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Abstract 

 

Axial -Flexural Behaviour of Reinforced Concrete Masonry Columns 

Confined by FRP Jackets 

Khalid Saqer S Alotaibi, Ph.D. 

Concordia University, 2018 

 

Confining existing concrete and masonry columns by Fibre Reinforced Polymers (FRP) is a 

beneficial method for enhancing the column capacity and ductility. The popularity of using FRP 

for strengthening and upgrading columns is mainly attributed to the high strength and lightweight 

characteristics of the FRP materials. Using FRP composites reduces additional dead load 

associated with traditional strengthening solutions and simplify the application in areas with 

limited access. The goal of this research is to experimentally quantify the enhancement in strength 

and strain capacity of Carbon FRP (CFRP) confined concrete masonry columns under concentric 

and eccentric loading. Research on FRP-strengthened concrete masonry columns under eccentric 

loads is essential to understand the effect of this retrofitting technique on the performance of 

columns. The experimental data was then used to propose a simplified methodology that predicts 

the axial force-moment interaction diagram of fully grouted reinforced concrete masonry column 

strengthened with FRP jackets. The methodology considers short prismatic reinforced concrete 

masonry columns failing in a compression controlled manner and complies with equilibrium and 

strain compatibility principles. To achieve the research goals, 47 scaled fully grouted concrete 

block masonry columns were tested under concentric, eccentric, and bending loading up to failure. 

Parameters investigated in this research include the thickness of CFRP jacket, corner radius of 

cross section and the magnitude of eccentricity. The proposed analytical methodology showed a 

good correlation with the experimental data. Parametric study was carried out to determine the 

effect of design variables on the axial-flexural interaction of fully grouted reinforced concrete 

masonry column strengthened by FRP jackets. 
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Chapter 1 

Introduction  

1.1 General background 

Masonry has been used as a structural material in construction for centuries. Many of these 

existing masonry constructions are in need of structural strengthening. Rehabilitation and 

upgrading deficient structures can be considered an economical alternative in most of the cases or 

the only feasible option in some. 

Many concrete masonry columns cannot support additional axial loads resulting from 

changing the use of building or they suffer strength degradation from environmental effects or 

errors in their design and construction. This results in the need for developing an effective 

strengthening method to restore the degraded strength or to increase the bearing capacity of such 

existing masonry columns. 

A masonry column generally consists of stone, clay brick or concrete blocks bonded with 

cementitious mortar. The column could be fully or partially grouted. Also, it could be reinforced 

with steel reinforcement bars to resist the tensile forces that arises from flexure moments acting 

on the column. In case of reinforced masonry columns that are part of the lateral force resisting 

system or designed to sway under lateral seismic load, the strengthening could improve the 

ductility performance to meet new seismic design requirements. 

Compared to traditional methods, strengthening columns by Fibre-Reinforced Polymer (FRP) 

composite materials have gained popularity in recent decades due to their superior characteristics 

such as durability and high strength with light weight which eases the application and does not add 

significant dead load to the cross section. 

 Many researchers have established the use of FRP materials to strengthen reinforced concrete 

columns by confining them externally, however, there is very little research work on quantifying 

the effect of FRP confinement on the axial-flexural behaviour of reinforced masonry columns to 

satisfy the additional loading demand or improve the seismic performance by increasing the 

ductility. 
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1.2 Research significance 

A large portion of the structures inventory worldwide is constructed by masonry. 

Unreinforced masonry buildings represent the majority of these structures. Thousands of 

unreinforced masonry buildings in the United States, Canada and New Zealand are structurally 

deficient and need retrofit (Hatzinikolas and Korany, 2005). According to Reitherman and Perry 

(2009), brick and hollow concrete block are the most common unreinforced masonry materials 

used in unreinforced masonry buildings in the United States. Considering the vulnerability of 

unreinforced masonry to tensile forces, the modern masonry design codes and guidelines (NZS 

4230:2004, 2004; BS 5628, 2005; EN 1996-1-1, 2005; CSA S304-14, 2014; TMS 402/602-16, 

2016) promote using reinforced masonry. 

With more demand for strengthening reinforced and unreinforced masonry structures. The 

current challenge that faces structural engineers is to have a reliable estimation of the effectiveness 

of their strengthening system for concrete masonry columns. Quantifying the enhancement in the 

CFRP confined concrete masonry column performance under concentric and eccentric loading is 

essential for planning an effective retrofit design. This includes the increase in the confined 

compressive strength and ultimate strain. The latter is essential in enhancing the ductility of the 

strengthened structural elements, which is a highly desirable characteristic for better seismic 

performance.  

The vast majority of the available studies that investigated the performance of FRP-confined 

masonry columns focused on the columnôs axial compression response rather than the axial-

flexural interaction. This research experimentally investigates CFRP strengthened reinforced 

concrete blocks masonry columns that are loaded concentrically and eccentrically and develops a 

simplified analytical methodology to compute the axial force-moment interaction diagrams of such 

columns. The methodology focuses on short prismatic concrete masonry columns failing in the 

compression-controlled region of the axial force-moment interaction diagram. 
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1.3 Objectives 

The objectives of this research are twofold:  

¶ To experimentally evaluate the effect of CFRP confinement on the behaviour of reinforced 

concrete masonry under concentric and eccentric axial loads. 

¶ To develop a simplified analytical methodology to compute the axial force-moment 

interaction diagram of prismatic fully grouted reinforced concrete masonry columns 

confined with FRP jacket and controlled by compression failure. 

1.4 Scope of work 

Predicting the behaviour of CFRP confined concrete masonry columns involves several 

challenges due to the nonlinear behaviour of its constituent materials (i.e. masonry blocks; mortar; 

grout and CFRP sheets) as well as the complex interaction between these components under axial-

flexural loading. An experimental program was conducted to quantify the strength and strain 

capacity of CFRP confined concrete masonry columns under concentric and eccentric loading 

towards predicting the axial force and moment capacity of strengthened masonry columns. The 

tests provided necessary experimental measurements to determine the values of fundamental 

parameters that controls the section analysis which is essential for the theoretical prediction of 

axial force-moment interaction diagrams. Throughout this study, the effects of the following 

parameters on the axial flexural behaviour of fully grouted reinforced concrete masonry column 

confined with FRP jacket will be investigated; 

¶ The thickness of CFRP jacket. 

¶ The level of eccentricity applied on concrete masonry columns. 

¶ The corner radius of the section. 

To achieve the goals of this study, the research was divided into three phases:  

Phase I focused on: 

¶ Testing wrapped concrete block masonry prisms under concentric loading. 

¶ The CFRP wrapping effects on the enhancement of the performance of concrete masonry 

columns by evaluating the complete stress-strain response. 
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¶ Investigating the effect of changing the thickness of CFRP jacket and the corner radius of 

cross section on the shape of stress-strain curve of masonry columns. 

¶ Estimating the confinement pressure due to CFRP jacketing, by measuring the effective 

tensile strain in CFRP jackets. 

¶ Examining analytical confinement model based on experimental results of CFRP 

strengthened concrete masonry columns. 

¶ Refining the analytical confinement model based on the experimental results to give 

reliable correlation between experimental data and theoretical prediction. 

Phase II focused on:  

¶ Testing unwrapped reinforced concrete block masonry columns under concentric and 

eccentric loading to establish control data for comparison. 

¶ Testing wrapped reinforced concrete block masonry columns under concentric and 

eccentric loading. 

¶ The CFRP wrapping effects on the enhancement of the performance of eccentrically loaded 

concrete masonry columns. 

¶ Investigating the effect of changing the thickness of CFRP jacket on the axial-flexural 

behaviour of reinforced concrete masonry columns. 

¶ Comparison between wrapped and unwrapped masonry columns. 

 Phase III focused on: 

¶ Proposing simplified analytical methodology that predicts the axial force-moment 

interaction diagram of short prismatic fully grouted reinforced concrete masonry column 

strengthened with FRP jackets.  

¶ Determining the essential parameters to perform detailed section analysis. 

¶ Suggesting expressions to obtain these parameters values. 

