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STRENGTH AND DUCTILITY OF CONCRETE CYLINDERS 

CONFINED WITH FIBER METAL LAMINATE COMPOSITES  

Md Tofail Ahmed 

ABSTRACT 

Fiber reinforced polymer (FRP) is a composite material made of fibers that carry tensile 

loads embedded in a polymeric matrix. Externally bonded FRP retrofits of reinforced concrete 

elements provide an efficient, economical, and accepted method of mitigating deficiencies related 

to seismic and blast loads, as well as addressing corrosion-related issues. FRPs retrofits are widely 

regarded as cost effective as the cost associated with retrofit installation and facility down-time 

are usually less than similar retrofit systems. Besides issues of bond and anchorage between the 

FRP and the substrate, the main disadvantage of FRP materials is that they behave in a brittle, 

linear elastic manner. As a result, strengthening concrete structures with FRP may introduce new 

and undesirable behaviors that are mitigated by design codes through strict strain limits. Because 

FRP is designed for very low strain levels to prevent brittle rupture and unpredictable debonding, 

buildings and bridges are strengthened in such a way that restricts their energy dissipation capacity 

at the ultimate limit state. This runs counter to the structural design philosophy of new buildings 

where the design objective is to develop significant plastic deformation to dissipate energy.  

An ideal composite material for infrastructure strengthening is one that combines the ease 

of application of FRP rehabilitation systems with the ability of ductile metals to yield under 

relatively large strains to provide energy dissipation and ensure ductile behavior. Known as a fiber 

metal laminate (FML), the aerospace industry has successfully developed a composite consisting 

of thin metal sheets alternatively bonded to epoxy saturated fiber fabric that is widely used to 

construct aircraft fuselages and wings. Unlike FRP, FML composites possess a well-defined yield 

point and exhibit inelastic behavior. However, aerospace grade FML composites cannot directly 

be applied to building and bridges because they: (i) were developed for low-stress fatigue 

resistance rather than performance near ultimate stress; (ii) are precisely manufactured to 

unnecessarily tight tolerances by civil construction standards; and (iii) are not economical 

compared with current FRP strengthening techniques. Therefore, developing a multifunctional 

civil engineering composite material based on FML theory would unlock opportunities related to 

plastic design, energy dissipation, and other mechanisms not currently possible with FRP. 



 

 

This dissertation presents a comprehensive study on the use FML jackets to enhance the 

strength and ductility of concrete cylinders. The confinement effect and failure mechanisms of 

FML confined concrete were analyzed for a range of experimental parameters, including the effect 

of the number of layers, the fiber orientation, and fabric architecture of the FML jackets. The 

experimental program was divided into two phases. The first phase consisted of a series of uniaxial 

tension coupon tests to investigate how the stacking arrangement of various E-glass fabrics and 

aluminum sheets could be tuned to control the yield strength, post-yield stiffness, and ductility 

characteristics of the FML lay-ups. Mechanical roughening of aluminum sheets and the addition 

of a bond enhancement agent to the resin system was found to enhance the interlayer bonding and 

splice capacity of metal and fiber layers. The results demonstrated that FML coupons with τυЈ 

glass fabrics exhibited pseudo-elastic-plastic stress-strain response, while coupons with πЈ and 

πЈȾωπЈ fabrics exhibited strain hardening after yielding of aluminum layers. Furthermore, the 

ratio of the relative contribution of composite layers to the total elastic stiffness of the FML 

composites was found to be a good indicator of the mechanical properties and shape of the uniaxial 

stress-strain response of the FML lay-ups. An analytical model based on the Rule of Mixtures 

(ROM) was used to predict the tensile behavior of the FML coupons.  

The second phase consisted of axial compression testing of concrete cylinders confined by 

FML jackets to investigate the influence of various lay-up schemes on the strength and ductility 

of the confined concrete. Cylinders jacketed with FML showed a significant increase in their 

strength and ductility. The degree of strain-softening response, maximum strength, peak strain, 

ultimate deformation, and energy dissipation capacity of the FML confined concrete was found to 

be controlled by the pseudo-ductile stress-strain response of the FML jackets. FML lay-ups which 

exhibited strain hardening uniaxial behavior tended to produce greater enhancements in confined 

concrete strength and steeper strain softening response than FML lay-ups which exhibited pseudo-

elastic-plastic uniaxial behavior. Furthermore, FML confined concrete showed improved 

performance, compared to FRP confined concrete, in terms of confined concrete behavior and 

failure mode. Finally, the project also demonstrated that an in-situ, hand lay-up preparation 

procedure for FML jackets provided a level of performance and construction tolerance suitable for 

use in civil infrastructure applications. Although the results of this study encourage the use of FML 

as a viable substitute to FRP for retrofitting deficient concrete members, further research is 

recommended on large-scale columns to verify the feasibility of this innovative retrofit technique.  
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GENERAL AUDIENCE ABSTRACT 

Glass fiber fabrics infused with epoxy resin can be wrapped around concrete cylinders to 

create a form of confinement jacket that enhances the strength and ductility of the concrete. The 

cured fiber reinforced polymer (FRP) composite will resist the lateral expansion of the cylinder 

when it is subject to axial compression. The resistance action works in the form of an external 

confining pressure developed by jacket and applied to the surface of the cylinder. The increase in 

confinement pressure is proportional to the lateral expansion of the cylinder which creates hoop 

strains in the jacket material. The FRP jacket will rupture suddenly when the jacket reaches its 

ultimate strain capacity, causing the confined cylinder to fail in an explosive manner. FRP 

composites are often used to repair and strengthen structures suffering from performance 

deficiencies. However, the brittle mode of failure of FRP is undesirable because it can occur 

suddenly and without warning. An ideal composite for infrastructure strengthening applications is 

one that combines the ease of application of FRP rehabilitation systems with the ability of ductile 

metals to yield under large strains to provide energy dissipation and ensure ductile behavior.  

The objective of this research was to investigate the strength and ductility of concrete 

cylinders confined by fiber metal laminates (FML), a composite material consisting of thin 

aluminum sheets alternatively bonded to layers of glass fiber fabrics. Axial compression testing of 

concrete cylinders confined by FML jackets was performed to investigate the influence of various 

FML lay-up schemes on the strength and ductility of the confined cylinders. Concrete cylinders 

jacketed with FML showed a significant increase in strength and ductility. FML lay-ups which 

exhibited strain hardening uniaxial behavior tended to produce greater enhancements in confined 

concrete strength and steeper strain softening response than FML lay-ups which exhibited pseudo-

elastic-plastic uniaxial behavior. Furthermore, FML confined concrete showed improved 

performance, compared to FRP confined concrete, in terms of confined concrete behavior and 

failure mode. Although the results of this study encourage the use of FML as a viable substitute to 

FRP for retrofitting deficient concrete members, further research is recommended on large-scale 

columns to verify the feasibility of this innovative retrofit technique.
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1 Introduction  

1.1 Background and Motivation 

Fiber Reinforced Polymer (FRP) is a composite material made of fibers embedded in a 

polymer matrix. FRP is widely used in applications requiring a lightweight, high strength and 

corrosion-resistant structural material, such as repair and retrofit of civil engineering infrastructure 

(Moy 2013), naval construction including ship components, offshore oil and gas structures, 

renewable energy, underwater repair (Rubino et al. 2020), aerospace applications such as wing 

and body panels (Hoa 2017), and automobile parts such as seat structure, doors, dashboard, front 

end, spare tire holders (Friedrich and Almajid 2013; Gao et al. 2020). FRP has been extensively 

applied in the civil engineering industry to rehabilitate functional deficiencies, strengthen 

structures to enhance their existing design performance, and retrofit components damaged during 

operation or after natural or man-made hazards. In civil infrastructure applications, FRPs are 

applied to the exterior surface of the structural members by taking advantage of the polymer matrix 

component to serve as the bonding agent. A state of strain compatibility is achieved between the 

FRP laminate and the structural member through composite action that increases the load carrying 

capacity of the as-built member. Some common applications (Figure 1.1 and Figure 1.2) of FRP 

to civil construction include increasing shear and flexure capacity of bridge decks (Arnold 2014; 

Uddin et al. 2013), strengthening beam-column joints (Del Vecchio et al. 2016), increasing 

overturning and shear capacity of shear walls (Witt 2016), strengthening tubular structures (i.e., 

silo, chimney, pipeline, tank) (Arnold 2010), and increasing load bearing capacity of reinforced 

concrete (RC) columns by providing confinement etc. (Arnold 2010; Arnold 2014). The size of 

the US composites industry is expected to grow to $24.4 billion in 2028, up from $13.1 in 2018 

(Grand-View-Research 2021).  

Fiber reinforced polymers can be formed by both discontinuous and continuous fibers; 

however, the scope of this discussion is limited to continuous fiber reinforced polymer which is 

primarily used in civil infrastructure applications (Campbell 2010; Hyer and White 2009; Daniel 

2006; Clyne 2019). The embedded fibers in FRP are the main load carrying elements with the 
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polymer matrix acting as the binder of the fibers and as a load transfer agent. As illustrated in 

Figure 1.3, FRP materials exhibit linear stress-strain behavior until failure of the fibers through 

rupture, without any yielding or plastic behavior common to metal construction materials. 

Common types of FRP used commercially for structural strengthening and retrofit applications 

include carbon-based fibers (CFRP), glass-based fibers (GFRP), and aramid fibers (AFRP) each 

embedded in a thermoset resin matrix. Thermosets are usually a two-part system giving it the 

advantage of convenient on-site preparation. Unlike thermoplastics, thermosets also do not require 

application of elevated temperature and pressure which is of great convenience for the construction 

industry where composites are applied in-situ. The selection of reinforcement fibers depends on a 

number of criteria such as mechanical characteristics of the fibers, weight-density of the fiber 

fabrics, and additional design requirements. In high strength demand applications, CFRP is used 

because of its high stiffness properties. GFRP has lower stiffness value compared to CFRP, but its 

deformation capability is significantly higher than CFRP. As such, GFRP is preferred for 

deformation-controlled applications. For example, flexure strengthening of bridge girders, strength 

enhancements of industrial silos, or confinement of commercial building columns would require 

heavy to standard weight and high strength plies such as CFRP as opposed to GFRP. Carbon fibers 

are also preferred for applications where high resistance to creep rupture and fatigue are desired 

(ACI 2017). However, aramid and glass fibers are preferable to carbon fiber in the blast and impact 

critical applications for their high impact tolerance behavior (ACI 2017). 

 

(a) 

 

(b) 

Figure 1.1: Installation of Carbon Fiber Reinforced Polymer (CFRP) on (a) parking garage 

beams, (b) an industrial silo (Alkhrdaji 2015). 
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Strength enhancement of concrete 

columns using CFRP in Zigong city, 

China (Shanghai Horse Co. Ltd.) 

Concrete spalling repair using 

CFRP jacket in San Francisco, USA 

(Simpson Strong-Tie Company, 

Inc.) 

CFRP jacketing for shear 

strengthening of concrete 

columns in Argentina (Simpson 

Strong-Tie Company, Inc.) 

Figure 1.2: Application of FRP for strengthening and repair of columns. 

 

Figure 1.3: Schematic illustration of stress-strain curves for fiber metal laminate (FML), 

FRP, and FRP (Moussavi-Torshizi et al. 2010). 
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Although FRP is widely used for strengthening and repair of civil infrastructure, its linear 

elastic stress-strain response and behavior with respect to surface-bonding critical reinforced 

concrete members present several negative traits that can be critical for its design implementation. 

The structural engineer must consider the following disadvantageous performance considerations 

while designing for FRP for structural retrofitting/strengthening: 

(1) FRP flexural retrofitting can increase the yield and post-yield strength of a member in 

bending, however, these enhancements can come at the expense of a significant reduction 

in ductility (Guan 2012; Joh 2003; Ritchie et al. 1991; Takahashi 2003). Although increases 

in overall flexural strength due to retrofitting from 10 to 160 percent have been reported in 

the literature (Campbell 2010; Hyer and White 2009; Daniel 2006; Clyne 2019), ACI 

440.2R-17, óGuide for the Design and Construction of Externally Bonded FRP Systems for 

Strengthening Concrete Structuresô (ACI 2017), encourages FRP utilization for strength 

increases up to 40 percent as óreasonableô for most design applications to allow for ductile 

deformation before failure.  

(2) Externally bonded FRP can prematurely separate from the concrete substrate before 

achieving its full tensile capacity, a condition known as ñdebondingò (Sha and Davidson 

2020). Bond failures can occur in the form of separation of concrete cover from the tensile 

reinforcement, interfacial debonding of FRP laminate from the concrete substrate, and 

debonding generated from flexure or shear crack (Malek et al. 1998; Sha and Davidson 

2020; Smith and Teng 2001). Interfacial stress concentrations can result in debonding at 

the end regions of the FRP laminate very early in the loading phase (Malek et al. 1998; Sha 

and Davidson 2020; Smith and Teng 2001). The risk of debonding FRP from the concrete 

structure often necessitates the use of supplemental mechanical anchorage to enhance bond 

characteristics. 

(3) A number of anchorage systems have been demonstrated to effectively prevent or delay 

debonding of external FRP sheets from the concrete substrate, including conventional 

metals screws with transfer plates, FRP anchors, and U-shaped FRP jackets (Grelle and 

Sneed 2013; Ozbakkaloglu et al. 2017; Wang et al. 2020). However, there is a general lack 

of consensus regarding the performances of different systems and service providers usually 

do not publish information on the design and performance of their anchorage devices 

(Grelle and Sneed 2013; Ozbakkaloglu et al. 2017; Wang et al. 2020). Design 
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recommendations for anchorage devices are presented only in a few of the published 

studies (Grelle and Sneed 2013; Wang et al. 2020). Consequentially, ACI 440.2R-17 (ACI 

2017) requires physical representative testing for performance evaluation of anchorage 

system of externally bonded FRP as there is no guideline available yet. At present FRP 

anchorages in practice are application-based and sometimes utilized as a measure of 

redundancy (Grelle and Sneed 2013). 

(4) Seismic design principles encourage energy dissipation through inelastic deformation for 

performance limits beyond the ñFully Operationalò limit state (Priestly 2000). This 

philosophy of constraining the force demand and allowing for limited levels of structural 

damage from yielding of some components (Julián et al. 2014) is difficult to achieve in 

structures that have been retrofitted with FRP. Many studies have shown that FRP retrofits 

increase the load bearing capacity of the structural members in flexure action while 

reducing the ductile deformation capacity to varying degrees (Guan 2012; Joh 2003; 

Ritchie et al. 1991; Takahashi 2003). In fact, it has been observed in a number of tests that 

simultaneous enhancement of stiffness and ductility of reinforced concrete beams can be 

very difficult by using FRP retrofitting techniques (Joh 2003). 

(5) FRP strengthening scheme can be applied for the purpose of blast and protective design of 

structures (EUROCOMP 2005), however it can also negatively affect the blast 

performance of the structure by eliminating energy dissipation mechanisms such as 

concrete crushing and post-yield deformation of steel. CFRP retrofitted concrete panels 

subjected to simulated blast loading have been observed to exhibit fully elastic behavior 

prior to failure (Jackson et al. 2022). Failure due to moment reversals under dynamic loads 

is an important limit state that is a by-product of FRP strengthening: the FRP layers will 

store elastic strain energy during the inbound displacement phase. This strain energy is 

released as kinetic energy during the rebound phase and causes the retrofitted member to 

ósnap-backô and experience a reversal of moments. The snap-back can be catastrophic if 

the structure is not designed for moment reversal (Jacques 2011). 

An ideal composite material for infrastructure strengthening applications should have the 

ability to yield to allow the retrofitted member to dissipate energy through ductile deformations. 

A promising solution is to combine ductile metal sheets with high strength composites using low-

cost manufacturing techniques to create a new class of composite material that possesses desirable 
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features of both metal and FRP. The aerospace industry has successfully developed a similar 

composite consisting of thin metal sheets alternatively bonded to fiber fabric. As shown in Figure 

1.3, this aerospace composite, known as a Fiber Metal Laminate (FML), exhibits a bilinear stress-

strain response with a clearly defined yield point when subjected to uniaxial tension (Elton 2010; 

Straznicky et al. 2000; Vermeeren 2003). FMLs have been successfully used for several aerospace 

applications such as in fuselage panels for the Airbus A380 (Sinmazçelik et al. 2011), in wing 

panels of the Fokker F-27 (Sinmazçelik et al. 2011; Vermeeren 2003), in blast resistant luggage 

containers (Fleisher 1996), and for fuselage crack repair of C-5A galaxy transport aircraft 

(Vermeeren 2003). FMLs have also been tested for use in the cargo doors of Boeing C-17s 

(Sinmazçelik et al. 2011) and in impact resistant cargo floor of Boeing 777s (Vermeeren 2003).  

The aerospace industry uses standardized FML lay-ups composed of thin aluminum sheets 

(typically thickness less than 0.5 mm) and Glass Fiber Reinforced Polymer (GFRP) fabric layers 

bonded together in some established stacking sequences (Elton 2010; Straznicky et al. 2000; 

Vermeeren 2003). A typical FML stacking sequence is shown in Figure 1.4. Aerospace 

manufacturing of FML involves curing the stacked layers in an autoclave chamber. Key 

advantages of aerospace FML materials include: (i) FML exhibit inelastic deformations after 

yielding of metal layers; (ii) machinability, formability, and mechanical fastening abilities 

comparable to metal, which offers advantages for splicing & jointing using mechanical fasteners; 

(iii) cracks in metal layers are bridged by fibers, providing component redundancy; (iv) alternating 

fiber and metal layers reduce the rate of fire penetration; (v) metal and epoxy layers act as barriers 

against moisture ingress to increase durability. 

 

Figure 1.4: Typical lay-up for Fiber Metal Laminate (Rodi et al. 2010).  
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1.2 Problem Statement 

The problem motivating this research is that there has been little innovation in the science 

of FRP composites applied to civil infrastructure and the field has become stagnant. Engineers 

have been mostly using the same carbon and glass fiber fabrics using the same external bonding 

approach to retrofit and repair deficient concrete structures for the past 30 years. As a result, 

buildings and bridges have been strengthened in such a way that restricts their energy dissipation 

capacity at the ultimate limit state because FRP is designed for very low strain levels to prevent 

brittle rupture and unpredictable debonding. This runs counter to the structural design philosophy 

of new buildings where the design objective is to develop significant plastic deformation after 

yielding to dissipate energy. Aerospace FML composites possess a well-defined yield point and 

exhibit inelastic behavior are a promising technology to address the performance limitations of 

FRP composites for structural retrofit and repair. However, aerospace grade FML composites 

cannot directly be applied to building and bridges because they: (i) were developed for low-stress 

fatigue resistance rather than performance near ultimate stress; (ii) are precisely manufactured to 

unnecessarily tight tolerances by civil construction standards; and (iii ) are not economical 

compared with current FRP strengthening techniques. Therefore, developing a multifunctional 

civil engineering composite material based on FML theory would significantly advance new 

design and analysis approaches for strengthening of deficient reinforced concrete structures that 

unlock opportunities related to plastic design, energy dissipation, and other mechanisms not 

currently possible with FRP. 

1.3 Research Focus: Concrete Confined by FML Jackets 

The objective of this study is to investigate whether repair and strengthening of civil 

infrastructure can benefit from a composite material with nonlinear stress-strain characteristics. 

To this end, the exploratory fundamental research in this project is focused on the application of 

ductile confining jackets for confinement of compression members. The axial compression 

strength of a concrete member can be increased by providing confinement with an FRP jacket 

(Houssam 1999; Nanni and Bradford 1995). As a result of confinement, ductility of the section 

can also be enhanced from the ability to develop greater compressive strains before compressive 

failure (Seible et al. 1997). FRP systems provide confinement by resisting deformation in the 

direction transverse to the longitudinal axis of the member (Figure 1.5). Passive confining pressure 
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exerted by the jacket on the concrete is activated under the volumetric expansion of the core 

concrete under axial compression. This creates a state of triaxiality in the concrete that improves 

the strength and ductility of the confined cylinder. However, FRP composites experience brittle 

failures when the hoop strain in the jacket exceeds the rupture strain of the material. As a result, 

FRP confined concrete has poor post-peak strength characteristics and is prone to explosive 

failures immediately upon FRP jacket failure.  

 

Figure 1.5: Illustration of FRP confined concrete behavior under concentric axial load (Ilki et al. 

2018). 

It is hypothesized that the deformation behavior of the concrete cylinders with FML 

confinement would have distinctive characteristics as the behavior of the confining jacket will be 

moving from elastic to transition zone and finally the plastic region. It is possible that the FML 

jackets will prevent any kind of brittle failure because even if the FRP layers fail in rupture, the 

metal layers will still be in their plastic region and thus containing the failed concrete core. It is 

logical to assume that the FML jacket will yield at the mid height of the cylinder, the position of 

the maximum lateral deformation. The yielded region may remain localized during the rest of the 

loading duration or may propagate until failure. This reasoning implies variation of stiffness at 

different locations of the jacket. However, tests are needed to be performed to gain insights on the 

actual phenomena such as ductility of the system, nature of failure, and load and deformation 

sustained by the cylinder.  
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1.4 Research Questions 

The goal of this research is to develop the science of FML composites for inelastic 

confinement of concrete cylinders and assess whether it is possible to achieve improved 

performance compared with traditional FRP jacketing. The outcomes of this research will help 

determine whether FML composite technology can be a viable and improved method for 

addressing vulnerabilities in our existing engineering practices. Experiments designed to obtain 

stress-strain properties of assorted designs of FML will be performed so that with relevant insights 

FML can be characterized for further application as a structural engineering material. As the first 

application of FML intended for structural engineering purpose, compression tests on cylinders 

confined with FML will be performed and its effectiveness will be studied. The fundamental 

questions motivating this study are: 

(1) Since FML will yield and exhibit ductile deformation before failure, how do the strength 

and ductility characteristics of concrete cylinders confined with FML vary compared with 

FRP which exhibits elastic response and brittle failure? What will be the effect of 

inelasticity of FML jacket on the lateral expansion of concrete cylinders and the confining 

pressure exerted by the jacket?  

(2) How can the uniaxial strength, stiffness, and deformation behavior obtained from tensile 

specimens of FML be utilized to develop stress-strain models of FML confined concrete 

cylinders? Can any relationship between the properties of unconfined concrete and FMLs 

be established to predict strength and strain enhancement? 

(3) What is the effect of changing FML stacking sequence (e.g., fiber architecture, fiber 

orientation, etc.) on the nonlinear stress-strain response of the FML jackets, as well as on 

the strength, deformation, dilation ratio, and confining pressure of FML confined concrete? 

(4) When bond enhancement agents are used in the resin system and aluminum surfaces are 

treated with mechanical abrasion (orbital sander), will there be any appreciable differences 

in the strength of aluminum-to-GFRP bonds and what will be the influence on FML stress-

strain behavior?  

 

 



 

Chapter 1: Introduction 10 

1.5 Objective and Methodology 

The overarching objective of this research is to evaluate the performance of FML 

composites as a jacketing material used to enhance the axial strength and ductility characteristics 

of plain concrete cylinders. To achieve this goal, the following specific tasks are proposed: 

(1) Perform a literature review on mechanical characteristics of FML  and concrete 

confinement mechanism: The behavior of FRP as jacket material, dilation behavior of 

confined concrete, and methodology for analysis of confined concrete cylinders will be 

understood so that test results of FML confined cylinders can be discussed and analyzed in 

the same fashion as the state of art knowledge.  

(2) Perform uniaxial tensile tests on aluminum and glass fiber FML coupons:  This task 

will understand how material properties, lay-up configuration, and manufacturing method 

govern the stress-strain response of FML in tension. 

(3) Perform single lap shear (SLS) tests to establish the interlayer bond strength of FML : 

Aluminum-to-GFRP bond strengths will be estimated through SLS tests. Results from this 

test program will help understand the progression of failure in the FML coupons and 

jackets.  

(4) Conduct compression tests of concrete cylinders to understand the characteristics of 

FML confinement: The behavior of FML confined concrete cylinders will be understood 

in comparison with load-displacement and stress-strain responses of control and FRP 

confined cylinders.   

(5) Develop an analytical model to predict the strength and deformation behavior of 

concrete cylinders confined with FML jackets: Existing models for FRP confined 

concrete, with necessary modifications, will be used to generate stress-strain curves of 

FML confined concrete cylinders. The accuracy of the analysis will be checked against the 

test results.  

(6) Develop design guidelines and recommendations for future research. 
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1.6 Dissertation Outline 

This dissertation is organized into the following chapters: 

(1) Chapter 1 provides the background and motivation for this research. 

(2) Chapter 2 contains a literature review summarizing concrete confinement mechanisms 

using FRP jackets and reviews the mechanical characteristics of FML. A critical review of 

current research needs and limitations related to FML confinement are also discussed. 

(3) Chapter 3 describes the properties of materials selected for FML composites, FML 

configurations selected for this research, and procedure for preparation of the composite 

specimens.  

(4) Chapter 4 describes single lap shear and uniaxial tensile test results for assessment 

interlayer bond strength and selection of preparation procedure. 

(5) Chapter 5 provides the results and discussions from uniaxial tension test of FML coupons 

and summary of analytical modeling performed to calculate the stress-strain behavior of 

FML coupons in tension. 

(6) Chapter 6 provides the results and discussions from the compression tests of concrete 

cylinders confined with different configurations of FRP and FML jackets and summary of 

the analytical modeling performed to calculate the stress-strain behavior of FML confined 

concrete cylinders in compression. 

