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Abstract

Post-tensioning is a type of pre-stressing in which high-strength steel strands or bars;

commonly referred to as tendons, are used to reinforce (strengthen) concrete or other

materials. Carbon �ber-reinforced polymers on the other hand are incredibly light and

strong �ber-reinforced plastics that are used to enhance concrete structures by bonding

the polymer to the concrete member.

Damage to structural members can occur due to di�erent reasons in various real-world

applications. Similarly, post-tensioned members can also be subjected to damage due to

various reasons, such as accidental cutting or drilling into tendons, failures in anchorage

and dead end zones resulting from issues like insu�cient anti-burst reinforcement, mis-

alignment of the anchor, and improper material utilization. These problems can lead to

the loss of prestressing force in post-tension strands, which in turn can decrease the load

carrying capacity of the elements, particularly their �exural capacity. This thesis paper

investigates the potential of Carbon Fiber-Reinforced Polymer (CFRP) strengthening in

enhancing the �exural capacity of damaged post-tensioned concrete beams.

Employing an experimental program, the study compares the performance of control

beams to beams strengthened with varying CFRP layers. Results demonstrate a sig-

ni�cant increase in �exural capacity, averaging 41.5% per CFRP layer, highlighting the

e�ectiveness of this strengthening technique. How varying amount of post tensioning

and CFRP wraps a�ect cracks and delamination patterns of carbon �ber were also stud-

ied and discussed in detail. Further exploration into alternative �ber types and testing

con�gurations is recommended. .
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Chapter 1

Introduction

Damage to concrete structures can occur in various ways throughout their service life.

These damages can be classi�ed in di�erent ways, such as by type, cause, attack mecha-

nism, frequency of defects, �nancial loss due to defects, and extent of repair measures[1].

When dealing with post-tensioned members, additional speci�c problems may arise.

These structures may su�er damage from strand corrosion, accidental impact, brittle

wire cracking, coring or drilling after construction, as well as failures in anchorage and

dead end zones resulting from insu�cient anti-burst reinforcement, anchor misalignment,

and improper material utilization. These issues ultimately lead to tendon failures[1].

Tendon failures mainly result in the loss of the initially applied pre-stressing force that

was applied to them.

Pre-stressing loss in prestressed concrete elements is a phenomenon that occurs when the

actual prestress force decreases due to various factors. In addition to physical damages

to the post-tension tendons mentioned above, several other factors also contribute to

prestressing loss. These factors include prestressing tendon relaxation, frictional losses,

and elastic shortening of concrete, among others.

To mitigate these losses and ensure the desired level of force remains e�ective in pre-

stressed concrete members, engineers often account the losses during the design process

by considering appropriate allowances and adjustments in prestress force estimates[2].

Additionally, implementing robust quality control measures during construction, such as

employing appropriate tendon tensioning techniques and diligent monitoring, can e�ec-

tively mitigate prestress losses and uphold the structural integrity of prestressed concrete

elements[3]. In situations where these losses reach a critical level, it becomes imperative

to strengthen the member using various strengthening techniques. One common techno-

logical advancement that can be utilized is the application of Carbon Fiber Reinforced

Polymer (CFRP) to enhance the load-carrying capacity, durability, and service life of the

structure[4, 6, 5].

1



Using CFRP to Strengthen the Flexural Capacity of Damaged Post-tensioned Beams

1.1 Background

1.1.1 Post Tension

Concrete is known as one of the best materials to bear the compressive loading, however

when it comes to tensile strength, unfortunately, it does not stand anywhere. That's why

reinforcement in the form of steel wires is used in concrete beams, slabs and many other

units to bear the tensile loading. And the unique concept of Pre-stressing of concrete

that dates back to 19th century, counterbalances the external tensile stress by advanced

compression.

Post-tensioning speci�cally is one form of pre-stressing in which reinforcing (strength-

ening) of concrete or other materials is done with high-strength steel strands or bars,

typically referred to as tendons. Post-tensioning tendons, which are pre-stressing steel

cables inside plastic ducts or sleeves, are positioned in the forms before the concrete is

placed. Afterwards, once the concrete has gained strength but before the service loads

are applied, the cables are pulled tight, or tensioned, and anchored against the outer

edges of the concrete[7].

Common Applications for PT Post-tensioning, also known as PT, has gained sig-

ni�cant popularity in various countries over the last three decades due to advancements

in technology. While there were once concerns regarding cable corrosion, particularly in

parking structures exposed to deicing salt, these issues have largely been resolved through

the use of superior materials, improved construction techniques, and comprehensive train-

ing and certi�cation programs[7]. However, it is worth noting that post-tensioning has

yet to gain widespread recognition and acceptance in our country, Ethiopia.

1.1.1.1 Damages to Post Tension Members

Post-tensioned structures are susceptible to various factors that can result in tendon

failure. Firstly, the presence of moisture over time can cause corrosion and eventual

rupture of the tendons. Secondly, when coring, drilling, or cutting through an already

constructed post-tensioned member, there is a risk of inadvertently severing a tendon,

thereby releasing the compressive force applied to the member. If the structure is not

grouted, this can lead to serious issues due to the potentially explosive release of tensile

force. While grouted structures reduce the risk, the tendon still experiences a loss of its

pre-stressing force. Additionally, failures in the anchorage zone can also damage post-

tensioned members. These failures can occur due to several reasons, including insu�cient

anti-burst reinforcement, anchor misalignment, and improper material utilization, among

others[11].

All of these issues typically lead to the loss of pre-stressing force in the post tension

Msc Thesis AAiT SCEE 2



Using CFRP to Strengthen the Flexural Capacity of Damaged Post-tensioned Beams

Figure 1.1: Instance of Anchorage Zone Failure

tendons. When strands are drilled or cut, resulting in complete severing of strands, the

tendons will lose 100% of their pre-stressing force. On the other hand, problems such as

anchorage zone failures, as shown in �gure 1.1, could cause the tendons to loosen and

result in a lesser percentage loss of pre-stressing force.

1.1.2 CFRP

Carbon-Fiber-Reinforced Polymers (CFRPs), Carbon-Fiber-Reinforced Plastics, and Carbon-

Fiber Reinforced Thermoplastic (CFRP, CRP, CFRTP), also referred to as carbon �ber,

carbon composite, or simply carbon, are �ber-reinforced plastics that possess exceptional

strength and lightness. These materials incorporate carbon �bers and are widely utilized

in applications where a high strength-to-weight ratio and sti�ness (rigidity) are crucial,

such as aerospace, ship superstructures, automotive, and sports equipment[8]. One of the

most recent advancements in the use of CFRPs is their application in the reinforcement

of structural elements, which serves as the primary focus of this paper.

Limited research has been produced on strengthening Prestressed concrete members.

Parallel with the scarcity of in situ installations, as reported by FIB Task Group 9.3,

less than 10% of FRP (Fiber Reinforcing Polymer) strengthened bridges as of 2001 are

pre-stressed][8]. Strengthening usually takes place when all long-term phenomena (creep,

shrinkage, relaxation) have fully developed, which may complicate the preliminary assess-

ment of the existing conditions. Apart from this, the conventional veri�cation procedures

adopted for Pre-stressed members can be applied, provided that the FRP contribution

is appropriately considered. As in RC (Reinforced Concrete) strengthening, the required

amount of FRP will generally be governed by the ultimate limit state design in the mem-

bers. However, additional failure modes controlled by rupture of the pre-stressing tendons

must also be considered, and consideration should be given to limitations on cracking.

In the latter case, the possibility of admitting tensile stresses in the PT (Post Tension)

section after FRP strengthening is the subject of ongoing debate[8, 9].

Msc Thesis AAiT SCEE 3



Using CFRP to Strengthen the Flexural Capacity of Damaged Post-tensioned Beams

1.2 Statement of Problem

Damage to post-tensioned members can arise from various factors, including tendon cor-

rosion, accidental damage such as cutting or drilling into tendons after construction, and

failures in the anchorage and dead end zones. This study addresses the post-tensioning

issues related to the loss of prestressing force in these members due to the aforementioned

damages. It focuses on investigating how post-tensioned beams with these issues can be

strengthened using Carbon Fiber Reinforced Polymer (CFRP) and the extent to which

their load-carrying capacity can be enhanced through this strengthening technique.

1.2.1 General Objective

� To investigate the performance of carbon �ber reinforced polymer (CFRP) strength-

ened post-tensioned beams with damage and assess the application techniques that

enhance their performance. The study aims to analyze the increase in stress-

carrying capacity of these damaged beams and examine the interaction between

post-tensioning and CFRP.

1.2.2 Speci�c Objectives

� To present the correlation between the increase in load capacity of the PT (Post

Tension) beam with the number of wraps of CFRP.

� To study the failure modes of CFRP wrapped post tensioned beams.

� Aims to analyze the impact of post-tensioning on the closing or receding of cracks

in members during the unloading process.

1.3 Scope

This study explores the potential of CFRP strengthening techniques in enhancing the

�exural capacity of post-tensioned concrete beams with pre-stressing loss (speci�cally at

50% and 66.7% prestress levels). Through an experimental program, the study compares

the performance of control beams with those reinforced using varying layers of CFRP.

Additionally, the research analyzes the impact of di�erent prestressing levels and CFRP

wraps on the formation of cracks and delamination patterns in carbon �ber. It should

be noted that this study will not cover deep beams, short beams, beam-columns, or

beams made of high-strength concrete. Furthermore, the focus of this study is solely on

the enhancement of �exural strength in PT beams, with no consideration given to shear

strengthening.

Msc Thesis AAiT SCEE 4



Using CFRP to Strengthen the Flexural Capacity of Damaged Post-tensioned Beams

1.4 Signi�cance of the Research

This study has a signi�cant impact on the strengthening industry of Ethiopia. It allows

for a better understanding of the CFRP technique of strengthening, enabling its e�cient

utilization. Given that both post-tensioning and CFRP strengthening are relatively new

technologies in our country, this study contributes to facilitating the adoption of these

technologies in our construction industry.