¶ Proposing practical values for the equivalent rectangular stress block parameters. 

¶ Comparing between experimental results and theoretical predictions obtained by proposed 

methodology. 
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¶ Conducting a parametric study on the effect of the design variables on the axial-flexural 

interaction of FRP-wrapped reinforced concrete masonry columns generated by the 

proposing methodology. 

1.5 Organization of the Thesis 

The thesis is comprised of six chapters (including this one), a list of figures, tables and 

equations, notations, appendix, and references. These chapters provide all the experimental and 

analytical details of this research project. These details were used to develop a simplified 

methodology to compute the axial force-moment interaction diagram for a short prismatic fully 

grouted FRP-wrapped reinforced concrete masonry columns falling in the compression-controlled 

region of the axial force-moment interaction diagram. The contents of the chapters are as follows: 

¶ Chapter 1 consists of an introduction; general background; research significance; 

objectives and scope of work, and organization of the thesis.  

¶ Chapter 2 discusses briefly relevant topics and previous research studies on confining 

masonry columns with Fibre Reinforced Polymers materials.  

¶ Chapter 3 discusses the experimental compression behaviour of unreinforced half-scale 

concrete block masonry prisms confined with CFRP jackets. 

¶ Chapter 4 discusses the behaviour of reinforced half scale concrete block masonry columns 

under concentric and eccentric loading to compare between experimental results of 

wrapped and unwrapped masonry columns.  

¶ Chapter 5 proposes a simplified methodology to compute the axial force-moment 

interaction diagram of a short prismatic fully grouted reinforced concrete masonry column 

confined with FRP jacket falling in the compression-controlled region of the axial force-

moment interaction diagram. Also, a parametric study was conducted to study design 

variables effects. 

¶ Chapter 5 states the main conclusions of this study and the recommendations for future 

work. 
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Chapter 2 

Literature Review 

2.1 Introduction  

This chapter covers literature related to the main research topic carried out in this thesis. Brief 

information about column behaviour under concentric and eccentric loads is given in first part. In 

the second part, traditional techniques for strengthening of masonry columns are introduced, and 

a brief literature review is presented. Information about FRP composite materials and their 

application in structural engineering is presented in the third part. The fourth part focuses on 

experimental works conducted on strengthening of masonry columns by FRP materials, whereas 

the last part reviews the models reported in the literature related to strength gain and stress-strain 

curve of masonry confined by FRP materials. 

2.2 Column behaviour under concentric and eccentric loads 

This part covers the general behaviour of masonry column under concentric and eccentric 

loads before applying any type of strengthening. According to Taly (2010), the column is vertical 

member designed to carry axial compression loads with or without flexure loads. The column 

could be isolated or wall column where parts of the wall acting as columns. Wall column can be 

called pilaster when it projects from one or two sides of the wall, as shown in Figure 2.1. If it is 

flushed in the wall, it can be called in-wall column. Pilasters are designed to help the walls to 

resistance the lateral forces. Masonry columns can be reinforced with vertical steel reinforcements 

to resist tensile stress and they can be without steel reinforcements to carry axial compression loads 

only. Masonry columns usually are constructed from concrete masonry units, clay masonry bricks, 

or chimney units in running bond. 
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Figure 2.1 Reinforced isolated and wall columns (Taly, 2010). 

Most of the columns in the site are subjected to axial compression loads and flexural bending. 

Where axial compression loads come from gravity loads and flexural bending is result of 

imperfections in the construction process, unintentional eccentricity, lateral loads transferred to 

the column, intentional eccentricity by beams away from the centre of column. 

Interaction diagrams are helpful for designing column subjected to axial load and bending 

moment simultaneously. Since each point on the curve indicates the axial and flexure capacities 

of the column. A column can carry pure axial load without any moment applied on the column. 

Similarly, it can stand pure flexural load with zero axial force. Between these two cases, the 

column can carry combinations of axial loads and bending moments simultaneously when the 

magnitude of load and moment are less than the ultimate load and moment of the column. 

Obviously, there is ultimate number of combinations of axial load, and bending moment the 

column can be resisted. The interaction diagram is a plot of theses many combinations as points 

where each point has a unique axial load capacity on the y-axis and bending moment capacity on 

the x-axis, as Figure 2.2.  
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Figure 2.2 Typical interaction diagrams for masonry column. 

Each column has a unique interaction diagram based on some factors that affect the axial and 

flexural capacities of the column. Cross section dimensions, strength of masonry and longitudinal 

reinforcement are the main factors affect the axial capacity of the column. Therefore, flexural 

capacity depends also on the same parameters beside the positions of longitudinal reinforcements 

in the cross section. A simplified form of the interaction diagram can be constructed from three 

main points, as shown in Figure 2.2: nominal axial strength (Point A), nominal moment strength 

(Point C) and the balanced condition (Point B). A short reinforced masonry column has nominal 

axial strength equals to the contribution of the axial compressive strengths of masonry and 

longitudinal reinforcement. The nominal moment strength of masonry column can be found by 

treating the column as a doubly reinforced beam and perform the well-known procedure of section 

analysis. The balanced condition is the load condition when masonry reaches the ultimate strain 

and the yield strain in tension steel simultaneously. The location of neutral axis, in this case, can 

be found from a linear strain distribution along the cross-section. Columns subjected to eccentric 

loads less than that of the balanced point will experience compression failure, whereas columns 

subjected to eccentric loads higher than that of the balanced point will experience tension failure. 

A

B

C

ὓάὥὼ 

ὖάὥὼ 

Ů m = Ů mu 

Ůs = Ůy

Ů m = Ů mu 

Ůs
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2.3 Traditional techniques for strengthening of masonry columns 

Various traditional strengthening and retrofitting techniques were reported in Witzany and 

Zigler (2015). The structural performance of deteriorated masonry columns can be improved by 

applying one of these retrofitting methods: steel plate bonding; external post tensioning; steel 

bracing; steel strips and cords jacketing; and inserting stirrups into bed joints. Furthermore, the 

masonry columns can be strengthened by casting reinforced jacketing around the columns using 

plaster or concrete. 

The techniques mentioned above have been developed mainly to delay or prevent the failure 

of masonry columns under compressive loads by providing action of confinement to the cross 

section. The response of confined element varies depending on the retrofitting techniques utilized 

and the material of cross section and its shape. These effects must be considered during retrofitting 

design stage. Several studies have conducted to measure these effects. 

Jacketing masonry columns by steel strips have proven to be viable strengthening method to 

increase strength and ductility of masonry columns. Ilyas et al. (2009) tested nine clay bricks 

columns divided into three groups. The test matrix was designed to study the amount of 

reinforcement and cross section aspect ratio variables. The cross section aspect ratios of 1, 2, and 

3 were tested. The masonry columns were divided into unconfined, moderately reinforced and 

heavily reinforced columns. It is concluded from the results that confinement by steel strips 

enhances the strength and ultimate strain where the increase in strength is related the cross section 

aspect ratio. 
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Figure 2.3 Heavily and moderately reinforced column (Ilyas et al., 2009). 

Borri et al. (2013) investigated using steel cords for strengthening solid clay bricks masonry 

columns. 48 masonry columns were tested under axial compression load. Octagonal, square, and 

rectangular cross sections were confined with different schemes of confining reinforcement. The 

results of experimental tests showed that masonry columns with steel cords gained a significant 

increase in term of strength and strain. 

 
Figure 2.4 Hooping solid clay bricks masonry with pre-tensioned steel cords (Borri et al., 2013). 

The disadvantage of using external steel strips or cords in strengthening masonry columns is 

the susceptibility of steel to corrosion. 
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Kog et al. (2001) tested brick masonry columns retrofitted by concrete jackets reinforced with 

longitudinal steel and stirrups. Strengthened columns exhibited a tremendous increase in axial 

capacity. The amount of stirrups in concrete jackets affected the bearing capacity. However, the 

parameters of the thickness of concrete, concrete grade, the amount of longitudinal did not affect 

the peak load. An analytical model and design charts for masonry columns strengthened with 

reinforced concrete jackets were proposed. This retrofit method has the disadvantage that the 

concrete jacket adds to the self-weight of the structure, which consumes portion of the increase in 

the compression capacity of the column. Also, the higher self-weight increases the loads 

transferred to the foundation system. 