(7) Chapter 7 summarizes the findings of this project. Recommendations for design guidelines 

on concrete confinement with FML jackets and future research projects will also be 

provided.  
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1.7 Original Contributions 

The research proposed in this thesis aims to advance knowledge in the field of civil 

engineering through the application of a new type of composite material for structural 

strengthening. Specifically, new areas of knowledge will include: 

(1) Advancing the fundamental science of concrete confinement by investigating the effect of 

composite wraps that have a well-defined yield point and exhibit inelastic behavior. Unlike 

FRP, the confinement pressure exerted by the FML jacket on the concrete cylinder will at 

first increase corresponding to the elastic deformation in the jacket and then the slope of 

increase will reduce substantially corresponding to the post-yield region of the jacket 

response owing to the plastic deformation in the metal layers. In this study, new 

opportunities for energy dissipation in compression members by controlling the inelastic 

deformation will be investigated. 

(2) Analytical modeling of FML confined concrete to facilitate the exploration of the design 

space. The potential for controlling the dilation behavior of concrete to improve the 

ductility characteristics will be investigated. 

(3) Provide insights on the practicality of hand lay-up and low-cost manufacturing of FML 

that are sufficient for structural strengthening purpose with a tolerance limit lower than 

aerospace industry standard.  
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2 Literature Review 

2.1 Overview 

Adapting a composite technology developed for the aerospace industry and tailoring it to 

civil infrastructure applications, in this case concrete confinement, requires an understanding of 

three equally important topics: (i) the mechanical characteristics of FML; (ii) the influence of 

externally bonded FRP jacketing on concrete confinement mechanisms, and (iii) the difference in 

behavior of concrete confined by a linear elastic and elastic-plastic material. This chapter is 

intended to be a general overview of these fundamental topics.  

2.2 Fiber metal laminates 

2.2.1 Historical Development  

Research on FML began in 1973 at Delft University of Technology, Netherlands (TU 

Delft). Engineer Rob Schliekelmann of Fokker, an aircraft manufacturing company located in 

Netherlands, used metal bonding technology to create a built-up composite structure for Fokker F-

27 airplane. Jaap Schijve at the Royal Netherland Aerospace Center (NLR) discovered that crack 

growth in aluminum sheets bonded with epoxy is extremely slow. The effect was due to the 

phenomenon that a crack once developed, grows in only one single layer while the other intact 

layers perform the role of effectively bridging the crack and consequently leading to very good 

fatigue properties for the laminated structure. During the 1970s, NASA engineers were performing 

tests on local composite reinforcements bonded to aluminum components intended for the space 

shuttle. Co-engineers of Schliekelmann at Fokker, after visiting NASA facility, realized that this 

concept in principle can be incorporated to their bonded metal laminated structures if fibers were 

added to the adhesive of the laminates. Jaap Schijve joined TU Delft as a faculty in 1973 and 

Fokker also started working towards developing a new material. Fokker and TU Delft were 

working together and thus the development of FML began (Asundi and Choi 1997; Vermeeren 

2003; Vlot 2004; Vlot and Gunnink 2001). 
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Schijve and Boud Vogelesang started flight simulation tests with carbon and aramid fiber 

reinforced laminates in 1978 with promising results. TU Delft Student Marissen developed an 

analytical model for fatigue crack growth prediction of aramid reinforced aluminum laminates 

(ARALL). The first patent on fiber metal laminates was filed in the U.S in 1981 mentioning 

Schijve, Vogelesang, and Marissen as the inventors (Asundi and Choi 1997; Vermeeren 2003; 

Vlot 2004; Vlot and Gunnink 2001). 

The first implementation of ARALL as an aircraft component began in 1985. ARALL was 

used to design the wing panels of Fokker F-27. The dimension of the ARALL parts were two 

meters by one meter and contained one access hole to facilitate internal inspection of the wing 

(Figure 2.1) (Asundi and Choi 1997; Gunnink and van der Schee 1987; Vermeeren 2003; Vlot and 

Gunnink 2001). A specific ARALL part in the fatigue critical location of the wing panel (Figure 

2.2) was subjected to 270,000 simulated flight tests which were three times the design life of the 

F-27. The damage sustained after completion of the tests was only a minor surface scratch in the 

outer surface of the part whereas the aluminum equivalent would have failed catastrophically due 

to fatigue (Gunnink and van der Schee 1987).  

 

Figure 2.1: Production of ARALL F-27 wing panel with access hole (Vlot and Gunnink 2001). 
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Figure 2.2: Lay-out of the lower wing of the Fokker F-27 (Gunnink and van der Schee 1987). 

Tests of ARALL components for aircraft fuselage like loading conditions revealed failure 

of aramid fibers around a fatigue crack. This was a problem because ARALL with broken fibers 

in principle becomes useless because crack growth in the metal layers can no longer be slowed 

down with the aid of the intact fibers (Asundi and Choi 1997; Vermeeren 2003; Vlot 2004; Vlot 

and Gunnink 2001). Research by Roebroeks reasoned that aramid fibers do not bond with the 

adhesive properly and as a result, when in tension, stretch out without deformation of the adhesive. 

When this is followed by compression aramid fibers would be damaged and break in the 

subsequent tensile phase (Roebroeks 1991). This observation and the following research work led 

to the development and standardization of glass fiber reinforced laminates or GLARE (Vlot and 

Gunnink 2001). 
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2.2.2 Types of Fiber Metal Laminates 

Categorized by Fiber Type 

Different configurations of ARALL and GLARE have been adopted for aviation 

applications. Another variation that has been considered but not used extendedly is carbon fiber 

reinforced laminates known as CARE or CARALL. Typically, aluminum grade 2024-T3 is used 

for FML design because its fatigue behavior is suitable for aircraft components despite its yield 

strength being lower than some other grades such as 2024-T81or 7475-T73 (Vlot and Gunnink 

2001).  

Some of the disadvantages of ARALL that led to further investigation for new class of 

FMLs are failure of aramid fibers in fatigue loading conditions, poor interfacial bond behavior 

between aramid fibers and adhesives, and poor blunt notch strength of the final part. It was difficult 

to produce ARALL with more the 50% fiber volume fraction that has acceptable peel strength and 

interlaminar shear properties. Most importantly, ARALL is not effective for fuselage like loading 

conditions mainly because its fatigue performance is lacking; one of the main purposes behind 

development of FMLs (Asundi and Choi 1997; Vermeeren 2003; Vlot and Gunnink 2001). 

It was attempted to improve the performance of ARALL using carbon instead of aramid 

fibers leading to the development of CARE. The CARE laminates were found to exhibit poor 

fatigue performance as evident from fiber failures in flight-simulation fatigue tests. The blunt 

notch strength of CARE was also considered to be no significant improvement compared to 

monolithic aluminum alloys due to limited failure strain (0.5-2.0%) of carbon fibers. In addition, 

the galvanic corrosion between carbon and aluminum layers in moisture environments was another 

issue restricting application of CARE for aircraft components (Asundi and Choi 1997; Vermeeren 

2003; Vlot and Gunnink 2001). 

Glass reinforced (GLARE) metal laminates were found to be superior when all the 

disadvantages of ARALL and CARE are considered. The greater bonding between glass fibers 

and adhesives allows for two different directions for fiber orientation angles (Figure 2.3 and Figure 

2.4). The tensile and compressive strength, impact behavior, failure strain, and residual strength of 

GLARE is better than ARALL. The details of different standardized GLARE types are provided 

in  Table 2.1 (Asundi and Choi 1997; Vermeeren 2003; Vlot and Gunnink 2001).  
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Table 2.1:  Standardized GLARE grades for aerospace applications (Asundi and Choi 1997; 

Vlot and Gunnink 2001). 

Type 
Aluminum 

alloy 

Thickness of 

aluminum 

sheet (mm) 

Fiber orientation 
Post-

stretching 
Characteristic 

GLARE 1 7475-T761 0.3 ï 0.4 Unidirectional, 0/0 

0.3 ï 0.5% 

Fatigue, strength, 

yield stress 

GLARE 2 

2024-T3 0.2 ï 0.5 

Unidirectional, 0/0 
Fatigue, strength 

Unidirectional, 90/90 

GLARE 3 Bidirectional, 0/90 Fatigue, impact 

GLARE 4 
Cross-ply, 0/90/0 

Fatigue, strength 
Cross-ply, 90/0/90 

GLARE 5 Cross-ply, 0/90/90/0  

Impact, shear, 

off-axis 

properties 

GLARE 6 Off-axis, τυȾᴜτυ  
Shear, off-axis 

properties 

 

 

 
Figure 2.3: Build-up of a cross ply GLARE fiber metal laminate (Asundi and Choi 1997). 
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(a) (b) 

Figure 2.4: Close up of fiber metal laminate cross sections; (a) unidirectional (Vlot 2004), (b) 

bidirectional (Vermeeren 2003). 

Categorized by Metal Type 

 Aluminum is the standard metal used in FML composites. Other metals such as steel, 

titanium, and magnesium have been investigated for their ability to achieve different performance 

objectives. A brief review on the intended purpose of steel, titanium, and magnesium based FMLs 

and relevant research activities are presented below. 

 Steel based FMLs have been of great interest considering its potential applications in 

marine sector for improved corrosion resistance, in automobile industry for its impact resistance 

and energy dissipation characteristics, and relatively higher strength performance than aluminum 

based FMLs. Research on steel based FMLs have been focused on comparative performance 

assessment with GLARE (Khalili et al. 2005), development of high stiffness composite by 

combining with carbon fiber (Sung et al. 2020), low velocity impact resistance characteristics 

(Düring et al. 2015; Pärnänen et al. 2015; Pärnänen et al. 2016), investigation on the influence of 

surface treatment on deformation behavior (Balakrishnan et al. 2019), resistance to environmental 

degradation (Singh and Angra 2018), formability (Rahiminejad and Compston 2020), and use of 

steel sheets as reinforcement in GLARE connections for improved performance (Rooijen 2006). 

The primary motivation behind titanium based FML have been specialty aerospace 

applications where superior mechanical characteristics are required (Cortés and Cantwell 2006; 

Hu et al. 2019; Miller et al. 1994; Nassir et al. 2020; Sun et al. 2019; Johnson 1996). Titanium 

FMLs have exhibited particularly good fatigue behavior under cyclic stress reversals (Miller et al. 

1994), good performance under both low and high velocity impact (Cortés and Cantwell 2006; 
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Nassir et al. 2020), and enhanced bearing strength in bolted joints (Hundley et al. 2010). In 

addition, nickel-titanium shape memory alloy based FMLs have been considered for achievement 

of controlled geometry changes to develop ósmartô aircraft wings (Cortes et al. 2007; Cortes et al. 

2008). 

Magnesium based FML have been considered for applications requiring low areal density, 

superior corrosion resistance, and electromagnetic shielding capacity. However, compared to other 

metals, there are few studies examining magnesium alloy based FMLs. Despite magnesiumôs 

weight saving advantage, magnesium alloy based FMLs have significantly lower static and fatigue 

characteristics (Alderliesten et al. 2008) and reduced impact resistance (Pärnänen et al. 2012) 

compared with other FML variants.  

2.2.3 Manufacturing Process 

Vacuum bagged stacked aluminum sheets and glass fiber prepregs are cured in an autoclave 

chamber to produce FML parts intended to be used as aircraft components (Sinmazçelik et al. 

2011). Photographs of typical autoclave manufacturing are shown in Figure 2.5 and Figure 2.6. 

Prepreg films are formed with unidirectional S-glass fibers and FM 94 epoxy adhesive and have a 

thickness of 0.127 mm and nominal fiber volume fraction of 59% (Vlot and Gunnink 2001). 

Academic research labs often adopts autoclave manufacturing to prepare test samples (Ergun et al. 

2017; Iaccarino et al. 2007; Sun et al. 2019), although another type of system, usually mentioned 

as óhot/heat press machineô, have also been used instead of an autoclave to prepare FML specimens 

(Lee et al. 2014; Balakrishnan et al. 2019; Sung et al. 2020). There are few examples of wetting 

the fiber fabrics and aluminum surfaces with epoxy by hand and completing the curing process in 

room temperature where the tested specimens exhibited favorable mechanical characteristics 

(Sharma et al. 2017; Sharma et al. 2019; Vasumathi and Murali 2016). 

Aluminum sheets are subjected to surface pretreatments to remove contamination, 

improved wettability, and increased roughness so that improved bonding with the FRP layers can 

be achieved (Critchlow and Brewis 1996). Different types of surface treatments used in practice 

are mechanical, chemical, electrochemical, coupling agent, and dry surface treatments 

(Sinmazçelik et al. 2011). Each of these processes can be used individually or in combination. A 

brief discussion on the effect of several surface treatment processes on the mechanical 

characteristics of FMLs is presented in Section 2.2.5.  
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The curing in the autoclave chamber is performed up to 120 C for FMLs with 2024-T3 

grade aluminum alloys. Because the coefficients of deformation of fiber and metal are different 

and as all the materials are bonded together, a distribution of in-plane residual stress at different 

layers is developed at the end of temperature curing; tensile stress in aluminum sheets and 

compression in fibers. Residual stress can negatively affect the fatigue performance of FML. To 

account for this problem, laminates are subjected to 0.3-0.5% post stretching for stress reversal. 

However, post stretching adds to the cost and complexity of production and can be unviable 

depending on the dimension and configuration of the FML component (Asundi and Choi 1997; 

Vlot 2004; Vlot and Gunnink 2001).  

 

Figure 2.5: ARALL F-27 wing panel on the autoclave table (Vlot 2004). 

 

Figure 2.6: Curing of a curved FML part in autoclave (Black 2017). 

Several out-of-autoclave manufacturing processes that have been used to produce FML 

include Vacuum Assisted Resin Transfer Molding (VARTM) (Baumert et al. 2011; Jensen et al. 
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2009), Resin Transfer Molding (RTM), and oven curing process (Cortés and Cantwell 2006). A 

summary of each of the three techniques is as follows: 

1. In VARTM, dry fibers and metal layers are vacuum bagged and placed in a mold. 

Liquid resin is then introduced to the system which flows over the surface of the parts 

due to the vacuum action. Preparation of FML parts by VARTM process is challenging 

because the solid metal layers restrict through-thickness infusion resulting in a lack of 

resin flow pathways. To account for this issue, NASA (Jensen et al. 2009) developed a 

method called VARTMFML where perforated metal layers are used so that proper resin 

flow can be ensured (Figure 2.7 and Figure 2.8) 

2. VARTM infused Plasma Coated Laminates (VARTMPCL) is another variation of 

VARTM process that has been developed at NASA (Jensen et al. 2009). In 

VARTMPCL, partially molten metal droplets are impinged to the desired fabric layer 

so that metal fabric bonds can be developed (Figure 2.9). The result is a highly textured 

and porous metal coating on the fabric layers (Figure 2.10). The porosity of the metal 

coating facilitates flow pathways and resin infusion in the VARTM process. The 

structural performance of VARTMPCL FMLs is weaker than FML parts prepared with 

solid aluminum sheets. However, these types of FMLs are expected to possess 

improved thermal and electrical conductivity compared to FRP composites. 

3. Resin Transfer Molding (RTM) has been demonstrated to produce FML parts (Figure 

2.11) successfully and therefore has potential for future application (Vlot and Gunnink 

2001). The RTM method requires a more expensive mold where the metals and dry 

fibers are placed like VARTM method. Then low-viscosity resins are injected into the 

mold for infusion. The automated dispensing system facilitates the use of fast curing 

resin in this process. Therefore, RTM method can reduce cycle time from several days 

required for hand lay-up and autoclave cure to hours. 

4. The method with the smallest departure from conventional autoclave processing is oven 

curing. Cortes et al. used air-circulating oven for curing of FML specimens which were 

later transferred to a cold press (Cortés and Cantwell 2006). However, savings in 

production cost and time in oven curing can be relatively less than VARTM and RTM 

methods. 
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Figure 2.7: Illustration of VARTM process (Jensen et al. 2009). 

 

Figure 2.8: Resin flow through the perforated metal layers in VARTMFML (Jensen et al. 2009). 
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Figure 2.9: Plasma deposition of metals on fiber fabric (Jensen et al. 2009). 

 

Figure 2.10: Plasma deposited (a) copper layer on glass fabric and (b) titanium layer on carbon 

fabric (Jensen et al. 2009). 

 

Figure 2.11: FML stringer manufactured with RTM (Vlot and Gunnink 2001). 
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2.2.4 Uniaxial Tensile Behavior 

 Unlike conventional FRP composites which remain linear elastic until failure, the stress-

strain behavior of FML composites is characterized by strain hardening after yielding of metal 

layers (Figure 2.12). A typical stress-strain curve of an FML specimen subjected to uniaxial 

tension can be considered to have three segments (Sun et al. 2019; Sung et al. 2020) as defined in 

Figure 2.13. Initially, at low levels of load, both metal and FRP layers will exhibit elastic behavior. 

The second stage begins after yielding of the metal layers. Plastic behavior of the metallic 

constituent will cause the post-yield stiffness of the FML composite to decrease. The fracture of 

the FRP layer or layers will initiate the third stage where only the metal components will contribute 

strength until failure. FML specimens can exhibit all three regions in the stress-strain history.  The 

preceding description of the failure progression of FML is typical for lay-ups where the metal 

layers yield before rupture of the FRP. Other failure sequences are also possible, depending on the 

mechanical properties of the base materials.  

 

Figure 2.12: Post-yield strain hardening observed in different configurations of GLARE 

FML coupons (Ergun et al. 2017). 
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Figure 2.13: Schematics of three-stage tensile behavior of titanium and carbon fiber FMLs (Sun 

et al. 2019).  

Fiber orientation angle is an important parameter governing the uniaxial tensile behavior 

of FML composites. Aligning fibers in the loading direction (known as having a zero-orientation 

angle) will maximize the strength and modulus of elasticity of the FML composite (Cortés and 

Cantwell 2006; Ergun et al. 2017; Moussavi-Torshizi et al. 2010; Sun et al. 2019). The effect of 

fiber orientation angles was observed in the experimental study of Cortes (Cortés and Cantwell 

2006) for titanium and carbon fiber based FMLs. In Cortesô study, fiber orientation angle between 

0° to 15° resulted in localized failure at fiber-matrix interface and interlayer delamination was 

observed for orientation angle between 15° to 45°.  

Failure modes of fiber metal laminates have been characterized as fiber fracture, splitting 

at fiber-matrix interface, and delamination at metal-matrix interface by Hu et al. (Hu et al. 2019) 

for titanium and carbon fiber laminates. Ryes and Kang (Reyes and Kang 2007) observed failure 

without any kind of interlayer delamination for aluminum and glass fiber based laminates. In this 

case, it was reasoned by the authors that superior adhesion and good load transfer between the 

layers are responsible for absence of delamination. Sun et al. (Sun et al. 2019) observed 

delamination in titanium and carbon fiber laminates before failure and the presence of 90° fibers 

in the laminates was mentioned to be responsible for this phenomenon.   
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 The composite action of metal and fiber layers within FML may have a synergistic effect 

that can influence the mechanical behavior of the individual constituent materials. For example, 

Sung et al. (2020) reported that the fracture strain of CFRP in FML increased more than 10% 

compared to the value measured from individual material tests. However, the steel layers in these 

specimens exhibited a lower yield strain than expected from material testing. The increase in 

fracture strain of the carbon fibers was attributed to a transverse compressive stress transferred to 

the CFRP layers through the adhesion to the steel and it was explained that the reason the 

transverse compressive stress generated was due to the difference in Poissonôs ratio during material 

deformation. Increasing the adhesive between steel and CFRP layers was found to enhance 

material load sharing in the composite and enhance the fracture strain and strength of the FML 

specimens. Another observation from this study was that the strength and fracture strain of CFRP 

reduces with increasing volume fraction of CFRP. The increase in fracture strain of fiber 

phenomenon was also observed by Ryes and Kang (2007) for aluminum and glass fiber FML. 

However, this phenomenon has not always been universally observed. For example, the fracture 

strain of aluminum based FML prepared with self-reinforced polypropylene was reported to be 

lower than both of the constituent materials (Lee et al. 2014). 

 High temperature manufacturing processes, such as autoclave and oven curing, introduce 

tensile and compressive stresses in the aluminum and fibers, respectively. This occurs because the 

metal and FRP components in FML have different coefficients of thermal deformation which 

create residual stresses due to the deformation incompatibility during curing cycles. The residual 

stress values that can be generated in different layers of titanium and carbon fiber laminates are 

shown in Figure 2.14 (Cortés and Cantwell 2006). For high strength materials like titanium and 

carbon, the residual stress may seem insignificant when tensile strength is considered but can have 

significant effect on the low stress fatigue loading conditions. Residual tensile stresses (crack 

opening) present in metal layers will aid in crack generation and growth in the FML parts. 

Furthermore, as shown in Figure 2.15, analytical prediction can overestimate the tensile strength 

significantly when residual stress is not accounted for, especially as fiber orientation angle starts 

to deviate from the loading direction.  
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Figure 2.14: Residual stress in the tensile loading direction for titanium and Carbon Fiber 

(CF)/PEEK as a function of fiber orientation angle (Cortés and Cantwell 2006). 

 

Figure 2.15: The effect of residual stresses on the predicted first ply failure threshold (Cortés 

and Cantwell 2006). 
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2.2.5 Interlaminar Bond Strength 

 Mechanical performance and environmental stability of fiber metal laminates are greatly 

influenced by the interlaminar bond strength or the resistance to delamination (Abdullah et al. 

2015). Commonly observed delamination processes in composite materials results from Mode I, 

Mode II, or Mixed-mode I + II delamination as illustrated in Figure 2.16 (Benzeggah and Kenane 

1996). Interlaminar bond strength of FMLs are measured by determining the interfacial fracture 

energy in different modes of delamination. Fracture toughness of FMLs in Mode I and Mode II 

delamination have been measured through double cantilever beam (DCB) and end notch flexure 

(ENF), respectively by various researchers (Truong et al. 2013; Vlot and Ingen 1998). A relatively 

recent procedure, single cantilever beam (SCB) test (Adams 2020; Ratcliffe 2011), have also been 

used to determine Mode I dominated fracture energy in various studies (Abdullah et al. 2015; 

Cortés and Cantwell 2005; Cortes et al. 2007). 

   

Mode I (opening) Mode II (shearing) Mode III (tearing) 

Figure 2.16: Basic delamination modes in composite materials (Daniel 2006). 

Metal layers are subjected to different types of surface treatment as a part of the FML 

manufacturing process for better bonding behavior between metal and composite layers. It is 

expected in different studies described in the following that improved bonding will result in 

improved mechanical characteristics of the finished FML parts. The changes in mechanical 

characteristics are considered as an indication of effectiveness of the surface treatments in 
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improving interlaminar bond strength as interfacial fracture energy for different modes of 

delamination was not determined.  

Balakrishnan et al. (2019) investigated the effect of grit blasting on the flexural and impact 

behavior of steel and glass fiber laminates. Steel sheets were grit blasted with glass and alumina 

particle using varying blasting pressure. The particle sizes of glass and alumina were 350-1500 

micrometer and 180-250 micrometer, respectively. The hardness of the abrasives was 6 and 9 

Mohs for glass and alumina particles, respectively. As shown in Figure 2.17, the surface roughness 

of the steel sheets increased with increasing the grit blasting pressure (i.e., alumina; SB4, SB5, and 

SB6). Comparison between glass and alumina particles (i.e., SB2 and SB5) shows that surface 

roughness increased with increasing abrasive hardness and reducing particle size. Later, surface 

energy of the steel sheets with six types of grit blasting treatment (SB0-SB6) were measured and 

it was concluded that surface energy and roughness of the steel sheets were not correlated. The 

flexure modulus of the FML specimens showed a clear increasing trend for roughness up to 1.08 

micrometer (Figure 2.18). The flexure strength of the FML specimens exhibited no clear 

relationship with surface roughness. The impact damage of the specimens was found to decrease 

with increase in roughness.   

 

Figure 2.17: Effect of particle size and blasting pressure on the surface roughness of steel sheets 

(Balakrishnan et al. 2019).  
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Figure 2.18: Change in flexure strength and stiffness for variation in surface roughness (Ra) and 

water contact angle (Wa) (Balakrishnan et al. 2019). 

It was observed in an investigation performed by Hu et al. (2019) that interfacial adhesion 

between the metal and adhesive layers can influence the shear strength characteristics of FMLs. 

Titanium and carbon fiber laminates were subjected to interlaminar shear strength tests as per 

ASTM D2344. Two different types of titanium sheets were used; with and without anodizing 

surface treatment. Surface treatment of the titanium sheets were observed to result in 

approximately 35% higher load bearing capacity in the tests although the displacement capacity 

remained unchanged. It was discussed that titanium sheets after surface treatment had a better 

specific surface area which led to a better interfacial adhesion with polyimide resin and thereby 

improved the shear strength characteristics of the FML specimens. 

Vasumathi et al. (2016) performed interlaminar shear strength (ILSS) tests as a measure of 

bonding between metal and composite layers for different types of surface treatments, matrix 

system, and the effect of silane in the epoxy matrix. Results from short beam tests were used to 

determine the interlaminar shear strength of carbon-jute fiber aluminum laminates. The short beam 

test results showing the influence of different types of surface treatment on the shear strength of 

the specimens are presented in Table 2.2. It can be seen that shear strength values for the first three 

treatment techniques are very similar whereas laser texturing and sulfuric acid anodizing results in 

substantially reduced shear strength in comparison to other techniques. Tests for two different 

matrix systems showed that FML specimens containing epoxy resin matrix system exhibited 
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almost 50% higher shear strength than vinyl ester resin system. It was explained that epoxy resin 

contains benzene rings which makes it stronger than vinyl ester and hence able to sustain higher 

load demand. The shear strength of specimens with 5% silane (in weight proportion) in the epoxy 

system  were about 10% higher than specimens without silane. Increasing amount of silane in the 

epoxy system was found to reduce the shear strength of the laminates as shown in Figure 2.19. It 

was reasoned that the silane might act as an inhibitor rather than a promoter of adhesion at weight 

proportions more than 5%.  

