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ABSTRACT 

 

 
The RCC structures constructed these days suffer damage due to a large number of 

factors like improper design, faulty construction, overloading, change in codal provisions, 

non-engineered construction, explosions, wear and tear, earthquake, fire etc. A major part 

of the funds used in the construction industry is being spent on repair, retrofitting and 

rehabilitation of such structures.   

Retrofitting is different from repair or rehabilitation. It is basically a process of 

strengthening and enhancement of the performance of deficient structural elements in a 

structure or of the structure as whole. The extent of damage to a structure can be assessed 

with the help of modern non-destructive testing techniques and methods. Once it is 

established that a structural member is unable to resist the design loads, the structure has 

to be repaired/strengthened to make it functional.  

The repairing or strengthening of existing structures poses higher challenge to a civil 

engineer in comparison to design and construction of new structures. Specific technology 

has to be designed and developed to rehabilitate the damaged structures, and to improve 

the performance for new functions, of old undamaged structures. Thus, the technique to 

be used should be simple in execution; offer better performance when handled by less 

experienced workers, and must use materials that are readily available, durable, strong 

and economical.  

Retrofitting of deficient buildings can be done by increasing the strength, stiffness 

and/or ductility of its specific constituent elements or of the whole building. For any 

building, depending upon the requirement, a combination of the above may also be 

selected. Retrofitting of individual members or elements is referred to as local 

retrofitting. This retrofitting technique is normally adopted when, after the evaluation, 

only a few of the building’s elements are found to be deficient.  

For local repair and retrofitting a large number of techniques are being used. These 

include injection techniques, shotcreting, removal and replacement technique, external 

pre-stressing, plate bonding etc. Of all the above techniques plate bonding has been 

found to be the most effective and a very convenient method. In the plate bonding 
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technique too, use of Fibre Reinforced Polymer (FRP) laminates has gained lot of 

popularity in the last decade or so. But FRP lamination requires a lot of skill and its 

initial cost is very high. As a substitute various authors have suggested the use of 

ferrocement jacketing as a more attractive option in place of FRP plate bonding due to 

its easy application, improved tensile strength, lesser weight, economical use, higher 

impermeability, and long life of the treatment. 

In the present study, an effort has been made to study the effect of ferrocement jacketing 

on the strength of retrofitted beams. The studies have been carried out for various 

combination’s of parameters like type of bonding agents, orientation and type of wire 

mesh, number of layers of wire mesh in the ferrocement jacket, initial stress level, and 

type of beam sections (under reinforced or balanced section). The effect of these 

parameters on the strength of reinforced concrete beams initially stressed in flexure to 

pre-determined levels, and subsequently retrofitted with jackets was investigated. A 

design methodology for the retrofitting of stressed beams, using a mathematical model 

developed based on the limit state design procedure, is provided and verified with the 

data generated from testing.   

A similar set of beams was also retrofitted using the GFRP jackets with orientation of 

fibres at 00 and 450 to the longitudinal axis of the beam, to study the behaviour of such 

beams.  

Some of the major conclusions drawn based upon the study are as follows:    

1. GFRP jackets used for retrofitting of the under reinforced beams perform better 

with fibres at forty-five degree to the longitudinal axis of the beam.  

2. The strength of the section decreased with increase in initial stress level. The 

maximum load carrying capacity of the retrofitted beams decreased due to 

decrease in stiffness of section with increase in initial stress level.    

3. GFRP jacketing leads to improvement in energy absorption capacity of all the 

type of beams irrespective of the type of section (under reinforced or balanced) 

and orientation of fibres in the jackets. 

4. Cement slurry is the most efficient plate bonding agent due to its low cost to 

strength ratio.  
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5. Welded wire mesh with forty-five degree orientation to the longitudinal axis 

significantly improves the load carrying capacity of the retrofitted reinforced 

concrete beams. 

6. Woven wire mesh used for ferrocement jacketing of beams should be preferred 

over welded wire mesh due to larger improvement in load carrying capacity, 

ductility ratio and energy absorption.  

7. Ferrocement jacketing leads to an improvement in the energy absorption capacity 

of all type of beams irrespective of the type of section (under reinforced or 

balanced) and reinforcement in the jackets.  

8. The percentage increase in the load carrying capacity of beams retrofitted using 

ferrocement jackets, increase with an increase in percentage reinforcement in the 

jackets.  

9. The percentage increase in the load carrying capacity of beams retrofitted using 

ferrocement jackets, decreases with an increase in the initial stress level and with 

increase in tension reinforcement in the unretrofitted beam. 

10. The mathematical procedure proposed in the study can be efficiently used to 

predict the maximum and safe load carrying capacities of the initially stressed 

retrofitted beams. 
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CHAPTER -1 

INTRODUCTION 

 

1.1 GENERAL 

Reinforced concrete is one of the most abundantly used construction material not 

only in the developed world, but also in the remotest parts of the developing world. 

The RCC structures constructed in the rural areas of the developing   world, pose 

threat due to its abuse rather than use, due to non-transference of expertise and   

technology. The majority of the houses are still being constructed in the traditional 

manner using indigenous techniques following simpler and economical procedures. 

Unfortunately, such non-engineered constructions a r e  mostly prevalent in 

earthquake prone areas of the developing world e.g. Turkey, Pakistan, India and 

Iran. The rural populations in the developing world have to mostly rely on local skill, 

material and technology. The transformation of non-engineered construction into an 

engineered one, therefore, needs to be such that it is sustainable.  

The RCC structures constructed in the developed world are also often found to 

exhibit distress and suffer damage, even before their service period is over due to 

several causes such as. 

• Improper Design 

• Faulty Construction 

• Change of usage of the Building 

• Change in Codal Provisions 

• Overloading 

• Earthquakes 

• Explosion 

• Corrosion 

• Wear and tear, Flood, fire etc. 

Such unserviceable structures require immediate attention, enquiry into the cause of 

distress and suitable remedial measures, so as to bring the structure back to its 

functional use again. 

In the last few decades or so, several attempts have been made in India and abroad to 

study these problems and to increase the life of such structures by suitable retrofitting 

and strengthening techniques.   
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1.2 RETROFITTING  

Retrofitting is basically a process of strengthening and enhancement of the 

performance of deficient structural elements in a structure or structure as whole. It is 

different from repair or rehabilitation. Repair refers to partial improvement of 

degraded strength; it’s only a cosmetic enhancement. Rehabilitation is a functional 

improvement, wherein the aim is to achieve the original strength of the structure, after 

it has deteriorated and suffered damage. Retrofitting means structural strengthening of 

the building to a pre-defined performance level irrespective of whether the structure is 

damaged or not.  Thus, the goals of the retrofitting can be enumerated as 

(IS:13935:1993, White 1995)  

• Removing the weak points, where stress concentration is possible. 

• Increasing the lateral load carrying capacity and stiffness of the building 

• Improving the energy absorption and energy dissipation capacity of the 

building 

• Achieving the desired performance most effectively and economically.  

 

1.2.1 Retrofitting Program 

A typical retrofitting program includes the following steps (Basu, 2002) 

(a) Evaluation 

It means checking the suitability of an existing building for the desired purpose as per 

the latest codal provisions and, analysis and design techniques. The evaluation 

process involves collection of data for the existing buildings, preparation of 

architectural drawings as per site, collection of structural drawings and 

verifying/modifying them according to as built information, visual inspection of the 

building, performing non-destructive and destructive tests as per site requirement. 

After the collection of the data the building is analyzed and designed as per current 

methods and codes. If the demand-to-capacity ratios of the components are greater 

than one or if the building fails to achieve the target performance level, then 

retrofitting becomes necessary.   

(b) Decision to Retrofit 

Based upon the extent of deficiency, the economic viability, and the expected 

performance after retrofitting, a decision is taken whether to repair, retrofit or 

demolish and reconstruct the building. 



 3

(c) Selection and Design of Retrofit Scheme 

After the evaluation and decision to retrofit, the type of retrofit scheme is selected 

depending upon the deficiencies in the building and the members to be strengthened. 

The various retrofit schemes possible are discussed in the succeeding section. 

(d) Verification of Retrofit Scheme 

The selection of a particular retrofitting scheme is justified with the help of proper 

structural analysis and design of the structure to be retrofitted. The possible modes of 

failure after retrofitting need to be studied and an increase in strength at the cost of a 

ductile failure mode changing to brittle is not desirable. 

(e) Construction 

 The effectiveness of the retrofit scheme greatly depends on the quality and 

effectiveness of execution. So, the selected scheme should be such that it can be easily 

executed at the site. 

(f) Monitoring 

Monitoring the performance of the retrofitting scheme is necessary to detect any 

defect or remaining deficiency. This will lead to refinement of the design guidelines 

and specifications for future retrofit projects. 

 

1.2.2 Retrofitting Strategies 

Retrofitting of a building can be done by increasing the strength, stiffness and/or 

ductility of the elements or of the whole building. Depending upon the requirement of 

a building a combination of the above may be selected. Retrofitting strategies may be 

broadly classified into the following categories: 

(a) Global Retrofitting 

(b) Local Retrofitting  

(c) Base Isolation and Energy Dissipation 

 (a) Global Retrofitting 

The retrofitting of the building as a whole is termed as global retrofitting. This is 

undertaken to improve the overall behavior of the building. If the evaluation of the 

building indicates large demand-to-capacity ratios in the components throughout the 

structure, then normally global retrofitting strategies are adopted. This may involve 

providing additional elements like shear walls and braced frames, reduction in the 

plan and vertical irregularities, reduction in the mass and improving the connections 

between elements. 
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(b) Local Retrofitting 

Retrofitting of individual members or elements is referred to as local retrofitting. This 

retrofitting technique is normally adopted when after the evaluation only a few 

building elements are found to be deficient. The local retrofitting includes the 

strengthening of beams, columns, joints, walls and footings and connections to resist 

the predicted demand. The various local retrofitting strategies are discussed in detail 

in the succeeding section.  

(c) Base Isolation and Energy Dissipation 

The behavior of the buildings during an earthquake can be improved by providing 

energy dissipation or base isolation devices. 

The energy imparted to a structure during an earthquake can be dissipated by special 

devices such as viscous fluid dampers, yielding plates or friction pads. These are 

called energy dissipation devices. A tuned mass damper is one such device consisting 

of a mass, spring and viscous damper attached to a vibrating main system in order to 

attenuate any undesirable vibrations. Because the natural frequency of the damper is 

tuned to a frequency near the natural frequency of the main system, it causes the 

damper to vibrate in resonance, dissipating the vibrating energy through the damping 

in the tuned mass damper (Tsai and Lin 1993). 

Base isolation produces a system with a fundamental response that consists of nearly 

rigid body translation of the structure above the bearings. Most of the displacement 

included in the isolated system by the ground motion occurs within the compliant 

bearings, which are specifically designed for the large displacements. Most bearings 

also have excellent energy dissipation characteristics. 

 

1.2.3 Local Repair and Retrofitting Techniques 

A large number of local repair and rehabilitation techniques are being used now-a-

days. Some of these are as discussed below. 

 

(a) Epoxy Injection Technique 

This technique involves injection of high strength epoxy into cracked concrete, filling 

the voids and rebinding the fractured structure. Depending upon the viscosity of the 

epoxy, low or high, it can be used for the repair of fine cracks and surface coating or 

filling large cracks, respectively. This technique generally involves drilling holes at 
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close intervals along the cracks, in some cases installing entry ports, and injecting the 

epoxy under pressure.  

The basic steps needed in epoxy injection are as follows: 

1. Cleaning the Cracks: Remove any contamination by flushing with water or 

some specially effective solvent. Then blow out the solvent with compressed 

air, or allow adequate time for air drying. 

2. Sealing the surfaces: This keeps the epoxy from leaking out before it has 

polymerised. A surface can be sealed by brushing any epoxy over the surface 

of the crack and allowing it to harden. If high injection pressures are needed, 

prepare the crack in a V-shape, fill with epoxy, and strike off flush with the 

surface. 

3. Installing entry ports: This is done by drilling a hole into the crack, penetrating 

below the bottom of the V-grooved section 

4. Mixing the epoxy in batch mixing: The adhesive components are pre mixed as 

per the manufactures instructions, usually with a mechanical stirrer like a paint 

mixing paddle.  

5. Injecting the epoxy: This is done using hydraulic pumps, paint pressure pots, 

or air-actuated caulking guns. The pressure should be selected carefully 

because too much pressure can extend existing cracks and cause more damage.    

6. Removing the surface seal: This is carried out after injected epoxy has cured. 

Surface seal is removed by grinding or some other appropriate means. 

 

(b) Mortar Injection Technique 

In this method repairing is done by injecting pre-mixed mortar. It is mainly used to 

repair old works where conventional placing of concrete is difficult. It is used for 

large repair jobs, in under water placements, piers and retaining walls. It consists of 

injecting grout into the voids of compacted mass of clean and well-graded aggregates. 

The injection of the grout should be smooth with uninterrupted operation and positive 

head should be maintained in the grout lines after the forms have been filled and grout 

is set. 

(c) Epoxy Mortar Filling Method 

In this method, epoxy of low or high viscosity is mixed with fine aggregate to form 

epoxy mortar. Epoxy mortar has higher compressive and tensile strengths and lower 
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modulus of elasticity as compared to cement concrete. It is used for filling the larger 

voids. 

(d) Shotcreting  

The cast in place ready mix concrete or air placed concrete is commonly called 

shotcrete. The shotcrete is placed either by a dry mix or a wet mix process. If 

specified, fibres of steel, polypropylene or other material may be used together with 

the admixture to modify the structural properties of concrete/mortar to be placed in 

position.  Shotcrete is ideally suitable for repair works that require concrete to be 

placed between existing elements where an intimate surface is needed. 

(e) Removal and Replacement Technique 

This technique involves replacing loose and damaged concrete with new concrete. 

Additional reinforcement can be provided by welding it to existing steel. The other 

replacement material used is epoxy sand mortar. 

(f) Repair Using Steel Fibrous Concrete 

In this method damaged portion of concrete in beams is removed, and this portion is 

recast using concrete mixed with steel fibers. Steel fibrous concrete exhibits ductile 

behavior, better stiffness and better shear strength as compared to conventional 

concrete. 

(g) External Prestressing 

Post tensioning is often a good solution when a major portion of the member has to be 

strengthened or when cracks must be closed. Prestressing strands or bars are used to 

apply compressive force to the ailing member. This technique needs adequate 

anchorage for the prestressing steel, analysis of the effect of the tensioning force and 

eccentricities on stresses in the structure. 

(h) Concrete Replacement Technique 

This technique is used to repair large and deep patches, which occur during the repair 

of deteriorated portion of a concrete structure. This is basically used in the repair of 

walls, parapets, piers and kerbs. This method can be applied either as dry packing, or 

as grouting. 

Dry packing: is a method in which a mortar of low water content is hand placed on 

the prepared surface followed by tamping or ramming it into place, so as to produce 

an intimate contact between the mortar and existing concrete. 



 7

Grouting: is a method in which deep and wide cracks are repaired by filling them with 

cement grout. The grouting is done under high pressure and after the crack is filled, 

the pressure is maintained for sometime to ensure good penetration.  

(i) Plate Bonding Technique 

The idea of plate bonding technique is mainly based on the fact that concrete is a 

building material with high compressive strength and poor tensile strength. A concrete 

structure without any form of reinforcement subjected to tension or bending will crack 

at a relatively small load. Thus, in order to increase the strength of the 

concrete/structure, plates of different materials are bonded on the soffit or web faces 

of the flexural elements using any of the following bonding agents. 

(i) Cement Slurry.  

(ii) Epoxy Adhesives 

(iii) Shear Connectors, or 

(iv) Combination of (i) or (ii) with (iii) above 

 Three types of plates are commonly used in this technique, namely 

(i) Steel plates. 

(ii) Fiber Reinforced Polymer (FRP) Plates. 

(iii) Ferrocement Plates 

The salient features of each of the technique are explained below: 

(i) Steel Plates 

Steel plate bonding technique has its origin in South Africa, wherein steel plates were 

used to strengthen a concrete beam as some of the reinforcement had been 

accidentally omitted in the construction. It substantially increased the strength, 

ductility, stability and stiffness of the beams and also, reduced the crack width. The 

addition of steel plates is simple and rapid to apply, does not reduce the clear height 

of the storey significantly and can be applied even when building is in use. The 

plating may be done either on the tension face or on the side faces of the beams as 

shown in Fig. 1.1 The tension face plates accomplish the highest increase in flexural 

strength and stiffness. Side-face plating mainly increases the shear capacity and the 

flexural strength to a limited extent. A combination of above two methods is also 

done in the form of U-shaped jackets. Technically this method performs well but it 

has some drawbacks, like the risk of corrosion and also the steel plates might need 

lengthening by welding due to limited transportation length. 
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Fig. 1.1 Strengthening of Beams Using Steel Plates 

 

(ii) Fiber Reinforced Polymer Plates 

The term Fibre Reinforced Plastics describes a group of materials composed of 

inorganic and organic fibres embedded in a resin matrix. FRPs possess excellent 

properties such as high tensile strength and stiffness; are lightweight and non-

magnetic, and offer good resistance to corrosion and chemicals, which make them 

particularly suitable for the rehabilitation and strengthening works. One such 

application in columns is shown in Fig. 1.2. In the construction industry, the most 

commonly used FRPs are Glass fibre reinforced plastics (GFRPs), Carbon fibre 

reinforced plastics (CFRPs) and Aramid fibre reinforced plastics (AFRPs). 

FRP is mechanically different from steel since it is anisotropic, is linearly elastic and 

has usually high strength with lower modulus of elasticity than steel. FRP sheets are 

thin, light and flexible enough to be inserted behind the pipes, electrical cables, and 

other service ducts thus facilitating their installation. 

The main drawback of FRP sheets is their high cost. The other disadvantages are 

susceptibility of FRP to moisture and degradation of properties at high temperatures, 

as in case of fire and damage due to ultraviolet exposure. 

FRP has not only been used as sheets, but also as reinforcing bars. FRP bars can also 

be attached to web of a beam for shear strengthening (Lorenzis and Nanni, 
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2001,2002). These near surface mounted bars can be anchored to the flange of the 

beam. The failure occurs due to debonding of the bars due to splitting of the epoxy 

paste in the grooves.  

 

 
Fig. 1.2 FRP Wrapping Technique 

 

(iii) Ferrocement Plates 

Ferrocement is a type of thin walled reinforced concrete commonly constructed of 

hydraulic cement mortar reinforced with closely spaced layers of continuous and 

relatively small size wire mesh. Ferrocement is capable of resisting high tensile, shear, 

impact, and fatigue stresses coupled with excellent resistance to corrosion and ingress 

of water. Ferrocement plates can be used to increase the load carrying capacity of 

concrete elements, provide permanent formwork to the concrete structures, glued to 

the surface or cast-in-situ and bonded to the structural element using suitable bonding 

agents. Also, ferrocement has a lower cost as compared to steel and FRP. Therefore, 

ferrocement plates can be an excellent alternative to steel and FRP plates.  

Of the afore discussed techniques plate-bonding is one of the most effective and 

convenient methods of retrofitting. Among the plate bonding techniques FRP plates 

are quite popular now-a-days. But it is observed that the use of FRP is restricted to 

developed countries or urban areas of the developing countries due to higher initial 

cost and requirement of skilled labour for their application. Thus, there is a need to 
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develop an alternative technique, which is economical and can be executed at site 

with the help of semi-skilled labour available at site. Ferrocement jacketing is found 

to be one such attractive technique due to its properties such as good tensile strength, 

lightweight, overall economy, water tightness, easy application and long life of the 

treatment. 

It is proposed to use ferrocement jackets for carrying out the current study due to its 

advantageous properties of being lightweight, durable and having low thermal 

conductivity material, and can be cast into any shape at site. It is economical and does 

not require any specifically skilled labour for execution. It is also proposed to use 

GFRP jackets for comparison purpose.  A review of the work earlier carried out using 

ferrocement and FRPs is presented in the succeeding chapter. 

 

1.3 OBJECTIVES AND SCOPE OF THE WORK 

The main objectives of the present work are follows:  

• Study the effect of retrofitting on beams stressed to different levels. 

• Study the effect on the maximum load, safe load and ductility of the (under 

reinforced and balanced) beams retrofitted with ferrocement jackets with variation 

in following parameters. 

(a)  Type of wire mesh, 

(b)  Number of wire mesh layers, 

(c)  Orientation of mesh. 

• To develop a technique and methodology for designing and using ferrocement 

jackets for retrofitting of stressed RCC beams using conventional RCC theory. 

• To compare the data, with beams retrofitted with GFRP jackets having different 

orientation of fibres (00, 450)  

The scope of the present work includes studying first of all, the effect on maximum 

and safe load carrying capacity, ductility and toughness, of the orientation of fibers on 

the beams retrofitted using GFRP jackets. In the second part the effect of various 

parameters such as type of bonding agent, type of wire mesh, number of wire mesh 

layers, and orientation of the wire mesh, on the maximum and safe load carrying 

capacity, ductility and toughness, of the beams retrofitted using ferrocement jackets. 

To achieve this firstly, with the help of pilot studies parameters are finalized for the 

final study. Various pilot studies undertaken are as follows: 
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(i) Effect of type of bonding agents on the Strength of the beams retrofitted using 

ferrocement jackets. 

(ii) Effect of wire mesh orientation on the strength of the beams retrofitted using 

ferrocement jackets. 

(iii) Effect of type of wire mesh on the strength of the beams retrofitted using 

ferrocement jackets. 

From the pilot studies an efficient bonding agent, orientation of wire mesh, and type 

of wire mesh is finalized for the final study. In the final testing program the effect of 

type of section (under reinforced or balanced), initial stress level, and number of wire 

mesh layers, on the maximum and safe load, ductility and toughness is studied on the 

prototype beams. 

In the end efforts has been made to develop a mathematical model for calculating the 

maximum and safe load carrying capacity of initially stressed beams, retrofitted using 

ferrocement jackets. The mathematical model so developed is validated with the 

experimental results obtained from the test programme undertaken and also compared 

with work done by earlier researchers.  

 

1.4 ORGANIZATION OF THESIS 

The thesis is presented in the seven chapters as detailed below: 

Chapter – 1 introduces the retrofitting of structures, need of retrofitting, and 

various methods of retrofitting and different materials used now-a-days for local 

retrofitting of elements. At the end of the chapter objectives and scope of the study are 

given. 

Chapter – 2 on literature review presents the work done by various researchers in 

the field of ferrocement, application of ferrocement, retrofitting of structures using 

ferrocement and FRP laminates and jackets. 

Chapter – 3 details the materials used, techniques adopted for casting, curing, 

testing, retrofitting of the beams, the pilot studies undertaken for the finalization of 

parameters for further detailed study along with their results and conclusions.  

Chapter  - 4 details the scheme of experimentation, variables involved, for 

retrofitting of the beams using GFRP and ferrocement jackets. 

Chapter- 5 deals with the analysis and discussion of the results obtained from the 

experimental data of the beams retrofitted using ferrocement jacketing. The results are 

presented both in tabular as well as graphical form. 
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Chapter – 6  deals with the retrofitting of stressed beams using GFRP jacketing. 

The results obtained from the experimental program of the control and retrofitted 

beams are presented and discussed. 

Chapter – 7 The mathematical model developed and validation of the model with 

the test results obtained is presented in this chapter. 

Chapter – 8 gives the major conclusions of the study. 

A list of references, referred in the work and appendices are presented after chapter-8.  

The notations and symbols have been defined where they appear first in the text.  
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CHAPTER-2 

LITERATURE REVIEW 
 

2.1 GENERAL 

A 30 years record of major Turkish earthquakes show that almost 0.2 million 

dwellings were destroyed by earthquakes (Gulkan and Wasti, 1980), which is about 

65% of the destruction caused by all other natural disasters. Dinar earthquake o f  

1995 and Kocoeli earthquake of 1999 have substantially increased the percentage. 

Almost all post earthquake studies and damage assessment have led to the 

conclusion that a building should be designed and constructed such that in the 

event of the occurrence of an earthquake of probable maximum earthquake 

intensity: the building does not suffer total or partial collapse; it should not suffer 

such irreparable damage which would require demolition and rebuilding and in case 

it sustains such damage it could be repaired quickly and easily to bring it to its usual 

functioning (ISET, 1981). 

Although concrete is the most widely used man made construction material in the 

world it is heterogeneous in nature, brittle in behavior and possesses relatively low 

tensile strength when compared to its high compressive strength. The low tensile 

strength of concrete is normally compensated by reinforcing steel, whenever, it is 

subjected to tensile stress. The use of reinforcement does not improve the inherent 

low tensile strength and brittle behavior of concrete. But it delays the propagation of 

the micro cracks, which are invisible to naked eye, and are inherently present in the 

concrete at the aggregate-cement paste interface. These micro cracks propagate with 

the application of load, to form visible structural cracks.  

Efforts have been made to improve the above stated basic deficiencies of concrete, by 

evolving two-phase composite materials wherein the presence of one phase improves 

the basic properties of the other phase and each phase is used to its best advantage.  

Ferrocement over the years has gained respect in terms of its superior 

performance and versatility, and now is being used not only in t h e  housing 

industry but its use is being continuously explored in retro-fitting and 

strengthening of damaged structural members (Singh and Kaushik et al, 1998). 

Ductility requirements are the main feature of an efficient earthquake resistant 

design process, and ferrocement being a highly ductile m a t e r i a l  has led to its 
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application in the rehabilitation of houses damaged by earthquakes. The 

effectiveness of its use has been reported by many researchers (Desia, 1999, Wasti 

and Erberik et al, 1998). Taking the lead from its potential use in enhancing 

earthquake-resisting abilities, 5 houses were built in Northern area of Pakistan, 

using indigenous materials and local skills, utilizing ferrocement bands to improve 

the earthquake resistance of such houses in 1990 (NED university, 1998). The houses 

since then have p e r f o r m e d  r e m a r k a b l y  w e l l  and have sustained low to 

moderate shocks effectively. The details  were simple to follow and execute by 

the local skilled workers, and materials were readily available from near by cities. 

Composite construction with ferrocement gives more versatility to this delicate 

looking thin walled construction material. Its path for future as a laminated 

cementitious composite combining advanced cement based matrices, high 

performance reinforcing meshes and fibres, and new construction techniques 

promises to be very bright (Naaman, A.E. 2001).   

Many experimental studies have been conducted in recent years to strengthen 

flexural members by using various materials. Andrew and Sharma (1998) in an 

experimental study compared the flexural performance of reinforced concrete 

beams repaired with conventional method and ferrocement.  They concluded that 

beams repaired by ferrocement showed superior performance both at the  service 

and ultimate load. The flexural strength and ductility of beams repaired with 

ferrocement was reported to be greater than the corresponding original beams and 

the beams repaired by the conventional method. 

The bonding of fibre reinforced plastic (FRP) laminates to tension face of concrete 

girders is becoming an attractive solution to the rehabilitation and retrofit of 

damaged structural systems. Al-Farabi et al (1993), while investigating the 

effectiveness of fiberglass bonded plates for capacity enhancement, reported a n  

increased strength and reduced ductility. Premature failure by plate separation was 

also identified as a potential problem at the plate curtailment location. Steel plates 

bonded by epoxy were used to repair shear-cracked beams utilizing various forms 

of plate bonding by Basunbul et al (1993). The experimental investigation clearly 

demonstrated that the effectiveness of the repair primarily depends on how 

effectively the diagonal tension cracks in the shear-damaged beams were trapped. 

Flexural mode of failure was observed surpassing shear capacity for only those 

specimens where full encasement of the shear zone was carried. 
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2.2 FERROCEMENT 

J.P. Lambot originally developed ferrocement in the 1870’s in the Var region of 

France as a means for constructing a boat, its main difference from traditional RCC 

being that reinforcement is subdivided.  

Ferrocement is a thin composite material made of cement mortar and reinforced with 

layers of continuous and relatively small diameter wire mesh, natural fibers like 

bamboo strips, synthetic fibers like nylon etc which are closely bound together to 

create stiff structural form. As per ACI committee – 549 (1988) ferrocement is a form 

of reinforced concrete using closely spaced multi layer mesh and /or small diameter 

rods completely infiltrated with, or encapsulated, in mortar. Due to its excellent 

tensile strength, durability, lightweight, smaller crack widths as compared to RCC and 

low thermal conductivity, it is being used in wall elements, roofing, water tanks, silos, 

boat construction industry and for architectural purposes also.  

It is the uniform distribution of the reinforcement in the resulting composite and its 

different material performance, strength behavior and potential applications, which 

distinguish ferrocement from conventional reinforced concrete. Generally thin 

continuous steel wires are used in the form of mesh. The mesh may be of welded or 

woven type or in any other form as found economically suitable such as slotted steel 

sheets, expanded metal mesh etc. These thin wires provide very large surface area per 

unit volume of steel used thus increasing the bond strength, which is assumed to be 

proportional to the surface area of wires in contact with the mortar. As a result, failure 

of ferrocement generally takes place by yielding of wires, and not by slippage or bond 

failure. Thus, there exists a perfect ‘composite action’ over a certain range of stresses 

which are much wider than any other composite structural material like concrete, 

RCC, cement, mortar etc. 

It has been reported that ferrocement, even on being subjected to one thousand cycles 

of wetting and drying, and nine weeks of curing in sodium chloride solution, retains 

its stiffness and ultimate strength [Ravinderarajah, R. S. and Parmasivam, P., 1986]. 

Steel wire mesh with closely spaced wires is the most commonly used reinforcement 

in ferrocement. Its presence in ferrocement improves its crack resistance, impact 

strength, and toughness [Ravinderarajah, R. S. and Parmasivam, P.,1988]. Expanded 

metal mesh, welded wire fabric, wires or rods, prestressing tendons, and 

discontinuous fibres are also being used in special applications or for reasons of 

performance or economy [ACI committee – 549, 1988]. The hexagonal (chicken) wire 
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mesh and woven square mesh give a better performance for elastic and ultimate 

design when placed uniformly rather than in-group binding [Hossain, M.Z. and 

Hasgawa, T, 1998].  

Ohama and Shirai (1992), compared the durability of polymer-ferrocement with 

conventional ferrocement. The polymer-ferrocement, using styrene- butadiene rubber 

latex, was prepared with various polymer-cement ratios, and tested for accelerated 

carbonation, chloride ion penetration and accelerated corrosion. It was concluded that 

the carbonation and chloride ion penetration depth of polymer-ferrocement decreases 

markedly with an increase in the polymer-cement ratio regardless of the exposure and 

immersion periods, and are strongly affected by polymer-cement ratio and water 

cement ratio. The corrosion inhibiting property of polymer-ferrocement is remarkably 

improved with an increase in the polymer-cement ratio. 

A brief review of the various properties of the ferrocement is as under:    

2.2.1    Ferrocement in Tension 

The tensile strength of ferrocement depends mainly on the volume of reinforcement in 

the direction of the applied force and the tensile strength of the mesh. The tension 

behavior may be divided into three regions, namely, pre-cracking, post-cracking stage 

and post-yielding stage. A ferrocement element subjected to increasing tensile stresses 

behaves like a linear elastic material till the development of the first crack in the 

matrix. Once the cracks have developed the material enters the stage of multiple 

cracking and this stage continues up to the point where the wire meshes start to yield. 

In this stage the number of cracks keeps on increasing with an increase in the tensile 

stress without any significant increase in the crack width. After the yield of 

reinforcement, the composite enters the stage of crack widening. The number of 

cracks remains essentially constant and the crack width keep on increasing. The 

reinforcement bars primarily control this type of behavior. 

The tensile strength of ferrocement is significantly affected by mesh-parameters, 

strength characteristic of the mortar used, type of mesh and degree of compaction if 

done manually. Mesh-parameters like orientation of wires relative to loading axis, and 

specific surface factor are directly responsible for enhancement of the tensile strength 

of ferrocement. 

The tensile strength of ferrocement is significantly affected by the following 

parameters:  

1. Type of mesh,  
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2. Compressive Strength/Composition of mortar, and 

3. Degree of compaction.  

The strength of ferrocement in direct tension σc can be calculated using the ‘rule of 

mixtures’  

ffmmc VV σσσ +=     (2.1) 

where  σ m and  σ f are  stresses in the matrix and fibres, respectively and V m and V f 

are the respective matrix and fibre volume ratios.  

An increase in the tensile force cause excessive strains, the matrix cracks and the 

bond between matrix and steel wires is lost. Thus, at ultimate tensile strength the 

matrix does not contribute to the tensile strength of ferrocement, and its ultimate 

tensile strength in direct tension is equal to that of the longitudinal steel wires only 

[Rajagopalan, K. and Parameswaran, V.S., 1974]. Although, the orientation of the 

reinforcement has no significant effect on the tensile strength of ferrocement 

[Johnston, Colin D. and Mattar, Samir G, 1976 & Khanzadi, M.K. and Ramesht, 

M.H. , 1996], but it has been reported [Abdullah and Mansur, M.A . 2001]  that the 

first crack strength, ultimate strength, effective modulus and efficiency of ferrocement 

elements decrease as the angle of wire mesh orientation increases from 0 to 45 degree, 

but arrangement of the reinforcement has no effect . The tensile strength at cracking is 

directly proportional to specific surface factor (Sf) [Kamasewara, Rao C.B. and Rao, 

A. Kamasundara, 1994 & Ravinderarajah, R. S. And Parmasivam, P., 1988]. Also, 

the ferrocement elements with evenly distributed reinforcement and minimum cover 

show reduced crack widths and increased number of cracks at failure. 

Johnston & Mattar (1976), studied the effect of mesh type, thickness of mortar and 

orientation of wires relative to the loading axis and concluded that, orientation of the 

reinforcement has a marked effect on the absolute strength. It was also concluded that 

the ultimate load is independent of the type of wire mesh and specimen thickness 

because the mortar is cracked long before failure and does not contribute to the 

ultimate strength of the composite. The specimens reinforced with expanded metal 

mesh shows greater stiffness and almost complete absence of visible cracks prior to 

failure due to the geometry of wire mesh.  