 
Figure 2.5 Typical concrete jacketed for brick masonry columns (Kog et al., 2001). 

Priestley and Bridgeman (1974) introduced using 3.1 mm stainless steel plates in mortar beds 

to confine the end zone of brick masonry shear wall. These plates have been known as Priestleyôs 

plates later. In Priestley and Elder (1983), Priestleyôs plates were used to confine fully grouted 

reinforced concrete masonry prism tested under compression loads. The test results showed that 

Priestleyôs plate affected stress-strain curve of concrete masonry prisms by producing less a steeper 

descending curve. Also, the plates changed failure mode of masonry columns from vertical 

splitting at the peak load to crushing failure. Priestley and Elder (1983) proposed modified Kent-

Park curve to predict stress-strain curve of unconfined and confined concrete masonry. 
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Figure 2.6 Modified Kent-Park curves for confined and unconfined concrete 

(Priestley and Elder, 1983). 

In the first Phase, Hart et al. (1988) studied different methods to confine fully grouted 

reinforced concrete masonry prims with four courses height. Seventy one prisms were confined 

with open or closed wire meshes, modified Priestleyôs plates, cages, hoops and spiral 

reinforcement and tested under compression. The result showed that all type of confinement has a 

similar ascending branch of the stress-strain curve. However, the ascending branches were 

controlled by confinement method. Priestleyôs plates gave the best behaviour in term of peak 

stresses, ultimate strains and the areas under the stress-strain curve. The open wire mesh was the 

closet to the performance of Priestleyôs plates. 
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In the second Phase Hart et al. (1989), one hundred and six concrete masonry prisms were 

tested including confined reinforced prisms with different methods of confinement. Two analytical 

models were proposed for compression stress-strain curve of concrete masonry. The first model 

was simple and the second model was complex and based on best fit of experimental data. 

Ewing and Kowalsky (2004) tested solid and regular Priestleyôs plates to confine clay brick 

masonry. The results of fifteen prisms tested under compression showed that there was an increase 

in strength and ultimate strain. Also, the results of solid plates without holes in flange are close to 

regular Priestleyôs plates where the plates have holes in the flange to improve the bond to the 

mortar. 

 
Figure 2.7 Prism configurations with solid and standard plates (Ewing and Kowalsky, 2004). 

Malmquist (2004) tested forty five prisms included prims constructed with concrete blocks or 

clay bricks. Priestleyôs plates were one of the methods used to confine the prims. Test results 

showed that Priestleyôs plates increased the ultimate strain for both concrete blocks and clay bricks. 

Also, the confinement flattened the descending branch of the stress-strain curve. 
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Figure 2.8 Stress-strain curves for concrete block masonry (Malmquist, 2004) 

(1 MPa = 145 psi). 

One of the basic approaches to improve axial carrying capacity and mainly seismic resistance 

of masonry is to provide sufficient transverse confinement. Confining masonry by conventional 

steel ties can increase the ductility of masonry beyond elastic limits without excessive strength 

degradation. Even though using conventional steel ties to strengthen existing masonry column is 

an unpractical approach, reviewing the experimental works carried out in this filed is necessary to 

understand the effect of confinement on the behaviour of masonry. Considering that the action of 

confinement produced by FRP materials is similar to steel ties confinement with some differences. 

In the late seventies, Feeg et al. (1979) tested concrete masonry columns with different 

reinforcement detailing under compression to establish the strength behaviour. Different sizes and 

locations of vertical and lateral reinforcement were investigated. Sturgeon et al. (1980) proposed 

empirical equations to predict the capacity of concrete masonry column based on experimental 

tests included the variables of the amount and the grade of longitudinal reinforcement, grout 

strength and slump, lateral tie details, and the magnitude of eccentricity. Khalaf et al. (1993) and 

Singh and Cooke (1994) conducted experimental tests to study the effect of the amount of 
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longitudinal reinforcement and the lateral ties details on the compressive behaviour of concrete 

masonry columns.  

Late studies, (Obaidat et al.; Shedid et al., 2010; Abo El Ezz et al., 2015; Obaidat et al., 2017) 

focused on the ductile behaviour of the confined concrete masonry under compression load to 

established stress-strain relationship considering different level of confinement by changing the 

size and the spacing of transverse tie reinforcement. It concluded that increasing the confinement 

improved the axial strength and the ultimate strain. Moreover, the confined concrete masonry 

showed a more ductile post-peak behaviour. 

 
Figure 2.9 Stress-strain curves for unreinforced, reinforced concrete masonry columns  

(Obaidat et al., 2017). 
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2.4 FRP composite materials 

Applications of fibre-reinforced polymer (FRP) composites in the construction industry are 

presented in this section. Besides using FRP composite materials as internal reinforcements, the 

FRP materials got considerable attention over the past two decades as externally bonded 

reinforcements for retrofitting and strengthening of ageing structures throughout the world. The 

increase of using FRP composite materials in rehabilitation could be attributed to several 

advantages: 

¶ High strength and lightweight characteristics which lead to higher performance and 

sustainable structure with minimal resources 

¶ Light weight which leads to reducing the additional dead load to the structure resulting 

from traditional retrofit technique. Also, light weight eases the handling and 

application in areas with limited access and increases construction speed. 

¶ Durability in harsh and severe environments. Since, The FRP composites are resistant 

to corrosion, freeze-thaw cycles, and de-icing salts. 

¶ Low thermal expansion coefficient 

¶ High energy absorption  

¶ Ease of fabrication where the FRP composites are typically manufactured from 

polymer matrix reinforced with various grades of carbon, glass, basalt, and/or aramid 

fibres. 

¶ Wide selection of shapes included sheets, strips, bars, and plates. 
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2.5  Strengthening of masonry columns by FRP materials 

Using FRP materials in strengthening masonry columns gives more advantages more than 

traditional strengthening methods. FRP materials are lighter and have higher strength. Considering 

the ease of application in limited spaces, applying FRP materials to strength existing masonry 

columns does not add critical dead loads to the structure.  

Masonry columns are constructed with diverse materials such as clay, tuff, limestone, and 

concrete and can be retrofitted with different FRP techniques. Since the 2000s, few researchers 

conducted experimental tests to quantify the improvement in performance when applying carbon, 

aramid, glass and basalt FRP to confine masonry columns constructed with diverse materials. 

Masia and Shrive (2003) tested damaged clay masonry columns with different masonry units 

and different square cross section sizes to measure the gained strength of the CFRP wrapped 

masonry columns. Eighteen columns were tested under axial compression. Two methods of 

strengthening were investigated by wrapping the clay columns with one layer of CFRP or casting 

a circular concrete jacket then wrapping the circular columns. Bearing capacities of clay columns 

treated with circular concrete jackets were significantly increased. The effect of cross section area 

on bearing capacity increase could not be drawn. 

 
Figure 2.10 Masonry columns details and circular section column failure 

(Masia and Shrive, 2003). 



18 

Krevaikas and Triantafillou (2005) proposed a confinement model for FRP wrapped clay brick 

columns calibrated by their experimental results of 42 specimens with different variables include 

number of layers, radius of the corners, cross section aspect ratio, and type of fibres. It is concluded 

from tests results that strengthened masonry columns with FRP behave similarly like strengthened 

concrete columns with FRP. The FRP confined masonry columns showed linear increases in 

strength and ductility with confining pressure. More details about the proposed model are given in 

section 2.6.1 of this chapter. 

 
Figure 2.11 Configuration of clay brick masonry columns (Krevaikas and Triantafillou, 2005). 

