

has shown to be an efficient material for structural strengthening. The enhanced 

properties of HPFRC are achieved by minimizing the amount of water present in 

the concrete mixing (resulting in fewer air pores), incorporating high-strength 

ductile steel fibers, substituting coarse aggregates with well-graded fine 

aggregates, and integrating highly reactive pozzolanic materials. HPFRC exhibits 

superior adhesion to normal-strength concrete, thus resolving the debonding 

problem prevalent in alternative retrofitting methods that use fiber-reinforced 

polymers or externally attached steel plates. Consequently, HPFRC-based 

structural retrofitting offers many benefits when different elements are considered. 

Structural strengthening using HPFRC is an efficient method of improving the 

stiffness and load-bearing capability of reinforced concrete components while 

reducing a change in member dimensions. Consequently, the HPFRC approach has 

been used in a diverse range of concrete buildings globally [15]. The preliminary 

development of HPFRC started in the 1970s via the examination of high-strength 

cement pastes with reduced water/cement ratios. These pastes were enhanced with 

fibers, superplasticizers, and pozzolanic admixtures, facilitating the development 

of HPFRC [16]. 

          HPFRC is a composite of high-performance concrete and fiber 

reinforcement. The constituents of HPFRC typically include cement, silica fume, 
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sand, superplasticizer, water, and high-strength steel fibers. These substances 

exhibit a compact microstructure [17-19]. 

1.4.2 HPFRC Materials 

         HPFRC is composed of cement, quartz sand, silica fume, water, 

superplasticizer, and micro steel fiber. 

1.4.2.1 Cement 

        HPFRC is composed of A significantly higher amount of cement has been 

utilized (≥ 700 kg/m3), which is twice that of conventional concrete strength. 

Moreover, it has an average diameter of around 15 µm [20]. 

1.4.2.2 Quartz Sand 

         Fine sand typically ranges from 150 to 600 micrometers (µm) and is the 

biggest granular substance dimensionally. Fine sand constitutes the biggest particle 

in the matrix due to the absence of coarse aggregate in the mixture. It may 

originate from crushed sand that is screened, classified as manufactured sand, or 

from natural quarry sand. In the HPFRC, particle size has been limited to a 

maximum of 600 µm and a minimum of 150 µm [ 21]. 

1.4.2.3 Silica Fume 

         Silica fume is an excessively fine, spherical powder used as an additive to 

enhance concrete performance; it is a potent pozzolanic substance employed to 

enhance the qualities of concrete [22]. According to ASTM 1240, it is defined as a 

highly refined pozzolanic substance, mostly consisting of amorphous silica 

generated by electric arc furnaces as a by-product in the manufacture of elemental 

silicon or ferrosilicon alloys [23]. 
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1.4.2.4 Superplasticizer 

          It is essential for processing the workability of HPFRC with low water 

content. Superplasticizers, or high-range water reducers, are admixtures that 

provide significant water reduction or enhanced flowability without delaying set 

time or increasing air entrainment [24]. There is no definitive way to determine the 

necessary dose of superplasticizer. It must be ascertained by a procedure of trial 

and error. Several tests were conducted to ascertain the necessary dose of 

superplasticizer. 

1.4.2.5 Water 

          Water is the most essential and least costly component of concrete. A portion 

of the water used is for the hydration of cement, which has solidified to provide the 

binding matrix. The quality of hardened concrete is significantly affected by the 

water-to-cement ratio; increased water content weakens the cement paste [25]. 

1.4.2.6 Micro Steel Fibers 

          Steel fibers are the largest component of HPFRC, with a nominal diameter of 

0.2 mm and a nominal length of 12.7 mm. The purpose of these fibers in HPFRC 

necessitates that they possess exceptional tensile strength to minimize cracks. 

Nevertheless, if the fiber volume fraction (Vf) surpasses 2%, attaining a sufficient 

degree of workability for placement and compaction becomes challenging [21]. 

1.4.3 Historical Background of HPFRC Development 

          In recent years, multiple efforts have enhanced the properties of cementitious 

materials through the use of fibers, resulting in the development of HPFRC. The 

initial development of HPFRC started in the 1970s via the examination of high-

strength cement pastes that had lower water-to-cement ratios. These pastes were 

enhanced with fibers, superplasticizers, and pozzolanic admixtures, facilitating the 
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development of HPFRC. A cement pastes with a compressive strength of 

approximately 240 MPa was obtained after 180 days by providing special 

treatment to the ground clinker by using a low W/C of 0.2 [22]. Alternatively, it 

obtained a cement paste with near-zero porosity and a compressive strength of 

about 510 MPa by applying heat curing with a pressure of 50 MPa [23].  

          In the early 1980s, with the development of pozzolanic admixtures and high-

range water-reducing agents such as superplasticizers, two different types of ultra-

high-strength and low porous concretes were developed (densified with small 

particles (DSP) concrete and macro-defect free (MDF) pastes) [17-18]. Finally, in 

the mid-1990s, reactive powder concrete (RPC), which is the forerunner of the 

HPFRC that is currently available, was developed and exhibited compressive 

strengths ranging from 200 to 800 MPa and fracture energies up to 40 kJ/m2 [19]. 

 Honeycomb in concrete 

         Honeycombs in concrete refer to voids or gaps that appear within the 

concrete structure after it has hardened. These voids resemble a honeycomb pattern 

and are a result of improper compaction or other issues during the pouring and 

curing process, as shown in Fig. (1.7). Honeycombs are created by air gaps that get 

trapped around coarse aggregates during the concreting process. These may 

develop inside the concrete buildings and on the outside surface additionally [27]. 

Surface honeycombs influence aesthetics and are readily recoverable, however, 

interior honeycombs could decrease load-carrying capability and impact the 

permeability of the components. Detecting honeycombs remains challenging due 

to their diverse sizes, shapes, and placements [28]. 
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          In reinforced concrete structures, damage may result from cracking, surface 

degradation, deposits, deformation, and construction errors or characteristics. 

Substantial efforts have been made to identify the locations of flaws in reinforced 

concrete buildings using one or several modal features [29]. Honeycombing is one 

of the most common defects in concrete. It is classified as a construction defect. 

While many popular in-situ testing methods exist for identifying honeycombs in 

concrete, including hammer testing, shaker testing, and ultrasonic pulse velocity 

testing, research on honeycombing damage remains limited [30]. 

          Honeycomb is a significant issue in concrete that requires careful attention. 

Otherwise, the structure or component may compromise its structural strength. The 

causes for honeycombing in concrete are as follows [24]: 

1. Inappropriate workability of concrete.  

2. Use of stiff concrete mix or the concrete is already set before placing. 

Figure 1.7 Honeycomb in Columns. 
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3. Improper vibration of concrete in formwork. 

4. Over-reinforcement. 

5. Use of larger size aggregates in excessive amounts. 

6. Formwork is not rigid and watertight. 

7. Concrete is poured from more than the allowable height. 

8. Congestion of steel is preventing the concrete from flowing over all corners. 

9. Lack of quality control by workers during the casting stage. 

 Aim of Study 

          Experimental research is used in this work to investigate the performance of 

rehabilitated honeycombed RC columns and the carrying capacity of these 

samples. The honeycomb was damaged with different locations and volumes. 

Thirty RC column specimens have been considered in the experimental tests. The 

behavior of RC columns was studied in the experimental tests and subjected to 

different axial compressive loads up to failure. The behavior of these RC columns 

will be measured by presenting and discussing the load-displacement for lateral 

and axial displacement along with modes of failure, load of first crack, and load of 

failure patterns. 

 Study Objectives 

          The main purpose of this work is to scientifically investigate the structural 

response of reinforced concrete (RC) columns damaged with honeycomb and 

strengthened with high performance fiber reinforced concrete (HPFRC) under 

eccentric loadings. 
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 Thesis Layout 

The research study included five chapters, as shown in Fig. (1.8). 

 

 

 

 

Chapter One: Introduction

Chapter Two: Literature review  

Chapter Three: Experimental Work

Chapter Four:  Analysis and Discussion of Results 

Chapter Five: Conclusions and Recommendations

Figure 1.8 Thesis Layout. 
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CHAPTER TWO: LITERATURE REVIEW 

 

 Introduction: 

          Due to the columns are the most important structural members of the 

buildings. Because of the responsibility for transferring the loads to the 

foundations. Thus, any failure in a column with a critical location causes a failure 

in that location and all the adjacent structural parts and may cause a complete 

collapse of the structure. Strengthening and rehabilitation of existing structures are 

becoming the main parts of the construction activities. This chapter focused on 

presenting the previous studies that dealt with the strengthening of RC columns 

using different techniques that will be covered. Then, the previous studies 

concerned the strengthened RC column using HPFRC and CFRP under concentric 

and eccentric loading. 

  Studies on the Behavior of RC Column Strengthening with HPFRC under 
Different Loading Cases: 

In 2015, MARQUES et al. [32] studied the findings of eight rectangular 

reinforced concrete columns exposed to combined compression and bending. The 

purpose of the study was to assess the effectiveness of employing sleeve wedge 

bolts at the interface between new and old concrete to prevent detachment. The 

strengthening approach involves applying an outer layer of self-compacting 

concrete to one side of the column. To enhance the bond between the pre-existing 

concrete and the newly poured concrete, the concrete surface was roughened, and 

the outermost covering of aggregate was exposed through the process of hydro 

jetting. Wedge bolts were inserted into holes in the concrete surface to enhance the 

binding between the two concrete surfaces, as illustrated in Fig. (2.1). The 
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conclusions were that the use of sleeve wedge bolts can improve the bond between 

old and new concrete surfaces in strengthened reinforced concrete columns, and 

increasing their strength capacity. The number and positioning of bolts can impact 

the durability of reinforced columns. The column with the fewest number of bolts 

exhibited the greatest ultimate load. Positioning bolts internally proved to be more 

efficient than externally. Bolts produced good behavior of cases at all, and shear 

failure did not occur.  

 

 

  

 

 

 

 

 In 2016, Cassese et al. [33] studied the investigation of the use of High-

Performance Fiber-Reinforced Concrete (HPFRC) jacketing to strengthen existing 

RC columns and presented a method for calculating the capacity envelopes for 

axial load and bending moment using analytical calculations. To enhance the 

average dimensions of the current column section, the existing concrete cover can 

be replaced with an external jacketing made of HPFRC. Six small square 

reinforced concrete RC columns were fabricated that use a low-performance 

concrete mixture to compensate for the inadequate mechanical characteristics of 

the previous RC elements. Subsequently, three of them had strengthened via the 

Figure 2.1 Specimen Details.[32] 
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utilization of HPFRC jacketing. The columns were exposed to a combination of 

bending and axial load, illustrated in Fig. (2.2). The results of the experimental 

study showed that the HPFRC jacketing technique was an effective method for 

improving the attitude of RC columns with a combination of bending and axial 

loads. Also, the HPFRC jacket effectively postponed the initiation of structural 

collapse in unstrengthened columns. Also, the study proposed a method for 

obtaining the capacity for axial force and bending moment for RC columns 

strengthened using a simplified analytical technique. The suggested analytical 

technique serves as the basis for the retrofitting design of existing reinforced 

concrete RC columns utilizing high-performance fiber-reinforced concrete 

(HPFRC) jacketing. 

 
 

 In 2016, Koo et al. [34] developed an appropriate retrofit method and assessed the 

columns strengthened with HPFRC jackets. The experimental program involved 

four identical RC column specimens, with one left unstrengthened and the others 

retrofitted with HPFRC jackets of varying thickness and stirrup configurations as 

shown in Fig. (2.3). The specimens were subjected to double curvature cyclic load 

tests to simulate seismic loads. Their testing results showed that the greatest weight 

Figure 2.2 Details of The Original and Strengthened.[33] 
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that may be supported by the columns increases by applying the HPFRC jacketing 

method, with the addition of transverse reinforcements further improving the shear 

strength and ductility.  

 

 

 

 

 

 

 

 

         Their findings also indicated that the HPFRC jacketing technique was an 

advantageous choice for retrofitting RC columns, as it provides an important 

improvement in strength without a substantial increase in column size. This 

approach was possible to change the mode failure from shear to flexural shear 

failure, hence enhancing the ductile behavior of column specimens. The study 

notes that the HPFRC jacketing method may have limitations in terms of 

durability, such as fire or corrosion resistance, which should be considered in 

practical applications. 

In 2018, Hadi et al. [35] investigated the behavior of sixteen RC specimens under 

concentric axial loading, eccentric axial loading, and four-point bending and 

proposed a new jacketing technique to retrofit existing deficient circular RC 

columns. The experiment of this investigation involved the preparation and testing 

Figure 2.3 Details of Specimens.[34] 
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of 16 reinforced concrete (RC) column specimens. The specimens were 

categorized into four groups, each one consisting of 4 column specimens, 

according to the implemented strengthening procedure. The specimens were tested 

under different loading conditions, including concentric axial load, eccentric axial 

loads, and four-point bending, as shown in Table (2.1). 

Table 2.1 Test Matrix. 
Specimen Dimensions 

(mm) 
Longitudinal 
reinforcement 

Transverse 
reinforcement 

Jacket 
type 

Loading 
condition 

C-0 Ø150 x 800 6 N10 R6@50 mm None Concentric 

C-15 
    

15 mm eccentric 

C-25 
    

25 mm eccentric 

C-B 
    

Four-point bending 

 
CF-0 

 
Ø150 x 800 

  
Two layers 
of CFRP 

 
Concentric 

CF-15 
    

15 mm eccentric 

CF-25 
    

25 mm eccentric 

CF-B 
    

Four-point bending 

CJ-0 Ø200 x 800 
  

RPC Concentric 

CJ-15 
    

15 mm eccentric 

CJ-25 
    

25 mm eccentric 

CJ-B Ø200 x 800 
   

Four-point bending 

 
CJF-0 

   
RPC + One 
layer of 
CFRP 

 
Concentric 

CJF-15 
    

15 mm eccentric 

CJF-25 
    

25 mm eccentric 

CJF-B 
    

Four-point bending 

 

          As can be seen from Table (2.1), the researchers tried to employ different 

materials to strengthen the RC column. The response of the specimens under 

different conditions such as yield load, ultimate load, and energy absorption was 
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recorded and presented. The study proved that the combination of RPC jacketing 

and CFRP wrapping was an effective strengthening method for RC columns. It 

enhanced and improved the axial load capacity, ductility, and energy absorption of 

the specimens. Moreover, strengthening of circular RC columns using RPC and 

RPC combined with CFRP was more efficient than using CFRP alone to achieve a 

greater yield strength.  