Al-Noury and Huq (1988), investigated the behavior of ferrocement in tension. They 

proposed expressions for predicting the first crack strength and modulus of elasticity 

of ferrocement in the un-cracked and cracked range. It was found that the crack 
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strength of ferrocement in tension can be predicted on the basis of the strain at the 

limit of proportionality of mortar and the un-cracked modulus of ferrocement. The 

modulus of elasticity of ferrocement in the cracked range can be predicted on the 

basis of the behavior of an equivalent model with aligned wires. Beyond the first 

crack, the crack formation mechanism in ferrocement in the cracked range is related 

to the matrix-wire interfacial bond. 

Akhtaruzzaman and Pama, (1988), performed an analytical and experimental 

investigation on the crack spacing and crack width of ferrocement in direct tension. 

The theoretical investigation showed that the slip modulus, ultimate bond strength and 

modulus of elasticity of mortar have negligible influence on the crack spacing while 

the ultimate tensile strength of the mortar and the volume fraction and modulus of 

elasticity of steel have significant influence on the crack spacing. The crack width was 

found to be greatly influenced by the volume of steel fraction, modulus of elasticity of 

steel and ultimate bond strength of mortar. 

Abdullah and Mansur (2001), have shown that first crack, ultimate strength, effective 

modulus and efficiency of ferrocement elements decreases as the angle of wire mesh 

orientation increases from 0 to 45 degrees. They also showed that first crack strength 

increased as the specific surface, diameter and spacing of transverse reinforcement 

increased. 

2.2.2 Ferrocement in Compression 

The behavior of ferrocement in compression is influenced by the type of mesh and 

strength characteristics of cement mortar used as reported by various researchers. 

ACI committee 549 (1988) has proposed following equation to calculate the ultimate 

compressive strength of ferrocement sheet 

crult fCP φ85.0=     (2.2) 

  

Where    





−=

r
lCr 40

1 , for wall elements 







−=

r
lCr 60

1 , for columns and wall elements with 1/r >40 

Johnston and Mattar (1976), showed that the welded wire mesh is much superior to 

expanded metal mesh as compression reinforcement. From the failure patterns of the 

specimens they concluded that the geometry of the expanded metal mesh promotes an 
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expansive scissors action in the lateral direction which renders the reinforcement 

ineffective as the restraint required to exploit the triaxial strength of the mortar within.                              

It was also concluded that the orientation of the reinforcement has a relatively minor 

effect in compression due the scissor action in either direction and the lateral 

reinforcement influences the strength much more strongly than the longitudinal 

reinforcement. The lateral steel carries 17-42 percent of the total load and the 

longitudinal steel carries only 5-14 percent. Therefore, rectangular mesh with a large 

amount of steel deployed in the lateral direction should give a better strength- cost 

effectiveness than square meshes. 

Kameswara Rao and Kamasundra Rao (1986) investigated the stress-strain curve and 

Poisson’s ratio of ferrocement in axial compression. It was found that the specific 

surface is the only factor, which controls the behavior of ferrocement in axial 

compression. The ferrocement behaves linearly up to 50-60 percent of the ultimate 

strength in compression; beyond this limit the behavior becomes non-linear. The 

value of strains at ultimate strength and young’s modulus increases with the specific 

surface area. 

Mansur and Abdullah (1998) studied the behavior of ferrocement panel subjected to 

biaxial tension-compression and found significant reduction in strength as well as 

stiffness of ferrocement in compression, due to presence of tensile strain in the 

perpendicular direction. However, the extent of such reduction was not as large as in 

ordinary reinforced concrete panels  

The number of layers, with a minimum of two, also increases the load carrying 

capacity of compression members. Its better impact resistance also makes it useful for 

application in pre-cast ferrocement slender piles [Chockalingam S. et al 1988].  

It was observed that ferrocement plates subjected to edge wise compression fail in 

buckling for slenderness ratio greater than 100 and in crushing/splitting for 

slenderness ratio less than 100 [Kaushik, S.K., Singh, K.K. and Prasad, Rajinder, 

1994].  

Ferrocement has also been used as a casing to existing masonry, concrete and RCC 

columns. The load carrying capacity of masonry columns encased with ferrocement 

has been observed to be 2 to 2.5 times as compared to uncased columns. The strength 

increase is manily due to additional strength contributed by the ferrocement casing. 

The failure of encased columns is due to failure of casing under combined bending 

and tension in the lateral direction and pre-mature failure can occur if mesh is not 
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wrapped properly and plaster does not penetrate into it fully. In most of cases local 

failure occurs near the end of the specimens due to platen effect [Singh, K.K., 

Kaushik, S.K. and Prakash, Anand, 1988, Ahmed, T., Ali, Sk.S. and Choudhury, J.R., 

1994].  

This significant increase in compressive strength and ductility has also been observed 

in case of ferrocement encased concrete columns for both axial and eccentric loading. 

However, the effectiveness of the confinement reduces with an increase in the 

slenderness ratio. At slenderness ratio values above 100 there is little difference in the 

strength and ductility due to confinement. The ratio of the core area to the total area 

and shape of the column is also significant for the strength increase. Confinement is 

less effective in case of rectangular columns than for circular sections  [Kaushik, S.K. 

, Prakash, A. and Singh, K. K., 1994, Singh, K.K., Kaushik, S.K. and Prakash, Anand, 

1988].  

Similar types of results are reported by various authors for RCC columns, either 

encased or repaired using ferrocement. Nedwell, P.J. et al (1994) reported that repair 

behaved, to a large extent, independently of the column but that the restraint provided 

by the ferrocement casing adds significantly to the ultimate strength.  

Takiguchi, K. and Abdullah (2001) repaired and strengthened RC columns with 

inadequate shear strength, using ferrocement jacket and tested the repaired columns 

under cyclic lateral forces and constant axial load. From the test results it was found 

that the proposed repair and strengthening technique is very effective. It was also 

reported that the regardless of the number of layers of wire mesh, condition of 

original column before being strengthened, and the shape of the jacket, all the 

strengthened columns exhibit superb ductility performance. For the columns with lean 

cores, ferrocement casing with large volume fraction of mesh can contribute to large 

percentage strength increase due to beneficial effect of confinement [Singh, K.K., 

Kaushik, S.K. and Prakash, Anand, 1988]. Thus, ferrocement is an economical and a 

viable option for jacketing and repairing of columns. 

2.2.3 Ferrocement in Flexure 

Ferrocement has excellent tensile strength, as reported by a number of researchers, 

almost comparable to the compressive strength of the cement mortar used. As a result, 

ferrocement specimens remains crack free over a wide range of loading. Also the 

cracks produced in the post-cracking range are very fine, and are not capable of 
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affecting the flexural behavior. Thus, a whole section can be taken to be effective in 

resisting the imposed loading till attainment of ultimate strength in the mesh wires. 

Johnston and Mowat (1974) have reported that the strength of ferrocement in flexure 

is mainly affected by the type of reinforcement, orientation of wire mesh and 

distribution of reinforcement across the depth. The high degree of subdivision of 

reinforcement and its uniform distribution in the matrix of the ferrocement results in 

narrow and uniformly spaced cracks under loading, rather than wide more random 

cracking that is symptomatic of conventional reinforced concrete. They compared the 

strength behavior of expanded metal mesh, welded mesh and woven mesh and 

concluded that the expanded metal mesh offers the best performance in terms of 

uniaxial bending. However, in biaxial bending the expanded metal mesh imparts 

considerable weakness in the second direction, and bars do not contribute any strength 

in this direction. To improve the behaviour in biaxial bending, expanded metal mesh 

should be placed with the orientation altering between the consecutive layers. 

Whereas, the welded wire mesh, offers equal strength in both the directions and is 

more effective than the woven wire mesh. So, two-dimensional fixity, elimination of 

bond failure, and restraint offered by the lateral component of reinforcement make the 

expanded metal mesh and welded wire mesh superior than the woven wire mesh. The 

performance of the ferrocemnt beams is optimal when the reinforcing layers are 

spaced uniformly throughout the depth of the section.  

It has been observed that the crack width decreases but number of cracks increase in 

ferrocement beams as compared to RCC beams. Consequently, the impermeability, 

stiffness and durability of the beams improve. Also a higher-grade matrix and volume 

fraction of wire mesh reinforcement increases the first crack strength and the ultimate 

moment of resistance. However, a lower grade matrix gives more cracks due to its 

higher ductility but higher volume fraction has been observed to provide effective 

control of crack width by formation of a larger number of well-distributed cracks. The 

ultimate moment increases with an increase in either the volume fraction of the 

reinforcement or the grade of matrix [Mansur, M.A. and Paramasivam, P., 1986, 

Onet, Train et al, 1992]. The transverse reinforcement is beneficial with respect to 

crack development in ferrocement beams and it also plays an important role in 

improving the ultimate moment of ferrocement elements. It was reported that both 

yield strength and ultimate strength improves with increasing the number of layers of 

the wire mesh, but no significant improvement was noted with increase in number of 
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wires in single layer [Ramesht, M.H., Nedwell, P.J., 1994]. The first crack strength of 

ferrocement bundled and placed near the top and bottom surfaces is about 16 per cent 

higher than those having evenly distributed reinforcement [Ravinderarajah, R. S. And 

Parmasivam, P., 1988]. The number of layers and thickness of ferrocement affect 

significantly on the first crack strength and ultimate load. However, the arrangement 

of wire mesh do not affect significantly [Hossain, M.Z. and Hasgawa, T., 1998]. The 

performance of ferrocement in flexure has also been observed to improve if stainless 

steel wire mesh and 10 per cent silica fume by weight of cement is added to it 

[Nedwell, P.J. and Nakassa, A.S., 1999]. Karasudhi, P. et al (1977) studied the 

fatigue strength of ferrocement in flexure with three different types of wire meshes. 

Viz. chicken wire mesh, welded square mesh, and expanded metal. Test results 

reveled that the fatigue strength of ferrocement is dependent on the fatigue properties 

of the reinforcement as in case of reinforced and prestressed concrete. Among the 

three wire meshes used, chicken wire mesh imparted greater fatigue strength over the 

others. The behavior of ferrocement beams in long-term loading reveals that 

ferrocement being a flexible material; it is necessary to first consider deformability of 

the ferrocement member, then the proper selection of cross-sectional shape etc. [ 

Onet, T. and Magureanu, C., 1993] 

The ferrocemnt members are fabricated in thin section thus their relatively large 

deflections may constitute an important design limitation. Balaguru, Perumalsamy et 

al. (1977) carried out an investigation to predict deflections and crack widths for 

ferrocement structures subjected to flexure, for different amount of volume fractions 

of the reinforcement. It was observed that the specific surface area does not have a 

strong influence on the cracking behaviour in flexure and the crack width in the 

ferrocement elements in flexure can be calculated using the following expression: 

SRw scal ε=     (2.3)  

where   w calc = Average crack width 

   εs = Tensile strain in extreme layer of steel 

   S = Spacing of transverse wires 

R = ratio of distances to the neutral axis from the  

extreme tension fibre and from the centriod of 

steel  
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Karunakar Rao, P. and Jagannadha Rao, V. (1988) proposed the following equation 

for the calculation of ultimate moment in a ferrocement flexural element. 

fUSUR MMM +=     (2.4)  

Where    ( )2
ntdfAM sySSU −−=  

and    ( )( )2
ntdfKAM mcrmfU −−=  

As is area of steel reinforcement, 

fy is yield strength of reinforcement, 

d overall depth of FC section, 

ts depth of bottom steel from bottom of specimen 

n depth of neutral axis 

K is factor which accounts for the mobilization of zone of resistance and its value is 

dependent upon the cracking characteristics. 

Am is area of mortar matrix constituting the stress intensive area in the tensile zone. 

fcr is stress in mortar at first crack. All the parameters can be obtained from flexural 

studies on laboratory specimens, 

tm depth to the centriod of stress intensive area in the tensile zone, from the bottom of 

the specimen. 

Sehgal, V.K. et al. (1988) studied the behaviour of simply supported ferrocement box 

girder subjected to uniformly distributed load on the entire top flange and also on half 

of the flange width. It was concluded that irrespective of the mode of load application, 

the first crack load was practically constant. Also the maximum deflection at mid span 

at first crack load was nearly the same, demonstrating the large load distribution, 

which the box section can bear. It was also concluded that serviceability for box 

girder elements is governed by the maximum crack width and not the deflection. The 

recommended value of maximum crack width was 0.1 mm. 

Mansur, M.A. et al (2000) presented the flexural strength results of thin walled 

ferrocement channels with different volume fraction of reinforcement. The test results 

indicated the existence of considerable ductility for such panels suggesting that the 

“rigid-plastic’ concept is applicable to predict the ultimate moment capacities of the 

structural sections. The same was also verified from the data available for the I-

sections in the literature. Using the method, typical design charts were developed for 
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typical thin walled panels. These charts are equally applicable to inverted U, U, and 

box sections respectively. 

Beams rehabilitated with ferrocement jackets show better performance in terms of 

ultimate strength, first crack load, crack width, ductility and rigidity of the section. It 

was observed that the cracking and ultimate strength increases by 10 percent and 40 

percent in case of rehabilitated beams, whereas these increases were 10-30 percent 

and 40-50 percent in case of composite sections. The jacketing increases the rigidity 

of the beams and lead to 37 percent and 29 percent reduction in deflection. The crack 

width of the composite beams and rehabilitated beams decreases on an average by 42 

percent and 36 percent respectively [Kaushik, S.K. and Dubey, A.K., 1994].  

The addition of thin layer of ferrocement to a concrete beam enhances its ductility and 

cracking strength. Composite beams reinforced with square mesh exhibit better 

overall performance compared to composite beams reinforced with hexagonal mesh. 

An increase in the number of layers improves the cracking stiffness of the composite 

beams in both cases. [Nassif, H.H et al, 1998, Vidivelli, B. et al, 2001, Nasif, N.H. et 

al 2004].  

The higher number of wire mesh used show more increase in strength in shallow 

beams than those in deep beams, although with a single layer of mesh sufficient 

increase in ultimate strength has been obtained [Kabir, A. and Ali, S., 1996].  

A ferrocement shell improves the flexural behaviour of RCC beams, although there is 

no increase in the moment carrying capacity of under reinforced beams. However, the  

moment carrying capacity increased by 9 per cent and 15 per cent for balanced and 

over reinforced sections respectively [Seshu, D.R., 2000].  

S.K. Kaushik et al (1987) investigated the behaviour of ferrocement plates in flexure 

by varying the length of mesh overlaps. It was observed that as the first crack and 

ultimate load approaches the value corresponding to that of a continuous mesh, when 

the overlap is sufficient to develop the required strength through bond for same 

amount of steel. When mesh-overlap is insufficient, bond failure occurs due to 

slippage at overlap and the first crack load is much lower than the ultimate value. The 

authors suggested a minimum mesh overlap of 100mm. Alternatively, it should be 

calculated from conventional approach. 

The ultimate strength of the reinforced concrete beams, which failed due to 

overloading and were repaired using ferrocement laminate, is affected by the level of 

damage sustained prior to repairing. However, ultimate strength ductility ratio and 



 25

energy absorption have been reported to improve after the repair in all cases. The steel 

ratio used in the repair layer has a great influence on the amount of gain in the 

resisting moment, ductility ratio and energy absorption. The higher the steel ratio the 

higher the gain in resisting moment and energy absorption; conversely, the ductility 

ratio was found to be decreased with increase in steel ratio  [Fahmy, Ezzat H. et al, 

1997].  

However, Paramasivam, P. et al (1994) has observed that beams with higher volume 

fraction of reinforcement exhibit localized horizontal cracks at the 

concrete/ferrocement interface and delamination of ferrocement from the concrete 

substrate. The increase in the flexural capacity, therefore, depends on the preservation 

of composite action until failure to fully utilize the ferrocement laminate at the beam 

soffit. It is also reported that cyclic loading with a maximum load applied and 

restricted to 50 percent of the theoretical static ultimate load capacity, did not seem to 

have any adverse affect on the performance of the strengthened beams after 150,000 

cycles of load applications [Paramasivam, P. et al, 1998]. 

In normal conditions all the bonding agents used to develop composite structural 

behaviour give reasonably good results, but resistance to chloride penetration in 

accelerated aging tests improved by using SBR or acrylic bond coats [Mays, G.C. and 

Barnes, R.A., 1995]. Composite beams with shear connectors carried about 12 per 

cent higher load and had 10 per cent reserve flexural strength compared to control 

beams. They also show lower deflection when subjected to the same load as applied 

to to RCC beams without shear connectors [Kadir, Mohamand Razali Abdul et al., 

1997].  

Nasif, N.H. et al (2004) reported that composite action can not be attained based on 

rough surfaces without shear studs and minimum five studs are needed for full 

composite action. Beams with shear studs with hooks exhibit better pre-cracking 

stiffness as well as cracking strength than those with L-shaped studs.  

One single coat of cement slurry gives composite action between ferrocement overlay 

and original beam upto failure load [Kabir, A. and Ali, S., 1996], but in case of 

unbonded repaired beams stiffness and ductility of beams decrease considerably 

[Kaushik, S.K. and Garg, V.K., 1994].   

Paramasivam, P. et al (1994) studied the flexural behavior of reinforced concrete T-

beams strengthened with thin ferrocement laminate attached to the tension face using 

L-shaped mild steel round bars as shear connectors. From the experimental 



 26

investigation it was concluded that after strengthening the performance of the beam 

improved substantially in terms of strength, flexural rigidity and first crack load, 

provided the connectors are adequately spaced and the surface to receive the laminate 

roughened to ensure sufficient bond strength for composite action.   

Anwar, Nimityongsku,. Pama and Robels-Austriaco (1991) investigated the 

rehabilitation technique for reinforced concrete structural beam elements using 

ferrocement. The technique involved strengthening of the reinforced concrete beams 

by application of hexagonal chicken wire mesh and skeletal steel combined by 

ordinary plastering. The basic parameters involved were the number of wire meshes 

applied, its geometrical configuration and the degree of distress in the beams. The test 

results were in good compliance with the original design capacity of the beams. From 

the test results, a design chart was developed to determine the parameters for 

rehabilitation of the beams elements. 

Thus, ferrocement is a viable alternative material for repair and strengthening of 

reinforced concrete structures. It has been accepted by the local building authority in 

Singapore for use in upgrading and rehabilitation of structures. The National Disaster 

Mitigation Agency (NDMA), Government of India, also accepted the use of 

ferrocement for this purpose. 

2.2.4 Ferrocement in Shear 

Cracking shear strength of ferrocement is not a unique-value unlike tensile strength 

which can be precisely defined in terms of specific surface factor as done by most of 

researchers, rather it is controlled by strength characteristics of cement mortar, mesh 

parameters in addition to shear-span to depth ratio which changes the mode of failure 

even if all other factors remain the same. Thus, most of the researchers have tried to 

correlate shear strength to each of the parameters individually and have recommended 

that the equation giving the least value should be considered for design. 

Mansur, M.A. and Ong, K.C.G (1987), studied the behavior of ferrocement in shear, 

when reinforced with welded wire mesh. It was concluded that the shear strength of 

ferrocement depends upon the shear-span to depth ratio (a/h), volume fraction of 

reinforcement, strength of mortar and the amount of reinforcement near the 

compression face. It was concluded that the shear force at ultimate load increased 

with a decrease in the a/h ratio and the ultimate shear failure occurred in beams with 

relatively high volume fraction of reinforcement and low compressive strength of 

mortar. An increase in the amount of reinforcement near the compression face also 
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increased the diagonal cracking strength of the beam. The diagonal cracking strength 

of ferrocement beams can be calculated using the following expression: 
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Where   Vcr = Shear force at diagonal tension cracking 

  b = Width of the beam 

  d = Effective Depth of the beam 

  f’c = compressive strength of mortar Cylinder 

  p = Ast/bd 

  a = Shear span 

A similar trend was also reported by Al-Kubaisy, M.A. and Nedwell, P.J. (1999), The 

following equation for calculating the critical shear force in ferrocement beams was 

proposed. 
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cf '  cylinder compressive strength of mortar (N/mm2),  

b, width of the beam 

h, overall depth of the beam 

fV  volume fraction of reinforcement in longitudinal direction 

Mansur, M.A. and Ong, K.C.G (1991), carried out similar type of study on I-beams 

and concluded ferrocement I-beams provide highly efficient crack control 

characteristics under short term loading. The ultimate shear strength of the beams 

increases with decrease in a/h and increase in strength of mortar, reinforcement in 

longitudinal and transverse direction. The beams fail in shear only when the a/h ratio 

is less than or equal to 1.5. Beyond this value failure occurs in flexure. The beams 

failing in flexure exhibit considerable ductility before failure. 

Al- Sulainanu, G.J. and Basuisbu,l I.A. (1991), investigated the behavior of 

ferrocement under direct shear by conducting axial compression test on Z-shaped 

specimens reinforced with woven wire mesh producing pure shear on the shear plane. 

From the experimental results they concluded that ferrocement under direct shear 

exhibits two stages of behavior (cracked and un-cracked) while under flexure it 
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exhibits, a third stage (plastic stage) in addition. The cracking and ultimate shear 

stress increases with mortar strength and volume fraction of mesh, while the shear 

stiffness in the untracked stages not significantly affected by the amount of 

reinforcement; it is mainly affected by the mortar strength. Ductility of ferrocement 

material under direct shear increases with increasing wire mesh reinforcement and 

decreases with higher mortar strength. The authors had proposed following equation 

to predict the cracking and ultimate shear stress:  

fmtcr V450+= στ  (MPa)   (2.7) 

fmtult V900+= στ  (MPa)   (2.8) 

where  τcr = Cracking shear stress 

  τult. = Ultimate shear stress 

  σmt = Mortar tensile strength, and 

  Vf =  Volume fraction of wire mesh reinforcement 

Desayi, Prakash et al (1994), had performed an experimental investigation on the 

shear strength of ferrocement. They have studied different variables like number of 

layers of wire mesh, two mesh layouts, and strength of the mortar and shear span-to-

depth ratio.  They have noticed two types of shear cracking and failure, namely those 

due to flexure-shear and web-shear. Test results indicate that for both of the mesh 

layouts considered, the shear strengths of ferrocement at cracking and at failure due to 

flexure-shear and web-shear increase as the shear span-to-depth ratio are decreased 

and the volume fraction of mesh wires is increased.  They have concluded that the 

shear stresses at which the web-shear crack and web-shear failure occurred were 

higher than the shear stresses at which the flexure-shear crack and flexure-shear 

failure occurred. 

 Al-Kubaisy, M.A., (1998), studied the location of critical diagonal cracks in 

ferrocement beams with change in shear span to depth ratio (a/h), volume fraction and 

compressive strength of the mortar. It is reported that location of critical diagonal 

crack as measured from the nearest support increases as the a/h ratio is increased and, 

to a lesser extent as compressive strength of mortar decreases. The effect of the 

volume fraction is not clearly defined 

Shear strength enhancement provided by a circular and square ferrocement jacket can 

be conservatively estimated by considering the jacket acting as a series of independent 

spiral reinforcement with the amount of hoop reinforcement equal to the volume 
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fraction of wire mesh. It is found necessary to limit the yield stress of the wire mesh 

in jacket, fy to less than equal to 0.4fy to avoid premature yielding of the wire mesh 

which could lead to fracture of jacket within the plastic region. 

The shear distressed RCC beams when strengthened with ferrocement pre-cast plates 

bonded with original beams using epoxy, simple bolting, epoxy with bolting, and 

cement sand mortar with bolting yielded an increase of 20 per cent, 19 per cent, 35 

per cent, and 25 per cent strength respectively. When cement sand mortar alone is 

used as the bonding agent no improvement in strength is there. [Xiong, Guangjing, et 

al., 2000]. 

Lim, C.T.E. et al (2001), used push out test to study different methods of attachment 

of ferrocement components used to strengthen reinforced concrete elements and 

transfer shear across such interfaces. The ferrocemnt is attached to the concrete 

surface by cast in-situ epoxy resin, pre cast with epoxy resin. Three types of 

mechanical anchorages used as shear connector, viz. anchor bolts, power actuated 

nails, and mild steel bars were examined. It was concluded that surface preparation 

significantly increase cohesion between the surfaces in contact at the ferrocement-

concrete interfaces. Specimens pre-cast and bonded with epoxy behaved 

monolithically with the adjoining surface and mild steel bars with an suitable 

anchorage length is found to be suitable for use a shear connector. 

Abdullah A, Katsuki Takiguchi (2003), had strengthened reinforced concrete columns 

with ferrocement jackets. They had used circular and square ferrocement jackets for 

strengthening square reinforced concrete columns with inadequate shear resistance. 

They had concluded that by providing external confinement over the entire length of 

the RC columns, the ductility is enhanced tremendously. They had also concluded that 

ferrocement jacket can be used to strengthen RC column with inadequate shear 

strength to enhance its ductility and also less number of layers of wire mesh within 

the center portion of the circular ferrocement jacket could be adopted in strengthening 

shear failure type RC column. 

Nassif, Hani H., Husam Najm, (2004), had performed an experimental study to 

examine a shear transfer between composite layers. They have concluded that in order 

to provide a full composite action between both the layers a minimum of five studs 

are needed. They also concluded that beams having shear studs with hooks exhibited 

better pre-cracking stiffness as well as cracking strength than those with L-shaped 
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studs and also beams specimens with square mesh exhibited better cracking capacity 

than the control beam as well as beams with hexagonal mesh. 

Mohammad Taghi Kazemi et al (2005), undertook a study to evaluate a retrofit 

technique for strengthening shear deficient short concrete columns. Ferrocement 

jacket reinforced with expanded steel mesh was used for retrofitting in the study. It 

was concluded that expanded meshes were more effective than lateral ties in the shear 

strengthening of concrete columns. The specimens strengthened with expanded 

meshes showed finely distributed shear cracks even at large displacements. 

Rafeeqi, S.F.A. et al (2005), studied the behavior of the beams strengthened in shear 

by providing complete ferrocement wrap and equally spaced strips, with one and two 

layers of woven square mesh in the shear span. It was concluded that after the 

strengthening the increase in the shear capacity is not substantial. However, brittle 

shear-compression failure is transformed into ductile shear failure, thus giving ample 

warning before failure. 

2.2.5 Ferrocement as Roofing Material 

Ferrocement can be used as a roofing material. Thin slabs of ferrocement covered by 

a layer of lightweight mortar topping, which is assumed to be non load bearing, 

perform well within the serviceable limits [Prakhya, K.V.G., 1988]. The first crack 

load and ultimate load increases by 16 –24 per cent and 13.2 – 11.7 per cent 

respectively when mesh arrangement consisting of twin layers with the two meshes 

orthogonally oriented and placed in contact are used compared to all the meshes 

oriented in one direction or the alternative layers equally spaced with orthogonal 

orientation [Al-Rifaie, W.N., 1990].  

The toughness of ferrocement slabs decreases with changing orientation pattern of the 

meshes. Reinforced brick reinforced slabs strengthened with wire mesh at the tension 

face show an improvement in the strength, ductility, water proofing quality and crack 

arrest properties of the slab. The ductility, number of cracks, first crack load and 

ultimate collapse load increases, but the crack width decreases with an increase in the 

number of wire meshes [Kaushik, S.K., 1991].  The same type of results were 

observed for RCC slabs reinforced with ferrocement sheets at the bottom also 

[Kaushik, S.K., 1991].  

The distressed RCC slabs if strengthened with ferrocement laminates show 

improvement in strength, ductility ratio and energy absorption properties of the slab. 
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The improvement in ultimate strength depends upon the level of damage sustained 

prior to repair [Fahmy, Ezzat H., 1997].  

Clarke, R.P. et al (1991), studied the effect of through the thickness, orientation 

pattern of meshes, stacking sequence of meshes, span to thickness ratio and in-plane 

orientation angle on the strength, toughness and mid point deflection characteristics of 

ferrocement slabs. It was concluded that changing the orientation pattern of the 

meshes in the slab from constant to alternate increases the strength but decreases its 

toughness if number of layers of mesh was an odd number, however both toughness 

and strength decrease if the number of layers of mesh was an even number. For square 

ferrocement slabs under biaxial bending maximum strength is achieved if the angle of 

orientation of the meshes relative to the edges is of the slab was 45 degree, however it 

was minimum at zero degree orientation. The maximum toughness was achieved if 

through the thickness orientation pattern of the meshes was constant and it was 

minimum when the orientation pattern was anti symmetrical.  

Hussin, Mohd. Warid (1991), presented extensive data on the cracking and strength 

behavior of thin ferrocement sheets of 10mm thickness in flexure. Cement 

replacement by 50% to 70% fly ash and inclusion of super plasticizer can produce 

mixes of excellent flow characteristics and adequate early strength that can further 

ease the construction process and enable incorporation of short discrete fibers without 

difficulties of fabrication. The inclusion of fibers increases stiffness, decrease 

deflection and shows large ductility at failure. Small opening meshes exercise better 

cracking control than large opening meshes. However, incorporation of fibers in the 

mix modifies this pattern as large result in substantial reduction in crack spacing and 

crack widths compared with conventional ferrocement. For structural application s of 

ferrocement, deflection is a major design limitation. Fiber ferrocement along with 

layers of mesh can increases stiffness of the composite and reduces deflection at all 

stages of loading. The measured crack spacing and crack width can be satisfactorily 

predicted by the method proposed in this work. 

Kaushik et al (1991), used galvanized iron sheets and corrugated ferrocement sheets 

at bottom layer to represent lost formwork. The formwork provides the support to the 

fresh concrete during the service stage and strength in the hardened stage. They 

conclude that CGI formwork fail by shear bond of failure where as ferrocement fails 

in the flexural mode. And also the ferrocement exhibits better performance to the CGI 

composites in terms of load carrying capacity, energy absorption capacity, and 
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ductility and recovery in unloaded condition. They have observed that the cost is 

reduced by 20 percent by using ferrocement formwork to RCC with the increase in 

first crack, yield and ultimate load carrying capacity. 

The behavior and performance of composite ferrocement brick reinforced slab 

without ferrocement panels especially to be shaped into simple geometric forms was 

studied by Mattone (1992). It was reported that there are numerous advantages 

afforded by this building technique. Prefabrication ensures product quality by 

optimizing aggregate grain, the water cement ratio binder and addictive quantities and 

may entail a reduction in cost, while the simplicity of the operation to be performed to 

obtain a structural element from the semi-finished product make the process ideally 

suitable for self-help activities, enabling even unskilled workers to participate in the 

construction of their homes. 

Anwer, A.W. (1993) presented the advantages and application of ferrocement for low-

cost housing especially in Pakistan. Ferrocement roof and wall system provide a 

cheaper but durable solution. At the same time, they give a more permanent look to 

the structure as compared to other low-cost materials. There is a reasonable amount of 

economy achieved by using ferrocement. The economic analysis shows, that the 

housing ferrocement wall panels and brick masonry roofing units are 40% cheaper 

than the reinforced concrete roofs.  

Formwork is that integral part in the construction of concrete structures. It is a 

temporary structure used to form fresh concrete to the desired shape, size, position 

and finish, and to support the dead and live loads during construction without the 

collapse or danger to workmen or the structure. Permanent formwork is that type of 

formwork, which becomes the integral part of the structure. It saves the striking time 

and activities related to it. 

Ferrocement permanent formwork provides protection to reinforced concrete and 

gave an increase in strength of 15 percent over the conventional reinforced concrete 

(G.C Mays and R.A. Barnes, 1995). It saves considerable time and money in the 

construction of floor slab of a building and provides eco friendly construction by 

conservation of Natural Resources (Karunakar Rao et al, 1996). 

Analytical and experimental investigation of hollow ferrocement units were studied 

by Mathews et, al (1998) the system consists of top and bottom flanges connected by 

webs, there by leaving hollow spaces in between. The hollow section is selected 

mainly the passage of heat from outside. Based on the investigation the load 
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deflection of the developed section is quite similar to that of a typical ferrocement 

element. There appears to be good potential for the use of these elements for 

roof/floor in residential buildings for span up to 3.5m 

 

2.3 FIBRE REINFORCED PLASTICS 

The term fibre reinforced plastics describes a group of materials composed of 

inorganic and organic fibres embedded in a resin matrix. FRPs possess excellent 

properties such as high tensile strength and stiffness; are lightweight and non-

magnetic, and offer resistance to corrosion and chemicals, which make them 

particularly suitable for the rehabilitation and strengthening works. In construction 

industry, the most commonly used FRPs are Glass fibre reinforced plastics (GFRPs), 

Carbon fibre reinforced plastics (CFRPs) and Aramid fibre reinforced plastics 

(AFRPs). The conventional reinforced concrete (RC) beams strengthened in flexure 

with externally bonded fibre reinforced polymers have shown strength increase of 50 

percent or more in combination with a considerable increase in the deflection capacity 

[Bonacci, J.F. and Maalej, M, 2001]. The beams strengthened with CFRP 

unidirectional sheets show significant static capacity increase (approximately 150 

percent), load at first crack and post cracking stiffness when compared to un-

strengthened beams [Kachlakev, D and McCurry, D.D., 2000].  

RC beams strengthened with externally bonded FRPs when subjected to 

monotonically increasing loading exhibit three fundamental failure modes that can be 

identified as flexure, de-bonding and shear [Colotti, Vincenzo, 2001] 

2.3.1 Flexural Members 

The beams strengthened with FRP sheets bonded to the tension face exhibit 

significant improvement in flexural strength in both wet/dry environmental conditions 

and at room temperature. However, the specimens subjected to cycles of wet/dry 

conditions show less improvement than those kept at ambient indoor or outdoor 

enviornment. However, it was also observed that none of the specimen failed due to 

FRP rupture but rather due to the de-bonding between FRP sheet and the concrete 

interface [Toutanji, Houssam A. and Gomez, William, 1997, Jia, Junhui et al. 2005].   