Corradi et al. (2007) proposed a model and tested 24 clay solid brick masonry columns with 

square and octagonal cross sections confined by CFRP. The results demonstrated increases in 

strength, ductility, and stiffness if compared to non-strengthened columns. The columns with 

octagonal cross sections and one or two layers of CFRP indicate very high increases in ultimate 

load and deformation capacity. The higher efficiency of CFRP wrap in octagonal columns is 

caused by the rounding the edges where that eliminates the sharp edge cutting failure. More details 

about the proposed model are given in section 2.6.3 of this chapter. 
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Figure 2.12 Failure of Square and octagonal cross section column (Corradi et al., 2007). 

Shaheen and Shrive (2007) explored a different technique for strengthening clay masonry 

columns by spraying the columns with glass FRP in two thicknesses. Twenty four specimens were 

tested under both concentric and eccentric loading. Plain and reinforced two sizes of cross sections 

were tested to evaluate load and displacement increases. The result indicated that large increases 

in strain under concentric loading compared to small increases in strength for both plain and 

reinforced specimens. It is noticed the eccentric loads reduced the efficacy of strengthening 

method. 
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Figure 2.13 GFRP spray process and GFRP failure laminates (Shaheen and Shrive, 2007). 

Alternate technique was investigated by some researchers, where FRP bars inserted thorough 

drilled holes to internally confine masonry. This can be with or without applying FRP wraps. 

Micelli et al. (2004) experimentally tested limestone masonry columns using injected FRP bars 

technique alone or in combination with FRP wraps.  In all cases of confinement, a significant 

increase in strength capacity and ultimate displacement was noticed.  

Recently, Micelli et al. (2014b) conducted the same kind of study on full-scale limestone 

masonry columns strengthened with similar composite systems studied in previous work. The 

result showed that the confinement was able to significantly increase the strength capacity and 

ultimate displacement in full-scale limestone masonry columns. Using FRP internal bars with FRP 

wraps is very effective in increasing the axial strength of masonry column. Since FRP internal bars 

can confine the masonry column in pre-peak phase and the confinement of FRP wraps affect more 

the post-peak phase. In comparison between the experimental tests on full-scale and scaled 

specimens, the authors concluded that the efficiency of confinement is not significantly affected 

by the scaling factor. 
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Figure 2.14 Full-scale limestone masonry columns details (Micelli et al., 2014b). 
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In addition, Aiello et al. (2007) studied confined circular stone columns by injected FRP bars 

through the columns cross section or applied carbon FRP sheets in the form of continuous jacket 

or discontinuous strips. Some of stone columns were loaded with 60 or 80% of the ultimate load 

before strengthening them. Experimental results showed that FRP strengthening was effective in 

increasing ultimate strength and strain in both pre-damaged and non-damaged masonry columns. 

 
Figure 2.15 Dimensions of circular stone columns in millimetres (Aiello et al., 2007). 
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In another study Aiello et al. (2009) examined the injected FRP bars and glass FRP sheets 

strengthening techniques on limestone and clay columns. Thirty three rectangular masonry 

columns were tested under axial compression force. The parameters of corners radius and cross 

section aspect ratio were included in the experimental study. It has been concluded that all 

strengthening methods gave a significant increase in strength and ductility. Aiello et al. (2009) 

calibrated the analytical model proposed originally by Krevaikas and Triantafillou (2005) (see 

section 2.6.4 for more details). The calibrated model can be used to predict the capacity of 

limestone masonry columns with FRP wraps or injected FRP bars. 

 
Figure 2.16 Dimensions of masonry columns in centimetres (Aiello et al., 2009). 
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Alecci et al. (2009) tested nineteen brick masonry specimens under uniaxial and triaxial 

compression. Ten of specimens were tested with a Hoek cell to produce triaxial compression. The 

authors compared the result with the proposed formulas from the literature and found that the 

results did not match. 

 
Figure 2.17 Cylindrical specimens and Hoek cell (Alecci et al., 2009). 

Di Ludovico et al. (2010) tested eighteen square tuff and clay masonry columns confined with 

glass FRP, carbon FRP, and basalt FRP wraps under compression loads. Experimental results 

approved FRP wrapping effectiveness in providing significant increases in strength and ductility 

of masonry columns. Test results and data collected from the literature were used to evaluate the 

available analytical models. Refined equations were calibrated with experimental data to reduce 

the scattering between strength predictions and tests results (see section 2.6.5 for more details). 
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Figure 2.18 Details of tuff and clay masonry columns in millimetres (Di Ludovico et al., 2010). 

Faella et al. (2011b) tested different types of masonry columns built out of natural or artificial 

bricks confined by carbon and glass FRP composite. Fifty-four memory column were tested under 

axial compression. The researchers found that the range of confined-to-unconfined strength ratio 

is between 1.22 and 3.94. As a general observation, the strength gain is higher when the confined 

material is weak, and the FRP jacket is stiffer. In a companion paper, (Faella et al., 2011a) assessed 

analytical formulations in the literature and calibrated a design formula for predicting the strength 

of FRP wrapped masonry columns using their experimental tests along with collected database 

from the literature. 
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Figure 2.19 Failure of masonry columns with FRP composite (Faella et al., 2011b). 
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Nanjunda Rao and Pavan (2015) investigated compression behaviour of FRP confined 

masonry columns constructed from burnt clay bricks. The experimental parameters included 

masonry bonding pattern, inclination of loading axis to the bed joint, and the type and grade of 

FRP. The results showed an improvement in strength, stiffness, and ductility. The FRP 

confinement reduced the effect of the inclination of the loading axis to the bed joint on the 

compressive strength and failure pattern. 

 
Figure 2.20 Failure pattern of 90° inclination to bed joint (Nanjunda Rao and Pavan, 2015). 

Recent studies focused on discontinuous confinement by FRP strips. Witzany et al. (2014) 

conducted experimental research on strengthening burnt brick masonry columns by carbon and 

glass FRP strips. It concluded from testing thirteen columns under compression loads that the 

confinement with FRP strips increases the ultimate deformation and the ultimate load. They 

pointed out the necessity of adopting a different approach to assessing the load-bearing capacity 

or residual load-bearing capacity, which takes into account the different failure modes of 

reinforced and unreinforced brick masonry. 
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Figure 2.21 Details of brick masonry columns (Witzany et al., 2014). 

Witzany and Zigler (2015) strengthened masonry columns by non-continuous wrapping of 

carbon FRP.  The stone masonry columns constructed from regular sandstone blocks and irregular 

freestone blocks and tested under concentric load. Also, the researchers pointed out that the 

necessity of a different approach to the assessment of the load-bearing capacity, or residual load-

bearing capacity of masonry composed of stone blocks. 

 
Figure 2.22 Stone masonry columns from regular or irregular sandstone blocks  

(Witzany and Zigler, 2015). 
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Micelli et al. (2014a) studied the behaviour of circular columns constructed from natural 

blocks confined with glass and basalt FRP. They also studied active confinement by using a novel 

technique that employs Shape Memory Alloys (SMA). Twenty four masonry columns tested under 

axial compression loads. The results showed that FRP confinement gives significant benefit in 

increasing the strength and ductility of confined masonry columns. Active confinement provided 

by SMA wires with GFRP sheets was found to be effective in increasing the axial stiffness at early 

loading stages. 

 
Figure 2.23 Natural blocks confined with glass and basalt FRP (Micelli et al., 2014a). 

  



30 

According to the authors' knowledge, there is limited research on the use of FRP composite 

materials in strengthening of concrete block masonry columns. Galal et al. (2012) experimentally 

tested reinforced concrete masonry columns strengthened with carbon FRP under combined axial 

load and cyclic flexure. The columns with 390 mm square cross section were constructed by bull-

nosed concrete blocks. The concrete block masonry columns were wrapped with different layers 

of CFRP jackets with different wrapping schemes. The results proved that the seismic performance 

of the masonry columns was enhanced. FRP wraps increased the ductile behaviour, strength 

capacity, and energy dissipation. 

 
Figure 2.24 Columnsô performance and failure (Galal et al., 2012). 
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2.6 Stress-strain behaviour of masonry confined by FRP materials 

This part covers the research work found in scientific literature about the strength gain of 

masonry confined by FRP materials. The research work related to analytical models for FRP 

confinement and their assessment was briefly reviewed.     