Table 2.2: Interlaminar shear strength (ILSS) of carbon jute fiber and aluminum laminates for 

various types of surface treatments of aluminum sheets. 

# Surface treatment technique 
ILSS 

(MPa) 

1 Sobbing (aluminum sheet roughed up with emery paper) 6.57 

2 
Grit blasting (aluminum oxide particles; mean particle size 165 mm, feed 

rate 19.3 g/s, flux rate 1.54 g/s/cm2, air pressure 0.475 MPa) 
6.7 

3 
Chemical etching (Water, chromic sulfuric acid, and potassium dichromate 

in ratio of 1 L: 330 ml: 50 g; 15-minute immersion at 60 degree C) 
6.64 

4 Laser texturing 5.74 

5 Sulfuric acid anodizing 4.54 

 

 

Figure 2.19: ILSS of carbon-jute fiber aluminum laminates with different weight proportions of 

silane, óAmino-propyl-triethoxy-silaneô (APS), in epoxy resin system (Vasumathi and Murali 

2016). 



 

Chapter 2: Literature Review 32 

Sung et. Al. (202) investigated the effect of interlaminar bond strength on the tensile stress-

strain responses of steel and carbon fiber laminates. At first, it was demonstrated through single-

lap shear strength test as per ASTM D1002 that silane treatment of steel sheets can improve the 

shear strength of the CFRP and steel lap joints between 13 to 23% and thereby indicating improved 

bond behavior of CFRP and steel layers. The FMLs subjected to uniaxial tension tests were silane 

treated steel layer specimens, unbonded CFRP and steel sheets, and reference specimens. The 

specimens without any adhesion between the layers exhibited higher yield strength, however, the 

elastic behavior of all the specimens were the same. The tests showed a clear increase in tensile 

strength and fracture strain of the specimens as the bond characteristics of the specimens changed 

in the order of no adhesion, without silane, and with silane. It was also observed that the rule of 

mixture model for analytical prediction, which cannot account for interaction between the layers, 

had better agreement with the results for specimens with no adhesion. Finally, it was reported that 

the phenomenon of increase in strength and strain with corresponding increase in interlaminar 

bond strength is independent of strain rate (50 s-1) based on the observations made from dynamic 

tensile tests. 

Pärnänen et. Al. (2015) performed single-lap-joint tests according to ASTM D1002-10 

standard to characterize the bonding behavior of stainless steel and FM 300NK adhesive film. 

Steel layers were subjected to three different surface treatments; as received, nitric-acid-etched, 

and electropolished. The shear strength for as received steel specimens was found to be the highest 

whereas strength of other specimens was similar. Drop-weight impact tests were performed on 

carbon fiber- and glass fiber- stainless steel FML specimens with steel layers subjected to surface 

treatments as mentioned. The influence of steel surface conditions on the impact behavior of the 

FMLs was found to be insignificant.  
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2.2.6 Splicing for Large Scale Fabrication 

Metal sheets are spliced to manufacture fiber metal laminates of large dimensions. Spliced 

FMLs are a realistic solution for construction with minimized number of mechanical joints (Asundi 

and Choi 1997). Common techniques used to build up FML panels from smaller metal sheets 

include butt joints (Figure 2.20), offset lap joints (Figure 2.21), and doubler reinforced butt-joints 

(Figure 2.22). The dimension of spliced FMLs is limited by the autoclave dimension only. 

Fabrication of wide sheets allows to reduce manufacturing cost by reducing number of rivets, 

workshop effort (i.e., drilling, sealing etc.). The operational expense is also reduced due to less 

inspection and repair cost. In addition, splicing results in reducing the weight of the structure. 

Research has shown that the effect of splicing on the strength and fatigue performance of fiber 

metal laminates are limited (Asundi and Choi 1997; Roebroeks 1992).  

 .  

Figure 2.20: Butt jointed FML splice commonly used to build up GLARE panels out of smaller 

metal sheets (Asundi and Choi 1997). 

 

 
Figure 2.21: Overlap joint used to splice FML panels (Black 2017). 

Failure mechanism can be expected to be initiated at the location of the joints for load 

transverse to the splice orientation. Therefore, local reinforcements which can prevent the 



 

Chapter 2: Literature Review 34 

reduction in fracture toughness as compared to non-spliced laminates can be required at the splice 

locations to meet the static and/or residual strength demand. Location of splices in the laminates 

can be reinforced with GLARE Doubler (Figure 2.22). However, from the weight and cost saving 

perspective, spliced laminate without local reinforcements is always the ideal configuration 

(Asundi and Choi 1997). 

 

Figure 2.22: Reinforcement with GLARE Doubler over splice area (Asundi and Choi 1997). 

Vries et al. (1999) investigated the delamination and deformation behavior of GLARE 

specimens having single, double, and asymmetrical splice (Figure 2.23) by uniaxial tensile testing. 

The failure shapes of different specimens are shown in Figure 2.24. It was observed that the failure 

is initiated by separation of the filler resin and the aluminum face at the splice region. This 

phenomenon was followed by delamination in the loading direction. Some of the discussions and 

experimental observations from this study are summarized below: 

(1) In single splice FMLs, delamination initiated after the yielding of the laminate. In the 

case of double splice delamination initiated after the yielding of the inside aluminum 

layer while the other layers were still elastic. Delamination started in the asymmetric 

splice laminate in the elastic range of the specimens. Thus, it was concluded that the 

asymmetrically spliced FMLs were the óheaviest loadedô and the double splice FML 

specimens were óheavier loadedô in comparison with single splice FMLs.  

(2) Aluminum interfaces were primarily loaded in Mode II (see Section 2.2.5, Figure 

2.16) with some local peel stress due to loading in mode I. The single splice FMLs 

were expected not to be influenced by Mode I loading at all. Peel stress or mode I 

loading was noted to be the most severe in case of asymmetric splice laminate due to 

secondary bending.  
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(3) During delamination of single splice laminate, the gross stress was found to be 

increasing continuously until failure. In the case of a double spliced laminate, gross 

stress reached a plateau after yielding and delamination continued until failure. 

(4) For a given splice configuration, the ultimate stress of the FML specimens reduced 

with increase in metal volume fractions. 

(5) The relative strength of asymmetric splice laminates was found to be higher than the 

double splice laminates. The reason being that bridging layers in an asymmetrically 

spliced specimen bend towards the delaminating layers and reduce the Mode I loading 

of the interface. The increase in delamination length allows the increase in bending of 

the bridging layer, thus further reducing the peel stress. In symmetric double splice 

specimens, the bridging layer does not bend so no peel stress reductions take place. 

 
(a) single splice specimen 

 
(b) double splice specimen 

 
(c) asymmetric splice specimen 

Figure 2.23: Splice configurations in fiber metal laminates (de Vries et al. 1999).  
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Figure 2.24: Delamination path in different spliced FMLs (de Vries et al. 1999). 

 Benedict (2012) performed several uniaxial tension studies on various single lap jointed 

specimens, which can be considered as similar to overlapping aluminum sheets in spliced FMLs, 

to characterize different surface treatment procedures. At first, to investigate the effect of 

sandblasting on bonding between aluminum and composites, shear samples of 25.4 mm x 50.8 

mm specimens consisting of aluminum sheets with in between carbon fiber prepregs were 

subjected to tension tests (Figure 2.25). The sandblasted specimens sustained loads up to 2.28 kN 

whereas the smooth aluminum specimens failed even before rising of any significant amount of 

load in the test setup. Subsequent single lap shear tests consisting of epoxy bonded 0.5 mm thick 

aluminum sheets (not in between prepregs) was also performed as per ASTM D5868 (Figure 2.26) 

(ASTM 2014). The specimens were divided into three categories based on the surface treatments 

of the aluminum sheets: sandblasting, sandblasting and phosphoric acid anodizing, sandblasting 

and AC-130 Sol-Gel. The specimens for this testing are shown in Figure 2.27. An important 
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finding from the tests was that failure was governed by the material limit of the aluminum layers, 

not by the strength of the bond. Yielding of the aluminum layers was observed instead of any 

failure in the adhesive layers. As such, the strength and deformation results were not considered 

as truly representative of the shear strength of the specimens. 

 

Figure 2.25: Shear samples after pulled in tension (aluminum sheets and unidirectional 

prepregs) (Benedict 2012). 

 

Figure 2.26: Single Lap Joint dimensions according to ASTM D5868 (ASTM 2014; Bano 

2017). 

 

Figure 2.27: Oven curing of shear samples for single lap shear test (Benedict 2012). 
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2.2.7 Fatigue Resistance 

Fatigue resistance is a critical parameter of aircraft design considering the total times a 

fuselage is pressurized-depressurized during its design life. Especially for a large structure with 

bolted and riveted joints, fatigue resistance can be crucial for prevention of any kind of accidents 

(Vlot 2004; Vlot and Gunnink 2001). The primary reason for development of fiber metal laminates 

was to achieve fatigue performance better than aluminum-based aircraft construction. The amount 

of stress and number of loading cycle before crack initiation at notch edges of GLARE parts can 

be comparable to or same as a monolithic aluminum part because only the aluminum sheets in the 

GLARE parts are fatigue sensitive (Alderliesten et al. 2003). However, as the aluminum layers are 

bonded to the FRP layers, subsequent crack growth will be reduced or stopped. In addition, residual 

stresses imparted in the aluminum layers during the autoclave curing process can negatively affect 

the fatigue performance of FMLs as well (see Sections 2.2.3 and 2.2.4).  

In the wake of a crack generated in a metal layer of an FML component, the fiber bridging 

action (Figure 2.28) allows transferring of a portion of the load in the cross section to the fiber 

layer and prevention of further growth of the crack (Asundi and Choi 1997; Vogelesang and Vlot 

2000). Fatigue cracks can also generate in only one layer at a time while the other layers remain 

intact. This phenomenon renders the growth of the crack extremely slow. Fiber metal laminates 

can exhibit crack growth rate up to one tenth to one hundredth of the monolithic aluminum 

components under realistic loading conditions (Vogelesang et al. 1995).  

 

Figure 2.28: Fibers bridging a crack in aluminum, restricting crack growth (Marissen 

1984). 

Achievement of good fatigue properties in FML is a balance between interlaminar bond 

strength and delamination potential (Vermeeren 2003). To activate the fiber bridging mechanism 
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in the wake of a crack in the metal layer, releasing of adhesive layer from the metal surface or 

delamination becomes a necessary action. Once a crack appears in the metal layer, at the absence 

of delamination, fibers will be stretched and reach the fracture limit. On the other hand, if fiber 

bridging action is denied by substantial delamination, crack length will be large, and growth will 

be fast. Apart from the FML development studies at TU Delft, this phenomenon was also 

confirmed by the experiments performed at NASA for hybrid titanium composite laminates (Miller 

et al. 1994). In the NASA study, an FML panel with weak interlaminar bond strength showed 

significantly better fatigue performance than an FML panel with strong bond strength. In the FML 

panel with weak bond strength, the load transfer from the fibers to the titanium layers was reduced 

and thus making the fibers the dominant load carrying constituent. However, the performance of 

this panel under tension was poor.  

Baumert et al. (2011) performed tests for mechanical properties and fatigue behavior of 

FMLs made using VARTM process. Holes were drilled into the metal sheets of the FML 

specimens to facilitate through-thickness infusion. Different methods of drilling had different 

levels of imperfections at the hole edges. Cracks were always observed to emerge from the holes 

and the fatigue performances were dependent on the quality of the hole edges. Based on the test 

results, the authors reasoned that achieving GLARE like fatigue performance from VARTM FML 

(component metal layers having drilled holes) is unlikely. However, the fatigue performance is 

reasonable and combined with flexibility in VARTM for complex geometry and low 

manufacturing cost, there can be potential for drilled sheet VARTM FML.  
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2.3 FRP Confined Concrete 

This section focuses on the effectiveness of externally bonded FRP jackets in confining 

concrete structures. Key parameters that influence the confinement effectiveness of FRP jacketed 

concrete members will be summarized and discussed.  

2.3.1 Parameters Affecting the Effectiveness of FRP Confined Concrete  

The benefit of providing lateral confinement to the concrete core is to significantly increase 

the compression strength and ductility of structural concrete members. Ductility is an important 

design consideration at the Ultimate Limit State (ULS) because plastic deformation can activate 

several beneficial mechanisms in the event of an overload or extreme load event. For example, it 

is desirable to design a sufficiently ductile structure that will not collapse due to shaking from large 

earthquakes because of energy dissipation through limited deformation (Mander et al. 1988; 

Spoelstra 1999; Pessiki et al. 2001; Shin et al. 2016). In a sufficiently ductile beam, the moment 

at the location of a plastic hinge will remain constant with increasing rotation and moment from 

this section will transfer to a different section until a collapse mechanism is formed; known as 

moment redistribution. Considering that moment redistribution is advantageous for structural 

design practices as reinforcement detailing requirement at the beam-columns joints is reduced and 

the nonlinearity of the materials can be utilized for calculation of internal forces in the beam (Li 

et al. 2019). In new construction, confinement of concrete in the core of a structural member is 

provided through closely spaced transverse reinforcement in the form of circular hoops, spirals, or 

rectangular ties to resist lateral expansion of concrete, increase ultimate compressive strain, 

prevent buckling of the longitudinal bars, and increase shear capacity (Mander et al. 1988; Nilson 

et al. 2010). 

Reinforced concrete buildings constructed prior to the adoption of modern seismic design 

codes often suffer from deficiencies in strength and ductility due to a lack of closely spaced 

transverse reinforcement (ASCE 2014). Externally bonded FRP wrapped around columns and 

beams is a popular retrofit technique to improve the performance of structures suffering from 

confinement related deficiencies. The basic purpose of FRP jacketing of existing structures is the 

same as detailing closely spaced transverse steel reinforcement in new construction; that is increase 

in strength and ductility through confinement. When FRP sheets are bonded externally to concrete 

compression members, lateral expansion of the member under axial compression is resisted by 
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hoop stresses in the FRP activated by the lateral core expansion. This generates a confining 

pressure which enhances the constitutive properties of concrete through tri-axial compression. 

Because FRP is a linear elastic material, progressively increasing lateral expansion of the member 

is resisted by ever increasing hoop stresses until rupture of the jacket material. Confining action 

of FRP jackets is also sometimes termed as óPassive Confinementô as the mechanism is activated 

only when there is transverse deformation in the compression member (Ozbakkaloglu et al. 2012). 

A theoretical description of passive FRP confinement can be derived by considering the 

free-body diagram of a concrete cylinder of diameter Ὀ shown in Figure 2.29. The theoretical 

confining pressure Ὢ  is assumed to uniformly act on the concrete and produced by a single ply 

FRP jacket is given by Eq. (2.1) (ACI 2017; Lam and Teng 2003; Ozbakkaloglu et al. 2012): 

 Ὢ
ςὉὸ‐

Ὀ
 (2.1) 

where, Ὢ ȟ Ὁ, ὸ, and ‐  are the confining pressure exerted by the FRP jacket, stiffness of the 

jacket material, ply thickness, and jacket material rupture strain obtained in tensile coupon tests, 

respectively. For non-circular cross sections, Ὀ is equal to the length of the diagonal of a 

rectangular cross section as follows (Wang et al. 2016): 

 Ὀ ὦ Ὤ (2.2) 

where, ὦ and Ὤ are the cross-section width and depth, respectively. As a result, the equivalent 

diameter of a square column is equal to Ѝςὦ.  

The effect of FRP confinement on the behavior of concrete columns is illustrated in Figure 

2.30. The stress-strain response of a compression member will be influenced by the confining 

pressure exerted by the FRP jacket on the concrete core as it dilates laterally. The level of confining 

pressure will influence whether the compressive axial stress-strain response of the confined 

member will be monotonically ascending or will exhibit a descending region after the peak 

compressive strength is reached. The post-peak response of confined concrete members is usually 

discussed with respect to confinement ratio , the maximum confining pressure exerted by the 

FRP jacket over the peak unconfined compressive strength of concrete core. The ascending or the 

descending branches of the stress-strain curves is also mentioned as strain-hardening or strain 

softening response in literature, respectively. Based on tests by Lam and Teng (2003), confinement 
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ratio should not be less than 0.08 to assure a strain hardening response in the stress-strain curve. 

Similarly, it has been proved by Spoelstra and Monti (1999) in their analytical model that 

confinement ratio less than 0.07 will result in strain softening for a practical range of material 

properties.  

 
Figure 2.29: Confining action of FRP shell on concrete core: (a) FRP shell; (b) concrete core 

(ACI 2017; Lam and Teng 2003; Ozbakkaloglu et al. 2012). 

 
Figure 2.30: Schematic stress-strain behavior of unconfined and confined reinforced concrete 

columns (Rocca 2007). 
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In Figure 2.30, Ὢ, Ὢ , ‐ , and ‐  are the peak unconfined compressive strength, peak 

confined compressive strength, unconfined concrete failure strain, and confined concrete failure 

strain, respectively.  

The theoretical confining pressure derived in Eq. (2.1) represents an upper bound to what 

is activated in practice. There are several reasons why confinement efficiency is less than the 

theoretical limit. First, as is evident in Eq. (2.1), confining pressure Ὢ  is directly related to the 

strain in FRP jacket ‐ . In other words, Ὢ  is limited based on the amount of deformation the 

jacket can sustain. According to Matthys et al. (1999) and Mirmiran and Singhvi (2001) that the 

most important factor to determine the strengthening level of FRP jacket is the failure strain of the 

jacket. Tests have shown that the average value of FRP jacket rupture strain is significantly lower 

than the rupture strain of FRP jacket material obtained from the tensile coupon tests (Lam and 

Teng 2003; Pessiki et al. 2001; Realfonzo and Napoli 2011). This phenomenon is known as strain 

reduction or strain inefficiency of the FRP jackets and is discussed in a great number of studies 

(Lorenzis and Tepfers 2003; Spoelstra 1999; Matthys 2000; Pessiki et al. 2001; Realfonzo and 

Napoli 2011; Matthys and Audenaert 1999; Shahawy et al. 2000; Xiao 2000). The reasons offered 

include: The effect of the non-uniform strain distribution in the FRP jacket due to both the cracking 

propagation in the concrete (resulting in stress concentration in jacket) and the possible eccentricity 

of loading (Realfonzo and Napoli 2011; Xiao 2000), the reduced deformation capacity of the FRP 

sheets in a curved orientation (Lorenzis and Tepfers 2003; Realfonzo and Napoli 2011), the local 

misalignment or waviness of fibers (Lorenzis and Tepfers 2003; Pessiki et al. 2001; Realfonzo and 

Napoli 2011), the inclusion of residual strains in FRP layers during lay-up resulting from flaws in 

the substrate concrete (Pessiki et al. 2001; Realfonzo and Napoli 2011), the regions of overlapping 

FRP layers where the measured strains are much lower than strains obtained elsewhere (Lorenzis 

and Tepfers 2003; Realfonzo and Napoli 2011), relatively difficult quality control in FRP jacketing 

(Lorenzis and Tepfers 2003; Xiao Y 2000), the cumulative probability of weaknesses in the FRP 

material due to size effects as the jacket that is much larger than the test coupons (Pessiki et al. 

2001; Realfonzo and Napoli 2011), uneven pull in the fibers in the circumferential direction caused 

during lay-up (Pessiki et al. 2001), and temperature, creep and shrinkage incompatibility between 

concrete and FRP jacket (Pessiki et al. 2001). Mirmiran and Shahawy (1998), Xiao and Wu (2000) 

opined that the biaxial stress condition in the jacket can be the mechanism behind the premature 

failure. However, it is also suggested that this observation should be verified and quantified. 
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According to Realfonzo and Napoli (2011) and De Lorenzis and Tepfers (2003) the 

important parameters affecting the ultimate FRP jacket strain are the thickness of the jacket ὸ, the 

stiffness of the wrap Ὁ and the cylinder diameter Ὀ, i.e., the parameters on which the confinement 

stiffness depends (Figure 2.31). In general, a trend of reducing ultimate hoop rupture strain for 

CFRP has been observed for corresponding increase in confinement stiffness while any such trend 

for GFRP jackets is not discernible (Figure 2.31). Furthermore, the workmanship, the degree of 

straightness of the FRP in the laminate, the type of laminate used for column wrapping, and the 

volume fraction and uniformity of the resin layer may be influential on the jacket rupture strain. 

These parameters are very difficult to quantify and therefore their contribution to jacket rupture 

strain has not been established yet.  

Accurately predicting the maximum confining pressure that can be achieved from a 

particular jacket lay-up configuration is important to establish the strength and ductility of confined 

concrete. The maximum confining pressure, in turn, is directly related to the ultimate strain value 

of the FRP jacket as can be seen in Eq. (2.1). Here, it gets complicated as determination of the 

jacket rupture strain is very difficult without actually testing specimens that are similar to design 

configurations. Thus, for proper calculation of confining pressure, there has been some attempts 

to quantify a strain efficiency factor that can relate the jacket rupture strain to the rupture strain of 

jacket material obtained from the standardized tensile coupon tests.  

The most prevalent way strain efficiency factor is defined is as the ratio of ultimate failure 

strain of the FRP jacket in the hoop direction to the ultimate tensile strain of the jacket material. A 

common approach to compute the strain efficiency factor is to calculate the value from published 

compression test results and thus assembling a database (Bullo 2003; Lam and Teng 2003; Matthys 

et al. 2005; Realfonzo and Napoli 2011). This database is then used to calculate the average 

efficiency factor. Analysis of published compression test data revealed that strain efficiency factor 

is influenced by the fiber type (Lam 2004; Lam and Teng 2003; Realfonzo and Napoli 2011), 

number of plies in the jacket, and strength of concrete (Realfonzo and Napoli 2011). From analysis 

of the assembled database, Lam and Teng (2003), Realfonzo and Napoli (2011), and Matthys and 

Taerwe (2000) found that the value of strain efficiency factor shows a large scatter with respect to 

the average value. A sense of this scattering can be realized in Figure 2.31 and Figure 2.32. It is 

possible that the how the lateral strain was measured in the tests is responsible in part for this 
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scattering. Measuring lateral deformation by means of LVDTs generally results in an 

overestimation of lateral strain (Wang and Wu 2008), local measurement with strain gauges can 

lead to underestimation (Pessiki et al. 2001; Realfonzo and Napoli 2011), and strain measurements 

at the overlapping zone of the FRP sheets will also give smaller strain value (Cui 2009; Lam 2004; 

Lam and Teng 2003). ACI 440.2R-17 (ACI 2017) suggests a value of 0.55 to be used in 

calculations for design purposes. A summary of different strain efficiency factor values determined 

from both individual test result and statistical evaluation of test database are provided in Table 2.3.  

Table 2.3: Proposed value of strain efficiency factor from various studies. 

Study 

Strain 

efficiency 

factor 

FRP jacket 

material 

Unconfined 

concrete strength 

(MPa) 

Determined 

from 

Lam and Teng, 

2003  

0.851 AFRP σπ τυ 

Test database 
0.586 CFRP σπ υυ 

0.624 GFRP ςυ τς 

0.788 
High Modulus 

CFRP 
ςψ σπ 

Bullo 2003  0.50-0.70 CFRP, GFRP - Test database 

Harries and Carey, 

2003  
0.70 GFRP σς 

Experimental 

investigation 

Carey and Harries, 

2005 
0.50-0.60 CFRP σπ υ0 

Experimental 

investigation 

Realfonzo and 

Napoli, 2011 

0.63 CFRP ρυ 40 

Test database 0.68 GFRP ρυ τπ 

0.60 CFRP, GFRP ρυ ρχπ 
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Figure 2.31: Dependence of strain efficiency factor, ‖, on FRP confining stiffness 

(Realfonzo and Napoli 2011). 

 

Figure 2.32: Frequency of strain efficiency factor, ‖, for any strength of concrete 

(Realfonzo and Napoli 2011). 

Pessiki et al. (2001) proposed two different factors so that the expression for theoretical 

confinement pressure Ὢ  given in Eq. (2.1) can be modified to reflect the actual performance of 

FRP jacket. These two factors are strain efficiency factor ‖, which accounts for discrepancies 

between strain value found in tensile coupon tests and the rupture strain observed in compression 



 

Chapter 2: Literature Review 47 

tests of FRP jacketed cylinders/columns and the shape factor ‖, which considers the geometry of 

the confined concrete cross section. They are discussed more in detail below: 

 Strain efficiency factor ⱥⱠ: Pessiki et al. (2001) proposed the strain efficiency factor as a 

product of strain localization factor and in situ properties factor. 

 ‖ ‖ ‖  (2.3) 

The strain localization factor, ‖ , is the ratio of the average strain in a jacket around its perimeter, 

‐ , to the in-situ jacket rupture strain, ‐ , as 

 ‖  
‐

‐
 (2.4) 

Strain localization factor can be considered as a measure of uniformity of strain distribution around 

the circumference of the jacket. If the only force acting between the concrete core and the jacket 

is the out-of-plane normal force, there is no transfer of interfacial shear force, then the average 

strain in the jacket ‐  and the strain measured at any fracture location ‐  will be the same; 

resulting in a strain localization factor value of 1.0. This scenario can be achieved if the jacket and 

concrete core interface is frictionless or there is no bond between the jacket and the concrete, and 

the lateral deformation of the concrete core is uniform in all direction. 

The in-situ properties factor, ‖ , is the ratio of the in-situ jacket rupture strain, ‐ , to the material 

strain capacity obtained from tensile coupons tests, ‐ , as  

 ‖
‐

‐
 (2.5) 

The in-situ property factor simply establishes a relationship between strain at a local fracture region 

of the jacket and tensile rupture strain of the jacket material. 