Saadatmanesh, Hamid et al (1991), studied thee effect of strengthening of beams by 

gluing GFRP plates to their tension face. The study indicates that significant increase 

in the flexural strength can be achieved; the gain in the ultimate flexural strength was 

more significant in beams with lower steel reinforcement ratios. In addition plating 
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reduced crack size in the beams at all the load levels. It is reported that cambering the 

beams resulted in improved cracking behavior, but it was suggested that before 

application, further studies must be conducted to examine the creep behavior of the 

epoxy joint subjected to sustained cambering stresses. An, Wei. et al , 1991,  proposed 

the analytical model based on the compatibility of deformations and equilibrium of 

forces for the same beams and it was observed that proposed model give reasonably 

approximate behavior of the strengthened beams and the composite plate, bonded to 

the tension face of the beam, increases the stiffness, yield moment, and ultimate 

moment of the beam and reduces the curvature at failure.   

Philip, A. Ritchie et al (1991), studied the effectiveness of external strengthening of 

beams using glass, carbon, and aramid fibre plates bonded to tension side of the 

beams. An increase stiffness of beams (over the working load range) from 17 to 99 

percent and ultimate strength from 40 to 97 percent was achieved after strengthening. 

After the strengthening the crack pattern shifted from several widely spaced and large 

width cracks to many more closed spaced narrower cracks. The FRP plates used 

demonstrated brittle behavior, despite their brittle behavior, through proper design, 

fibre reinforced plastics can develop enough ductility to be utilized as effective 

concrete reinforcement. 

Nanni, Antonio (1993), suggested that the use of FRP rod-type reinforcement in RC 

(non pre-stressed) construction would not result in material savings. However, its 

justification would be based on factors such as durability or magnetic permeability. A 

more efficient use of FRP reinforcement may be in pre-stressed concrete construction 

because high strength and low modulus characteristics of FRP can be better exploited. 

The flexural design of RC type members can be done using working stress method 

more appropriately, because FRP is linear elastic up to failure, its rigidity is 

considerably lower than that of steel, and nominal moment capacity is highly variable 

as it depends on concrete maximum strain and reinforcement bond. 

GangaRao, Hota V.S. (1998), investigated the effect on flexural strength, of wrapping 

the beams with carbon fabrics. It was reported that strength and stiffness both 

improves after the strengthening of the beams. The percentage increase in ultimate 

strength capacity of the wrapped beams is a function of number of longitudinal layers 

of the carbon fabric. For a particular fabric layer, increase in ultimate strength is 

greater for wrapped beams with lower percentage of steel reinforcement than those 

with higher percentage of steel reinforcement. Damaged beams rehabilitated with 
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carbon wrapping exhibit ultimate strength and stiffness performance similar to 

undamaged wrapped beams. 

Saadatmanesh, H. and Malek, A.M. (1998), suggested that the bonding composite 

plates to reinforced concrete beam is an effective technique of repair and retrofit. The 

ultimate capacity of the strengthened beam is controlled either by compression 

crushing of concrete, rupture of plate, local failure of concrete at the plate end due to 

stress concentration, or debonding of the plate. The authors had suggested a simple 

guidelines using limit state design theory using above failure modes. However, they 

suggested conducting further experimental works to validate and refine the suggested 

equations.  

Buyukozturk, Oral, and Hearing, Brain (1998), FRP laminates bonded to the tension 

face of concrete is attractive method of rehabilitation and retrofitting of the beams. 

This method enhances the flexural strength of the beams but the failure behavior of 

the system can become more brittle, often involving delamination of the composite 

and shear failure of the beams. The authors reviewed the parameters affecting the 

failure modes and techniques used in analysis of these modes. These models have 

concluded that the section will fail in compression when the steel and/or FRP 

reinforcement ratio is large and the concrete strain exceeds 0.003 and the shear 

capacity of FRP strengthened concrete beams does not change significantly from 

those for unretrofit beams. However, the application of the laminate to the soffit of the 

concrete beams introduces shear transfer to the concrete/epoxy interface. At the 

termination of the laminate, a change in stiffness and the discontinuity of beam 

curvature create stress concentration in the concrete, often initiating cracks that can 

lead to debonding.  

Teng, J.G. et al (2000), studied the feasibility of strengthening deficient RC cantilever 

slabs by bonding GFRP strips/sheets on the tension side and effectiveness of different 

anchorage system. The test results have demonstrated that a significant increase in the 

ultimate load and ductility can be achieved if the slot anchorage system is used to 

anchor the strips into the supporting wall. The effect of this strengthening method is 

even better if fibre anchors are installed or the free ends of GFRP composite strips are 

wrapped around the free edge and onto the soffit of the slab. 

Papakonsatantinou, Christos G. et al (2001), investigated the effects of glass fibre 

reinforced polymer (GFRP) composite rehabilitation system on the fatigue 

performance of reinforced concrete beams. The results indicate that beams failed 
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primarily due to fatigue of steel reinforcement. Debonding of the GFRP composite 

sheet was a secondary mechanism in the strengthened beams. Since, the fatigue 

mechanism does not indicate a failure of the FRP, the role of the GFRP composite 

sheet is to increase the strength and stiffness of the beam and thus reduce the stress in 

the steel. Therefore, the fatigue life of strengthened beams is increased as compared 

with the non-strengthened beams for the same applied load. The ultimate deflection 

under fatigue loading conditions is same as the ultimate deflection under static 

loading conditions. This indicates that the failure mechanism is same under static and 

fatigue loading conditions.  

Teng, J.G. et al (2002), proposed the model for calculating ultimate moment of 

resistance of the beams strengthened in flexure bonding FRP laminates. The proposed 

model is based on B.S. 8110 (1997). According to the existing model, the moment 

carrying capacity of the reinforced concrete beams strengthened with FRP plates in 

flexure is given by: 
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fcr = Concrete cube compressive strength 

 be = width of beam 
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 x = Depth of neutral axis 

 h = depth of beam 

 σst = stress in steel at i level 

 Ast = Area of steel in tension zone at i level 

 dsi = Distance of steel at level I from extreme compression fibre 

 σfrp = stress in FRP 

 Afrp = area of FRP 

 dfrp = Distance of FRP from extreme compression fibre 

 γc = Partial safety factor for concrete  

Sheikh, Shamim A. (2002), done extensive study on application of FRP in concrete 

structures for enhancing their structural performance both in terms of strength and 

ductility. Author concluded that FRP reinforcing was very effective in enhancing 

flexural strength of the damaged slabs, shear resistance of the damaged beams and 

seismic resistance of columns. Both carbon and glass composites provide significant 

enhancement (approximately 150%) in flexural strength. But as the shear mode of 

failure is not acceptable, therefore a caution is required to limit the increase in flexural 

capacity due to FRP reinforcement. 

Wang, Y.C. (2003), used FRP plates for strengthening of reinforced concrete beams 

with beams cut-off designed according to the earlier codes, such as ACI 318-71. From 

the experimental and analytical results it was concluded that flexural enhancement, 

which ensures that a strain limit of 0.4% imposed on GFRP plate, may be used to 

enhance the strength at the bar cut-off points. The U-shaped GFRP strips bonded to 

the sides of a beam were ineffective in resisting shear unless they are properly 

anchored at their ends.   

Pham, Huy, and Al-Mahaidi, Riadh (2004), the beams strengthened with FRP to 

enhance its flexural capacity can experience several failure modes, namely flexural 

failure, end debond, and mid span debond. The authors identified various models to 

predict such failures and assessed the model with reported literature and beams tested 

by the authors. It was concluded that beam theory is able to predict the full composite 

action of beams strengthened with FRP. For a simple and conservative design, mid 

span debond can be avoided by limiting FRP stress level to  

  ff 
ff
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≤   (2.10)    (Maruyama and Ueda’s Model) 
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End debond (or anchorage failure) can be avoided by limiting the interfacial bond 

stress between FRP and concrete to the concrete shear stress (0.3 fct as recommended 

by Shehata et al.). For more accurate prediction of debond failure loads. Nebauer and 

Rostasy’s models as recommended in fib 14 can be used for end debond and mid span 

debond respectively. 

Pisani, Marco A. (2006), discussed and compared an exact and an approximate 

approach to the computation of flexural load-carrying capacity of the strengthened 

beam. The two approaches differ from one another in the way they take into account 

the extent of the load already acting throughout strengthening operation. It was 

concluded that load already acting throughout strengthening operation only slightly ( 

less than 5%) affects the flexural load carrying capacity of a beam strengthened with 

CFRP. Which is much lower than maximum extent of the second order effects that 

can be ignored in structural analysis according to Euro code 2. 

2.3.2 Strengthening of Beams in Shear 

Bonding of FRP plates to the RC members, which are deficient in shear, is now a days 

very popular. Strengthening of RC members in shear using FRPs increases its 

ultimate displacement by more than ten folds, and toughness by a factor of more than 

26 [Sheikh, Shamim A, 2002]. 

Triantafillou, Thanasis C. (1998), studied the effect of area fraction and fibre 

configuration on the shear capacity of the beams strengthened with CFRP laminate. It 

was concluded that strength contribution increases almost linearly with a product of 

fibre elastic modulus and fibre area, for values up to 0.4 GPa, beyond which the 

effectiveness of FRP ceases to be positive. It was also concluded that effectiveness of 

FRP increases as the fibres direction becomes closer to the perpendicular to the 

diagonal crack.   

Khalifa, Ahmed et al (1998), presented two design approaches to calculate the 

contribution of externally bonded CFRP sheet to the shear capacity of the RC beam. 

The first approach was based on the effective FRP stress, as a function of FRp 

stiffness and ultimate strain. This design approach s valid for CFRP continuous sheets 

or strips and for any fibre orientation angle and is suitable only if the failure is 

controlled by FRP sheet rupture. The second approach was based on the bond 

mechanism between CFRP sheet and the concrete. The effective width of the FRP 

sheet at delamination is addressed. This design approach is valid only for CFRP 
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continuous sheets or strips and is suitable if the failure is controlled by CFRP sheet 

delamination. 

Khalifa, Ahmed, and Nanni, Antonio (2000), investigated the effect of wrapping 

scheme, CFRP amount, 900/00 ply combination, and CFRP end anchorage, on the 

shear capacity of the beams strengthened with externally bonded CFRP. An increase 

in shear strength of 35 to 145 percent was achieved, after strengthening of the beams. 

From the study it was concluded that there are optimum FRP quantities, beyond that 

the strengthening effects is questionable. But still it was recommended that for field 

applications continuous sheets are safer than strips because the damage to an 

individual strip would have more of an impact on the overall shear capacity. The U-

shaped laminations are more effective than lamination on the side only and U-shaped 

laminate with proper anchor still perform better. The laminate with fibre at 00 to the 

longitudinal axis of the beam, had no contribution to the shear strength. 

Kachlakev, D. and McCurry, D.D. (2000), studied the effect of varying configuration 

of CFRP, and GFRP composites on shear capacity of the beams. Results from study 

showed that the addition of GFRP alone for shear was sufficient to offset the lack of 

steel stirrups and allow conventional RC beams failure by yielding of the tension 

steel. This allowed the ultimate deflection to be 200 percent higher than pre-existing 

shear deficient beam.  

Colotti, Vincenzo, and Spadea, Giuseppe (2001), proposed a truss model capable of 

describing the ultimate behaviour of externally bonded beams in shear. The model is 

based on the theory of plasticity and differs from the current truss models, since it 

explains some important failure modes, such as those influenced by bond slip. The 

accuracy of the model was verified with the experimental results and proved that the 

proposed model predicts the shear capacity with sufficient accuracy. 

Hadi, M.N.S. (2003), studied the effect of amount and types of FRP used on the shear 

capacity of beams retrofitted using FRP. It was concluded that beams retrofitted with 

E-glass wrap had 17 percent higher shear capacity as compared to the original beam.. 

The beams wrapped with E-glass failed in shear with the critical inclined crack 

making an angle of about 45 degree to the horizontal axis. The failure was due to the 

rupture of the E-glass sheets. In comparison, the beams wrapped with CFRP failed in 

flexure due to much higher ductility being available. The results confirmed that, under 

the same amount and configuration, the CFRP material out performs the E-glass 

material in structural external strengthening. 
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Razaqpur, A. Ghani, and Isgor, O. Burkan (2006), proposed an improved method for 

evaluating the shear resistance of FRP reinforced concrete members. The effect of 

shear and moment interaction at a section and the effect of the member size on its 

shear strength was studied. It was hypothesised that the total shear resistance of a 

member Vc, which is not subjected to axial force, is a combination of a contribution 

from the un-cracked (plain) concrete Vc1 and the contribution from the aggregate 

interlock mechanism Vc2  

21 ccc VVV +=  < 0.2ks dbf wc '     (2.11) 

Where  Vc1 = 0.0035kmkska dbf wc '  

and  Vc2 = 0.0035kmkskr dbf wc '  

Where km represents the effect of interaction between the factored moment and the 

factored shear at a section on its shear strength; kr represents the effect of 

reinforcement rigidity Ef ρf, and ka and ks represent the effects of the arch action in 

concrete and the beam size, respectively. Based on the regression analysis, it was 

concluded that for all beams regardless of their a/d, Vc varies almost linearly with the 

cubic root of the longitudinal reinforcement axial rigidity, but some contribution is 

made by plain concrete, regardless of the amount of longitudinal reinforcement. The 

existing ACI committee 440 recommended method, which assumes a linear 

relationship between Vc and Efρf, is highly conservative and its predicted value differs 

significantly from the corresponding experimental results. 

 



 41 
 

 

CHAPTER –3 

PILOT STUDIES FOR FERROCEMENT JACKETS 

 

 

3.1 GENERAL  

The literature review shows that the behaviour of ferrocement in flexure depends 

upon various parameters like cement-sand mortar ratio, water-cement ratio, type and 

orientation of wire mesh, number of wire mesh layers etc. Thus, the behaviour of 

beams retrofitted using ferrocement jackets will also be dependent upon these 

parameters. To understand and fix the parameters for further investigation three pilot 

studies were carried out using ferrocement jackets to retrofit the stressed beams. 

The effect of following parameters was investigated. 

1. Type of Bonding agent 

2. Type of Wire Mesh  

3. Wire Mesh Orientation 

 

3.2 MATERIALS 

Similar sets of materials were used in the pilot study for casting the beams. Relevant 

tests in accordance with Indian standard codes of practice were conducted to 

determine the physical properties of the materials used in the study. The details of the 

materials used along with their properties are presented in the subsequent sections. 

3.2.1 Cement 

ACC Surkasha make Portland Pozzolana Cement confirming to IS:1489 (Part 1)-

1991 available in the local market was used for the study. The physical properties of 

cement obtained from various tests conducted in accordance with relevant IS 

standards are given in Table 3.1.  

3.2.2  Fine Aggregates 

IS: 383-1970 defines the fine aggregates, as those passing 4.75mm IS sieve. The fine 

aggregates are often termed as sand size aggregates. Locally available riverbed sand 

was used in the present study. The properties of the same are give in Tables 3.2 and 

3.3. 

As the percentage of fine aggregates passing 600 microns sieve is 59, it indicates that 

the sand conforms to grading zone-II as per IS: 383-1970. 
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Table 3.1: Physical Properties of Portland Pozzolana Cement 
 
 

Sr. 

No 

Characteristics Test Values Values as per IS:1489 

(Part 1) 

1 Standard consistency 34 - 

2 Fineness of cement as retained on 

90-micron sieve (%) 

0.5 < 10 

3 Setting time (mins) 

1. Initial  

2. Final  

 

84  

300  

 

> 30 

< 600 

4 Specific gravity  

(Specific gravity bottle) 

3.07 - 

5 Compressive Strength (MPa) 

1. 7days 

2. 28 days 

 

30.0  

43.0  

 

22.0  

33.0  

6 Soundness (mm) 

(by Le-Chatelier’s method) 

2.0  < 10 (Fresh Cement) 

< 5 (Old Cement) 

 

 

 
 
 

Table 3.2: Physical Properties of Fine Aggregates 

 
 

 

S. No. Characteristics 
 

Value 

1. Specific gravity (oven dry basis) 2.52 

2. Bulk density loose (kN/m3) 14.8  

3. Fineness modulus 2.36 

4. Water Absorption (%) 2.67  

5. Grading Zone Zone II 
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Table 3.3: Sieve Analysis of Fine Aggregates 
 
Weight of Sample = 1000gm 
 

 
Fineness Modulus = 235.80/100 = 2.35 
 
3.2.3  Coarse Aggregates 

The aggregates retained on 4.75 mm IS sieve are termed as coarse aggregates. Two 

types of crushed aggregates with different sizes were used in the present study as 

detailed below: 

CA-I Aggregates passing through 20 mm sieve and retained on 10 mm sieve 

CA-II Aggregates passing through 10 mm sieve and retained on 4.75 mm sieve 

The properties of these aggregates are listed in Tables 3.4 to 3.6. 

3.2.4  Water  

Fresh and clean potable water was used for casting and curing of the specimens in the 

present study. The water was relatively free from organic matter, silt, oil, sugar, 

chloride and acidic material as per Indian standard IS:456-2000. 

3.2.5  Reinforcing Steel 

HYSD steel of grade Fe-415 confirming to IS:1786-1985 was used in the present 

study. 12mm and 10mm diameter bars were used as tension reinforcement and 8mm 

bars were used as compression steel in the beams, whereas, 6mm diameter mild steel 

bars were used as shear stirrups. The properties of these bars are presented in Table 

3.7 

Sr. 

No. 

Sieve Size 

(mm) 

Weight 

Retained 

(gm) 

Percentage 

Weight 

Retained 

Percentage 

Weight 

Passing 

Cumulative 

Percentage Weight 

Retained 

1. 4.75 29.5 2.95 97.05 2.95 

2. 2.36 12.0 1.2 95.85 4.15 

3. 1.18 74.0 7.4 88.45 11.55 

4. 0.600 294.5 29.45 59 41 

5. 0.300 393.0 39.3 19.7 80.3 

6 0.150 155.5 15.55 4.15 95.85 

7. Pan 38.0    

     Σ = 235.80 
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Table 3.4: Sieve Analysis of Coarse Aggregate CA-I 
 
Weight of Sample = 3 kg 
 
 

Sr. 

No. 

Sieve Size 

(mm) 

Weight 

Retained 

(kg) 

Percentage 

Weight 

Retained 

Percent 

Weight 

Passing 

 

Cumulative 

Percentage 

Weight 

Retained 

1. 20 - - 100 - 

2. 12.5 1813.5 60.45 39.55 60.45 

3. 10 783 26.1 13.45 86.55 

4. 4.75 357.5 11.92 1.53 98.47 

5. Pan 41.5 -   

     Σ = 245.47 

 
Fineness Modulus = (500 + 245.47)/100 = 7.45 
 

 

Table 3.5: Sieve Analysis of Coarse Aggregate CA-II 
 
Weight of Sample = 3 kg 
 
 

Sr. 

No. 

Sieve Size 

(mm) 

Weight 

Retained 

(kg) 

Percentage 

Weight 

Retained 

Percent 

Weight 

Passing 

 

Cumulative 

Percentage 

Weight 

Retained 

1. 20 - - 100 - 

2. 12.5  165 5.5 94.5 5.5 

3. 10  684 22.8 71.7 28.3 

4 4.75 1694.5 56.48 12.22 87.78 

5.  Pan 450 - -  

     Σ = 121.58 

 
Fineness Modulus = (500 + 121.58)/100 = 6.216 
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Table 3.6: Physical Properties of Coarse Aggregates 
 

 
 

 
Table 3.7 Physical Properties of Steel Bars and Steel Mesh Wires 

 

 
 

3.2.6  Steel Mesh 

MS welded steel wire mesh of 40 mm x 40 mm square grid and 2.4 mm diameter 

wire, and GI woven wire mesh of approximately 30 mm x 25 mm rectangular grid and 

2.4 mm diameter wire were used in the ferrocement jacket. The salient properties of 

the wire meshes used are given in Table 3.7. 

3.2.7  Concrete Mix 

M20 grade concrete mix was designed as per Indian Standard recommended 

guidelines IS: 10262-1982, using the materials with properties given in Tables 3.1 to 

3.6. The water-cement ratio used in the proportioned mix was 0.52. The mix 

proportion of material adopted was 1:1.53:3.22 by weight (cement: sand: aggregate). 

Value Sr. 

No. 

Characteristics 
 CA-I CA-II 

1. Type Crushed Crushed 

2. Maximum Nominal Size (mm) 20 10 

3. Specific gravity 2.68 2.70 

4. Total water absorption (%) 1.45 1.643 

5 Fineness modulus 7.45 6.21 

Sr. 

No. 

Diameter of 
bars/ mesh wire 

(mm) 

Yield-
Strength 
(N/mm2) 

Ultimate 
Strength 
(N/mm2) 

Elongation 
(percent) 

1. 12 452.00 584.00 23.00 

2. 10 470.00 580.0 20.0 

3. 8 445.00 555.0 23.0 

4. 6 442.42 612.7 32.9 

5. 2.4 GI 451 612 4.0 
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The quantities of material per cum of concrete along with the strength results of 150 

mm cubes cast for the proportioned mix are listed in Table 3.8(a) and (b), 

respectively. 

Table 3.8(a) Mix Proportions for M20 Concrete Mix (kg/m3) 

 
Water Cement Fine Aggregates Coarse 

Aggregate – I 

(20mm) 

Coarse Aggregate – 

II (10mm) 

185.0 359.2 549.57 578.31 578.31 

  

Table 3.8(b) Compressive Strength of Cubes for M20 Concrete  
 

S. No. Age 

(Days) 

Compressive 

Strength (N/mm2) 

1. 7  22.75 

2. 28  26.8 

3. 56  28 

 

3.2.8  Mortar Mix for Ferrocement Jackets 

The range of mix proportion (Cement: Sand) by weight, recommended for common 

ferrocement application is between, 1:1.5 to 1:2.5, but not greater than 1:3 in any 

case, and water cement ratio (by weight) ranging between 0.35 to 0.5 (ACI Committee 

549 Report). The higher the sand content the higher is the required water content for a 

constant workability. The fineness modulus of the sand, water-cement ratio and sand-

cement ratio were varied and trial batches cast to ensure a mix that can infiltrate the 

mesh and develop a strong and dense matrix. For the present study, the proportion of 

cement–sand mortar used for applying ferrocement jackets was 1:2 (cement: sand). 

The water-cement ratio for mortar was 0.40 to ensure a homogenous mix and desired 

workability. 

 

3.3 CASTING OF REINFORCED CONCRETE BEAMS 

The prototype beams of size 127 mm x 227 mm x 4100 mm were cast for pilot testing 

purposes in the first stage, in order to finalize the parameters like type of bonding 
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material, type and orientation of wire mesh. The beam moulds used are shown in Plate 

3.1(d).  

The beams were designed as under-reinforced sections and balanced sections using 

the limit state design theory as per IS:456-2000. The under reinforced sections were 

reinforced with two bars of 8 mm diameter in compression (at top) and two bars of 10 

mm diameter in tension (at bottom), while balanced sections were reinforced with two 

bars of 8 mm diameter in compression (at top) and three bars of 12 mm diameter in 

tension (at bottom) as shown in Figs. 3.1 and 3.2. In both type of sections, 6 mm 

diameter rings at a spacing of 150 mm c/c were provided as shear stirrups.  

 
Fig. 3.1 Longitudinal and Cross-Section of Unretrofitted Under Reinforced Beams 

(All Dimensions are in mm) 
 

The steel rebars were cut to size and the reinforcement cage prepared depending upon 

the type of beam to be cast i.e. an under reinforced or a balanced section. Cover 

blocks of 25 mm size were provided below the reinforcement to maintain a uniform 

cover to the reinforcement during casting as shown in Plate 3.1(b). The moulds were 

oiled before concreting to ease the demoulding process. The concrete mix as 

proportioned was prepared using a pan type concrete mixer as shown in Plate 3.1(a). 

The concrete mix was then poured into the moulds and compacted using a needle 

vibrator as shown in Plates 3.1(d) and 3.1(e). The vibration was done until the mould 

was completely filled and no voids were left. The beams were demoulded after 48 
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hours. After demoulding the beams were cured for 28 days using jute bags and sand 

ponding.  

 
Fig. 3.2 Longitudinal and Cross-Section of Unretrofitted Balanced Beams 

(All Dimensions are in mm) 
 

3.4 RETROFITTING USING FERROCEMENT JACKET 

The beams were first stressed to a pre-decided level. The beams were then partially 

destressed (due to self weight only) by putting them upside down. The surface of the 

stressed beams was chipped creating grooves on surfaces of the beams and cleaned 

with metallic brush using potable water. One coat of bonding agent was applied on 

the cleaned surface before placing the wire mesh cage on it without repairing the 

initial cracks. The cage was properly placed ensuring tight fit with the help of mild 

steel wire and 1:2 cement mortar with water cement ratio 0.4 was applied. The 

process is shown in Plate 3.2 and the longitudinal and cross sections of the beam after 

retrofitting are shown in Fig. 3.3  

 

3.5 TESTING ARRANGEMENT 

All the control as well as retrofitted beams were tested under two point loading with 

simply supported end conditions. The point loads were placed at a distance of 500 

mm on either side of the centre of the beam. The load on the beams was controlled 

through a hydraulically operated jack connected to a load cell. The load was applied 

in equal increments of 2 kN each and measured using a data acquisition system 
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having a least count of 0.1 kN, attached to the load cell. The deflection corresponding 

to the applied load was measured with the help of dial gauges having a least count of 

0.01mm. Three dial gauges were used to measure the deflections at the quarter span 

sections and at the centre of the beams. Fig. 3.4 and Plate 3.3 show the testing 

arrangement used. 

 
Figure 3.3: Longitudinal and Cross-Section of Retrofitted Beams 

 
Fig. 3.4 Loading Arrangement for Testing of all Beam Specimens 

(All Dimensions are in mm) 
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3.6 IDEALIZATION OF LOAD DEFLECTION CURVE 

The load deflection data obtained from the testing of the beams is plotted and the load 

deflection curve thus obtained is idealized as quadri-linear curve for the purpose of 

calculating ductility ratio and toughness of the beam. The ductility ratio is defined as 

the ratio of deflection at ultimate load (defined as 0.85 of maximum load) to the 

deflection at yield load. Whereas, toughness is the area under the idealized load 

deflection curve up to the ultimate load.  

The idealized load deflection curve is obtained by linearly joining four points starting 

from the origin. Each of these four points are located on the curve as explained below.  

1. Elastic load point, is the load up to which load deflection curve is linear.  

2. Yield load point, is the load at which the yielding of the beam starts, which is   

obtained by drawing a tangent to the elastic load point and maximum load 

point on the curve.  

3. Maximum load point, and  

4. Ultimate load point, defined as the point at which the load drops to 85% of the 

maximum load.      

One such idealized curve is shown in Appendix-C. 
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(a) Pan Mixer     (b) Cover Block 
 

             
 

 (c) Preparation of Moulds  (d) Reinforcement Cage in Moulds 
 

                                
 

(e) Compaction of Concrete Using Needle Vibrator 
 
 

Plate 3.1 Casting of Beams 
 
 



 52 
 

 

 

     
 
 (a) Roughened Surface of Beam  (b) Application of Cement Slurry 
                          

             
 
(c) Fixing of Wire Mesh – 1  (d) Fixing of Wire Mesh - 2 
 

Plate 3.2 Application of Ferrocement Jacket 
 

 
 

Plate 3.3 Test Set up for simply Supported Beams Subjected to Two-Point 
Loading with Dial Gages at Mid-Span and Quarter Span Section 
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3.7 EFFECT OF TYPE OF BONDING AGENT ON STRENGTH OF 

BEAMS RETROFITTED USING FERROCEMENT JACKETS 

 

The first of the pilot studies was carried out to study the effect of type of bonding 

agent on the strength of the beams retrofitted using ferrocement jackets. In this three 

types of boding agents viz. epoxy, cement slurry and cement slurry with shear 

connectors were adopted to glue the ferrocement jacket to the distressed beams.  

Eight prototype beams of size 127mm x 227mm x 4100mm reinforced with two bars 

of 10mm diameter in tension and two bars of 8mm diameter in compression as shown 

in Fig. 3.1 were cast using the proportioned mix. Out of these eight beams, two beams 

were used as control beams (Type – A) and tested to failure to find out the safe load 

carrying capacity corresponding to the allowable deflection as per IS:456-2000 i.e. 

span/250. The other six beams were stressed to 75 percent of the safe load obtained 

from the control beam and were then retrofitted with 15 mm thick ferrocement jacket 

made with 1:2 cement mortar and w/c ratio of 0.40. The jacket was reinforced with a 

single layer of 40mm x 40mm square welded wire mesh. The three bonding agents 

mentioned above were used to bond the jacket to the stressed beams. The retrofitted 

beams were then tested to failure and their behaviour was observed and analyzed.  

The sets of two beams each were divided into four categories depending upon the type 

of bonding agent used. The control beams were designated as type-A. The beams in 

which cement slurry was used for gluing the ferrocement jacket to the beam were 

designated as type – B beams as shown in Plate 3.4(a). Epoxy of Nitobond EP make 

was used for the purpose of gluing the ferrocement jacket to the beam for retrofitting 

in type – C beams. The same is shown in Plate 3.4(b). The ratio of the epoxy to the 

hardener adopted was 2:1 as recommended by the manufacturer and properties of the 

same are provided in Table 3.11.  

Screws of 4 mm diameter were used as shear connectors with cement slurry as the 

bonding agent for the retrofitting of beams designated as type – D beams. The screws 

were provided in two rows at a spacing of 100 mm c/c as shown in Plate 3.4(c). 

  

3.7.1 Testing of Beams 

All the eight beams, control as well as retrofitted, were tested as per arrangement 

explained in section 3.5 (see Fig. 3.4) 



 54 
 

 

After testing the control beams, the other six beams were stressed to 75 percent of 

safe load and were subsequently retrofitted using the procedure explained in section 

3.4. A set of two beams was retrofitted with each bonding agent. After cleaning the 

surface, the bonding agent was applied to the surface of the beam and then jacketing 

of the beam was done with the help of welded wire mesh. Subsequent to that a 15mm 

thick plaster was applied over the soffit and vertical faces of the beam in U-shape. 

Following this the beam was cured for a period of 7 days. The retrofitted beams were 

again tested to calculate the maximum load and corresponding deflections. 

 

3.7.2 Results And Discussion  

First, the two control beams were tested to failure. The maximum load corresponding 

to an allowable central deflection of span/250, i.e. 15 mm was obtained from the load 

deflection curve as 12.67 kN. The remaining six beams were stressed to 75 percent of 

this average safe load i.e. 9.5 kN. Subsequently the retrofitting of beams with 

different bonding agents as mentioned earlier was carried out. These retrofitted beams 

were then loaded to failure and data was recorded in the form of loads and 

corresponding deflections. Table 3.9 presents this data for the control as well as 

beams retrofitted using specified bonding agents. Figure 3.5 shows the load-deflection 

plots at the mid span point of the control beams and beams retrofitted with different 

bonding agents. 

It is observed from the curves in Fig. 3.5 that with an increase in load there is 

considerable increase in deflection for all the beams. The average spacing of the 

cracks was observed to be 80-120 mm for the control beams, whereas it decreases for 

retrofitted beams. The average spacing of the cracks decreased to 40-60 mm for the 

retrofitted beams, indicating better distribution of stresses after retrofitting. The 

primary reason of decrease in spacing of cracks is the closely spaced reinforcement in 

the tension zone, which acts as a crack arrestor. The failure for the control beams 

occurred at a load of 21.8 kN with a deflection of 44.85 mm, whereas the retrofitted 

beams with cement slurry failed at a load of 25.2 kN with a deflection of 39.2 mm at 

the center. The failure load for retrofitted beam using epoxy as bonding agent was 

observed to be 25.6 kN at a deflection of 43.25 mm. These values of deflection and 

load increased to 26.2 kN and 46.28 mm, respectively for beams retrofitted with 

cement slurry and shear connectors. The above observations clearly indicate that after 
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retrofitting there is a considerable increase in the load carrying capacity, the highest 

being for beams using shear connectors.   

The load deflection curves are idealized as quadri-linear curves as explained in 

section 3.6 and using the idealized curves the ductility ratio i.e. ratio of deflection at 

ultimate load to yield load and energy absorption i.e. area under the curve up to 

ultimate load is calculated and presented in Table 3.10. It is observed that the ductility 

ratio increases by 5.34, 9.9 and 10.21 percent and energy absorption increases by 

11.02, 14.73, and 21.67 percent for Type-B, Type-C and Type-D beams respectively 

as compared to the control beams (Type-A). 

The results indicate that the beams retrofitted with shear connector, as bonding agent 

is best among all the three with regards to enhanced maximum load carrying capacity, 

ductility ratio and energy absorption followed by the epoxy bonded and cement slurry 

bonded beams, respectively. The increase in ductility ratio and energy absorption of 

beams using shear connectors as compared to the beams retrofitted with other bonding 

agents indicates that shear connectors are best for dynamic load applications. 

However, a detailed cost analysis to check the economic feasibility of various 

bonding agents, which is presented in the succeeding section, throws up other 

different prospective. 

 

3.7.3 Cost Analysis 

A comparative analysis of cost for the above pilot study is presented in Table 3.12. 

The cost analysis shows that the cost to strength ratio is highest in case of beams 

retrofitted with epoxy followed by beams bonded with shear connectors and cement 

slurry. This is primarily due to the fact that cement slurry is easy to apply as 

compared to shear connectors, which require more time and technical supervision and 

cost of epoxy is much more than the other bonding agents resulting in a higher cost of 

retrofitting.