In 2019, Al-Khazragi [36] conducted an experimental investigation to evaluate 

the performance of RC columns strengthened with HPFRC and CFRP. The 

variables of the study were the number of RC sides, which were covered by 

strengthened materials. These were two or four sides. The thickness of the 

strengthened material was also considered. To achieve the goals of the study, 13 

specimens of square cross-sections of normal concrete with the same longitudinal 

and transverse reinforcement were cast and tested. The conclusion revealed that 

strengthening structures using HPFRC and CFRP led to improvement in the RC 

columns performance under the concentric and eccentric loads.  The combination 

of CFRP and HPFRC jacketing provided better strength and ductility than using a 

single material. The dimensions of CFRP strips and the amount of HPFRC 

jacketing applied to the faces of reinforced concrete columns were important 

variables that influenced their structural performance. 

In 2019, Algburi et al. [37] introduced a novel method to improve or increase the 

strength of RC columns. The method involved circularizing the columns using 

reactive powder concrete (RPC) and then wrapping with Fiber Reinforced Polymer 

(FRP). The effectiveness of this technique was evaluated by conducting tests on 16 

specimens. These specimens were separated into four groups, each representing a 

different strengthening methodology, as illustrated in Fig. (2.4). The specimens 

conducted testing under various loading instances, including concentric axial load, 
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eccentric axial loads, and four-point bending. The experimental findings suggested 

that the combination of circularization with RPC and wrapping with CFRP is more 

efficient in enhancing the strength of square RC columns, as compared to 

circularization with RPC alone. This combination results in enhanced both strength 

and energy absorption. Additionally, it was demonstrated that the RPC may be 

utilized effectively as both a shape modifier and a strengthening jacket for square 

reinforced concrete (RC) columns. 

 

 

 

 

 
 

 

In 2019, Tayeh et al. [38] introduced experimental research aimed at assessing the 

efficacy of mending deteriorated concrete columns through the application of a 

thin-layer concrete jacket. The experimental program involved creating nine 

reinforced concrete column specimens, each measuring 30 cm in length. The 

specimens were partitioned into three groups based on their cross-sectional 

dimensions: three specimens measured (10×10) cm, three specimens measured (15 

× 15) cm, and three specimens measured (17×17) cm. There was a total of thirty-

six column specimen cores that were cast. These cores had the same cross sections, 

measuring (10× 10) cm, and a total height of 30 cm. Those cores sustained damage 

due to being loaded with approximately 90% of their maximum axial loading 

Figure 2.4  Cross-sections of The Specimens: 
(a) Group S, (b) Group SF, (c) Group 

SJ, and (d) Group SJF.[37] 
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capabilities. Subsequently, the columns underwent restoration and reinforcement 

by employing two jacketing materials, measuring 2.5 and 3.5 cm in thickness, on 

each of the four sides. Group 1 included eighteen-column cores encased in regular 

strength concrete, while group 2 comprised eighteen-column cores encased in 

ultrahigh-performance fiber-reinforced self-compacting concrete with steel 

reinforcement, as depicted in Fig. (2.5). The study concluded that thin concrete 

jacketing with normal-strength concrete and ultrahigh-performance fiber-

reinforced self-compacting concrete can be a highly efficient method for repairing 

and strengthening damaged concrete columns. Moreover, the use of different 

jacketing types and surface preparation methods can significantly improve the 

compressive strength of RC column specimens. Therefore, using UHPFRSCC 

jacketing is an effective method for the rehabilitation and repair of deteriorated 

reinforced concrete columns, with the use of shear studs for bonding column cores 

and jackets being the most effective method among the three surface roughening 

methods tested (mechanical wire brushing, mechanical scarification, and shear 

studs).  

 

 

 

 

 

 

 
Figure 2.5 Geometry and Reinforcement Details of Columns.[38] 
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In 2019, Heiza et al. [39] investigated the effect of corrosion on RC columns and 

the effectiveness of using HPFRC and NSC jackets as a repairing technique. An 

experimental test program was prepared to test 12 reinforced concrete columns 

having sections of (120 x 120) mm and lengths of 1000, 1500, and 2000 mm. The 

details of the tested specimens are shown in Table (2.2). The columns were tested 

as hinged-hinged under concentrated load at both ends up to failure. The behavior 

of the tested columns was estimated in terms of ultimate load, vertical 

displacement, horizontal displacement, strain in concrete, and strain in the main 

steel rebar.  

Table 2.2 Details of Column Specimens. 
 
Group 

 
Code 

 
Cross section mm2 

 
Height   mm 

 
Discretion 

1 UC-100 120 x 120 1000 uncorroded 
 

UC-150 
 

1500 
 

 
UC-200 

 
2000 

 

2 C-100 120 x 120 1000 Corroded 
 

C-150 
 

1500 
 

 
C-200 

 
2000 

 

3 RH-100 160 x 160 1000 Repaired by 
HPFRC 

 
RH-150 

 
1500 

 

 
RH-200 

 
2000 

 

4 RN-100 160 x 160 1000 Repaired by 
NSC 

 
RN-150 

 
1500 

 

 
RN-200 

 
2000 

 

 

The results showed that the column enhanced by HPFRC produced the best 

structural results, with a raised load capacity for corroded column specimens. 
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Moreover, High-performance jacketing enhances column bearing capacity in 

corroded rebar, doubling capacity load, suitable for existing RC structures with low 

concrete strength, low reinforcement ratio, and corrosion.   

In 2020, Mashshay et al. [40] employed innovative engineering concrete 

cementitious ECC materials for strengthening RC columns under eccentric loading 

conditions. For ECC material two types of fibers were selected. These were steel 

and polypropylene fibers. Eight RC columns of square cross-section were cast and 

tested as illustrated in Fig. (2.6). The columns were subjected to eccentric loading, 

with two eccentricities (h/6 and 5h/12), and the load-deformation behavior was 

recorded. The findings demonstrated that the specimens with ECC displayed 

superior load-carrying capacity in comparison to both self-compacting concrete 

and regular ECC specimens. The load-deformation behavior of the hybrid ECC 

columns was not significantly different when the proportion of steel fibers was 

raised from 0.5% to 1%. The eccentricity of the loads had a significant effect on 

the global behavior of the tested columns.  

 

In 2020, Sakr et al. [41] developed a precise numerical model of a reinforced 

concrete column strengthened with HPFRC under eccentric loading. The 

Figure 2.6 Details of Tested Columns.[40] 
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cohesiveness surface was considered and the bond between the jacket and core 

concrete was conjoined. The ABAQUS program was utilized for simulation 

purposes of both the reference RC columns and the RC columns that have been 

reinforced with HPFRC jackets. The other factors that also considered were the 

concrete core, concrete jacket, dowels, and reinforcement of steel in the jacketing 

layers and core. The specific characteristics of the specimens are presented in Fig. 

(2.7) 

 

 

 

 

 

 

 

 
 

The study conclusions were that the proposed finite element (FE) model accurately 

predicts ultimate load capacities and failure causes for reinforced concrete columns 

with RC jackets. Additionally, the cohesive surface appropriately captures core-

jacket interface connection behavior. The FE results also match experimental test 

results well. The maximum load capacity of the jacketed specimens increases with 

the increase of jacket thickness. Moreover, installing dowels enhances the load 

capacity and bond between core concrete and HPFRC jackets. 

  

In 2020, Dadvar et al. [42] investigated the strengthening technique of HPFRC 

jacketing for confining circular RC columns and proposed a model for the stress-

Figure 2.7 Details of Specimens.[41] 
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strain relation of the column specimens confined with the HPFRC jacket. For this 

purpose, fourteen circular base column specimens were cast, and their contact 

surfaces were prepared through longitudinal or horizontal grooving, sandblasting, 

and abrasion techniques. Ten specimens were strengthened with HPFRC jackets 15 

mm in thickness and containing either steel fibers or synthetic macro-fibers, while 

three more were strengthened with full or intermittent glass fiber-reinforced 

polymer (GFRP) hoop wraps. The study concluded that HPFRC jacketing can 

increase the load-carrying capacity and energy absorption of RC columns, and a 

model was proposed to predict the stress-strain relation of concrete columns 

jacketed by HPFRC, and HPFRC jackets with steel fibers and longitudinal 

grooving surface preparation technique are effective in improving the compressive 

behavior of NSC columns. Furthermore, suggested that the surface preparation 

technique and the type of fibers used in the HPFRC jacket can significantly affect 

the load-carrying capacity and ductility of the columns. Longitudinal grooving as a 

novel interface treatment produced significant enhancements in the load-carrying 

capacity and energy absorption of the jacketed specimens. Specimens strengthened 

with HPFRC jackets containing steel fibers recorded higher load-carrying capacity 

and energy absorption compared to those containing synthetic fibers. 

 

 In 2021, Al-Osta et al. [43] presented an analytical model to forecast the 

structural integrity of reinforced concrete columns that were square in shape and 

have been reinforced using UHPC under axial and eccentric load. The FE models 

were validated with the result of the experimental study. The exploration involved 

cast-on 15 reinforced concrete columns with a cross-section of 125 × 125 mm and 

a height of 500 mm. The columns were categorized into three groups based on 
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their confinement with UHPC. A 3D nonlinear numerical model was created using 

ABAQUS software and verified using experimental results. 

The study conclusions revealed that UHPC jacketing was an effective way to 

improve the strength and ductility of RC columns. The finite element model 

developed in this research study can accurately predict the performance of UHPC 

jacketed RC columns. The analytical models accurately forecasted the point at 

which RC columns, reinforced with UHPC, would break under stress.  

 In 2021, Chen et al. [44] investigated a numerical and experimental study for 

following the performance of eccentric RC columns jacketed by HPFRC. The 

parameters considered in the study were the reinforcement ratio of HPFRC and the 

thickness of the jacketed material. To achieve the purpose of the study, nine 

specimens were tested. Dimensions and details of the specimens were illustrated in 

Fig. (2.8).  

 

 

 

 

 

 

 

 

The ABAQUS program was used to predict the results of the numerical phase of 

the study. The results illustrated that HPFRC layer has good prospects for 

Figure 2.8  Geometry and Rebar Arrangement (unit: mm).[44] 
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strengthening RC structures. The HPFRC layer can improve the load-carrying 

capacity and ductility of RC columns under eccentric compression. HPFRC layer 

can also control on the development of cracks and improve the bending resistance 

of the column. The behavior of the columns was influenced by the HPFRC layer 

thickness, load eccentricity, and bond slip at the interface.  

In 2021, Cassese et al. [45] introduced an investigation of RC columns retrofitted 

with HPFRC jacketing. Their experimental program involved conducting tests on 

four scaled-down specimens. One specimen was an RC non-strengthened column, 

while the other three columns were strengthened by using external HPFRC 

jacketing. The testing procedure involved applying a combination of axial and 

bending load conditions. The results indicate that the strengthened column U1 

reached its maximal load at a deformation value of 0.17%, which was significantly 

lower than that of the unstrengthened column. The damage condition was defined 

by the emergence of pseudo-vertical cracks on the outer surface of the specimen. 

The measured maximum values of the axial load and bending moment were lower 

than the expected values due to the adverse rise in transverse stress on the HPFRC 

jacket. 

In 2020, Elsayed et al. [46] examined the structural response of RC columns 

reinforced with HPFRC when subjected to eccentric loads. The considered various 

parameters were the eccentric load ratio, HPFRC thickness, steel fiber ratio, and 

strengthening schemes. Two different schemes were laminates on two sides or full 

around all sides as demonstrated in Fig. (2.9). The experimental study involved 

cast twelve-column specimens subjected to compressive load. The theoretical 

framework established by Sakr et al. [47] was used to evaluate and determine the 

axial load and moment capacities of the tested columns. The study concluded that 

HPFRC was a highly effective method for enhancing the performance of RC 
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columns when subjected to eccentric loading. The application of HPFRC jackets 

and laminates was the most efficient approach for strengthening reinforced 

concrete columns under eccentric loading. The thickness of the HPFRC jacket and 

the volume of steel fibers had a significant impact on the strength and stiffness of 

the enhanced specimens. 

 

 

 

 

 

 

 

In 2022, Suleman. [48] one of the factors that affect the performance of the 

strengthened column with UHPC is the interfacial bond between the two materials 

(concrete core and strengthened jacket). Therefore, this study focused on exploring 

the effect of that factor on the strengthened column. For this purpose, sandblasting 

and epoxy binder were used to enhance the bond between the core concrete and 

jacketed material. This study proved that when the column was roughened by 

sandblasting and using an epoxy binder showed no debonding between the 

substrate and strengthened jacket. Moreover, the study extended to repair the 

corroded RC column using UHPC, considering the surface preparation in account.     

The study involved fourteen square and circular column samples with a square 

Figure 2.9  Strengthening Schemes for Test Specimens.[46] 
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Figure 2.10 Schematic for Structural Work.[48] 

cross-section of 150 x 150 mm and a total length of 950 mm as shown in Fig. 

(2.10). The thicknesses of the jacket and column shapes were subjected to varying 

degrees of deterioration (10 and 20 mass loss %). The outcomes showed that 

increasing the thickness of the UHPC jacket resulted in an enhanced carrying load 

by about 0.49 at 0.10 mass loss and 0.84 at 0.20 mass loss for square strengthened 

concrete columns, while the load carrying capacity changed by about 0.97 at 0.10 

mass loss and 0.28 at 0.20 for circular columns. The axial deformation decreased 

for square columns but increased for circular columns. In addition, the ductility of 

corroded concrete columns strengthened with UHPC jacket significantly enhanced 

by (0.06, 0.47) for 0.10 mass loss and (0.82, 0.83) for 0.20 mass loss for square 

columns and (0.63, 0.68) and (0.21, 0.49) for circular columns with mass loss 0.10 

and 0.20 respectively. 

 

 

 

 

 

 

 

 
 

In 2023, Susilorini et al. [49] examined the advanced performance of columns 

with UHPC and HPFRC jacketing, focusing on the strength and ductility of these 
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columns, including load capacity, stress-strain behavior, and crack patterns in 

failure modes. This study employs experimental and analytical approaches. The 

experiment conducted cast 12 short normal strength concrete columns with 

dimensions of 200 mm x 200 mm, a height of 750 mm, and a concrete cover 

thickness of 25 mm. The NSC columns used 4Ø12 mm deformed steel bars as 

longitudinal reinforcements, and Ø8 mm bars as ties with a spacing of 100 mm 

(external lap section) and 50 mm (internal lap section) strengthened by UHPC and 

HPFRC, including 0%, 1%, and 2% fiber, which were tested under axial load and 

different eccentricities: e = 0, 35, and 70 mm, as shown in Table (2.3). 