2.6.1 Krevaikas and Triantafillou (2005) 

Krevaikas and Triantafillou (2005) investigated the effect of FRP confinement by conducting 

experimental tests, and proposed a simple confinement model for strength and ultimate strain of 

FRP-confined masonry. 

The confinement pressure produces by FRP is not uniform at cross sections especially near the 

corners. The average value of confinement pressure (Ὢ) can be calculated as: 

Ὢ Ὧ
ὦ Ὤ

ὦȢὬ
 ὸὉ‐ Eq. 2-1 

where ὦ and Ὤ are cross section dimensions; ὸ is thickness of FRP; Ὁ is elastic modulus of 

FRP; ‐ is circumferential FRP strain; and Ὧ is effectiveness coefficient as Figure 2.25. 

Effectiveness coefficient Ὧ is the ratio of the effectively confined area to the total cross 

section area ὃ  can be calculated as follows: 

Ὧ ρ
ὦ Ὤ

ςὃ
  Eq. 2-2 

 
Figure 2.25 Effective confined area in rectangular columns (Krevaikas and Triantafillou, 2005). 

The confinement model for strength and ultimate strain of FRP-confined masonry are based 

on De Lorenzis and Tepfers (2003) confinement model for confined concrete by FRP. The 

confinement model for masonry is determined by calibrating the empirical constants with tests 

results. 
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Ὢ Ὢ     ὭὪ
Ὢ

Ὢ
 πȢςτ  Eq. 2-3 

Ὢ Ὢ πȢφπρȢφυ 
Ὢ

Ὢ
   ὭὪ

Ὢ

Ὢ
 πȢςτ   Eq. 2-4 

where, Ὢ  is the compressive strength of confined masonry and Ὢ  is compressive strength 

of unconfined masonry. The confined compressive strength with low level of confinement does 

not exceed the unconfined value so 0.24 limit is proposed.  

The expression for the ultimate axial strain of confined masonry calibrated by experimental 

tests in term of     is: 

‐ ‐ πȢστ 
Ὢ

Ὢ
   Eq. 2-5 

where, ‐  is the compressive strength of confined masonry and ‐  is compressive strength 

of unconfined masonry.  

2.6.2 CNR-DT 200 R1 (2004) 

Italian guideline CNR-DT 200 R1 (2004) suggested design equations for FRP-confined 

masonry columns. The guideline recommends the expression to find the strength of confined 

masonry columns as: 

Ὢ   Ὢ   ὯȢὪȟ   Eq. 2-6 

where Ὢȟ  is effective lateral confining pressure; and Ὧ is hardening factor for compressive 

strength. 

Ὧ
Ç

ρπππ
  Eq. 2-7 

Ç is the density of masonry in kg/m3 unless a more detailed analysis is performed. 

The effective confining pressure, Ὢȟ , is adjusted by a horizontal and vertical coefficient of 

efficiency and it is expressed as 
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Ὢȟ   Ὧ ȢὯ ȢὪ   Eq. 2-8 

where Ὢ is the lateral confining pressure produced by FRP jacket and can be expressed for 

rectangular columns as: 

Ὢ 
ρ

ς
ÍÉÎ”ȟ ȢὉ ς Ȣ”ȟ ȢὉȠ”ȟ ȢὉ ς Ȣ”ȟ ȢὉ Ȣ‐ ȟ  Eq. 2-9 

where ”ȟ, ”ȟ, ”ȟ, and ”ȟ are reinforcement ratios 

”ȟ
τ Ȣὸ Ȣὦ

Ὠ Ȣ  ”
 Ƞ ”ȟ

τ Ȣὸ Ȣὦ

Ὠ Ȣ  ”
Ƞ ”ȟ

ὲȟ Ȣὃ

Ὠ Ȣ  ”
 Ƞ ”ȟ

ὲȟ Ȣὃ

Ὠ Ȣ  ”
 Eq. 2-10 

where ὲȟ and ὲȟ are number of bars disposed in one course along the x and y directions. 

In the case of continuous wrapping by FRP jacket, ” can be calculated as: 

”
τ Ȣὸ

ÍÁØὦȟὬ
   Eq. 2-11 

the horizontal coefficient Ὧ  is calculated from the relationship between the confined area and the 

total area: 

Ὧ ρ
ὦ Ὠ

σὃ
   Eq. 2-12 

The values of Ὧ  is equal to 1 for continuous jacketing, while in the case of FRP strips it is given 

by 

Ὧ ρ
”

ς ȢÍÉÎὦȟὬ
   Eq. 2-13 

where ” is vertical spacing between the FRP strips. See the Figure 2.26 for more explanation. 

Like discontinuous wrapping, the confinement by internal FRP bars is reduced by the coefficient 

of efficiency Ὧ , which can be assumed as follows 

Ὧ Ὧ ȢὯ  

ρ
ρ

φ
ς Ȣ
ὲȟ ρ

ὲȟ
 Ȣ
Ὠ

ὦ
ς Ȣ
ὲȟ ρ

ὲȟ
 Ȣ
Ὠ

ὦ

σ

ὲȟ Ȣ  ὲȟ
ρ

”

ς ȢÍÉÎὦȟὬ
  

Eq. 2-14 

The value of ‐ ȟ  which is the ultimate design strain for FRP can be computed by the 

following equation: 



34 

‐ ȟ ÍÉÎ
ὲ Ȣ‐

‎
Ƞ
ὲ Ȣ‐

‎
  Eq. 2-15 

where ὲ  is environmental safety factor; ‐  and ‐  are FRP ultimate strain for wraps and bars, 

respectively; while ‎  and ‎  are material factors for FRP wraps and bars, respectively,. 

 
Figure 2.26 Geometry of FRP-confined masonry column (CNR-DT 200 R1, 2004). 

2.6.3 Corradi et al. (2007) 

Corradi et al. (2007) calibrated a simple confinement model for FRP-confined masonry. 

Experimental results on clay brick columns conducted by Krevaikas and Triantafillou (2005) and 

Corradi et al. (2007) were used to calibrate the numerical expression. 

Ὢ   Ὢ  ρ ὯȢ
Ὢȟ

Ὢ
  Eq. 2-16 

ύὬὩὶὩ Ὧ ςȢτ Ȣ
Ὢȟ

Ὢ

Ȣ

    Eq. 2-17 

The study presented more discussion and expressions to obtain the effective confinement 

pressure in square and octagonal cross-sections.   
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2.6.4 Aiello et al. (2009) 

Aiello et al. (2009) conducted experimental tests on limestone and clay masonry columns to 

perform a comparison between experimental results and equations proposed in CNR-DT 200 R1 

(2004). They concluded that CNR-DT 200 R1 (2004) equations could be considered reliable in 

describing the behaviour of FRP-confined masonry. Aiello et al. (2009) also calibrated 

confinement model proposed by Krevaikas and Triantafillou (2005) which originally calibrated on 

clay masonry columns. Aiello et al. (2009) suggested this expression with the coefficients found 

from their tests for limestone masonry columns confined either with external FRP sheets or internal 

FRP bars. 

Ὢ Ὢ ρ  
Ὢ

Ὢ
   Eq. 2-18 

2.6.5 Di Ludovico et al. (2010) 

Di Ludovico et al. (2010) experimentally tested tuff and clay masonry. Test results with data 

available in the literature were used to assess confinement analytical models. 

Two refined equations proposed by Di Ludovico et al. (2010) to predict the strength of 

confined masonry columns constructed from tuff and clay. The refined theoretical expressions for 

clay masonry was calibrated to minimize the scattering between theoretical predictions and 

experimental available data. 