Table 3.9: Load v/s Deflection Data for Control Beam and Beams Retrofitted with Ferrocement Jackets Bonded to the Beam Using 
Different Bonding Agents 

 

S. 
No 

Control Beam 
(Type –A+) 

Beam with Cement Slurry 
(Type –B+) 

Beam with Epoxy 
(Type –C+) 

Beam with Cement Slurry 
and Shear Connectors 

(Type – D+) 
 Deflection (mm) at Deflection (mm) at Deflection (mm) at Deflection (mm) at
 

Load 
(kN) L/2 L/4 

Load 
(kN) L/2 L/4 

Load 
(kN) L/2 L/4 

Load 
(kN) L/2 L/4 

1. 3 2.1 1.20 2 0.263 0.16 2 0.25 0.2 2 0.47 0.26 
2. 4 3.0 1.82 4 1.66 0.93 4 1.85 1.19 4 2.42 1.46 
3. 6 5.0 3.02 6 3.76 2.24 6 3.68 2.35 6 4.14 2.56 
4. 8 8.3 5.00 8 5.25 3.11 8 5.55 3.53 8 5.98 3.74 
5. 10 10.98 7.00 10 7.21 4.29 10 7.1 4.55 10 8.03 5.08 
6. 12 14.0 9.22 12 9.11 5.39 12 8.51 5.42 12 10.15 6.47 
7. 14 17.0 11.2 14 10.85 6.36 14 10.09 6.39 14 12.35 7.88 
8. 16 20.0 13.50 16 12.98 7.62 16 11.94 7.51 16 14.88 9.6 
9. 20 28.0 19.00 18 16.16 9.55 18 13.87 8.73 18 17.1 11.04 
10. 21.8 44.85 33.4 20 18.44 10.96 20 17.72 10.99 20 19.34 12.55 
11. 21 61.28  22 23.05 13.48 22 24.39 15.02 22 23.44 14.96 
12. 18 76.28  24 30.61 17.57 24 31.99 19.37 24 32.3 19.94 
13.    25.2 39.2 22.18 25.6 43.25 24.65 26 45.14 24.22 
14.    23.5 58.12 - 24 52.25 - 26.2 46.28 24.5 
15.    20 75.10 - 21 74.56 - 25 58.32 - 
16.          22 74.78 - 
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Table 3.10:  Test Results of the Beam Specimens Retrofitted Using different 

Type of Bonding Agents 
 

Sr. 
No 

Beam type Pmax 
(kN) 

Mmax 
(kN-m) 

Ductility 
Ratio* 

Increase 
in 

Ductility 
Ratio (%)

Energy 
Absorption

** 
(kN-m) 

Increase in 
Energy 

Absorption 
(%) 

1. Control 
Unretrofitted 
Beam  
(Type-A+) 

21.8 14.99 2.46 - 1244.27 - 

2. Retrofitted 
with Cement 
Slurry  
(Type-B+) 

25.2 17.32 2.60 5.34 1381.35 11.02 

3. Retrofitted 
with Epoxy 
Resin  
(Type-C+) 

25.6 17.60 2.73 9.9 1427.51 14.73 

4 Retrofitted 
with shear 
connectors 
(Type-D+) 

26.2 20.30 2.74 10.21 1513.92 21.67 

 
* Ductility ratio of the beams is defined as ratio of deflection at ultimate load to the yield load 

calculated from idealized quadri-linear load deflection curve 
** Area under the load deflection curve upto ultimate load  

 
 
 

Table 3.11  Material Properties Epoxy Resin 
 

S.No. Property Typical Test Value 

1. Pot Life (mins.) at 200C 45 

2. Compressive Strength (MPa) 50 

3. Tensile strength (MPa) 20  

4. Flexural Strength (MPa) 35  

5. Shear Strength (MPa) 25 
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Table 3.12: Cost Analysis of the Beams Retrofitted Using Different Bonding 
Agents 

 
 

Cost (Rs.) of Beam type Material Rate(Rs.) 
A+ B+ C+ D+ 

Concrete Ingredients  
Cement (kg) 3.30 181.50 181.50 181.50 181.50 

Rebars (kg) 32.0 402.82 402.82 402.82 402.82 

Coarse Aggregates (cft) 12.0 27.26 27.26 27.26 27.26 

Fine aggregates (cft) 7.0 22.95 22.95 22.95 22.95 

Labour for control beams Lump Sum 125.0 125.0 125.0 125.0 

Cost of ingredients  759.52 759.52 759.52 759.52 

Retrofitting Material 

Welded Wire mesh Lump Sum - 316.67 316.67 316.67 

Epoxy Lump Sum - - 500.00 - 

Additional material like 

cement, Fine aggregates, 

screws etc. 

Lump Sum - 80.19 65.49 90.49 

Labour Lump Sum - 100.00 100.00 325.00 

Cost of Retrofitting  - 497.16 982.16 732.16 

Total Cost Lump sum 759.52 1256.38 1741.68 1491.68 

Cost Ratio  1.0 1.65 2.29 1.96 

Strength Ratio  1.0 1.72 1.75 1.79 

Cost/Strength Ratio  1.0 0.96 1.31 1.09 

  
+Beam Type A = Control unretrofitted beam 
   Beam Type B = Beam retrofitted with welded wire mesh Using Cement slurry as Bonding Agent  
   Beam Type C = Beam retrofitted with welded wire mesh Using Epoxy Resin as Bonding Agent 
   Beam Type D = Beam retrofitted with welded wire mesh Using Shear Connectors and cement slurry  
                              as Bonding Agent 
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(a) Cement Slurry     (b) Epoxy Resin 
 

 
(c) Shear Connectors with cement Slurry as Bonding agent 

 
Plate 3.4 Different Bonding Agents 

Fig. 3.5 Load v/s Deflection Curve at Mid Span for Control Beam and Beams 
Retrofitted with Ferrocement Jacket, Bonded with Different Bonding Agents 
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3.8 EFFECT OF ORIENTATION OF WIRE MESH ON STRENGTH OF 
   BEAMS RETROFITTED USING FERROCEMENT JACKETS 

 

The second pilot study was carried out to study the effect of orientation of wire mesh 

on the strength of beams retrofitted using ferrocement jackets. Herein, three 

orientations of wire mesh viz. 00, 450 and 600
, to the longitudinal axis of the beam 

were adopted to reinforce the ferrocement jacket used to retrofit the beams.  

In this study too, eight prototype beams of size 127mm x 227mm x 4100mm 

reinforced with two bars of 10 mm diameter in tension and two bars of 8mm diameter 

in compression were cast using the proportioned mix. Out of these eight beams, two 

were used as control beams (Type- A) and tested to failure to find out the safe load 

carrying capacity corresponding to the allowable deflection as per IS:456-2000 i.e. 

span /250. The other six beams were stressed to 75 percent of the safe load obtained 

from the testing of the control beams and were then retrofitted with 15 mm thick 

ferrocement jackets made with 1:2 cement sand mortar and w/c ratio 0.40. The jacket 

was reinforced with single layer of 40mm x 40mm square welded wire mesh. The 

three wire mesh orientation viz. 0, 45, 60 degree were used in the ferrocement jackets. 

The set of beams (two each) were divided into four categories depending upon the 

orientation of wire mesh in the jacket. Control beams were designated as type-A, 

whereas, beams retrofitted with welded wire mesh oriented at 0 degree were 

designated as type – B beams. Retrofitted beams having welded wire mesh oriented at 

45 degrees and 60 degrees were designated as type – C and type-D, respectively. The 

same are shown in Plate No 3.5. 

 

3.8.1 Testing of Beams 

All the eight beams, control as well as retrofitted, were tested as per the testing 

arrangement explained in section 3.5 (see Fig. 3.4) 

After testing the control beams, the other six beams were stressed to 75 percent of the 

safe load and were subsequently retrofitted using the procedure explained in section 

3.4. A set of two beams was retrofitted with each wire mesh orientation. After 

cleaning the surface, the cement slurry was applied to the surface of the beam as a 

bonding agent and then jacketing of the beam was done with the help of welded wire 

mesh. Subsequent to that a 15mm thick plaster was applied over the soffit and two 

sides of the web of the beam in a U-shape. Following this the beam was cured for a 
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period of 7 days. The retrofitted beams were again tested to obtain the values of loads 

and corresponding deflections.  

 

3.8.2   Results And Discussion 

First, the two control beams were tested to failure. The load corresponding to an 

allowable central deflection of 15 mm (span/250) was obtained from load deflection 

curve as 12.67 kN. The remaining six beams were stressed to 75 percent of this 

average safe load i.e. 9.50 kN. Subsequently the retrofitting of beams using different 

orientations of wire mesh in the ferrocement jackets was carried out. These retrofitted 

beams were then loaded to failure and the data was recorded in the form of load and 

deflection. Table 3.13 presents this data for the control beams and beams retrofitted 

using specified wire mesh orientations. Fig 3.6 shows the load deflection behaviour at 

the mid span points of the control as well as beams retrofitted with different wire 

mesh orientations.  

It is observed from the curves in Fig 3.6 that with an increase in load there is a 

considerable increase in deflection for all the beams. It was also noted that the spacing 

of cracks was 45mm in case of beams retrofitted with wire mesh at zero degree as 

compared to beams retrofitted with wire mesh at 450
, for which it was 85mm. The 

spacing increased to 108 mm for 60-degree orientation. This shows that the 

distribution of stress with wire mesh at zero degree is better. It is also observed that 

corresponding to the serviceability requirement of 15 mm deflection, the load 

increased from 12.67 kN for the control beam to 14.15 kN, 13.25 kN, 15.41 kN for 

type B, C and D retrofitted beams, respectively.  

It is also observed from the curves that the deflection at the centre at maximum load is 

maximum in the case of beams retrofitted with wire mesh at 45 degree which is 

69.05mm as compared to those with wire mesh at zero degree, for which it is 

56.82mm, and for 60 degree, for which it is 63.0 mm.  

The load deflection curves were idealized as quadri-linear curves as explained in 

section 3.6. Using the idealized curves the ductility ratio i.e. ratio of deflection at 

ultimate load to yield load, and energy absorption i.e. area under the curve up to 

ultimate load are calculated and presented in Table 3.14. It is observed that the 

ductility ratio increases by 4.47, 0.40 and 0.82 percent and energy absorption 

increases by 76.27, 73.98, and 70.42 percent for Type-B, Type-C and Type-D beams 

respectively as compared to the control beams (Type-A). 
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The results indicate that the beams retrofitted with wire mesh at 45 degree as 

reinforcement in the ferrocement jacket is best among all the three with regards to 

enhanced maximum load carrying capacity followed by 60 degree and zero degree 

respectively. However, the ductility ratio and energy absorption capacity is highest in 

case of beams retrofitted wire mesh at zero degree followed by forty-five degrees and 

sixty degrees. The increase in ductility ratio and energy absorption of beams 

retrofitted using ferrocement jacket having welded wire mesh at different orientations, 

as reinforcement are makes the retrofitted beams suitable for dynamic load 

applications. 

A detailed cost analysis to check the economic feasibility of different wire mesh 

orientations is presented in the succeeding section. 

 

3.8.3 Cost Analysis 

A comparative cost analysis for four types of beams is presented in Table 3.15. 

It is noted that beams retrofitted with wire mesh oriented at zero degree are the most 

efficient of the three orientations as its cost to strength ratio is the lowest at 1.19 as 

compared to the other two orientations for which the value is 1.21 and 1.30 for wire 

mesh at 45 degrees and 60 degrees, respectively.  

Thus, the beams retrofitted using ferrocement jackets having wire mesh orientation at 

zero degree are most efficient (lowest cost to strength ratio) as compared to other 

orientations. 
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Table 3.13: Load v/s. Deflection Data For Control Beam And Beams Retrofitted with Ferrocement Jacket having Welded Wire Mesh at 
Different Orientations 

 
S. 
No 

Control Beam 
(Type –A++) 

Beam with Wire Mesh at 00

(Type –B++) 
Beam with Wire Mesh at 450 

(Type –C++) 
Beam with Wire Mesh at 600 

(Type – D++) 
 Deflection (mm) at Deflection (mm) at Deflection (mm) at Deflection (mm) at
 

Load 
(kN) L/2 L/4 

Load 
(kN) L/2 L/4 

Load 
(kN) L/2 L/4 

Load 
(kN) L/2 L/4 

1 3 2.1 1.20 3 2.8 1.8 3 3.35 2.12 3 2.43 1.82 
2 4 3.0 1.82 4 4.4 3.0 4 4.42 3.0 4 3.58 2.4 
3 6 5.0 3.02 6 7.0 4.89 6 6.50 4.5 6 5.61 3.16 
4 8 8.3 5.00 8 9.0 6.48 8 8.87 6.0 8 7.30 4.20 
5 10 10.98 7.00 10 10.87 7.76 10 10.9 7.74 10 9.76 4.87 
6 12 14.0 9.22 12 12.8 9.2 12 13.75 9.26 12 11.85 6.0 
7 14 17.0 11.2 14 14.76 10.15 14 15.75 11.45 14 13.24 7.76 
8 16 20.0 13.50 16 17.95 13.42 16 17.63 13.98 16 15.73 9.84 
9 20 28.0 19.00 18 20.34 15.36 18 20.42 16.76 18 18.00 11.95 
10 21.8 44.85 33.4 20 22.76 16.9 20 23.2 17.5 20 21.00 13.72 
11 21 61.28  22 24.76 18.5 22 26.8 21.0 22 23.33 15.0 
12 18 76.28  24 28.4 20.22 24 32.0 25.0 24 27.00 17.5 
13    26 36.0 24.0 26 34.4 28.0 26 34.00 24.0 
14    28 47.05 32.04 28 38.0 31.45 28 50.00 36.34 
15    30 53.82 - 30 41.95 35 30 58.20 41.52 
16    31.8 56.82  32 57.37 40.2 31.9 63.0 45.51 
17    30 80.62  33.2 69.05 42.82 29 78  
18    25 100.62  26 99.05  25 102  
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Table 3.14: Test Results of Beams Retrofitted Using Ferrocement Jacket having 
Welded Wire Mesh at Different Orientation 

 
Sr. 
No 

Beam type Pmax 
(kN) 

Mmax 
(kN-m)

Ductility
Ratio* 

Energy 
Absorption** 

(kN-m) 

Increase in 
Energy 

Absorption (%) 
1 Type-A++ 21.8 14.99 2.46 1244.27 - 

2 
Type-B++ 31.8 21.862 2.57 2193.22 76.27 

3 
Type-C++ 33.2 22.825 2.46 2164.72 73.98 

4 
Type-D++ 31.9 21.93 2.48 2120.45 70.42 

 
* Ductility ratio of the beams is defined as ratio of deflection at ultimate load to 

the yield load calculated from idealized quadri-linear load deflection curve 
** Area under the load deflection curve upto ultimate load  

 
 

  

Figure 3.6: Load v/s. Deflection Curve at Mid Span for Control Beam and Beams 

Retrofitted with Wire mesh at Different Orientations  
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Table 3.15: Cost Analysis of Beams Retrofitted Using Ferrocement Jacket having 
Welded Wire Mesh at Different Orientations 

 

Cost (Rs.) of Beam type Material Rate(Rs.) 
A++ B++ C++ D++ 

Concrete Ingredients  
Cement (kg) 215 215 215 215 215 

Rebars (kg) 

10mm 

8mm 

6mm 

 

30.10 

30.75 

33.75 

 

148.724

97.14 

111.52 

 

148.724 

97.14 

111.52 

 

148.724 

97.14 

111.52 

 

148.724 

97.14 

111.52 

Coarse Aggregates (cft) 14.0 50.89 50.89 50.89 50.89 

Fine aggregates (cft) 17.0 29.56 29.56 29.56 29.56 

Labour for control 

beams 

Lump Sum 200 200 200 200 

Cost of Ingredients  852.834 852.834 852.834 852.834 

Retrofitting Material 

Welded Wire mesh Lump Sum - 330 420* 480* 

Additional material like 

cement, Fine 

aggregates, screws etc. 

Lump Sum - 107 107 107 

Labour Lump Sum - 192 192 192 

Cost of Retrofitting  - 629 719 779 

Total Cost  852.834 1481.834 1572.834 1631.834

Cost ratio  1.0 1.74 1.84 1.91 

Strength Ratio  1.0 1.46 1.52 1.46 

Cost/Strength Ratio  1.0 1.19 1.21 1.30 

 
++ Beam Type A = Control unretrofitted beam 
   Beam Type B = Beam retrofitted with welded wire mesh oriented at zero degree  
   Beam Type C = Beam retrofitted with welded wire mesh oriented at 45 degree 
   Beam Type D = Beam retrofitted with welded wire mesh oriented at 60 degree 

* The cost of the wire mesh at 45 degrees and 60 degrees orientation increases due to   
    wastages at these angles 
 
            



 66 
 

                                                                       
 
     (a)  00 Orientation           (b)  450 Orientation 
 
 
                             

 
 
 

(c) 600 Orientation 
 

Plate 3.5 Different Wire Mesh Orientations 
  

 
3.9 EFFECT OF TYPE OF WIRE MESH ON STRENGTH OF BEAM 

RETROFITTED USING FERROCEMENT JACKETS 

 

The third study was carried out to study the effect of type of wire mesh on strength of 

beam retrofitted using ferrocement jackets. Two types of wire mesh commonly 

available in market viz. welded wire mesh and woven wire mesh were adopted as 

reinforcement for the ferrocement jacket used for retrofitting of the beams.  

In this study again, six prototype beams of size 127mm x 227mm x 4100mm 

reinforced with three bars of 12mm diameter in tension and two bars of 8mm diameter 
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in compression were cast using the proportioned mix. Out of these six beams, two 

beams which were used as control beams (Type- A) were tested to failure to find out 

the safe load carrying capacity corresponding to the allowable deflection as per 

IS:456-2000 i.e. span /250. The other four beams were stressed to a predetermined 

stress level, 60 percent of the safe load obtained from the testing of control beams, 

and two each were then retrofitted with 25 mm thick ferrocement jacket using two 

layers of 40 mm x 40 mm square welded wire mesh and with 30 mm x 25 mm GI 

woven wire mesh, made with 1:2 cement sand mortar and a w/c ratio of 0.40. 

The set of beams (two each) were divided into three categories depending upon the 

type of wire mesh used in the ferrocement jacket. The control beams were designated 

as type-A, whereas those having welded wire mesh as reinforcement were designated 

as type – B beams and those having woven wire mesh were designated as type – C 

beams. 

 

3.9.1         Testing of Beams 

All the six beams, controlled as well as retrofitted were tested as per arrangement 

explained in section 3.5. After testing the control specimens, the other four beams 

were stressed to 60 percent of safe load and were subsequently retrofitted using the 

procedure explained in section 3.4. A set of two beams each were retrofitted with each 

type of wire mesh using cement slurry as the bonding agent. After the application of 

the bonding agent, retrofitting of the beam was done by applying 25mm thick cement 

sand mortar on the soffit and two sides of the beam in U-shape as ferrocement jackets, 

having different types of wire mesh. The beams were cured for 7 days before testing. 

The retrofitted beams were again tested to obtain the values of load and corresponding 

deflections.  

 

3.9.2      Results And Discussion 

First, the two control beams were tested to failure. The maximum load corresponding 

to an allowable deflection of 15mm (span/250) was obtained from load deflection 

curve as 19.875 kN. The remaining four beams were then stressed to 60 percent of 

this average safe load i.e. 11.925 kN. Subsequently, the retrofitting of beams was 

carried out using different type of wire meshes as mentioned earlier. These retrofitted 

beams were then loaded to failure and the data was recorded in the form of loads and 

corresponding deflections. Table 3.16 presents the data pertaining to the load 
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deflection values for the control beams and beams retrofitted using welded and woven 

wire meshes. Fig 3.7 shows the load deflection behaviour at the mid span points of the 

beams. 

It is observed from the Table 3.16 and curves of Fig. 3.7 that with an increase in the 

load there is a considerable increase in deflection for all the beams. It is also 

observed that corresponding to the serviceability requirement of 15 mm deflection 

the load increased from 19.875 kN for the control beam to 24.01 kN for the beams 

retrofitted using woven wire mesh, whereas, it decreased to 18.37 kN for beams 

retrofitted using welded wire mesh. Therefore, the safe load carrying capacity of the 

beams retrofitted using welded wire mesh decreased by 7.57 percent, whereas for the 

beams retrofitted with woven wire mesh it increased by 20.75 percent, as compared 

to the control beams.   The maximum loads for beams retrofitted using welded wire 

mesh and woven wire mesh are 43.65 kN and 45.4 kN, respectively, relative to 38.7 

kN for the control beam. This indicates that there is an increase in the maximum load 

carrying capacity by 12.8 percent and 17.31 percent, for beams retrofitted using 

welded and woven wire meshes, respectively. 

The crack spacing in beams before and after the retrofitting was also noted, and it 

was observed that spacing of the cracks decreases in both the cases after retrofitting. 

Thus, as noted earlier as well, after retrofitting there is a better distribution of 

stresses in the beams.  

The plotted load deflection curves are also idealized as quadri-linear curves as 

explained in section 3.6, and from the idealized curves the deflection ductility ratio 

i.e. ratio of deflection at ultimate load and yield load, and toughness i.e. area under 

the load deflection curves are determined and tabulated in Table 3.17. It is observed 

that the toughness of the beams in case of welded wire mesh increases by 7.08 

percent, whereas it increases by 55.93 percent in case of woven wire mesh as 

compared to the control beams.  

During the testing it was also noticed that the beams retrofitted using welded wire 

mesh failed suddenly due the breaking of the wire at the weld spots due to which 

there is a relatively less increase in the toughness as compared to the woven wire 

mesh. The decrease in the ductility ratio in welded wire mesh is also due to the 

sudden breakage of welded wire mesh from the points of weld. Therefore, the use of 

welded wire mesh is not recommended for retrofitting purposes, where the aim is to 

increase the ductility and energy absorption capacity of the beams so that they 
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behave better during earthquakes after retrofitting.     

 

3.10 CONCLUSIONS FROM PILOT STUDIES 

 

Based upon the discussion and analysis of test results of the pilot studies undertaken, 

the following conclusions were drawn: 

1. All the three types of bonding agents viz. cement slurry, epoxy resin and shear 

connectors with cement slurry as bonding agent, are found useful in increasing 

the strength and ductility of the retrofitted beams. However, cement slurry is the 

most efficient of the three bonding agents as its cost to strength ratio is lowest as 

compared to the others. The maximum strength was the highest in case of the 

beams retrofitted with shear connectors. This procedure needs technical 

supervision and skilled labour during application and, therefore, has the higher 

cost. 

2. The beams retrofitted using welded wire mesh at 45-degrees orientation had 

highest load carrying capacity compared to the other orientations. However, the 

wire mesh oriented at zero degree was the most efficient as it’s cost to strength 

ratio was the lowest. 

3. Beams retrofitted with a ferrocement jacket having woven wire mesh as 

reinforcement had the highest load carrying capacity, a significant increase in the 

ductility ratio and energy absorption as compared to the welded wire mesh 

reinforcement. 

 

Thus, considering the overall economy and usefulness, the following combination of 

parameters was adopted for further detailed investigations and proposing a 

mathematical model.  

 

• Woven wire mesh as reinforcement in the ferrocement jacket  

• Zero degree orientation of mesh, and  

• Cement slurry as the bonding agent.  
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Table 3.16: Load v/s. Deflection Data For Control Beam And Beams Retrofitted with Ferrocement Jacket Reinforced with Different 
Types of Wire Mesh 

S.No. Beam-1 Type-A#  Beam-2 Type-A#  Beam –1 Type –B#  Beam –2 Type –B# Beam –1 Type –C# Beam –2 Type –C# 
 Deflection 

(mm) at 
Deflection 
(mm) at 

Deflection 
(mm) at 

Deflection 
(mm) at 

Deflection 
(mm) at 

Deflection 
(mm) at 

 

Load 
(kN) 

L/2 L/4 

Load 
(kN) 

L/2 L/4 

Load
(kN) 

L/2 L/4 

Load
(kN) 

L/2 L/4 

Load
(kN) 

L/2 L/4 

Load
(kN) 

L/2 L/4 
1 0 0 0.00 0 0 0.00 0 0.00 0.00 0 0 0.00 0 0.00 0.00 0 0.00 0.00 
2 2 0.91 0.65 2 1.72 1.30 2 3.25 1.91 2 3.05 1.66 2 1.14 0.82 2 1.16 0.81 
3 4 1.82 1.29 4 3.44 2.60 4 4.72 2.94 4 4.70 2.72 4 2.17 1.53 4 2.07 1.47 
4 6 2.81 1.98 6 5.16 3.90 6 6.46 4.11 6 6.25 3.78 6 3.01 2.12 6 3.36 2.35 
5 8 4.18 2.94 8 6.88 5.20 8 7.63 4.90 8 7.84 4.87 8 4.01 2.86 8 4.49 3.15 
6 10 5.55 3.89 10 8.58 6.43 10 8.97 5.81 10 9.44 5.97 10 5.35 3.74 10 5.89 4.13 
7 12 7.16 4.82 12 10.25 7.60 12 10.23 6.69 12 10.94 7.06 12 6.79 4.75 12 7.17 5.03 
8 14 8.83 5.75 14 11.94 8.81 14 11.49 7.59 14 12.43 8.12 14 7.82 5.45 14 8.40 5.90 
9 16 10.51 6.67 16 13.64 10.05 16 12.74 8.54 16 13.93 9.11 16 9.36 6.56 16 9.61 6.75 
10 18 11.94 7.75 18 15.34 11.27 18 14.07 9.37 18 15.43 10.12 18 10.66 7.44 18 11.05 7.76 
11 20 13.33 8.83 20 17.07 12.53 20 15.48 10.09 20 16.93 11.14 20 11.84 8.24 20 12.53 8.81 
12 22 14.73 9.83 22 18.82 13.83 22 16.85 10.98 22 18.41 12.19 22 13.74 9.56 22 13.75 9.65 
13 24 16.22 10.90 24 20.67 15.14 24 18.20 11.99 24 19.88 13.25 24 14.92 10.38 24 15.05 10.60
14 26 17.77 12.02 26 22.52 16.46 26 19.54 13.08 26 21.67 14.40 26 16.33 11.36 26 16.82 11.87
15 28 19.29 13.12 28 24.36 17.78 28 20.90 14.30 28 23.51 15.56 28 17.54 12.28 28 18.18 12.83
16 30 21.09 14.35 30 26.09 18.99 30 22.25 15.51 30 25.62 16.89 30 19.23 13.40 30 19.48 13.73
17 32 23.05 15.65 32 27.79 20.17 32 23.83 16.57 32 27.80 18.27 32 21.21 14.77 32 21.15 14.87
18 34 25.02 16.95 34 30.36 21.65 34 25.41 17.63 34 29.90 19.61 34 22.70 15.82 34 22.90 16.02
19 36 26.98 18.26 36 33.09 23.19 36 27.04 18.74 36 31.97 20.95 36 24.53 16.89 36 24.76 17.31
20 38 29.73 20.20 37 38.66 26.36 38 28.73 19.91 38 34.35 22.47 38 26.80 18.19 38 26.26 18.25
21 40 36.91 25.77 33.5 50  40 30.85 21.81 40 36.89 24.09 40 28.58 19.37 40 27.59 19.15
22 40.4 38.35 26.89 30 58  41.3 32.33 23.21 42 40.27 26.24 42 30.49 21.15 42 29.41 20.48
23 37 50.0     39 40.24  44 45.09 29.13 44 32.50 22.53 44 32.36 22.59
24 32 62.0     35 50.38  46 50.27 35.29 44.9 46.59 30.73 45.9 42.98 27.94
25          44 59.64  37.5 76.59 38.44 38.5 66.08 36.85
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Table 3.17:  Test Results of Beams Retrofitted Using Ferrocement Jacket 

Different Types of Wire Meshes 
 

Type of Beam PS (kN) Pmax 
(kN) 

Ductility 
Ratio*  

(∆U/ ∆Y) 

Energy 
Absorption** 

(kN-m) 

Increase in 
Energy 

Absorption (%)

Control Beam  
Type –A# 19.875 38.70 1.81 1495.1  - 

Beam Retrofitted 
with welded wire 
mesh Type -B# 

18.37 43.65 1.50 1600.9 7.08 

Beam Retrofitted 
with woven wire 
mesh 
Type -C# 

24.01 45.4 1.87 2331.32 55.93 

 
* Ductility ratio of the beams is defined as ratio of deflection at ultimate load to 

the yield load calculated from idealized quadri-linear load deflection curve 
** Area under the load deflection curve up to ultimate load  

Ps = Load corresponding to allowable deflection of L/250 i.e. 15 mm 
# Beam Type A = Control unretrofitted beam 
   Beam Type B = Beam retrofitted with welded wire mesh  
   Beam Type C = Beam retrofitted with woven wire mesh  

 
Figure 3.7: Load v/s. Deflection Curve at Mid Span for Control Beams 

and Beams Retrofitted with Different Type of Wire Mesh 
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CHAPTER –4 

EXPERIMENTAL PROGRAM 

 
4.1 GENERAL 

The experimental program was designed to study the effect of various parameters on 

the strength of reinforced concrete beams initially stressed in flexure to pre-

determined levels, and subsequently retrofitted with jackets.  In total fifty two 

prototype beams of size 127 mm x 227 mm x 4100 mm were cast, twenty-four beams, 

two for each parameter, in addition to four control beams, were cast for a particular 

method of retrofitting.  

For the purpose of investigations, of the two sets of beams, one set is retrofitted with 

ferrocement jacket wherein, the variation in parameters was finalized considering 

gaps in the available literature and on the basis of results of pilot testing carried out in 

the laboratory.   

The other set of twenty-four beams, were retrofitted using Glass Fibre Reinforced 

Polymer (GFRP) jackets with fibres oriented at 00 and 450 to the longitudinal axis of 

the beam.  

Figs 4.1 and 4.2 show the flow chart of the experimental program. 

 

4.2 MATERIALS 

Materials similar to ones used in the pilot study were used throughout the study for 

casting the beams. Relevant tests in accordance with Indian standard codes of practice 

were conducted to determine the physical properties of the materials used in the study. 

The details of the materials used for casting and retrofitting of the beams using 

ferrocement jackets along with their properties are presented in the previous chapter 

in Section 3.1. The properties of the GFRP fabric and resin used for the retrofitting of 

the beams using GFRP jackets are presented in the subsequent sections. 

4.2.1 GFRP Fabric 

Tyfo® SEH-51 composite of FYFE Co. make was used as the GFRP fabric. This is a 

custom weave, uni-directional and aramid hybrid fabric system. The glass material is 

orientated in the 00 direction with aramid fibres at 900. The Tyfo® S Epoxy was used 

as a bonding agent for fixing the jacket to the beam faces for retrofitting. This is a 

two-component epoxy matrix material for bonding applications. The typical 
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properties of the materials as provided by the manufacturer are listed in Tables 4.1 to 

4.3. 

Table 4.1:  Dry Glass Fibre Properties 
 

S. No. Property Typical Test Value 

1 Tensile Strength (GPa) 3.24 

2 Tensile Modulus (GPa) 72.4 

3 Ultimate Elongation (%) 4.5 

4 Weight (g/m2) 915 

5 Fibre Thickness (mm) 0.36 

 
 

Table 4.2 Composite Gross Jacket Properties 
 

S. No. Property Typical Test Value 

1. Ultimate tensile strength in primary 

fibre direction (MPa) 

575  

2. Elongation at break (%) 2.2 

3. Tensile Modulus (GPa) 26.1  

4. Ultimate tensile strength 90 degree to 

primary fibre (MPa) 

43 

5. Jacket Thickness (mm) 1.3  

 
Table 4.3 Material Properties of Epoxy Resin 

 
S. No. Property Typical Test Value 

1. Tensile strength (MPa) 72.4  

2. Tensile modulus (GPa) 3.18  

3. Elongation Percent (%) 5.0 

4. Flexural Strength (MPa) 123.4  

5. Flexural Modulus (GPa) 3.12  

 

4.3 CASTING OF REINFORCED CONCRETE BEAMS 

The prototype beams of size 127 mm x 227 mm x 4100 mm were cast as per the 

procedure explained in section 3.3 of previous chapter. The beams were cast 

corresponding to the parameters fixed based on the pilot programme to study the 
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effect of variations on the strength characteristics of the beams, as presented in Fig. 

4.1.  

 

4.4 PROCESS OF RETROFITTING 

The retrofitting of the beams was done with two types of jackets, namely GFRP and 

ferrocement jackets. The method of retrofitting followed was as follows: 

4.4.1 Retrofitting Using GFRP Jackets 

For the purpose of investigation with GFRP jackets twenty-four prototype beams 

were cast. Half of these beams were designed as under reinforced sections and 

remaining were designed as balanced section, using limit state design theory.  Four 

beams from each category were stressed to 60 percent, 75 percent and 90 percent of 

the safe load calculated from the maximum load achieved for the control beams. 

These beams were subsequently retrofitted using Tyfo® SEH-51 GFRP jacket to study 

its effect on the strength of the stressed beams. The beams were partially destressed 

(due to self weight only) by putting them upside down. The surface of these beams 

was then cleaned and dried, and cavities if any, were removed by repairing the surface 

with cement paste. Subsequently, the edges of the beams were rounded as shown in 

Plate 4.1. Tyfo® S epoxy was mixed in ratio of 100.0 parts of A to 42.0 parts of B by 

volume, and then applied on the prepared surface of the beams as well as on the 

GFRP sheet. The sheet is than wrapped on the three surfaces of the stressed beam in a 

U-shape with fibres at 00 and 450 to the longitudinal axis of the beam, respectively as 

shown in Plate 4.2. 

4.4.2 Retrofitting Using Ferrocement Jacket 

For the second part of the investigation twenty-four prototype beams were cast. 

Twelve beams were designed as under reinforced sections and the other twelve were 

designed as balanced sections using limit state design theory.  Four beams from each 

category i.e. balanced and under reinforced were stressed to 60 percent, 75 percent 

and 90 percent of safe load calculated from the test results of the control beams. The 

beams were partially de-stressed (due to self weight only) by putting them upside 

down. The surface of the stressed beams was then chipped creating grooves on 

surfaces of the beams and cleaned with metallic brush using potable water. One coat 

of cement slurry was applied on the cleaned surface as a bonding agent before placing 

the wire mesh cage on it without repairing the initial cracks. The cage was properly 
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placed ensuring tight fit with the help of mild steel wire and 1:2 cement mortar with a 

water cement ratio of 0.4 was applied.  

 

4.5 TESTING ARRANGEMENT 

All the control as well as retrofitted beams, were tested as per arrangement explained 

in section 3.5. 