Thus, for a circular section (‖ ρ), the confining pressure can be obtained by modifying Eq. 

(2.1) as below: 

 Ὢ
ςὉὸ

Ὀ
‐

ςὉὸ

Ὀ
‐‖ ‖  (2.6) 

Harries and Carey (2003) observed in their experiments that the total strain efficiency 

factor, ‖, is also affected by specimen shape and level of confinement. The tests in this study were 



 

Chapter 2: Literature Review 48 

performed on 152 mm diameter by 305 mm tall concrete cylinders and 152 mm wide by 305 mm 

tall square concrete specimens. The jackets were prepared with 3 and 9 layers of GFRP plies. The 

strain efficiency of the square jackets was significantly reduced from that of the circular jackets 

because of the flexure-induced strains (on the sides of square specimens) and discontinuity where 

the jacket transition from side of the square section to the circular corner. Both strain localization 

factor and in-situ properties factor were found to increase with the number of plies of the confining 

jacket. Also, when compared to other published data, the values of in-situ properties factor were 

higher. Harries and Carey (2003) attributed the higher values to the exceptional quality control 

achieved using the lightweight E-glass FRP, the smooth sides of the cylinders, and the small size 

of the specimens tested.   

Shape factor ⱥ▼: It is possible to achieve a uniform confining pressure in circular section 

as the entire FRP jacket around the section is subjected to tensile hoop stress. This, however, is 

not possible for non-circular sections. The in-plane tensile stiffness of FRP jackets is high, but the 

out-of-plane bending stiffness is small (Harries and Carey 2003; Pessiki et al. 2001). In non-

circular sections, larger confining pressures are generated at the corners than at the sides because 

confining pressure on the sides are generated by the flexural behavior of the jacket rather than the 

behavior of the jacket in tension (Harries and Carey 2003; Pessiki et al. 2001; Wang et al. 2016). 

Like a column confined by rectilinear hoop reinforcement, lateral dilation of the core under axial 

load causes a lateral expansion that is effectively resisted by the axial rigidity of the FRP jacket at 

the corners. Away from the corners, the FRP jacket has low flexural rigidity that is insufficient to 

generate any meaningful confinement pressure away from the corners (Wang et al. 2016). 

Restrepol and DeVino (1996) proposed that for rectangular columns confined with external jackets 

the effectively confined area can be considered to be bounded by second-degree parabolic curves 

on each side of the section as illustrated in Figure 2.33. Based on this definition, the effectively 

confined area in an FRP wrapped rectangular column, ὃ , may be determined as below: 

 ὃ ὃ ρ
ὦ ςὶ Ὠ ςὶ

σὨὦ
 (2.7) 
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Figure 2.33: Schematic representation of confined core concrete (Harries and Carey 

2003). 

Eq. (2.1) defines the average lateral stress Ὢ  generated by FRP wrapped around a 

column. This lateral stress is not uniformly applied around a rectangular column due to the high 

confinement pressures generated in the corners. Therefore, based on Eq. (2.7), Pessiki et al. (2001) 

proposed a shape factor ‖, to account for the effect of column cross-section on confinement 

effectiveness cons. The shape factor for a rectangular cross-section of width ὦ and depth Ὠ is given 

as:  

 
‖

ρ
ὦ ςὶ Ὠ ςὶ

σὨὦ
”

ρ ”
 

(2.8) 

where ὶ is the radius of rounded corner and reinforcement ratio ” accounts for the presence of 

longitudinal reinforcement in the section. The reinforcement ratio ” is defined as the ratio of total 

area of the longitudinal reinforcement over the gross area of the section Ὠὦ. FRP jackets are not 

considered for calculation of ” as external FRP jackets do not reduce the available concrete section 

from the gross area Ὠὦ and also the jackets are not expected to carry any axial load (Wang et al. 

2016). The value of ‖ is set equal to 1.0 for circular columns.  

Therefore, the theoretical effective confining pressure for a column of arbitrary shape may 

be determined by modifying Eq. (2.1) to include the shape factor ‖: 
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 Ὢ
ςὉὸ

Ὀ
‐‖ (2.9) 

Finally, considering for both strain efficiency and shape of the cross section, Eq. (2.1) can 

be rewritten as  

 Ὢ
ςὉὸ

Ὀ
‐‖ ‖ ‖ (2.10) 

Based on the test results and corresponding analysis, Harries and Carey (2003) found that 

the effectively confined area ὃ  calculated from the Restrepol and DeVino definition (Eq. 

(2.7)) is an underestimation of what is actually achieved in the test specimens; at least for the scale 

of specimens considered in their study. Furthermore, ὃ  might be different with varying 

number of plies in the FRP jacket which is not accounted for in Eq. (2.7). It was also concluded 

that this relationship is unable to capture the effect of square columns having different corner radii.  

The effect of cross section geometric factors on the confinement pressure Ὢ  for large 

scale rectangular columns was investigated by Toutanji et al. (2010). It was found that the axial 

strength of the confined column reduces for cross sections with higher aspect ratios and increases 

as the corner radii increases. Based on these findings, a relationship was suggested for peak 

confined compressive strength Ὢ  and confinement pressure Ὢ  as shown in Eq. (2.11).  

 Ὢ Ὢ Ὧ Ὧ Ὧ Ὢ  (2.11) 

where Ὢ  is the peak compressive strength of the unconfined concrete and Ὧ is the confinement 

effectiveness coefficient and was determined to be 4.0 from regression analysis on test database. 

Theoretical confinement pressure Ὢ  is multiplied with cross section geometric factors Ὧ  and 

Ὧ  to account for variations in corner radius and aspect ratio, respectively. These two coefficients 

can be determined by using the following expressions: 

 Ὧ
ςὶ

Ὀ

Ȣ

 (2.12) 

 Ὧ
Ὠ

ὦ

Ȣ

 (2.13) 

ὦȟὨȟὶȟὈ in Eq. (2.12) and Eq. (2.13) are defined in Figure 2.29 and Figure 2.33.  
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2.3.2 Size Effect on FRP Confined Concrete 

A lot of research on FRP confined compression members has been performed on small 

scale laboratory specimens because of convenience in handling, relatively inexpensive tests, and 

readily available test equipment that has less capacity. Much less research has examined large and 

full -scale columns because of the associated cost and difficulty in erection. The stress-strain 

models and the expression for ultimate state strength and strain of the FRP confined members have 

been derived mainly based on the results of standardized concrete cylinder specimens of diameter 

six inches or smaller. Scaling up the test results of small scale specimens for practical applications 

may lead to erroneous estimation because failure in large scale concrete specimens can be fracture 

or plasticity dominated which in turn will influence behavior of the confined concrete member 

(Jamatia and Deb 2017). The expression for theoretical confining pressure in Eq. (2.1) does not 

consider whether the size of the members could alter the achievable confining pressure based on 

stiffness and strain capacity of the FRP jacket. Furthermore, design codes for concrete structures 

retrofitted with FRP composites also do not consider size effect (ACI 2017; CSA 2002; Wang et 

al. 2016). 

For circular compression members, experimental investigations have mostly confirmed 

that the size of the members have no real influence on the strength and deformation behavior 

(Wang et al. 2016). This size effect was found to be insignificant on studies on FRP wrapped 

specimens maintaining same length to diameter ratios (Elsanadedy et al. 2012; Thériault et al. 

2004), considering for different slenderness ratio (Thériault et al. 2004), and concrete filled FRP 

tubes (Zhu et al. 2005). Nonetheless, an important observation was made by Carrey and Harries 

(2004) regarding the use of FRP jacket material in large- and small-scale applications. For their 

study, decreasing the column scale to the diameter of standard cylinder did not allow for the use 

of standard weight CFRP materials typically used for full-scale applications. To obtain an equal 

level of confinement in the full-scale and standard cylinders, a standard weight jacket on the 

cylinder would need to be less than one-ply thick. In this case, a one-ply jacket would result in a 

higher confinement ratio and a strength and deformation behavior different than the column. This 

issue can be resolved by using a lightweight material to provide the same stiffness of the column 

jacket. However, the behavior of the two jackets in their ultimate states may be different. Fabric 

weight of general-purpose carbon/resin unidirectional sheet can vary between 200 to 400 g/m3 (6 

to 12 oz/yd3) whereas for high-strength sheet it can be between 230 to 620 g/m3 (7 to 18 oz/yd3). 



 

Chapter 2: Literature Review 52 

Fabric weight of E-glass/resin unidirectional sheet can vary between 350 to 900 g/m3 (10 to 27 

oz/yd3) (ACI 2017). 

Wang et al. (2016) proposed an expression as shown below for strain efficiency factor that 

considers the size effect of square columns based on test result regression analysis (Wang et al. 

2016; Wang et al. 2012). This factor is analogous to the total strain efficiency factor proposed by 

Pessiki et al. (2001). It should be clarified that Wangôs factor is not proposed to consider the effect 

of the óshapeô of the cross-section (like another factor proposed by Pessiki et al.), rather the ósizeô 

of the compression member.  

 ‖ ρ πȢσψ
ὦ

ρππ

Ȣ

        ρππ ÍÍ ὦ τππ ÍÍ (2.14) 

The test database for derivation of Wangôs strain efficiency factor consisted of both 

reinforced and non-reinforced square columns of length to width ratio of three and corner radius 

of fifteen percent of the width. Also, this expression is applicable within the range of 100 to 400 

mm of width. For columns having dimensions larger than 400 mm, a value of 0.33 is proposed but 

further investigation is also recommended.  

Wang et al. (2016) observed that approximately no size effect exists on the axial stress-

strain curves of the FRP confined small sized square columns (less than 300 mm). The axial stress-

strain response exhibited obvious difference with the increase of specimen size, especially for FRP 

confined large-size square columns (larger than 350 mm). The effective rupture strain of FRP 

generally decreased with increase of column size. Although the specimens in this study were 

designed to have the same level of theoretical confinement pressure, the actual confinement was 

found to be different for small and large specimens. It was concluded that the difference of axial 

compressive behavior between FRP confined small- and large-size columns was caused mainly by 

the decrease of lateral confinement exerted by the CFRP jackets. The dilation of concrete at the 

mid-side regions was much larger than at the corner regions and the CFRP wrap was unable to 

effectively confine concrete dilation at the middle of each side.  

Wang et al. (2012) found the failure of CFRP jackets of medium- and large-size square 

reinforced concrete columns with height to width ratio of 3.0 to be dominated by deformation of 

the jackets at the corner regions where the rupture strain was significantly lower than tensile 

rupture strain ‐ . The medium-size columns were 612 mm in height and 204 mm in width. The 
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large-size columns were 915 mm in height and 305 mm in width. Based on the experimental 

findings the following modification was recommended for confining pressure Ὢ  as defined in 

Eq. (2.1).  

For medium-size columns:  

 Ὢ πȢυ‖”Ὁ πȢφ‐  (2.15) 

For large-size columns:  

 Ὢ πȢυ‖”Ὁ πȢτ‐  (2.16) 

where ” is the volumetric ratio of the CFRP wrap and the shape factor ‖ is defined Eq. (2.8). 

Masia et al. (2011) found that even for small-size (as mentioned by Wang (2016)) concrete 

square columns the efficiency of the CFRP wraps will reduce with increase in cross-sectional size. 

The specimens of this study were non-reinforced, of width equal or less than 150 mm, and had the 

same length to width ratio of three as Wangôs study (Wang et al. 2016). Similarly, Rocca (2007) 

also observed that size of the columns generally affects the confinement characteristics of FRP 

jackets when various other parameters such as side aspect ratio, area aspect ratio, and height to 

side aspect ratio remain unchanged. Toutanji et al. (2010) found that some stress-strain models 

(Chaallal et al. 2003; Harajli and Khaled 2006; Youssef 2004) developed for small-scale 

specimens fail to adequately characterize the axial stress-strain response of large-scale columns.  

In conclusion, scaling up of small-size cylinder test results from this study can be expected 

to give insights into the behavior of large-size circular columns with reasonable accuracy. 

However, it is most likely that the confinement efficiency in large-size rectangular columns will 

reduce significantly because of both shape and size effects. In addition, to achieve the confinement 

pressure in the large-size specimens in proportion to the test cylinders using the same jacket 

material might require using large number of plies resulting in increased probability for fabrication 

defects. To avoid this, it might be necessary to reconsider the jacket configuration, weight density 

of the fiber fabric, or even the fiber material itself.  

2.3.3 Dilation Behavior of FRP Confined Concrete 

The effectiveness of external confinement on influencing the damage mechanism of the 

internal concrete core subjected to axial compression can be studied through Poissonôs ratio, 
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dilation rate, and volumetric strain (Pimanmas and Saleem 2018). Poissonôs ratio is the ratio of 

lateral to axial strain and interchangeably mentioned as the dilation ratio in literature. Mirmiran 

and Shahawy proposed dilation rate, tangent Poissonôs ratio or the rate of change of lateral strain 

with respect to axial strain, as a better representation of the dilation characteristics of the internal 

concrete core (Mirmiran 1997). Volumetric strain, another measure of internal damage of the 

concrete core, is the volume change per unit volume and calculated as the sum of all the strain 

components (Mirmiran 1997; Grassl 2004; Pimanmas and Saleem 2018). See Section 2.5 for a 

detailed discussion on the effect of steel and FRP confinement systems on the dilation 

characteristics of the internal concrete core.  

The representation of dilation is important for stress-strain modeling as it facilitates 

calculation of hoop stress from passive FRP confinement based on concrete core deformation. 

Available literature on dilation of FRP confined circular sections has been extensively reviewed 

by Ozbakkaloglu et al. (2012). An example of incorporation of dilation behavior for stress-strain 

calculation is provided in Section 6.5.  

The dilation of unconfined concrete will be very small, up to seventy percent of its peak 

strength (Chen 1982) during axial compression. Regardless of the design of FRP jacket, the stress-

strain response of confined concrete cylinders are more or less similar to unconfined concrete in 

this range as the generated confining pressure is also quite small (ACI 2017; Ozbakkaloglu et al. 

2012; Rocca 2007). The dilation ratio increases rapidly to a value of 0.5 between seventy percent 

peak strength and the final peak strength (Chen 1982). After the peak, a state of rapid dilation is 

reached as the ratio increases beyond 0.5 (Hsu et al. 1963). In a confined cylinder, the continuously 

increasing confinement pressure exerted by properly designed FRP jacket will typically impart a 

strain hardening effect on the concrete core. The dilation ratio at the peak concrete compressive 

stress may be significantly different from the unconfined value of 0.5 (Pessiki et al. 2001). 

Eventually, the FRP will fail in rupture and may cause abrupt loss of strength.  

The dilation characteristic of circular concrete specimens confined with carbon and glass 

fibers was modeled by Harries and Kharel (2003). Results from tests (Pessiki et al. 2001) on small-

, medium-, and large-size circular columns were found to support predictions from this model. In 

Harries and Kharelôs model (Harries and Kharel 2003), dilation ratio, –, is determined as a function 

of the ratio of principal axial strain in the concrete to the axial strain at peak axial stress of 
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unconfined concrete, 
‐
‐ . This dilation model (Eq. (2.17)) and its performance in comparison 

to experimental results (Figure 2.34) are shown below. The initial dilation ratio – is taken as 

Poissonôs ratio of concrete.  

 

– –    Ὢέὶ ‐ πȢφ‐  

–
– –

ρȢτ‐
‐ πȢφ‐ –    Ὢέὶ πȢφ‐ ‐ ς‐  

– –    Ὢέὶ ‐ ς‐  

(2.17) 

 

Figure 2.34: Schematic representation and idealization of dilation behavior (Harries and 

Kharel 2003). 

Light to heavy level of confinement in Figure 2.34 corresponds to the increase in number 

of plies in the jacket and it can be seen that the value of the limiting dilation ratio, –, is inversely 

proportional to the level of confinement provided. Harries and Kharel (2003) provided the 

empirical relationships for limiting dilation ratio – as below 

 – πȢωωÌÎὉᶻ ρς        ÆÏÒ % ÇÌÁÓÓ ÆÉÂÅÒ (2.18) 

 – πȢφφÌÎὉᶻ ψ        ÆÏÒ ÃÁÒÂÏÎ ÆÉÂÅÒ (2.19) 

where, Ὁᶻ is the stiffness of the jacket material. 
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2.4 Analytical Modeling of FRP Confined Concrete 

This section describes analytical modeling approaches for axial stress-strain behavior of 

concrete confined with fiber reinforced polymer composites. It is intended to provide the reader 

with necessary background information for the development of new models for capturing 

confinement efficiency of FML composites with yielding capability. 

Available literature on stress-strain modeling of confined concrete can be broadly classified 

into two categories: óanalysis-orientedô and ódesign-orientedô models (Lam and Teng 2003). In 

analysis-oriented models the interaction between the confinement system and the concrete core is 

captured through force equilibrium and strain compatibility of these two elements. Various 

equations of the design-oriented models are developed and calibrated through regression analysis 

of axial compression tests of confined concrete (Ozbakkaloglu et al. 2012). Specific models from 

both approaches are discussed in this section. 

2.4.1 Analysis-oriented model example 

 One of the earliest studies on concrete confinement is the work by Mander et al. (Mander 

et al. 1988) on the effect of transverse steel reinforcement on the stress-strain response of concrete 

columns. Although this study is performed for steel reinforcement, later stress analysis studies on 

FRP confined concrete, in general, also adopt a very similar approach. Manderôs modeling 

approach with relevant explanations for FRP confinement is discussed in the following.  

A great number of stress analysis studies of FRP confined concrete are founded on 

Popovicsô (Popovics 1973) model the compression behavior of unconfined concrete or some 

modified form of it. The problem statement of this work can be realized as óDeveloping the 

complete stress-strain curve of concrete under compression either solely from compressive 

strength, Ὢ , or from the combination of compressive strength and the measured strain, ‐ , at the 

compressive strength valueô. The stress-strain model given by Popovics is provided in the 

following equation. 

 Ὢ
Ὢὼὶ

ὶ ρ ὼ
 (2.20) 

where ὼ is equal to  , Ὢ is the axial stress, and ὶ is a function of compressive strength Ὢ  of 

unconfined concrete. ‐ is the axial strain of concrete subjected to compression. This model was 
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derived for normal-weight concrete subjected to short-term loading and with properties of the 

aggregates as known. The values for Ὢ  and ‐  are supposed to be determined from compression 

tests of concrete. ‐  can also be estimated from expressions based on test results. Notice that in 

this model, no expression for stress and strain at failure is provided. In the following discussion, 

the meaning of ultimate strength of concrete and compressive strength are different. Ultimate 

strength is the point where the concrete is considered to ófailô; the end of the stress-strain curve. 

Compressive strength is the point where concrete achieves its peak strength.  

 Mander et al. (1998) used Popovicsô model to develop the stress-strain curve of concrete 

confined with transverse steel reinforcement. In Manderôs et al. study, axial stress Ὢ of the 

confined concrete was determined by replacing Ὢ  and ‐  with Ὢ  and ‐ , respectively. Ὢ  is the 

compressive strength of the confined concrete and ‐  is the axial strain of confined concrete 

corresponding to the compressive strength. A big difference came from how the material property 

ὶ was selected. In Popovicsô model ὶ is related to the strength of the material whereas Mander 

provided an equation (shown below) that relates ὶ to both strength and stiffness of the material. 

 ὶ
Ὁ

Ὁ Ὁ
 (2.21) 

where Ὁ is the tangent modulus of elasticity of unconfined concrete and Ὁ  is the secant modulus 

of elasticity of confined concrete corresponding to its compressive strength, . 

 Both Ὢ  and ‐  for Manderôs model can be determined from the compression tests. 

However, to render the model more useful it is desirable that these parameters can be calculated 

from known properties of unconfined concrete and confining material.  

 The expression for ‐  is given in Eq. (2.22). It was originally developed by Richartôs et 

al. (1928) from investigation of concrete specimens loaded in compression in one, two, or three 

directions at right angles to each other by means of fluid pressure (active hydrostatic loading) and 

plain and spirally reinforced concrete specimens subjected to axial compression.  

 ‐ ‐ ρ υ
Ὢ

Ὢ
ρ  (2.22) 
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 For calculation of Ὢ , Mander et al. used a multi-axial failure surface description developed 

by William and Warnke (1975) since it provided excellent agreement with triaxial test data. The 

equation for Ὢ  is given below. 

 Ὢ Ὢ ρȢςυτςȢςυτρ
χȢωτὪ

Ὢ
ς
Ὢ

Ὢ
 (2.23) 

 For modeling of external FRP confined concrete, unlike transverse steel reinforcement in 

Manderôs et al. study, different equations and relationships that are used are usually the same 

equations discussed so far (Eq. (2.20) ï Eq. (2.23)) or some slightly modified forms. The main 

difference between Manderôs work on confinement from transverse steel reinforcement and 

subsequent studies on external FRP confinement is how the confinement pressure Ὢ  is 

determined.  

 In analysis-oriented models, Ὢ  is determined by considering the force equilibrium and 

strain compatibility between the confining jacket and the concrete core going through deformation. 

As such, the accuracy of an axial stress-strain model of FRP confined concrete is significantly 

dependent on the representation of the dilation behavior of concrete in the model. 

 William and Warnke failure formulation (for brittle material in this case) employed in Eq. 

(2.23) is an expression for the envelope curve in the deviatoric plane for a certain level of 

hydrostatic pressure (described in the Haigh-Wastergaard coordinate system (Chen 1988)) acting 

on an element of interest. Hydrostatic pressure is considered to be óactiveô as it is acting on the 

element. In confined concrete, confinement pressure is generated from resistance to lateral 

expansion of concrete; the pressure is ópassiveô in nature. Regardless, in most of the analysis-

oriented models, Ὢ  for confined concrete is calculated from the William and Warnke formulation-

based equation as provided by Mander et al (1988). Likewise, the expression for ‐  given in most 

of the studies is also usually in the form of Eq. (2.22) obtained from tests of concrete actively 

confined by hydrostatic fluid pressure. 

 The justification for using active confinement models for analysis of FRP confinement 

mechanism is the óstress path independenceô assumption (Jiang and Teng 2007; Ozbakkaloglu et 

al. 2012). It is assumed for developing stress-strain models of FRP confined concrete that the axial 

stress and strain at a given lateral strain are the same as those of the same concrete actively confined 
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with a constant confining pressure equal to that exerted by the FRP shell. However, in case of high 

strength concrete or relatively weak FRP confinement, stress-strain modeling based on this 

assumption was found to result in significant deviation from the observed behavior (Ozbakkaloglu 

and Akin 2012; Ozbakkaloglu et al. 2012; Xiao et al. 2010). 

 An analysis-based prediction model developed by Spoelstra and Monti (1999) is used to 

calculate the stress-strain response of the confined concrete cylinders in this project and discussed 

further in Section 6.5. 

2.4.2 Design-oriented model example 

The design-oriented models are in general better performing than the analysis-oriented 

models in predicting the ultimate conditions provided that they are calibrated to a large number of 

test results (Ozbakkaloglu et al. 2012). Ozbakkaloglu et al. (2012) evaluated the performance of 

68 stress-strain models for FRP confined concrete which included both analysis- and design-

oriented models by predicting the results of 705 tests for ultimate strength and 527 tests for ultimate 

strain. It was concluded that models by Lam and Teng (2003) resulted in the most accurate 

predictions for ultimate strength enhancement.   

Lam and Tengôs stress-strain model was proposed for confined concrete that exhibits an 

ascending response or strain hardening behavior after yielding as illustrated in Figure 2.35 (a). For 

a post-yield ascending response, the ultimate compressive strength Ὢ  of the confined concrete 

and the compressive strength of the confined concrete Ὢ  are the same. Likewise, the ultimate 

axial compressive strain ‐  and axial compressive strain ‐  at compressive strength are also the 

same. The proposed stress-strain model of Lam and Teng is discussed below.  

   

Figure 2.35: Classification of stress-strain curves of FRP-confined concrete; (a) strain 

hardening, (b) strain softening with Ὢ Ὢ , (c) strain softening with Ὢ Ὢ . 
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Lam and Teng characterized the stress-strain response of FRP-confined concrete as a 

parabola for the pre-yielding response and a straight-line for the post-yield response (Figure 2.36). 

This model is a modified form of a stress-strain model originally given by Richard and Abbott 

(1975). It is also emphasized that ultimate conditions be calculated based on actual hoop rupture 

strain instead of rupture strain observed in tensile tests of the jacket material (see Section 2.3.1). 

 

Figure 2.36: Proposed stress-strain model for FRP confined concrete (Lam and Teng 2003). 

The expressions for the stress-strain response are given below. 

 Ὢ Ὁ‐
Ὁ Ὁ

τὪ
‐        π ‐ ‐ (2.24) 

 Ὢ Ὢ Ὁ‐        ‐ ‐ ‐  (2.25) 

where Ὢ is the intercept of the stress axis by the linear second portion (Figure 2.36) which can be 

considered as the compressive strength of the unconfined concrete, Ὢ . The parabolic first portion 

meets the linear second portion with a smooth transition at ‐, which is given by 

 ‐
ςὪ

Ὁ Ὁ
 (2.26) 

where Ὁ is the slope of the linear second portion, given by 
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 Ὁ
Ὢ Ὢ

‐
 (2.27) 

where Ὢ  is the compressive strength of the confined concrete and ‐  can be considered as ‐ , 

axial compressive strain at compressive strength. 

Similar to Manderôs model (Mander et al. 1988), the ultimate conditions, Ὢ  and ‐ , in 

Lam and Tengôs model is also derived from equations originally developed from tests of concrete 

confined by active hydrostatic fluid pressure.  

The expression for peak compressive strength Ὢ  is given in Eq. (2.28) where the 

coefficient 3.3 was obtained from regression analysis of a database compiled by the authors.  