Table 2.3 Column Specimen's Detail. 
No. Specimen Code Description Fiber Percentage Loading Type 

1 C-0 CONTROL 1 0% concentric 

2 CF0-0 NSC + UHPC 0% 0% concentric 

3 CFl-0 NSC + HPFRC 1% 1% concentric 

4 CF2-0 NSC + HPFRC 2% 2% concentric 

5 C-35 CONTROL 2 0% eccentric 

6 CF0-35 NSC + UHPC 0% 0% eccentric 

7 CFl-35 NSC + HPFRC 1% 1% eccentric 

8 CF2-35 NSC + HPFRC 2% 2% eccentric 

9 C-70 CONTROL 3 0% eccentric 

10 CF0-70 NSC + UHPC 0% 0% eccentric 

11 CFl-70 NSC + HPFRC 1% 1% eccentric 

12 CF2-70 NSC + HPFRC 2% 2% eccentric 

 

Sandblasting was used to provide a monolithic surface contact between the 

substrate and the UHPC and HPFRC confinements. The findings indicated that 

NSC columns strengthened by UHPC and HPFRC were able to resist a greater 

maximum load and stress, as well as serve increased vertical deformation and 

strain compared to the control specimens. Moreover, it showed that including a 2% 

fiber volume into the HPFRC reduces crack propagation in the failure mode and 
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delays confinement spalling of the column. Finally, the study confirms that UHPC 

and HPFRC confinements can enhance the strength and ductility of the column. 

 
In 2023, Shehab et al. [50] analyzed the axial performance of square-reinforced 

concrete columns that were reinforced with HPFRC jackets. The study specifically 

investigated the impact of interface treatment methods, jacket thickness, and the 

number of strengthened sides on the behavior of the columns. The research project 

involved the production of nineteen specimens, each with a specific height of 1000 

mm and a cross-section of 150 ×150 mm as shown in Fig. (2.11). The study used 

HPFRC jackets with different grooving patterns (VG, HG, and NG) and varying 

jacket thicknesses (20 mm and 40 mm) to strengthen columns. All reinforced 

specimens failed in a brittle manner throughout the study. The "HPFRC" 

reinforced concrete column specimens with vertical grooves exhibited a greater 

ultimate load capacity in comparison to the columns with horizontal grooves and 

columns with no grooving. Moreover, the outcomes showed that the average load 

increases by 44.4%, 119.4%, and 236.4% for VG with a 2 cm jacket thickness and 

by 103.2%, 264.3%, and 421.8% for VG with a 4 cm jacket thickness. Finally, the 

study concluded that HPFRC jackets can be used to strengthen RC columns, and 

the interface treatment method, jacket thickness, and number of strengthened sides 

affect the columns' behavior. The load-carrying capacity of column specimens, 

when strengthened with a HPFRC jacket, is significantly influenced by the 

jacketing thickness. This holds regardless of the treatment procedures used at the 

interface or the number of sides of the column that are strengthened. The vertical 

grooving (VG) method has consistently demonstrated superior outcomes in 

comparison to alternative interface treatment  
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procedures, regardless of specimen jacketing thickness or stronger sides.   

              

In 2023, Al Zeyadi. [51] investigated the behavior and load-carrying capacity of 

rehabilitated reinforced concrete (RC) columns with honeycomb damage in 

different locations and volumes. Twenty RC columns were considered with details 

in Fig. (2.12), with ten for the square section and ten for the circular section. The 

honeycombed zone in the base and middle of the specimens was considered as a 

percentage of the total column size, with a range of 3% to 26% and 4% to 57% for 

the square and circle sections, respectively. The honeycombed columns were 

repaired with epoxy or cement-based materials before the test. The test results 

showed that the strength and load capacity of the treated column exceeded that of 

the control column, with different percentages based on the cross-section of the 

column, and the size and location of the honeycomb defect. The increase in 

ultimate load ranged from 3% to 16% for the square section and from 3% to 17% 

for the circular section. The percentage of increase was higher as the size of the 

honeycomb increased. For the square section RC column, the control column 

failed, while the specimens with cover defects had an increase in ultimate load 

(10%, 16%, 3, and 7.7%), respectively. For the core defect specimens, the ultimate 

Figure 2.11 Geometry of Column Specimens.[50] 
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load increased by 24%, 17%, and 18%. The cover-core defect specimens failed 

with an increase in ultimate load (6% and 7%).  

 

 Studies on the behavior of RC Column Strengthening with FRP: 

In 2024, Li et al. [52] investigated the effects of concrete canvas (CC) and carbon 

fiber-reinforced plastic (CFRP) reinforcement on the mechanical characteristics of 

corroded reinforced concrete columns. Forty-two columns were engineered, and 

axial compression tests were performed. The influence of initial corrosion rate, 

secondary corrosion duration, quantity of CC layers, and quantity of CFRP layers 

on failure morphology, load-bearing capacity, and ductility was examined. The 

findings indicated that specimens confined with single-layer CC exhibited 

improvements, and ductility qualities were increased. CC-CFRP composite-

constrained specimens exhibited substantial enhancements, demonstrating 

improved plastic deformation capacity and distinctive ductile damage traits. The 

corrosion inhibition of CC for specimens exhibiting a theoretical corrosion rate 

Figure 2.12 Details of Specimens.[51] 
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under 20% showed an upward trend, ranging from 23.0% to 31.2%. CC and CFRP 

collaboratively restrict concrete, resulting in substantial alterations in joint restraint 

specimens and little total peak strain under the influence of joint steel bars. A 

precise peak stress-strain model for corroded reinforced concrete columns was 

developed, providing a theoretical foundation for further study. The research 

indicated that unconfined reinforced concrete columns exhibited brittle failure, 

enhanced load-bearing capability with single-layer concrete, and ductile failure. 

The damage process was slower and more ductile when integrated with concrete 

reinforcing panels. As the layers of CFRP rose, the noise of damage intensified, 

and the concrete was fractured. The research analyzed the damage characteristics 

of unconfined reinforced concrete columns, indicating brittle failure without 

apparent indicators. Single-layer concrete columns demonstrated enhanced bearing 

ability but with a little improvement in capacity. The specimens exhibited ductile 

damage throughout testing. The damage process of CFRP-constrained reinforced 

concrete columns was slower and more ductile when damaged. With the rise in 

CFRP layers, the damage process exhibited a deceleration, amplified noise, and 

resulted in the crushing of the concrete in the core region. This study introduces a 

primary model for axial compression of corroded reinforced concrete columns that 

are simultaneously constrained by CFRPs, demonstrating great accuracy and 

effectively characterizing the mechanical features of these columns. The stress-

strain curves of these columns exhibit an initial increase, followed by a little 

decline, and then another increase, underscoring the need for a deeper 

comprehension of their axial compression characteristics. 

In 2023, Blikharskyy et al. [53] analyzed the performance of columns reinforced 

with CFRP laminates subjected to eccentrically applied axial loads. The study 

examines the impact of pre-loading on the observed behavior of the columns. The 
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specimens are first subjected to eccentrically applied axial forces at varying 

capacity levels. Upon reinforcement, they are progressively loaded to failure, with 

stresses and deflections documented. The characteristics of strength, deformability, 

and ductility of the columns are assessed and analyzed. A comparative study is 

performed to assess the efficacy of the strengthening. The research indicates that 

increased starting loading levels diminish the strengthening effect from 31.8% to 

15%, resulting in a reduction of the final displacement at the maximum load. The 

augmentation of stiffness and reduction of deflections resulting from CFRP 

strengthening is seen, but the existence of initial loading somewhat diminishes the 

ductility of CFRP-strengthened columns. The specific characteristics of CFRP 

efficacy must be taken into account in engineering applications. 

 

In 2021, Wang et al. [54] presented an experimental study on eccentrically loaded 

rectangular reinforced concrete columns with various CFRP strengthening methods 

and preloading levels showing that load-bearing capacity and ultimate 

deformations may be markedly improved after CFRP reinforcement as shown in 

Fig. (2.13). The comprehensive wrapping method was more efficacious for 

columns with minor eccentricity while augmenting longitudinal CFRP layers on 

the tensile side enhanced strength for columns with considerable eccentricity. A 

novel stress-strain model including preload effects was introduced, demonstrating 

superior performance relative to actual observations and theoretical calculations. 

CFRP-reinforced concrete columns exhibit substantial enhancements in load-

bearing capacity and ductility under eccentric compression, with maximum 

increases of 47.3% and 80.2%, respectively. The complete CFRP wrapping method 

is more efficacious for specimens with less eccentricity. Preloading before CFRP 

strengthening adversely affects load capacity and ductility, resulting in a nonlinear 



Chapter Two                                                                                                Literature Review 
 
 

38 
 

reduction in peak axial load under eccentric compression, while the deterioration 

of lateral deformation capacity exacerbates with increased eccentricity. 

 

 

 

 

 

 

 

 

 

 

In 2021, Sahi. [55] investigated the behavior of slender hollow reinforced concrete 

columns when applied to their axial and eccentricity loaded. The research involved 

testing fifteen hollow slender RC columns with dimensions of (140 x 80 x 2000) 

mm and a slenderness ratio of (80.54). The columns were divided into nine groups 

to study important parameters such as strengthening by lateral reinforcement (ties), 

strengthening by CFRP, the presence of eccentricity, and the shape of the 

longitudinal hole. The results showed that strengthening by CFRP alone or 

combined with lateral reinforcement (ties) resulted in better performance in terms 

of ultimate load, ultimate moment, maximum lateral displacement, ductility, 

energy absorption, and failure mode. The use of lateral reinforcement (ties) at 

different lengths at both ends of columns increased ultimate load by (2.7, 8.3, and 

61.1%) when the distance of strengthening by ties changed from (140, 333 to 500) 

Figure 2.13 Geometry of Column Specimens. 
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mm, respectively. The eccentricity of load was another important factor in the load-

carrying capacity of columns, especially slender columns. Two eccentricity values 

(e= 20 mm and (e= 40 mm) caused a decrease in the ultimate load for hollow 

slender columns. For eccentricities of 20 mm and 40 mm, columns with a 

rectangular opening resulted in a decrease in load-carrying capacity of about 

(10.26% and 17.95%) when compared with slender columns subjected to axial 

load. Reinforced concrete columns with circular holes, either with or without 

CFRP sheet, had better performance in terms of ultimate load, ultimate moment, 

maximum lateral displacement, ductility, and energy absorption compared to those 

with rectangular holes. The increase in ultimate load was 14.29% in a column with 

a circular hole compared to a column with a rectangular hole. 

2.5 Summary 

          According to the literature reviews (previous studies), very little work has 

been performed on the structural behavior of RC columns strengthened with 

HPFRC under eccentric loading, especially the columns that were damaged with 

honeycomb for many reasons, such as surface deterioration, surface deposits, 

deformation, cracks, and structural faults due to lack of quality control at the 

construction stage.  This research covers the gap in the published literature as 

identified above, and investigates the variables that have not been studied 

previously. The purpose of this study is to experimentally investigate the structural 

behavior of RC columns strengthened by HPFRC under eccentric loadings with the 

presence of honeycomb as a defect. For this purpose, thirty RC square columns 

were cast and tested. Several variables were taken into consideration, such as load 

eccentricity ratio, the thickness of the HPFRC layer, honeycomb defect ratio, and 

the strengthening schemes. The detailed experimental work will be explained in 

the next chapter accordingly. 
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CHAPTER THREE: EXPERIMENTAL PROGRAM 

 General  

          A study was conducted at the Laboratory of Civil Engineering at the College 

of Engineering at the University of Misan to examine the behavior of square-

reinforced concrete columns strengthened with high-performance fiber-reinforced 

concrete (HPFRC) under eccentric load. Furthermore, it is necessary to precisely 

determine and describe the shape and dimensions of the test specimens, the 

arrangement of steel components, the equipment used for measurement, and the 

proportions of the normal strength concrete (NSC) and the high-performance fiber 

reinforced concrete (HPFRC) used in the current research study. The properties of 

used materials were investigated in this chapter as well as the mechanical interface 

bonding, casting, and curing procedures of the fabricated column specimens.  

 Overall description of RC column specimens 

          Thirty square short (NSC) column samples were conducted in this research 

study. Several samples were strengthened with high-performance fiber reinforced 

concrete (HPFRC) and Carbon Fiber Reinforced Polymer (CFRP). The influence 

of jacket thickness, strengthening zone, the honeycomb defect ratio of the 

specimens, and the load eccentricity magnitude were the main concerns in this 

study. One specimen was tested with a concentric load, and twenty-nine columns 

were investigated under eccentric load. The details of the experimental program 

are described in the following section. 
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 The Experimental Parameters 

         In this research study, the practical variables investigated are shown in Table 
(3.1). 

Table 3.1 Experimental Parameters. 
No. Column Variables Details 
1 Load eccentricity (e) e = 0, 50, 100 mm respectively. 
2 Jacket thickness 15 mm and 30 mm. 
3 Strengthening Face with (HPFRC 

and CFRP) 
Fully and Partially Sides. 

4 The honeycomb ratio (%) (35% or 70%) of the specimen cross-section area 
under constant length (Le/4). 

5 Representing the honeycomb zone Weak-strength concrete and foam block. 

 Material Properties 

          Commercially obtainable and clear descriptions of materials were used in 

this research study, as presented in the following subsection. 

3.4.1 Cement 

          The investigation utilized Ordinary Portland Cement (OPC) of Type I. 

Which is commonly available in the local markets, as shown in Fig. (3.1). The 

required quantity was brought to the laboratory and well stored in a dry place and 

isolated from the ground. The chemical analysis and the physical properties are 

shown in Tables (3.3 and 3.4) respectively. The results of the chemical and 

physical properties conform with Iraqi Specification Standards (IQS 5/2019) [56]. 

The four main compounds in Portland Cement, C3S, C2S, C3A, and C4AF, were 

calculated for cement specimens using Bogue's Equation. 
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Table 3.2 Chemical analysis of cement. 