 
             

      
  
  
         
  
  
  
Under Reinforced      
       (12)            
  
  
                                         
  
  
          
       
  
  
         
  
  
                  
                                               
  
  
                       
                                                                                                
  
                   
               
  
  
                
  
  
                                  Set 1       Set 2 

                                                            
  
  

Fig. 4.1 Flow Diagram for Retrofitting using Ferrocement Jackets   
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Type of Failure 
Flexure 

                 (24) 
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Fig. 4.2 Flow Diagram for Retrofitting Using GFRP Jackets  
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(a) Rounding of Edges of Beam-1   (b) Rounding of Edges of Beam-2 
 
    

                        
 
(c) Rounding of Edges of Beam-3  (d) Repaired Surface of the Beams 
 
 
             
 

Plate 4.1 Surface Preparation for Retrofitting of Beams for GFRP Jacket 
   
 
 
 
 
 
 



 78

 
 
 
 
 
 
 

       
 
 

(a) Application of Epoxy Resin to Surface of Beam and GFRP Sheets 
 
 
    

 
 
   (b) Fixing GFRP sheets to the Beams 
 
 

Plate 4.2 Application of GFRP Jacket 
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CHAPTER –5 

RETROFITTING OF BEAMS USING FERROCEMENT JACKETS  

 

5.1 GENERAL 

In this chapter the data obtained from testing of retrofitted beams is presented, 

analyzed and discussed. The entire chapter is divided into three sections. In the first 

section test results of the beams retrofitted using ferrocement jackets and reinforced 

with two layers of woven wire mesh are discussed. The second section presents 

discussion of results of the beams retrofitted using ferrocement jackets reinforced 

with three layers of woven wire mesh, and the third section carries the comparative 

analysis.  

The retrofitting of the beams using ferrocement jacketing is carried out in two phases. 

In the first phase the beams are stressed to a fixed percentage of the safe load i.e. load 

corresponding to allowable deflection of 15 mm (L/250), calculated from the test 

results of the control beams. As earlier enumerated, three levels of stressing viz. 60, 

75, and 90 percent of the safe load were taken up for studying the effect of 

retrofitting. In the second phase, two or three layers of GI woven wire mesh are 

provided in U-shape as shown in Plate 3.2(d) and then a 25 mm thick layer of cement 

mortar is applied to the sides and soffit of the beam. The retrofitted beams are then 

cured for a period of 7 days and tested as per the procedure presented in Section 3.5.  

Out of a total of the twenty four beams cast for the purpose, twelve were retrofitted 

with ferrocement jacketing having two layers of GI woven wire mesh as 

reinforcement and the remaining twelve with three layers of the same mesh. Out of 

the twelve beams, six were designed to be under-reinforced and the other six were 

designed as balanced sections.   

The experimental load deflection results for the control beams and beams retrofitted 

using U-shaped ferrocement jackets reinforced with two and three layers of GI woven 

wire mesh, bonded to the surface of beams using cement slurry as bonding agent, are 

given in Tables 5.1 to 5.14. The load deflection curves for the data obtained from the 

experimental programme are plotted in Figs. 5.1 to 5.11. These curves were idealized 

as quadri-linear curves as explained in section 3.6 and various parameters such as 

maximum load carrying capacity, safe load carrying capacity, ductility ratio, and 

toughness are calculated and the same are tabulated in Table 5.15. The effect of the 
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different layers of GI woven wire mesh on the various parameters listed above is 

studied and the detailed discussion is presented in the succeeding section. 

 

5.2 BEHAVIOUR OF RETROFITTED BEAMS 

The maximum load, safe load, ductility and toughness of the retrofitted beams 

calculated from the test results are summarized in Table 5.15. The number of cracks, 

their spacing, and depth were also noted and are reported in Tables 5.16 and 5.17. 

It is noted that both maximum and safe load carrying capacities of beams increased 

after retrofitting. This increase can be attributed to increase in the stiffness of sections 

after retrofitting. The highest increase in the maximum load carrying capacity is of the 

range of 50 percent and is observed in case of under reinforced beams retrofitted with 

three layers of GI woven wire mesh as reinforcement. Further, it is observed that the 

percentage increase in strength decreases as the initial stress level increases from 60 

percent to 90 percent of safe load. This reduced increase in the load carrying capacity 

with initial stress level can be attributed to loss in stiffness of the beams due to initial 

stressing. It is also observed that with increase in the percentage of reinforcement in 

the ferrocement jackets the load carrying capacity of the beams increase. This trend is 

observed for both balanced as well as under-reinforced sections. However, with 

increase in percentage of main reinforcement in the beams, the percentage increase in 

strength decreases.  

All retrofitted beams show a similar type of load deflection behaviour. However, due 

to the higher flexural stiffness, all the retrofitted beams exhibited reduced deflections 

as compared to the control beams.  

The crack pattern for all the beams at various stages of loading was also noted and is 

shown in Plates 5.1 to 5.20. It was observed that cracks starts from the soffit of the 

beams in the flexural zone, and slowly propagate outwards and upwards. It is noted 

that with increase in load the number and depth of cracks increase, whereas the 

spacing of cracks decrease, thereby indicating a better distribution of stresses in the 

retrofitted beams.                

 

5.3 BEAMS RETROFITTED WITH FERROCEMENT JACKETS  

REINFORCED WITH TWO LAYERS OF GI WOVEN WIRE MESH 

The results of testing of individual beams in the form of loads and deflections at mid 

and quarter span points are presented in Tables 5.3 to 5.8. Figures 5.1, 5.2, and 5.3 
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show the load deflection plots of the beams retrofitted with ferrocement jackets 

having two layers of GI woven wire mesh. The Table 5.15 presents the values of 

parameters like ductility ratio, toughness etc., which have been derived from the 

quadri-linear curves which are superimposed on the load deflection curves to get the 

values of the elastic load (Pe), yield load (PY), maximum load (Pmax) and ultimate load 

(PU). The ultimate load point is defined as that point where load drops to 85% of the 

maximum load and the ductility ratio is defined as the ratio of deflection at ultimate 

load to the yield load calculated corresponding to the above values. Toughness is 

defined as the total area under the fitted quadri-linear curve.  

   

5.3.1 Effect on Strength of Beams 

The average maximum load carrying capacity of the under reinforced beams as 

obtained from the experimental data is 22.4 kN for the control beams, where as, it is 

found to be 32.1 kN, 32.65 kN, and 30.5 kN for the retrofitted beams initially stressed 

to 60 percent, 75 percent and 90 percent of the safe load, respectively, indicating that 

after retrofitting, the maximum load carrying capacity increased by 33.75 percent, 

36.04 percent, and 27.08. 

Similarly, the value of safe load (load corresponding to an allowable deflection of 

L/250 which is equal to 15mm) as obtained from the experimental data is 11.99 kN, 

16.02 kN, 15.90 kN, and 15.13 kN for the control beam and retrofitted beams initially 

stressed to 60 percent, 75 percent and 90 percent of the safe load, respectively. Thus 

for under reinforced beams, on the same line as the maximum load carrying capacity, 

the safe load carrying capacity of the initially stressed beams also increases by 33.55 

percent, 32.55 percent, and 26.13 percent. 

The average maximum load carrying capacity of the balanced beams as obtained from 

the experimental data is 38.7 kN for the control beam. Where as, it found to be 45.4 

kN, 46.2 kN, and 46.15 kN for the beams stressed to 60 percent, 75 percent and 90 

percent of the safe load and subsequently retrofitted using ferrocement jacketing. 

Thus it can be said that after retrofitting the maximum load carrying capacity 

increases by 17.30 percent, 19.38 percent, and 19.25 percent respectively, for the 

beams initially stressed to 60, 75, and 90 percent levels, respectively. 

Similarly, the value of safe load (load corresponding to an allowable deflection of 

L/250 which is equal to 15mm) as obtained from the experimental data is 19.87 kN, 

24.01 kN, 22.43 kN, and 22.31 kN for the control beam and retrofitted beams initially 
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stressed to 60 percent, 75 percent and 90 percent of the safe load respectively. Thus 

for balanced beams, on the same line as the maximum load carrying capacity, the safe 

load carrying capacity of the initially stressed beams also increases by 20.80 percent, 

12.85 percent, and 12.25 percent. 

So it can be concluded that in all cases when the beams are retrofitted with 

ferrocement jacketing reinforced with the two layer of GI woven wire mesh the 

maximum load carrying capacity as well as safe load carrying capacity of the beams 

increases appreciably.  However the increase is more in case of under reinforced 

section as compared to the balanced section because after the retrofitting of both 

sections by the same type of jackets the percentage increase in stiffness of the 

balanced section will be comparatively less to that of under reinforced section, hence 

the increase in load carrying capacity. Thus with percentage increase in tension 

reinforcement in the original beams, the increase in load carrying capacity of the 

beams after retrofitting decreases. 

 

5.3.2 Effect on Deflection Ductility Ratio and Toughness of Beams 

The ductility ratio as calculated from fitted quadri-linear curves and reported in Table 

5.15 for the under reinforced sections is found to be 2.27 for the control beam and it 

increases to, 2.28, 2.82, and 3.74, respectively, for the retrofitted beams initially 

stressed to 60 percent, 75 percent and 90 percent of the safe load indicating an 

increase of 0.44 percent, 24.22 percent, and 65.2 percent for the beams after 

retrofitting. In case of balanced sections the ductility ratio as calculated from the 

experimental results is found to be 1.81, 1.87, 1.87, and 2.05 for the control beam and 

retrofitted beams initially stressed to 60 percent, 75 percent and 90 percent of the safe 

load, respectively. Thus, in case of balanced section the ductility ratio increases by 3.3 

percent, 3.3 percent and 13.25 percent for the 60, 75 and 90 stressed beams after 

retrofitting, respectively. It is also observed from the table that the ductility ratio is 

higher for under reinforced sections as compared to balanced sections at all levels. 

The area under the idealized curve for control beams and retrofitted beams was 

calculated to find out the toughness of the section and is also presented in the Table 

5.15. It is noted from the table that the toughness of the under reinforced section 

increases on an average by 77.63 percent after retrofitting, whereas the corresponding 

increase in case of the balanced section is of the order of 57.74 percent. The increase 

in ductility ratio and toughness can be attributed to increase in flexural stiffness of 
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beams after retrofitting.  From the experimental results given in table 5.15 it can be 

noted that the toughness of the both the type of beams (under reinforced and 

balanced) increase with increase in the percentage of reinforcement in the ferrocement 

jackets.   This increase in the energy absorption capacity can be attributed to the 

increase in the stiffness of the section.  It can also be noted that the increase in 

ductility ratio and toughness is more in case of under reinforced sections as compared 

to the balanced sections. The increase in ductility ratio and toughness of the section 

clearly indicates that energy absorption capacity of the beams increases after 

retrofitting, thereby, improving their behaviour during the earthquakes. 

 

 

 
Table 5.1: Load v/s. Deflection Data for Under Reinforced Control Beams 

 
 

Beam1 Beam 2 

Deflection (mm) at Deflection (mm) at 

Sr. 

No. Load 

(kN) L/2   L/4 3L/4 

Load 

(kN) L/2 L/4 3L/4 

1 0 0 0 0 0 0 0 0 

2 2 1.52 0.46 .48 2 2.37 0.99 0.89 

3 4 3.0 1.82 1.81 4 4.74 1.98 1.78 

4 6 5.0 3.02 3.04 6 7.23 3.69 3.56 

5 8 8.3 5.0 5.02 8 9.78 5.88 5.92 

6 10 10.98 7.0 7.05 10 12.85 7.86 8.13 

7 12 14 9.22 9.25 12 16.1 9.78 10.23 

8 14 17 11.2 11.28 14 19.1 11.89 12.23 

9 16 20 13.5 13.52 16 22.26 14.07 14.33 

10 20 28 16 16.04 18 26.18 16.7 16.87 

11 21.8 44.85 33.4 33.45 20 31.63 20 20.17 

12 21 61.28   22 38.9 24.05 23.01 

13 18 76.28   23 48.3 28.6 27.09 

     20 79.3   
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Table 5.2: Load v/s. Deflection Data for Balanced Control Beams 

 
 

Beam1 Beam 2 

Deflection (mm) at Deflection (mm) at 

Sr. 

No. Load 

(kN) L/2 L/4 3L/4 

Load 

(kN) L/2 L/4 3L/4 

1 0 0 0 0 0 0 0 0 

2 2 0.91 0.65 0.65 2 1.72 1.2 1.4 

3 4 1.82 1.29 1.29 4 3.44 2.39 2.8 

4 6 2.81 1.98 1.98 6 5.16 3.59 4.21 

5 8 4.18 2.95 2.93 8 6.88 4.78 5.61 

6 10 5.55 3.91 3.87 10 8.58 5.98 6.88 

7 12 7.16 4.97 4.67 12 10.25 7.17 8.03 

8 14 8.83 6.06 5.43 14 11.94 8.4 9.22 

9 16 10.51 7.14 6.19 16 13.64 9.64 10.45 

10 18 11.94 8.26 7.24 18 15.34 10.88 11.65 

11 20 13.33 9.34 8.32 20 17.07 12.18 12.88 

12 22 14.73 10.33 9.33 22 18.82 13.52 14.13 

13 24 16.22 11.38 10.41 24 20.67 14.83 15.45 

14 26 17.77 12.48 11.55 26 22.52 16.14 16.78 

15 28 19.29 13.56 12.67 28 24.36 17.45 18.1 

16 30 21.09 14.79 13.91 30 26.09 18.65 19.32 

17 32 23.05 16.17 15.12 32 27.79 19.82 20.52 

18 34 25.02 17.56 16.34 34 30.36 21.35 21.95 

19 36 26.98 18.95 17.56 36 33.09 22.94 23.43 

20 38 29.73 20.95 19.45 37 38.66 26.78 25.93 

21 40 36.91 26.39 25.15 33.5 50.0   

22 40.4 38.35 27.48 26.29 30 58.0   

23 37 50.0       

24 32 62.0       
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Table 5.3: Load v/s. Deflection Data for 60 percent Stressed Under Reinforced 

Beams Retrofitted with Ferrocement Jacket Reinforced with Two Layers of 
Woven Wire Mesh 

 
 

Beam1 Beam 2 

Deflection (mm) at Deflection (mm) at 

Sr. 

No. Load 

(kN) L/2 L/4 Under 

load 

Load 

(kN) L/2 L/4 Under 

load 

1 0 0.00 0.00 0.00 0 0.00 0.00 0.00 

2 2 1.23 0.83 1.25 2 1.71 0.94 1.24 

3 4 2.65 1.79 2.50 4 2.72 1.98 2.57 

4 6 4.48 3.01 4.09 6 4.45 3.04 3.81 

5 8 6.22 4.23 5.63 8 6.54 4.53 5.79 

6 10 8.02 5.49 7.33 10 8.95 6.22 7.96 

7 12 10.18 6.98 9.61 12 10.89 8.24 9.58 

8 14 12.41 8.88 11.29 14 13.10 9.77 11.56 

9 16 14.51 10.46 12.76 16 15.50 10.78 13.24 

10 18 16.61 11.77 14.36 18 17.03 12.19 15.02 

11 20 18.91 12.93 16.49 20 19.72 13.12 17.48 

12 22 21.44 14.61 18.97 22 22.25 14.88 19.75 

13 24 23.88 16.41 21.33 24 25.00 17.22 22.25 

14 26 26.24 18.33 23.56 26 26.96 19.21 24.92 

15 28 30.82 21.11 27.66 28 31.00 21.29 27.63 

16 30 38.17 25.49 34.19 30 39.42 26.94 36.27 

17 32 57.74 35.86 50.23 32 54.09 31.08 42.05 

18 30 74.56   32.2 60.77 33.22 44.91 

19 26 88.56   29 64.14 43.68 60.05 

     26.5 90.73   
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Table 5.4: Load v/s. Deflection Data for 75 percent Stressed Under Reinforced 
Beams Retrofitted with Ferrocement jacket Reinforced with Two Layers of 

Woven Wire Mesh 
 
 

Beam1 Beam 2 

Deflection (mm) at Deflection (mm) at 

Sr. 

No. Load 

(kN) L/2 L/4 Under 
load 

Load 

(kN) L/2 L/4 Under 
load 

1 0 0.00 0.00 0.00 0 0.00 0.00 0.00 

2 2 1.38 1.04 1.34 2 1.34 1.01 1.28 

3 4 3.88 2.00 2.55 4 2.61 1.94 2.51 

4 6 5.78 3.95 5.18 6 5.72 3.90 5.09 

5 8 7.48 5.12 6.71 8 7.39 5.09 6.64 

6 10 9.78 6.62 8.68 10 9.53 6.54 8.61 

7 12 11.06 7.50 9.96 12 10.94 7.51 9.95 

8 14 13.02 8.96 11.78 14 12.90 8.94 11.76 

9 16 15.18 10.37 13.67 16 15.03 10.45 13.54 

10 18 17.68 12.17 15.91 18 17.58 12.27 15.85 

11 20 19.88 13.46 17.80 20 19.68 13.75 17.65 

12 22 22.03 15.12 19.86 22 22.08 15.39 19.58 

13 24 25.22 17.08 22.50 24 25.03 17.31 22.16 

14 26 28.04 19.02 24.99 26 27.96 19.21 24.69 

15 28 34.85 22.88 30.67 28 34.70 23.33 30.18 

16 30 44.28 28.10 38.22 30 44.17 28.70 38.15 

17 31 49.85 30.99 42.69 31 49.44 31.62 42.18 

18 32 58.96 35.83 49.73 32 58.12 36.68 49.42 

19 32.4 65.02 39.04 54.45 33.2 63.70 39.80 54.11 

20 32.1 82.55 42.75 59.87 33.2 80.70 43.54 59.30 

21 27 99.5   27 102.7   
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Table 5.5: Load v/s. Deflection Data for 90 percent Stressed Under Reinforced 

Beams Retrofitted with Ferrocement Jacket Reinforced with Two Layers of 
Woven Wire Mesh 

 
Beam1 Beam 2 

Deflection (mm) at Deflection (mm) at 
Sr. 
No. Load 

(kN) L/2 L/4 Under 
load 

Load 
(kN) L/2 L/4 Under 

load 
1 0 0.00 0.00 0.00 0 0.00 0.00 0.00 

2 2 2.15 0.65 1.19 2 2.53 0.96 1.23 

3 4 4.86 3.04 4.43 4 5.26 3.31 4.33 

4 6 6.89 4.53 6.37 6 7.11 4.76 6.38 

5 8 8.51 5.60 7.88 8 8.69 5.87 7.81 

6 10 10.21 6.77 9.41 10 10.96 7.42 9.95 

7 12 12.01 7.96 11.02 12 12.23 8.27 11.10 

8 14 13.64 9.05 12.00 14 13.91 9.43 12.59 

9 16 15.99 10.67 14.63 16 15.90 10.79 14.39 

10 18 18.29 12.26 16.68 18 17.90 12.15 16.14 

11 20 20.89 14.02 19.00 20 20.46 13.93 18.47 

12 22 23.15 15.54 21.01 22 22.83 15.55 20.60 

13 24 28.15 17.91 25.25 24 25.47 17.46 23.17 

14 26 47.14 30.17 41.33 26 28.75 19.52 26.08 

15 28 66.22 40.89 56.78 28 46.70 29.49 40.38 

16 28.9 73.13 45.71 63.09 29 55.47 34.65 47.81 

17 29.1 80.11 50.30 67.70 29.6 69.88 43.25 61.13 

18 29.9 87.13 50.59  30 76.38 50.31 66.68 

19 25 107.13   30.6 82.88   

     31.1 88.12   

     25 113.12   
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Table 5.6: Load v/s. Deflection Data for 60 percent Stressed Balanced Beams 
Retrofitted with Ferrocement Jacket Reinforced with Two Layers of Woven 

Wire Mesh 
 

Beam1 Beam 2 
Deflection (mm) at Deflection (mm) at 

Sr. 
No. Load 

(kN) L/2 L/4 Under 
load 

Load 
(kN) L/2  L/4 Under 

load 
1 0 0.00 0.00 0.00 0 0.00 0.00 0.00 

2 2 1.14 0.82 1.04 2 1.16 0.81 1.10 

3 4 2.17 1.53 1.96 4 2.07 1.47 1.98 

4 6 3.01 2.12 2.74 6 3.36 2.35 3.16 

5 8 4.01 2.86 3.73 8 4.49 3.15 4.20 

6 10 5.35 3.74 4.88 10 5.89 4.13 5.43 

7 12 6.79 4.75 6.20 12 7.17 5.03 6.57 

8 14 7.82 5.45 7.12 14 8.40 5.90 7.70 

9 16 9.36 6.56 8.54 16 9.61 6.75 8.87 

10 18 10.66 7.44 9.24 18 11.05 7.76 10.19 

11 20 11.84 8.24 10.79 20 12.53 8.81 11.61 

12 22 13.74 9.56 12.51 22 13.75 9.65 12.68 

13 24 14.92 10.38 13.60 24 15.05 10.60 14.14 

14 26 16.33 11.36 14.88 26 16.82 11.87 15.45 

15 28 17.54 12.28 16.08 28 18.18 12.83 16.68 

16 30 19.23 13.40 17.53 30 19.48 13.73 17.82 

17 32 21.21 14.77 19.31 32 21.15 14.87 19.28 

18 34 22.70 15.82 20.60 34 22.90 16.02 20.81 

19 36 24.53 16.89 22.01 36 24.76 17.31 22.21 

20 38 26.80 18.19 24.05 38 26.26 18.25 23.51 

21 40 28.58 19.37 25.65 40 27.59 19.15 24.77 

22 42 30.49 21.15 27.36 42 29.41 20.48 26.44 

23 44 32.50 22.53 29.23 44 32.36 22.59 29.43 

24 44.9 46.59 30.73 42.20 45.9 42.98 27.94 37.39 

25 37.5 76.59 38.44 51.37 38.5 66.08 36.85 47.72 
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Table 5.7: Load v/s. Deflection Data for 75 percent Stressed Balanced Beams 
Retrofitted with Ferrocement Jacket Reinforced with Two Layers of Woven 

Wire Mesh 
 

Beam1 Beam 2 
Deflection (mm) at Deflection (mm) at 

Sr. 
No. Load 

(kN) L/2 L/4 Under 
load 

Load 
(kN) L/2 L/4 Under 

load 
1 0 0.00 0.00 0.00 0 0.00 0.00 0.00 

2 2 1.09 0.69 0.98 2 0.89 0.68 0.84 

3 4 2.45 1.64 2.22 4 2.24 1.62 2.05 

4 6 3.75 2.77 3.28 6 3.81 2.78 3.45 

5 8 5.05 3.83 4.25 8 5.14 4.20 4.75 

6 10 6.54 5.00 5.57 10 6.62 4.80 5.68 

7 12 8.10 6.16 7.04 12 7.94 5.78 7.42 

8 14 9.15 7.03 8.14 14 9.18 7.00 8.54 

9 16 10.53 8.02 9.44 16 10.87 8.07 10.33 

10 18 12.19 9.25 10.99 18 12.29 8.86 11.39 

11 20 13.50 10.23 12.24 20 13.52 9.82 12.53 

12 22 14.54 11.38 13.70 22 14.62 10.97 14.02 

13 24 16.52 12.60 15.22 24 16.48 12.28 15.76 

14 26 17.82 13.76 16.71 26 17.92 13.14 16.89 

15 28 19.56 14.72 17.94 28 19.75 14.09 18.09 

16 30 20.81 15.61 18.88 30 21.12 15.07 19.34 

17 32 22.63 16.87 20.58 32 23.09 16.97 21.08 

18 34 24.41 18.27 22.47 34 25.08 18.29 22.89 

19 36 25.78 19.24 23.77 36 26.87 19.57 24.50 

20 38 27.13 20.24 25.06 38 28.38 20.59 25.36 

21 40 29.09 21.64 26.94 40 30.16 21.83 27.48 

22 42 30.46 22.61 28.25 42 33.00 23.70 29.48 

23 44 31.82 23.60 29.53 44 39.91 27.76 35.33 

24 46 36.96 26.72 34.38 44.3 48.54 33.36 42.74 

25 47 44.82 30.47 40.52 40 60.98 39.03 50.45 

26 48.1 53.66 35.88 47.93 36 67.92   

27 44 66.59 48.53 60.84     

28 40 74.68       
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Table 5.8: Load v/s. Deflection Data for 90 percent Stressed Balanced Beams 
Retrofitted with Ferrocement Jacket Reinforced with Two Layers of Woven 

Wire Mesh 
 

Beam1 Beam 2 

Deflection (mm) at Deflection (mm at) 

Sr. 
No. Load 

(kN) L/2 L/4 Under 
load 

Load 
(kN) L/2 L/4 Under 

load 
1 0 0.00 0.00 0.00 0 0.00 0.00 0.00 

2 2 1.12 0.78 1.03 2 1.07 0.71 1.02 

3 4 2.02 1.40 1.88 4 2.00 1.41 1.93 

4 6 2.89 2.05 2.73 6 3.59 2.75 3.39 

5 8 4.35 3.05 4.07 8 5.29 3.96 4.91 

6 10 5.63 3.93 5.23 10 6.94 5.11 6.48 

7 12 7.24 5.02 6.65 12 8.18 5.94 7.57 

8 14 8.54 5.88 7.81 14 9.73 7.02 8.99 

9 16 9.88 6.77 8.98 16 11.31 8.01 10.32 

10 18 11.02 7.57 10.00 18 12.63 8.94 11.52 

11 20 12.37 8.52 11.21 20 14.05 10.07 12.91 

12 22 13.89 9.64 12.60 22 15.86 11.36 14.52 

13 24 15.29 10.65 13.88 24 17.32 12.36 15.89 

14 26 16.68 11.66 15.17 26 18.75 13.33 17.24 

15 28 18.12 12.69 16.51 28 20.51 14.55 18.85 

16 30 19.55 13.72 17.83 30 22.08 15.61 20.31 

17 32 20.65 14.51 18.85 32 24.10 16.98 22.20 

18 34 22.22 15.60 20.26 34 25.85 18.25 23.85 

19 36 23.34 16.41 21.33 36 27.56 19.40 25.49 

20 38 25.15 17.55 23.06 38 29.29 20.64 27.09 

21 40 26.55 18.53 24.34 40 31.50 22.11 29.05 

22 42 28.39 19.80 25.98 42 34.13 23.78 31.24 

23 44 30.14 20.96 27.54 44 37.79 26.02 34.30 

24 46 36.01 25.06 32.62 44.4 49.06 31.62 42.19 

25 47.9 47.05 30.98 42.34 38 69.06 41.38 56.13 

26 44 65.38 41.53 58.47     

27 40 75.38 47.05 65.76     
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Fig. 5.1: Load v/s Deflection For Control Beams 

 

 
Fig. 5.2: Load v/s Mid- Span Deflection of Under Reinforced Beam Sections 
Retrofitted with Ferrocement Jacketing with Two Layers of Wire Mesh and 

Stressed to Different Levels. 
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Fig. 5.3: Load v/s Mid- Span Deflection of Balanced Beam Sections Retrofitted 

with Ferrocement Jacketing with Two layers of Wire Mesh and Stressed to 
Different Levels 

 

5.4 BEAMS RETROFITTED WITH FERROCEMENTS JACKETS 

REINFORCED WITH THREE LAYERS OF GI WOVEN WIRE MESH 

The results of testing of individual beams in the form of loads and deflections at mid 

and quarter span points are presented in Tables 5.6 to 5.8 and 5.12 to 5.14. Figures 

5.1, 5.4, and 5.5 show the load deflection plots of the beams retrofitted with 

ferrocement jackets having three layers of GI woven wire mesh. The Table 5.15 

presents the values of parameters like ductility ratio, toughness etc., which have been 

derived from the quadri linear curves which are superimposed on the load deflection 

curves to get the values of the elastic load (Pe), yield load (PY), maximum load (Pmax) 

and ultimate load (PU). The ductility ratio is defined as that ratio of deflection at 

ultimate load and yield load calculated corresponding to the above values. Toughness 

is defined as the area under the fitted quadri linear curves up to ultimate load.    

5.4.1 Effect on Strength of Beams 

The average maximum load carrying capacity of the under reinforced beams as 

obtained from the experimental data is 22.4 kN for the control beam, where as, it is 

found to be 36.05 kN, 36.45 kN, and 35.6 kN for the retrofitted beams initially 
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stressed to 60 percent, 75 percent and 90 percent of the safe load, respectively, 

indicating that after retrofitting, the maximum load carrying capacity increases by 

50.2 percent, 51.87 percent, and 48.33 percent. 

Similarly, the value of safe load (load corresponding to an allowable deflection of 

L/250 which is equal to 15mm) as obtained from the experimental data is 11.99 kN, 

21.20 kN, 21.30 kN, and 20.2 kN for the control beam and retrofitted beams initially 

stressed to 60 percent, 75 percent and 90 percent of the safe load, respectively. Thus 

for under reinforced beams, on the same line as the maximum load carrying capacity, 

the safe load carrying capacity of the initially stressed beams, also increases by 76.74 

percent, 77.57 percent, and 68.40 percent. 

The average maximum load carrying capacity of the balanced beams as obtained from 

the experimental data is 38.7 kN for the control beam. Where as, it found to be 52 kN, 

51 kN, and 50.2 kN for the beams stressed to 60 percent, 75 percent and 90 percent of 

the safe load and subsequently retrofitted using ferrocement jacketing. Thus it can be 

said that after retrofitting the maximum load carrying capacity increases by 34.37 

percent, 31.78 percent, and 29.71 percent respectively, for the beams initially stressed 

to 60, 75, and 90 percent levels, respectively. 

Similarly, the value of safe load (load corresponding to an allowable deflection of 

L/250 which is equal to 15mm) as obtained from the experimental data is 19.87 kN, 

26.01 kN, 26.02 kN, and 24.5 kN for the control beam and retrofitted beams initially 

stressed to 60 percent, 75 percent and 90 percent of the safe load respectively. Thus 

for balanced sections, on the same line as the maximum load carrying capacity, the 

safe load carrying capacity of the initially stressed beams also increases by 30.86 

percent, 30.91 percent, and 23.27 percent. 

So it can be observed that in all cases when the beams are retrofitted with ferrocement 

jacketing reinforced with the three layer of GI woven wire mesh the maximum load 

carrying capacity as well as safe load carrying capacity of the beams increases 

appreciably.  However the increase is more in case of under reinforced section as 

compared to the balanced section because after the retrofitting of both sections by the 

same type of jackets the percentage increase in stiffness of the balanced section will 

be comparatively less to that of under reinforced section, hence the increase in load 

carrying capacity. Thus with percentage increase in tension reinforcement in the 

original beams, the increase in load carrying capacity of the beams after retrofitting 

decreases. 
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5.4.2 Effect on Deflection Ductility Ratio and Toughness of Beams 

The ductility ratio as calculated from fitted quadri-linear curves and reported in Table 

5.15 for the under reinforced sections is found to be 2.27 for the control beam and it 

increases to 2.4, 2.45, and 2.87, respectively, for the retrofitted beams initially 

stressed to 60 percent, 75 percent and 90 percent of the safe load indicating an 

increase of 5.72 percent, 7.92 percent, and 26.43 percent for the beams after 

retrofitting. In case of balanced sections the ductility ratio as calculated from the 

experimental results is found to be 1.81, 2.21, 1.89, and 1.99 for the control beam and 

retrofitted beams initially stressed to 60 percent, 75 percent and 90 percent of the safe 

load, respectively. Thus, in case of balanced section the ductility ratio increases by 

22.1 percent, 4.42 percent and 9.94 percent for the 60, 75 and 90 stressed beams after 

retrofitting, respectively. It is also observed from the table that the ductility ratio is 

higher for under reinforced sections as compared to balanced sections at all levels. 

The area under the curve for control beams and retrofitted beams is calculated to find 

out the toughness of the section and is also presented in the Table 5.15. It is noted 

from the table that the toughness of the under reinforced section on average increases 

by 118.45 percent after retrofitting, whereas the corresponding increase in case of the 

balanced section is of the order of 89.46 percent.  