Ὢ   Ὢ  ρ ὯȢ
Ὢȟ

Ὢ
  Eq. 2-19 

ύὬὩὶὩ Ὧ ρȢυσ Ȣ
Ὢȟ

Ὢ

Ȣ

    Eq. 2-20 

The refined theoretical expressions for tuff masonry are: 

Ὢ   Ὢ  ρ ὯȢ
Ὢȟ

Ὢ
  Eq. 2-21 

ύὬὩὶὩ Ὧ ρȢπω Ȣ
Ὢȟ

Ὢ

Ȣ

    Eq. 2-22 
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2.6.6 Faella et al. (2011a) 

Faella et al. (2011a) collected a database from scientific literature to assess the available 

confinement models for FRP-confined masonry columns. Using experimental database, three 

different of design formulas for FRP-confined masonry columns are proposed with different level 

of accuracy and simplicity. The Italian Guideline CNR-DT 200 R1 (2004) expressions were 

adopted and calibrated as.  

Model #1: the most general calibration:  

Ὢ   Ὢ  Ȣ  ρȢφρψπȢπρσ
Ç

ρπππ

Ȣ

Ȣ
Ὢȟ

Ὢ

Ȣ

 Eq. 2-23 

Model #2: The best distributed relationship:  

Ὢ   Ὢ  Ȣ  ρ πȢτρφ
Ç

ρπππ

Ȣ

Ȣ
Ὢȟ

Ὢ

Ȣ

 Eq. 2-24 

Model #3: The simplest expression:  

Ὢ   Ὢ  Ȣ  ρ
Ç

ρπππ
Ȣ
Ὢȟ

Ὢ

Ȣ

 Eq. 2-25 

2.6.7 CNR-DT 200 R1 (2013) 

The Italian National Research Council (CNR) updated the confinement model for masonry 

columns confined with FRP composites which published in the Technical Document 200/2004. 

The revision tried to improve the accuracy of the confinement model by limiting the increase in 

strength with the increase of FRP confinement. The new expression is a nonlinear confinement 

model: 

Ὢ

Ὢ
ρ ὯȢ

Ὢȟ

Ὢ
 Eq. 2-26 

ύὬὩὶὩ Ὧ ‌Ȣ
Ç

ρπππ
    Eq. 2-27 

The coefficients ‌, ‌, ‌ can be taken as 0.50, 1.0 and 1.0, respectively, in case of experimental 

data is absent. Also, it can be calibrated with the result of experimental tests. 
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2.6.8 Nanjunda Rao and Pavan (2015) 

Nanjunda Rao and Pavan (2015) investigated compression behaviour of FRP confined clay 

bricks masonry columns and assessed various confinement models available in the literature for 

prediction the gain in axial capacity of FRP-confined masonry. New calibrations are proposed 

using available experimental data. The authors proposed expressions for compressive strength of 

FRP-confined masonry with loading axis normal to bed joint (90°): 

Ὢ

Ὢ
ρ ρȢυσ

Ὢȟ

Ὢ

Ȣ

 Eq. 2-28 

Expression for masonry with loading axis at various inclinations to bed joint (0, 30, 45, 60 and 

90°): 

Ὢ

Ὢ
ρ τȢωφ

Ὢȟ

Ὢ

Ȣ

 Eq. 2-29 

2.6.9 Minafò et al. (2017) 

Minafò et al. (2017) conducted a comparative analysis of available confinement models to 

predict the compressive stress-strain curve of FRP confined clay brick masonry. The models are 

evaluated in terms of effective confinement pressure, ultimate stress, ultimate strain, and the stress-

strain curve. 

From the comparative analysis, Minafò et al. (2017) found the following main conclusions: 

¶ The expression proposed by Di Ludovico et al. (2010) is the most reliable because it is 

calibrated with a large database of experimental tests. 

¶ The Italian CNR-DT 200 R1 (2013) guideline is conservative, because it is limiting the 

maximum strain in the FRP wrap to 0.004 mm/mm. 

¶ For predicting the ultimate strain, there are two expressions; only the expression proposed 

by Krevaikas and Triantafillou (2005) was specific for masonry, whereas the expressions 

proposed by Campione and Miraglia (2003) was adopted for concrete. 

¶ The approach of Di Ludovico et al. (2010) gives a low error with significant  dispersion 

compared to the experimental data. 

¶ Krevaikas and Triantafillou (2005) model gives the best prediction when the peak axial 

strain of unconfined masonry is assumed to be 0.002 mm/mm. 
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2.7 Closing remarks 

Developing axial force-moment interaction diagrams is based on detailed section analysis. 

There are fundamental parameters that are controlling the detailed section analysis for FRP 

confined masonry such as; the compressive strength, ultimate strain, and the equivalent stress 

block parameters. The value of the compressive strength of FRP-confined masonry is essential for 

performing detailed section analysis. A reliable analytical confinement model to predict strength 

gains is needed. According to the experimental and analytical studies that were reviewed in this 

chapter, most of the work was conducted on clay, tuff, and limestone masonry columns. The ability 

of available expressions in the literature to predict the strength gain in concrete block masonry 

columns should be evaluated before using the available expressions in developing axial force-

moment interaction diagrams, especially that the models were calibrated with experimental tests 

conducted on different materials of masonry. 

Determining the ultimate usable strain that can be reached in the extreme compression fibre 

of FRP confined concrete masonry is essential for performing detailed section analysis. For 

integrating the stresses over the cross section, a stress-strain curve for FRP confined concrete 

masonry is needed. However, instead of using the nonlinear stress-strain curve, the equivalent 

stress block parameters can be used to integrate the stresses over the cross section. 

Considering the limited information and tests conducted on concrete masonry columns 

confined with FRP, developing an experimental program is necessary to obtain the missing 

information and assess the available confinement models to predict the compressive strength gain 

of FRP confined concrete block masonry. The experimental data obtained from this work is useful 

in validating the proposed methodology to compute the axial force-moment interaction diagram of 

fully grouted reinforced concrete masonry column confined with FRP jacket for a short prismatic 

concrete masonry column failing in a compression-controlled manner. 
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Chapter 3 

Axial Compressive Behaviour of Grouted Concrete Block 

Masonry Columns Confined by CFRP Jackets 

 

Abstract 

Confining existing concrete and masonry columns by Carbon Fibre Reinforced Polymers 

(CFRP) is a beneficial method for enhancing the column axial capacity and ductility. This paper 

presents an experimental investigation of the CFRP confinement influence on the uniaxial 

compression stress-strain behaviour of concrete block masonry columns. Scaled fully grouted 

concrete block masonry columns, with a square cross section, were confined by continuous CFRP 

jackets and tested under concentric axial loading up to failure. The results indicate that CFRP 

enhances the ultimate axial strain and the axial load capacity by up to 281% and 79%, respectively 

compared to unreinforced columns. In this study, the effect of corner radius and the thickness of 

CFRP jackets are investigated. Special attention was also given to the effective tensile strain in the 

CFRP jackets. Finally, the CNR-DT 200 R1 confinement model, the only guide addressing 

strengthening masonry columns with external FRP composites, was assessed and refined equation 

is proposed. 
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3.1 Introduction  

Rehabilitation or upgrading of existing structures is often more economical and preferable 

solution than demolishing the entire structures or reconstructing some members. Many existing 

masonry buildings are structurally deficient or in need of seismic upgrade. On the other hand, 

many concrete masonry columns are not capable of meeting the increase in axial loading demand 

in case of a change in building occupancy. In addition, factors such as poor construction practices, 

low quality materials, and environmental deterioration may cause strength degradation. Also, 

reinforced concrete masonry columns that are part of the lateral force resisting system or designed 

to sway under lateral seismic load may need more ductility for better performance or to meet new 

seismic design requirements. All of the above create a need to develop effective strengthening 

method for increasing the ductility and bearing capacity of concrete masonry columns. 

Fibre Reinforced Polymers (FRP) materials have been commonly used in recent decades to 

confine concrete columns. The popularity of using FRP for strengthening and upgrading concrete 

columns is mainly attributed to the high strength and lightweight characteristics of the FRP 

materials (Seible et al., 1997). Using FRP composites reduces additional dead load associated with 

traditional strengthening solutions and simplify the application in areas with limited access. 

Numerous researchers have taken advantage of FRP characteristics and see the potential of using 

FRP materials to externally confining concrete columns by aligning the fibres along the direction 

of hoop stresses perpendicular to the vertical axis of the columns, as will be presented in the 

following paragraphs. 