 

Compound 
Composition Oxide 

Test 
Result 

Limit according to I.Q.S. 
5/2019 [56] 

Conformed to 
I.Q. S 

Lime Oxide CaO % 62.43 -------------------   
Silica Dioxide SiO2 % 19.44 -------------------   

Alumina Oxide 
Al2O3 

% 
4.98 -------------------   

Iron Oxide 
Fe2O3 

% 
3.4 -------------------   

Magnesia Oxide 
Contino 

MgO % 2.57 ≤ 5% Satisfied 

Sulfate Trioxide SO3 % 2.41 
≤2.5% ifC3A < 5% ≤2.8% 

ifC3A > 5% 
Satisfied 

Free Lime F.L. % 1.18     

Loss on Ignition 
L.O.I. 

% 
4 ≤ 4% Satisfied 

Insoluble Residue 

 
I.R.% 1.25 ≤ 1.5% Satisfied 

Lime Saturation 
Factor 

L.S.F 0.95 0.66-1.02 Satisfied 

  M.S 2.32 -------------------   
  M.A 1.46 -------------------   
  Total 99.22     

The main compounds percentage by weight of cement (Bogue’s Equation) 
Compound Composition Oxide Test Result 
Tricalcium Silicate C3S 50.12 
Dicalcium Silicate C2S 21.26 
Tricalcium Aluminate C3A 9.29 
Tetra calcium Aluminon Ferrite C4AF 9.98 

Figure 3.1 Cement.[56] 
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Table 3.3 Physical properties of cement. 

Physical properties Test Result 
Limit according to 
I.Q.S. 5/2019 [56] 

Conformed to 
I.Q. S 

Setting time (minute) 
Initial 122 ≥ 45 Satisfied 
Final 240 ≤ 600 Satisfied 

Fineness (Blaine), m2/kg   314 ≥ 230 Satisfied 
Compressive Strength of 

mortar (MPa) 
3 days 20 ≥ 15 Satisfied 
7 days 33.3 ≥ 23   

 

3.4.2 Fine Aggregate (Sand) 

          Natural silica sand from the Zubair area in Basra was used as fine aggregate, 

as shown in Fig. (3.2). The findings obtained demonstrated that the sand grading 

and sulfate concentration met the specified limitations of Iraqi Specification 

Standards (IQS 45/2019) [57] as shown in Table (3.4). Moreover, the classification 

of small particles is in the second category of fine aggregate. The physical and 

chemical properties are shown in Table (3.5).  

   

 

 

 

 

 
 

 
 

 
 

Figure 3.2 Sand Utilized. 
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Table 3.4 Classification of fine aggregate. 

Size of Sieve (mm) 

Passing (%) 

Fine aggregate Limitations for Zone No. (IQS 45/2019) [57] 

10 100 100 

4.75 97 90-100 

2.36 81 75-100 

1.18 70 55-90 

0.6 54 35-59 

0.3 21 8-30 

0.15 7 0-10 

 

Table 3.5 Physical and chemical properties of fine aggregate. 

Physical properties 

Properties Test Result 
Iraqi Specification 
No.45/2019[57] 

Specific Gravity 2.65   

Absorption 0.94%   

Fine Material Passing from Sieve (75 μm) 4.20% Max ≤ 5.0% 

Fineness Modulus 2.6   

Chemical Properties 

Sulfate Content   Max ≤ 0.5% 
 

3.4.3 Quartz Sand 

          The use of quartz sand in high-performance reinforced concrete enhances 

particle packing, increases strength, reduces permeability, provides thermal 

stability, and improves workability. These properties contribute to the superior 

performance and durability of HPFRC. The grading of the used quartz sand (0.08-

0.25 mm) met the specified limitations of Iraqi Specification Standards (IQS 
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Figure 3.4 Coarse Aggregate. 

45/2019) [57], produced by Sika Company of 25 kg bags. The sand is illustrated in 

Fig. (3.3), Appendix A. 

 

 

 

 

 

 
 

3.4.4 Coarse Aggregate (Gravel) 

          The gravel used was obtained from the Al-Tayeb region in Iraq with a 

maximum size of 10 mm. The gravel was sieved at a sieve size of 14 mm. The 

gravel was washed and cleaned with water; later, it was speared out and left in the 

air to dry before use as illustrated in Fig. (3.4) and Table (3.5). The gravel is in 

accordance with the Iraqi Specification Standard (IQS 45/2019) [57].  

 

 

 

 

 

  

 

 

Figure 3.3 Quartz Sand. 
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Table 3.6 Classification of Coarse Aggregate. 

Size of Sieve (mm) 

Passing (%) 

Fine aggregate 
Limitations for 
Zone No. (IQS 
45/2019) [57] 

12.5 100 100 
9.5 96 85-100 
4.75 17 10-30 
2.36 1 0-10 

3.4.5 Silica Fume 

          Silica fume is a byproduct resulting from the reduction of high-purity quartz 

with coal or coke and wood chips in an electric arc furnace during the production 

of silicon metal or ferrosilicon alloys. The silica fume, which condenses from the 

gases escaping from the furnaces, has a very high content of amorphous silicon 

dioxide and consists of very fine spherical particles. Silica fume plays an important 

role in the production of essential materials for (HPFRC). It is available in local 

markets in bags of 20 kg, as shown in Fig. (3.5), with spherical particles less than 1 

µm in diameter which made it approximately 100 times smaller than the cement 

particles. Furthermore, the silica used in this study conformed to (ASTM C 1240-

04, 2019) [58]. The chemical and physical properties of silica fume are illustrated 

in Table (3.6). Appendix A. 
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Table 3.7 Chemical and Physical Properties of Silica Fume. 

Chemical Properties 

Oxides composition Oxides content % 
ASTM C1240-15 

%limit [58] 

Sio2 92.5 Min. 85 

Al2O3 0.75 < 1 

Fe2O3 0.49 < 2.5 

Cao 0.87 < 1 

So3 0.88 < 1 

L.O.I 5.3 Max.6 

CI 0.1 < 0.2 

K2O+Na2O 1.76 < 3 

Physical Properties 

Property Test result ASTM C1240-15 

Strength activity index 108 ≥ 105% 

Moisture content 0 ≤ 2% 

Specific surface area m2/gm 16.5 > 15 

3.4.6 Micro Steel Fiber 

          Ordinary concrete lacks the ability to withstand flexure in structural 

members due to its weak tensile characteristics. Hence, Steel fibers are utilized in 

(HPFRC) to enhance their ductility and reduce the spread of cracks, delaying their 

Figure 3.5 Silica Fume. 
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appearance. The type of micro steel fibers used in this study were straight low-

carbon steel wire and copper coated with a length (L) of 13 mm and a diameter (D) 

is 0.2 mm, clean of rust or oil with an aspect ratio (L/D= 65) as shown in Fig. (3.6). 

It is available in form of sacks weighing (20-25 Kg). The characteristics of steel 

fibers are outlined in Table (3.12). The specifications of used steel fibers referred 

to in ASTM-A820-04 [59], 

 

 

 

 

 
 
 
 
 

 

Table 3.8 Micro Steel Fiber Properties. 
 

Type 

Density 

(kg/m3) 

Length  

(mm) 

Diameter 

(mm) 

Tensile 

strength 

(MPa) 

Modulus of 

elasticity 

(GPa) 

Straight WSF0213 7800 13 0.2 2600 210 

 

3.4.7 Superplasticizer 

         The superplasticizer is a type of high-range water reducer that plays an 

important role in the case of a low water-to-cement ratio to improve the 

workability, flowability, and self-compatibility of mixing concrete. The 

superplasticizer can enhance shrinkage, creep behavior, and water impermeability. 

Figure 3.6 Golden-colored steel fiber. 
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ViscoCrete-180GS superplasticizer was used in this research, it is produced by 

SIKA Company, as shown in Fig. (3.8). The properties and specifications of 

ViscoCrete -180GS are shown in Table (3.7) [60]. 

 

 

 

 

 

 

 

 

 
 

 
Table 3.9 Visco Crete -180GS Technical Data. 

Type Property 

Composition 
Aqueous solution of 

modified 
polycarboxylates 

Appearance  Light brownish 

Specific gravity 
1.070 ± ( 0.02 ) 

g/cm3 
pH-Value 4-6 
Toxicity Non-Toxic 

Figure 3.7 Visco Crete -180GS. 
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3.4.8 Mixing Water 

          Clean and free from impurities drinking water was used for mixing and 

curing purposes [61]. Take into consideration the idea of using water for mixing 

concrete, which states that, what you can drink, you can make concrete with.  

3.4.9 Reinforcement Steel Bar 

         The columns were reinforced with two types of deformed steel bar types. A 

Steel bar with a tensile strength of 585MPa for a diameter of 10 mm was utilized as 

longitudinal steel reinforcement, while steel stirrups with a tensile strength of 

523MPa for a diameter of 8 mm were used.  

          Tests were conducted for each bar size, with three steel specimens made for 

a bar diameter of 10 mm and a length of 300 mm, and another three steel 

specimens prepared for a bar diameter of 8 mm and a length of 250 mm. The steel 

samples were acquired from bars selected at random. The testing results of the 

primary longitudinal steel reinforcement and the transverse steel stirrups are shown 

in Table (3.7), which have been verified to be accurate with the ASTM A615 

Specification [62]. 

 

 

 

 

 

 

 
 Figure 3.8 Main Rebar Tension Test. 
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Table 3.10 Steel Reinforcement Testing Results 

Bar Type Nominal diameter 
(mm) 

Measured diameter 
(mm) 

Yield stress 
(MPa) 

Ultimate strength 
(MPa) 

Deformed 
10 9.85 585 725 

8 8 523 694 

3.4.10 Foam 

          Synthetic cork is lightweight, relatively cheap, and can be formed into 

almost any shape. Synthetic cork density refers to how compact a foam’s cells are 

relative to its volume; the properties of the foam are shown in Table (3.7) [63]. In 

this study, the purpose of the used foam was to represent the defect zone in the 

cover and core of specimens as a ratio of the cross-section. Flat sheet synthetic 

cork with 30 mm thickness as shown in Fig. (3.9). 

Table 3.11 Technical Properties of Synthetic Cork. 
Density 200 kg/m3 

Color white 

Grain size 2-5 mm 

Specific wight 0.16 N/cm3 

 

 

 

 

 

Figure 3.9 Synthetic cork.[63] 
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3.4.11 Carbon Fiber Reinforced Polymer (CFRP) 

          The Sika Wrap®-301 C is a unidirectional woven carbon fiber fabric used 

for strengthening the column specimens in the transverse direction. Fig. (3.10) 

shows the CFRP sheets used in this work. All information related to this CFRP is 

shown in Table (3.14). Appendix A shows the properties of the CFRP sheets taken 

from the manufacturer’s specifications. 

 

 

 

 

 

 

 

 
 

Table 3.12 CFRP Properties. 
Property Grade 

Dry Fiber Density 1.82 g/cm3 

Dry Fiber Thickness 0.167 mm (based on fiber content) 

Area Density 304 g/m2 ±10 g/m2 (carbon fibers only) 

Dry Fiber Tensile Strength 4 000 N/mm2 

Dry Fiber Modulus of Elasticity in Tension 230 000 N/mm2 

Dry Fiber Elongation at Break 1.70% 

Laminate Nominal Thickness 0.167 mm 

 

 

 

Figure 3.10 CFRP Sheet. 
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3.4.12 Epoxy Resin (Sikadure LB32) 

         An adhesive material has been used between the normal concrete of the RC 

columns and the HPFRC jackets used for strengthening purposes. This material is 

composed of two components: a white and a grey portion. The final binding 

material was obtained by mixing these two components in a ratio of 1:2. The 

mixing process lasted for a duration of two to three minutes, resulting in the 

formation of a uniform mixture with a light grey color, as shown in Fig. (3.11). 

This was according to (ASTMC882/C882M-05, 2005) [64]. Appendix A. 

 

 

 

 

 

 

 

3.4.13 Epoxy Resin (Sikadur-330) 

Impregnating resin of type Sikadur-330, which is composed of two parts (Resin 

part A + Hardener part B) has been used in this study for the bonding of CFRP 

sheet as shown in Fig. (3.12). Table 3.9 shows the properties of the bonding epoxy 

taken from the manufacturer’s specification Appendix A. 

 

 

Figure 3.11 Sikadure LB32 Bonding Material. 
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Table 3.13 Details of Sikadur ® - 330 Resins Properties. 
Property Grade 

Density 1.30 ± 0.1 kg/l (component A+B mixed) (at +23 °C) 

Viscosity @+35 °C ~5 000 mPas 

Modulus of elasticity in flexure ~ 3 800 N/mm2 (7 days at +23 °C) 

Tensile strength ~ 30 N/mm2 (7 days at +23°C) 

Modulus of elasticity in tension ~ 4 500 N/mm2 (7 days at +23 °C) 

Tensile strain at break 0.9 % (7 days at +23 °C) 

Tensile adhesion strength Concrete fracture (> 4 N/mm2) on sandblasted substrate 

 

 Fabrication of Column Specimens  

3.5.1 Geometry of Column Specimens 

        Thirty short normal reinforced concrete column specimens were cast and 

tested from one batch. The strengthened columns had a square cross-section 

(120×120) mm, with a clear height of 750 mm and a concrete cover of 15 mm for 

all column sides. The total height of the columns was 950 mm. Each column had 

two corbel heads to accommodate eccentric loads during the test. Seven of these 

were proposed as control specimens. Moreover, the dimensions were chosen to be 

adaptable to the condition and capacity of the available testing machine. According 

Figure 3.12 Mixing Two Components of Epoxy Resin. 
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to ACI Code 318-19 Clause 6.2.5, for an unbraced column, a short column is 

defined as a column with a maximum slenderness ratio of 22. Meanwhile, the 

designed columns in this study had a slenderness ratio of 20.8, which can be 

classified as short columns. All columns were designed inadequately as their 

internal steel reinforcement ratio was about the lowest ratio of specified by the 

standard. The design produced 1% of the gross cross-sectional area of the column 

for longitudinal steel reinforcement. The purpose of this design was to simulate the 

condition of a column like an old column that has deteriorated and needs to be 

strengthened. Therefore, the columns have four 10 mm in diameter deformed bars 

as longitudinal reinforcement and 8 mm in diameter deformed bars as well as tie 

spacing at 100 mm. Column specimen geometry and reinforcement are presented 

in Figs. (3.13 and 3.14). 