From the experimental results given in table 5.15 it can be noted that the toughness of 

the both the type of beams (under reinforced and balanced) increase with increase in 

the percentage of reinforcement in the ferrocement jackets. This increase in the 

energy absorption capacity can be attributed to the increase in the stiffness of the 

section.  It can also be noted that the increase in ductility ratio and toughness is more 

in case of under reinforced sections as compared to the balanced sections. The 

increase in ductility ratio and toughness of the section clearly indicates that energy 

absorption capacity of the beams increases after retrofitting, thereby, improving their 

behaviour during the earthquakes.   
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Table 5.9: Load v/s. Deflection Data for 60 percent Stressed Under Reinforced 
Beams Retrofitted with Ferrocement Jacket Reinforced with Three Layers of 

Woven Wire Mesh 
 

Beam1 Beam 2 
Deflection (mm) at Deflection (mm) at 

Sr. 
No. Load 

(kN) L/2 L/4 Under 
load 

Load 
(kN) L/2 L/4 Under 

load 
1 0 0.00 0.00 0.00 0 0.00 0.00 0.00 

2 2 1.04 0.80 1.01 2 1.04 0.53 0.91 

3 4 1.69 1.25 1.60 4 1.66 1.16 1.53 

4 6 3.26 2.33 2.97 6 3.20 2.26 2.99 

5 8 4.87 3.42 4.42 8 4.76 3.55 4.32 

6 10 6.07 4.23 5.44 10 5.98 4.21 5.35 

7 12 7.23 5.02 6.50 12 7.25 5.03 6.45 

8 14 8.77 6.02 7.84 14 8.65 5.98 7.76 

9 16 10.26 7.04 9.13 16 10.32 7.15 9.22 

10 18 12.15 8.38 10.81 18 12.09 8.30 10.83 

11 20 13.77 9.50 12.28 20 13.65 9.48 12.32 

12 22 15.95 11.52 14.22 22 15.92 11.35 14.02 

13 24 18.01 12.90 16.07 24 18.15 12.86 16.01 

14 26 20.47 14.55 18.28 26 20.66 14.54 18.15 

15 28 23.33 15.98 20.86 28 23.39 16.15 20.85 

16 30 27.87 18.80 24.78 30 27.20 18.15 24.30 

17 32 35.60 23.43 31.36 32 32.22 21.84 27.73 

18 34.8 45.70 31.25 43.20 34 43.27 28.01 36.44 

19 35 61.99 41.94 57.52 35.2 50.01 33.05 43.27 

20 35.4 73.99 45.76 62.24 36.2 53.64 39.58 56.13 

21 30 104.99   36.5 69.55  63.03 

22     36.7 85.55   

     30 114.55   
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Table 5.10: Load v/s. Deflection Data for 75 percent Stressed Under Reinforced 
Beams Retrofitted with Ferrocement Jacket Reinforced with Three Layers of 

Woven Wire Mesh 
 

Beam1 Beam 2 
Deflection (mm) at Deflection (mm) at 

Sr. 
No. Load 

(kN) L/2 L/4 Under 
load 

Load 
(kN) L/2 L/4 Under 

load 
1 0 0.00 0.00 0.00 0 0.00 0.00 0.00 

2 2 1.15 0.89 0.96 2 1.08 0.84 0.96 

3 4 2.04 1.62 1.75 4 1.91 1.45 1.75 

4 6 2.93 2.39 2.64 6 2.89 2.27 2.64 

5 8 4.63 3.62 4.06 8 4.43 3.31 4.06 

6 10 6.02 4.55 5.20 10 5.80 4.15 5.20 

7 12 7.45 5.45 6.59 12 7.35 5.23 6.59 

8 14 9.06 6.38 8.04 14 8.91 6.28 8.04 

9 16 10.45 7.45 9.27 16 10.23 7.24 9.27 

10 18 12.01 8.56 10.65 18 11.89 8.36 10.65 

11 20 13.85 9.83 12.25 20 13.61 9.61 12.25 

12 22 15.65 11.05 13.86 22 15.43 10.87 13.86 

13 24 17.39 12.25 15.54 24 17.26 12.18 15.54 

14 26 21.65 15.60 19.35 26 19.25 13.60 17.35 

15 28 23.95 17.12 21.29 28 21.46 15.12 19.29 

16 30 26.25 18.97 23.84 30 23.99 16.79 21.48 

17 32 32.62 22.37 28.44 32 29.03 19.73 25.44 

18 34 43.48 30.12 38.02 34 39.51 25.48 33.65 

19 35 55.23 41.56 48.72 34.3 44.12 28.05 37.27 

20 35.4 73.98 52.86 66.96 35.8 57.25 35.68 48.00 

21 30 100.98   36.8 69.31 44.46 58.27 

22     37.5 79.31   

23     35 91.31   

24     30 109.31   
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Table 5.11: Load v/s. Deflection Data for 90 percent Stressed Under Reinforced 
Beams Retrofitted with Ferrocement Jacket Reinforced with Three Layers of 

Woven Wire Mesh 
 
 

Beam1 Beam 2 
Deflection (mm) at Deflection (mm) at 

Sr. 
No. Load 

(kN) L/2 L/4 Under 
load 

Load 
(kN) L/2 L/4 Under 

load 
1 0 0.00 0.00 0.00 0 0.00 0.00 0.00 

2 2 1.06 0.71 0.91 2 0.96 0.69 0.88 

3 4 2.16 1.44 1.86 4 2.28 1.62 2.07 

4 6 3.66 2.52 3.25 6 3.61 2.60 3.17 

5 8 5.11 3.52 4.54 8 5.17 3.71 4.59 

6 10 6.31 4.38 5.68 10 6.80 4.87 6.13 

7 12 7.69 5.39 6.94 12 8.32 5.98 7.51 

8 14 9.13 6.41 8.27 14 10.18 7.24 9.20 

9 16 10.41 7.31 9.44 16 12.13 8.64 10.97 

10 18 12.11 8.47 10.96 18 13.65 9.71 13.40 

11 20 13.92 9.69 12.57 20 15.93 11.32 15.33 

12 22 15.68 10.91 14.16 22 17.89 12.62 17.14 

13 24 17.60 12.22 15.87 24 19.93 14.04 18.75 

14 26 19.58 13.54 17.62 26 22.73 15.87 21.09 

15 28 21.68 14.94 19.50 28 25.46 17.69 23.33 

16 30 24.58 16.80 22.12 30 28.03 19.36 27.16 

17 32 31.28 20.61 26.96 32 34.75 23.26 33.81 

18 32.9 43.39 27.67 37.32 32.9 45.12 28.72 41.64 

19 34 52.24 32.93 45.41 34 53.78 34.09 53.13 

20 35.4 62.42 38.55 59.05 35.6 68.06 47.57 59.04 

21 35.6 66.54 43.28 66.44 36 98.06   

22 33.7 80.54       

23 30 98.54       
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Table 5.12: Load v/s. Deflection Data for 60 percent Stressed Balanced Beams 
Retrofitted with Ferrocement Jacket Reinforced with Three Layers of Woven 

Wire Mesh 
 

Beam1 Beam 2 
Deflection (mm) at Deflection (mm) at 

Sr. 
No. Load 

(kN) L/2 L/4 Under 
load 

Load 
(kN) L/2  L/4 Under 

load 
1 0 0.00 0.00 0.00 0 0.00 0.00 0.00 
2 2 0.73 0.49 0.66 2 0.64 0.45 0.57 
3 4 1.84 1.24 1.68 4 1.27 0.87 1.14 
4 6 2.92 1.93 2.63 6 1.97 1.33 1.74 
5 8 3.94 3.07 3.56 8 3.27 2.24 2.93 
6 10 4.97 3.68 4.44 10 5.60 3.93 5.02 
7 12 5.97 4.38 5.42 12 6.76 4.73 6.04 
8 14 6.98 5.08 6.37 14 7.66 5.33 6.88 
9 16 8.07 5.86 7.36 16 8.75 6.09 7.88 
10 18 9.21 6.69 8.44 18 10.42 7.25 9.38 
11 20 10.42 7.54 9.49 20 11.42 8.98 10.31 
12 22 11.75 8.32 10.76 22 13.05 9.09 11.77 
13 24 13.21 9.56 12.11 24 14.34 9.99 12.92 
14 26 14.36 10.41 13.16 26 15.60 10.86 14.05 
15 28 15.68 11.40 14.35 28 17.32 12.03 15.60 
16 30 16.89 12.29 15.47 30 18.64 13.43 16.78 
17 32 18.56 13.50 16.95 32 20.10 14.47 18.11 
18 34 20.31 14.82 18.52 34 21.75 15.60 19.58 
19 36 21.56 15.70 19.67 36 23.59 16.81 21.27 
20 38 23.05 16.74 21.02 38 25.15 17.94 22.53 
21 40 24.35 17.63 22.18 40 26.90 19.08 24.11 
22 42 25.55 18.66 23.28 42 28.50 20.23 25.54 
23 44 27.29 19.75 24.84 44 30.32 21.79 27.17 
24 46 28.91 20.90 26.30 46 33.36 24.04 29.88 
25 48 30.53 22.01 27.75 48 37.19 27.12 33.15 
26 50 32.40 23.26 29.45 49 43.42 31.07 38.78 
27 52 34.44 24.57 31.24 50 51.21 35.77 44.71 
28 53.5 46.33 31.90 41.19 50.5 61.22 39.54 53.02 
29 50 61.11 40.55 54.36 49.5 64.71  57.24 
30 48 68.35 45.75 60.84 43.5 81.71   
31 44.5 77.35 53.94 62.34     
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Table 5.13: Load v/s. Deflection Data for 75 percent Stressed Balanced Beams 
Retrofitted with Ferrocement Jacket Reinforced with Three Layers of Woven 

Wire Mesh 
 

Beam1 Beam 2 
Deflection (mm) at Deflection (mm) at 

Sr. 
No. Load 

(kN) L/2  L/4 Under 
load 

Load 
(kN) L/2  L/4 Under 

load 
1 0 0.00 0.00 0.00 0 0.00 0.00 0.00 
2 2 1.00 0.72 0.92 2 0.87 0.68 0.80 
3 4 2.05 1.47 1.87 4 1.99 1.49 1.81 
4 6 3.33 2.37 3.05 6 2.83 2.28 2.58 
5 8 4.60 3.28 4.21 8 3.65 3.20 3.80 
6 10 5.61 4.01 5.14 10 4.85 3.94 4.88 
7 12 6.85 4.91 6.29 12 6.03 4.74 5.95 
8 14 8.04 5.73 7.34 14 7.24 5.54 7.03 
9 16 9.00 6.39 8.21 16 8.46 6.35 8.12 
10 18 10.26 7.30 9.34 18 9.85 7.28 9.36 
11 20 11.21 7.97 10.20 20 11.33 8.25 10.67 
12 22 12.61 8.96 11.44 22 12.62 9.13 11.93 
13 24 13.66 9.68 12.41 24 14.03 10.11 13.20 
14 26 14.71 10.41 13.39 26 15.24 10.95 14.31 
15 28 15.99 11.31 14.54 28 16.77 11.99 15.67 
16 30 17.26 12.22 15.71 30 18.29 13.00 17.12 
17 32 18.63 13.18 16.97 32 20.11 14.25 18.78 
18 34 19.85 14.62 18.14 34 21.80 15.43 20.34 
19 36 21.08 15.28 19.31 36 23.53 16.63 21.90 
20 38 22.22 15.87 20.24 38 24.94 17.56 23.17 
21 40 23.79 16.95 21.68 40 26.60 18.62 24.61 
22 42 25.40 17.98 23.02 42 28.62 20.00 26.47 
23 44 27.06 19.17 24.58 44 30.82 21.43 28.41 
24 46 28.95 20.42 26.24 46 33.25 23.05 30.54 
25 48 31.39 21.92 28.33 48 37.33 25.63 33.72 
26 50 36.44 24.98 32.63 50 42.47 28.37 38.09 
27 50.7 44.21 29.21 38.66 51.3 49.96 33.62 44.20 
28 48.5 58.83   50 59.95   
29 42.5 71.83   43 79.95   
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Table 5.14: Load v/s. Deflection Data for 90 percent Stressed Balanced Beams 
Retrofitted with Ferrocement Jacket Reinforced with Three Layers of Woven 

Wire Mesh 
 

Beam1 Beam 2 
Deflection (mm) at Deflection (mm) at 

Sr. 
No. Load 

(kN) L/2  L/4 Under 
load 

Load 
(kN) L/2 L/4 Under 

load 
1 0 0.00 0.00 0.00 0 0.00 0.00 0.00 
2 2 1.28 0.96 1.22 2 1.15 0.65 1.04 
3 4 2.18 1.60 2.06 4 2.11 1.32 1.91 
4 6 3.18 2.33 3.00 6 3.07 1.96 2.72 
5 8 4.60 3.33 4.31 8 4.43 2.84 3.93 
6 10 5.63 4.04 5.25 10 5.92 3.96 5.64 
7 12 6.84 4.89 6.33 12 7.10 4.78 6.30 
8 14 7.91 5.62 7.29 14 8.34 5.67 7.45 
9 16 9.41 6.65 8.65 16 9.63 6.54 8.59 
10 18 10.53 7.42 9.67 18 11.14 7.62 9.89 
11 20 11.45 8.15 10.60 20 12.66 8.66 11.31 
12 22 12.93 9.12 11.83 22 13.99 9.34 12.53 
13 24 14.10 9.95 12.88 24 15.32 10.02 13.75 
14 26 15.31 10.81 14.00 26 16.78 11.06 15.06 
15 28 16.56 11.70 15.14 28 18.34 12.12 16.47 
16 30 17.84 12.60 16.30 30 20.00 13.28 17.99 
17 32 19.61 13.83 17.86 32 21.49 14.27 19.30 
18 34 20.87 14.68 19.02 34 23.07 15.39 20.74 
19 36 22.21 15.60 20.28 36 24.71 16.34 22.23 
20 38 24.02 16.63 21.75 38 26.12 17.26 23.49 
21 40 25.61 17.73 23.18 40 27.71 18.36 24.94 
22 42 27.33 18.91 24.68 42 29.20 19.39 26.25 
23 44 29.17 20.21 26.40 44 31.42 20.88 28.20 
24 46 31.02 21.44 28.08 46 33.62 22.33 30.15 
25 48 33.28 22.95 30.07 48 36.75 24.30 32.99 
26 50 36.29 24.84 32.65 49.4 47.41 30.03 41.10 
27 50.7 46.01 30.22 40.66 45 65.03 38.81 53.13 
28 49 55.85 35.90 53.77 42 71.38 42.39 58.17 
29 44 70.60 43.95 56.26     
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Fig. 5.4: Load v/s Mid- Span Deflection of Under Reinforced Beam Sections 

Retrofitted with Ferrocement Jacketing with Three Layers of Wire Mesh and 
Stressed to Different Levels 

 

 
 

Fig. 5.5: Load v/s Mid- Span Deflection of Balanced Beam Sections Retrofitted 
with Ferrocement Jacketing with Three Layers of Wire Mesh and Stressed to 

Different Levels.  
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5.5 COMPARATIVE ANALYSIS  

A comparative analysis of the effect of different layers of woven wire mesh used for 

retrofitting of initially stressed beams on the various parameters maximum load 

carrying capacity, safe load carrying capacity, deflection ductility ratio and toughness 

is presented in this section. It is found from the discussion in the preceding section 

that all these parameters increase considerably irrespective of the stress level, type of 

section, and number of layers of wire mesh.  

However, on comparative analysis, it is observed that effect of change in initial stress 

level on all the observed parameters is almost negligible, but with change in type of 

section from under reinforced to balanced percentage increase in almost all the 

properties decrease.  This can be attributed to the fact that during retrofitting, as extra 

steel is provided in the tension zone in the form of wire mesh, the balanced section 

acts as an over reinforced section, which results in its failure by crushing of concrete 

rather than by yielding of the reinforcement. A similar behaviour was also observed 

during the testing as well, wherein the balanced section after retrofitting failed in 

compression and the under reinforced sections failed by yielding of reinforcement. 

The increase in the number of layers of wire mesh in the ferrocement jacket also 

affects the observed properties. It is observed that with increase in number of layers 

from two to three the average percentage increase in maximum load carrying capacity 

of the beams after retrofitting increases from 32 to 50 percent in case of under 

reinforced section while it increases from 18 to 32 percent for balanced sections. 

Similarly, the average percentage increase in safe load carrying capacity after 

retrofitting increases from 30 to 75 for the under reinforced section, where as it 

increases from 15 to 30 in case of balanced sections. 

With increase in number of layers from two to three, average percentage increase of 

toughness of beam after retrofitting on an average increases by 52.58 percent in case 

of under reinforced section, whereas the increase is of order of and 54.93 percent for 

the balanced sections.  

Thus, with increase in percentage of the reinforcement in ferrocement jackets all the 

observed properties increases due to increase in the stiffness of the jacket.  

During the testing of the beams it was observed that after the retrofitting of the beams, 

the cracks in the beams originate from the soffit of the jacket and it propagate with the 

increase of load as shown in plate 5.3. In general no horizontal cracks were observed 
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at the interface of the original beam and jacket, indicating that there is no interfacial 

bond failure. However, at the maximum load the spalling of the ferrocement cover 

was observed. The crack spacing at maximum load for both retrofitted as well as un-

retrofitted beams was also noted and it is observed that in all cases crack spacing in 

retrofitted beams decreases to 40-50 mm from original spacing of 80-120mmin case 

of control beams, indicating better distribution of stresses in case of beams retrofitted 

using ferrocement jacketing. 
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Table 5.15:  Deflection Ductility and Toughness for Control Beams and 
Beams Retrofitted Using Ferrocement Jacketing 

 

Type of 
Beam PS Pe PY PU 

Ductility 
Ratio 

(∆U/ ∆Y) 

Toughness 
(KN-mm) 

 Increase 
in 

Toughness 
(percent) 

UC 11.995 16.5 21.5 22.4 2.27 1336.41 - 
2U60 16.02 24 30 32.1 2.28 2112.27 58.05 
2U75 15.90 26 32 32.65 2.83 2477.11 85.36 
2U90 15.13 25 27 30.5 3.74 2532.51 89.50 
3U60 21.2 29 35.6 36.05 2.4 3121.26 133.56 
3U75 21.3 30 34 36.45 2.45 2979.86 122.82 
3U90 20.2 29 32 35.6 2.87 2659.27 98.99 
BC 19.875 33 37 38.7 1.81 1495.1 - 

2B60 24.01 42 45 45.4 1.87 2331.33 55.93 
2B75 22.43 40 44.5 46.2 1.87 2331.32 54.73 
2B90 22.31 42 44 46.15 2.05 2430.21 62.55 
3B60 26.01 48 50 52 2.21 3067.24 105.16 
3B75 26.02 45 50 51 1.89 2798.7 87.19 
3B90 24.5 46.5 49 50.2 1.99 2631.75 76.03 

 
2U60 Under Reinforced section stressed to 60 percent of safe load and retrofitted 

using ferrocement jacketing reinforced with two layers of wire mesh.  
2U75 Under Reinforced section stressed to 75 percent of safe load and retrofitted 

using ferrocement jacketing reinforced with two layers of wire mesh. 
2U90 Under Reinforced section stressed to 90 percent of safe load and retrofitted 

using ferrocement jacketing reinforced with two layers of wire mesh. 
3U60 Under Reinforced section stressed to 60 percent of safe load and retrofitted 

using ferrocement jacketing reinforced with two layers of wire mesh. 
3U75 Under Reinforced section stressed to 75 percent of safe load and retrofitted 

using ferrocement jacketing reinforced with two layers of wire mesh. 
3U90 Under Reinforced section stressed to 90 percent of safe load and retrofitted 

using ferrocement jacketing reinforced with two layers of wire mesh. 
2B60 Balanced section stressed to 60 percent of safe load and retrofitted using 

ferrocement jacketing reinforced with two layers of wire mesh.  
2B75 Balanced section stressed to 75 percent of safe load and retrofitted using 

ferrocement jacketing reinforced with two layers of wire mesh. 
2B90 Balanced section stressed to 90 percent of safe load and retrofitted using 

ferrocement jacket having two layers of wire mesh. 
3B60 Balanced section stressed to 60 percent of safe load and retrofitted using 

ferrocement jacketing reinforced with two layers of wire mesh. 
3B75 Balanced section stressed to 75 percent of safe load and retrofitted using 

ferrocement jacketing reinforced with two layers of wire mesh. 
3B90 Balanced section stressed to 90 percent of safe load and retrofitted using 

ferrocement jacketing reinforced with two layers of wire mesh. 
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Table 5.16 Number of Cracks at Different Stress Level 
 
Type of Beam No. of Cracks 

at First  
Crack Level 

No. of cracks 

at 18 kN load 

No. of Cracks 

at 30 kN load 

No. of Cracks 
at Failure 

2B60(1) 4 10 15 22 

2B60(2) 4 14 17 21 

2B75(1) 4 12 14 16 

2B75(2) 9 12 14 22 

2B90(1) 3 7 17 24 

2B90(2) 5 11 22 29 

3B60(1) 9 17 22 30 

3B60(2) 10 19 23 29 

3B75(1) 7 16 23 29 

3B75(2) 7 17 22 30 

3B90(1) 9 16 21 25 

3B90(2) 7 15 21 29 

2U60(1) 11 14 - 24 

2U60(2) 9 12 - 23 

2U75(1) 6 9 - 26 

2U75(2) 7 9 - 28 

2U90(1) 11 18 - 27 

2U90(2) 9 17 - 26 

3U60(1) 5 15 - 28 

3U60(2) 6 15 - 27 

3U75(1) 4 14 - 20 

3U75(2) 4 19 - 29 

3U90(1) 6 20 - 26 

3U90(2) 6 21 - 28 
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Table 5.17 Spacing and Depth of Cracks in Control and Retrofitted Beams at 

Failure 
 
S.No. Type of Beam Minimum 

Spacing of 
Cracks (mm) 

Maximum 
Spacing of 

Cracks (mm) 

Depth of 
Crack (mm) 

1. UC-1 45 140 170 

2. UC-2 44 110 172 

3. 2U60-1 31 126 196 

4. 2U60-2 29 150 250 

5. 2U75-1 21 212 220 

6. 2U75-2 25 180 215 

7. 2U90-1 20 181 201 

8. 2U90-2 22 165 222 

9. 3U60-1 29 174 203 

10. 3U60-2 30 184 210 

11. 3U75-1 29 194 196 

12. 3U75-2 20 155 213 

13. 3U90-1 28 175 196 

14. 3U90-2 18 174 165 

15. BC-1 75 150 136 

16. BC-2 72 162 125 

17. 2B60-1 25 152 210 

18. 2B60-2 18 144 207 

19. 2B75-1 40 151 201 

20. 2B75-2 30 190 191 

21. 2B90-1 20 100 250 

22. 2B90-2 40 160 250 

23. 3B60-1 19 160 190 

24. 3B60-2 21 140 178 

25. 3B75-1 28 161 186 

26. 3B75-2 28 150 186 

27. 3B90-1 37 177 215 

28. 3B90-2 25 130 161 
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Fig 5.6: Load v/s Mid- Span Deflection of Under Reinforced Beam Sections 

Retrofitted with Ferrocement Jacketing with Different Layers of Wire Mesh and 
Stressed to 60 percent Stress Level 

 

 
 

 
Fig. 5.7: Load v/s Mid- Span Deflection of Under Reinforced Beam Sections 

Retrofitted with Ferrocement Jacketing with Different Layers of Wire Mesh and 
Stressed to 75 percent Stress Level  

 

0

5

10

15

20

25

30

35

40

0 20 40 60 80 100 120 140

Deflection (mm)

Lo
ad

 (k
N

)

UC-1
UC-2
2U60-1
2U60-2
3U60-1
3U60-2

0

5

10

15

20

25

30

35

40

0 20 40 60 80 100 120

Deflection (mm)

Lo
ad

 (k
N

)

UC-1
UC-2
2U75-1
2U75-2
3U75-1
3U75-2



 108

 
 

 
Fig. 5.8: Load v/s Mid- Span Deflection of Under Reinforced Beam Sections 

Retrofitted with Ferrocement Jacketing with Different Layers of Wire Mesh and 
Stressed to 90 percent Stress Level  

 

 
Fig. 5.9: Load v/s Mid- Span Deflection of Balanced Beam Sections Retrofitted 

with Ferrocement Jacketing with Different Layers of Wire Mesh and Stressed to 
60 percent Stress Level  
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Fig. 5.10: Load v/s Mid- Span Deflection of Balanced Beam Sections Retrofitted 
with Ferrocement Jacketing with Different Layers of Wire Mesh and Stressed to 

75 percent Stress Level  
 

 
 

 Fig. 5.11: Load v/s Mid- Span Deflection of Balanced Beam Sections Retrofitted 
with Ferrocement Jacketing with Different Layers of Wire Mesh and Stressed to 

90 percent Stress Level  
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         2B60(1)- at 10 kN Load     2B60(1) – at 18 kN Load  
 
 

           
 
         2B60(1) – at 30 kN Load   2B60(1)- Failure 1 (Spalling of Cover) 
 

           
 
2B60(1)- Failure 2 (Crushing of Concrete)        2B60(1)- Failure 3 (After removing cover) 

 
Plate 5.1 Crack Patterns in Balanced Beams Retrofitted with Ferrocement 

Jackets Reinforced with Two Layers of GI Woven Wire Mesh and Stressed to 
60% Level 
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 2B60(2)- at 10 kN Load               2B60(2)- at 18 kN Load 
 
 
 
 
 
 
 
 

           
 
 2B60(2)- at 30 kN Load   2B60(2) – at Failure 
 

 
Plate 5.2 Crack Patterns in Balanced Beams Retrofitted with Ferrocement 

Jackets Reinforced with Two Layers of GI Woven Wire Mesh and Stressed to 
60% Level 
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 3B60(1)- at 10 kN Load   3B60(1)- at 18 kN Load 
 

           
 
 3B60(1) – at 30 kN Load   3B60(1) – at Failure 1 
 
 

 
 

3B60(1) –  at Failure 2 
 

Plate 5.3 Crack Patterns in Balanced Beams Retrofitted with Ferrocement 
Jackets Reinforced with Three Layers of GI Woven Wire Mesh and Stressed to 

60% Level 
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 3B60(2)- at 10 kN Load    3B60(2) – at 18 kN Load 
 
 
 

           
 
 3B60(2) – at 30 kN Load   3B60(2) – at Failure 1 
 
 
 

           
 
  3B60(2)- at Failure 2    3B60(2) – at Failure 3 
 

Plate 5.4 Crack Patterns in Balanced Beams Retrofitted with Ferrocement 
Jackets Reinforced with Three Layers of GI Woven Wire Mesh and Stressed to 

60% Level 
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 2B75(1) – at 10 kN Load   2B75(1) – at 18 kN  load 

 
 
 
 
 

           
 
 2B75(1) – at 30 kN Load       2B75(1)- at Failure  
 
 
 
 
 

Plate 5.5 Crack Patterns in Balanced Beams Retrofitted with Ferrocement 
Jackets Reinforced with Two Layers of GI Woven Wire Mesh and Stressed to 

75% Level 
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 2B75(2) – at 10 kN Load   2B75(2) – at 18kN Load  
 
 
 
 

           
 
 2B75(2) – at 30 kN Load      2B75(2) – at Failure  
 
 
 
                                                                        
 

Plate 5.6 Crack Patterns in Balanced Beams Retrofitted with Ferrocement 
Jackets Reinforced with Two Layers of GI Woven Wire Mesh and Stressed to 

75% Level 
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 3B75(1) – at 10 kN Load   3B75(1) – at 18 kN Load 
 

           
 
 3B75(1) – at 30 kN Load   3B75(1) – at Failure 1 
 

 
 

3B75(1) – at Failure 2 
 

Plate 5.7 Crack Patterns in Balanced Beams Retrofitted with Ferrocement 
Jackets Reinforced with Three Layers of GI Woven Wire Mesh and Stressed to 

75% Level 
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 3B75(2) – at 10 kN Load   3B75(2) – at 18 kN Load 
 

           
 
 3B75(2) – at 30 kN Load      3B75(2) – at Failure 1 
 

 
 

3B75(2) – at Failure 2 
 

Plate 5.8 Crack Patterns in Balanced Beams Retrofitted with Ferrocement 
Jackets Reinforced with Three Layers of GI Woven Wire Mesh and Stressed to 

75% Level 
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    2B90(1) – at 10 kN                 2B90(1) – at 18 kN Load  
 

           
 
        2B90(1) – at 36 kN Load      2B90(1) – at Failure 1 
 

 
 

2B90(1) – at Failure 2 
 

Plate 5.9 Crack Patterns in Balanced Beams Retrofitted with Ferrocement 
Jackets Reinforced with Two Layers of GI Woven Wire Mesh and Stressed to 

90% Level 
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 2B90(2) – at 10 kN Load   2B90(2) – at 18 kN Load 
 

           
 
 2B90(2) – at 30 kN Load      2B90(2) – at Failure  
 

 
 

2B90(2) – at Failure  
 

Plate 5.10 Crack Patterns in Balanced Beams Retrofitted with Ferrocement 
Jackets Reinforced with Two Layers of GI Woven Wire Mesh and Stressed to 

90% Level 
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 3B90(1) – at 10 kN Load   3B90(1) – at 18 kN Load 
 

           
 
 3B90(1) – at 30 kN Load      3B90(1) – at Failure 1 
 

 
 

3B90(1) – at Failure 2 
 

Plate 5.11 Crack Patterns in Balanced Beams Retrofitted with Ferrocement 
Jackets Reinforced with Three Layers of GI Woven Wire Mesh and Stressed to 

90% Level 
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 3B90(2) – at 10 kN    3B90(2) – at 18 kN Load  
 

          
 
 3B90(2) – at 30 kN Load    3B90(2) –at Failure 1 
 

          
 
 3B90(2) – at Failure 2    3B90(2) – at Failure 3 
 

Plate 5.12 Crack Patterns in Balanced Beams Retrofitted with Ferrocement 
Jackets Reinforced with Three Layers of GI Woven Wire Mesh and Stressed to 

90% Level 
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 2U60(1) – at 8 kN Load       2U60(1) – at Failure  
 

           
 
 2U60(2) – at 8 kN Load   2U60(2) – at 18 kN Load 
 

           
 
 2U60(2) – at Failure 1   2U60(2) –at Failure 2 
 

Plate 5.13 Crack Patterns in Under Reinforced Beams Retrofitted with 
Ferrocement Jackets Reinforced with Two Layers of GI Woven Wire Mesh and 

Stressed to 60% Level 



 123

           
 
 3U60(1) – at 8 kN Load   3U60(1) – at 18 kN Load 
 

           
 
 3U60(1) – at Failure    3U60(2) – at 8 kN Load 
 

           
 
 3U60(2) – at 18 kN Load    3U60(2) – at Failure  
 

Plate 5.14 Crack Patterns in Under Reinforced Beams Retrofitted with 
Ferrocement Jackets Reinforced with Three Layers of GI Woven Wire Mesh 

and Stressed to 60% Level 
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 2U75 – at 8kN Load       2U75 – at 18 kN Load 
 
 
 
 
 

           
 
 2U75 – at Failure 1        2U75 – at Failure 2 
 
 
 

Plate 5.15 Crack Patterns in Under Reinforced Beams Retrofitted with 
Ferrocement Jackets Reinforced with Two Layers of GI Woven Wire Mesh and 

Stressed to 75% Level 
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 3U75(1) – at 8 kN Load   3U75(1) – at 18 kN Load 
 

           
 
 3U75(1) – at Failure     3U75(2) – at 8 kN Load 
 

           
 
 3U75(2) – at 18 kN Load      3U75(2) – at Failure  
 

Plate 5.16 Crack Patterns in Under Reinforced Beams Retrofitted with 
Ferrocement Jackets Reinforced with Three Layers of GI Woven Wire Mesh 

and Stressed to 75% Level 
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 2U90(1) – at 8 kN Load   2U90(1) – at 18 kN Load 
 

           
 
 2U90(1) – at Failure    2U90(2) – at 8 kN Load 
 

           
 
 2U90(2) – at 18 kN Load    2U90(2) – at Failure 
 

Plate 5.17 Crack Patterns in Under Reinforced Beams Retrofitted with 
Ferrocement Jackets Reinforced with Two Layers of GI Woven Wire Mesh and 

Stressed to 90% Level 
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 3U90(1) – at 8 kN Load   3U90(1) –at 18 kN Load 
 

           
 
 3U90(1)- at Failure     3U90(2) – at 8 kN Load 
 

           
 
 3U90(2) – at 18 kN Laod      3U90(2) – at Failure  
 

Plate 5.18 Crack Patterns in Under Reinforced Beams Retrofitted with 
Ferrocement Jackets Reinforced with Three Layers of GI Woven Wire Mesh 

and Stressed to 90% Level 
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Plate 5.19 Crack Patterns in Balanced Control Beams 

 

 

 

    
 

 

Plate 5.20 Crack Patterns in Under Reinforced Control Beams 
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CHAPTER –6 

RETROFITTING OF BEAMS USING GFRP JACKETS 

 

6.1 GENERAL 

This chapter presents the experimental results of testing of control beams and beams 

retrofitted using GFRP jacketing with fibres orientated at 00 and 450 to the 

longitudinal axis of the beams. The data obtained from testing is analyzed and 

discussed. The entire chapter is divided into three sections, in the first sections the 

beams retrofitted using GFRP jackets and fibres orientated at 00 to the longitudinal 

axis of the beam are discussed, In the second section the beams retrofitted using 

GFRP jackets and fibres orientated at 450 to the longitudinal axis of the beam are 

discussed, and finally the third presents the comparative details of the effect of fibre 

orientation i.e. 00 or 450 to the longitudinal axis of the beam on the strength of 

retrofitted beams, and when the beams are stressed to different stress levels.  

The results for the control beams and beams retrofitted using U-shaped jackets with 00 

and 450 orientation of fibres are given in Tables 6.1 to 6.14. The load deflection 

curves for the data obtained from the experimental results are plotted in Fig 6.1 to 

6.11 and fitted through quadri-linear curves as explained in section 3.6, and various 

parameters such as maximum load carrying capacity, safe load carrying capacity, 

ductility ratio, toughness are calculated and tabulated in Table 6.15. The effect of 

various parameters studied is as under: 

 

6.2 BEHAVIOUR OF RETROFITTED BEAMS  

All the retrofitted as well control beams are tested under two point loading system, as 

explained in the Section 3.5 of the Chapter 3. Figs. 6.1 to 6.11 show the load 

deflection plots of the retrofitted and the control beams. The maximum load, safe 

load, ductility and toughness of the retrofitted beams calculated from the test results 

are summarized in Table 6.15.    

It was observed during testing that the under reinforced retrofitted beams failed in 

tension due to rupture of the glass fibres, whereas the balanced beams failed by 

crushing of concrete followed by the rupture of glass fibres as shown in Plates 6.1 to 

6.4. The modes of failures are same as per the model predicted by Chen et al (2002). 

In some of the specimens, debonding of the GFRP jackets was also observed near the 
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sharp edges at top of the beam. This debonding took place due to formation of air 

pockets near the sharp edges of the beam. 

It was further observed that after the retrofitting of the beams there is no appreciable 

increase in the safe and maximum load carrying capacities of the beams. This may be 

attributed to loss in stiffness of the section due to initial stressing of the beams. 

However, the load carrying capacities of the beams increased when the fibres are 

oriented at 45 degrees to the longitudinal axis of the beams. This increase in the load 

carrying capacity of the retrofitted beams can be attributed to the confinement 

provided by the fibres in the compression zone, due to which the compressive 

component of the internal moment couple provided by the concrete increases, leading 

to an increased load carrying capacity.  

All the retrofitted beams underwent large deflections as compared to the control 

beams, hence the ductility ratio and toughness of the beams increased after 

retrofitting. This increase was again higher in the beams retrofitted with fibres at 45 

degrees, due higher in the load carrying capacity of the beams, as compared to those 

with fibres at zero degrees.  