1.5 Organization of the Thesis

Chapter 1 provides an introductory overview of the key concepts discussed in the paper,

as well as an explanation of the research objectives and scope.

Chapter 2 o�ers a historical development of both post-tensioning and CFRP strength-

ening methods. It explores their applications and provides a comprehensive literature

review of relevant papers.

Chapter 3 describes the experimental program, including the methodology employed and

a detailed explanation of the methods and procedures used. This section also outlines the

instrumentation utilized, as well as the analysis and tests conducted on the appropriate

specimens. It further discusses the material properties, specimen fabrication, and test

setup.

Chapter 4 presents the experimental results, discussing them individually and in conjunc-

tion with relevant data from other researchers.

Chapter 5 concludes the study by presenting observed facts and phenomena, along with

recommendations for future studies and areas that were not explored due to limitations.

The Appendix section A.1 and A.2 provide a detailed analysis of the CFRP unwrapped

and wrapped beams, respectively. Appendix A.3 presents comprehensive material test

results from the experimental program. Lastly, appendix A.4 presents the detailed ex-

periment results of the test beams.
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Chapter 2

Literature Review

This chapter presents the �ndings from di�erent reviewed literature on the subject of

Post tensioning, post-tensioned beams, FRP strengthening and retro�tting works.

2.1 Historical Development of Post Tensioned Concrete

Pre-stressed concrete is not a novel idea; in 1872, Californian engineer P.H. Jackson

received a patent for a pre-stressing method that involved building beams or arches out

of individual blocks using a tie rod. German inventor C.W. Doehring received a patent in

1888 for using metal wires to pre-stress slabs. However, because the pre stress eventually

fades, these early attempts at pre-stressing were not very e�ective[10]. After a long

lapse of time during which little progress was made because of the unavailability of high-

strength steel to overcome pre-stress losses, R.E. Dill of Alexandria, Nebraska, recognized

the e�ect of the shrinkage and creep (transverse material �ow) of concrete on the loss of

pre stress. Later, he devised the concept that the time-dependent loss of stress in the rods

caused by the member's shrinkage and creep would be compensated for by consecutive

post-tensioning of unbonded rods[10].

In the early 1970s the market for post-tensioning in buildings was rapidly growing. More

engineers were learning how to design post-tensioned buildings and, as a result, more

post-tensioned buildings were being built worldwide. And one of the main reasons for

this development was the advancement in computers which could e�ciently handle PT

design calculations[11].

Today, pre-stressed concrete is used in buildings, underground structures, TV towers,

�oating storage and o�shore structures, power stations, nuclear reactor vessels, and nu-

merous types of bridge systems including segmental and cable-stayed bridges. The success

in developing and constructing landmark structures worldwide has been greatly attributed

to advancements in material technology, speci�cally pre-stressing steel, and the accumu-

lated knowledge in estimating short- and long-term losses in pre-stressing forces[10].
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2.2 Basic Concept of Pre-stressing

Pre-stressing is a way of counteracting the e�ect of external loads on a structure by

imposing a state of stresses contrary to the load e�ects. The most common way to achieve

this is by means of tendons, which are stressed prior to �nal loading of the structure[11].

Pre-stressed concrete is a comprehensive term encompassing both pre-tensioned and post-

tensioned concrete. The terms "pre" and "post" refer to the timing of stress application

to the pre-stressing tendons in relation to the placement and curing of the concrete[11]. In

pre-tensioned concrete, the tendons are usually positioned in steel bed forms and stressed

before the concrete is poured. The pre-stressing steel is generally straight or "harped"

in straight segments, referred to as "Pro�les" and is a critical factor in�uencing the

in�uence of the strands on the structural elements[11]. In the majority of post-tensioned

members in real-life applications, the tendons are commonly arranged in a parabolic

pro�le within the concrete forms and subsequently stressed after the casting process.

Another classi�cation is bonded and unbonded post-tensioning. Unbonded post-tensioning

typically involves single (mono) strands or threaded bars that remain unbonded to the

surrounding concrete, allowing them the �exibility to move locally in relation to the struc-

tural member[12]. For bonded systems, the prestressing steel is encased in a corrugated

metal or plastic duct. Once the tendon is stressed, cementitious grout is injected into the

duct to ensure its bonding with the surrounding concrete[7]. Figure 2.1 below shows an

example of on site installations of a bonded PT beam before and after casting, which is

the main focus of this paper.

_

Figure 2.1: Post Tensioned Beam with Bonded Tendons
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2.3 Problems Faced by the Post-Tensioning Industry

As discussed earlier, there are several unique challenges associated with post-tensioned

members. These challenges include the corrosion of tendons, damage to post-tension

strands (such as drilling or cutting), stress reversals, restraint to concrete volume change

(shortening), and failures in the anchorage zones.

The primary cause of post-tensioning tendon corrosion is the presence of moisture. Over

time, moisture can weaken the tendons, eventually leading to their failure. Moisture can

enter the PT system through various pathways, including entering the sheathing before

or during construction (such as when strands are left unprotected at the plant, during

shipping, or at a construction site), penetrating cracks and joints, and reaching unpro-

tected portions (un-grouted) of the PT system during the building's service life, among

other ways[16]. In the early stages, it became evident that the unbonded tendon sheath-

ings and coatings (grease) used at that time were insu�cient for aggressive environments,

particularly those where de-icing salts are regularly applied to exposed concrete surfaces.

Within approximately 10 years of service, signi�cant corrosion issues started to arise in

buildings subjected to such conditions[11].

Restraint to concrete volume change (shortening) is a signi�cant and pervasive chal-

lenge faced by the industry, especially during the early stages of the technology develop-

ment. The mechanics of volume change and the corresponding restraint di�er between

post-tensioned concrete members and non-prestressed members. The axial pre-stress

force e�ectively mitigates the formation of cracks that would otherwise occur due to

shortening between the ends of the member. However, unlike non-prestressed members,

post-tensioned concrete members experience signi�cant inward movement at the ends in

response to total volume change along the length. As a result, substantial shears and

moments are induced in the connected walls and columns, which can lead to the de-

velopment of unsightly and sizable cracks in both the post-tensioned member and the

associated walls and columns[11].

In post-tensioning, the required depth is smaller, resulting in a reduced cross section. This

reduction in size, especially for PT beams and PT slabs, can restrict the use of anchorage

devices in the anchorage zone. Analytical modeling and assessment have demonstrated

that the limited use of anchorage devices can lead to anchorage failure, thereby reducing

the capacity of the members[13]. Another literature also demonstrates that bursting of

the end anchorage leads to reduced capacity and uncontrolled collapse of the PT structure.

Moreover, lack of proper anchorage detail leads to a signi�cant reduction in the ultimate

strength of beams[13].

During the post-tensioning process, the failure of the end anchorage has been found to be

critical, with test �ndings revealing the presence of concentrated cracks near the anchor-

age zone[14]. Several other studies have also been conducted to investigate techniques
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for enhancing the performance of the anchorage zone in post-tensioned members. In line

with this, in one study a steel �ber reinforced concrete (SFRC) was utilized near the

anchorage zone to improve its performance and reduce the amount of steel required in a

post-tensioned bridge in Florida. The results indicated that the addition of 1.5% steel

�ber enhanced the strength by up to 22% and improved the performance of the anchorage

zone[15].

2.4 Introduction to FRP (Fiber Reinforcing Polymer)

FRP is a composite material comprising a polymer matrix reinforced with �bers in the

form of fabric, mat, or strands. It was �rst used in Japan in the 1980s but mainly

developed in Switzerland. FRP can be applied in beams, slabs, and columns to improve

�exural, shear, and compressive strength (con�nement)[17]. Its application range include

� Load Increase - Increase carrying capacity in buildings, bridges, allows for installa-

tion of heavy equipment in industrial facilities, increase vibration in structures and

etc...

� Improve Structural Condition - Reduce deformations, reduce stresses in existing

structural elements, limit or arrest crack propagation...[18]

� Seismic Retro�tting - Columns wrapping reinforcement for improving ductility and

shear strength, masonry walls reinforcement for improving out-of-plane bending

and in-plane shear strengths, beam and slab reinforcement...

� Aging and Damaged Structures - Aging of old deteriorated construction materials,

corrosion of steel bars in concrete, vehicles collusion impact on structures (impact

damage)

� Design or Construction Errors - Lack of adequate well-detailed reinforcing bars,

inadequate member cross section, substandard concrete material strength[18]

Fiber reinforced plastic (FRP) reinforcement is crucial for strengthening and rehabili-

tating reinforced concrete (RC) structural elements as an external reinforcement. There

have been signi�cant advancements in materials, methods, and techniques for structural

strengthening. The use of carbon �ber reinforced polymer (CFRP) o�ers numerous ad-

vantages due to its excellent properties, including:

� Non corrosive, High temperature resistance, limited creep resistance under high

permanent loads, and excellent seismic strengthening system.

� Very high strength, high modulus, high durability, high fatigue resistance (allows for

long operation projects and extended deadlines), high alkali resistance (anti-acid,

alkali and other chemical corrosion and resistance to severe environments).
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� Lightweight (adds almost no additional weight to the existing structure), Low over-

all thickness, easy to transport (rolls)[17, 18].

� The application of this product is unlimited in length and has a wide range of uses.

It is suitable for various structural components such as beams, columns, ventilation

tubes, pipes, and walls. It can be used on di�erent types of structural components

and systems, including concrete structures, masonry structures, wood structures,

steel structures, and many other elements and systems.

� CFRP materials have Linear Stress-strain relationship up to breakage[17, 18]

Although small Carbon �ber also has some disadvantages which include;

� Carbon �ber is conductive, safety measures should be taken to prevent electric

shocks.

� Carbon �ber sheets should not be bent during transportation, handling, and cutting

process which make them somewhat di�cult to handle.