Figure 3.13 The Geometry and Reinforcement Details of The Column in 
(cm). 
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3.5.2 Labeling of Column Specimens 

         Column specimens were divided into seven groups that were Group (a) as 

reference columns, Groupe (b) with  (0% defect ratio strengthening with HPFRC 

under eccentric load ), Group (c) (35% foam defect ratio strengthening with 

HPFRC under eccentric load), Groupe (d)(70% foam defect ratio strengthening 

with HPFRC under concentric and eccentric load), Group (e) (70% foam defect 

ratio strengthening with HPFRC under concentric and eccentric load), Groupe (f) 

(70% Weak strength concrete defect ratio strengthening with HPFRC under 

eccentric load). For the seventh group (g), three columns were warped with CFRP 

under an eccentric load. The specimens were labeled as shown in the first column 

of Table (3.5). The label used for the specimens is composed of a combination of 

letters and numbers. In addition, the symbol notation is illustrated in Fig. (3.15). 

 

Figure 3.14 The Reinforcement Details of Specimens. 



Chapter Three                                                                                     Experimental Program  
  
 

58 
 

         For instance, to clarify the specimen designation, which is illustrated in Fig. 

(3.16), (CU4-15-100) means “Column specimen strengthening with HPFRC 

jacketing, 4 sides of jacketing, 15 mm of jacket thickness, and under 100 mm 

eccentric load. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 Symbol Detail’s Designation. 
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Table 3.14 Details of the column specimens. 
 

Group Test 
Specimen 

Strengthening 
Face 

HPFRC 
Jacket 

Thickness 
mm 

Test 
Eccentricity 

mm 

Defect 
Ratio 

% 

Number 
of CFRP 
Layers 

 R12-0 - - 0 - - 
 R12-50 - - 50 - - 
a R12-100 - - 100 - - 
 R15-50 - - 50 - - 
 R15-100 - - 100 - - 
 R18-50 - - 50 - - 
 R18-100 - - 100 - - 

 CU4-15-100 Fully 15 100 - - 
b CU2-15-100 Partially 15 100 - - 
 CU4-30-100 Fully 30 100 - - 
 CU2-30-100 Partially 30 100 - - 

 CU4-15-100 Fully 15 100 35 - 
 CU2-15-100 Partially 15 100 35 - 
c CU4-30-100 Fully 30 100 35 - 
 CU2-30-100 Partially 30 100 35 - 

 CU4-15-100 Fully 15 100 70 - 
d CU2-15-100 Partially 15 100 70 - 
 CU4-15-50 Fully 15 50 70 - 
 CU2-15-50 Partially 15 50 70 - 

 CU4-30-100 Fully 30 100 70 - 
e CU2-30-100 Partially 30 100 70 - 
 CU4-30-50 Fully 30 50 70 - 
 CU2-30-50 Partially 30 50 70 - 

 CU4-15-100 Fully 15 100 70 - 
f CU2-15-100 Partially 15 100 70 - 
 CU4-30-100 Fully 30 100 70 - 
 CU2-30-100 Partially 30 100 70 - 

 CF4-1-100 Fully - 100 70 1 
g CF4-1-50 Fully - 50 70 1 
 CF4-1-100 Fully - 100 70 1 
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3.5.3 Design of the formwork  

         All specimens were cast horizontally, as in the normal practice for reinforced 

concrete columns. An integrated steel formwork, as shown in Figs. (3.17 and 3.18) 

was built to cast all column specimens. By using the integrated formwork instead 

of using some single formwork (one formwork for one specimen), some 

advantages were obtained. It produced a small size of formwork. Small formwork 

needs less material, and the specimen-casting process becomes faster. All steel 

formworks were fastened and opened with bolts. Before placing the steel 

reinforcing cages into the steel formworks, the inner surface of the formwork was 

cleaned to avoid bonding between the steel surface and the concrete; therefore, the 

specimens can be removed easily from the formworks after the concrete is cured. 

 

 

 

 

 

 

Figure 3.17 Integrated Formwork Plan (all units in millimeters). 

Figure 3.18 The Constructed Formwork. 
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3.5.4 Honeycomb Formation Method in Column Specimens 

         In this research study, the honeycomb was configured in a column specimen 

as a ratio of the cross-section. Two ratios were chosen (35% and 70%) of specimen 

gross area at constant length (Le/4). To configure the honeycomb, two ways were 

used to make defects or failures in cover and cove-core defects at the specific 

zones of the specimens: 

1- Use weak-strength concrete (8Mpa). 

2- Use synthetic slices 30 mm thick, divided by a sharp tool according to the 

required dimensions. 

The configuration of the honeycomb specimen is shown in Fig. (3.19).  

 Figure 3.19  Honeycomb Zone Formation of Specimens. 
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3.5.5 Mix Proportion and Placement of NSC 

         The concrete was poured into the formwork at the Civil Engineering 

Laboratory at the University of Misan. Ready-mix normal-strength concrete 

ordered from a local concrete supplier was used, and the mix of NSC concrete was 

designed according to the American Method of Mix Proportions Selection (ACI 

Committee 211.1-91). Moreover, the detail of this mix is given in Table (3.15). 

The concrete was placed in three layers; each layer was compacted by applying a 

few seconds of vibrations using a mechanical vibrator to ensure even concrete 

dispersion in the formwork. After pouring the third layer, the concrete surface was 

finished with a wet trowel. The placement of the concrete into the formwork is 

shown in Fig. (3.20). Pouring the concrete into the sample molds was also 

required, see Fig. (3.21). A number of cube, cylinder and prism samples were cast 

and tested to determine the properties of the concrete. Standard procedures were 

used for the compaction of the conventional concrete for the cube, cylinder and 

prism molds in terms of the number of layers and rod. Six small cylinders with a 

100 mm diameter were cast and tested under compression testing to obtain their 

compressive strength for 7 and 28-day strength. Three samples were tested at each 

age. Furthermore, six larger cylinders with a 150 mm diameter were cast for 

indirect tensile strength and six prisms 100 x 100 x 500 mm in size were cast for 

flexure strength testing. The indirect tensile, flexure strength, and other tests were 

conducted at 28 days. After pouring the concrete into the formworks and molds, a 

curing process was made to maintain a moist condition; therefore, the concrete 

hardening occurred gradually.  

Table 3.15 Mix Proportion (Kg/m3). 
Cement  Water W/C  Sand Gravel  

470 200 0.43 675 1030 
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3.5.6 Demolding and Curing Process of the Specimens 

         Continuing the casting process, all column specimens were placed under wet 

hessian rugs and covered with plastic sheets to maintain their moisture condition, 

as shown in Fig. (3.22). The curing process continued for 28 days. The small and 

large cylinders and cubes were taken out of the molds at one day and then stored in 

a curing tank until the 28-day testing. Finally, the prism samples were taken out of 

the molds after 2 days of casting and then placed in a curing tank until the 28-day 

testing. An extended period for demolding was required for the prisms as prism 

samples can be damaged more easily during demolding than cylinders. 

Figure 3.21 Pouring and Compacting Process of Concrete. 

Figure 3.20 Concrete Casting into Sample molds. 
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3.5.7 Mix Proportion and Process of HPFRC 

         The production of HPFRC involves the utilization of a high content of 

Portland cement, a very low water-to-cement ratio achieved by utilizing a high 

dosage of the most recent generation of superplasticizer, fine sand with a particle 

size ranging from 0.08 to 0.25 mm, and the inclusion of high reactivity silica fume. 

In this study, several mix proportions were evaluated to achieve the highest 

compressive strength according to (ASTM C109). The optimal mixture 

composition of HPFRC is presented in Table (3.16). 

 
Table 3.16 Mix Proportions of HPFRC (Kg/m3). 

Cement  Quartz Sand  Silica Fume Water  Superplasticizer Steel Fiber  

900 775 200 198 27 156 

The HPFRC specimens were subjected to trial mixes using a horizontal rotating 

mixer with a volume of 0.03 m3. The mixing process proposed in this work is 

illustrated in Fig. (3.23) and explained as follows: 

Figure 3.22 Demolding and Curing Process of Specimens 
and Samples in Water Tank. 
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1. Placing the sand into the mixer. 

2. Dry mix silica fume and cement to distribute particles, then add to the mixer 

and mix for 5 minutes. 

3. Super plasticizer was added to water and agitated, then added to the dry mix 

and mixed for 10 minutes. 

4. The mixer was stopped and manual mixing was done for areas not reached 

by the blades.  

5. The mixer performed. When flowable consistency is reached, steel fiber is 

gently added during mixer operation to ensure uniform dispersion for 5 

minutes to produce reasonable fluidity. 

6. The entire mixing process takes roughly 20 minutes. 

 
 

 

  

 

 

 

 Properties of NSC and HPFRC 

         Three types of tests, Compressive strength test, indirect tensile strength test, 

and modulus of rupture test, were undertaken on the concrete used in this study for 

casting the column specimens. The purpose of those tests was to determine the 

• sand, Cement, and Silica were mixed
together until homogeneity.

5 Minuts

•Water and Superplasticizer were added 
to the mixer gratually until the required 
workability. 

10 Minuts

• Finally, steel fibers were added into the 
mixer and pouring.

5 Minuts

•The total mixing time.20 Minuts

Figure 3.23 HPFRC Mixing Time Process. 
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mechanical of the concrete. The summary results of these tests are presented in 

Table (3.3). Moreover, the tests are matched to the specifications of ASTM and 

BS. The three tests are shown in Figs. (3.24-3.26), respectively. 

Test of Compressive Strength 

The compressive strength test was conducted in accordance with the standards (BS 

1881: Part 116-1989) and (ASTM C39, 2019). A hydraulic compression machine 

with a maximum capacity of 2000 kN was used to test a total of 6 cubes measuring 

150 mm and 6-cylinder specimens measuring 150×300 mm. The load was steadily 

and progressively applied at a consistent rate of 18 MPa per minute until failure 

ensued. The item can be found in the Constructional Materials Laboratory of the 

College of Engineering at Missan University. Figure 3.10 illustrates the 

compressive strength test. The compressive strength was determined by dividing 

the greatest load obtained during the test by the cross-sectional area of the 

specimen (P/A). 

Test of Splitting tensile strength 

The splitting test was conducted and evaluated in accordance with the ASTM C496 

standard from 2011. A total of six cylinders measuring 150×300 mm was tested. 

Two bearing strips, each measuring 3.0 mm in thickness and 300 mm in length, 

were positioned above and below the specimen to create concentrated stress. This 

was done to apply a uniform load on the test surface of the cylinder, as depicted in 

Fig. (3.10). The testing machine had a capacity of 2000 kN, and the load was 

applied steadily and without sudden impact until the cylinder failed. The 

expression of the “splitting tensile strength” was calculated by the equation: 

fst =
2P

πLD
                                                                                                                    (3.1)       
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where fst is splitting tensile strength in N/mm2 , P is the load of compressive in N, 

D is the cylinder diameter in mm and L is the cylinder length in mm. 

Modulus of Rupture Test (Flexural Strength)  

Prisms made of concrete with dimensions of 100×100×500 mm were created using 

the process outlined in ASTM C 78, 2019. 6 prisms were subjected to testing using 

a universal hydraulic machine with a maximum capacity of 2000 kN. The load was 

steadily and progressively raised at a steady pace until failure ensued. The item 

was accessible at the Constructional Materials Laboratory of the College of 

Engineering at Misan University. The flexural strength, measured as the modulus 

of rupture (M.O.R), was determined by analyzing the data acquired from a simple 

beam subjected to a two-point load. 

The specimens' "Flexural strength" was determined with a precision of 0.01 MPa 

using the following formula: 

1-  To calculate the flexural strength, if a fracture occurs in the tension surface 

within the middle one-third of the span length, use the following formula: 

 

 

frt =
𝑀𝑚𝑎𝑥 𝑌𝑚𝑎𝑥

I
=  

𝑃𝐿
6

.
ℎ
2

𝑏ℎ3

12

=
𝑃𝐿

𝑏ℎ2
                                                                  (3.2) 

where: 

• fr = The “modulus of rupture”. 

•  P = The maximum applied load, measured in Newtons. 

•  l = The distance between the centres, measured in millimetres.  
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• h = The mean depth of the specimen in millimetres. 

•  b = the mean width of the specimen in millimetres. 

2- If a fracture occurs outside the middle one-third of the span length by no 

more than 5%, the flexural strength is computed as follows: 

               Frt =
𝑀𝑚𝑎𝑥 𝑌𝑚𝑎𝑥

I
=  

𝑃𝑎

2
.
ℎ

2

𝑏ℎ3

12

=
3𝑃𝑎

𝑏ℎ2
                                                                 (3 − 3) 

            

 where a is the average tension surface prism distance between the failure crack 

and the nearest support. 

3- If a fracture occurs outside the central one-third of the span length by more 

than 5%, the result is disregarded. 

Table 3.17 Mechanical Properties of Test Results. 
Type of Concrete NSC HPFRC 

fcu (MPa) 31 112.5 

ft (MPa) 3.67 13.4 

fr (MPa) 4.5 14.46 

Slump (mm) 10 20 

 
Where;  

fcu: compressive strength of cube at 28 days. 

ft: splitting tensile strength. 

fr: modulus of rupture. 
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HPFRC NSC 

Figure 3.25 Splitting Tensile Strength. 

HPFRC NSC 

HPFRC NSC 

Figure 3.24 The Compressive Strength Test. 

Figure 3.26 The Modulus of Rupture Test. 
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 Strengthening of Column Specimens with HPFRC Jacketing and CFRP 
Wrapping. 

3.7.1 Strengthening with HPFRC Jacketing 

        Before the strengthening process, the fabrication of the strengthened columns 

mainly includes the following steps: 

 

 

1. Roughening the interface of the RC columns, and cleaning the concrete 

residue and powder on the interface. 

2. Completing the secondary formwork erection for the column specimens, 

brushing the concrete interface treatment agent on the interface using 

Sikadure LB32 to ensure excellent adhesion between the normal concrete 

and HPFRC jackets then strengthening by HPFRC layer. 

a b c 

d e f 

Figure 3.27 HPFRC Strengthening Process. 
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3. Use a tabletop electric vibrator to achieve optimal material properties, 

improved compaction, enhanced fiber dispersion, better surface finish, 

increased workability, and reliable defect detection. 

4. Curing and testing of the strengthened specimens accordingly. 

5. The above steps were repeated to cast jackets for all required specimens. 

         Furthermore, all steel formworks were well cleaned, and their internal surface 

was lightly oiled to prevent adhesion with hardened HPFRC. Steel formworks 

were manufactured with very accurate dimensions based on the required jacket 

thickness (15 and 30 mm) and the number of jacket faces (two and four). 

Strengthening steps are shown in Fig. (3.27). 