In the last few decades, experimental, numerical and analytical works have been conducted to 

better understand the behaviour of FRP confined concrete columns. Ozbakkaloglu and Lim (2013) 

assembled a database of circular FRP-confined concrete tests contains 3042 results from 253 

studies published between 1991 and 2013. Ozbakkaloglu et al. (2013) reviewed and assessed 88 

stress-strain models developed to predict the stress-strain behaviour of circular FRP-confined 

concrete columns. The extensive researches of FRP confined concrete columns have explored 

many different parameters in order to determine main factors affecting the behaviour of confined 

sections including fibres type, the volumetric ratio of FRP or thickness of jacket, tensile strength 

and ultimate strain of the FRP, unconfined concrete strength, the shape and dimensions of column 

section, the aspect ratio and corner radius for prismatic sections, and the presence of steel 



41 

reinforcement in confined columns. A significant effort has been invested in field of strengthening 

reinforced concrete columns with externally bonded FRP. This has led to developing several 

design codes and guidelines (ISIS Canada, 2001; Concrete Society, 2004; FIB, 2007; ACI 440.2R-

08, 2008). 

Compared to the extensive research conducted in the field of confinement concrete columns 

with FRP, much less effort has been invested in retrofitting masonry columns. Few researchers 

have investigated the application of carbon, glass and basalt FRP to confine masonry columns 

constructed with clay, tuff, limestone, or concrete blocks. 

In the experimental studies (Masia and Shrive, 2003; Alecci et al., 2009; Di Ludovico et al., 

2010; Faella et al., 2011b), different types of masonry column confined with different FRP jackets 

were tested. Confinement models calibrated by experimental results were proposed in Refs. 

(Krevaikas and Triantafillou, 2005; Corradi et al., 2007; Faella et al., 2011a). Another technique 

has been considered by some researchers by internally confining masonry using FRP bars inserted 

in holes drilled through the column with or without FRP wrap (Aiello et al., 2007, 2009; Micelli 

et al., 2014b). Shaheen and Shrive (2007) explored a different technique for strengthen masonry 

columns by spraying the columns with glass FRP in different thicknesses. Recent studies focused 

on discontinuous confinement by FRP strips (Micelli et al., 2014a; Witzany et al., 2014; Witzany 

and Zigler, 2015). From the above it can be seen that there is a need for more research that 

contributes to the literature on FRP strengthening of concrete block masonry columns. Galal et al. 

(2012) tested reinforced concrete masonry columns strengthened with carbon FRP under combined 

axial load and cyclic quasi-static loading. Farnia (2011) proposed a confinement model for FRP 

wrapped concrete masonry columns calibrated based on an experimental investigation of 

continuous and discontinuous carbon FRP wrapped grouted concrete masonry columns. 

In the failure mechanism of confined masonry columns with FRP wraps, the passive 

confinement provided by FRP composites is induced by increasing the lateral expansion of blocks 

and grout under axial force. The restraint of FRP composites to the expansion of core of column 

transforms into tension stress along the hoop direction of FRP composites. The FRP lateral 

confining pressure helps the masonry composite keep its integrity until the FRP composites reach 

the maximum tensile force, the system would fail due the rupture of FRP composites. Generally, 

confinement leads to axial strength increase and strain enhancement. Several experimental 
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research observed that FRP confinement is more effective in strengthening circular columns 

compared to other shapes (Lam and Teng, 2003). In the case of prismatic columns with a 

continuous FRP jacket, only the area contained by four second-degree parabolas is considered 

effectively confined. Rounding edges of the columns or increasing the corner radius plays a 

significant role in increasing the effectively confined area which leads to the increase of the 

compressive strength of the columns. The arch-effect for square cross section is shown in 

Figure 3.1. Also it has been noticed that confined plain concrete masonry prisms show similar 

behaviour under compression to the behaviour of confined prisms with vertical steel bars. Priestley 

and Elder (1983) indicated that presence of vertical steel bars in the columns does not significantly 

influence concrete masonry stress-strain curves when the contribution of vertical steel bars was 

subtracted from the total axial stress of masonry columns. 

 
Figure 3.1 The arch-effect for square cross section. 

The results of 19 half-scale unreinforced concrete block masonry prisms confined with Carbon 

Fibre Reinforced Polymers (CFRP) jackets are presented in this study. The main objective of this 

paper is to quantify the compressive strength and the ultimate axial strain capacity of concrete 

masonry columns under various CFRP confinement levels with different corner radius towards the 

development of the complete stress-strain curves. The thickness of CFRP jacket and the corner 

radius of section have been mainly chosen for their influence in changing the shape of stress-strain 

curve. Strain gages mounted along the faces of the prisms were used to obtain a precise 
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measurement of the effective tensile strain in the CFRP jackets. Finally, the analytical confinement 

model recommended by CNR-DT 200 R1 (2013), the only guide addressing strengthening 

masonry columns with external FRP composites, was assessed and refined.  

3.2 Experimental tests 

3.2.1 Prism construction and preparation 

A total of 19 half-scale fully grouted concrete masonry prisms were constructed and tested 

under axial compression. All prisms were two blocks thick and five blocks high, bonded together 

with5mmmortar. Professional masons built prisms by placing blocks in running bond pattern. 

Prisms were grouted after a week of curing in laboratory environment. All half-scale masonry 

prisms had a cross section of 185 x 185 mm and height of 470 mm before rounding the corners, as 

shown in Figure 3.2. The primary variables in experimental tests were the number of composite 

layers and the corner radius of the cross section. The properties of the tested prisms are shown in 

Table 3.1. Seven sets of prisms consisted of three or two replicate prisms each, were tested in order 

to obtain average data. The sets varied with a corner radius of 0, 10 and 30 mm. Prisms were 

confined with one, two and three layers of CFRP composite jackets. Each prism is given a notation 

as RX-LN-#, where R stands for a corner radius, X is the corner radius, L stands for a composite 

layer, N is the number of composite layers, and the final number represents the number of replicate 

prism in the set. The prisms without wrapping and no rounded corners were used as control 

specimens and were denoted by R0-L0. 

Table 3.1 Properties of the prisms. 

Set Corner radius (mm) 
Number of CFRP 

layers 
Number of specimens Cross-sectional area (mm2) 

R0-L0 - - 3 34225 

R10-L1 10 1 3 

34139 R10-L2 10 2 3 

R10-L3 10 3 2 

R30-L1 30 1 3 

33452 R30-L2 30 2 3 

R30-L3 30 3 2 
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Figure 3.2 (a) Dimensions of half-scale fully grouted prism; (b) prisms construction before 

grouting. 

The surface of all prisms was prepared before wrapping CFRP sheets. The flanged ends of the 

concrete block units were filled with a repair mortar, as shown in Figure 3.3. The recommended 

repair mortar according to the manufacturer's specifications is Sikadur® 30 epoxy extended with 

dried silica sand at a 1:1 volume mix ratio. Before jacketing the prisms, the corners were rounded 

with a radius of 10or 30 mm by using an electric grinder. After patching the repair mortar, a grinder 

was used to sand and remove any irregularity or protrusion that comes from the bed joint or the 

repair mortar. After that, the dust and loose particles coming from grinding process were removed 

by a vacuum, and then the surface was cleaned by water. The prepared masonry prisms before 

wrapping CFRP sheets are shown in Figure 3.4. 

 
Figure 3.3 Filling the flanged ends of the concrete block units with a repair mortar. 

repair mortar

flanged end
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Figure 3.4 (a) Prisms with corner radius of 30 mm; (b) cross section of prism rounded with 30 

mm; (c) prisms with corner radius of 10 mm; and (d) cross section of prism rounded with 10 

mm. 