� During transportation and storage, carbon �ber materials shall not be squeezed or

compressed, so as to avoid carbon �ber damage, and shall not be exposed to direct

sunlight and/or rain.[18]

2.5 Historical Overview of FRP

FRP, a technology that was started in the 1970s, is relatively early in its development. In

Europe, FRP systems were created as substitutes for steel plate bonding. The technique

of bonding steel plates to the tension zones of concrete members using adhesive resins has

been proven e�ective in increasing their �exural strengths. This method has been widely

used to reinforce bridges and buildings globally. Researchers have explored FRP materials

as an alternative to steel because steel plates can corrode, leading to a deterioration of

the bond between the steel and concrete. Additionally, steel plates are di�cult to install

and require the use of heavy equipment[19].

Experimental work on using FRP materials for strengthening concrete structures was

�rst reported in Germany in 1978 by Wolf and Miessler (1989). The research conducted

in Switzerland paved the way for the �rst applications of externally bonded FRP systems

in �exural strengthening of reinforced concrete bridges (Meier, 1987; Rostasy, 1987).

In the 1980s, Japan applied FRP systems to reinforced concrete columns to enhance

con�nement, as initially proposed by Katsumata (1987)[19].
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2.6 Basic Concepts of FRP

Reinforced and pre-stressed concrete structures are prone to signi�cant degradation in

strength and serviceability. However, thanks to advancements in strengthening and

retro�tting techniques such as CFRP, concrete structures continue to be widely used in

construction. One widely adopted solution for strengthening existing �exural members is

the application of external FRP laminates, which provide additional tensile reinforcement[8].

The mechanical properties of composites depend on several factors, including the prop-

erties of the �bers, matrix, �ber-matrix bond, and the amount and orientation of the

�bers. However, the �bers play a dominant role in bearing the stress in the composite.

Thermoset resins like epoxy are commonly used as binding polymers to attach the CFRP

to the members, although other thermoset or thermoplastic polymers like polyester, vinyl

ester, or nylon are sometimes used. The properties of the �nal CFRP product can be

in�uenced by the type of additives introduced to the binding matrix (resin). Silica is the

most common additive, but rubber and carbon nanotubes can also be used as additives.

Carbon Fiber Reinforced Polymer (CFRP) has been proved to enhance the �exural

strength of Reinforced Concrete (RC) columns and there is a wide range of its appli-

cation all over the world but almost no research has been done on strengthening of PT

(Post tensioned) beams with CFRP[8].

FRPs are brittle materials due to the �bers exhibiting linear elastic behavior until failure.

Therefore, in elements that are externally strengthened with FRP laminates, in addition

to concrete crushing or steel reinforcement rupture, the external reinforcement might

experience a crisis due to FRP debonding at the ultimate condition. Concrete or steel

failure occurs with varying degrees of ductility in the element, whereas delamination

occurs in a highly brittle manner. Delamination is a mechanism that relies on the bond

along the interfacial surface and typically leads to concrete peeling, as the tensile strength

of concrete is signi�cantly lower than that of the adhesive[8].

2.6.1 Types of FRP, Selection and Applications

Based on Fiber type

1. Glass Fiber Reinforced Polymer (GFRP)

� Density: 1.2 � 2.1 g/cm3

� αL = 6 to 10 x10−6 ºc

� Tg= 275oc [17]

2. Carbon Fiber Reinforced Polymer (CFRP)
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� Density: 1.5 � 1.6 g/cm3

� αL = -1 to 10 x10−6 ºc

� Tg= 1000oc [17]

3. Aramid Fiber Reinforced Polymer (AFRP)

� Density: 1.2 � 1.5 g/cm3

� αL = -6 to -2x10−6 ºc

� Tg= 1000oc [17]

CFRP is less a�ected by environmental conditions, has better creep and fatigue resistance

as well. CFRP with �ber content of >68% is the most commonly used material around

the world[17]. CFRP is available in various forms, including plates, rods, and wraps;

which will be speci�cally addressed in this paper. Figure 2.2 provided below illustrates

the aforementioned types. Additionally, it is worth noting that pre-stressed FRP can also

be utilized, where the �bers used are pre-stressed.

Figure 2.2: Most Commonly Used CFRP Types and Accessories

Strengthening with FRP is a viable solution for various scenarios, including increasing

the capacity of slabs, beams, and bridges. It proves useful when there is a need to ac-

commodate changes in building use or when structural elements have been damaged.

Additionally, FRP strengthening can lead to improvements in serviceability, such as re-

ducing de�ection and crack width, as well as reducing stress in steel reinforcement. It

is also applicable when changes are made to the structural system or when there are

modi�cations in speci�cations due to earthquakes or changes in design philosophy. Fur-

thermore, FRP strengthening can e�ectively address design or construction defects, such

as inadequate reinforcement or insu�cient depth[17].
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2.6.2 Properties of Structural Adhesives

Depending on the method of CFRP strengthening technique employed, di�erent types

of adhesives can be used. If manual lay-up is used, the adhesive is also the resin for the

composite �bers, and if pre-formed FRP composites are used the composite has to be

attached to the structural element using a separate adhesive.

To obtain a good performance of concrete structures strengthened with externally bonded

FRP reinforcement, adhesives should meet certain requirements[19]. Although detailed

studies on the in�uence of material properties of adhesives on the performance of FRP

are rather limited, the following is generally required:

� Working characteristics with respect to mixing, application and curing should allow

excellent joint quality, adequate adhesion to the concrete and the FRP (wetting

ability), gap-�lling properties, work-ability on overhead surfaces, etc. The adhesive

should also be able to attach FRP without the need for temporary �xings[19].

� Bond quality and work-ability should not be unduly sensitive to limited variations

in the quality of the prepared surfaces or the environmental conditions.

� With respect to durability, the adhesive should exhibit good moisture resistance,

low creep, thermal stability and resistance to the alkaline nature of the concrete.

� The glass transition temperature of the adhesive should be signi�cantly higher than

the service temperature.

� The �exural modulus (E-modulus in bending) should fall within a speci�ed range,

generally taken as 2000 to 15000 N/mm2. The lower limit relates to a restriction

of creep[19].

2.7 Strengthening of Structural Members

Among the most widely recognized methods for strengthening reinforced concrete struc-

tures, the application of externally bonded Fiber Reinforced Polymer (FRP) sheets has

gained signi�cant popularity in recent years. This method has been proven to be highly ef-

fective in renovating and restoring damaged structures, including buildings and bridges[4].

CFRP, as mentioned above, is an e�ective strengthening technology due to its high

tensile strength, which signi�cantly enhances the performance of structural members.

Previous studies have demonstrated that the utilization of a single and two layers of

CFRP can increase the ultimate capacity of a beam by at least 18-25% and 40-50%,

respectively[6, 20, 21, 22]. Other studies showed that these ranges are applicable to low-

strength concrete beams under cyclic loads[24, 23]. A 73% increase was also observed
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when old PT girders were strengthened using various FRP methods[5]. The strengthen-

ing of PT bridge was also found to be both feasible and cost-e�ective, resulting in a 50%

increase in �exural capacity[25].

A study was conducted to test real-size and small-scale specimens of rectangular and T-

section RC beams that were reinforced with CFRP plates. The specimens were subjected

to di�erent prestress levels of 0%, 20%, and 40%. The study revealed a signi�cant decrease

in the load de�ection diagram and observed debonding of the CFRP plates in the large-

scale specimens[26]. Furthermore, experimental results demonstrated that using CFRP

tendons of di�erent diameters and prestressing levels resulted in signi�cant improvements.

Speci�cally, at a prestress level of 50%, there was a 54% increase in the ultimate load

and a 100% increase in the �rst cracking load[27].

Another study conducted on prestressed concrete beams strengthened with prestressed

CFRP sheets demonstrated that the prestressed CFRP sheets e�ciently redistributed

the applied stresses in the strengthened beam, leading to reduced localized damage. The

crack width progression in all tested beams exhibited a linear increase with continuously

growing rates during the service state. However, signi�cant increases in cracks were

observed beyond the service load levels[28].

When looking at the di�erent types of FRP; a report on unidirectional woven type Glass

Fiber Reinforced Polymer (GFRP) showed a 9.8% increase in the �exural capacity of an

RC beam[29]. In both experimental and analytical studies conducted on GFRP com-

posites, it was observed that the inclusion of �bers signi�cantly enhances the ultimate

load capacity. Speci�cally, when the �ber is attached solely at the beam's so�t, the load

capacity improves by 33%. Furthermore, when U-shaped wrapping is applied up to the

neutral axis of the beam, the load capacity shows an even greater improvement of 43%[4].

In this study, the experimental investigation focuses on the utilization of CFRP compos-

ites as a �exural enhancing material. The �ndings demonstrate that the implementation

of CFRP leads to a signi�cant improvement in the �exural strength of damaged pre-

stressed concrete beams, achieved through an increase in tensile strength and enhanced

overall structural performance.
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Chapter 3

Experimental Program

The experimental program of this thesis involves the preparation and testing of concrete

beams with di�erent post-tensioning strands and CFRP wraps. The beams have dimen-

sions of 200mm in width, 200mm in depth, and 2m in length. A point loading test is

conducted on the beams until they reach their ultimate failure. Additionally, concrete

cubes (150mm x 150mm x 150mm) were tested on the 9th, 15th, 27th, and 30th days

after casting to determine the concrete strength of the mix used. All experiments were

conducted at the Construction Materials Laboratory of Addis Ababa Institute of Tech-

nology. The primary variables in this study are the number of CFRP wraps and the

number of post-tensioned strands on the beams. Other parameters were kept as constant

as practically possible. The following sections will discuss the details of the specimens,

their material properties, test setup, and instrumentation.

Eight beams were cast in two groups for the experimental program. The experimental

variables were the number of post-tensioning strands and the number of wraps of carbon

�ber polymer. The two groups consisted of beams with 1 and 2 wraps of CFRP. All of

the beams had a uniform cross section and similar web reinforcement (8mm diameter

bars spaced every 100mm). With these parameters, �exural failure was achieved.