 

6.3 BEAMS RETROFITTED USING GFRP JACKETS WITH FIBRES AT 

ZERO DEGREE TO THE LONGITUDINAL AXIS OF BEAM 

Out of a total twenty-four beams cast, twelve were retrofitted using GFRP jackets 

with fibres oriented at zero degree to the longitudinal axis of the beam. Six of these 

were designed as under reinforced sections and remaining six were designed as 

balanced sections. Two beams from each type i.e. balanced and under reinforced were 

stressed to 60 percent, 75 percent and 90 percent respectively of safe load obtained 

from the testing of the control beams. The load deflection data obtained from the 

testing of the beams is plotted and presented for each beam separately in the curves 

shown in Fig. 6.1 to 6.11 

 

6.3.1 Effect on Strength of Beams   

Fig. 6.1 shows the load deflection curve for the control beams tested as per procedure 

laid down in section 3.5. It is observed from the test results that the under reinforced 

beams underwent large deflections as compared to balanced sections. The average 

maximum load carrying capacity was 22.4 kN for under reinforced control beams as 

compared to 38.7 kN for balanced control beams. 
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The other beams, which were subsequently stressed to 60, 75 and 90 percent of the 

safe load respectively for the respective section, and retrofitted with GFRP having 

fibres at zero degree to the longitudinal axis. They were tested again to obtain their 

load carrying capacity.   

For under reinforced section the average maximum load carrying capacity obtained 

experimentally was 24.2 kN, 22.3 kN, and 19.7 kN respectively, for retrofitted beams 

stressed to 60, 75 and 90 percent stress levels. So, the maximum load capacity of 

under reinforced retrofitted beams increased by 8.03 percent for 60 percent stressed 

beam whereas it decreased by 0.45 and 12.05 percent for 75 and 90 percent level. 

The average safe load carrying capacity as obtained experimentally (at deflection of 

span/250) after the retrofitting decreased by 7.32, 8.68 and 22.2 percent as compared 

to the control beams, at stress levels of 60, 75 and 90 percent respectively 

For the balanced retrofitted beams the average maximum load obtained 

experimentally was 42.75 kN, 41.75 kN and 40.45 kN, respectively for the retrofitted 

beams stressed to 60, 75 and 90 percent stress level, indicating an increase of 10.4, 

7.88 and 4.52 percent for stress level 60, 75 and 90 percent respectively. The safe load 

carrying capacity increased by 7.17 and 0.63 percent with stress level 60 and 75 

percent, however it decreased by 9.28 percent as compared to control beam, at a stress 

level of 90 percent. 

Thus, it can be concluded that there is no appreciable increase in the strength (both 

maximum and safe) after the retrofitting of the beams with GFRP jackets with fibres 

at zero degree to the longitudinal axis of the beams, except in the case of balanced 

sections where both maximum and safe load carrying capacity increases by 

approximately 5-10 percent after retrofitting, which is also not very appreciable. The 

strength of the section decreases with an increase in the stress level, which is due to a 

decrease in the stiffness of section due to higher initial stress level.  

It was also observed that the under reinforced beams failed by the rupture of the fibres 

and balanced sections failed by the crushing of concrete as shown in Plates 6.3 and 

6.6. This indicates that the balanced section starts behaving as an over reinforced 

section after retrofitting due to the extra reinforcement provided in the tension zone in 

the form of GFRP wrapping. Moreover, no surface cracks were observed due to the 

GFRP wrapping which makes the structure more durable  
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6.3.2 Effect on Ductility Ratio and Toughness 

The deflection ductility ratio defined as the ratio of the deflection at ultimate load and 

yield load is calculated using quadri-linear curves and is shown in Table 6.15. The 

ductility ratio of under reinforced sections increases by 5.79 percent, 15.75 percent 

and 10.85 percent respectively, for the beams stressed to 60, 75 and 90 percent stress 

level. In case of balanced sections the percentage increase in the ductility ratio is 

10.77 percent, 16.8 percent and 11.05 percent respectively, for beams stressed to 60, 

75 and 90 percent stress level  

The area under the quadri-linear curves, idealized as explained in section 3.6, is 

calculated to find the toughness of the section before and after retrofitting, and is 

shown in Table 6.15. The toughness of the under reinforced and balanced beams 

increased by 22.54, 11.08, and 6.44 percent and 50.53, 38.33 and 31.29 percent 

respectively for the beams stressed to 60, 75 and 90 percent stress level. 

So, both deflection ductility ratio and toughness of the beams retrofitted using GFRP 

jackets with fibres at an orientation of zero degree to the longitudinal axis of beams 

increases considerably. 

 

Table 6.1: Load v/s. Deflection Data for Under Reinforced Control Beams 
 

Beam1 Beam 2 
Deflection (mm) at Deflection (mm) at 

Sr. 
No. Load 

(kN) L/2   L/4 3L/4 
Load 
(kN) L/2 L/4 3L/4 

1 1 0 0 0 0 0 0 0 
2 2 2 1.52 0.46 .48 2 2.37 0.99 
3 3 4 3.0 1.82 1.81 4 4.74 1.98 
4 4 6 5.0 3.02 3.04 6 7.23 3.69 
5 5 8 8.3 5.0 5.02 8 9.78 5.88 
6 6 10 10.98 7.0 7.05 10 12.85 7.86 
7 7 12 14 9.22 9.25 12 16.1 9.78 
8 8 14 17 11.2 11.28 14 19.1 11.89 
9 9 16 20 13.5 13.52 16 22.26 14.07 
10 10 20 28 16 16.04 18 26.18 16.7 
11 11 21.8 44.85 33.4 33.45 20 31.63 20 
12 12 21 61.28   22 38.9 24.05 
13 13 18 76.28   23 48.3 28.6 
      20 79.3  
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Table 6.2: Load v/s. Deflection Data for Balanced Control Beams 

 
 

Beam1 Beam 2 

Deflection (mm) at Deflection (mm) at 

Sr. 
No. Load 

(kN) L/2 L/4 3L/4 

Load 

(kN) L/2 L/4 3L/4 

1 0 0 0 0 0 0 0 0 

2 2 0.91 0.65 0.65 2 1.72 1.2 1.4 

3 4 1.82 1.29 1.29 4 3.44 2.39 2.8 

4 6 2.81 1.98 1.98 6 5.16 3.59 4.21 

5 8 4.18 2.95 2.93 8 6.88 4.78 5.61 

6 10 5.55 3.91 3.87 10 8.58 5.98 6.88 

7 12 7.16 4.97 4.67 12 10.25 7.17 8.03 

8 14 8.83 6.06 5.43 14 11.94 8.4 9.22 

9 16 10.51 7.14 6.19 16 13.64 9.64 10.45 

10 18 11.94 8.26 7.24 18 15.34 10.88 11.65 

11 20 13.33 9.34 8.32 20 17.07 12.18 12.88 

12 22 14.73 10.33 9.33 22 18.82 13.52 14.13 

13 24 16.22 11.38 10.41 24 20.67 14.83 15.45 

14 26 17.77 12.48 11.55 26 22.52 16.14 16.78 

15 28 19.29 13.56 12.67 28 24.36 17.45 18.1 

16 30 21.09 14.79 13.91 30 26.09 18.65 19.32 

17 32 23.05 16.17 15.12 32 27.79 19.82 20.52 

18 34 25.02 17.56 16.34 34 30.36 21.35 21.95 

19 36 26.98 18.95 17.56 36 33.09 22.94 23.43 

20 38 29.73 20.95 19.45 37 38.66 26.78 25.93 

21 40 36.91 26.39 25.15 33.5 50.0   

22 40.4 38.35 27.48 26.29 30 58.0   

23 37 50.0       

24 62.0        
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Table 6.3:  Load v/s. Deflection Data for 60 percent Stressed Under 
Reinforced Beams Retrofitted with GFRP Jacket with Fibres at 00  to the 

Longitudinal axis of the Beam 
 

Beam1 Beam 2 
Deflection (mm) at Deflection (mm) at 

Sr. 
No. Load 

(kN)  L/2  L/4  3L/4 
Load 
(kN) L/2 L/4 3L/4 

1 0 0 0 0 0 0 0 0 
2 2 2.58 1.58 1.37 2 2.8 1.72 1.42 
3 4 5.16 4.24 4.2 4 5.26 4.56 4.36 
4 6 7.42 5.86 5.89 6 7.56 6.08 6.06 
5 8 9.74 7.48 7.75 8 9.72 7.96 7.96 
6 10 12.15 9.17 9.62 10 12.48 9.78 9.84 
7 12 14.6 11.08 11.67 12 14.4 11.72 12.02 
8 14 17.55 12.92 13.62 14 17.68 13.62 13.92 
9 16 20.63 15.1 15.9 16 21.05 15.98 16.26 
10 18 23.4 17.27 18.07 18 24.2 18.04 18.48 
11 20 28.72 21.71 22.33 20 28.92 22.38 22.63 
12 22 36.86 25.41 26.67 22 37.56 25.98 27.56 
13 23.4 47.41 33.16 34.05 24 49.2 35.78 35.48 
14 23.9 65.69 42.54 44.8 24.5 67.24 44.06 46.18 
15 22 80.69   22 84.24   
16 20 90.69   20 93.24   

 
 

Table 6.4:  Load v/s. Deflection Data for 75 percent Stressed Under 
Reinforced Beams Retrofitted with GFRP Jacket with Fibres at 00  to the 

Longitudinal axis of the Beam 
 

Beam1 Beam 2 
Deflection (mm) at Deflection (mm) at 

Sr. 
No. Load 

(kN) L/2 L/4 3L/4 
Load 
(kN) L/2 L/4 3L/4 

1 0 0 0 0 0 0 0 0 
2 2 2.06 1.49 1.57 2 1.98 1.42 1.49 
3 4 4.16 3.01 3.17 4 3.86 3.06 3.27 
4 6 6.44 4.64 4.85 6 6.12 4.88 4.62 
5 8 9.15 6.42 6.75 8 9.02 6.58 6.86 
6 10 11.75 8.19 8.61 10 11.72 7.98 8.78 
7 12 14.84 10.44 10.78 12 14.82 10.76 11.12 
8 14 18.39 12.98 13.53 14 18.42 13.06 13.96 
9 16 21.96 15.41 16.3 16 22.0 15.56 16.78 
10 18 28.15 19.66 20.76 18 27.96 19.56 21.26 
11 20 37.4 25.46 26.78 20 37.2 25.86 27.22 
12 22 48.85 33 33.38 22.6 49.24 34.24 34.76 
13 21 68.24   22 67.68   
14 18 89.24   18 90.68   
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Table 6.5:  Load v/s. Deflection Data for 90 percent Stressed Under 
Reinforced Beams Retrofitted with GFRP Jacket with Fibres at 00 to the 

Longitudinal axis of the Beam 
 

Beam1 Beam 2 
Deflection (mm) at Deflection (mm) at 

Sr. 
No. Load 

(kN) L/2 L/4 3L/4 
Load 
(kN) L/2 L/4 3L/4 

1 0 0 0 0 0 0 0 0 

2 2 3.2 2.16 2.06 2 3.85 2.74 3.06 

3 4 5.77 3.66 3.79 4 5.85 4.75 5.21 

4 6 8.34 5.26 5.58 6 8.3 7.11 7.62 

5 8 11.12 7.18 7.55 8 11.21 9.74 10.33 

6 10 14.25 9.4 9.74 10 14.77 12.16 12.92 

7 12 17.5 11.78 11.95 12 17.92 14.8 15.64 

8 14 20.81 14.26 14.23 14 21.92 17.93 18.61 

9 16 24.38 17.53 17.3 16 28.33 21.44 21.78 

10 18 37.06 25.16 24.74 18 37.95 27.55 27.39 

11 18.4 44.55 29.3 28.45 19 45.12 30.4 30.18 

12 19.4 70.73 43.95 45.25 19.9 57.1 37.4 38.8 

13 17 86.73   20 68.9 46.27 50.72 

14     19 80.9   

     17 90.9   
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Table 6.6:  Load v/s. Deflection Data for 60 percent Stressed Balanced Beams 
Retrofitted with GFRP Jacket with Fibres at 00  to the 

Longitudinal axis of the Beam 
 

Beam1 Beam 2 

Deflection (mm) at Deflection (mm) at 

Sr. 
No. Load 

(kN) L/2 L/4 3L/4 

Load 

(kN) L/2 L/4 3L/4 

1 0 0 0 0 0 0 0 0 

2 2 1.79 1.3 0.88 2 1.76 1.16 1.48 

3 4 3.01 2.11 1.64 4 3.13 2.1 2.54 

4 6 4.27 2.96 2.37 6 4.39 2.96 3.43 

5 8 5.6 3.86 3.11 8 5.66 3.81 4.3 

6 10 6.91 4.78 4.02 10 6.97 4.7 5.18 

7 12 8.18 5.61 4.95 12 8.34 5.65 6.1 

8 14 9.5 6.48 5.94 14 9.76 6.66 7.1 

9 16 11 7.49 7.07 16 11.18 7.67 8.08 

10 18 12.4 8.46 8.15 18 12.6 8.69 9 

11 20 13.91 9.46 9.29 20 14.08 9.72 9.91 

12 22 15.45 10.47 10.45 22 15.58 10.74 10.82 

13 24 17.05 11.51 11.64 24 17.07 11.8 11.88 

14 26 18.64 12.55 12.82 26 18.56 12.86 12.99 

15 28 20.45 20.45 20.45 28 19.99 13.89 14.12 

16 30 22.25 22.25 22.25 30 21.4 14.92 15.25 

17 32 22.88 15.43 15.92 32 22.75 15.96 16.4 

18 34 23.65 17.08 17.67 34 24 17.05 17.58 

19 36 24.7 18.41 19.14 36 25.27 18.14 18.77 

20 38 26.66 19.95 20.77 38 27.14 19.43 20.09 

21 40 29.55 21.7 22.55 40 30.48 21.54 22.18 

22 42 35.39 25.13 25.46 42 39.97 26.74 27.99 

23 43 51.32 34.09 37.5 42.5 42.38 28.02 29.53 

24 38 64.58   42.5 51.36 33.77 36.58 

25 35 71.35   38 67.56   

26     35 73.35   
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Table 6.7:  Load v/s. Deflection Data for 75 percent Stressed Balanced Beams 
Retrofitted with GFRP Jacket with Fibres at 00  to the 

Longitudinal axis of the Beam 
 

Beam1 Beam 2 

Deflection (mm) at Deflection (mm) at 

Sr. 

No. Load 

(kN) L/2 L/4 3L/4 

Load 

(kN) L/2 L/4 3L/4 

1 0 0 0 0 0 0 0 0 

2 2 2.11 1.66 0.72 2 2.29 1.15 1.19 

3 4 3.54 2.8 1.53 4 3.84 2.24 2.25 

4 6 4.76 3.77 2.4 6 5.19 3.22 3.18 

5 8 6.13 4.76 3.38 8 6.52 4.19 4.15 

6 10 7.58 5.79 4.46 10 7.84 5.16 5.15 

7 12 9.1 6.85 5.62 12 9.26 6.18 6.18 

8 14 10.48 7.81 6.73 14 10.67 7.24 7.26 

9 16 11.96 8.84 7.83 16 12.05 8.3 8.33 

10 18 13.52 9.92 8.96 18 13.38 9.27 9.3 

11 20 15.16 11.03 10.13 20 14.86 10.29 10.34 

12 22 16.71 12.13 11.26 22 16.42 11.35 11.4 

13 24 18.24 13.22 12.4 24 18.06 12.45 12.49 

14 26 19.86 14.37 13.57 26 19.51 13.44 13.46 

15 28 21.47 15.52 14.75 28 21.03 14.53 14.48 

16 30 22.96 16.63 15.91 30 22.64 15.76 15.57 

17 32 24.62 17.79 17.16 32 24.08 16.92 16.64 

18 34 26.52 19.08 18.56 34 25.34 18.02 17.68 

19 36 28.42 20.35 19.95 36 26.88 19.2 18.83 

20 38 30.25 21.45 21.28 38 28.58 20.44 20.04 

21 40 34.1 23.55 24.08 40 31.28 22.3 21.85 

22 41.2 45.13 30.25 33.8 41 38.27 26.42 26.42 

23 38 56.42   42.3 49.53 32.95 34.24 

24 35 62.98   38 60.68   

25     35 70.24   
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Table 6.8:  Load v/s. Deflection Data for 90 percent Stressed Balanced Beams 
Retrofitted with GFRP Jacket with Fibres at 00  to the 

Longitudinal axis of the Beam 
 

Beam1 Beam 2 

Deflection (mm) at Deflection (mm) at 

Sr. 

No. Load 

(kN) L/2 L/4 3L/4 

Load 

(kN) L/2 L/4 3L/4 

1 0 0 0 0 0 0 0 0 

2 2 2.6 1.69 1.52 2 2.17 1.39 1 

3 4 5.2 3.38 3.05 4 3.56 2.4 1.88 

4 6 6.81 4.46 4.14 6 4.89 3.35 2.76 

5 8 8.35 5.49 5.53 8 6.35 4.31 3.69 

6 10 9.82 6.48 7.24 10 7.8 5.25 4.65 

7 12 11.74 7.76 7.74 12 9.18 6.21 5.63 

8 14 13.56 8.99 8.75 14 10.55 7.15 6.68 

9 16 15.35 10.2 16 16 11.9 8.1 7.72 

10 18 16.95 11.28 11.57 18 13.25 9.05 8.75 

11 20 18.98 12.5 13.18 20 14.66 10.07 9.78 

12 22 21.11 13.8 14.53 22 16.09 11.09 10.81 

13 24 22.23 14.88 15.27 24 17.71 12.17 11.96 

14 26 23.35 15.96 16 26 19.52 19.52 19.52 

15 28 26.04 17.72 17.92 28 21.07 14.36 14.43 

16 30 28.78 19.35 19.71 30 22.46 15.47 15.67 

17 32 31.55 20.85 21.37 32 23.45 16.68 17.02 

18 34 34.9 22.88 23.35 34 24.25 17.98 18.46 

19 36 38.83 25.43 25.66 36 26.24 19.79 20.56 

20 38 42.13 27.82 28.07 38 32.01 23.36 24.52 

21 40 47.57 30.72 31.43 38.9 37.29 37.29 37.29 

22 42 55.14 34.12 35.74 38.9 48.19   

23 36 66.5 39.32 42.67 35 60.24   
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Fig. 6.1: Load v/s Deflection For Control Beams 

 

 
 

Fig. 6.2: Load v/s Mid Span Deflection of Under Reinforced Beams Retrofitted 
with GFRP Jacketing with fibres at 00 to the Longitudinal Axis of the Beam  
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Fig. 6.3: Load v/s Mid Span Deflection of Balanced Beams Retrofitted with 

GFRP Jacketing with fibres at 00 to the Longitudinal Axis of the Beam 
 
  

6.4 BEAMS RETROFITTED USING GFRP JACKETS WITH FIBRES AT  

FORTY FIVE DEGREES TO THE LONGITUDINAL AXIS OF BEAM 

The other twelve beams were retrofitted using GFRP jacket with fibres at an 

orientation of 45 degrees to the longitudinal axis of the beams. The experimental 

results obtained are presented for each of the beams separately in the Tables 6.1 to 

6.14 and the load deflection curves plotted using experimental results are shown in 

Figs. 6.1 to 6.11 

6.4.1 Effect on Strength of Beams   

Fig. 6.1 shows the load deflection curve for the control beams tested as per procedure 

laid down in section 3.5. It is observed from the test results that under reinforced 

beams underwent large deflections as compared to balanced sections, as expected. 

The average maximum load carrying capacity is found to be 22.4 kN for under 

reinforced sections as compared to 38.7 kN for balanced sections. 

The other beams which were subsequently stressed to 60, 75 and 90 of the safe load 

for the respective section, were retrofitted with GFRP having fibres at forty five 

degrees to the longitudinal axis, were tested to compute their load carrying capacity 

It is observed from the Figures 6.3 and 6.5 that for the under reinforced beams 

maximum load carrying capacity of the beams obtained experimentally was 29.3 kN, 
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29.35 kN and 24.4 kN, respectively for the beams stressed to 60, 75 and 90 percent 

stress level, indicating an increase of 30.8, 31.03, and 4.86 percent, respectively. 

Whereas, in the case of balanced sections the corresponding value of the maximum 

load was 45.0 kN, 44.35 kN and 44.0 kN, indicating an increase of 16.28, 14.6 and 

13.69 percent for stress levels 60, 75 and 90 percent, respectively 

The safe load of the under reinforced beams decreased by 4.52, 5.58 and 4.71 percent 

as compared to control beams at stress levels 60, 75 and 90 percent respectively. In 

the case of balanced reinforced beams retrofitted with GFRP jackets, with fibres at 

forty-five degrees, the safe load decreased by 0.63, 4.6 and 22.06 percent as compared 

to the control beams, at stress levels 60, 75 and 90 percent respectively. 

Thus, it can be concluded that the maximum load carrying capacity of the under 

reinforced beams increased by approximately 30 percent except in the case of beams 

stressed to 90 percent stress level, whereas in case of balanced sections the percentage 

increase was only about 13-17 percent. But in both cases the safe load decreased from 

0.63 percent to 22.06 percent. 

 

6.4.2 Effect on Ductility Ratio and Toughness 

The deflection ductility ratio of the under reinforced sections increased by 12.9, 4.39, 

and 37.33 percent respectively for beams stressed to 60, 75 and 90 percent stress 

level. Whereas in the case of balanced sections the percentage increase was 14.32, 

9.23, and 20.88 percent respectively. 

The toughness of under reinforced beams increases by 60.08, 57.05, and 23.78 

percent respectively for beams stressed to 60, 75 and 90 percent stress level. Whereas 

in case of balanced section the percentage increase is 97.04, 83.49, and 97.71 percent 

respectively. 

Thus, after retrofitting of the beams with GFRP jackets, with fibres at 45 degrees to 

the longitudinal axis of the beam, both the deflection ductility ratio as well as the 

toughness of the section increases considerably. 
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Table 6.9:  Load v/s. Deflection Data for 60 percent Stressed Under 
Reinforced Beams Retrofitted with GFRP Jacket with Fibres at 450  to the 

Longitudinal axis of the Beam 
Beam1 Beam 2 

Deflection (mm) at Deflection (mm) at 
Sr. 
No. Load 

(kN) L/2 L/4 3L/4 
Load 
(kN) L/2 L/4 3L/4 

1 0 0 0 0 0 0 0 0 

2 2 2.18 1.55 1.08 2 2.57 1.57 1.08 

3 4 4.51 3.25 2.78 4 4.84 3.21 2.58 

4 6 7.03 5.11 4.63 6 7.44 5.08 4.26 

5 8 9.32 6.86 6.37 8 9.61 6.94 5.93 

6 10 11.85 8.82 8.31 10 11.75 9.24 7.82 

7 12 14.68 11 10.48 12 13.64 10.64 9.2 

8 14 17.38 12.9 12.45 14 16.21 12.31 10.92 

9 16 19.73 14.77 14.38 16 18.87 13.99 13.13 

10 18 21.68 16.98 16.69 18 21.76 15.99 15.11 

11 20 24.75 19.45 19.34 20 25.25 18.35 17.1 

12 22 29.15 22.08 22.32 22 28.37 20.75 19.23 

13 24 36.29 25.54 25.74 24 32.85 23.78 22.4 

14 26 46.23 32.08 32.38 26 40.87 28.66 27.98 

15 28 60.56 41.82 42.21 28 51.05 34.81 34.88 

16 28.6 65.15 45.02 45.42 30 64.88 43.55 43.54 

17 27.5 78.38   31 72.7 48.53 48 

18 25 90.38   28.5 88.7   

19     25 100.2   
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Table 6.10:  Load v/s. Deflection Data for 75 percent Stressed Under 
Reinforced Beams Retrofitted with GFRP Jacket with Fibres at 450  to the 

Longitudinal axis of the Beam 
Beam1 Beam 2 

Deflection (mm) at Deflection (mm) at 
Sr. 
No. Load 

(kN) L/2 L/4 3L/4 
Load 
(kN) L/2 L/4 3L/4 

1 0 0 0 0 0 0 0 0 
2 2 2.53 1.74 2.24 2 2.36 1.66 1.88 
3 4 4.76 3.26 4.16 4 4.42 3.16 3.75 
4 6 7.29 4.93 6.14 6 7.09 4.72 5.45 
5 8 9.92 6.66 8.17 8 9.72 6.76 7.26 
6 10 12.13 8.11 10.2 10 11.98 8.08 9.5 
7 12 14.55 9.8 12.37 12 14.42 9.72 10.26 
8 14 17.51 11.55 14.49 14 17.62 11.66 12.57 
9 16 19.77 13.26 16.57 16 19.62 13.36 14.08 
10 18 20.88 14.88 14.88 18 21.04 15.06 16.10 
11 20 23.6 16.64 21.56 20 23.96 16.98 18.24 
12 22 27.43 18.95 24.48 22 27.56 19.36 20.12 
13 24 35.25 23.09 30.08 24 32.48 23.45 24.76 
14 26 42.92 27.29 35.51 26 43.36 27.86 28.42 
15 28 48.21 36.22 47.13 28 48.02 36.49 37.14 
16 29.5 67.97 45.46 54.18 29.2 65.56 47.02 48.34 
17 28 83.97   27.5 78.56   
 25 95.97   25 90.56   

 
Table 6.11:  Load v/s. Deflection Data for 90 percent Stressed Under 

Reinforced Beams Retrofitted with GFRP Jacket with Fibres at 
450  to the Longitudinal axis of the Beam 

 
Beam1 Beam 2 

Deflection (mm) at Deflection (mm) at 
Sr. 
No. Load 

(kN) L/2 L/4 3L/4 
Load 
(kN) L/2 L/4 3L/4 

1 0 0 0 0 0 0 0 0 
2 2 2.11 1.26 1.42 2 1.51 1.19 1.69 
3 4 4.97 2.78 2.72 4 4.28 3.07 3.82 
4 6 6.19 4.42 4.22 6 6.75 4.78 5.65 
5 8 8.61 6.08 5.93 8 9.17 6.42 7.32 
6 10 11.1 7.76 7.69 10 12.23 8.55 9.63 
7 12 13.48 9.38 9.35 12 14.66 10.56 11.64 
8 14 16.25 11.15 11.2 14 17.33 12.44 13.55 
9 16 19.03 12.93 13.08 16 20.53 14.28 16.08 
10 18 21.48 19.45 20.09 18 22.7 16.4 18.68 
11 20 35.01 26.15 26.54 20 29.85 20.95 22.92 
12 22 53.12 37.19 39.28 22 41.7 28.47 32.25 
13 24 65.18 49.9 50 24 57.2 38.19 42.65 
14 22.5 80.18   24.8 63.55 45.13 46.4 
15 20 90.18   23 82.55   
16     20 92.55   
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Table 6.12:  Load v/s. Deflection Data for 60 percent Stressed Balanced Beams 
Retrofitted with GFRP Jacket with Fibres at 450  to the 

Longitudinal axis of the Beam 
Beam1 Beam 2 

Deflection (mm) at Deflection (mm) at 

Sr. 

No. Load 

(kN) L/2 L/4 3L/4 

Load 

(kN) L/2 L/4 3L/4 

1 0 0 0 0 0 0 0 0 

2 2 2.16 1.16 1.3 2 2.29 1.48 1.7 

3 4 4.02 2.07 2.2 4 4.39 2.51 2.8 

4 6 5.34 3 3.08 6 5.73 3.4 3.75 

5 8 6.29 3.98 4.02 8 6.99 4.3 4.68 

6 10 7.5 4.79 4.82 10 8.52 5.22 5.5 

7 12 8.78 5.6 5.64 12 9.88 6.29 6.67 

8 14 10.15 6.49 6.58 14 11.21 7.39 7.78 

9 16 11.65 7.53 7.71 16 12.57 8.47 8.87 

10 18 13.2 8.61 8.89 18 14.03 9.49 9.95 

11 20 14.83 9.78 10.19 20 15.49 10.49 11.02 

12 22 16.34 10.89 11.36 22 16.96 11.47 12.08 

13 24 17.83 11.98 12.51 24 18.43 12.45 13.14 

14 26 19.43 13.13 13.63 26 18.97 13.43 14.24 

15 28 21.03 14.27 14.72 28 19.41 14.4 15.34 

16 30 22.56 15.34 15.67 30 21.83 15.48 16.54 

17 32 24.07 16.39 16.77 32 24.24 16.57 17.73 

18 34 25.62 17.45 18.03 34 25.68 17.65 18.85 

19 36 28.01 19.43 19.71 36 31.29 19.03 20.33 

20 38 32.12 21.61 21.96 38 38.1 20.86 22.39 

21 40 41.22 25.39 26.56 40 43.31 23.7 25.97 

22 42 51.68 30.88 33.38 42 51.75 28.76 32.31 

23 44 57.78 37..38 39.22 44 59.98 35.7 39.96 

24 45.5 65.82 45.14 47.64 44.5 68.56 42.34 48.32 

25 42 79.82   42 82.56   

26 36 90.82   36 92.56   
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Table 6.13:  Load v/s. Deflection Data for 75 percent Stressed Balanced Beams 

Retrofitted with GFRP Jacket with Fibres at 450  to the 
Longitudinal axis of the Beam 

 

Beam1 Beam 2 

Deflection (mm) at Deflection (mm) at 

Sr. 

No. Load 

(kN) L/2 L/4 3L/4 

Load 

(kN) L/2 L/4 3L/4 

1 0 0 0 0 0 0 0 0 

2 2 2.07 1.61 1.48 2 2.75 1.58 1.71 

3 4 3.62 2.81 2.55 4 4.7 2.86 2.9 

4 6 4.93 3.81 3.45 6 6.41 4.17 3.98 

5 8 6.28 4.81 4.41 8 8.15 8.15 8.15 

6 10 7.6 5.75 5.34 10 9.57 6.55 5.99 

7 12 8.86 6.64 6.25 12 11.05 7.57 7.06 

8 14 10.16 7.56 7.2 14 12.57 8.59 8.2 

9 16 11.51 8.52 8.2 16 14.15 9.64 9.36 

10 18 12.92 9.5 9.2 18 15.81 10.76 10.58 

11 20 14.35 10.49 10.22 20 17.41 11.87 11.76 

12 22 15.83 11.54 11.28 22 18.82 12.87 12.82 

13 24 17.3 12.58 12.31 24 20.23 13.86 13.87 

14 26 18.76 13.62 13.31 26 21.5 14.91 14.97 

15 28 20.21 14.65 14.29 28 22.65 16.02 16.1 

16 30 21.64 15.67 15.18 30 23.92 17.13 17.25 

17 32 22.97 16.7 16.08 32 25.49 18.23 18.43 

18 34 23.91 17.78 16.98 34 31.32 19.65 19.81 

19 36 25.61 19.03 18.11 36 37.62 21.11 21.21 

20 38 27.63 20.35 19.34 38 40.66 22.91 22.94 

21 40 30.7 22.35 21.26 40 45.01 25.53 25.37 

22 42 38.84 27.91 26.18 42 51.91 29.89 29.34 

23 44 47.41 35.62 31.73 43.2 57.95 34.17 33.23 

24 45.5 64.79 48.14 46.52 41 68.24   

25 42 79.79   36 79.24   

26 36 91.79       
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Table 6.14:  Load v/s. Deflection Data for 90 percent Stressed Balanced Beams 
Retrofitted with GFRP Jacket with Fibres at 450  to the 

Longitudinal axis of the Beam 
 

Beam1 Beam 2 

Deflection (mm) at Deflection (mm) at 

Sr. 

No. Load 

(kN) L/2 L/4 3L/4 

Load 

(kN) L/2 L/4 3L/4 

1 0 0 0 0 0 0 0 0 

2 2 2.72 1.7 2.02 2 2.6 1.62 1.82 

3 4 4.81 3.16 3.66 4 4.92 3.26 3.36 

4 6 6.69 4.48 5.08 6 6.78 4.78 4.88 

5 8 8.59 5.8 6.5 8 8.58 5.98 6.3 

6 10 10.26 6.98 7.78 10 10.16 6.78 7.72 

7 12 11.88 8.07 8.95 12 12.02 8.38 8.84 

8 14 13.62 10.09 10.26 14 13.65 10.16 10.36 

9 16 15.44 11.16 11.47 16 15.48 11.45 11.42 

10 18 17.27 11.85 12.63 18 17.48 12 13.0 

11 20 18.94 13 13.57 20 19.26 13.25 14.12 

12 22 20.49 14.25 14.56 22 21.02 14.52 15.02 

13 24 21.9 15.54 15.73 24 22.14 15.94 16.12 

14 26 23.28 16.82 16.92 26 23.34 17.26 17.24 

15 28 24.59 18.11 18.2 28 24.98 18.38 18.78 

16 30 26.12 19.32 19.41 30 26.72 19.64 19.84 

17 32 27.86 20.49 20.6 32 28.26 21.04 21.03 

18 34 29.69 21.66 21.81 34 30.02 22.15 22.36 

19 36 31.29 22.77 22.93 36 31.78 23.16 23.76 

20 38 33.03 23.91 24.17 38 33.65 24.34 24.96 

21 40 35.13 25.15 25.65 40 36.0 25.95 26.12 

22 42 39.3 27.66 28.23 42 44.12 35.46 34.62 

23 44 49.78 33.97 34.3 43.8 70.16 45.12 44.98 

24 44.2 73.98 44.65 44.43 42 82.16   

25 40 80.98   36 92.16   

26 36 90.98       
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Fig. 6.4: Load v/s Mid Span Deflection of Under Reinforced Beams Retrofitted 
with GFRP Jacketing with fibres at 450 to the Longitudinal Axis of the Beam 

 
 
 

 
 

Fig. 6.5: Load v/s Mid Span Deflection of Balanced Beams Retrofitted with 
GFRP Jacketing with fibres at 450 to the Longitudinal Axis of the Beam  
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6.5 COMPARATIVE ANALYSIS 

It can be observed from the experimental results that the beams retrofitted using 

GFRP jackets with fibres at forty five degrees to the longitudinal axis, yield a higher 

increase in the maximum load carrying capacity i.e. approximately 30-35 percent in 

case of under reinforced sections and 13-17 percent in case of balanced sections as 

compared to beams retrofitted using fibres at zero degrees to the longitudinal axis. It 

is also observed that after the retrofitting of the beams the increase in the maximum 

load carrying capacity decreases with an increase in the stress level and increases with 

a change in the orientation of fibres from zero degree to forty-five degrees. 