 Ὢ Ὢ σȢσὪ  (2.28) 

The expression for ‐  is given below. 

 ‐ ‐ ὧ Ὧ
Ὁ ὸ

Ὁ Ὑ

‐

‐
 (2.29) 

Where ‐  is the rupture strain of the jacket, c is the normalized ultimate axial strain of unconfined 

concrete, Ὧ is the strain enhancement coefficient, Ὁ  is the secant modulus of elasticity at the 

compressive strength of unconfined concrete, R is the radius of the concrete cylinder, ‌ and ‍ are 

the analytical parameters to be determined. If values of ‌ and ‍ are taken as unity, Eq. (2.29) takes 

the following form of Eq. (2.30) which is basically the same as Eq. (2.22), the expression for ‐  

used in Manderôs model, for ὧ and Ὧ values -0.8 and 5, respectively. For further analysis in this 

study, ‐  will be considered as the average rupture strain of the confining jacket.  

 ‐ ‐ ὧ Ὧ
Ὢ

Ὢ
 (2.30) 

The value of ‌ was selected as 1 to consider the effect of stiffness of the jacket materials. 

‍ was determined from regression analysis and the final form of Eq. (2.29) is shown below. Here, 

the value of 1.75 for c means that the ultimate strain of unconfined concrete was considered as 

1.75 times the value of ‐ . Lam and Teng considered 0.002 for ‐  for which the ultimate strain 

of unconfined concrete was calculated to be 0.0035 as shown in Figure 2.36. 
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 ‐ ‐ ρȢχυρς
Ὁ ὸ

Ὁ Ὑ

‐

‐

Ȣ

‐ ρȢχυρς
Ὢ

Ὢ

‐

‐

Ȣ

 (2.31) 

2.5 Effect of Jacket Material Yielding on Confined Concrete Behavior 

Comparative analytical works on the effect of steel and FRP confinement on the dilation 

characteristics of concrete core is reviewed with a view to understanding the effect of FML 

confinement system. FML exhibits monotonically ascending bilinear stress-strain response in 

uniaxial tension (see Section 2.2.4) which can be considered a combination of linear elastic 

behavior of FRP and elastic perfect plastic behavior of steel. Discussion in the following studies 

will reveal that concrete core with an FML confining jacket can reasonably be expected to exhibit, 

unlike high strength FRP jackets, a compressive axial stress-strain response with a clearly defined 

yield point and relatively small post-yield stiffness value. 

Spoelstra and Monti (1999) compared the confinement mechanism of FRP with steel 

assumed to have elastic-perfect plastic stress-strain relationship using a stress-strain model 

developed for FRP confined concrete. The thickness of the CFRP, GFRP, and steel jackets were 

selected such that the volumetric ratio of all the jackets with respect to the confined concrete are 

the same. The behavior of the confined concrete with different types of jackets and the confinement 

effectiveness of the jackets are presented in Figure 2.37 and Figure 2.38. It can be observed in 

Figure 2.37 (a) that the FRP confined concrete shows an ever-increasing branch for the selected 

jacket configurations whereas steel confined concrete after reaching the peak strength, exhibits a 

descending response. The ultimate axial strain of the FRP confined concrete is comparable to or 

even greater than that can be obtained using steel jackets, regardless of the low values of the 

ultimate strain of the FRP jackets.  

The slope of the initial regions of the lateral strain versus axial strain curves in Figure 2.37 

(b) indicates to the degree of initial lateral deformation of the confined concrete. The curve 

corresponding to the GFRP confined concrete starts with a higher slope but remains constant until 

the jacket fails. The meaning of a slope higher than other confining jackets means that initially the 

lateral deformation of GFRP confined concrete is higher than other steel and CFRP jacketed 

concrete. Steel and CFRP jacketed concretes have similar initial slopes, but after yielding of steel 

jacket the confined concrete exhibit a high increase in lateral strain. In contrast, CFRP jacket 

reduces the initial lateral strain, but it is effective only up to its relatively lower ultimate strain.  
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Figure 2.37: Modeling of behavior of concrete confined with steel, CFRP, and GFRP: (a) axial 

stress versus axial strain; (b) lateral strain versus axial strain (Spoelstra 1999). 

The lateral stress versus axial strain plots of the confined concrete specimens are plotted in 

Figure 2.38 (a) to show the confinement effectiveness of different types of jackets. Steel jacket 

exerts a higher lateral stress than CFRP and GFRP but after yielding the lateral stress remains the 

same whereas lateral stress exerted by CFRP and GFRP continues to increase until failure. In 

Figure 2.38 (b), jacket effectiveness is expressed in terms of the ratio of lateral stress to the 

corresponding axial stress. In this case, the effectiveness of steel jacket seems to increase to some 

extent after yielding (of steel) since after peak strength is reached concrete requires low force for 

continued deformation. GFRP seems to be a more preferable jacket material to CFRP as, for this 

definition of effectiveness, the performance of both GFRP and CFRP are similar, but GFRP is able 

to sustain higher amount of deformation.  

 

Figure 2.38: Comparison of confinement effectiveness: (a) effectiveness as exerted lateral stress 

versus axial strain; (b) effectiveness as ratio of lateral stress to axial stress versus axial strain 

(Spoelstra 1999). 
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 Mirmiran and Shahawy (1997) compared the effect of confinement provided by steel and 

FRP jackets with respect to the dilation rate. At the low level of loading, dilation rate of concrete 

will remain mostly unchanged as lateral expansion corresponding to axial compression will be 

very low. However, dilation rate will increase sharply when internal cracks start to develop, and 

the concrete core expands rapidly. The lateral expansion will activate the external confinement 

which will arrest further increase in dilation rate and stabilize it at a lower value. In Figure 2.39, 

normalized dilation rate on top and normalized confining pressure at the bottom is plotted against 

the axial strain of concrete. The end of the normalized dilation rate curve corresponds to the 

ultimate axial strain of the concrete specimens. It can be seen that both confined and unconfined 

concrete have a stable dilation at the beginning up to point óbô. After point óbô the dilation 

unconfined concrete starts to increase sharply and becomes fully unstable or unmeasurable much 

earlier than confined concrete. Steel confined concrete can reach the same dilation rate value as at 

the peak of FRP confined concrete; however, the confining action starts to become ineffective after 

the yielding of steel jacket at point c and the dilation rate increases sharply. Curve óabcegô for FRP 

confined concrete illustrate that near the peak strength of the concrete there is a sudden increase 

in the dilation rate or deformation of the cylinder; however, the corresponding increase 

confinement pressure from the FRP jacket is able to successfully reduce the dilation rate and 

increase the deformation capacity.  

 

Figure 2.39: Schematic dilation curves for steel and FRP confined concrete (Mirmiran 1997). 
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The relationship of axial to volumetric strain of confined concrete can be characterized by 

initial volumetric compaction and subsequent expansion upon  formation of internal cracks (Figure 

2.40) (Mirmiran 1997; Grassl 2004). However, CFRP confinement system exhibits a rebound as 

the dilation of the concrete core leads to increasing confinement until the maximum stress of the 

CFRP is reached. The confinement pressure exerted by the steel jacket remains the same after 

yielding, as a result subsequent volume contraction is not observed in steel confinement systems.  

 

Figure 2.40: Typical volumetric strain vs. axial strain relationship for steel and CFRP confined 

concrete (Grassl 2004). 

2.6 FRP Material with Pseudo-ductile Stress-Strain Response 

Motivated by potential applications in seismic and blast resistant design, a number of 

researchers have focused on hybridizing the fiber reinforcements to enhance the ductility and 

energy dissipation capacity of FRP retrofitted structural members (Deng and Qu 2015; Grace et 

al. 2004; Hain 2019; Ribeiro et al. 2018; Ribeiro et al. 2018; Safri et al. 2018). Additionally, 

through hybridization, these studies also attempt to prevent the abrupt and/or explosive failure of 

FRP confined compression members and to increase the strain efficiency (See Section 2.3.1) of 

the confining FRP materials. Hybridization usually means that different types of fiber fabric will 

be used at different layers of the FRP laminate (Ribeiro et al. 2018; Ribeiro et al. 2018), or the 

fabrics in the FRP laminate will be formed by weaving fibers of different types of materials in 

pattern and spacing of a certain design configuration (Grace et al. 2004). 

The basic principle behind hybridized FRP systems is that a combination of low and large 

rupture strain fibers will be used and the low rupture strain fibers, usually with higher strength, 
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will fail earlier and the rest of the large rupture strain fibers will continue deforming at the same 

level of loading. Therefore, a pseudo-ductile stress-strain curve can be achieved where the óyield-

pointô can be identified at the failure location of the low rupture strain fibers. 

Grace et al. (2004) have developed a hybrid fabric prepared by weaving ultra-high modulus 

low elongation carbon fibers of 0.35% failure strain, high modulus medium elongation carbon 

fibers of 0.80% failure strain, and high elongation E-glass fibers of 2.10% strain  in both axial and 

off-axis directions as shown in Figure 2.41. The off-axis fibers were considered for improved shear 

performance of the retrofitted flexure members. The tensile load-strain responses of this fabric in 

Figure 2.42 show that a significant reduction in the slope was achieved after about 0.35% strain. 

This óyieldô point was the consequence of failure of the ultra-high modulus, high strength, and low 

elongation carbon fibers while the other low strength and higher elongation fibers remained intact. 

As such, an overall ópseudo-ductileô was observed. For structural applications, this fabric exhibited 

satisfactory performance for beam strengthening as can be seen in Figure 2.43. Compared to the 

control beam, the loss of ductility in the retrofitted beam was not considered significant. The yield 

load increased substantially and was approximately equal to the ultimate load.  

 

Figure 2.41: Triaxially braided hybrid fabric developed by Grace et al. (2004). 
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Figure 2.42: Axial and diagonal tensile load-strain response of hybrid fiber fabric developed by 

Grace et al. (2004). 

 

Figure 2.43: Load-deflection performance comparison of control beam and hybrid FRP 

retrofitted beam (Grace et al. 2004).  

Example stress-strain response and strengthening performance of FRP laminates with 

interlayer hybridization from studies performed by Rebeiro et al. (2018) are shown in Figure 2.44 

and Figure 2.45. A yielding response due to the failure of the carbon fibers occurs earlier than 

glass fibers in the laminates. It was claimed that the zig-zag shape of the post-yield behavior was 

due to the localized delamination between glass and carbon fibers around multiple crack locations 

of the carbon fiber layers. As shown in Figure 2.45, stress-strain response of concrete cylinders 

with low post-yield stiffness value could be achieved. The abrupt and explosive failure mode of 

the concrete cylinders was avoided. It was also claimed based on test observations that the strain 

efficiency of the FRP confinement jackets can be increased through hybridization.  
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Figure 2.44: Tensile stress-strain response of FRP coupons made of carbon fiber layers in 

between double (left) and single (right) layers of glass fibers (Ribeiro et al. 2018). 

 

Figure 2.45: Performance of concrete cylinders confined with FRP jackets made of carbon fiber 

layers in between double (left) and single (right) layers of glass fibers (Ribeiro et al. 2018). 

Another example of interlayer hybridization is combination of uniaxial steel fiber fabric 

with glass fiber layer for preparation of concrete filled FRP tubes (CFFT) by Hain (2019) as shown 

in Figure 2.46. The combination of steel and glass fiber layers for the external jacket was used to 

increase the energy dissipation behavior of CFFT columns as using steel reinforcement in CFFT 

is very difficult from the construction perspective. The CFFT specimens were subjected to half-

cyclic four-point bending tests in two different end conditions, capped and uncapped, as shown in 

Figure 2.47. It was observed in the tests that the steel fibers can reduce the stiffness degradation in 

consecutive loading cycles compared to the CFFT specimens without any steel fibers in the shell. 

The residual drift of the specimens increased with increase of the steel fibers in the shell. Therefore, 

optimization of steel fiber volume in the shell was recommended for target energy dissipation and 
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recentering performance criteria. Based on the observation that the Poissonôs ratio for the capped 

specimens was higher than the uncapped specimens, it was assumed that the confinement pressure 

will be impacted by the end conditions of the specimens. Additionally, it was found that the 

position of neutral axis remains near the centerline in specimens where the relative displacements 

between shell and core are allowed (uncapped) unlike the capped specimens where the neutral axis 

repositions closer to the compression side.  

 
Figure 2.46: Hybrid FRP shell section showing the steel fiber layers (Hain 2019). 

 
Figure 2.47: Schematics (top) and experimental setup for cyclic four-point bending test of 

uncapped (left) and capped (right) CFFT specimens.  

Unlike the pseudo-ductile stress-strain behavior of hybrid FRP, a relatively new type of 

fiber named polyethylene terephthalate (PET), which exhibits a monotonically ascending bilinear 

response and a failure strain value of 10%, has been investigated for FRP confinement of concrete 

cylinders for the same reasons as aforementioned for hybrid FRP systems (ElGawady 2014; 

Pimanmas and Saleem 2018). PET FRP confinement has been demonstrated to successfully 

restrain the unstable dilation of cracked concrete cylinders. However, the modulus of elasticity of 

PET FRP is 10 GPa (Maeda Kosen Co. Ltd., Japan) which is substantially smaller than that of 

GFRP or CFRP. As a result, the lateral dilation of PET FRP confined concrete is significantly 

higher than GFRP or CFRP confined concrete. Because of higher lateral dilation, the value of 

Poissonôs ratio and peak dilation rate is also very high when compared to the other FRP 

confinement systems.  
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2.7 Research Needs 

(1) There is a scarcity of published research work on FML application for concrete 

confinement. In general, it was noticed that examples of FML application for structural 

engineering purpose was rare. Therefore, there is a potential for investigation of FML as 

confinement device, retrofit of flexure members, or for design enhancement in general. 

(2) Very few analytical studies on the effect of an external confinement system, that have 

yielding capabilities, on the axial stress-strain and dilation behavior of concrete specimens 

have been performed. It also appears that only a few experimental data for behavior of 

concrete specimens with this sort of external confinement devise has been reported. In 

contrast, there are a great number of experimental and analytical investigations for external 

elastic confinement systems for concrete members that are available. 

(3) Hybrid FRP systems have been demonstrated to increase the ductility of confined concrete 

members to some extent. However, the number of published research on this topic is very 

small. The pseudo-ductility of the hybrid FRP systems is achieved from the rupture of the 

fibers. The sudden energy release from the rupture of the fibers causes uncertainty 

regarding the post-fracture performance of the system as the fracture location and its effect 

on the remaining fibers and bonding is difficult to predict. It is necessary to investigate 

whether a true ductile response can be achieved through incorporation of metal sheets in 

the FRP systems.  

(4) It can be expected that, like FRP, the deformation behavior of tubular FMLs in hoop 

direction will be different than as observed in planar FML specimens in uniaxial tension. 

The characteristics of FML jackets for concrete confinement and any differences from the 

strength and deformation properties observed tensile coupon tests need to be fully 

understood. Thus, as noted above in point 2, experimental studies on compression tests on 

concrete cylinders confined with FML jackets are necessary to realize both concrete and 

FML deformation behavior. 

(5) The majority of the published tensile test results of FMLs are for coupons cured in 

autoclave chamber or ovens, suitable for aircraft applications. There is not enough data on 

the mechanical characteristics of FMLs cured in room temperature and with low pressure 

application. 
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3 Overview of  FML Lay-ups and Material Properties 

3.1 Overview 

This chapter provides an overview of the FML lay-ups and constituent material properties 

which are the basis for the experimental investigation described in this thesis. The basic parameters 

for the test programs are the type, orientation, and architecture of the fiber layers used in the FML 

lay-ups. Different E-glass fabrics were used to control the post-yield stiffness and ductility 

characteristics of the FMLs. The type of aluminum sheets and the epoxy system were held 

constant. First, a discussion of the FML and FRP lay-up schemes and their naming conventions is 

presented. This is followed by a description of the constituent material properties used to fabricate 

the composites. The chapter concludes with a general description of the preparation procedure 

used to construct the FML composites studied throughout this research. 

3.2 Selection of Materials 

The aluminum sheets, glass fibers, and the resin system used in this research were selected 

for their formability, ductility, and viscosity properties, respectively. Aluminum 2024-T3 sheets 

were selected because they are commonly used in aerospace FML applications and are regarded 

for their strength and ductility. Glass fiber fabrics were selected instead of carbon fiber fabric as 

they are relatively low-cost, exhibit higher ductility, and do not cause galvanic corrosion of the 

aluminum sheets. The Fibreglast infusion epoxy resist system was selected for this research as it 

shares similar properties as the epoxy resins used commercially for large-scale FRP retrofit of 

infrastructure.  

3.3 Description of Lay-up Schemes 

The FML composites studied in this research consist of grade 2024-T3 aluminum sheets 

bonded to glass fiber fabrics using a two-part epoxy resin. Figure 3.1 describes the naming 

convention used to describe the FML lay-up schemes. Additionally, another naming convention is 

also used for ease of discussion as shown in Figure 3.2. 
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A total of six FML lay-ups were designed, manufactured, and tested. All FML lay-ups were 

designed to have an outermost fiber layer that would bridge over the aluminum splices and prevent 

a premature bond failure of the confined FML jackets. Figure 3.3 shows a diagram describing the 

various FML lay-up schemes and how they will be compared and cross-correlated to assess the 

influence of FML stacking sequence on confined concrete behavior. Three additional FRP-only 

lay-ups will be invested to provide a qualitative comparison of FRP and FML performance. 

 

 
Figure 3.1: Naming convention for a typical three-layer FML lay-up scheme. 

 

 

Figure 3.2: Alternate naming convention for a typical three-layer FML lay-up scheme. 

 

Fiber layer orientation ([0]-unidirectional single ply fabric; 

[0/90]-bidirectional fabric;  

[±45]-bidirectional off-axis fabric) Aluminum 2024-T3 layer 

Fabric layer architecture (w-woven); no superscript if non-

woven) [0/90]w Al [0/90]w 

Ply 1 Ply 2 Ply 3 
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Figure 3.3: Diagram illustrating how FML lay-up schemes will be compared and cross-

correlated to assess the influence of FML stacking sequence on confined concrete behavior.  

Figure 3.3 also shows how the various schemes will be compared and cross-correlated to 

understand how FML stacking sequence affects the mechanical characteristics of confined 

concrete. A summary of these comparisons is as follows: 

¶ The πὃὰπ lay-up with unidirectional fibers and is expected to achieve the highest strength 

compared to all other lay-ups.  

¶ The πȾωπὃὰπȾωπ  and τυὃὰτυ  lay-ups are intended to study the effect of 

fiber orientation in plain weave fabrics. Similarly, the πȾωπὃὰπȾωπ and τυὃὰτυ 

lay-ups and is intended to study the effect of fiber orientation in non-woven fabrics.  

¶ Potential effects related to differences in woven and non-woven fabrics will be investigated 

by comparing the results of the πȾωπὃὰπȾωπ  lay-up to the πȾωπὃὰπȾωπ lay-up, 

and the τυὃὰτυ  lay-up to the τυὃὰτυ lay-up. 
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¶ The effect of number of plies will be investigated by comparing results for a five-layer FML 

configuration πȾωπὃὰπȾωπὃὰπȾωπ  against the results of a three-layer FML 

configuration πȾωπὃὰπȾωπ . 

¶ In addition, three-layer πȾωπ , three-layer τυ , and five-layer πȾωπ  FRP lay-ups 

will be tested to provide a comparison against three- and five-layer FML behavior. 

Figure 3.4 provides further examples of the stacking sequence and nomenclature of the FML 

lay-ups. 

 

Figure 3.4: Definitions and nomenclature for FML lay-ups shown by the example  of 

πȾωπὃὰπȾωπὃὰπȾωπ  (a) lay-up, (b) cross-section. 

 

 

 

(a) 

(b) 
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3.4 Material Properties 

3.4.1 Aluminum 

Thin aluminum sheets of grade 2024-T3 were selected for this research because they are 

commonly used in aerospace structures fabricated with FML composites (see Section 2.2.2 for 

more information on typical aerospace FML stacking sequences). Aluminum sheets were 

purchased from a local supplier. Five rectangular coupon specimens were prepared from these 

sheets and subjected to tensile testing following ASTM D3039 (ASTM 2017). The thickness of 

the tensile coupons was measured in three different locations with a digital caliper before testing. 

The average gross thickness of the five coupons was 0.43 mm. The weight of all the specimens 

was measured using a balance prior to testing. The average volume density of the specimens was 

calculated to be 2.57 g/cm3, while the average areal density was 1100 g/m2. 

A representative uniaxial tensile stress-strain curve obtained from the 2024-T3 aluminum 

is presented in Figure 3.5. Table 3.1 provides a summary of the average mechanical properties of 

the tensile coupons based on five replicates. The yield point of the specimens was determined 

based on the intersection of the slopes of the pre-and post-yield regions of the stress-strain curve 

as illustrated in Figure 3.5. Average yield stress and strain of the specimens were 246 MPa and 

0.47%, respectively. Average modulus of elasticity and post-yield stiffness were found to be 61.9 

GPa and 1.6 GPa, respectively. The specimens on average sustained an ultimate stress of 363 MPa 

and the average strain at failure was observed to be 5.0%.  

 
Figure 3.5: Uniaxial tensile stress-strain response of Aluminum 2024-T3. 
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Table 3.1: Uniaxial tensile stress-strain characteristics of Aluminum 2024-T3. 

Property 

Modulus 

of 

elasticity 

╔ (GPa) 

Yield 

strain Ⱡ◐ 

(%)  

Yield 

stress Ɑ◐ 

(MPa) 

Post-yield 

stiffness 

╔╟ (GPa) 

Ultimate 

strain Ⱡ◊  
(%)  

Ultimate 

stress Ɑ◊ 
(MPa) 

Average value 61.9 0.47 246 1.6 5.00 363 

Coefficient of 

variation 
3.8% 4.23% 3% 3.9% 10.00% 5% 

 

3.4.2 Glass Fiber Fabrics 

Table 3.2 summarizes the mechanical and geometric properties of the three types of E-

glass fiber fabrics studied in this research. Glass fibers were selected because they can undergo 

larger strains compared to carbon fiber, which is believed to provide improved potential for 

ductility in confined concrete members. Informed by typical GLARE stacking sequences, both 

bidirectional on-axis and off-axis fabrics were used in this study in addition to unidirectional 

fabrics. The fabrics were selected so that they have similar areal density to eliminate this parameter 

from the experiments. The selection of fabric type and orientation was informed by typical FML 

stacking sequences used in aerospace applications. For example, unidirectional π fabric was used 

in preparation of GLARE 1 and 2 designed for fatigue and strength characteristics. Bidirectional 

πȾωπ fiber fabrics were used in GLARE 3 which is specifically designed for improved fatigue 

and impact characteristics. [ τυ fiber fabric was used as in GLARE 6 to obtain better shear and 

off-axis properties (See section 2.2.2).  

During specimen preparation, off-axis τυ  and τυ fiber orientations were achieved 

by simply rotating the on-axis πȾωπ  and πȾωπ fabrics, respectively. As such, dry fabric 

properties for πȾωπ  and τυ , and πȾωπ and τυ are the same. For the same reason, 

manufacturer data for the τυ  and τυ cured laminates are not available. The manufacturer 

data for πȾωπ  cured laminates were obtained from coupons made with Sikadur® Hex 300 

epoxy and for πȾωπ cured laminates were obtained from coupons made with polyester resin in 

open mold method. The technical data sheets for all dry fiber fabrics are provided in Appendix A. 
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Table 3.2: Properties of dry fiber fabrics and single layer composites. 

 

Data provided by manufacturer 
Experimental data 

Cured laminate properties 

Dry fabric properties Cured laminate properties   Elastic Phase Pseudo-inelastic Phase 

ὸ 

(mm) 

Areal 

density 

(g/m2) 

Ὁ 

(GPa) 

‐  

(%) 

Ὂ  

(MPa) 

ὸ 

(mm) 

Areal 

density 

(g/m2) 

ὺ 

(%) 

Ὁ 

(GPa) 

‐  

(%) 

Ὢ  

(MPa) 
ὸ (mm) 

Areal 

density 

(g/m2) 

ὺ 

(%) 
Ὁ (GPa) ‐  (%) 

Ὢ  

(MPa) 

Ὁ 

(GPa) 

‐  

(%) 

Ὢ  

(MPa) 

π *  435 *  *  *  *  *  - *  *  *  
0.40 

(8.82%) 
617 - 

35.50 

(8.09%) 

2.40 

(9.2%) 

635 

(4.10%) 
- - - 

πȾωπ  

0.128 325 72.4 4.00 2276 

0.36 *  *  15.00 1.81 264 
0.33 

(2.20%) 
558 39 

12.00 

(3.80%) 

1.62 

(5.1%) 

200 

(2.4%) 
- - - 

τυ  - - - - - - 
0.38 

(3.56%) 
484 34 

4.12 

(5.70%) 

0.88 

(10.2%) 

21 

(9.6%) 

0.29 

(5.0%) 

15 

(30%) 

51 

(12%) 

πȾωπ 
0.430 405 *  *  *  

0.43 740 37 19.44 - 368 
0.39 

(9.21%) 
610 41 

15.45 

(7.80%) 

2.72 

(5.4%) 

411 

(13.7%) 
- - - 

τυ - - - - - - 
0.40 

(5.48%) 
642 40 

4.06 

(2.80%) 

0.78 

(10.5%) 

25 

(14.5%) 

0.39 

(9.8%) 

8 

(36%) 

42 

(18%) 

* - data not provided by the manufacturer. 
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3.4.3 Polymer Matrix 

The matrix used throughout this research was the Fibreglast System 4500 (FibreGlast 

2020) epoxy-resin. The primary reason for using this product was its relatively low viscosity, 

beneficial for hand lay-up preparation of FML and FRP specimens, as well as having similar fully 

cured mechanical properties as aerospace grade resins used for composite manufacture (i.e., 

HexFlow infusion resin (Hexcel 2018)). According to manufacturer specifications, this epoxy has 

a has a viscosity of 1000 cps at 77 Fahrenheit and a glass transition temperature in the range of 72 

ï 96 °C. 