Since this study focuses on �exural capacity, it is ideal to have a greater margin between

�exural and shear capacity. Prior to the experiment, the control and test beams were

modeled using Response 2000 and hand calculations, and their capacities were estimated.

3.1 Material Properties

3.1.1 Concrete

3.1.1.1 Cement

The concrete mix used in this study adheres to the ACI mix design method. It consists of

Ordinary Portland Cement, speci�cally Ethio OPC 42.5R, with a water-to-cement ratio
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of 0.45. The workability of the concrete is classi�ed as Class S4, with a slump range of

160-210mm. To achieve the desired outcome, an admixture called Ultplast G20 was added

at a dosage of 2.0% of the cement weight. The concrete exhibited a cubic compressive

strength of 23.65MPa after 28 days.

The table below presents the detailed mix design provided by the concrete provider.

Table 3.1: Mix Design of Concrete

3.1.1.2 Fine and Coarse Aggregates

To examine the suitability of the �ne and coarse aggregates for the intended application,

a series of tests were conducted. The aggregates utilized in this research were determined

to be free from contaminants and silt. Subsequently, the properties of both the �ne and

coarse aggregates were evaluated and found to comply with the ACI-E1-99 speci�cations.

For a comprehensive summary of the material �ndings, please refer to Appendix 3.

3.1.2 Post Tensioning (Tendons)

A 12.7mm (0.5-inch) diameter strand, with a tested yield strength of 1950 MPa, was

utilized[30]. The strands were inserted into ducts to create bonded tendons and anchored

at one end of the beams using a wedge block and wedges, as illustrated in Figure 3.1, for

the stressing process.

After the beams were cast, the strands were stressed using a hydraulic jacking machine.

Subsequently, grouting was performed using a cable and grouting machine, as shown in

Figure 3.2 below.
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Figure 3.1: Post tensioning Wedge and Anchor Block

Figure 3.2: Grouting Machine, Grouting Tube

3.1.3 CFRP Material

The carbon �ber reinforced polymer (CFRP) utilized in this experimental study was an

HM-30 unidirectional (with a braiding angle of 0°) carbon �ber fabric manufactured by

Horse Construction[18]. Refer to Figure 3.3 for a visual representation of the CFRP

sheet.

Figure 3.3: CFRP Sheet Used
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The HM-30 CFRP is fabricated by bonding carbon �bers with epoxy resin adhesive,

resulting in a carbon �ber reinforced polymer laminate that is utilized for structural

strengthening purposes. This laminate o�ers exceptional strength and elasticity, along

with the added advantages of lightweight construction and superior durability. Its other

speci�cations provided by the manufacturer include;

� Thickness - 0.167mm

� Areal Weight - 300g/m2

� Appearance - Black fabric[18]

Typical Fiber Properties
Dry Fiber Typical Properties

� Stand Value of Tensile Strength - 5800 MPa

� Tensile Elastic Modulus - 255.53 GPa

� Elongation - 1.60% [18]

Laminated Fiber Typical Properties

� Stand Value of Tensile Strength (ASTM D3039) - 4840.44 MPa

� Tensile Elastic Modulus (ASTM D3039) - 255.53 GPa

� Elongation (ASTM D3039) - 1.95% [18]

� FRP with Concrete Bonding Strength - ≥2.5Mpa, concrete cohesion damage

� Density - 1.8g/cm3[18]

3.1.4 Reinforcement bar

Deformed bars with a diameter of 8 and a yield strength of 528.41MPa were utilized.

3.2 Test Specimens

In this study, eight pre-stressed concrete beams measuring 200X200 mm (height x width)

and with an overall length of 2000 mm were prepared. The beams were reinforced with 2

dia 8 deformed bars on the bottom surface and 2 dia 8 deformed bars on the top surface.

To prevent shear failure, suitable shear reinforcements were incorporated. The stirrups

consisted of 8 mm diameter deformed bars, spaced at 100 mm intervals, and covered by

10 mm of clear cover concrete, due to problems with anchor �xation.
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The dimensions of the beams and the quantity of non stressed (passive) rebars were delib-

erately selected to minimize their strength while ensuring realistic parameters, allowing

for improved workability, ease of transportation, and avoiding the limits of the testing

machines. Likewise, the test setup was also speci�cally chosen to evaluate the �exural

capacity of the test specimens.

3.2.1 The Fabrication of Test Beams

A varying number of 12.7mm PT tendons were positioned 100mm from the so�t of the

beam. Strands were placed inside ducts to form bonded tendons, and for the stressing

process, they were anchored at one end of the beams using an anchor block and wedges

(see Figure 3.1).

The post-tensioned tendons are designed to have a straight pro�le aligned at the mid-

depth of the beams. Holes were made on the side formworks to securely �x the anchors,

creating the "Live Ends" of the beams. At the opposite end, the tendon is shaped

like an oval, commonly referred to as the "Onion form" (see Figure 3.5). This shape

is recommended in general[14] to ensure easy and uniform transmission of prestressing

force throughout the beam and to prevent strand slippage during the stressing process,

forming the "Dead Ends" of the beams. To achieve this, a dead end machine is used so

that all the strands have identical ends.

Figure 3.4: Test Beams Cross-Section

Figure 3.5: Onion Form of Dead Ends of Strands
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The tendons were tensioned once the concrete reached a strength of 19.79 MPa, which

is above the recommended threshold stated in ACI 318[41]. The standard speci�es a

minimum strength requirement of 17 MPa. The prestressing process continues until the

PT tendons reach 80% of their yield stress. After stressing the grouting process takes

place using a cementitious material, which is pumped under pressure. The e�ective span

of the beams measure 1500 mm. Figure 3.4 provides a visual representation of the test

beam's longitudinal and cross-section.

The Post tensioned beams are pre-damaged. This was achieved experimentally by re-

ducing the number of prestressing tendons used in the beams, similar to how Li et al.

conducted their investigation[31]. Hence, in this study, one tendon out of two (50% in

the G2B-beam series) and one tendon out of three (33% in the G3B-beam series) were

not strained, resulting in anchorage losses of 50% and 33%, respectively. These values

are considered to represent prestress levels of 50% and 67%, respectively. The number of

strands and prestressing levels were chosen in order to simulate percentage of prestress

losses encountered in real post tensioned beams.

Beam Beam No of PT No of Stressed CFRP
Remarks

series Designation Strands Strands layers

1

G2B-20 2 2 (100%) - Control beam
G2B-10 2 1 (50%) - Control beam
G2B-11 2 1 (50%) 1 layer
G2B-12 2 1 (50%) 2 layer

2

G3B-30 3 3 (100%) - Control beam
G3B-20 3 2 (67%) - Control beam
G3B-21 3 2 (67%) 1 layer
G3B-22 3 2 (67%) 2 layer

Table 3.2: Designation of Beam Specimens

The PT beams with two and three strands have been designated as G2B and G3B,

respectively. The two-digit numbers in the beam designations have speci�c meanings.

The �rst digit indicates the number of stressed tendons, while the second digit represents

the number of CFRP layers. For example, G2B-12 refers to a PT beam that consists of

two strands. The two-digit numeric (12) has the �rst digit (1) indicating that one strand

is stressed, and the second digit (2) denoting the use of two layers of CFRP sheets. For

a comprehensive list of the beam specimens and their designations, refer Table 3.2.

CFRP Application

The commonly used technique for FRP strengthening involves the manual application

of wet lay-up (also known as hand lay-up) using cold cured adhesive bonding. In this

technique, the external reinforcement is bonded to the concrete surface with the �bers

oriented as parallel as possible to the direction of principal tensile stresses[19]. For the

lamination of CFRP onto the test beams, the hand lay-up technique was employed.

Msc Thesis AAiT SCEE 20



Using CFRP to Strengthen the Flexural Capacity of Damaged Post-tensioned Beams

Before applying the carbon �ber, the surface undergoes preparation to eliminate any

chemicals or dirt. After preparing the surface and removing dust, any defects in the con-

crete are repaired. This includes smoothing sharp edges and corners to prevent stress con-

centrations, also known as polishing[42]. Next, an epoxy-based adhesive (Sika-161) is ap-

plied to the concrete, following the manufacturer's recommended mixing instructions[32].

This allows for a mechanical bond before the carbon �ber is installed. Once the epoxy

settles, the CFRP (carbon �ber reinforced polymer) is cut to the required dimensions

and wrapped around the beams. To eliminate air bubbles trapped at the interfaces, a

roller is used for pressing. Figure 3.6 and 3.7 illustrate these processes.

_

Figure 3.6: Polishing & Primer Application (left to right)

Figure 3.7: Wrapping of CFRP
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3.3 Experimental Setup

The beams were positioned on two steel rollers, and a unidirectional monotonic load was

applied at the center of the beam until failure. The test setup included a hydraulic jack,

a displacement transducer, and surface measurements taken using drawn grids. The full

test setup is shown in Figure 3.8 below.

Figure 3.8: Testing Machine Setup

3.3.1 Instrumentation & Data Acquisition

The beam specimen was supported in a simple manner, with a single point load applied

at the mid-span. De�ection was measured using a linear variable displacement transducer

(LVDT). The experimental setup for the beam specimen is depicted in Figure 3.9. In

addition, crack pattern monitoring was employed for beams with no CFRP wrap. Grid

patterns were drawn on the side of the test beams to facilitate crack pattern observation.

Crack widths were measured throughout the experiment, starting from the load at which

crack initiation occurred and at every 10kN increment thereafter.

Figure 3.9: Experimental setup with one point loading
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Chapter 4

Results and Discussion

This chapter presents the results, observations, and discussions of the experimental pro-

gram's 8 test beams. The subsequent sections will examine each specimen individually,

followed by an analysis of the impact of each experimental variable on the specimen's

results. Finally, the observations and results will be addressed in a technically-oriented

manner and in accordance with selected code provisions.

During testing, additional weights are placed on top of the beams below the load mea-

suring cell to ensure proper balance, in addition to the load exerted by the load creek.