The steps taken to wrap the masonry prisms are summarized in Figure 3.5. In order to ensure 

the effectiveness of the wrapping, the overlapping of the sheet in the direction of the fibres was 

150 and 125 mm for prisms with corner radius of 10 and 30 mm, respectively. The overlapping is 

more than the recommended length of 100 mm by the manufacturer's specifications, as shown in 

Figure 3.6. The CFRP sheet was wrapped around the prisms by the dry lay-up procedure 

approximately six months after the prisms were constructed. First, the fibre sheet was cut to the 

desired length. Then, Sikadur® 330 epoxy resin was combined by adding contents of component 

A to component B and mixed thoroughly for 3 min with a mixing drill on a low speed until resin 

and hardener were uniform in colour. The mixed epoxy resin was applied directly onto the prepared 

prisms using a paint roller. The fibre sheet was carefully placed onto the resin coating and 

smoothed out. The resin was squeezed out between the fibres and any irregularities or air pockets 

were worked out with a plastic laminating roller. If more than one layer of fibre sheets was needed, 

additional epoxy resin was applied on the previous layer without stopping the lay-up process. The 
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overlapping area is always placed at one face of the prism. The wrapped prisms were cured in the 

laboratory environment for at least one week before testing. 

 
Figure 3.5 Steps taken to wrap prisms. 

 
Figure 3.6 The overlapping for prisms with corner radius of 10 and 30 mm. 

3.2.2 The mechanical properties of materials 

The half-scale concrete blocks used in prisms construction were similar to the blocks proposed 

by Long (2006). The model units resemble the hollow stretcher type of 200 mm nominal size 

concrete masonry blocks. Typical dimensions of the half-scale block compared to the full-scale 

block are shown in Figure 3.7. Three half-scale masonry units were tested according to ASTM 

C140/C140M-15ae1 (2015) to determine the compressive strength of block. After cutting the top 

part of the block to remove the depressed webs, high strength gypsum capping compound was 

used to distribute the load uniformly to the blocks. The average compressive strength for half-scale 

concrete blocks was 22.88 MPa with coefficient of variation (COV) equals to 4.4% considering 
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average net area equals to 8424 mm2 (COV = 1.5%). The average density of half-scale blocks was 

2181 kg/m3 (COV = 0.5%) and absorption was 108.5 kg/m3 (COV = 2.1%). The moisture content 

of blocks averaged around 7.9% (COV = 4.6%). A coarse grout, according to ASTM C476-10 

(2010), was designed for grouting the prisms. The grout was cast in 100 (diameter) x 200 (height) 

mm plastic moulds. The cylinder specimens of grout were cured for 28 days and tested after six 

months from construction in the same period of testing prisms. The average compressive strength 

of 3 cylinders of grout was 31.39 MPa (COV = 8.5%). Ready-to-use mortar mix, blend of sand 

and cements, commercially available used throughout the construction process in order to achieve 

more consistency. The mortar meets Type S requirements as specified in ASTM C270e14a (2014). 

Compression tests were conducted according to ASTM C780e15a (2015) on 51 mm mortar cubes 

resulted in average 13.12 MPa (COV = 5.0%). 

 
Figure 3.7 Typical dimensions of the half-scale block comparing to the full-scale block. 

The unidirectional carbon fibre sheet SikaWrap® Hex 230C with Sikadur® 330 epoxy resin  

(Sikawrap Hex 230C) were used for wrapping the concrete block masonry prisms. The mechanical 

properties of the CFRP laminate were obtained experimentally from tensile testing of flat coupons 

and compared to the manufacturer's datasheet in Table 3.2. Five coupons of CFRP from the same 

roll used for wrapping the prisms were fabricated to perform tension tests according to ASTM 

D3039/D3039M-14 (2014) and ASTM D7565/D7565M-10 (2010). Large laminates were prepared 

with two layers by the regular dry layup process and then allowed to cure in the laboratory 
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environment for at least one week. The cured laminates were cut to 15 mm nominal wide strips by 

a diamond saw. The nominal thickness of the carbon fibre cured laminate is 0.381 mm. The flat 

coupons were fabricated with thick GFRP tabs at the ends to avoid premature failure caused by 

the jaws of the testing machine. Two strain gages with 5 mm gauge length were attached to each 

coupon to measure the ultimate tensile strain of the laminate. The test was conducted at a constant 

crosshead movement rate of 2 mm/min. The ultimate tensile strength and the modulus of elasticity 

were calculated according to ASTM D3039/D3039M-14 (2014) based on the actual composite 

laminate thickness and actual width rather than the nominal dimensions of cured laminate. The 

nominal dimensions of flat coupon specimen are shown in Figure 3.8. 

 
Figure 3.8 Nominal dimensions of flat coupon specimen.  

Table 3.2 Comparison of CFRP coupon test and manufacturerôs datasheet. 

Mechanical properties of CFRP Manufacturer 
Average coupon test 

(COV) 
Coupon test / Manufacturer 

Tensile strength (MPa) 894 
984 

(3.4%) 
1.10 

Elastic modulus (GPa) 65.40 
69.36 

(8.3%) 
1.06 

Ultimate tensile strain (%) 1.33 
1.34 

(2.2%) 
1.01 

  

3.2.3 Test procedure and instrumentation 

All prisms were instrumented to capture the complete stress-strain behaviour. A hydraulic 

loading cylinder connected to a manually controlled motor pump was used to apply the axial 

compression force on tested prisms. The applied compression load was measured by a load cell 

attached to the loading cylinder and recorded by a data acquisition system with high recording 

speed to be able to capture the descending branch of stress-strain curves. Before testing, the prism 

was placed inside the testing frame and both ends of prism were capped with a layer of high 

strength gypsum to level the steel bearing plates. A steel spherical head was placed above the upper 
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bearing plate and centred with respect to the centre of the prism to maintain uniform distribution 

of stress and avoid any eccentricity. Four draw wire displacement sensors, with 0.05% linearity, 

were attached between the lower and upper bearing plates at the centres of the four sides to measure 

the vertical displacement of tested prism. A total of 16 strain gages with 5 mm gauge length, four 

on each side of the prism, were installed on the outer layer of CFRP composite jacket to measure 

the tensile hoop strains within the fibre laminates. The strain gages were placed near the rounded 

corners at mid height of the second and the fourth courses of the prism. There were no strain gages 

on unwrapped control specimens. Test setup and instrumentation are shown in Figure 3.9. A 

monotonic uniaxial compressive load was applied up to prism failure by rupture of the entire CFRP 

jacket. The test was conducted at an approximate rate of 15 kN/min. 

 
Figure 3.9 Typical test setup and instrumentation for wrapped prims. 

3.3 Experimental results and discussions 

3.3.1 Failure modes 

The three unwrapped control specimens showed vertical cracks at maximum load followed 

by separation between the faces of the masonry blocks, leading to spalling of the face shells and 

end webs. Figure 3.10 shows failure modes of unwrapped prisms at the end of the compression 

tests. The failure of CFRP wrapped prisms was always by tensile rupture of the CFRP jacket. The 

damage of CFRP confined prisms at the end of the tests can be seen in Figure 3.11. Axial stress-

Loading cylinder

Spherical head

Upper & lower 
bearing platen

Prism

Strain gauge

Displacement sensors

Strain gauges
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strain curves in Figure 3.12 show that when the load reached the peak and the descending branch 

of stress-strain curves started, the failure was initiated by local CFRP snapping near the prism 

corners due to local stress concentration in the jacket. The local rupture of CFRP straps 

subsequently decreased the load. The prism continued carrying load until a sudden rupture of the 

entire CFRP jacket with a loud sound followed by an abrupt load drop. The failure of composite 

jackets occurred near the corners in the medium portion of the confined prisms. After the test, a 

close visual examination of the prism revealed a strong bond between the CFRP jacket and the 

external masonry substrate (Figure 3.11(g)). The separation was mainly between the face shell of 

block and the grouted core or was in the mid of the face shell. No debonding between CFRP layers 

at the overlapping zone was noticed. Mainly this premature failure was avoided by providing the 

sufficient overlap length. Also, it was observed that the cores of CFRP wrapped prisms were 

severely crushed more than unconfined concrete masonry prisms (Figure 3.11(h)). 

 
Figure 3.10 Failure modes of unwrapped prisms at the end of the compression tests: (a) R0-L0-1; 

(b), (c) R0-L0-2; (d), (e) R0-L0-3. 


































































































































































































































































