The maximum load carrying capacity of retrofitted beams is calculated using the 

existing model as given by Teng and Chen et al. (2002). These values work out to 

27.71 kN and 47.73 kN for under reinforced and balanced beams, respectively. These 

are higher than the values obtained experimentally. The difference in the predicted 

and observed values is due to the reason that the said model does not consider the 

initial stress level while calculating the maximum load. So, there is a need of 

considering initial stress level for calculation of the maximum load carrying capacity 

of retrofitted beams.  

The safe load carrying capacity for all the stressed beams decreases after the 

retrofitting.  From the load deflection curves it can be seen that in almost all the cases 

the load deflection curve of the retrofitted beams is under the curve for the control 

beams in the initial phase and then the shift decreases. The shift also decreases with a 

decrease in the stress level. The reason for the same may be due to the amount of 

plastic deformation that has occurred in the materials during the initial stressing, and 

once that initial stress level is crossed the shift starts decreasing. The plastic 

deformation in the materials also decreases with a decrease in the stress level, hence 

the shift. 

No cracks were observed in the beams after the retrofitting of the beams with GFRP 

jackets. However, it is observed that the beams fail by crushing of concrete first and 

followed by the fibre rupture in case of balanced sections, whereas it fails by fibre 

rupture in the case of under reinforced sections. Once the fibre ruptures the beam 

stops taking any further load. 

There is lesser increases ductility ratio for the balanced sections as compared to under 

reinforced sections. The lower percentage increase in the ductility ratio for balanced 
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beams is due to the fact that retrofitting the beam leads to an over reinforced section 

which fails by crushing of concrete rather than yielding of steel. 

The toughness of the under reinforced beams increased on an average by 30.16 

percent, and for the balanced beams the toughness increased on an average by 66.4 

percent. This clearly indicates that after the retrofitting, the beams can absorb much 

higher energy making them more suitable in earthquake prone areas. 
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Table 6.15:  Deflection Ductility and Toughness for Retrofitted and Un-
Retrofitted Beams Retrofitted Using GFRP Jackets 

 

Type of Beam Pmax 

Ductility 
Ratio 

(∆U/ ∆Y) 

Increase in 
Ductility 

Ratio 
(Percent) 

Toughness 
(KN-mm) 

Increase in 
Toughness 
(Percent) 

UC 22.40 2.27 - 1336.41  - 

GFRP0-U60 24.20 2.40 5.79 1637.61 22.54 

GFRP0-U75 22.30 2.63 15.75 1484.44 11.08 

GFRP0-U90 19.70 2.52 10.85 1422.49 10.44 

GFRP45-U60 29.30 2.56 12.9 2139.33 60.08 

GFRP45-U75 29.35 2.37 4.39 2098.85 57.05 

GFRP45-U90 24.40 3.12 37.3 1654.23 23.78 

BC 38.30 1.81 - 1495.10  - 

GFRP0-B60 42.75 2.0 10.77 2050.59 50.53 

GFRP0-B75 41.75 2.11 16.8 2068.23 38.33 

GFRP0-B90 40.45 2.01 11.05 1962.33 31.29 

GFRP45-B60 45.00 2.07 14.32 2945.98 97.04 

GFRP45-B75 44.35 1.98 9.23 2743.30 83.49 

GFRP45-B90 44.00 2.19 20.88 2955.97 97.71 
 
UC  Under Reinforced Control Beam 
BC  Balanced Control Beam 
GFRP0-U60 Under Reinforced Beams stressed to 60 percent of safe load and retrofitted using 

GFRP Jackets with Fibres Oriented at 0 degree to the Longitudinal Axis.  
GFRP0-U75 Under Reinforced Beams stressed to 75 percent of safe load and retrofitted using 

GFRP Jackets with Fibres Oriented at 0 degree to the Longitudinal Axis  
GFRP0-U90 Under Reinforced Beams stressed to 90 percent of safe load and retrofitted using 

GFRP Jackets with Fibres Oriented at 0 degree to the Longitudinal Axis. 
GFRP45-U60 Under Reinforced Beams stressed to 60 percent of safe load and retrofitted using 

GFRP Jackets with Fibres Oriented at 45 degrees to the Longitudinal Axis.  
GFRP45-U75 Under Reinforced Beams stressed to 75 percent of safe load and retrofitted using 

GFRP Jackets with Fibres Oriented at 45 degrees to the Longitudinal Axis  
GFRP45-U90 Under Reinforced Beams stressed to 90 percent of safe load and retrofitted using 

GFRP Jackets with Fibres Oriented at 45 degrees to the Longitudinal Axis. 
GFRP0-B60 Balanced Beams stressed to 60 percent of safe load and retrofitted using GFRP 

Jackets with Fibres Oriented at 0 degree to the Longitudinal Axis.  
GFRP0-B75 Balanced Beams stressed to 75 percent of safe load and retrofitted using GFRP 

Jackets with Fibres Oriented at 0 degree to the Longitudinal Axis  
GFRP0-B90 Balanced Beams stressed to 90 percent of safe load and retrofitted using GFRP 

Jackets with Fibres Oriented at 0 degree to the Longitudinal Axis. 
GFRP45-B60 Balanced Beams stressed to 60 percent of safe load and retrofitted using GFRP 

Jackets with Fibres Oriented at 45 degrees to the Longitudinal Axis.  
GFRP45-B75 Balanced Beams stressed to 75 percent of safe load and retrofitted using GFRP 

Jackets with Fibres Oriented at 45 degrees to the Longitudinal Axis  
GFRP45-B90 Balanced Beams stressed to 90 percent of safe load and retrofitted using GFRP 

Jackets with Fibres Oriented at 45 degrees to the Longitudinal Axis. 
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Fig. 6.6: Load v/s Mid Span Deflection of Balanced Beams Retrofitted with 

GFRP Jacketing and Stressed to 60 percent Stress Level 
 

 

 
 Fig. 6.7: Load v/s Mid Span Deflection of Balanced Beams Retrofitted with 

GFRP Jacketing and Stressed to 75 percent Stress Level 
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Fig. 6.8: Load v/s Mid Span Deflection of Balanced Beams Retrofitted with 

GFRP Jacketing and Stressed to 90 percent Stress Level 
 
 
 

 
 

Fig. 6.9: Load v/s Mid Span Deflection of Under Reinforced Beams Retrofitted 
with GFRP Jacketing and Stressed to 60 percent Stress Level 
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Fig. 6.10: Load v/s Mid Span Deflection of Under Reinforced Beams Retrofitted 

with GFRP Jacketing and Stressed to 75 percent Stress Level 
 
 
 

 
 

 
Fig. 6.11: Load v/s Mid Span Deflection of Under Reinforced Beams Retrofitted 

with GFRP Jacketing and Stressed to 90 percent Stress Level   
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Plate 6.1 Failure of Beam Retrofitted with GFRP Jacket with Fibres at zero 
Degree to The Longitudinal Axis of Beam 

 
 
 

 
 
 
 

Plate 6.2 Failure of Beam Retrofitted with GFRP Jacket with Fibres at 45 Degree 
to The Longitudinal Axis of Beam 
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Plate 6.3 Crushing of Concrete in Balanced Beam Retrofitted with GFRP 
Jacketing 

 
 
 
 

 
 
 

Plate 6.4 Debonding of GFRP Jacketing with Fibres at 45 Degree to the 
Longitudinal Axis of Beam  
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CHAPTER –7 

MODELLING OF BEHAVIOUR AND VALIDATION 

 

In this chapter a mathematical model using limit state theory is proposed to find the 

maximum and safe load carrying capacities for the beams retrofitted using ferrocement 

jacketing. The entire chapter is divided into two sections, wherein, in the first section a 

mathematical model is proposed for calculating the maximum and safe load carrying 

capacities of the retrofitted beams, and in the second section verification of the proposed 

models is done using data obtained from the results of tests carried out in the current 

study as well as for the test results quoted by other researchers. 

 

7.1 MATHEMATICAL MODELING  

In the present section, with an aim to develop a design methodology for retrofitting of 

stressed beams using ferrocement jackets, a mathematical model is developed. The 

succeeding section deals with the validation of the proposed mathematical model for the 

experimentally obtained results. The mathematical model is developed using limit state 

design procedure. 

 

7.1.1 Maximum Load Carrying Capacity 

The theoretical maximum load carrying capacity of the beams retrofitted using 

ferrocement jackets is calculated assuming composite behavior and linear strain 

distribution in the beam as shown in Fig. 7.1. Based on the flexural theory, the 

assumptions for the development of a mathematical model for the design of retrofitted 

beams for limit state of collapse in bending are modified and are specified as below. 

1. Plane section normal to the axis remains plane after bending 

2. The maximum strain in concrete at the outermost fibre is taken as 0.35% in 

bending regardless of the strength of concrete and ferrocement jacket, 

3. As at the maximum load concrete and mortar cracks in tension, thus tensile 

strength of concrete and ferrocement jacket is ignored, and the entire tensile 

stresses are taken by steel in tension i.e. tensile reinforcement of the beam and 

wire mesh reinforcement in the ferrocement jacket.  
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4. The compressive force is resisted by concrete and mortar as well as by wire mesh 

in compression above the neutral axis  

5. The relationship between stress-strain distribution in concrete and mortar is 

assumed to be parabolic as shown in Fig. 7.1. The maximum compressive stress is 

equal to 0.67fck (for calculation purposes, the partial factor of safety is assumed to 

be one).  

 

 
 

Fig. 7.1:  Stress and Strain Variation in the Retrofitted Beam 

 

Thus to find out the position of the neutral axis the compressive and tensile forces are 

equated. 

ΣC = ΣT      (7.1) 

Where ‘ΣC’ is sum of the compressive force in the composite section and ΣT is the sum 

of the tensile forces T1,  T2……..Tn where T1, is the tensile force in tension reinforcement 

of beam and T2, T3……..Tn are the tensile forces in the wire mesh reinforcement of the 

ferrocement jacket.  

The compressive force ‘C’ can be calculated from the area of rectangular-parabolic stress 

block using the expression given in IS: 456-2000 and assuming a partial factor of safety 

one. So 

   C = uck xfb167.0
36.0  = uck xfb1542.0     (7.2) 

Where b1 is the width of section after retrofitting and is given by 

    tbb 21 +=       (7.3) 



 158

Where ‘t’ is the thickness of the ferrocement jacket, 

ckf  is the 28 days characteristic strength of  concrete compression.  

and ux   is the depth of neutral axis of the composite section 

Tensile forces T1, T2 …..Tn can be calculated by multiplying yield strength of the main 

reinforcement and the wire mesh reinforcement with their respective cross-sectional 

areas. 

Thus    111 sty AfT =        (7.4) 

and   stnynn AfT =        (7.5) 

Where 1yf  and ynf  are the yield strengths of the main reinforcement and wire mesh 

respectively and 1stA  and stnA  are the main reinforcement and wire mesh reinforcement 

in ferrocement jacket, respectively. The above cross sectional areas are calculated below  

   1stA  = 
4

2πφn       (7.6) 

   2stA  = 
4

2
1πφin

     (7.7) 

Where   

n , is number of bars as main reinforcement in beam, 

in  is number bars in wire mesh 

φ , is diameter of main reinforcement, and 

1φ , is diameter of reinforcement in the ferrocement jacket. 

Putting the values of C, T1, T2 etc. as calculated above, in the equation 7.1, the position of 

neutral axis can be calculated as below 

uck xfb1542.0   =  1yf
4

2πφn  +  ynf
4

2
1πφin

    (7.8) 

The maximum moment of resistance of the section can then be calculated by taking 

moment of tensile forces as below. 

Mu = ( )uxdT 42.01 −  +  ( )uxdT 42.012 − +………… ( )uxdnTn 42.0−  (7.9) 
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Where d and d1 are the depth of section from top up to the centre of gravity (c.g) of main 

reinforcement and c.g of reinforcement in ferrocement jacket at soffit of retrofitted beam 

as shown in Fig. 7.1 and dn is the depth of nth wire mesh from the top of the beam.  

The maximum load carrying capacity can thus be calculated. In case of beam subjected to 

two point loading the maximum load carrying capacity can be calculated from the 

following equation. 

   Pmax = 
Shearspan

M u2
       (7.10) 

Where, Mu is calculated using equation 7.9. 

Using above methodology, the maximum load carrying capacity of the retrofitted beams 

used in present study is calculated and is tabulated in Table 7.1. 

 

7.1.2 Safe Load Carrying Capacity of Beam 

The safe load carrying capacity of section is defined as the load up to which the beam is 

satisfying the limit state of deflection i.e. the deflection in the beam is less than L/250 as 

specified in IS:456-2000.   

The deflection at the centre of simply supported beam subjected to two concentrated 

loads at a distance of 1.0 m at the centre is given by the formula 

   ∆ = 
effc IE

aLM
24

)43( 22 −    - (7.11) 

Where  

M is the maximum bending moment in the beam and is given by 
2

Pa  

P is the total load acting on the beam,  

a is the distance of the load from the support. 

L  is the centre to centre span of the beam 

Ec is the modulus of elasticity of concrete and  

can be calculated by using equation given in IS:456-2000  

Ec = ckf5000      (7.12) 

Ieff  is the effective moment of inertia of the beam and can be calculated by modifying the 

method suggested in Appendix C of IS:456-2000. 
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  Ieff = 

f

wuur

r

b
b

d
x

d
x

M
M

I







 −





 −− 1

3
12.1

   (7.13) 

Where Ir is the moment of inertia of the cracked section and can be calculated using 

following equation 

 22'
3

)()()15.1(
3 ustusc

u xdmAdxAm
bx

−+−−+  

 

wb  and fb  are the width of the web and flange, respectively and in case of rectangular 

sections equal to width of the beam 

scA  Area of steel in compression 

stA  Area of steel in tension 

m   modular ratio 

d  effective depth of beam 
'd  effective cover 

ux is depth of neutral axis from top 

Mr  is the cracking moment and is given by 
t

grcr

y
If

 

crf  is the modulus of rupture for RCC ferrocement composite beams is given by 

   

 crf  = 34'20 +p  kg/cm2    (7.14) 

          (Singh S.K. & Kaushik S.K., 1997) 

 

where   'p  = 
tb

Ast
1

2
100      (7.15) 

b1 is width of the composite section and ‘t’ is the thickness of the ferrocement jacket. 

Igr is the gross moment of inertia of the composite beam and is given by 

   Igr = Ire + It    (7.16) 

Ire is the reduced moment of inertia of the original beam stressed to a particular level 

and calculated as effective moment of inertia of RCC beams for deflection as per method 
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given in IS: 456-2000 for bending moment corresponding to the calculated load (for 

particular stress level) 

It is moment of inertia of U-shaped ferrocement jacket about C.G. of section 

Now applying a condition greffr III ≤≤ , and substituting ∆ = L/250, the value of Psafe 

can be calculated 

 

7.2 VALIDATION OF MATHEMATICAL MODELS 

The proposed mathematical model is verified with the help of experimental results. 

 

7.2.1 Maximum Load Carrying Capacity 

For the validation of the proposed model, the maximum load carrying capacity of the 

retrofitted beams in the present study is calculated using proposed method and typical 

example is detailed in Appendix ‘A’   

The load carrying capacities of all the retrofitted beams are calculated on the pattern 

explained in section 7.1.1 and demonstrated in Appendix ‘A’ and tabulated in Table 7.1. 

From the table it is observed that the average percentage error in maximum load 

calculated by the proposed method and obtained experimentally is 5.92 percent.  

To further validate the model, the maximum load carrying capacity of the beams obtained 

by Fahmy et al, 1997 is calculated by the proposed model. The results of the comparison 

are summarized in Table 7.2. These results clearly indicate that the proposed model is 

quite accurate in predicting the maximum load carrying capacity of the retrofitted beams. 

The absolute average percentage difference between the experimental and predicted 

results is 6%, which is quite small when one considers the expected variation associated 

with the behaviour of reinforced concrete structures.   

 

Thus, it can be concluded that the maximum load carrying capacity of reinforced concrete 

beams retrofitted using ferrocement jackets can be calculated by the proposed method 

confidently.  
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Table 7.1: Experimental and Analytical Maximum Load Carrying Capacity of 
Beams Retrofitted Using Ferrocement Jacketing  

 
S.No. Type of Beam Pmax Experimental

(KN) 

Pmax Analytical 

(KN) 

Percentage Error 

1 2U 31.75 33.28 4.82 

2 3U 36.38 38.51 5.85 

3 2B 45.92 49.7 8.23 

4 3B 51.06 53.5 4.78 

 
 
2U Under Reinforced section retrofitted using ferrocement jacketing reinforced with 

two layers of wire mesh. 
3U Under Reinforced section retrofitted using ferrocement jacketing reinforced with 

three layers of wire mesh. 
2B Balanced section retrofitted using ferrocement jacketing reinforced with two 

layers of wire mesh. 
3B Balanced section retrofitted using ferrocement jacketing reinforced with three 

layers of wire mesh. 
 

 
Table 7.2 Comparison Between Experimental and Calculated Maximum Load of 

Beams Retrofitted Using Ferrocement Jacketing 
 

Type of Beam 
(Fahmy at el. 1997) 

PU 
 (kN) 

Ppred. 
(kN) 

Pred/P 

B1 13.47 12.35 0.92 

B2 13.98 12.38 0.88 

B3 17.83 16.97 0.95 

B4 14.4 13.66 0.95 

B5 13.63 11.79 0.86 

B6 15.48 13.66 0.88 

B7 16.52 15.59 0.94 

B8 14.08 16.12 1.14 

B9 16.7 16.97 1.01 
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7.2.2 Safe Load Carrying Capacity 

The validation of the proposed procedure for finding out the safe load carrying capacity is 

done by calculating the safe load carrying capacity of the retrofitted beams tested in the 

laboratory by the proposed procedure. Typical example of calculation of safe load 

carrying capacity with the proposed model is detailed in Appendix ‘B’. 

The safe load carrying capacities of all the retrofitted beams are calculated on the pattern 

explained in section 7.1.2 and demonstrated in Appendix ‘B’ and tabulated in Table 7.3. 

From the table it is observed that the average percentage error in maximum load 

calculated by the proposed method and obtained experimentally is –3.54 percent.  

 
 

Table 7.3: Experimental and Analytical Safe Load Carrying Capacity of Beams 
Retrofitted Using Ferrocement Jacketing 

 
S. No. Type of Beam Ps Experimental 

(KN) 
Ps Analytical 

(KN) 
Percentage Error 

1 2U60 16.02 16.47 2.80 
2 2U75 15.90 15.68 -1.38 
3 2U90 15.13 15.24 0.73 
4 3U60 21.2 18.42 -13.1 
5 3U75 21.3 17.53 -17.7 
6 3U90 20.2 17.02 -15.74 
7 2B60 24.01 24.0 -0.04 
8 2B75 22.43 23.20 3.43 
9 2B90 22.31 22.96 2.91 
10 3B60 26.01 25.84 -0.653 
11 3B75 26.02 24.96 -4.07 
12 3B90 24.5 24.54 0.163 

 

2U60 Under Reinforced section stressed to 60 percent of safe load and retrofitted using 
ferrocement jacketing reinforced with two layers of wire mesh.  

2U75 Under Reinforced section stressed to 75 percent of safe load and retrofitted using 
ferrocement jacketing reinforced with two layers of wire mesh. 

2U90 Under Reinforced section stressed to 90 percent of safe load and retrofitted using 
ferrocement jacketing reinforced with two layers of wire mesh. 

3U60 Under Reinforced section stressed to 60 percent of safe load and retrofitted using 
ferrocement jacketing reinforced with two layers of wire mesh. 

3U75 Under Reinforced section stressed to 75 percent of safe load and retrofitted using 
ferrocement jacketing reinforced with two layers of wire mesh. 
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3U90 Under Reinforced section stressed to 90 percent of safe load and retrofitted using 
ferrocement jacketing reinforced with two layers of wire mesh. 

2B60 Balanced section stressed to 60 percent of safe load and retrofitted using ferrocement 
jacketing reinforced with two layers of wire mesh.  

2B75 Balanced section stressed to 75 percent of safe load and retrofitted using ferrocement 
jacketing reinforced with two layers of wire mesh. 

2B90 Balanced section stressed to 90 percent of safe load and retrofitted using ferrocement 
jacket having two layers of wire mesh. 

3B60 Balanced section stressed to 60 percent of safe load and retrofitted using ferrocement 
jacketing reinforced with two layers of wire mesh. 

3B75 Balanced section stressed to 75 percent of safe load and retrofitted using ferrocement 
jacketing reinforced with two layers of wire mesh. 

3B90 Balanced section stressed to 90 percent of safe load and retrofitted using ferrocement 
jacketing reinforced with two layers of wire mesh. 

 

To further validate the model, the safe load carrying capacity of the beam obtained by 

Singh, S.K. and Kaushik, S.K., 1997 is calculated by the proposed model. The results of 

the comparison are summarized in Table 7.4. These results clearly indicate that the 

proposed model is quite accurate in predicting the maximum load carrying capacity of the 

retrofitted beams. The absolute percentage difference between the experimental and 

predicted results is 3.57 %, which is quite small when one considers the expected 

variation associated with the behaviour of reinforced concrete structures. 

 
 

Table 7.4 Comparison Between Experimental and Calculated Safe Load of Beams 
Retrofitted Using Ferrocement Jacketing 

 
Type of Beam 

(Singh S.K., 
and Kaushik, 
S.K., 1997) 

Intial Stress 
Level 

Safe Load -
Experimental 

(kN) 

Safe Load- 
Predicted 

(kN) 

Error (%) 

FRB-1 Stressed upto 
Ultimate Load 

168 174 3.57 
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CHAPTER -8 

CONCLUSIONS 

 

8.1 GENERAL 

The effect on various parameters like maximum load carrying capacity, safe load 

carrying capacity, ductility ratio, and toughness of the stressed beams retrofitted with 

either GFRP jacketing or ferrocement jacketing have been studied in the present 

work. A design procedure using limit state design theory has been developed for the 

design of ferrocement jacketing for the retrofitting of the stressed beams. The 

experimental procedure developed is verified with the experimental data generated. 

On the basis of present study, following conclusions are drawn. 

 

8.2 BEAMS RETROFITTED USING GFRP JACKETS 

1. GFRP jackets used for retrofitting of the under reinforced beams perform 

better with fibres at forty-five degrees to the longitudinal axis of the beam.  

2. The strength of the section decreased with an increase in the initial stress level. 

The maximum load carrying capacity of the beams decreased due to decrease 

in stiffness of section with an increase in the initial stress level.    

3. The initially stressed beams retrofitted with GFRP jackets had a lesser safe 

load carrying capacity. This is attributed to the fact that, due to initial stress 

level the section loses its stiffness hence deflects more when reloaded after 

retrofitting.  

4. GFRP jacketing leads to an improvement in the energy absorption capacity of 

all the beams irrespective of the type of section and orientation of fibres in the 

jackets. The under reinforced sections with fibres oriented at forty-five 

degrees performed better within the group. 

 

8.3 BEAMS RETROFITTED USING FERROCEMENT JACKETS 

1. Retrofitting of the beams with ferrocement jackets should be preferred where 

the strengthening of the beams is required to take care of the deficiency of the 

beams in flexure. 
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The use of ferrocement jacketing for retrofitting of initially stressed beams 

helps to regain the full strength of all type of beams, even if stressed up to 90 

percent of the safe load. 

2. Cement slurry is the most efficient bonding agent due to its low cost to 

strength ratio. Whereas, shear connectors with cement slurry improve the 

maximum load carrying capacity of the beams leading to a higher cost. 

3. Welded wire mesh, with forty five degree orientation to the longitudinal axis, 

have a significant positive effect on the load carrying capacity of the beams, 

whereas, zero degree orientation is most efficient due to its low cost to 

strength ratio. 

Woven wire mesh used for ferrocement jacketing of beams should be 

preferred over welded wire mesh due to larger improvement in the load 

carrying capacity, ductility ratio and energy absorption.  

4. The increase in the maximum load carrying capacity is higher for under 

reinforced beams (27-34%) as compared to balanced beams (17-20%) in case 

of ferrocement jackets reinforced with two layers of woven wire mesh. The 

corresponding increase in load carrying capacity of the beams retrofitted using 

ferrocement jackets reinforced with three layers of woven wire mesh, is 48-

52% and 29-35% respectively.  

The percentage increase in the safe load carrying capacity is less as compared 

to maximum load carrying capacity because of decrease in stiffness of the 

section due to initial stress. 

The percentage increase in the load carrying capacity of beams retrofitted 

using ferrocement jacketing, increases with increase in reinforcement in the 

jackets.  

The percentage increase in the load carrying capacity of beams retrofitted 

using ferrocement jacketing, decreases with increase in initial stress. 

The percentage increase in load carrying capacity decreases with increase in 

tension reinforcement in the original beam. 

The maximum load carrying capacity of the retrofitted beams is independent 

of the thickness of the jacket. 

5. Ferrocement jacketing leads to an improvement in the energy absorption 

capacity of all the type of beams irrespective of the type of section (under 

reinforced or balanced) and reinforcement in the jackets. The under reinforced 
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sections with higher reinforcement in the jacket performed better within the 

group. 

6. The proposed mathematical procedure devised in the study can be efficiently 

used to predict the maximum and safe load carrying capacities of the initially 

stressed retrofitted beams.  
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APPENDIX   A 

 

 

MAXIMUM LOAD CARRYING CAPACITY OF THE RETROFITTED BEAMS 

The calculation of maximum load carrying capacity of balanced beam section retrofitted 

using ferrocement jacket having two layers of woven wire mesh as reinforcement using 

the procedure described in section 7.1.1 is shown below  

 
   

t = 25 mm 

  b1 = 127 + 25 +25 = 177 mm 

  fck = 28 N/mm2 

  Ast1 = 
4
123 2xxπ   = 339.29 mm2 

  fy = 452 N/mm2               (For 12 mm diameter bars)  

  Ast2 = 
4

4.262 2xxx π   = 54.28 mm2 

  fy = 451 N/mm2               (For  wire)  

  ΣC = uck xfb1542.0 + Σ (Awsc) x fy 

   = uxxx 28177542.0 + 451 x 9.05 x 2  

  ΣT = T1 + T2 + T3……… 

   = 339.29 x 452 + 451 x 54.28  + 9.05 x 2 (5 x 451) 

Equating ΣC = ΣT 
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uxxx 28177542.0 + 451 x 9.05 x 2 = 339.29 x 452 + 451 x 54.28  + 9.05 x 2 (5 x 451) 

  xu = 78.35 mm 

Now Ultimate moment of resistance Mu is given by 

  Mu = ( )uxdT 42.01 −  +  ( )uxdT 42.012 − + ( )un xdTn 42.0−  

=  452 x 339.29 x (196 –0.42 x 78.35) + 451 x 54.28 x (237 – 0.42x 78.35) 

+ 451 x 2 x 9.05    x (174.09+144.09+114.09+84.09) 

   = 34.22 KNm 

So  Pu = 
Shearspan

Mu2
    

   = 
375.1

22.342x    

  Pmax  = 49.7 kN 
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APPENDIX   B 

 

SAFE LOAD CARRYING CAPACITY OF THE RETROFITTED BEAMS 

The calculation of safe load carrying capacity of balanced section initially stressed to 60 

percent of the safe load and retrofitted with ferrocement laminate having two layers of 

woven wire mesh by the proposed procedure as described in section 7.1.2 is given below 

Firstly the effective moment of inertia of reinforced cement concrete balanced section at 

60 percent of safe load carrying capacity of the control beam is calculated as per 

procedure specified  

Safe Load carrying Capacity of Balanced Section = 19.875 KN 

60 percent of Safe Load Carrying Capacity  = 11.925 KN 

Bending Moment in beam    = 1.375 x 11.925x 0.5 

       = 8.19 KNm 

     Igr  = 
12

227127 3x  

       = 1.238 x 108 mm4 

Ec = 5000 ckf   =  5000 28  

    = 26457.51  N/mm2 

  Es  = 215000     N/mm2 

   m = 
c

s

E
E

  = 8.14 

   fcr = 0.7 ckf  = 0.7 28  

       = 3.7 N/mm2 

   yt = 
2
D   = 

2
227  

   Mr = 
t

grcr

y
xIf

 = 
227

210238.17.3 8 xxx  

    = 4.035 KNm 

assuming  
d
d '  = 0.15 
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   pc = 
227127
26.502

x
x  = 0.349  percent 

   pt = 
227127

3097.113
x
x  = 1.177  percent 

  
( )
mp
mp

t

c 1−
 = 0.26 

  ptm  = 9.58  

Using table 89 of SP-16  

gr

r

I
I   = 0.6684 

Ir  = 0.6684 x 1.238 x 108 

  = 8.274 x 107 mm4 

Using table 93 of SP-16 

  
d
x   = 0.3416 

  
d
x

−1   = 0.6584 

  
d
x

3
1−   = 0.886 

So  Ieff = 

f

wuur

r

b
b

d
X

d
X

M
M

I







 −





 −− 1

3
12.1

 

  
r

eff

I
I

 = 
16584.0886.0

19.8
035.42.1

1

xxx−
 

  Ieff = 92921521 mm4 

Now gross area of the beam intiaaly stressed to 60 percent of safe load and retrofitted 

using ferrocement Jacketing having two layers of woven wire mesh is 

Igr = Effective MOI of control beam at 60 percent of safe load (i.e. 11.925 KN) 

      + MOI of U-shaped laminate about an axis passing through d’/2 

Now  

Effective MOI of control beam at 60 percent of safe load (i.e. 11.925 KN) 
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= 92921521 mm4 

MOI of U-shaped 25 mm thick ferrocement laminate about an axis passing through d’/2 

 = 1.077 x 108 mm4 

So  Igr = 92921521 + 1.077 x 108  

   = 2.01 x 108 mm4 

fcr is the modulus of rupture for RCC ferrocement composite beams is given by 

   fcr = 20p’ + 34 kg/cm2 ( S.K. Singh & S.K. Kaushik) 

where   p’ = Ast2 x 
tb'

100  

    = 
25177

10014.272
x
xx   

    = 1.227  percent 

   fcr = 20 x 1.227 + 34  kg/cm2 

    = 5.74 N/mm2 

Mr  is the cracking moment and is given by 
t

grcr

y
If

 

   Mr = 
126

1001.274.5 8xx  

    = 9.15 KNm 

assuming  
d
d '  = 0.15 

   pc = 
252177
26.502

x
x   = 0..225  percent 

   pt = 
252177

14.2723097.113
x

xx +  = 0.882  percent 

  
( )
mp
mp

t

c 1−
 = 0.224 

  ptm  = 7.18  

Using table 89 of SP-16  

gr

r

I
I   = 0.5336 

Ir  = 0.5336 x 2.01 x 108 
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  = 1.07 x 108 mm4   

Using table 93 of SP-16 

  
d
x   = 0.367 

  
d
x

−1   = 0.633 

  
d
x

3
1−   = 0.878 

So  Ieff = 

f

wuur

r
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




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r

eff

I
I

 = 
1633.0878.0

6875.0
15.92.1

1

xxx
Px

−
 

 

Ieff  = 
1633.0878.0

6875.0
15.92.1

1007.1 8

xxx
Px

x

−
  greffr III ≤≤  

∆ = 
effc IE
aLM

24
)43( 22 −  

Now substituting the value of Ieff  in the equation given above the value of ‘P’ 

corresponding to ∆ equal to L/250 i.e. 15mm can be calculated. In this case it comes out 

to be   

Psafe = 24.0 KN 
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APPENDIX   C 

 

IDEALIZATION OF LOAD DEFLECTION CURVE 
 
The load deflection data obtained from the testing of the beams is plotted and the load 

deflection curve thus obtained is idealized as quadri-linear curve for the purpose of 

calculating ductility ratio and toughness of the beam. The ductility ratio is defined as the 

ratio of deflection at ultimate load (defined as 0.85 of maximum load) to the deflection at 

yield load. Whereas, toughness is the area under the idealized load deflection curve upto 

the ultimate load.  

The idealized load deflection curve is obtained by linearly joining four points starting 

from the origin. Each of these four points are located on the curve as explained below.  

1. Elastic load point (PE), is the load upto which load deflection curve is linear.  

2. Yield load point (PY), is the load at which the yielding of the beam starts, 

which is obtained by drawing a tangent to the elastic load point and maximum 

load point on the curve.  

3. Maximum load point (Pmax), and  

4. Ultimate load point (PU), defined as the point at which the load drops to 85% 

of the maximum load.  

The calculation of above parameters for one such idealized curve, shown on the next 

page, are as below.  

PE = 32 kN    ∆E = 27.79 mm 

PY = 36 kN    ∆Y = 32.8 mm 

Pmax = 37 kN    ∆max =  38.66 mm 

PU = 31.45 kN   ∆U = 54.68 mm 

The toughness is given by the area under the idealized curve and is equal to 

 Toughness = A1 + A2 + A3 + A4 

Where  

A1 = 3279.27
2
1 xx     = 444.64 kN-mm 
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 A2 = ( ) ( )79.278.323632
2
1

−+ xx   = 170.34 kN-mm 

 A3 = ( ) ( )8.3266.383736
2
1

−+ xx   = 213.89 kN-mm 

 A4 = ( ) ( )66.3868.5445.3137
2
1

−+ xx   = 548.28 kN-mm 

So, 

Toughness = 444.64 + 170.34 + 213.89 + 548.28  =  1377.15 kN-mm 

 

and ductility ratio is given by 

∆U / ∆Y  = 54.68 / 32.8 = 1.67 

 

 

 