As these weights are not measured by the load cell, they must be manually included. All

the weights on the beams not accounted for with the load cell are;

� Load cell it self - 8.557Kg

� Weights - 94.715Kg

� Plate - 3.1Kg

Total additional load on the beams = 106.372Kg = 1043.5093N = 1kN

4.1 Beam Series - 1

The �rst crack on the initial control beam specimen (G2B-20) occurred at a load of

24kN. This crack, which was a minor �exural crack, had an observed width of 0.04mm.

Subsequently, 7 additional cracks formed until the beam ultimately failed at a load of

74kN. The combined width of all the cracks at failure was 19.77mm. It is important to

note that the maximum recorded de�ection was measured at 5.729mm, although it should

be clari�ed that this is not the ultimate de�ection since the LVDT reached its measuring

limit. The primary mode of failure for the control beam was �exural, as depicted in Figure

4.1. The cracks developed progressively towards the loading point in correspondence with

each load increment.
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Figure 4.1: Failure of G2B-20

Figure 4.2 depicts the load de�ection diagrams for the G2B beam series. Additionally,

Figure 4.3 exhibits the deformed shape, delamination, and rupture/tear out of CFRP

laminates observed in the G2B-11 and G2B-12 beam specimens. These �ndings are

consistent with previous research, which has demonstrated that the utilization of CFRP

enhances the �exural strength of the beam. Ultimately, debonding of the CFRP and

subsequent failure are observed[33].

Figure 4.2: Load-de�ection curves of control and strengthened beams (Group-1)

As shown in Figure 4.2, when the tendons' prestressing is at 50%, the ultimate capacity

of beam (G2B-20) decreased by 13.50%. However, when the member was reinforced with

one layer of CFRP sheet, the capacity increased by 45.31% and the de�ection decreased

by 33.35%. These �ndings are consistent with the results of a study conducted by a
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Chinese university[27], which reported an increase in ultimate load capacity ranging from

31% to 54%. Moreover, the use of two layers of CFRP resulted in a 153% increase

in capacity, similar to the study conducted by Askar et al.[22], which reported a load

capacity increase of over 100%.

It should be noted that, as illustrated in Figure 4.2, the recorded de�ections consistently

remained at a value of zero during the initial loading phase. This inconsistency could be

attributed to a potential measurement error in the de�ection. The LVDT, responsible for

measuring the de�ections, failed to detect any de�ection in the initial stages of the ex-

periments. This could potentially be due to improper positioning of the LVDT, resulting

from a lack of direct contact with the beam.

Figure 4.3: a) deformed shape of G2B-11 and b) rupture and delamination of CFRP,
G2B-12

4.2 Beam Series - 2

The crack pattern and damage to the control beam (G3B-30) are illustrated in Figure 4.4.

In the case of a 67% prestressing level, as depicted in Figure 4.5, the ultimate capacity

of the beam (G3B-20) is diminished by 19.22% in comparison to the control beam with

a 100% prestressing level (G3B-30).

Figure 4.4: Flexural failure of G3B-30

The strengthening of beam G3B-20 through the application of 1 and 2 layers of CFRP

sheets yielded a signi�cant increase in the ultimate load capacity by 78.62% and 87.18%
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respectively. These �ndings align with those presented in reference[34], which reported

a measured increment of 74.5%. Additionally, the use of one or two layers of CFRP

laminates resulted in improved de�ection performance, with increases of 25.56% and

23.82% respectively, thereby enhancing the beams' overall serviceability.

As shown in Figure 4.5, the utilization of either 1- or 2-layers of CFRP sheets (G3B-21

and G3B-22) resulted in a nearly equal ultimate load capacity of the beams. However,

debonding of the �ber sheets occurred in the latter case. Therefore, in this scenario, the

use of 1 layer of CFRP sheet is considered optimal. To prevent the under-utilization

of CFRP layers, it is essential to ensure proper anchorage of the CFRP sheets at the

beam ends. This prevents debonding failure and enhances the beam's �exural capacity,

as demonstrated by experimental investigations conducted by Assad et al.[35].

In this study, the carbon �ber wraps were applied by folding them onto the sides of the

beams to enhance anchorage. However, due to the absence of a control beam with a no

anchorage system, the exact extent of the anchorage increase resulting from the upward

folding of the CFRPs cannot be de�nitively stated. Numerous alternative anchorage

systems have also been developed, including one established by Mashrei et al. [34].

Their research demonstrates that placing the �bers in grooves can e�ectively enhance

the ultimate load carrying capacity. Speci�cally, their studies revealed that inserting two

layers of CFRP sheets into concrete grooves resulted in an increment of up to 103%.

Figure 4.5: Load de�ection diagram of G3B beam series

When two layers of CFRP sheets were utilized, the initial cracking load witnessed a
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signi�cant increase to 51.32 kN. This shows a large increase of 118.38% when compared

to G3B-20, which only achieved a cracking load of 23.5 kN. These results align with the

�ndings of other researchers who have reported a similar or greater than 100% increase in

the initial cracking load through the use of EB-CFRP[27, 36]. Furthermore, on average,

CFRP laminates minimize beam de�ection by 24.7%. Rupture and delamination of G3B-

21 and G3B-22 beam specimens are shown in Figure 4.6.

Figure 4.6: Rupture and delamination of a) G3B-21 and b) G3B-22

Interestingly, as depicted in Figure 4.7, the utilization of two strands with a prestressing

level of 100% (G2B-20, capacity of 75kN) and three strands with a prestressing level

of 67% (G3B-20, capacity of 73.8kN) yield nearly identical results, suggesting that the

non-prestressed tendon in G3B-20 has a marginal impact (with a 1.6% reduction) on

the beam's ultimate capacity and de�ection resistance. In the case of G3B-20, the non-

prestressed tendon serves as the primary reinforcing bar, as examined by Mortazavi and

Shakiba[37]. However, since the non-prestressed tendon is situated closer to the depth

of the neutral axis and does not apply pre-compression to the concrete, it diminishes

the beam's capacity to withstand external loads. As a result, the utilization of PT

tendons becomes less e�cient. Therefore, in order to maximize the e�cient use of the

non-prestressed tendon in G3B-20, it is essential to stress the tendon to the desired

prestressing level[38] and/or preventing damage to the beams and making sure the beams

do not lose their prestressing force is required[15, 14, 33]. The experimental result of the

beams (G2B-20 and G3B-20) is comparable with recent research[39], which showed a

4.4% reduction in ultimate capacity when a PT beam with 2 strands of 65% prestressed

ratio (yielded a capacity of 105kN) was compared to a similar beam with 3 strands of

75% prestressed ratio (capacity of 100.3kN was achieved).

Additionally, there was a signi�cant variation in beam load capacity between G2B-12 and

G3B-22. It was expected that G3B-22 would have a higher load capacity than G2B-12.

However, the opposite result was obtained, with G3B-22 experiencing an 18.90% reduc-

tion in load capacity. Despite this, G3B-22 demonstrated good de�ection resistance when

the same number of CFRP layers were used (2 layers in both cases), albeit with varying

numbers of tendons and prestressing levels. As previously discussed, this discrepancy is
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likely due to the under-utilization of CFRP �bers and/or ine�cient placement of tendon

in G3B-22 compared to G2B-12.

Figure 4.7: Rupture and delamination of a) G3B-21 and b) G3B-22

4.3 Capacity Analysis According to ACI

To determine the theoretical point load capacity of the beams, a capacity analysis was

conducted in accordance with ACI 318M. The results were then compared to the ex-

perimental data. Table 4.1 provides a comparison between the experimental point load

capacities of the beams and the analytical capacities. The general steps of the analysis

are outlined here, while a detailed analysis of all beams can be found in Appendix A-1

& A-2.

Calculation Steps

1. Enumerate all the parameters required for the analysis. Ensure that all material

strengths are based on the corresponding experimental values without applying any

additional factors.

2. Cut the section at mid span where there is maximum moment.

3. Formulate assumptions regarding the yielding and non-yielding behavior of all the

reinforcements in the beams, including the compression rebars (located at the top),

tension bars (located at the bottom), and prestressing tendons.
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4. Calculate the force exerted by each component based on the assumptions made,

and utilize the equilibrium equation to determine the force of the concrete.

5. Use the Whitney Stress Block to �nd �a� which is the depth where there is full

compression in the beams & �c� which is the neutral axis depth.

6. Draw the strain diagrams for the beams and verify the assumptions regarding yield

as stated in Step 3. If the assumptions are valid, proceed with the next steps. If

not, return to Step 3 and repeat the process until the assumptions align with the

results.

7. Draw a complete force diagram using the forces found on step 4 and sum moments

to determine the moment capacity.

8. Lastly, determine the maximum point load at the mid-span by utilizing the moment

found on step 7.

Beam Beam Failure ACI Point Load Point Load Failure
series Designation Load (kN) Capacity (kN) Capacity % Mode

1

G2B-20 74 69.71 106.15% Flexural
G2B-10 64.754 60.06 107.82% Flexural
G2B-11 93.121 87.33 106.69% Flexural

G2B-12 162.393 149.65 108.52
CFRP

Delamination

2

G3B-30 91.109 83.06 109.69% Flexural
G3B-20 73.79 69.06 106.85% Flexural
G3B-21 125.998 119.51 105.43% Flexural

G3B-22 137.85 127.21 108.36%
Flexural/

Delamination

Table 4.1: Result Summary of the Experimental Program

It is apparent that there is a disparity of 5 - 10% between the experimental and ana-

lytical point load capacities of the beams, with the analytical values being lower. This

discrepancy can be attributed to the inherent lack of 100% accuracy in analysis methods.

Despite testing of materials to determine their strength, their actual behavior may devi-

ate from the predicted outcomes. Furthermore, these �ndings underscore the fact that

the ACI analysis method gives a conservative result as it is seen in other researches[46].