3.7.1.1 Curing of Strengthened Specimens with HPFRC  

         After the casting process had been completed for one day, all of the 

formworks were opened, as depicted in Fig. (3.28). Following this, the specimens 

were immersed in a basin filled with water and kept at room temperature for a 

duration of 28 days. Following the completion of the 28-day period, samples are 

taken from the water, and the eccentric compression test is carried out. 

 

 

 

 

 

 

 

Figure 3.28 Curing of HPFRC Jacketing Specimens. 
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3.7.2   Strengthening with CFRP Wrapping 

        Three column specimens were wrapped with CFRP sheets as strengthening 

material. Preparation was required before the wrapping process. The surface of the 

specimens was ground and cleaned with water and then left to dry. The CFRP was 

wrapped to the specimens by a wet lay-up procedure. The adhesive was prepared 

by mixing epoxy resin and slow hardener in a 1:4 ratio by the manufacturer’s 

recommendation till the color is homogenous. The surface was coated first with a 

thin layer of epoxy resin (0.5-1 mm thickness), followed by the application of the 

first CFRP layer in a predefined orientation. An overlap of 100 mm was applied at 

the end of each strap in the transverse direction for all specimens. The wrapping 

configuration and wrapping process of the column specimens are shown in Fig. 

(3.29). 

 

 a b c 

d e f 

Figure 3.29 CFRP Wrapping Process. 
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3.7.2.1 Curing of Strengthened Specimens with CFRP  

         After that, the specimens that had been wrapped were laid out at room 

temperature for at least fourteen days to allow the epoxy glue to cure.  Following 

that, the specimens were prepared to undergo compression and flexure testing, 

which was the next step in the testing process. 

 Painting the specimens after jacketing with HPFRC 

        Painting column specimens before testing was illustrated in Fig. (3.30) and 

serves several purposes like Identification, Visual Inspection, Measurement 

Accuracy and Aesthetics:  

 

 Equipment and Instruments Used for Testing 

3.9.1  Data logger series 

        The data logger system (GEODATALOG 30-WF6016) was used to record the 

strain gauge reading as shown in Fig. (3.31). The GEODATALOG 30-WF6016 is 

equipped with 16 channels for data obtaining, allowing the simultaneous 

measurement of multiple strain gauges or sensors. The data logger operates with a 

 

Figure 3.30 Painted Column Specimens. 
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power supply of 110-240 V at 50-60 Hz, single-phase. The data logger comes 

complete with DATACOMM software, which is installed on the personal 

computer. This software is specifically designed for PC data-obtaining systems, 

enabling the user to collect, monitor, and analyze the data obtained from the strain 

gauges. 

 

3.9.2   Deflection Measurement (LVDT) 

         A linear variable differential transformer (LVDT) was adopted as an 

instrument to measure the deflection in the tested column inside the test device 

with a capacity of 120 mm, as shown in Fig. (3.32). The concrete column was 

instrumented with two dial gauges with a magnetic base, the first one fixed 

vertically and the other fixed horizontally to denote the axial and lateral 

displacements. The accuracy of these dial gauges was 0.01 mm. A 0.000001mm 

transducer was added to the data logger series to save calculated data. 

 

 

 

 

Figure 3.31 Data Logger. 
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3.9.3  Strain Gauge 

        Strain gauges were procured by Tokyo Sokki Kenkyujo Company Limited in 

Japan, as shown in Fig. (3.33). For the measurement of strains on the surface of the 

column, two strain gauges were digitally recorded by an electrical strain gauge and 

saved by a digital data collecting system. one strain gauge was positioned in the 

longitudinal direction, while the other was placed in the transverse direction of the 

column. The purpose of these strain gauges was to measure the strain experienced 

by the concrete under different loading conditions. The strain gauge was bonded 

using CN-E cyanoacrylate adhesive, which was cleaned and treated previously. 

The method of installation of the strain gauge is illustrated in Fig. (3.34). Since the 

readings were not recorded by the strain gauges for a certain number of specimens, 

the strain gauges results were neglected in this study. 

 

 

 

Figure 3.33 Installation of LDVT 
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a b c 

d e f 

Figure 3.37 Steps of installation of Strain gage 

Figure 3.35 Strain Gauge 
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3.9.4 Loading Head 

        Out of a total of thirty column specimens, twenty-nine were subjected to 

eccentric loading in this investigation. Two loading heads were specifically built to 

deliver eccentric loading to the column and prevent local failure at the corbel of the 

column specimen. One loading head was placed at the uppermost part of the 

specimen, while the other was placed at the lowermost part, as shown in Fig. 

(3.35). 

 

 

 

 

 

 

 

 

 

 Column Specimens Testing Procedure 

         Prior to testing, it was customary to clean the surface of the column specimen 

and apply a coating to enhance crack visibility and clarify the crack path. All 

column specimens were tested by the ALFA Testing Machine with a maximum 

compressive capacity of 5000 kN.  Afterward, the material was placed in a vertical 

position for testing. The centerline, supports, line loads, and LVDT were securely 

fastened in their respective positions. All the necessary equipment for conducting 

the testing was assembled as depicted in Fig. (3.36). The load was applied with a 

 

Figure 3.38 Constructed Loading Head. 
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 small increment of about (8 kN) with an average of the ultimate applied load and 

the data logger to take the measurement each second. Cracks were found and 

drawn on test column faces. Visual concrete crack positions and loads were 

recorded. We tracked the initial crack width with loading. We recorded lateral 

deflections versus loads simultaneously for each load increment. Vertical dial 

gauges with 0.001 mm graduation and 50 mm needle length installed at the 

specimens' bottom bearing plates recorded the columns' axial deformation.   

 

 

Figure 3.39 Setup of Typical Tested Specimens 
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Testing proceeded until the RC column's load capacity decreased with 

deformation. To study the behavior of RC columns under concentric and eccentric 

stresses, this study took into account three eccentricities (e): 0, 50, and 100 mm. 

The size and placement of the bearing steel plate were chosen so that the distance 

between the plate's center lines and the column section equals the desired 

eccentricity to obtain the necessary eccentricity value. 
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CHAPTER FOUR: RESULT AND DISCUSSION 

 

 General  

      In this study, a total of thirty reinforced concrete (RC) column specimens were 

created and examined. One specimen was subjected to axial compression load, 

while ninety-two specimens were subjected to eccentric loading, as described in 

Chapter Three. The specimens experienced testing at the Civil Engineering 

Laboratory located at The College of Engineering at Misan University. The ALFA 

5000 kN compression testing machine was utilized to apply force. The data 

acquisition system, in connection with the testing apparatus, recorded the applied 

load, displacement, and strain. Several parameters are studied as follows: 

• Load eccentricity (e). 

• Jacket thickness. 

• Strengthening face or side. 

• The honeycomb damage ratio (%). 

• Representing the honeycomb zone. 

      The effects of these parameters on the load-displacement relationship, crack 

pattern, modes of failure, and the ultimate loads are demonstrated. The results 

show load capacity, ductility, stiffness, toughness, and moment capacity behavior 

for all strengthened columns and compare them with the control specimen. 

This chapter provides a detailed description of the experimental result study 

conducted on the compression testing of the column specimens. The results of the 

investigation are examined to provide a brief overview of how different parameters 



Chapter Four                                                                                       Results & Discussion 
  
 

80 
 

impact the performance of square RC columns strengthened with HPFRC under 

eccentric loads. 

 Experimental Results 

      Every specimen underwent testing until it reached the point of failure. The load 

and displacement data were obtained by a data logger that was linked to the test 

equipment. The subsequent sections will examine the test findings of columns that 

were strengthened and those that were not strengthened. The efficiency of 

strengthening column specimens was evaluated by comparing the ultimate load, 

ultimate displacement, ultimate moment, fracture pattern and failure mechanism, 

ductility, stiffness, and toughness. The summary of the experimental program is 

illustrated in Table (4.1). 

Table 4.1 The experimental results of specimens. 
 

Column 
ID 

Pu 
(kN) 

Ultimate Disp. 
(mm) Change 

Load 
Carrying 
Capacity 

(%)  

Stiffness 
(kN/mm) 

Toughness 
(kN.mm) 

Ductility 
Index 

Group 
Axial 

at 
top 

Lateral 
at mid 

 C1 317 9.00 0.00 - 35.22 2369.0 1.1 
 C2 233 8.50 11.00 - 27.41 1601.0 1.3 
a C3 115 8.00 10.25 - 14.38 777.0 1.0 
 C4 425 7.50 10.50 - 56.67 1788.0 1.3 
 C5 320 7.25 11.00 - 44.14 3069.0 1.4 
 C6 450 7.00 10.25 - 64.29 3438.0 1.8 
 C7 304 6.75 9.50 - 45.04 1381.0 1.0 
 C8 295 6.30 11.00 156.52 46.83 1218.3 1.3 
b C9 199 5.75 10.25 73.04 34.61 961.0 1.2 
 C10 315 4.70 9.50 173.91 67.02 1257.5 1.1 
 C11 290 5.50 9.00 152.17 52.73 1120.0 1.1 
 C12 230 6.00 12.00 100.00 38.33 1145.0 1.2 
c C13 140 5.00 11.50 21.74 28.00 745.3 1.7 
 C14 330 4.60 10.50 186.96 71.74 1369.0 1.3 
 C15 194 5.30 9.75 68.70 36.60 932 1.7 
    Continue     
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 C16 215 6.00 11.00 86.96 35.83 987 1.1 
d C17 125 6.25 10.50 8.70 20.00 841 2.1 
 C18 401 5.3 10.25 72.10 75.66 2017 1.4 
 C19 250 5.00 9.00 7.30 62.40 1141 1.5 
 C20 335 5.75 12.50 191.30 58.26 1735 1.3 
e C21 270 4.80 11.00 134.78 56.25 1211 1.5 
 C22 401 4.30 10.75 72.10 93.26 1545 1.3 
 C23 312 5.50 9.50 33.91 45.45 1451 1.1 
 C24 313 5.70 11.50 172.17 54.91 1543 1.3 
f C25 200 6.0 13.00 73.91 33.33 1004 1.2 
 C26 520 5.00 10.00 352.17 104.00 2669 1.6 
 C27 290 5.40 10.75 152.17 53.70 1460 1.4 
 C28 256 6.75 13.50 9.87 37.93 1780 1.5 
g C29 125 5.60 11.50 8.70 22.32 641 1.4 
 C30 132 6.20 13.25 14.78 21.29 686 1.6 

 

4.2.1 Mode of Failure and Load-Displacement Relation  

      The crack paths and failure modes and the load versus displacement curves of 

the tested column specimens are illustrated in Figs.  (4.1 - 4.7) respectively.  

         Group (a) consists of seven unstrengthened column specimens [C1 to C7]. 

The columns [C1, C3, C4, and C5] have the same failure mode approximately, 

damage appeared at the bottom end of the specimens when the ultimate load 

reached (317, 115, 425, and 320) kN respectively as a compression failure with an 

axial displacement of (9, 8, 7.5, and 7.25) mm respectively and a lateral 

displacement of (0, 10.25, 10.5, and 11) mm respectively. The columns [C2 and 

C6] have the same failure mode as well, failing in compression at the top end of 

the specimens with cover deterioration when the ultimate load reached (233 and 

450) kN. They recorded an axial displacement of (8.5 and 7) mm and a lateral 

displacement of (11 and 10.25) mm. Finally, the column [C7] failed in 

compression at the middle part of the specimen at the compression side with the 
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appearance of small cracks along the column surface with an ultimate load of 304 

kN and an axial and a lateral displacement of (6.75 and 9.5) mm. 
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Figure 4.1 Mode Failure and Cracks Pattern for Group a 
References columns. 
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         Group (b) consists of four strengthened HPFRC column specimens [C8 to 

C11]. The honeycomb defect ratio of these specimens was 0%.  The failure of the 

column specimens was caused by cracks that ran horizontally along the height of 

the column and cracks that ran diagonally at the extremities of the effective length 

of the specimens. Failure started with the appearance of microscopic cracks on the 

surface of the HPFRC jacket, and it proceeded with the deterioration of the column 

substrate. Finally, the failure of the specimens occurred as a result of the 

compression of the material. The ultimate load of specimens [C8, C9, C10, and 

0
50

100
150
200
250
300
350
400
450
500

0 2 4 6 8 10 12

L
oa

d 
(k

N
)

Lateral Displacement (mm) 

C2
C3
C4
C5
C6
C7

0
50

100
150
200
250
300
350
400
450
500

0 2 4 6 8

L
oa

d 
(k

N
)

Axial Displacement (mm) 

C1
C2
C3
C4
C5
C6

Figure 4.2 Load-Displacement Curve for Group a 
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C11] were (295, 199, 315, and 290) kN, respectively. Moreover, they recorded an 

axial displacement of (6.3, 5.75, 4.7, and 5.5) mm, respectively, and a lateral 

displacement of (11, 10.25, 9.5, and 9) mm. The specimen C10 gained the highest 

load capacity due to the strengthening with HPFRC in comparison with the 

reference C3. 
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         Group (c) consists of four strengthened HPFRC column specimens [C12 to 

C15]. The honeycomb defect ratio of these specimens was 35%, represented by 

foam material. The column [C12] failed locally by compression at the upper part of 

the specimens at the compression side without detachment of the new HPFRC 

layer, accompanied by small cracks that were checked by visible eye. The ultimate 

load capacity was 230 kN and the axial and lateral displacement were of (6 and 12) 

mm. The column specimen [C13], the first crack started at the bottom of the 

specimen and the number of cracks started increasing gradually. Up to 90% of the 

maximum load-carrying capacity was loaded, the outside of the jacket developed 

warning indicators before collapse. The ultimate load capacity was 140 kN, and the 

axial and a lateral displacement of (5 and 11.5) mm. A similar pattern of group (b) 

was observed in the column specimen [C14].  

 

 

C8 C9 C10 C11 

Figure 4.4 Mode Failure and Cracks Pattern for Group b 0% 
Defect Ratio. 
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C12 C13 C14 C15 

Figure 4.5 Mode Failure and Cracks Pattern for Group c 35% 
Defect Ratio Foam. 
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Figure 4.6 Load-Displacement Curve for Group c 35% Defect 
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The HPFRC jackets and concrete substrate developed vertical cracks in the area of 

the honeycomb fault on top of the column specimen [C15] when its resistance 

reached its maximum value of 194 kN and maximum axial and lateral 

displacement of (5.3 and 9.75) mm. Therefore, the main failure mode of this 

column was shearing failure. 