As specified in the product data sheet (FibreGlast 2020), with the System 4570-A hardener 

(curing agent), the pot life of the prepared resin is 70 minutes. The curing time for the resin is 

about 24 hours at an ambient temperature of about 77 Fahrenheit, after which it is safe to remove 

the specimen and perform cutting or trimming if necessary. The fully cured state of the resin 

system with the supplied hardener can be achieved in 4 to 6 days at normal room temperature. This 

rate of curing was particularly suitable for this study, as no special temperature curing was 

required.  

The level of curing of the resin system was determined using Differential Scanning 

Calorimetry (DSC). DSC tests were performed using a DSC Q2500 system from TA Instrument 

at 2.0 minutes and 7 days after the resin was prepared. The weight of the samples used for testing 

was 10 mg. Aluminum hermetic pans (Tzero pans, TA Instruments) were used for placing the 

epoxy samples and as reference. The heating rate was 10 C/min within a range of -50 to 300 C 

temperature. The heat flow versus temperature DSC curves are presented in Figure 3.6.  
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Figure 3.6: DSC curves for Fibreglast System 4500 infusion epoxy resin with System 4570-A 

hardener at 2 minutes and 7 days after mixing. 

The enthalpy of the reaction between the two parts of the epoxy system and the level of 

curing in the system are reported in Table 3.3. The resin system achieves 83% curing after 7 days. 

The enthalpy of the reactions ЎὌ was estimated from the heat flow versus time curves obtained 

from the DSC instrument. The area under the exothermic region of the heat flow versus time curve 

was calculated using trapezoidal rule and the value is reported as the enthalpy of the reaction. 

Based on these values, the level of curing was calculated using Eq. (3.1).  

 Ϸ ὧόὶὩρππzρ
ЎὌ  

ЎὌ  
 (3.1) 

Table 3.3: Enthalpy and level of curing of the epoxy resin system 60 minutes and 7 days after 

mixing of two parts. 

 2 minutes after mixing 7 days after mixing 

Enthalpy (J/g) 626 108 

Level of curing 0%  83% 

To ensure that all FML and FRP specimens had the same level of curing, uniaxial tensile 

and single lap shear tests were performed exactly 7 days after specimen preparation. Compression 

tests of concrete cylinders were performed at least 30 days after preparation of the confinement 

jackets. 
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3.4.4 Fiber Reinforced Polymer Composites 

Uniaxial tensile tests were performed on single layer FRP specimens prepared from the 

fabrics mentioned in Table 3.2 and the epoxy resin discussed in Section 3.4.3. Average thickness, 

areal density, volume fractions, and the tensile stress-strain characteristics of the tested specimens 

are presented in Table 3.2. Fiber fractions of the stitched fabric composites ([0/90 ] and [±45 ]) 

were calculated using a fabric thickness of 0.15 mm in consultation with the manufacturer. Key 

parameters describing the tensile stress-strain relationships were extracted from the test results 

shown in Figure 3.7. The parameters consists of: Ὁ, the modulus at the elastic region of the stress-

strain curve; ‐ , the strain at failure/pseudo-yielding of the FRP specimens; Ὢ , the stress at 

failure/pseudo-yielding of the FRP specimens; Ὁ, the modulus at the post-yield region of the load-

strain curve; ‐ , the strain at failure of the FRP specimens; and, Ὢ , the stress at failure of the 

FRP specimens 

 

 

Figure 3.7: Comparison of the uniaxial tensile stress-strain response for (a) on-axis and (b) off-

axis single layer FRP specimens. 

It can be seen in Figure 3.7 (a) that the unidirectional π FRP specimens exhibit 

significantly higher strength and stiffness than bidirectional woven and non-woven FRP 

specimens. The unidirectional specimens also exhibit a ójaggedô region near their ultimate strength. 

This is because all the fibers in the cross-section do not necessarily fail simultaneously, rather the 

mode of failure is progressive in nature. The 435 g/m2 unidirectional fabric, which has 98% (by 

(a) (b) 
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weight) of the fibers oriented towards the loading direction, are made of glass fiber tows that are 

held together by stitching fibers (2% by weight). On the other hand, the 325 and 405 g/m2 

bidirectional fabrics, πȾωπ  and πȾωπ, consisted of 50% of the fibers in the loading direction 

and the rest in the transverse direction. The tow architecture of the unidirectional fabric, as opposed 

to a planar distribution of the fibers, can cause a non-uniform distribution of fibers and resin across 

the width of the tensile coupons resulting in stress concentration at the tow boundaries and, 

consequentially, lower ultimate strain than πȾωπ specimens.  

The weaving of fibers in the fabric also appears to substantially reduce the stiffness and 

deformation capability of the specimens as πȾωπ  FRP exhibits lower fracture strain and 

stiffness than πȾωπ FRP specimens (Figure 3.7 (a)). It is possible that the undulated form of the 

fibers contributes to reduced strength and deformation characteristics. On the contrary, half of the 

load carrying fibers in the stitched πȾωπ specimens are fully oriented towards the loading 

direction and thus exhibit higher strength and deformation capacity.  

It can be seen in Figure 3.7 (b) that with off-axis fabrics, the stiffness and strength of the 

FRPs are reduced significantly when compared to the FRPs with on-axis fabrics. With the τυ  

or the τυ orientation, there are no continuous fibers running from one crosshead to the other in 

the test apparatus. As such, the strength of specimens results from resistance to change in the 

internal structure and internal load transfer between fiber and resin. The post-yield response of the 

τυ  FRP is characterized by irregular ópeaks and valleysô until failure at about 15% strain. In 

contrast, τυ FRP shows a regular monotonically ascending post-yield response and fails at 

about 8.0% strain. Both sets of specimens exhibited a distinctive ónecking regionô like ductile 

metals during the tests. 
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 Close up photographs of the prepared specimens and their respective failure regions are 

shown in Figure 3.8. Observations made regarding the failure of the FRP specimens are 

summarized below: 

¶ π FRP specimens showed fracture regions oriented in the vertical direction. The 

failure of the specimens primarily initiated at the tow boundaries.  

¶ Both πȾωπ  and πȾωπ FRP specimens showed horizontal failure region caused by 

the fracture of the longitudinal fibers. 

¶ A distinctive óneckingô region like ductile metals and excessive out of plane 

deformation was observed in the τυ  FRP specimens. 

¶ τυ FRP specimens exhibited failure region parallel to the fiber orientation caused 

by separation of the fibers. This type of failure can happen from failure at the fiber-

matrix interface, failure at the matrix, or a combination of both phenomena.  
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Figure 3.8: Prepared FRP specimens and their failure region. 
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3.5 Preparation of FML specimens 

The constituent materials and the preparation procedure used for the FML specimens were 

selected to minimize the cost of production and maintain consistency with typical civil engineering 

composite fabrication practices. Unlike the aerospace industry, FML retrofits for infrastructure 

applications cannot be treated as individual parts to be made using dedicated molds in a production 

facility. In civil infrastructure applications, the design of an FML retrofit will vary based on the 

dimensions of the structural members and the load requirements in each application. Moreover, 

setting up an autoclave chamber on a construction site will also be logistically difficult and 

prohibitive from a cost perspective. As such, all FML composites in this research were prepared 

using hand lay-up of individual resin saturated layers followed by room temperature curing. This 

construction technique was selected because it closely emulates the typical FRP application 

techniques used in civil infrastructure repair and rehabilitation (El-Hajjar et al. 2013). A general 

sequence for the preparation of the specimens is presented below. An investigation regarding effect 

of surface roughening of the aluminum sheets and addition of silane to the resin system on the 

mechanical performance of the FML, as mentioned in the following preparation sequence, will be 

discussed in Chapter 4. 

¶ All the metal sheets and the glass fiber layers were first cut from larger stock into 

panels of 100 mm × 305 mm (for tensile specimens) or other desired dimensions. 

¶ Both sides of the aluminum sheets were sanded using a DEWALT random orbit 

sander (DWE6421) attached with DEWALT 150 grit orbit sandpaper (DW4304). 

¶ The aluminum sheets were then wiped clean with an acetone-soaked cotton cloth for 

degreasing and removal of dust particles. 

¶ The Fibreglast system 4500 epoxy-resin was mixed with the Fibreglast system 4570-

A hardener in a mix ratio of 100:22 by weight. Silane was mixed into the epoxy resin 

in an amount of 3% of the epoxy weight. 

¶ The metal and resin infused fiber fabric layers were placed on top of each other in 

the desired stacking sequence. Epoxy resin was applied to the fiber layers using a 

bristle brush to saturate the FRP layers. Light coatings of resins were also applied to 

the metal surfaces next to the fiber layers. 
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¶ Thin polyethylene sheets were placed on top of the working surface and on top of the 

prepared specimen for easy removal once the resin was hardened. 

¶ Flat steel plates were placed on top of tensile specimens to apply a uniform pressure 

of 13 kPa. No pressure was applied on the single lap shear specimens and FML 

jacketed concrete cylinders. 

¶ The prepared FMLs were allowed to cure at room temperature conditions for seven 

days at the minimum after which specimens were cut and sanded, as necessary. 
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4 Interlayer Bond Characteristics of  FML 

4.1 Overview 

The objective of the experiments described in this chapter were to investigate the influence 

of aluminum surface roughening and adding silane to the resin system on the interlayer bond 

characteristics of FML lay-ups. As was already discussed in Section 2.2.5 and Section 2.2.6, 

improved interlayer bonding between metal and fiber layers is important in maintaining 

mechanical strength of the FML and transferring forces over FML lap splice joints. Maintaining 

the strength of FML lap splice joints is particularly important for the FML jackets used to confine 

concrete cylinders because the jackets must be assembled using multiple metal and fiber layers. 

To enhance bonding between the aluminum and the FRP layers of the test specimens, two methods 

were adopted: mechanical abrasion of the aluminum sheets and addition of a bond enhancement 

agent in the resin system. Results from the preliminary investigation for these two methods are 

presented in the following sections. 

4.2 Effect of Aluminum Surface Roughening 

The objective of this investigation was to assess the influence of mechanical surface abrasion 

of aluminum sheets on the bond strength between aluminum and epoxy fiber layers. The aluminum 

sheets were sanded using a DEWALT random orbit sander (DWE6421) attached with DEWALT 

150 grit orbit sandpaper (DW4304). The purpose of sanding was to improve the surface bond 

conditions through increased roughness. Increasing the surface roughness of aluminum sheets 

through sanding was reported to enhance shear strength as much as 50% compared to degreased 

only surfaces in single lap shear tests (Gonzalez-Canche et al. 2018). Additionally, surface 

roughness has also been observed to increase the flexural modulus of steel and glass fiber laminates 

(Balakrishnan et al. 2019) and the shear strength of aluminum and carbon fiber laminates (Benedict 

2012). 

To establish the effect of sanding of aluminum sheets on the tensile behavior of FML, two 

different sets of FML specimens of the bidirectional on-axis woven πȾωπὃὰπȾωπ  

configuration were prepared. In one set of specimens, the aluminum sheets were degreased with 
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an acetone-soaked cloth but were not sanded. In the other set of specimens, the aluminum sheets 

were both sanded and degreased. The rectangular specimens had dimensions of 25.4 mm × 304.8 

mm width and length. A digital caliper was used to measure the thickness of the sheets before and 

after sanding; however, the measurements were found to be the same. To reduce the number of 

variables, no bond enhancement agents were added to the resin system for these tests. Specimens 

were subjected to tensile tests at a crosshead displacement rate of 2.0 mm/min following the ASTM 

D3039 (ASTM 2017) standard. Tests were performed seven days after preparation.  

Photographs of an aluminum sheet before and after sanding, captured using a Keyence VK-

X3000 3D surface profiler, are presented in Figure 4.1. These photographs represent an area of 

0.35 mm2 with 20x magnification. Surface roughness Ὓ, the average height of the surface 

(Keyence 2021), was measured using the profiler at five random locations on the aluminum sheets 

and the average value was representative of the total area. The surface roughness Ὓ of the 

degreased only aluminum sheets and sanded plus degreased aluminum sheets were found to be 

0.65 and 1.00 micrometer, respectively. 

 
Figure 4.1: Photographs of the Aluminum sheets at 20x magnification: (a) before sanding 

Ὓ πȢφυ ‘ά; (b) after sanding, Ὓ ρȢππ ‘ά. 

A comparison of the tensile stress-strain response of πȾωπὃὰπȾωπ  FML coupons 

with and without sanded ὃὰ sheets is shown in Figure 4.2. It can be observed that the strength and 

deformation characteristics of both sets of FMLs are nominally identical which indicates that, for 

this FML system, the stress-strain response was not influenced by variation of Ὓ. However, it was 

decided to roughen all aluminum sheets used in the tensile tests (discussed in Chapter 5) and 

confined cylinder tests (discussed in Chapter 6) to ensure good bond conditions. 

(a) (b) 
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Figure 4.2: Comparison of the tensile stress-strain response of FML coupon with and without 

sanded aluminum sheets. 

4.3 Effect of Adding a Bond Enhancing Agent 

3-Aminopropyltriethoxysilane (99%, Nitrogen flushed), commonly known as silane, is often 

added to epoxy resins as a coupling agent to improve bond characteristics. Vasumathi et al. (2016) 

reported a 10% increase in interlaminar shear strength in carbon-jute fiber and aluminum laminates 

because of mixing silane in the epoxy system. Sung et al. (2020) reported a 13 to 23% increase in 

shear strength of CFRP and steel lap joints because of silane treatment of the steel layers. 

The objective of this investigation was to establish the effect of adding silane to the epoxy 

resin as a bond enhancing agent. Single lap shear tests were performed to establish the effect of 

adding silane dosed at 3%, 5%, and 10% by weight of resin on the bond strength of aluminum and 

epoxy fiber layers. 

4.3.1 Materials and Methods 

Single lap shear (SLS) tests were performed to estimate the interlayer bond strength of the 

Al  and FRP layers ( πȾωπ) following ASTM D5868 (ASTM 2014). The geometry of the SLS 

test specimens is shown in Figure 4.3. The tests were performed on 4 sets of nominally identical 

specimens with resin dosed with 0%, 3%, 5%, and 10% (of epoxy weight) of silane. Three 

replicates of each silane dosage were tested.  
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Figure 4.3: Geometry of the single lap shear test specimens as per ASTM D5868. 

The preparation technique used for the SLS specimens followed the basic procedure 

described in Section 3.5. It was found that cutting the thin Al sheets into smaller dimensions for 

SLS testing caused the Al layers to warp during cutting which made the preparation of the 

specimens very difficult. To mitigate this issue, 100 mm x 305 mm aluminum and resin saturated 

πȾωπ  fabrics were bonded in a 25.4 mm single lap joint and were cut into the dimension as 

specified in Figure 4.3 after at least 48 hours of curing. 

First, two aluminum panels of equal thickness (0.43 mm) were placed end to end; one for 

forming the lap splice joint and the other to serve as a platform for the placement of the top 

πȾωπ  layer. The platform layer was necessary to ensure that both aluminum layer at the bottom 

and the πȾωπ  FRP layer at top are parallel to each other. In the second step, epoxy resin was 

applied to the lap area of the selected aluminum panel. A thin polyethylene sheet was also placed 

on top of the platform to prevent contact with the wet πȾωπ  layers so that the platform could 

be removed easily when curing of epoxy was complete. Next, πȾωπ  fabric was placed and was 

saturated with resin to form the lap joint. Finally, the specimen was covered with another 

polyethylene sheet. Flat steel bars were placed on the top layer to remove the excess epoxy and 

reduce voids from the SLS specimens. 

The single lap shear specimens were subjected to uniaxial tensile testing using an Instron 

universal testing machine at a crosshead displacement rate of 13 mm/minute as suggested by 

ASTM D5868 (ASTM 2014). The length of the area engaged by the grips was 25.4 mm at each 
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end of the specimen. Specimens were photographed before, during, and after the tests using a 

digital camera. The apparent single lap shear strength P was calculated using the equation below. 

The test results are discussed in Section 4.3.2. 

 ὖ ὊȾὃ (4.1) 

where, Ὂ = peak load recorded during the test, and ὃ = lap area (645 mm2). 

4.3.2 Results of Adding Silane on Bond Characteristics  

In Figure 4.4, responses from the single lap shear tests (Al and πȾωπ) and  tensile tests 

of πȾωπ  FRP and πȾωπὃὰπȾωπ  FML are summarized. For each test, the amount of silane 

in the specimens varied from 0, 3, 5, and 10% of the epoxy weight. The tensile tests were 

performed at a crosshead displacement rate of 2 mm/minute following the ASTM D3039 

guideline. The results are normalized with respect to the value of the specimens with no silane in 

the resin system. Four replicates were tested for each type of specimen and Figure 4.4 presents the 

average value of the results.  

Figure 4.4 (a) and (d) presents the crosshead displacement at failure and SLS strength, 

respectively. The bonding between the aluminum and FRP layers became stronger as the amount 

of silane was increased in the resin system. This can be realized by the increasing trend of both 

crosshead displacement and SLS strength which increased about 100 and 75%, respectively, for 

10% silane in the resin system. All specimens exhibited failure by debonding at the aluminum and 

FRP overlap, except for the specimens with 10% silane which exhibited fracture of the FRP layers 

at failure.  

Figure 4.4 (b) and (e) reveals a decreasing trend of fracture strain and peak strength 

properties of single layer πȾωπ  FRP composites for increasing amount of silane. When 

compared to the specimens with no silane in the resin system, fracture strain and peak strength 

reduced about 10-15% for specimens with 3 and 5% silane. As the amount of silane was increased 

to 10%, both fracture strain and peak strength reduced as much as about 20%.  

The influence of silane on the tensile stress-strain characteristics of πȾωπὃὰπȾωπ  

FML can be realized in Figure 4.4 (c) and (f). Both strength and strain at first fiber rupture reduced 

slightly as the amount of silane is increased in the system. The behavior of specimens with 3% 

silane is the same as the specimens with no silane. Further addition of silane starts to reduce the 
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stress and strain capabilities which decrease up to less than 10% for specimens with 10% silane in 

the system. For equal quantity of silane added to the epoxy, it was observed that the first fiber 

failure strain of the FMLs was 15% higher than the fracture strain of the FRPs on average. 

Single Lap Shear Test Uniaxial Tensile Test 

          Al and πȾωπ              πȾωπ             πȾωπὃὰπȾωπ  

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 4.4: Influence of silane on bonding, rupture strain, and strength (at first layer 

failure) of FML and single layer FRP; all properties are normalized with respect to the 

specimen with (0%) silane. 

As illustrated above, a dosage of 3% silane by of epoxy can enhance bonding between FRP 

layers and aluminum sheets as much as 50%. The added silane does reduce strength and 

deformation capability of the FRP layers about 10%, however, the resulting characteristics of the 

FML is the same as the specimen with no silane. As enhanced bonding between aluminum and 

FRP is desirable, especially considering the preparation of FML jackets described in Section 6.2.1, 

it was decided to use 3% silane (by weight) in the epoxy system for preparation of all FML 

configurations in the tensile and compression test program described in Chapter 5 and Chapter 6. 
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4.3.3 Effect of Silane on the Curing of Epoxy Resin 

DSC tests were performed to investigate how 3% silane dosages affected the level of curing 

of the resin system. A control sample of epoxy without silane was compared against the results for 

epoxy mixed with 3% silane. The test results for resins with and without silane at 2 minutes and 7 

days after mixing are presented in Figure 4.5. The enthalpy of reaction in the resin sample with 

silane from the DSC test performed 2 minutes after mixing was found to be 20% lower than the 

sample without silane. The change in enthalpy is likely due to additional reaction between silane 

and epoxy in the system as described by Xie et al. (2010), Ji et al. (2007), and Rajan et al. (2018) 

(Figure 4.6). The reaction enthalpy for the sample with 3% silane 2 minutes and 7 days after mixing 

was 502 and 96 J/g, respectively, as shown in Table 4.1. This indicates that the sample with silane 

achieved 81% of the total curing after 7 days.  

 

Figure 4.5: DSC curves for Fibreglast System 4500 infusion epoxy resin with System 4570-A 

hardener with and without 3% (of epoxy weight) silane in the system. 
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Figure 4.6: Coupling reaction between silane (APTES) and epoxy resin (Rajan et al. 2018). 

 

Table 4.1: Enthalpy and level of curing of the epoxy resin system with and without silane 60 

minutes and 7 days after mixing of two parts. 

 2 minutes after mixing 7 days after mixing 

 No silane 3% silane No silane 3% silane 

Enthalpy (J/g) 626 502 108 96 

Level of curing 0% 0% 83% 81% 

Plueddeman (1991) considered that a mechanism of metal-oxane bonding (M-O-Si) is 

created when silane is deposited on the metal hydroxide surface which can explain the improved 

bonding between metals and polymers through the bridging action provided by silane. Franquet et 

al. (2006) later presented experimental evidence for metal-oxane bonding between alkaline 

cleaned aluminum surface and bis-1,2-(triethoxysilyl)ethane or the AlOSi linkage. A schematic of 

silane at the aluminum and epoxy interface is provided in Figure 4.7 (adapted from Xie et al. 

(2010)). Thus, the probable cause for enhanced shear strength between aluminum and FRP layers 

as observed in Section 4.3.2 can be attributed to reaction between silane and epoxy resin and 

bonding between aluminum and silane compounds. 
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Figure 4.7: Probable coupling action between aluminum and epoxy through silane linkage. 

4.4 Summary 

The effect of roughening the surface of the aluminum sheets and the addition of 3-

Aminopropyltriethoxysilane to the resin system for bond enhancement was investigated through 

an array of tensile, single lap shear, and DSC tests. The findings of these tests and their implication 

for the preparation of FMLs are summarized below. 

1. Surface roughening the aluminum sheets with 150 grit paper did not influence the 

stress-strain response of the FML tensile coupons. However, it is believed that surface 

roughening is nonetheless beneficial to surface bond characteristics. Therefore, all 

further tensile and jacketed FML specimens will be prepared by roughening the 

aluminum sheets. 

2. The SLS test results indicated that the addition of silane can effectively enhance the 

bond strength and deformation between aluminum and epoxy fabric layers. However, 

progressively increasing the dosage of silane was also found to decrease the fracture 

strain and ultimate strength of FML composites subject to uniaxial tension.  

3. Because of the trade-off between enhancing bond characteristics versus decreasing 

uniaxial stress-strain behavior with increasing silane dosage, a 3% dose by epoxy 

weight of 3-Aminopropyltriethoxysilane will be added to the resin for the FML 

specimens in this study. The 3% silane dosage was viewed as a compromise between 

competing performance objectives that are equally important in this study.  
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5 Uniaxial Tensile Response of  FML Lay-ups 

5.1 Overview 

This chapter presents the effect of fiber orientation, fabric architecture, and number of 

alternating layers on the uniaxial tensile properties of E-glass/aluminum FMLs. The results are 

parametrically and statistically evaluated to establish the influence of various lay-up schemes on 

the mechanical characteristics of FML coupons. An analytical model based on the Rules of 

Mixtures (ROM) is validated against the test results as a tool to predict tensile behavior of the 

coupons. The experimental data and ROM model results are cross-correlated and discussed to 

establish a common understanding of FML behavior for use as a confining jacket for concrete 

cylinders in subsequent phases of this research. 

5.2 Materials and Methods 

The FML tension coupons were manufactured using grade 2024-T3 aluminum sheets with 

0.43 mm thickness, a unidirectional glass fiber (E-glass, 435 g/m2), a plain weave 0/90 

bidirectional glass fiber (E-glass, 325 g/m2), a stitched weave 0/90 bidirectional glass fiber (E-

glass, 405 g/m3), and epoxy resin (Fibreglast 4500 with 4570-A hardener) with 3% by weight 3-

Aminopropyltriethoxysilane added to the epoxy mixture. Details on the material properties were 

discussed in Section 3.4. 

All  specimens were manufactured using a hand lay-up technique following the general 

procedure described in Section 3.5. The prepared specimens were cured at room temperature for 

at least 7-days while being compressed by a static load to remove excess resin and reduce voids. 

This resulted in a uniform composite with an average volume fraction ὺ ςρϷ for all the three-

layer E-glass/aluminum FML lay-ups. All tensile coupons were tested exactly seven days after 

fabrication. The specimens were assumed to achieve at least 80% of total curing at the time of 

testing based on the DSC results discussed in Section 4.3.3. 

The straight-sided rectangular tensile specimens had dimensions of 25.4 mm × 304.8 mm 

and were each cut from a larger sheet of cured composite. Straight-sided specimens were selected 
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over dogbone type coupons based on the work of Wu and Wu (1994; 1996) who found that 

dogbone specimens are subject to high shear stresses and tensile stress concentrations that tend to 

degrade the mechanical performance of the FML tensile specimens. A schematic of the tensile 

coupons and a photograph of a prepared specimen are shown in Figure 5.1. 