4.4 Compression Limit Analysis

Compressive strength refers to the maximum stress a material can withstand before

breaking under compression. In the case of normal reinforced concrete (RC) beams,
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the bending stress can be expressed as δ = M∗y
I
, Where δ represents the maximum

bending stress at point y along the beam. M denotes the bending moment experienced

by the beam, while y represents the greatest distance from the beam's neutral axis to its

outermost face. However, when dealing with post-tensioned members, in addition to the

bending stress, there is also a pure pre-compression force applied to the beams during

the tensioning of the tendons. This compression stress can be determined by dividing the

applied force by the cross-sectional area normal to the force. Thus, the equation for the

total compressive strength of post-tensioned beams can be derived as follows:

δ = F
A
+ M∗y

I

Force (F) represents the applied jacking force on the tendons and is measured at 147kN.

The force is exerted on the side dimensions of the beams, which measure 200mm X

200mm. The moment of inertia for a rectangular section is calculated using the formula

I = b∗h3
12

. The maximum compression force, or the furthest distance from the neutral axis;

y, is considered to be at the top of the beam. Lastly, the maximum bending moment (M)

for a simply supported beam with a point load (P) at the mid-span can be determined

using the equation M = P∗L
4

+ W∗L2

8
. In this equation, P represents the failure loads of

the beams (as listed in Table 4.1), and the second term accounts for the self-weight of

the beams. Using these calculations, the Maximum Compression Stress in the beams is

calculated and presented in Table 4.2 below.

Beam Beam Compressive Force Beam Beam Compressive Force
series Name at Top Most of Beams series Name at Top most of Beams

1

G2B-20 69.71

2

G3B-30 83.06
G2B-10 60.06 G3B-20 69.06
G2B-11 87.33 G3B-21 119.51
G2B-12 149.65 G3B-22 127.21

Table 4.2: Compressive Forces of Experimental Beams

It is evident that all of the beams at their topmost part exhibit a compressive force that

exceeds the tested compressive capacity of the concrete. Therefore, it can be concluded

that the upper section of the beams has failed due to compression, which explains the

observed concrete crushing in all test beams.
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Chapter 5

Conclusion and Recommendation

5.1 Conclusions

The study �ndings are as follows, based on the measurements, observations, and analysis

outlined in the preceding chapters.

The objective of this research was to enhance the �exural strength of damaged post-

tensioned beams by utilizing Carbon Fiber Reinforced Polymer (CFRP) wraps. An ex-

perimental program was conducted on eight beams, divided into two groups with di�ering

numbers of post-tension strands stressing levels and carbon �ber wraps. Additionally, an

analytical investigation was carried out using the ACI-318 code, and a comparison be-

tween the experimental and analytical results was performed. Based on the �ndings from

both the experimental and analytical investigations, the following conclusions have been

drawn:

� CFRP sheets have been found to be highly e�ective. One layer of CFRP sheets

can increase load carrying capacity by 45.31% to 78.62%, while two layers can im-

prove �exural capacity by 87.17% to 153%. These �ndings align well with previous

studies[22, 27, 34].

� The experimental results of this study have also shown that prestressing loss has

an impact on beam capacity, with reductions of 13.5% and 19.22% observed at

prestressing levels of 50% and 67%, respectively. These �ndings are in line with

previous studies, which have reported the occurrence of diagonal cracks and a de-

crease in the load-carrying capacity of PT beams due to prestress losses[40].

� Post tension strands increase the �exural capacity, but also increase the ductility

of members. An average of 18.5% increase in de�ection capacity was observed per

addition of 1 post tension strand.

� Under-utilization of CFRP �bers and prestressing tendons are found critical and

should be considered in design.
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� The pre-compression force in post-tensioned members results in the reduction or

closure of existing cracks upon unloading. This e�ect is particularly signi�cant for

narrow cracks that are typically located away from the mid-span of the beam. In

the second series of beams, an average crack closure of 64.8% was observed, while in

the �rst series, the average crack recession was 34%. Overall, there was an average

of 49.4% closure of cracks. Furthermore, the formation of new cracks was delayed

by 118.38%.

� Delamination patterns also vary with the increase in the number of wraps. When

CFRP reaches its �exural capacity, which occurs with a lower number of wraps, it

fails in a brittle manner, with the material completely breaking apart. The carbon

�ber behaves more like wood in this case. On the other hand, when the number

of wraps increases and the �exural capacity is not reached, material failure oc-

curs and the CFRP tears perpendicular to the unidirectional weaves (i.e., along

its weaker axis), resulting in complete delamination from the beam. Therefore, it

can be concluded that increasing the number of wraps of CFRP on beams signi�-

cantly increases the likelihood of delamination failure. Also using multi-directional

(double-weaved) CFRP, which provides increased capacity in both directions, could

greatly enhance the beam's load-bearing capacity.

� It can be concluded that post-tensioned beams respond to the strengthening process

using CFRP in a manner similar to reinforced concrete (RC) beams. The moment

capacity of post-tensioned beams can increase by a range of 15 to 90%, depending

on the application method[44, 34]. However, there may be slight variations in

de�ection and crack patterns.
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5.2 Recommendations

The following recommendations are made based on the results and analysis conducted:

1. Conduct a further study on beams strengthened with bidirectional (double weaved)

Carbon Fiber Polymer.

2. Investigate the e�ect of other types of reinforcing polymers such as Glass or Aramid

�bers on post tension members.

3. Due to limitations, only one point loading test was performed in this study. How-

ever, further investigation using more advanced methods such as two point, three

point, or cyclic loading tests can be conducted.

4. Clear cover is taken as 10mm in this study. It is recommended to conduct further

studies with higher clear covers.

5. Conduct further investigation into the recession of cracks in post tensioned members

after unloading.

6. Perform further analytical investigations using other national codes and compare

the results.

7. Due to unavailability of strain measuring equipment in the country, strain measure-

ments were not conducted during the experiment. It is therefore recommended to

conduct strain measurements on members such as the ones in this paper. This will

allow for a detailed investigation on the stresses in the beams and how the CFRP

a�ects the stress development in these members.

8. Further investigate beams with a higher number of wraps, as well as beams with

higher concrete strength, in order to determine how the rate of increase in capacity

changes with each additional wrap.

9. Conduct further investigation on the relationship between ductility and the number

of wraps of �ber polymers.
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Appendix A

Appendices

A.1 Section Analysis of Control Beams G2B-20 and

G3B-20

1. Beam Series 1 - G2B-20

___

Two Post tension Strands + Two Strands Stressed
Material Properties

f ′c = 23.66Mpa

fpu = 1950Mpa

fy = 528.41Mpa

Aps = 2 ∗ 98.7mm2 = 197.4mm2

Ast = Asc = 2 ∗ 50.24mm2 = 100.48mm2,

2 dia 8, Top & Bottom
The maximum usable moment capacity at mid span and the maximum mid span factored

point load are as follows;

*Straight tendon pro�le with tendon placed at Mid depth of the beam ( dp = 100mm)

fps = 1950MPa, Ultimate tested strength of the post tensioning and no material factors

are used.

Cut a section at mid span.

Di�erent assumptions are checked but the �nal arrangement is presented here. i.e As-

sumptions are;
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Compression steel yields; Tension steel Not yield.

C's= 100.48mm2*(528.41MPa) = 53.094kN

Tps = 197.4mm2*(1950MPa) = 384.93kN

Ts= 100.48mm2*(528.41MPa) = 53.094kN

Using equilibrium, solve for the concrete force Cc

Cc= Tps+ Ts- C's= 384.93+53.094-53.094 = 384.93kN

Now use the Whitney Stress Block to �nd �a� & �c�

a = Cc

0.85f ′cb
= 384.93KN

0.85∗23.66MPa∗200mm = 95.701mm

c = a
β1

= 95.701
0.85

= 112.5898mm

Draw the strain diagram and check to see if the compression steel is yielding.

ξ′s =
0.003∗(c−d′c)

c
= 0.002414> 0.002(Compression Steel has yielded)

ξs =
0.003∗(d′−c)

c
= 0.001743> 0.002 (Tension Steel not Yielded, member is not tension

controlled)

Mn = 53.094kN + (178 − 22)mm + 384.93kN ∗ (178 − 67.95243/2)mm − 384.93kN ∗
(78mm) = 35.3566kNmm

Find maximum factored point load at mid span, only uniform load is the beam's weight

itself

wu= (25KN/m2* 200mm * 200mm)/106= 1KN/m

Mu=
WuL2

8
+ PuL

4
= 1KN/m∗(2m2)

8
+ Pu2m

4
= 0.5KNm+ 0.5P = 35.3566

Pu= 69.7132KN Point Load

2. Beam Series 2 - G3B-20

Three Post tension Strands + Two Strands Stressed

Material Properties

f ′c = 24.6MPa

fpu = 1950MPa

fy = 528.41MPa

Aps = 2 ∗ 98.7mm2 = 197.4mm2(Stressed Strands)

Aps = 1 ∗ 98.7mm2 = 98.7mm2(Not Pre-stressed Strand)

Ast = Asc = 2 ∗ 50.24mm2 = 100.48mm2,

2 dia 8, Top & Bottom
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The Non-Prestressed post tension strand is treated as a passive rebar as it does not have

pre-stressing force inside it.

The maximum usable moment capacity at mid span and the maximum mid span factored

point load are as follows;

*Straight tendon pro�le with tendon placed at Mid depth of the beam ( dp = 100mm)

fps = 1950MPa, Ultimate tested strength of the post tensioning and no material factors

are used.

Cut a section at mid span.

Di�erent assumptions are checked but the �nal arrangement is presented here. i.e As-

sumptions are;

Compression steel yields; Tension steel also yields

C's= 100.48mm2*(528.41MPa) = 53.094kN (Force of the Compression Steel)

Tps = 197.4mm2*(1950MPa) = 384.93KN (Force of the Stressed Post Tension)

Ts= 100.48mm2*(528.41MPa) = 53.094kN (Force of the Tension Steel)

Tps,NS= 98.7mm2* (0.8*1950MPa) = 153.972kN (Force of the Not-Stressed Post Tension

Strand)

Using equilibrium, solve for the concrete force Cc

Cc= -Tps-Tps,NS+ Ts- C's= −384.93− 153.972 + 53.094− 53.094 = −485.808kN
Now use the Whitney Stress Block to �nd �a� & �c�

a = Cc

0.85f ′cb
= 485.808KN

0.85∗24.6MPa∗200mm = 112.2205mm

c = a
β1

= 110.1115
0.85

= 132.0241mm

Draw the strain diagram and check to see if the compression steel is yielding.