         Group (d) consists of four strengthened HPFRC column specimens [C16 to 

C19]. The honeycomb defect ratio of these specimens was 70%, represented by 

foam material. The columns [C16 and C17] exhibited failure by compression and 

spalling of the concrete at both ends. The specimens failed because of vertical and 

horizontal cracks along the height of the column on both sides. Failure started with 

the appearance of microscopic cracks on the surface of the HPFRC jacket and then 

progressed to the substrate layer. Then, the specimens failed due to compression. 

According to the test results, they recorded an ultimate load of (215 and 125) kN, 

an axial displacement of (6 and 6.25) mm, respectively, and a lateral displacement 

of (11 and 10.5) mm. The damage to column [C18] appeared at the bottom end of 

the specimen. The steel of the stirrups started to yield, and cracks were initiated by 

increasing the compressive load. Then, the vertical reinforcement started to buckle 

and yield at the ultimate load of 401 kN. This column recorded the highest load 

capacity in this group in comparison to reference [C2] due to the effect of 

eccentricity (50 mm) and the strengthening thickness (30 mm). On the contrary, 

the column [C19], failed at the upper end of the specimen compressively with the 

appearance of small cracks on the surface of the column as well as deteriorated the 

cover of the column until reaching the maximum load of 250 kN with a maximum 

axial and lateral displacement of (5 and 9) mm.  
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Figure 4.7 Mode Failure and Cracks Pattern for Group d 70% Defect 
Ratio Foam. 
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Figure 4.8 Load-Displacement Curve for Group d 70% Defect 
Ratio. 
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         Group (e) consists of four strengthened HPFRC column specimens [C20 to 

C23]. The honeycomb defect ratio of these specimens was 70%, represented by 

foam material such as in groups (c and d). The column [C20] exhibited the same 

mode failure of specimens [C16 and C17] but the difference in the gaining of 

ultimate load, where recorded of 335 kN and maximum axial and lateral 

displacement of (5.75 and 12.5) mm.  The column [C21] exhibited failure at a load 

value above that of the control column. Upon the initiation of cracks on both sides 

of the upper base at the front and back, the ultimate load was 270 kN, and the 

concrete substrate displayed diagonal shear cracks in the top and bottom portion of 

the honeycomb defect zone of the column upon reaching the maximum failure 

load. Consequently, the primary mechanism of failure for this column was shear 

failure. The columns [C22 and C23] failed at the end-top of the column at the 

compression zone due to the stresses focused in this section, with visible cracks 

appearing parallel to the column axis on the outer surface of the column. 

Eventually, crushing the concrete and steel achieved the yield strain.  

 

 

 

 

 

 

 

 

C20 C21 C22 C23 

Figure 4.9 Mode Failure and Cracks Pattern for Group e 70% 
Defect Ratio Foam. 
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         Group (f) consists of four strengthened HPFRC column specimens [C24 to 

C27]. The honeycomb defect ratio of these specimens was 70%, represented by 

weak-strength concrete. The failure of columns [C24, C25, and C26] strengthened 

only with a HPFRC jacket occurred by vertical cracks along the height of the 

column. failure began with emerging small cracks on the surface of the HPFRC 

jacket and then continued by the rupturing of the substrate. The location of the 

substrate rupture in most of the specimens occurred around the end-height of the 

specimens. started to fail after the failure of the HPFRC jacket with some vertical 

and diagonal cracks, and the failure of the specimens happened due to the crushing. 

The maximum load of these specimens was recorded (313, 200, and 520) kN with 

an axial and lateral displacement of (5.7, 6, and 5) mm respectively, and (11.5, 13, 
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Figure 4.10 Load-Displacement Curve for Group e 70% Defect 
Ratio. 
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and 10) mm respectively. The column [C26] gained the largest load capacity in 

comparison to the reference C3. The column [C27] failed mainly due to 

compression failure. The cracks were propagated above the lower corbel, in which 

crushing of large portions of the concrete cover on the compression side occurred 

with notice before failure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 Load-Displacement Curve for Group f 70% Defect 
Ratio. 
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         Group (g) consists of three strengthened CFRP column specimens [C28 to 

C30]. For the column specimens [C28, C29, and C30] strengthened with CFRP 

sheets, snapping sounds were heard before the ultimate failure, revealing the 

rupture of CFRP composites. This type of failure was explosive but not sudden, 

and the CFRP composites failed due to the expanded concrete. According to the 

results, these column specimens recorded the ultimate load of (256, 125, and 132) 

kN, respectively, with an axial and lateral displacement of (6.75, 5.6, and 6.2) mm 

and (13.5, 11.5, and 13.25) mm, respectively. 

In general, the effect of fibers in tested columns makes the crack extension slower 

and the specimen still maintains greater rigidity. Tensile cracks propagated with an 

increase of applied load.    

 

 

 

 

 

C24 C25 C26 C27 

Figure 4.12 Mode Failure and Cracks Pattern for Group f 70% 
Defect Ratio WSC. 
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Figure 4.13 Mode Failure and Cracks Pattern for Group g 
70% Defect Ratio. 
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    Discussion of Experimental Results 

4.3.1 Load-Displacement Relationships        

         As described above, the strengthened columns proved an increase in the load-

carrying capacity, ductility, stiffness, and toughness. The full casting scheme using 

HPFRC jacketing was more effective than bonding laminates. The slope of 

strengthened columns is higher than that of the control specimen at different 

eccentricities. It was found that the load-displacement response was bilinear up to 

the ultimate load and could be divided into uncracked and cracked stages. All 

specimens showed the same behavior in the uncracked stage, while the post-

cracking behavior appeared to be different. 

As can be seen the loading to axial and lateral displacement for the reference 

columns, HPFRC jacketed columns led to the ductile behavior of the strengthened 

columns as a result of the presence steel fibers. It can be seen that the load-lateral 

displacement curve behaved linearly from the initial loading up to the maximum 

load; this stage increased with increasing HPFRC jackets. 

The post-peak region became more obvious with increasing the eccentricity as the 

flexural behaviors govern in the columns. The lateral deflection is decreased with 

increasing HPFRC thickness. The strengthened specimens exhibited much stiffer 

responses and lower deflection than the control specimen. The results show that 

increasing the thickness of HPFRC jacketing causes a decrease in displacements at 

the same load. 

4.3.2 Axial Load Capacity 

      The ultimate load and the corresponding displacement for all specimens are 

summarized in Table (4.1). From this table, it can be seen that for all the specimens 

strengthening with HPFRC, the load ratio Pcs/Pco is always larger than one. Results 



Chapter Four                                                                                       Results & Discussion 
  
 

95 
 

show that the gain in column strength decreased with a nominal increase in 

eccentricity. The full casting that used a HPFRC jacket was highly effective as a 

strengthening scheme. The thickness of the HPFRC jackets moderately improved 

the efficiency of strengthening columns. The gain in strength of strengthened 

columns is proportional to the thickness of the HPFRC jacket. This was also 

confirmed by authors [58-59]. As shown in Table (4.1), increasing the thickness of 

the HPFRC jacket from 15 mm to 30 mm with 0.00 % honeycomb defect ratio (C8 

and C10) resulted in an increase in gain of column strength from 156.2% to 

173.91%, and for specimens (C9 and C11) increase in gain of column strength 

ranged from 73.04% to 152. 17%. Moreover, the specimens with a 35 % 

honeycomb defect ratio (C12 and C14) resulted in an increase in gain of column 

strength from 100% to 186.96%, and for specimens (C13 and C15) an increase in 

gain of column strength from 21.74% to 68.7%. Meanwhile, the gain in strength 

for specimens (C16 and C20) with a 70 % honeycomb defect ratio increased from 

86.96% to 191.3%, respectively. In addition, the results indicated that the load 

capacity of strengthened columns with HPFRC laminates on 4-sides was higher 

than that of strengthened columns with HPFRC laminate on both tension and 

compression sides. The improvement in column strength is attributed to the 

increased thickness of the UHPFC jacketing, which results in an increase in the 

cross-sectional dimensions, as well as higher mechanical properties (compressive 

and tensile strengths) of HPFRC as a result of the presence of steel fiber. The 

roughening of the column surface improves the bond strength between the column 

core and HPFRC layers, leading to a higher increase in column strength. The 

gaining strength of the strengthening column specimens is shown in Figs. (4-14 to 

4.19).  
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Figure 4.18 Gaining in Strength for 
group c. 

Figure 4.17 Gaining in Strength for 
group b. 

Figure 4.19 Gaining in Strength for 
group f. 

Figure 4.20 Gaining in Strength for 
group g. 

Figure 4.15 Gaining in Strength for 
group e. 

Figure 4.16 Gaining in Strength for 
group d. 
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4.3.3 Ductility Index 

     Ductility is defined as the measure of a material's capacity to undergo plastic 

deformation before fracture, and for a column subjected to an axial load, it is a 

measure of how much loss of load-carrying capacity occurs under increasing axial 

deformation once the cover region begins to fail. The ductility index is associated 

with the material's ability to stretch or elongate, while stiffness is related to the 

material's resistance to bending or flexing. The ductility of the tested columns was 

computed using the approach developed by considering a displacement ductility 

ratio as an index; these approaches were proposed by [65]. They defined the 

displacement ductility as the ratio between the displacement at peak load (∆u) and 

the yield displacement (∆y), as presented in Fig. (4.20). The notional yield 

displacement (∆y) is defined as the intersection of a line passing through a point on 

the load-displacement curve corresponding to 75% of the maximum applied load 

on the specimen (0.75Pu) extended to intersect with the horizontal line at (Pu). The 

displacement ductility index (∆µ) can be calculated according to the equation 

below. 

∆µ = ∆u / ∆y ---------------- (4-1). 

 

 

 

 

 

                         

 Figure 4.21 Determination Procedures of Column Ductility Displacement. 
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The results of the ductility index of columns are listed in Table (4.2) and Figs. 
(4.21 – 4.26) 

Table 4.2 Ductility index of column specimens. 
Group Column ID ∆𝑦 mm ∆𝑢 mm ∆𝜇 

 C1 7.95 9.00 1.13 
 C2 6.50 8.50 1.31 

Group a C3 7.85 8.00 1.02 
 C4 5.92 7.50 1.27 
 C5 5.20 7.25 1.39 
 C6 3.95 7.00 1.77 
 C7 6.50 6.75 1.04 
 C8 5.00 6.30 1.26 

Group b C9 4.65 5.75 1.24 
 C10 4.20 4.70 1.12 
 C11 5.20 5.50 1.06 
 C12 5.20 6.00 1.15 
 C13 3.00 5.00 1.67 

Group c C14 3.50 4.60 1.31 
 C15 3.03 5.30 1.75 
 C16 5.50 6.00 1.09 

Group d C17 2.95 6.25 2.12 
 C18 3.70 5.30 1.43 
 C19 3.78 5.50 1.46 
 C20 4.40 5.75 1.31 

Group e C21 3.20 4.80 1.50 
 C22 3.35 4.30 1.28 
 C23 4.40 5.00 1.14 
 C24 4.37 5.70 1.30 

Group f C25 5.00 6.00 1.20 
 C26 3.13 5.00 1.60 
 C27 3.74 5.40 1.44 
 C28 4.50 6.75 1.50 

Group g C29 4.00 5.60 1.40 
 C30 3.95 6.20 1.57 

 

The results showed that increasing (the thickness, and the number of sides) of the 
HPFRC jacket improves ductility because the HPFRC-contented steel fibers 
enhance the ductility, prevent sudden failure, and delay the appearance of cracks in 

columns. As 
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Figure 4.22 Gaining in Ductility for Group b. 

Figure 4.23 Gaining in Ductility for Group c. 

Figure 4.24 Gaining in Ductility for Group d. 
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Figure 4.25 Gaining in Ductility for Group e. 

Figure 4.27 Gaining in Ductility for Group f. 

Figure 4.26 Gaining in Ductility for Group g. 
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4.3.4 Stiffness 

      Stiffness is defined as the resistance of a column to elastic deformation when 

the load is applied. Technically, the greater of the modulus of elasticity for an 

elastic solid, the greater its stiffness.  In the last decade, various displacement-

based design (DBD) approaches have been proposed to better control the 

displacements of structures during earthquakes and thereby enable performance-

based seismic design proposed two procedures to determine the stiffness of 

reinforced concrete columns, that are commonly utilized secant stiffness (Ks) and 

initial stiffness (Kin).  Secant stiffness of RC columns, which is also called 

effective stiffness is defined as the ratio of the maximum applied load on the 

specimen (Pu), to the maximum displacement (Δu). Initial stiffness is determined 

by a simple approach, in which a secant passing through a point on the load-

displacement envelope corresponding to 70% of the maximum applied load on the 

specimen (0.7Pu) is extended to intersect with the horizontal line at (Pu). 

       The results of the secant and initial stiffness columns are shown in Table (4.3) 

and Figs. (4.27 – 4.32). It showed that the increase in the thickness of the HPFRC 

jacketing and the number of strengthening sides led to an increase in the initial 

stiffness and the secant stiffness due to an increase in the size of columns, 

improvement in the modules of elasticity, which led to the reduction of cracks and 

increased the stiffness of columns. 
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Table 4.3 Stiffness of column specimens. 
 

Column ID 

               Secant stiffness (Ks) 
 

Group 
Pu 

(kN) 
∆𝒖 

mm  

Ks kN/mm 
 

 C1 317 9.00 35.22 
 C2 233 8.50 27.41 
 C3 115 8.00 14.38 
a C4 425 7.50 56.67 
 C5 320 7.25 44.14 
 C6 450 7.00 64.29 
 C7 304 6.75 45.04 
 C8 295 6.3 46.83 
c C9 199 5.75 34.61 
 C10 315 4.70 67.02 
 C11 290 5.50 52.73 
 C12 230 6.00 38.33 
 C13 140 5.00 28.00 
b C14 330 4.60 71.74 
 C15 194 5.30 36.60 
 C16 215 6.00 35.83 
d C17 125 6.25 20.00 
 C18 401 5.30 75.66 
 C19 312 5.00 62.40 
 C20 335 5.75 58.26 
 C21 270 4.80 56.25 
e C22 401 4.30 93.26 
 C23 250 5.50 45.45 
 C24 313 5.70 54.91 
f C25 200 6.00 33.33 
 C26 520 5.00 104.00 
 C27 290 5.40 53.70 
 C28 256 6.75 37.93 
g C29 125 5.60 22.32 
 C30 132 6.20 21.29 
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Figure 4.28 Gaining in stiffness for group b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

305.15

140.76

366.23

266.80

0
50

100
150
200
250
300
350
400

G
ai

n 
in

 S
ti

ff
ne

ss
 %

Strengthend specimens

C8

C9

C10

C11

149.28

39.13

176.01

127.64

0

50

100

150

200

G
ai

n 
in

 S
ti

ff
ne

ss
 %

Strengthend specimens

C16

C17

C18

C19

166.67
94.78

399.05

154.63

0

100

200

300

400

G
ai

n 
in

 S
ti

ff
ne

ss
 %

Strengthend specimens

C12

C13

C14

C15

Figure 4.29 Gaining in Stiffness for Group c. 