A total of nine unique stacking sequences were conceived, consisting of six FML lay-ups 

and three FRP lay-ups, to explore the parameter spaced established in Figure 3.3. Two of the lay-

ups (T2/T10 and T6/T11) were constructed and tested in separate batches to explore manufacturing 

variability / repeatability. The stacking sequences, average thicknesses, average areal densities, 

and average volume fractions for the constructed coupons are provided in Table 5.1. Four replicate 

coupons were prepared and tested for each stacking sequence. Before testing, the thickness of each 

specimen was measured in three different locations using a digital caliper. The thickness of each 

lay-up reported in Table 5.1 is the average of the thickness of all four replicate specimens. The 

volumetric fraction of the aluminum ὺ , fibers ὺ, and epoxy ὺ were calculated using the 

following equations: 

 ὺ
ὲ ὸ

ὸ
 (5.1) 

 ὺ
ὲὸ

ὸ
 (5.2) 

 ὺ  
ὸ ὲ ὸ ὲὸ

ὸ
 (5.3) 

where: ὸ is the total thickness of the coupon; ὲ  and ὲ are the number of aluminum and fiber 

layers in tensile coupon, respectively; ὸ  is the average thickness of the aluminum layers and was 

measured before coupon preparation; and ὸ is the manufacturer specified thickness of the dry fiber 

fabric. The areal density of the lay-ups was computed by weighing each specimen using a digital 

scale and dividing the average weight by the area of the specimens.  
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Figure 5.1: Schematic design of the uniaxial tensile test coupons (top) and a photograph of a 

prepared tensile coupon (bottom). 

Table 5.1: Test matrix for uniaxial tensile tests. 

Lay-up 

Code 
Type 

Lay-up scheme and fiber 

orientation 

Thickness ◄ 

(mm) (COV) 

Ar eal 

density, 

ⱬ═ (g/m2) 

○═■ 

(%) 

○╕ 

(%) 

○▄  

(%) 

T1 

FML 

πὃὰπ 1.31 (2.84%) 2440 33 20 47 

T2 πȾωπὃὰπȾωπ  1.09 (1.90%) 2087 38 22 40 

T3 τυὃὰτυ  1.09 (2.02%) 2087 38 22 40 

T4 πȾωπὃὰπȾωπ 1.33 (2.43%) 2447 32 20 48 

T5 τυὃὰτυ 1.35 (2.09%) 2493 32 20 48 

T6 πȾωπὃὰπȾωπὃὰπȾωπ  1.82 (0.82%) 3718 47 21 32 

T7 

FRP 

πȾωπ  0.76 (1.03%) 1445 - 50 50 

T8 πȾωπ  1.35 (3.00%) 2444 - 47 53 

T9 τυ  1.06 (1.97%) 2015 - 38 62 

T10 
FML 

πȾωπὃὰπȾωπ  1.15 (1.17%) 2142 38 22 40 

T11 πȾωπὃὰπȾωπὃὰπȾωπ  1.80 (2.52%) 3880 49 21 30 

 

Tensile testing of the coupons was performed using an Instron universal testing machine at 

a crosshead displacement rate of 2 mm/minute following the ASTM D3039 (ASTM 2017) 

standard. The grip length at the ends of each specimen were 50.8 mm and the specimen length 

between the grips was 203.2 mm. Emery cloth strips were bonded to each side of the ends of the 

specimens using Loctite gel (Loctite® EA 11CÊ Epoxy-PatchÊ) to prevent composite failure in 

the grip region. Tensile strain was measured using a static axial clip-on extensometer (Instron 

2630-111) with a gage length of 50 mm and usable axial strain of up to 10%. Specimens were 
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photographed before, during, and after the tests using a digital camera. Tests were terminated once 

failure had occurred through all layers of the composite. 

5.3 Analytical Modeling 

The tensile stress-strain characteristics of the various FML and FRP lay-up schemes were 

predicted using the rule of mixture (ROM) method. Predictions obtained by the ROM method were 

also used to enhance our understanding of the load sharing between aluminum and composite 

layers in the FML throughout all stages of response. The ROM analysis is a micromechanics-based 

approach used to predict the elastic properties of composites based on the volume fractions of the 

constituent materials (Hyer and White 2009). However, in this analysis, the ROM method was 

used to predict the non-linear properties of the coupons by incrementally applying the ROM 

algorithm at progressively increasing strain values while computing the stress in the aluminum and 

fiber layers at each strain increment based on their constitutive material properties. It was assumed 

in the modeling that the individual stress-strain responses of the aluminum and FRP layers were 

already established through experimental tests. 

For the ROM calculations in this study, the aluminum volume fraction (AVF) of the FML 

lay-ups was determined using: 

 
ὃὠὊ

ὲ Ͻὸ

ὸ
 

(5.4) 

where ὲ  is the number of aluminum layers, ὸ  is the average thickness of the aluminum sheets, 

and ὸ is the total thickness of the prepared FML specimen. The tensile load carried by the FML 

(ὖ ) for a given tensile strain (‐ ) was established by summing the strength contribution of 

aluminum and composite FRP layers according to:  

 
ὖ ‐ ὃὠὊϽὖ ‐ ρ ὃὠὊϽὖ‐  

(5.5) 

where ὖ ‐  and ὖ‐  are the load carried by the aluminum and composite layers, 

respectively, and can be calculated according to:  

 
ὖ ‐ „ ‐ ϽВὸ  

(5.6) 

 ὖ‐ „ ‐ ϽВὸ (5.7) 
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where „ ‐  is the stress in the aluminum at strain ‐ , „ ‐  is the stress in the composite 

at strain ‐ , Вὸ  is the sum of the thickness of the aluminum layers, Вὸ is the sum of the 

thickness of the composite layers. The stress-strain relations for aluminum „ ‐ and the 

composite „ ‐ were defined using experimental data. 

The failure strain marking the end of the inelastic phases of the FMLs with π and πȾωπ  

FRP layers were about 25% higher than the failure strain observed in the single layer FRP 

specimens. Additionally, aluminum layers in FMLs with off-axis fibers exhibited fracture strains 

of more than 8% whereas in individual tests the observed strain was 5% or lower. For this reason, 

the fracture strain of different layers used in the ROM analysis was taken from the FML tensile 

test program instead of the corresponding single layer fracture strain results.  

As shown in Figure 5.2, the stress-strain response of FML can be characterized as having 

three distinct phases. Phase I consists of the range of elastic FML response where the composite 

and aluminum layers are both elastic. Phase II occurs after yielding of the aluminum layers when 

the metal experiences inelastic strains. The onset of the residual strength phase, Phase III, typically 

occurs when the composite layers rupture and the residual capacity of the FML is provided by 

aluminum. However, depending on the lay-up configuration, in cases where high deformation 

composites are used (such as τυЈ fabrics), it is possible for the aluminum to rupture first with 

the residual FML strength being provided by the intact composites. The ROM approach may be 

used to predict the stress-strain response across all three ranges. However, when predicting residual 

FML behavior in Phase III, the relative contribution of whichever constitutive material fails first 

must be set to zero.  

To facilitate characterization of the FML tension coupon results, key parameters describing 

the axial forceïstrain relationship were extracted from the test results. These are defined in Figure 

5.2. In the elastic range, the parameters consisted of the axial stiffness during the elastic phase, ὑ; 

the axial strain at apparent FML yielding, ‐; and, the force at apparent FML yielding, Ὂ. The 

point of yielding was defined at the intersection of the slopes of the elastic and inelastic region of 

the load-strain curve. In the inelastic range: the post-yield axial stiffness, ὑ ; the axial strain at the 

peak strength, ‐ ; and the force at peak strength, Ὂ . In the residual strength phase: the axial 

stiffness during the residual strength phase, ὑ; the axial strain at ultimate elongation, ‐ ; and the 
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force at the ultimate elongation, Ὂ . For the case of FRP tension coupon results, which exhibit 

linear elastic behavior, axial response could be described solely in terms of ὑ, ‐, and Ὂ. 

 

Figure 5.2: Different stages of stress-strain response of FML in uniaxial tension. 

5.4 Experimental Results 

Table 5.2 summarizes the tensile mechanical properties for all eight FML and all three FRP 

lay-ups. The strength of the coupons was evaluated based on stiffness ὑ and load Ὂ, rather than 

modulus of elasticity Ὁ and stress „, to facilitate direct comparison of the load-carrying capacity 

for each of the lay-ups because each had different thickness. The results were parameterized to 

describe the mechanical characteristics of the lay-ups in the Elastic, Inelastic, and Residual 

strength phases using the parameter definitions shown in Figure 5.2. The COV was computed for 

each of the mechanical properties reported in Table 5.2. Notes have been added to describe the 

failure progression of individual layers in the lay-ups.  

Figure 5.3 shows typical failure modes of the FML specimens after tensile testing. All  

failures occurred within the gauge region of the tensile specimens between the test machine grips. 

The various lay-ups all exhibited a similar failure progression that began with the onset of localized 

debonding between the FRP and the aluminum layers at approximately 75% of peak load Ὂ . The 

sequence of failure after this point differed based on the fabric orientation: (i) lay-ups with π and 

πȾωπ stitched and woven fabrics first experienced FRP rupture, followed by a drop in strength 

where the residual capacity was provided by the aluminum layers until they ruptured; (ii) f or FML 
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lay-ups with [ τυ], the progression of failure began by rupture of the aluminum sheets, after which 

residual strength was provided by the composite layers until they too ruptured. The different failure 

progressions were attributed to the large axial strain capacity of the off-axis composites which 

were several times larger than the orthogonal composites and the aluminum itself ï see Section 

3.4 for more information on the material properties of the composites. There did not appear to be 

a difference in failure progression or failure mode due to the use of woven or nonwoven fabrics. 

The FML specimens that contained off-axis fibers τυ, either woven or nonwoven, in the 

FRP layers exhibited a distinctive concave (or convex depending on the position of the observer) 

deformed shape transverse to the loading direction. This deformation started to become apparent 

after yielding and continued to increase until failure. It was also observed that this phenomenon 

was more prominent in the case of non-woven off-axis fabrics. This effect appeared as a region 

with a localized transverse contraction and corresponding axial elongation, not unlike necking in 

ductile metal. When the FRP fabric was prepared with nonwoven fibers this deformation was 

strong enough to bend aluminum layers without any debonding between aluminum and FRP 

layers. 

      
(a) T1 

2/1 π 

(b) T2 

2/1 πȾωπ  

(c) T3 

2/1  τυ  

(d) T4 
2/1 πȾωπ 

(e) T5 

2/1 τυ 
(f) T6 

3/2 πȾωπ  

Figure 5.3: Photographs of the typical failure modes for most the FML coupons. 
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Table 5.2: Average uniaxial test results for 25.4 mm wide FML and FRP coupons. 

# Lay-up scheme 
Replicates, 

ὲ 

Phase I: Elastic Phase Phase II: Inelastic Phase Phase III: Residual Strength 

╚▄ (kN) Ⱡ◐ (%) ╕◐ (kN) Note ╚▬ (kN) Ⱡ ◊ (%) ╕ ◊ (kN) Note ╚► (kN) Ⱡ ◊ (%) ╕ ◊ (kN) 

T1 πȢὃὰȢπ 4 
1334 

(4.50%) 

0.42 

(4.45%) 

5.39 

(2.76%) 

- 769 

(4.01%) 

2.32 

(1.86%) 

17.10 

(1.90%) 

Fiber 

fracture 

71.00 

(1.72%) 

4.23 

(9.45%) 

3.80 

(4.91%) 

T2 πȾωπὃὰπȾωπ  4 
1002 

(2.16%) 

0.40 

(0.00%) 

3.73 

(1.11%) 

- 392 

(3.10%) 

2.00 

(7.90%) 

6.87 

(2.10%) 

Fiber 

fracture 

52.75 

(1.57%) 

6.81 

(8.52%) 

4.00 

(1.99%) 

T3 τυȢὃὰȢ τυ  4 
836 

(9.20%) 

0.46 

(2.80%) 

3.22 

(5.62%) 

- 
94 (8.40%) 

5.55 

(23.09%) 

4.69 

(5.54%) 

Aluminum 

fracture 

5.15 

(5.05%) 

5.55 

(23.09%) 

1.03 

(8.50%) 

T4 πȾωπȢὃὰȢπȾωπ 4 
1084 

(3.59%) 

0.42 

(1.17%) 

4.23 

(3.96%) 

- 445 

(5.35%) 

2.62 

(9.47%) 

11.38 

(6.00%) 

Fiber 

fracture 

53.25 

(4.06%) 

5.98 

(10.39%) 

4.02 

(2.37%) 

T5 τυȢὃὰȢ τυ 4 
818 

(4.44%) 

0.53 

(7.77%) 

3.45 

(3.85%) 

- 
63 (7.98%) 

7.97 

(12.67%) 

5.13 

(4.56%) 

coupon 

fracture 
- 

7.97 

(12.67%) 
- 

T6 
πȾωπὃὰπ
ȾωπὃὰπȾωπ  

4 
1805 

(3.39%) 

0.49 

(2.04%) 

7.57 

(2.39%) 

- 582 

(3.53%) 

1.75 

(9.47%) 

11.18 

(3.82%) 

Fiber 

fracture 
155 

(8.51%) 

4.88 

(22.08%) 

7.73 

(4.30%) 

T7 πȾωπ  3 
362 

(4.75%) 

1.69 

(7.00%) 

5.70 

(5.65%) 

Fiber 

fracture 
- - - 

- 
- - - 

T8 πȾωπ  3 
631 

(5.19%) 

1.79 

(12.70%) 

10.42 

(8.59%) 

Fiber 

fracture 
- - - 

- 
- - - 

T9 τυ  4 
164 

(3.97%) 

0.89 

(4.60%) 

1.08 

(4.50%) 

- 28.75 

(1.50%) 

10.00 

(14.50%) 

2.54 

(2.98%) 

Fiber 

fracture 
- - - 

T10 πȾωπὃὰπȾωπ  3 
1081 

(4.40%) 

0.37 

(3.34%) 

3.80 

(1.00%) 

- 562 

(1.84%) 

1.77 

(5.00%) 

7.30 

(1.00%) 

Fiber 

fracture 

72.50 

(0.69%) 

5.00 

(1.00%) 

4.21 

(4.17%) 

T11 
πȾωπὃὰπ
ȾωπὃὰπȾωπ  

3 
1909 

(2.60%) 

0.43 

(2.72%) 

7.50 

(4.72%) 

- 914 

(3.53%) 

1.80 

(6.10%) 

13.07 

(3.00%) 

Fiber 

fracture 
154 

(2.26%) 

3.83 

(4.30%) 

8.27 

(4.84%) 

Note: Numbers in parentheses indicate the coefficient of variation (COV). Coupons T1-T6, T9 have been tested in Phase 2. Coupons T7, T8, T10, and T11 have been 

tested in Phase 1. 
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5.4.1 Effect of Increasing the Number of Layers of the FML 

The effect of increasing the number of layers of the FML on the tensile load-strain 

characteristics was to increase the overall strength and stiffness of the coupons. Figure 5.4 (a) 

shows a comparison of load-strain results obtained for 2/1 FML lay-up T2 with 

πωπϳ ὃὰπωπϳ  stacking and the corresponding 3/2 FML lay-up T6 with 

πωπϳ ὃὰπωπϳ ὃὰπωπϳ  stacking. The elastic stiffness ὑ and the force at apparent 

yielding Ὂ of the 3/2 T6 FML were both about 1.9 times higher than the corresponding values 

obtained for the 2/1 T2 FML. Similarly, the plastic stiffness ὑ  and ultimate strength Ὂ  of the 

3/2 T6 FML were about 1.6 times higher than the corresponding values for the 2/1 T2 FML.  

The increase in strength and stiffness observed for increasing the number of layers can be 

at least partially explained by the increase in the aluminum volume fraction for the 3/2 FML T6 to 

ὺ τχϷ from a value ὺ σψϷ for the corresponding 2/1 FML T2. However, it is likely that 

the fiber bridging action of the FML was enhanced by the additional number of aluminum and 

fiber layers which provided a greater number of redundant load paths throughout the FML cross-

section. The hypothesis is that as the aluminum layers begin to yield, the fiber layers localized 

around the yielding cross-section experience larger local strains which causes a portion of the load 

in the yielding aluminum layers to be transferred to the fiber layers. This served to redistribute 

forces within the cross-section, resulting in enhanced strength and stiffness characteristics. The 

fiber bridging mechanism is a well-documented characteristic of FML and is the reason why 

aluminum-fiber composites have excellent fatigue resistance. 

Figure 5.4 (a) also shows that the residual strength Ὂ  of the 3/2 T6 FML was about twice 

the residual strength of the 2/1 T2 FML, an increase that is proportional to the increase in the 

number of aluminum layers. It can also be seen that increasing the number of layers did not affect 

the deformation characteristics of the FMLs, with the yield strain ‐, FRP rupture strain ‐ , and 

slope of the residual strength phase Ὁ all being approximately the same for both 

πȾωπὃὰπȾωπ  and πȾωπὃὰπȾωπὃὰπȾωπ  FMLs.  
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Figure 5.4: Effect of increasing the number of layers of the FML for Ⱦ ◌═■Ⱦ ◌ and 

Ⱦ ◌═■Ⱦ ◌═■Ⱦ ◌ lay-ups: (a) comparison of uniaxial load-strain response and (b) 

comparison of the strength contribution of the FRP layers to total FML strength capacity. 

5.4.2 Effect of Fiber Orientation on FML Behavior 

The effect of fiber orientation on the uniaxial tensile behavior of FML coupons was 

investigated through a comparison of the response of FML lay-ups with on-axis πȾωπ and off-

axis τυ fabric for both woven and non-woven configurations. Figure 5.5 shows the effect of 

fiber orientation on the load-strain response for πȾωπὃὰπȾωπ  and τυὃὰτυ . Figure 

5.6 shows the effect of fiber orientation for similar FML configurations with non-woven fabrics. 

The change in FML response as the fiber orientation changes from on-axis to off-axis can 

be explained by the characteristics of the individual FRP layers. The uniaxial tensile behavior of 

single layer on- and off-axis, both woven and non-woven, FRP layers were previously discussed 

in Section 3.4.4. With on-axis fabrics, continuous glass fibers running in between the grips of the 

test apparatus are in pure tension and the total material strength of the fibers can be achieved. This, 

however, is not possible with off-axis fabrics where the strength of the fabrics develops from 

resistance to fiber reorientation and load transfer between epoxy and the fibers. As a result, off-

axis fabrics exhibit high ductility but are unable to utilize the material strength of the individual 

glass fibers. Similar observations regarding the effect of changing fiber orientation on the tensile 

behavior of FML coupons have been made by Cortés and Cantwell (2006). 

(a) (b) 

Predicted FRP 

rupture 

‐ ςϷ 
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The load-strain curves shown in Figure 5.5 (a) and Figure 5.6 (a) clearly demonstrate that 

the use of off-axis fabric reduces the strength and stiffness of FML composites while at the same 

time enhancing their ductility. For example, the initial elastic stiffness ὑ and post-yield stiffness 

ὑ  of the πȾωπὃὰπȾωπ  lay-up was approximately 1.20 and 4.2 times greater than the 

corresponding values of the τυὃὰτυ  lay-up. Furthermore, the yield strength Ὂ and 

ultimate strength Ὂ  of the πȾωπὃὰπȾωπ  was approximately 1.16 and 1.46 times greater 

than the corresponding values of the τυὃὰτυ . The decrease in the post-yield stiffness 

for FML lay-ups with off-axis fabrics was substantial: substituting πȾωπ fabric for τυ fabric 

altered the shape of the load-strain curve from one that exhibited strain hardening to one with a 

quasi-elasto-perfect plastic shape. This transition was consistent for woven and non-woven fabrics. 

Another effect of fiber orientation was on the strain at maximum load ‐ . FML lay-ups 

with off-axis fabrics experienced values of ‐  which were 2.5 to 3.0 times greater than 

corresponding values for FML lay-ups with on-axis fabrics. Furthermore, the failure progression 

for FML lay-ups with on-axis fabrics begin with rupture of the fabric layers followed by rupture 

of the aluminum layers. This failure progression was reversed for FML lay-ups with off-axis axis 

which failed by aluminum rupture prior to rupture of the fabric layers.  

The effect of fiber orientation also influenced the relative contribution of the FRP and 

aluminum layers on the total load carrying capacity of the FML composites. The ROM method 

was used to predict the relative contribution of the FRP layers on the tensile capacity of the on-

axis and off-axis coupons, as shown in Figure 5.5 (b) for woven and in Figure 5.6 (b) for non-

woven lay-ups. In general, the FRP layers in the on-axis FML lay-ups accounted for approximately 

30% of the load at first yield, then increased to between 50 to 70% of the load at ultimate strength 

before dropping off as the fabric ruptures. For the case of off-axis FML lay-ups, the FRP layers 

accounted for only 10% of the load at first yield and plateaued to a maximum of 20% of the 

ultimate strength, sustaining that peak load for large values of axial strain prior to failure of the 

aluminum. This behavior was attributed to the fact that the stress-strain characteristics of the base 

aluminum and τυ fabrics, shown in Figure 3.5 and Figure 3.7, respectively, both exhibited 

elastic-plastic behavior. This translates into an FML composite that benefits from having an elasto-

plastic stress-strain response that can sustain much larger inelastic strains than corresponding FML 

lay-ups constructed with on-axis FRP. 



 

Chapter 5: Uniaxial Tensile Response of FML Lay-ups 106 

Therefore, the effect of fiber orientation on FML behavior can be summarized as: (1) on-

axis FML composites tend to be stronger and stiffer than off-axis FML composites and exhibit 

strain hardening behavior after yielding of the aluminum layers; (2) off-axis FML composites tend 

to be relatively weaker than on-axis FML composites but have the advantage of pseudo-elasto-

perfect plastic behavior and can undergo much larger inelastic strains. 

 
Figure 5.5: Effect of fiber orientation on woven FML: (a) comparison of the uniaxial 

response; and (b) comparison of the contribution of the FRP layers to total FML strength. 

 
Figure 5.6: Effect of fiber orientation on non-woven FML: (a) comparison of the uniaxial 

response; and (b) comparison of the contribution of the FRP layers to total FML strength. 

(a) (b) 

(a) (b) 



 

Chapter 5: Uniaxial Tensile Response of FML Lay-ups 107 

5.4.3 Effect of Fabric Architecture on FML Behavior 

The influence of FRP layers with unidirectional (π) and bidirectional fiber orientations 

( πȾωπ and πȾωπ ) on the load-strain performance of FMLs can be seen in Figure 5.7 (a) for 

both woven and non-woven fabrics. The load-strain response of FMLs with woven and non-woven 

off-axis fabrics ( τυ and τυ) are compared in Figure 5.8 (a). The contribution of the FRP 

layers to the strength of the corresponding FMLs was calculated using ROM and plotted in Figure 

5.7 (b) and Figure 5.8 (b), respectively. 

The FMLs with the unidirectional FRP layers exhibited the strongest performance because 

all unidirectional fibers in the FRP layers contributed to load resistance. The FMLs with 

bidirectional FRP layers, both woven and non-woven fabrics, are of similar areal density as the 

πὃὰπ FML. However, unlike the FML with unidirectional layers, 50% of the fibers in the 

bidirectional fabrics are oriented transverse to the loading direction and cannot make significant 

contributions to total load carrying capacity. As a result, the strength of the FMLs with 

bidirectional FRP layers are significantly less than the unidirectional stitched πὃὰπ FML.  

It can be seen in Figure 5.7 (a) that the woven architecture of the fabrics can also 

substantially reduce the strength and deformation capabilities of the FML. Comparing the 

performance of the πȾωπὃὰπȾωπ and πȾωπὃὰπȾωπ  FMLs, the reduced strength for the 

corresponding woven lay-up is attributed to the fact that the interwoven fibers are not aligned with 

the direction of applied load. The fibers in a woven architecture pass over and under fibers in the 

transverse direction. Therefore, as tensile stresses are applied to the woven fabric, the woven fibers 

will undergo a through-thickness deformation as they tend to deform in the direction of applied 

loading. Bond failure between aluminum and FRP layers can be observed significantly earlier 

during the loading phase in the case of woven fabrics than unidirectional or non-woven FRP layers. 

When compared to the test results of the single layer FRP specimens, FMLs with π and 

πȾωπ  FRP layers exhibit 25% and 20% increase in fracture strain of the FRP layers, 

respectively. The fracture strain of the πȾωπ layers remained approximately the same. It can be 

seen in Figure 5.7 (b) that the shape of the strength contribution curves are the same for π, πȾωπ, 

and πȾωπ  FRP layers and the percentages of strength contribution is proportional to the strength 

of the FRP layer.  
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It appears from Figure 5.8 (a) that woven or non-woven fabric structure does not have any 

significant influence on the load-strain response of the FMLs with τυ or τυ  FRP layers. 

This is due to the load resistance mechanism in the off-axis fabric where the full material strength 

of the glass fiber is not achieved. Rather, the strength of the FRP layer is generated from resistance 

to fiber reorientation and load transfer between epoxy and the glass fibers. It is probable that these 

two mechanisms are not affected by the weaving, or the lack thereof, of the fabrics. The difference 

between the two woven and non-woven FML configurations is in the type of failure; 

τυὃὰτυ FML exhibit simultaneous failure of Al and FRP layers resulting in the strength 

contribution curve to stop at 8.0% strain (Figure 5.8 (b)) whereas Al layers fail before the FRP 

layers in τυὃὰτυ  FML resulting in 100% strength contribution of the FRP layers after 

5.5% strain (Figure 5.8 (b)).  

  

(a) (b) 

Figure 5.7: πὃὰπ, πȾωπὃὰπȾωπ, and πȾωπὃὰπȾωπ  FMLs; (a) load-strain response 

and (b) strength contribution of the FRP layers. 
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(a) (b) 

Figure 5.8: τυὃὰτυ  and τυὃὰτυ FMLs; (a) load-strain response and (b) 

strength contribution of the FRP layers. 