ξ′s =
0.003∗(c−d′)

c
= 0.002517> 0.002(Compression Steel has yielded)

ξs =
0.003∗(d′−c)

c
= 0.00104< 0.002 (Tension Steel not Yielded, member is not tension con-

trolled)

ξs,pt =
0.003∗(c−(h

2
))

c
= 0.000728< 0.002 (Not Stressed Post tension Strand has not yielded)

Draw the complete force diagram and sum moments to determine the moment capacity

Mn = (53.094kN∗(178mm−22mm)+485.808kN∗(178mm−116.1664mm/2)−384.93kN∗
(78mm)− 153.972 ∗ (78mm) = 35.03

Find maximum factored point load at mid span

Since, the only uniform load is the beam's weight itself

wu= (25kN/m2* 200mm * 200mm)/106= 1kN/m

Mu=
WuL2

8
+ PuL

4
= 3KN/m∗(2m2)

8
+ Pu2m

4
= 0.5kNm+ 0.5P = 35.03

Pu= 69.06kN Point Load
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A.2 Section Analysis of CFRP Wrapped Test Beams

(G2B-11 and G3B-22)

1. Beam Series 1 - G2B-11

Two post tension Strands + One Strand Stressed + 1 Wrap of CFRP

Material Properties

f ′c = 25.54MPa

fpu = 1950MPa

fy = 528.41MPa

Aps = 1 ∗ 98.7mm2 = 98.7mm2(Stressed Strands)

Aps = 1 ∗ 98.7mm2 = 98.7mm2(Not Pre-stressed Strand)

Ast = Asc = 2 ∗ 50.24mm2 = 100.48mm2,

2 dia 8, Top & Bottom
CFRP

Tensile strength of FRP, ( �) = 5804 MPa (Stand Value of Tensile Strength is Used)

Modulus of Elasticity, Ef = 259.251 GPa

Rupture strain of FRP reinforcement = 0.016

Section Property

Thickness (tf ) = 0.167 mm

Width (Bf ) = 200 mm

Cross-sectional Area (Af) = 33.4 mm2

Section Analysis According to ACI-440-2R-17

The section analysis assumes perfect bonding and linear strain distribution along the

section of the beam.

Depth of the FRP from the top (df ) = 200+(0.167/2) = 200.0835 mm taken as 200mm

Depth of the bottom reinforcement from the top (d1) = 178mm

Depth of the top reinforcement from the top (d') = 22mm

Because the CFRP that is laminated to the side (for Anchorage) also has a small e�ect

on the capacity increase of the beam we account it by considering the con�nement e�ect

it has on the beam. Max con�nement pressure fl is calculated with the equation 12.1h

of ACI_440_2R_17[45].

fl =
2Efntfεfe

D
=

2 ∗ (259.251GPa) ∗ 1 ∗ 0.167mm ∗ 0.0189
282.84mm2

= 0.005786N/mm3

Ultimate strain is taken as the e�ective CFRP εfe and the equivalent diameter of con-

�nement for Non-rectangular sections D is taken as D =
√
b2 + h2[45].

Pressure is then converted to applied force by multiplying it with the volume it acts on

and included in the equilibrium equation assuming the force acts at the center of upward

bent CFRP. Hence force of the con�nement Fc is given as
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Fc = 0.005786N/mm3 ∗ (200mm ∗ 150mm ∗ 2000mm) = 347, 160N

Fc = 347.16KN

Assumption

The section analysis assumes perfect bonding and linear strain distribution along the

section of a rectangular beam. Several assumptions are iterated and the �nal result is

presented here;

Concrete crushes at 3�=0.003

Bottom reinforcement yield, ξs1 > ξy = 2� = 0.002

Top reinforcement yield, ξs' > ξy = 0.002

The not stressed tendon does not yield ξspt,NS < ξy = 0.0095

The strain in the �ber is less than the ultimate strain, ξf < ξfu = 18.9� = 0.0189

Calculation

Use ultimate strength of posttension strand same as previous beams.

fps = 1950MPa

Cut a section at mid span.

C's= 100.48mm2*(528.41MPa) = 53.094kN (Force of the Compression Steel)

Tps = 98.7mm2*(1950MPa) = 192.465kN (Force of the Stressed Post Tension)

Ts= 100.48mm2*(528.41MPa) = 53.094kN (Force of the Tension Steel)

Tps,NS= Apt,NS∗Ept ∗ ξpt
Cc= 0.85*f′c*b*a

Now use the summation of forces in the X to solve a quadratic equation and �nd �c�

c =134.8307mm

a = 0.85*c = 114.6061mm

Draw the strain diagram and check to see if the compression steel is yielding.

ξ′s =
0.003∗(c−d′)

c
= 0.00251> 0.002(Compression Steel has yielded)

ξs =
0.003∗(d′−c)

c
= 0.0053> 0.002 (Tension Steel has yielded)

ξs,pt =
0.003∗(c−(h

2
)

c
= 0.000775< 0.0095 (Not Stressed Post tension Strand has not yielded)

ξs,cf =
0.003∗(D−c)

c
= 0.00145< 0.0189 (CFRP has not yielded)
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Draw the complete force diagram and sum moments to determine the moment capacity,

Mn

Mn = (C's)*156mm + Cc*141.7mm - Tps*78mm + Tcfrp*22mm = 0

Mn = 27.423kN-m

Find maximum factored point load at mid span

Since, the only uniform load is the beam's weight itself and is similar to all the previous

beams

wu= 1KN/m

Mu= 0.5KNm+ 0.5P = 44.167

Pu= 87.33407KN Point Load

2. Beam Series 2 - G3B-22

Three post tension Strands + Two Strands Stressed + 2 Wrap of CFRP

Material Properties

f ′c = 25.54MPa

fpu = 1950MPa

fy = 528.41MPa

Aps = 2 ∗ 98.7mm2 = 197.4mm2(Stressed Strands)

Aps = 1 ∗ 98.7mm2 = 98.7mm2(Not Pre-stressed Strand)

Ast = Asc = 2 ∗ 50.24mm2 = 100.48mm2,

2 dia 8, Top & Bottom
CFRP

Tensile strength of FRP, ( �) = 5804 MPa

Modulus of Elasticity, Ef = 259.251 GPa

Rupture strain of FRP reinforcement = 0.016

Section Property

Thickness (tf ) = 0.167 mm

Width (Bf ) = 200 mm

Cross-sectional Area (Af) = 66.8 mm2

Section Analysis According to ACI-440-2R-17
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The section analysis assumes perfect bonding and linear strain distribution along the

section of the beam.

Depth of the FRP from the top (df ) = 200+(0.167/2) = 200.0835 mm taken as 200mm

Depth of the bottom reinforcement from the top (d1) = 178mm

Depth of the top reinforcement from the top (d') = 22mm

Assumption

The section analysis assumes perfect bonding and linear strain distribution along the

section of a rectangular beam. Several assumptions are iterated and the �nal result is

presented here;

Concrete crushes at 3�=0.003

Bottom reinforcement yield, ξs1 > ξy = 2� = 0.002

Top reinforcement yield, ξs' > ξy = 0.002

The not stressed tendon does not yield ξspt,NS < ξy = 0.0095

The strain in the �ber is less than the ultimate strain, ξf < ξfu = 18.9� = 0.0189

Calculation

fps = 1950MPa

Cut a section at mid span.

C's= 100.48mm2*(528.41MPa) = 53.094kN (Force of the Compression Steel)

Tps = 98.7mm2*(1950MPa) = 192.465kN (Force of the Stressed Post Tension)

Ts= 100.48mm2*(528.41MPa) = 53.094kN (Force of the Tension Steel)

Tps,NS= Apt,NS∗Ept ∗ ξpt
Cc= 0.85*f′c*b*a

Now use the summation of forces in the X to solve a quadratic equation and �nd �c�

c =88mm

a = 0.85*c = 74.8mm

Draw the strain diagram and check to see if the compression steel is yielding.

ξ′s =
0.003∗(c−d′)

c
= 0.00225> 0.002(Compression Steel has yielded)

ξs =
0.003∗(d′−c)

c
= 0.0031> 0.002 (Tension Steel has yielded)

ξs,pt =
0.003∗(c−(h

2
)

c
= 0.0004< 0.0095 (Not Stressed Post tension Strand has not yielded)

ξs,cf =
0.003∗(D−c)

c
= 0.0038< 0.0189 (CFRP has not yielded)

Draw a complete force diagram and sum moments to determine the moment capacity

Mn = (C's)*156mm + Cc*141.7mm - Tps*78mm + Tcfrp*22mm = 0

Mn = 64.3823kN-m

Find maximum factored point load at mid span

wu= 1kN/m

Mu= 0.5kNm+ 0.5P = 65.3823

Pu= 127.7647kN Point Load
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A.3 Detailed Material Test Results From the Experi-

mental Program

� Absorption Capacity = 4.93%

� Average Speci�c Gravity (A.s.g) = 2.853 gr/cm3

� Bulk Speci�c Gravity (B.s.g) = 2.625 gr/cm3

� Silt Content = 2%

� Sieve Analysis

Natural Sand (75µm-4.75mm)

Initial Dry Weight gr. 2691
Sieve Size, mm Cumulative Retained, gr Cumulative Retained, % Cumulative Pass, %

6.3 0 0 0
4.75 75 2-8 97.2
2.36 103 3-8 96.2
1.18 120 4-5 95.5
0.6 158 5.9 94.1
0.3 632 23.5 76.5
0.15 1780 66.1 33.9
0.075 2470 91.8 8.2
pan