Figure 4.30 Gaining in Stiffness for Group d. 
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Figure 4.32 Gaining in Stiffness for Group f. 
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Figure 4.31 Gaining in Stiffness for Group e. 

Figure 4.33 Gaining in Stiffness for Group g. 
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          The stiffness of strengthened columns is higher than that of the control 

specimens.  The percentage of gain in stiffness is inversely proportional to the 

eccentricity ratio (e/t). The thickness of HPFRC jackets has an eminent effect on 

the percentage of gain in stiffness. A comparison of the result of strengthened 

columns specimens clarified that increasing the thickness of the HPFRC jacket 

from 15 mm to 30 mm with 0.00 % honeycomb defect ratio (C8 and C10) resulted 

in an increase in gain of column stiffness from 225.74% to 366.23%, and for 

specimens (C9 and C11) increase in gain of column stiffness from 140.76% to 

266.80%. Moreover, the specimens with 35 % honeycomb defect ratio (C12 and 

C14) resulted in an increase in gain of column stiffness from 166.67% to 399.05%, 

and for specimens (C13 and C15) increase in gain of column stiffness from 

94.78% to 154.63%. While the gain in stiffness for specimens (C16 and C20) with 

70 % honeycomb defect ratio increased from 149.28% to 305.29%, respectively. 

Moreover, the values of the stiffness increase with the increase of the size of the 

treated honeycomb because the ultimate strength increases when the honeycombed 

specimens are treated with materials of high strength, as mentioned in (chapter 3). 

4.3.5 Toughness 

      Toughness is the ability of a column to absorb energy without rupture.  

Toughness is the area under the load-deflection curve until the maximum load is 

reached. which represents the energy absorption of the concrete column that could 

be sustained before a significant decrease in the load bearing capacity can be 

recorded. The thickness of the jacket and the number of strengthening sides 

increased the energy absorption capacity of the column specimens. The result of 

the toughness of columns tested was shown in Figs. (4.33 – 4.38). The toughness 

factor (TF) is the ratio of the toughness of strengthened columns to that of un-

strengthened columns or the control specimen. The T.F of strengthened columns is 
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higher than that of the control specimens. The TF of strengthened columns with 

full casting using HPFRC jackets is higher than that of strengthened columns that 

used bonding laminates. HPFRC thickness and strengthening scheme had a great 

effect on the T.F of test specimens. A comparison of the result of strengthened 

columns specimens clarified that increasing the thickness of the HPFRC jacket 

from 15 mm to 30 mm with 0.00 % honeycomb defect ratio (C8 and C10) resulted 

in an increase in the gain of column T.F from 1.57 to 1.62 and for specimens (C9 

and C11) increase in the gain of column T.F from 1.24 to 1.44. Moreover, the 

specimens with 35 % honeycomb defect ratio (C12 and C14) resulted in an 

increase in the gain of column T.F from 1.47 to 1.76 and for specimens (C13 and 

C15) an increase in gain of column T.F from 0.96 to 1.2. While the gain in 

stiffness for specimens (C16 and C20) with 70 % honeycomb defect ratio 

increased from 1.27 to 2.23. 
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Figure 4.35 Toughness Factor for Group c. 
 

 

Figure 4.36 Toughness Factor for Group d. 
 

 

Figure 4.37 Toughness Factor for Group e. 
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Figure 4.38 Toughness Factor for Group f. 
 

 

Figure 4.39 Toughness Factor for Group g. 
 

4.3.6 Effect of Side Numbers of Strengthening and Jacket Thickness on Load 
Carrying Capacity of RC Columns 

          This section investigated the number of strengthening faces (two or four) and 

the jacket thickness (15 or 30) mm. The designation of specimens is used such that 

the first number indicates the strengthening face and the second number indicates 

the jacket thickness of HPFRC layers. 

         Table (4.1) illustrates the effect of increasing the number of strengthening 

faces and the jacket thickness on the behavior of strengthened concrete columns 

with HPFRC jackets. It can be seen from this table that when all other parameters 
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are the same, the increase in the number of strengthening faces (from two sides to 

4 sides) and jacket thickness (from 15 mm to 30 mm) leads to a greater increase in 

ultimate strength and enhancement of the corresponding displacement of the 

strengthened columns with HPFRC jackets. 

         Fig. (4.40) shows the effect on ultimate strength; it can be seen that the gain 

in ultimate strength increases with the increase of strengthening face and jacket 

thickness. It increased by about (73.04% and 152.17) for columns that 

strengthened from two-facing and about (156.52% and 173.91%) for columns 

strengthened from four-facing with HPFRC jacket thickness (15 mm and 35 mm) 

respectively compared with the control specimen. This occurs because of the 

enlargement of the section size and the increased compressive strength of HPFRC, 

which causes a decrease in the neutral axis of stresses and increases the 

compression area of the column section. 
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4.3.7 Effect of CFRP on Load Carrying Capacity of RC Columns 

          The experimental results of columns wrapped with one layer of CFRP are 

presented in Table (4.1). Three columns were tested for failure under eccentric 

loading with different eccentricities. Column C28 was tested under an eccentric 50 

mm loading with a honeycomb defect ratio of 70% represented by the foam 

material while, columns C29 and C30 were tested under an eccentric 100 mm 

loading with a honeycomb defect ratio of 70% represented by the foam material 

and WSC, respectively.  

         The results showed that the CFRP-wrapped layers are improving the load-

carrying capacity of the strengthened specimens in comparison to the control 

specimen. The load-carrying capacity was increased by (8.70%, 9.87%, and 

14.78%) for the specimens (C28:C30) related to the control specimen as shown in 

Fig. (4.20). The CFRP warping enhanced the performance of the columns by 

increasing the column ductility. On the other hand, the effectiveness of CFRP 

wrapped layer was lower than the UHPCFRC jacketing in strengthening the 

honeycomb-damaged columns.        
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Chapter Five: Conclusions & Recommendations 

 Summary 

This thesis presents an experimental study on the strengthening of RC columns by 

HPFRC under eccentric loadings under the effect of honeycomb failure. The 

experimental program consisted of thirty RC columns. Twenty columns were 

strengthened with HPFRC, and three columns were strengthened with CFRP. 

While seven of them are unstrengthened as control. All columns have a square 

cross-section of 120 x 120 mm, whereas their height, including corbel heads, is 

950 mm. The dimensions of the top and bottom corbels are 100 x 120 x 200 mm. 

The columns are reinforced with 4 Ф10 as longitudinal reinforcement and Ø8 mm 

bars stirrups spaced at 100 mm spacing. Several variables, such as eccentricity 

ratio (e/t), the thickness of the strengthening layer, the honeycomb ratio, and 

strengthening schemes, are considered.  

 Conclusion  

The following findings can be extracted from experimental investigations. 

1. The HPFRC technique provides an effective technique for strengthening RC 

columns under eccentric loadings.  

2.  Full casting with HPFRC jacketing schemes was more effective than 

laminate schemes.  

3. The HPFRC thickness has a significant influence on the amount of gain in 

axial load capacity, ductility, stiffness, and toughness of strengthened 

columns. Increasing the HPFRC thickness from 15 mm to 30 mm with a 100 

mm eccentricity ratio (C12 and C14) resulted in an increase in stiffness from 

38.33 to 71.74 kN/mm and in TF from 1.47 to 1.76. 
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4. HPFRC was significant in enhancing the load capacity and ductility for the 

strengthening columns. 156.2%, 173.91%, and 186.96% are the gain of axial 

load for columns C8, C10 and C14 which were tested under eccentric 

loadings. 

5. For UHPRFC jackets, the better roughening of the column surface and the 

bond between the HPFRC mixture and column surface must be ensured to 

achieve the suitable strength of the strengthening columns. 

6. HPFRC jacketing is more efficient under eccentric axial loads for four faces 

than for two faces with the same strengthening thickness. 

7. The fibers had an effective role in delaying the appearance of cracks because 

of their work as a bridge that prevents the cracks and then enhances the 

ductility. 

8.   All treated specimens of RC columns failed locally and had pure 

compression and crushing failures. Furthermore, the failure location 

indicates that it was not within the treated area. 

9.  The experimental results showed that the strength of the treated columns 

has been fully restored, and exceeds the strength of the control column based 

on the honeycomb defect's shape, size, and location. 

10.  It was observed that the stiffness and ductility index of the rehabilitated 

honeycombed columns were too much affected by the presence of the 

honeycombed zone inside the columns, therefore, the reliance on the 

stiffness and ductility index, as often adopted when load testing is used, as 

an aid in assessment work can lead to safe assessment results because it 

supports and clearly shows the behavior of specimens. 

11.  The column strengthened with HPFRC Showed more effectiveness than 

CFRP in load capacity, ductility and stiffness but inversely in cost. 
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 Recommendation 

The following recommendations are suggested for future experimental and 

numerical work. 

1. Behavior of Strengthened RC Columns using HPFRC under lateral loads. 

2. Strengthening of Slender RC Columns using HPFRC under Concentric and 

Eccentric Loading. 

3. Strengthening of fire exposure RC Columns using HPFRC. 

4. Studying the strengthening of columns after being loaded to represent the 

column condition in real life. 

5. Studying the behavior of the circular cross-section area columns 

strengthening with HPFRC under different load conditions. 

 

 



  
 

112 
 

Appendices 

Appendix A 

Material Properties 

A.1. Data Sheet of Quartz Sand 
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A.2. Data Sheet of Silica Fume 
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A.3.  Data Sheet of Superplasticizer 
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A.4. Data Sheet of CFRP 
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A.5. Data Sheet of Sikadur®-32 LP 
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A.6. Data Sheet of Sikadur®-330 
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 الخلاصة 

نتيجة الحاجة الى تدعيم وترميم المنشآت الخرسانية أدى ذلك الى ظهور العديد من أساليب وتقنيات ومواد  

التدعيم المختلفة مثل التدعيم والترميم بعمل قميص خرساني او معدني او التدعيم بالفيروسمنت او شرائح  

 البوليمر المقواة بألياف الكاربون. 

عالية  في خلال السنوات القليلة الماضية تم استحداث طريقة لتدعيم العناصر الخرسانية باستخدام الخرسانة 

الأداء حيث يعد هذا النوع من الخرسانة من الابتكارات الحديثة المستخدمة في العناصر الخرسانية. تمتاز 

الضغط والشد والانحناء بالإضافة الى تحسين    تاجتهاداهذه الخرسانة بان لها خصائص عالية في مقاومة  

للعناصر المدعمة. وقد أجريت الكثير من الدراسات على استخدام هذه التقنية في تدعيم    ةالمتانة والديموم 

 المنشآت الخرسانية المسلحة وكذلك دراسة خصائصها الميكانيكية. 

ل عملية  دراسة  تقديم  الى  البحث  هذا  فعاليةيهدف  من  الخرسانة    لتحقق  استخدام  الأداء    عاليةوجدوى 

الأحمال اللامركزية. وخاصة  تأثير  الأعمدة الخرسانية المسلحة المربعة تحت    تقوية والمقواة بالألياف في  

شكل   على  تلف  هناك  يكون  النحل عندما  ال  خلايا  تضمن  الغرض،  ولهذا  العمود.  جسم  نهايات  برنامج  في 

مقسمة الى سبعة مجاميع وذلك حسب نسبة الفشل في   العملي صب ثلاثون عمودا من الخرسانة الاعتيادية

  950م بإجمالي ارتفاع  ل( م120×    120كانت مساحة المقطع العرضي للعينات قبل التدعيم )حيث  .  العمود

النهايات    ،ملم في  مدعمان  رأسان  عمود  تسليطلكل  ا  لغرض  أثناء  اللامركزية  الغطاء    .لفحصالأحمال 

العمود.  لم  15بسمك  الخرساني   جوانب  لجميع  للحديد م  بالنسبة  متمثلة  بصورة  الاعمدة  جميع  تسليح  تم 

  50)  متغيرات الدراسة في هذا البحث هي اللامركزية  الطولي والعرضي لغرض تطبيق هذا البرنامج العملي.

) 100أو   التقوية  ملم، وسمك غلاف  )30أو    15(  التقوية  وجانب  ملم،  ونسبة  أربع جهاتأو    جهتين (   ،)

المقطع العرضي، وقد تم أخذ كل هذه العوامل   مساحة  من٪(  70٪ أو  35)  الفشل في العمود عند الاطراف

العرضي   المقطعمساحة    في عينة العمود كنسبة منالفشل  في الاعتبار. في هذه الدراسة البحثية، تم تكوين  

ثابت 70وأ٪  35) بطول   )٪ (Le / 4)م شرائح  ت ،  باستخدام  الفلينمثلة  والخرسانة   ملم  30بسمك    من 

الفلين    حيث،  المقاومةضعيفة   قطع  تقسيم  المطلوبةتم  للأبعاد  وفقاً  حادة  الفشل  بأداة  نسبة  تمت  لتمثيل   .

الم هذه  تأثيرات  تحمل    تغيراتدراسة  قدرة  والعمودية،  العمودعلى  الجانبية  ووالازاحة  ،  المطيلية، 

 .للأعمدة وامتصاص الطاقة، جساءةوال



  
 

 
 

أن خرسانة   إلى  البحث  نتائج  وقابلية    الاداء هي  عاليةأشارت  قوة وصلابة  لتعزيز  موثوقة  تقوية  طريقة 

لأحمال   المعرضة  المسلحة  الخرسانية  الأعمدة  ومتانة  الحمل  لامركزيالسحب  سعة  في  الزيادة  ترتبط   .

غلاف   بسمك  مباشر  بشكل  والصلابة  بنسبة    وترتبط الاداء  عاليةخرسانة  المحوري  اللامركزية عكسياً 

 الاداء أنهاخرسانة فائقة  طريقة التقوية من كل الجهات الأربعة بواسطة  . على وجه التحديد، أثبتت  للأحمال

 كما هو مفصل في الفصل الرابع.  طريقة التقوية من جهتين فقط أكثر فعالية من
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