5.4.4 Mechanical Properties of FRP Coupons 

The uniaxial load-strain response of the πωπϳ   and πωπϳ  FRP lay-ups are compared 

against the single layer πωπϳ  composite in Figure 5.9 (a). The load-strain response of the 

πȾωπ  and πȾωπ  coupons exhibited a similar linear elastic behavior and brittle failure mode 

as the corresponding single layer FRP coupon. The average ultimate strain of the single, three, and 

five layer πωπϳ  coupons were all approximately 1.75%, consistent with the ultimate strain of 

a single layer of cured composite reported by the manufacturer (Sika 2018). The tensile strength 

of the three- and five-layer FRP coupons were approximately proportional to the number of layers 

of fabric. For example, the average ultimate strength of the three-layer coupons was 5.72 kN, or 

2.77 times the ultimate load of the single-layer FRP coupon. Likewise, the average ultimate load 

of the five-layer FRP coupons was 10.48 kN which was 5.48 times the ultimate load of the single-

layer coupon. However, the modulus of elasticity and ultimate stress calculated based on the gross 

area for the πȾωπ  coupon was markedly less than for the πȾωπ  and πȾωπ  coupons. This 

discrepancy can be attributed to the higher resin fraction in the one-layer coupons (ὺ φςϷ) 

than for the corresponding three- and five-layer coupons (ὺ υπϷ).  
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Figure 5.9: Comparison of the tensile load-strain response of the FRP coupons: (a) ϳ ◌ 

FRP lay-ups; (b) ◌ FRP lay-ups. 

Figure 5.9 (b) shows a comparison of the τυ  T9 FRP lay-up against the corresponding 

single layer τυ  FRP. The ultimate tensile strength of the three-layer off-axis woven 

specimens was approximately five times higher than the corresponding single layer coupon. The 

τυ  specimens also exhibited a monotonically ascending load-strain response unlike the single 

layer specimens which had a very irregular performance (peaks and valleys) in the post-yield 

region. 

Typical failure modes of the FRP tensile coupons are presented in Figure 5.10. Fracture of 

the specimens was observed near the mid-height location in most of the cases. The πȾωπ  and 

πȾωπ  specimens exhibited sudden fracture of the longitudinal fibers without any warning. The 

fracture region was horizontal and transverse to the loading direction. The τυ  specimens 

exhibited continuous necking before rupture of the fibers and out-of-plane deformation, although 

noticeable, was substantially reduced when compared to the behavior of single layer specimens as 

discussed in Section 3.4.4. 

(a) (b) 
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Figure 5.10: Typical failure modes of the FRP coupons: (a) πωπϳ   T7 FRP; (b) πωπϳ  T8 

FRP; (c) τυ  T9 FRP. 

 

5.4.5 Parametric Assessment of FML Mechanical Properties 

The main parameter used to evaluate the confinement efficiency of FRP jackets is the ratio 

of the lateral confining pressure Ὢ to the maximum stress of unconfined concrete Ὢ . For FRP 

jackets, the maximum lateral confining pressure Ὢ, defined in Eq. (2.1), is expected to be linearly 

proportional to the hoop strain in the jacket due to the linear elastic response of FRP. It is expected 

that the ratio ὪȾὪ  will provide an accurate assessment of the ultimate compressive strength of 

FML confined concrete due to the well-established relationship between confinement pressure and 

triaxial behavior of concrete (Rocca 2007). However, because the stress-strain characteristics of 

the FML are markedly different than FRP and can exhibit stress-strain response ranging from 

elasto-perfect plastic to strain hardening depending on the stacking configuration, the ratio ὪȾὪ  

is expected to not provide a reliable measure of the deformation characteristics of FML confined 

concrete. Therefore, it is necessary to identify other appropriate parameters describing the unique 

deformation characteristics and shape of the stress-strain curve of FML that can potentially be used  

to investigate the behavior of FML confined concrete.  

Figure 5.11 to Figure 5.13 show a comparison of the mechanical properties of the three-layer 

FML coupons as a ratio of the theoretical stiffness provided by the FRP sheets to the total elastic 

(a) (b) (c) 
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stiffness in each FML lay-up, ὑ ὑϳ . Only the six 3-layer FML lay-ups T1 through T5 and T10 

were considered in this analysis because they provide the most complete dataset. The ὑ ὑϳ  

ratio is meant to account for the differences in the relative contribution of the different fiber 

materials on the elastic stiffness of the FML which cannot be adequately described based on the 

relative volume fractions because of differences in the fiber orientation and architecture used 

across the T1 to T5 lay-ups. The theoretical stiffness of FRP ὑ  was calculated based on the 

composite modulus of elasticity for each fiber layer multiplied by the cross-sectional area of FRP 

for a given FML lay-up. The elastic stiffness of the FML ὑ was extracted from the pre-yield slope 

of a given coupon. The mechanical properties evaluated herein are summarized in Table 5.2.  

Figure 5.11 shows the effect of ὑ ὑϳ  on the stiffness characteristics of three-layer FML 

coupons. It can be observed in Figure 5.11 (a) that the elastic FML stiffness ὑ is strongly 

correlated to ὑ ὑϳ . The post-yield stiffness ὑ  in Figure 5.11 (b) shows a similar dependence 

on the ratio ὑ ὑϳ . FML lay-ups T3 and T5, constructed with off-axis τυЈ glass fabric, 

exhibited the lowest stiffness, while FML lay-up T1 with unidirectional glass fabric showed the 

highest stiffness. Lay-ups constructed with πȾωπ bi-directional fabric exhibited an intermediate 

level of elastic and post-yield FML stiffness, with the knit bi-directional coupon T4 showing 

slightly better performance than T2 constructed using the woven bi-directional fabric. 

 
Figure 5.11: Effect of the ╚╕╡╟╚▄ϳ  ratio on the stiffness characteristics of three-layer FML 

coupons: (a) elastic FML stiffness; (b) post-yield FML stiffness. 

Figure 5.12 shows the effect of the ὑ ὑϳ  ratio on the strength characteristics of three-

layer FML coupons. In descending order, lay-up T1 with π degree fabric was the strongest of the 

(a) (b) 
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three-layer FML lay-ups, followed by T4 with πȾωπ fabric, T2 with woven πȾωπ fabric, and 

T3 and T5 with τυ fabric. It can also be observed that both the strength values at FML yielding 

Ὂ shown in Figure 5.12 (a), and the ultimate FML strength Ὂ  shown in Figure 5.12 (b), are quite 

strongly correlated to the ratio of ὑ ὑϳ . The increase in Ὂ and Ὂ  with respect to ὑ ὑϳ  

was similar to the observations in Figure 5.11 (b) which showed that ὑ  is also proportional to 

ὑ ὑϳ . Taken together, these two trends combine to indicate that the stiffest FML lay-ups also 

tend to be the strongest. Both outcomes can be achieved by increasing the relative contribution of 

FRP stiffness to total FML stiffness by either: (1) increasing the mechanical properties of the fabric 

and epoxy constituents; and/or (2) decreasing the aluminum volume fraction.  

 
Figure 5.12: Effect of the ╚╕╡╟╚▄ϳ  ratio on the strength characteristics of three-layer FML 

coupons: (a) force at FML yielding; (b) ultimate FML strength. 

Figure 5.13 shows the effect of ὑ ὑϳ  on the strain characteristics of three-layer FML 

coupons. It can be observed that both the axial strains at FML yielding ‐, shown in Figure 5.13 

(a), and the axial strain at ultimate FML strength ‐ , shown in Figure 5.13 (b), are poorly 

correlated with the ratio of ὑ ὑϳ . This was attributed to the fact that the FML strain capacities 

are governed by the deformation capacities of the base materials, and not necessarily the elastic 

stiffness of the coupons. For example, the values of ‐ for all the 2/1 FML lay-ups were clustered 

around the yield strain of the aluminum 2024-T3 sheets, regardless of the ratio of ὑ ὑϳ , 

because yielding of aluminum governed response. 

(a) (b) 
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The ultimate FML strains ‐  of three-layer coupons, shown in Figure 5.13 (b), tended to be 

clustered around two distinct strain values based on the progression of failure of the lay-up. FML 

lay-ups T3 and T5 with τυ fabric exhibited an ultimate strain slightly above the ultimate strain 

of the aluminum 2024-T3 sheets because rupture of aluminum layers occurred before failure of 

the composite layers. For the case of FML lay-ups which exhibited composite failure before 

aluminum failure (e.g., T1, T3, and T4), the axial strain at ultimate FML strength was consistent 

with the range FRP rupture strains in the on-axis woven and non-woven composite layers (see 

Section 3.4.4 for single-layer composite fabric material properties).  

 
Figure 5.13: Effect of the ╚╕╡╟╚▄ϳ  ratio on the strain characteristics of three-layer FML 

coupons: (a) strain at FML yielding; (b) strain at ultimate FML strength. 

The preceding discussion demonstrates that the ratio of ὑ ὑϳ  of the FML lay-ups 

provides a useful measure of the strength and stiffness characteristics of the three-layer FML 

coupons subject to uniaxial tension. However, because of the dependence of the base material 

strain capacities on the strain characteristics of FML, the ratio of ὑ ὑϳ  does not provide a 

useful measure of the strain at yielding or the strain ultimate strength of the FML. Therefore, an 

analysis was performed to establish whether the ratio of the post-yield stiffness ὑ  to the elastic 

stiffness ὑ of FML (ὑ ὑϳ ) would provide a better measure of the strain capacity of FML. This 

ratio was termed the ñshape factorò as the value of ὑ ὑϳ  provides an indication of the general 

shape of the uniaxial tensile stress-strain curve. The physical significance of the shape factor 

ὑ ὑϳ  is to describe the shape of the axial tension stress-strain curve of FML. A value of 

(a) (b) 

Range of ultimate strains 
for on-axis woven and 
non-woven fabric 
considered in this study 
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ὑ ὑ ᴼρϳ  indicates that the post-yield slope exhibits significant strain hardening after yielding. 

A value of ὑ ὑϳ ᴼπ indicates the coupon exhibits elastic-perfect plastic behavior. 

Figure 5.14 shows a comparison of the shape factor ὑȾὑ for three-layer FML coupons as 

a function of the ratio of ὑ ὑϳ . The results in Figure 5.14 indicate that increasing the relative 

stiffness of FRP to the total elastic FML stiffness controls the shape of the FML stress-strain curve. 

For example, FML coupons T3 and T5 with τυЈ off-axis fabric had low values of ὑ ὑϳ

πȢρπ because the stress-strain response of the base fabric exhibited nearly elastic-perfect plastic 

behavior. This can be seen in the stress-strain curves for these lay-ups in Figure 5.8 (a) which are 

similar in shape to the stress-strain curves for 2024-T3 aluminum. On the other hand, the strain 

lay-up T1 with uniaxial fabric and a relatively large ὑ ὑϳ πȢφπ ratio showed significant 

strain hardening after yielding [Figure 5.7 (a)] as the FRP layers were responsible for nearly 80% 

of the total load carried by the lay-up immediately prior to failure [Figure 5.7 (b)]. Therefore, it is 

reasonable to conclude that the shape factor ὑ ὑϳ  provides a reasonable measure of the shape of 

the FML stress-strain curves. 

 
Figure 5.14: Relationship between shape factor ╚▬ ╚▄ϳ  and FRP contribution to FML elastic 

stiffness ╚╕╡╟╚▄ϳ  

Figure 5.15 shows the effect of the shape factor ὑ ὑϳ  on the strain characteristics of three-

layer FML coupons. Generally, the ratio of ὑ ὑϳ  provides a better measure of the strain at yield 

‐ and strain at ultimate ‐  than the ratio of ὑ ὑϳ  on the basis of improved Ὑ  correlation 

using a linear best-fit curve. While the strain characteristics of FML coupons are highly dependent 



 

Chapter 5: Uniaxial Tensile Response of FML Lay-ups 116 

on the strain capacities of the base materials, the results in Figure 5.15 suggest that the ratio of 

ὑ ὑϳ  can provide an approximate measure of deformation behavior of FML.  

Therefore, based the results of the coupon tests, the analysis in Chapter 6 will investigate the 

behavior of confined concrete in terms of the confinement ratio ὪὪϳ , the relative contribution of 

FRP to the elastic stiffness of the FML, ὑ ὑϳ , and the shape factor ὑ ὑϳ , which describes 

the shape of the FML stress-strain curve. 

 
Figure 5.15: Effect of the shape factor ╚▬ ╚▄ϳ  on the strain characteristics of three-layer FML 

coupons: (a) strain at FML yielding; (b) strain at ultimate FML strength. 

5.5 Validation of Analytical Model 

A comparison of the FML uniaxial load-strain curves obtained experimentally and those 

predicted using the ROM is shown in Figure 5.16. In general, the ROM predictions are in good 

agreement with the experimentally obtained load-strain curves. Differences between experimental 

and predicted behavior could be partially attributed to debonding between the fabric and aluminum 

layers which tended to begin at around 70% of Ὂ . This phenomenon can be seen in Figure 5.16 

for the response of FMLs with woven fabrics (T2, T6, T10, T11) which experienced some 

debonding prior to achieving peak load. The interlayer bond strength can also influence the 

mechanical properties of FMLs (Abdullah et al. 2015). Another potential discrepancy may be 

attributed to the fact that the ROM predicts failure of the coupon to occur instantaneously upon 

reaching the ultimate strain of the constituent materials. However, during the experimental tests, 

it was observed that coupon failure was often progressive in nature, occurring first in individual 

(a) (b) 
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fibers of the fabric layer then spreading through the width of the coupon with increasing load. This 

behavior is not accounted for in the ROM methodology used in this research. 

  

  

  

  

Figure 5.16: Comparison of the experimental uniaxial load-strain response of FML 

coupons T1-T6, T10, T11 with the corresponding predictions obtained by ROM.  
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The ROM analysis results for elastic stiffness, inelastic stiffness, yield strength, and peak 

strength are plotted against the average experimental results in Figure 5.17. The analytical 

predictions are, on average, within ±10% of the experimental average. It is likely that the stiffness 

and yield strength of the bonded Al and FRP layers are underpredicted by ROM analysis as it 

cannot account for bonding or level of bond strength in between the layers. Likewise, as strength 

degradation in the post-yield region is not considered, the peak strength is overpredicted by the 

ROM. 

  

  

Figure 5.17: Summary statistics for predicted and experimental results: (a) elastic stiffness 

ὑ, (b) inelastic stiffness ὑ , (c) force at yield Ὂ, and (d) maximum force Ὂ . 
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5.6 Summary 

Uniaxial tensile tests on various configurations of FML and FRP coupons were performed to 

understand the effect of fiber orientation, fabric architecture, and number of layers on the load-

strain behavior of the tensile specimens. The tensile behavior of the FML coupons was predicted 

using a ROM analysis and validated against the experimental results. Key findings of the uniaxial 

test program include: 

1. The load-strain response of FML tensile coupons exhibited three distinct regions, 

beginning with elastic response of the coupon, followed by inelastic response after 

yielding of the aluminum layer, and a residual strength phase after failure of either 

aluminum or FRP layer. 

2. FML coupons with τυЈ glass fabrics exhibited pseudo-elastic-plastic stress-strain 

response, while coupons with πЈ and πЈȾωπЈ fabrics exhibited strain hardening 

after yielding of aluminum layers. 

3. The effect of increasing the number of layers of the FML on the tensile load-strain 

characteristics was to increase the overall strength and stiffness of the coupons. 

Increasing the number of layers of the FML did not affect the strain at yield or ultimate. 

4. The effect of fiber orientation on FML behavior can be summarized as: (1) on-axis 

FML composites tended to be stronger and stiffer than off-axis FML composites and 

exhibited strain hardening behavior after yielding of the aluminum layers; (2) off-axis 

FML composites tended to be relatively weaker than on-axis FML composites but had 

the advantage of pseudo-elasto-perfect plastic behavior and could undergo much larger 

inelastic strains. 

5. The effect of fabric architecture on FML behavior was on the strength and stiffness of 

the composite. The FMLs with the unidirectional FRP layers exhibited the strongest 

performance because all unidirectional fibers in the FRP layers were aligned in the 

direction of the applied load. The strength and stiffness of FMLs with woven 

architecture was less than corresponding non-woven lay-ups because the interwoven 

fibers were not perfectly aligned with the direction of applied load. 
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6. The ratio of the relative contribution of the composite layers to the total elastic stiffness 

of the FML composites, ὑ ὑϳ  was found to be a good indicator of the mechanical 

properties of the FML lay-ups. 

7. An FML ñshape factor,ò defined as the ratio of the post-yield stiffness ὑ  to the elastic 

stiffness ὑ, was proposed to describe the shape of the load-strain response of FML. 

A value of ὑ ὑ ᴼρϳ  indicates that the post-yield slope exhibits significant strain 

hardening after yielding. A value of ὑ ὑϳ ᴼπ indicates the coupon exhibits elastic-

perfect plastic behavior. 

8. The Rule of Mixture (ROM) method was used to predict the load-strain response of 

the FML coupons. Good agreement between the predicted and experimental nonlinear 

behavior of the FML lay-ups was obtained using the ROM method. 

 

 

  



 

Chapter 6: Behavior of Concrete Cylinders Confined by FML Composites 121 

6 Behavior of  Concrete Cylinders Confined by FML 
Composites 

6.1 Overview 

Axial compression testing of concrete cylinders confined by FML composites was 

performed to investigate the influence of various lay-up schemes on the strength and ductility of 

the confined cylinders. The test parameters included the effect of the number of layers, the fiber 

orientation, and fabric architecture of the FML jackets. The confining effect of conventional FRP 

wraps was also investigated to elucidate differences in FRP and FML confinement mechanisms. 

This chapter begins with a discussion of the material properties, test matrix, and test procedure for 

the confined concrete tests. The confinement test results (uniaxial stress-strain relationship and 

cylinder dilation behavior) for 11 sets of cylinders with different wrapping schemes are then 

discussed. An analytical model is then presented that can generally capture the confinement 

characteristics of FML with reasonable accuracy.  

6.2 Materials and Methods 

A total of thirty-eight (38) ‰ ρπρȢφ άά  ςπσȢς άά concrete cylinders were 

manufactured, jacketed, and tested. The test matrix for the cylinder tests, including a description 

of the jacket configurations, is presented in Table 6.1. The test variables consisted of: (1) the effect 

of increasing the number of FML layers from a 2/1 to a 3/2 configuration; (2) the effect of varying 

the fiber orientation for unidirectional π fabric, bidirectional on-axis πȾωπ fabric, and a 

bidirectional off-axis fabric τυ; and (3) the effect of varying the fabric architecture from woven 

to non-woven configurations. The uniaxial tensile characteristics of the FML and FRP jackets 

investigated in the cylinder tests were identical to the lay-up schemes discussed in Chapter 5. 

The concrete cylinders were cast in two separate phases. The average unconfined cylinder 

strength Ὢ  of Phase 1 tests was 35 MPa and was 39 MPa for Phase 2 tests. The average jacket 

thickness ὸ of the specimens reported in Table 6.1 was obtained by subtracting the nominal 

cylinder diameter from the average outer diameter including the jacket itself. The theoretical 

volume fractions of aluminum ὺ , fibers, ὺ, and epoxy, ὺ, were computed following the 
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procedure described in Section 5.2. The thicknesses of the composite jackets applied to the 

concrete cylinders, shown in Table 6.1, were on average 15-20% greater than the thickness of the 

corresponding tensile coupons, reported in Table 5.1. The increase in jacket thickness is attributed 

to two factors: (1) the process of jacketing the concrete cylinders was considerably more involved 

than the process of preparing flat tensile coupons; and (2) each layer of fabric and aluminum 

wrapped around the cylinders had a 76 mm long overlap contributed to an increase in the average 

concrete jacket thickness compared to the flat coupons.  

Table 6.1: Test matrix of the FML and FRP confined concrete cylinders. 

# 

Unconfined 

Strength, 

█╬▫ 

Tensile 

Lay-up 

(Table 

5.1) 

Jacket 

configuration 

No. of 

replicates 

ὸ (mm) 

(COV) 

ⱬ▒
◄▒

╓
 

(%) 

Volume Fractions 

○═■ 
(%) 

○╕ 
(%) 

○▄ 
(%) 

C1 

Phase 2 

35 MPa 

- None 5 N/A - - - - 

C2 T1 πὃὰπ 3 
1.85 

(4.84%) 
7.03 23 26 51 

C3 T2 
πȾωπὃὰπ
Ⱦωπ  

3 
1.49 

(8.61%) 
5.68 29 17 54 

C4 T3 τυὃὰτυ  3 
1.63 

(1.62%) 
6.23 26 16 58 

C5 T4 
πȾωπὃὰπ
Ⱦωπ 

3 
1.78 

(8.26%) 
6.77 24 27 49 

C6 T8 τυὃὰτυ 3 
1.84 

(1.67%) 
6.98 23 26 51 

C7 T6 

πȾωπὃὰπ
Ⱦωπὃὰπ
Ⱦωπ  

2 
2.48 

(3.02%) 
9.31 35 15 50 

C8 T9 τυ 2 
1.05 

(0.47%) 
4.07 - 36 64 

C9 

Phase 1 

39 MPa 

- None 5 N/A - - - - 

C10 T10 
πȾωπὃὰπ
Ⱦωπ  

4 
1.30 

(9.00%) 
5.00 34 20 46 

C11 T11 

πȾωπὃὰπ
Ⱦωπὃὰπ
Ⱦωπ  

3 
2.13 

(3.12%) 
8.50 41 18 41 

C12 T7 πȾωπ 3 
0.94 

(17.23%) 
3.50 - 41 59 

C13 T6 πȾωπ 3 
1.43 

(4.71%) 
5.50 - 45 55 
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6.2.1 Specimen Preparation 

All cylinders were constructed and evaluated at the Thomas M. Murray Structural 

Engineering and Materials Laboratory in Blacksburg, VA. In general, jacketed cylinder 

preparation involved three phases: (1) mixing and placing the concrete; (2) preparation of the 

jacket materials and performing the cylinder jacketing; and (3) finishing the ends of the cylinders.  

The cylinders for the test program were mixed and placed in two separate phases. Both 

mixes used 12.7 mm crushed stone aggregate and Type I Portland cement. The Phase I mix was 

designed to have a 28-day compressive strength of ςψ ὓὖὥ and Phase II designed for τπ ὓὖὥ. 

Both mixes were intended to have a slump of 100 mm. The batch proportions for the two mixes 

are shown in Table 6.2. Concrete was mixed using a 0.03 m3 electric drum mixer. Fresh concrete 

was placed into plastic molds having a diameter of 101.6 mm and a height of 203.2 mm. The 

cylinder caps were closed and left to cure for 4 weeks prior to demolding.  

Table 6.2: Concrete mix designs. 

Material  
Weight/cubic meter of concrete (kg/m3) 

Phase 1  Phase 2 

Target 28-day strength,  Ὢ (MPa) 28 40 

Water to cement ratio, ύȾὧ 0.31 0.48 

Portland cement 337 356 

Coarse aggregate (#78) 1049 1089 

Fine Aggregate (Natural sand) 785 812 

Water 106 172 

 

The application of externally bonded FML composites to the concrete cylinders was 

performed using a wet lay-up technique. The manufacturing procedure consisted of the following 

steps: 

1. Bulk aluminum sheets and fiber fabrics were all cut to 395 mm long × 199 mm wide. 

Figure 6.1 shows the cutting and rolling plan for the aluminum sheets. The length of the 

sheets was determined by the perimeter of the cylinder, increased by 76 mm to account 

for the overlap length. The results of preliminary spliced tension coupon tests showed 

that a 76 mm overlap was sufficient to develop the ultimate strength of the composite 

outside of the splice region. 
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2. The surface of the aluminum sheets was prepared using mechanical abrasion, following 

the procedure described in Section 4.2. 

3. The aluminum sheets were then formed into cylindrical shells having the same diameter 

as the concrete cylinders. A sheet metal roller, shown in Figure 6.2, was used to 

incrementally bend the sheets until the target curvature was achieved.  

4. The surface of the cylindrical shells was degreased with acetone and allowed to dry. 

5. Concrete surfaces were prepared by removing any loose debris, dust, dirt, etc. 

6. Epoxy resin was mixed according to the manufacturer recommendations. A silane 

coupling agent dosed at 3% by weight of epoxy was added to enhance the aluminum-

fiber bond characteristics, as described in Section 4.3. 

7. Epoxy resin was then applied to the surface of the cylinder using a brush. 

8. The first fiber layer was saturated with epoxy using a brush. The saturated fabric sheet 

was then applied to the surface of the cylinder with a 76 mm overlap, as shown in Figure 

6.3 (a).  

9. The cylindrical shell was coated on both sides with a thin layer of epoxy using a brush. 

The shell was then applied to the concrete cylinder, offsetting the overlap position 

relative to the previous layer, as shown in shown in Figure 6.3 (b). 

10. The next fabric layer was saturated with epoxy and applied to the cylinder. The fabric 

was pulled taught to tightly clamp the cylindrical shell in position around the cylinder. 

The fabric overlap was again offset from the other overlaps, as shown in Figure 6.3 (c). 

A photograph of the fabric layer being applied is shown in Figure 6.4 (a). 

11. As required, additional cylindrical shells and fiber fabrics were applied by repeating 

steps 9 and 10. 

12. Specimens were left to cure at room temperature for at least two weeks prior to cylinder 

end finishing. 

Photographs of typical FRP and FML confined cylinders are shown in Figure 6.4 (b) and (c), 

respectively. 
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Figure 6.1: Cutting plan for aluminum sheets. 

 

   
(a) (b) (c) 

Figure 6.2: Preparation of aluminum shells: (a) early rolling with large radius of curvature; (b) 

subsequent forming with smaller radius of curvature; (c) completed shell with 76 mm overlap. 
 

   
(a) (b) (c) 

Figure 6.3: Wrapping procedure for FML jacketed cylinders (illustration adapted from Wu et al. 

2008). 

 




















































































