Table A.1: Sieve Analysis of Natural Sand

Crushed Sand (75µm-4.75mm)

Initial Dry Weight gr. 2915
Sieve Size, mm Cumulative Retained, gr Cumulative Retained, % Cumulative Pass, %

6.3 0 0 0
4.75 471 16.2 83.8
2.36 1422 48.8 51.2
1.18 1863 63.9 36.1
0.6 2147 73.7 26.3
0.3 2390 82.0 18.0
0.15 2514 86.2 13.8
0.075 2638 90.5 9.5
pan

Table A.2: Sieve Analysis of Crushed Sand
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Crushed Gravel (9.5mm - 25mm)

Initial Dry Weight gr. 3651
Sieve Size, mm Cumulative Retained, gr Cumulative Retained, % Cumulative Pass, %

37.5 0 0 0
25 231 6.3 93.7
19 1907 52.2 47.8
12.5 - - -
9.5 3619 99.1 0.9
6.3 - - -
4.75 3644 99.8 0.2
2.36 3645 99.8 0.2
pan

Table A.3: Particle Size Analysis of Gravel (9.5mm - 25mm)

Crushed Gravel (4.75mm - 9.5mm)

Initial Dry Weight gr. 3034
Sieve Size, mm Cumulative Retained, gr Cumulative Retained, % Cumulative Pass, %

12.5 0 0 0
9.5 577 19.0 81.0
6.30 - - -
4.75 2946 97.1 2.9
2.36 2993 98.6 1.4
1.18 2999 98.8 1.2
0.6 3002 98.9 1.1
0.3 3006 99.1 0.9
pan

Table A.4: Particle Size Analysis of Gravel (4.75mm - 9.5mm)
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A.4 Detailed Experiment Results

A.4.1 Beam Series - 1

A.4.1.1 Beam Series 1 - Control Beam 1 (G2B-20)

Crack Summary Table A.5 depicts when the cracks �rst appeared on the beam along

with their crack width's every 10kN increase until their failure.

Load
Crack Width (Right Side)

Crack 0 Crack 1
Crack 2 Crack 3

Crack 4
(kN) 2 2' 2� 3 3'
24 0.04mm
30 0.04mm 0.04mm
40 0.2mm 0.2mm 0.08mm 0.1mm 0.08mm
50 0.3mm 0.2mm 0.25mm 0.2mm 0.3mm 0.04mm 0.04mm
60 1.2mm 0.2mm 1mm 0.2mm 2mm 0.1mm 0.08mm
70 2mm 0.45mm 7mm 0.25mm 4mm 0.1mm 0.08mm
74 3mm 0.5mm 10mm 0.15mm 4mm 0.04mm 0.08mm 2mm

Table A.5: G2B-20 Crack Summary

Table A.6 summarizes all the crack width's after the beam is unloaded and removed from

the testing machine.

Crack Width After Unloading

Crack 0 Crack 1
Crack 2 Crack 3

Crack 4
2 2' 2� 3 3'

Unloaded 1.4mm 0.65mm Invalid 0.06mm 3mm 0.04mm 0mm Invalid
%age Decrease *** 23% � 60% 25% 0% 100% �

Table A.6: G2B-20 Crack Summary After Unloading
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Figure A.1: Filtered Load Vs De�ection of G2B-20

Figure A.2: Close up on the Failure State of G2B-20

A.4.1.2 Beam Series 1 - Control Beam Two (G2B-10)

Crack Summary Table A.7 summarizes the sizes of the cracks on the beam after

failure on both the right and left side.
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Load Crack Width (Right Side)
(kN) Crack 0 Crack 0' Crack 1 Crack 2 Crack 3
64.754 1mm 0.5cm/5mm 1.3mm 2.5mm 3.5mm_

Load (kN)
Crack Width (Left Side)

Crack 0 Crack 0' Crack 0� Crack 1 Crack 2 Crack 2'
64.754 0.5cm/5mm 0.7cm/7mm 0.2cm/2mm 1.5mm 0.6cm/6mm 0.4mm

Table A.7: G2B-10 Crack Summary

Table A.8 summarizes all the crack width's after the beam is unloaded and removed from

the testing machine.

Crack Width (Right Side)
Crack 0 Crack 0' Crack 1 Crack 2 Crack 3

64.754KN 0.5mm 0.3cm/3mm 1.2mm 2mm 3mm
%age Decrease 50% 40% 8% 20% 14%

Table A.8: Crack Width After Unloading of Beam G2B-10

Figure A.3: Filtered Load Vs De�ection of G2B-10
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Figure A.4: G2B-10 After Failure

A.4.1.3 Beam Series 1 - Test Beam One (G2B-11)

Figure A.5: Filtered Load Vs De�ection of G2B-11
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Figure A.6: Concrete Crushing and Spalling at top of the beam

Delamination of G2B-11; State of delamination after failure

_

Figure A.7: G2B-11 After Testing Bottom, Right & Left Side CFRP Tear & Delamination
(right, left & bottom)
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A.4.1.4 Beam Series 1 - Test Beam Two (G2B-12)

Figure A.8: Filtered Load Vs De�ection of G2B-12

Figure A.9: Concrete Crushing and Spalling at top of the beam
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Figure A.10: G2B-12 Right Side CFRP Tear & Delamination

_

Figure A.11: G2B-12 Left Side CFRP Tear & Delamination

Figure A.12: Spalled Concrete Beneath the Beam G2B-12
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A.4.2 Beam Series - 2

A.4.2.1 Beam Series 2 - Control Beam One (G3B-30)

Load
Crack Width (Right Side)

Crack 0 Crack 1
Crack 2 Crack 3

Crack 4
(kN) 2 2' 2� 3 3'
19 0.08mm
30 0.4mm 0.08mm
40 0.45mm 0.7mm 0.1mm 0.04mm 0.2mm
50 0.65mm 0.6mm 0.35mm 0.2mm 0.5mm
60 1.5mm 1mm 0.6mm 0.65mm 0.6mm 0.2mm 0.1mm
70 2mm 2mm 0.55mm 1mm 0.65mm 0.25mm 0.08mm
80 3mm 5mm 0.35mm 1.5mm 0.65mm 0.2mm 0.04mm
89.6 7mm 7mm 0.35mm 2mm 0.8mm 0.1mm 0.0mm
91.11 3mm 10mm 0.25mm 2mm 1mm 0.06mm 0.0mm 0.6mm

Table A.9: G3B-30 Crack Summary

Figure A.13: Right Side Failure State of G3B-30

Crack Width After Unloading

Crack 0 Crack 1
Crack 2 Crack 3

Crack 4
2 2' 2� 3 3'

Unloaded 6mm 5mm 0mm 0.75mm 0.35mm 0mm 0mm 0.35mm
%age Decrease 33.34% 50% 100% 62.5% 65% - 100% 41.67%

Table A.10: G3B-30 Right Side Crack Summary After Unloading
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Crack Width (Left Side)
Crack A Crack B Crack C Crack D Crack E Crack F Crack G Crack H

91.11KN 6mm 4mm 2mm 5mm 0.9mm 0.5mm 0.04mm 0.04mm
Unloaded 5mm 2mm 1.5mm 0.15mm 0.45mm 0.25mm 0mm 0mm
%age

16.67% 50% 25% 97% 50% 50% 100% 100%
Decrease

Table A.11: G3B-30 Left Side Crack Summary

Figure A.14: Filtered Load Vs De�ection of G3B-30

_

Figure A.15: G3B-30 Flexural Crack and Concrete Crushing at Mid Span & at Support
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A.4.2.2 Beam Series 2 - Control Beam Two (G3B-20)

Load
Crack Width (Right Side)

Crack 0
Crack 1 Crack 2

Crack 3 Crack 4 Crack 5
(kN) 1 1' 2 2'
20 0.2mm
30 0.45mm 0.2mm 0.4mm
40 0.6mm 0.4mm 0.5mm 0.45mm 0.2mm
50 0.8mm 0.8mm 0.6mm 0.55mm 0.45mm 0.35mm
60 1.5mm 1.5mm 2mm 0.7mm 0.55mm 0.4mm 0.25mm
70 5mm 3mm 2mm 1mm 0.65mm 0.55mm 0.35mm 0.3mm

73.79 12mm 5mm 3mm 1.2mm 0.45mm 0.35mm 0.3mm 0.4mm
Unloading Invalid 3mm 1.3mm 0.45mm 0mm 0.1mm 0.04mm 0.25mm
%age

- 40% 56.67% 62.5% 100% 71.43% 86.67% 37.5%
Decrease

Table A.12: G3B-20 Crack Summary

Crack Width (Left Side)
Crack A Crack A' Crack B Crack C Crack D Crack E

73.79KN 5mm 3mm 2mm 15mm 0.5mm 0.35mm
Unloaded 5mm 3mm 1.5mm 0.9mm 0.4mm 0.3mm

%age Decrease 76% 53.33% 25% 94% 20% 14.29%

Table A.13: G3B-20 Left Side Crack Summary After Unloading

.

Figure A.16: Filtered Load Vs De�ection of G3B-20
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Figure A.17: G3B-20 Flexural Crack and Concrete Crushing (Top & Bottom Center)

A.4.2.3 Beam Series 2 - Test Beam One (G3B-21)

Figure A.18: Filtered Load Vs De�ection of G3B-21
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Figure A.19: G3B-21 After Failure

Figure A.20: G3B-21 Right Side Tear & Delamination

_

Figure A.21: G3B-21 Left Side Tear & Delamination
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A.4.2.4 Beam Series 2 - Test Beam Two (G3B-22)

Figure A.22: Load Vs De�ection of G3B-22

Figure A.23: Concrete Crushing and Spalling at Bottom of the Beam G3B-22
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Figure A.24: G3B-22 Right Side Tear & Delamination

Figure A.25: G3B-22 Left Side Tear & Delamination

Msc Thesis AAiT SCEE 60


