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xxiii

Introduction

A composite material combines two or more materials (e.g., fi ber reinforce-
ments and binder or matrix resins). These combinations are designed to 
obtain a material that achieves targeted performance objectives and prop-
erties. As an example, fi ber-reinforced polymer (FRP) composites are made 
of thermosetting or thermoplastic resins and glass and/or carbon fi bers. 
The fi ber network provides the load-bearing component of the composite 
while the resin contributes towards transferring loads to the fi ber network 
and maintains fi ber orientation. The resin controls the manufacturing 
process and processing variables. Resins also protect the fabrics from envi-
ronmental factors such as humidity, high temperature, and chemical attack.

There has been signifi cant research on the development of FRP com-
posite materials and their innovative applications. Many of these R&D 
efforts have successfully demonstrated materials with improved structural 
performances. FRP composites are being promoted as twenty-fi rst-century 
materials because of their superior corrosion resistance, excellent thermo-
mechanical properties, and high strength-to-weight ratio. FRPs composites 
are also ‘greener’ in terms of embodied energy than conventional materi-
als such as concrete and steel. The use of FRP composites in civil and 
military infrastructure can improve innovation, increase productivity, 
enhance performance, and provide longer service lives, i.e. reduced life-
cycle costs. It is obvious from these efforts that the use of innovative 
composite materials and designs has signifi cant potential to reduce vulner-
ability of infrastructure. The new generation of composite materials has 
great potential for numerous infrastructure applications, hence the focus 
of the book.

The composites industry had achieved great strides in making a product 
that is light, stiff, has excellent strength, and is environmentally stable. As 
it continues to press forward with a product that has such unique charac-
teristics, the industry is realizing the need to advance in different directions, 
such as fi ber types, fabric geometry, and composite applications. There is a 
strong need for a high strength and environmentally stable polymer fi ber 
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that can be stacked and stitched without the fear of breaking like ceramic 
fi bers.

FRP composite materials have increasingly been used in civil engineering 
applications in the past three decades. They are ideal for structural applica-
tions where high strength-to-weight and stiffness-to-weight ratios are 
required. Their widespread use, however, has still not been realized because 
of a number of fundamental issues including high material costs, a relatively 
short history of applications, and gaps in the development of established 
standards. While a good number of technical publications exist, there are 
relatively few sources providing engineers with the information required to 
design structures using FRPs. In an effort to fi ll this apparent gap, we have 
asked for contributions from experts in the fi eld to cover some signifi cant 
aspects of this broad topic. These contributions have raised critical issues 
for existing theories and practices relating to civil engineering structural 
applications. They also show how innovative composites materials can help 
meet these challenges.

Part I discusses general technical issues with chapters on recent develop-
ments in fi ber and fi ber arrangements, biofi bers, processing techniques, 
external strengthening of structures, failure modes and durability assess-
ment. Chapter 1 by Dr Gowayed introduces some of the fi bers typically 
used in composite materials and their formation into fabric layers as well 
as other types of FRP. As the discussion goes into different material con-
fi gurations, the importance of anisotropy in the selection of fi bers and the 
formation of fabrics is also highlighted.

In Chapter 2 by Dr Faruk and Dr Sain, the development of biocompos-
ites reinforced with natural fi bres is discussed. These composites have 
developed signifi cantly over recent years because of their signifi cant 
processing advantages, biodegradability, low cost, low relative density, high 
specifi c strength, and renewable nature. This chapter gives an overview of 
the most common biofi bers in biocomposites covering their sources, types, 
structure, composition, and properties. Drawbacks of biofi bers such as 
dimensional instability, moisture absorption, biological, ultraviolet, and fi re 
resistance are discussed. The chapter also discusses fi ber modifi cation and 
processing of biofi ber reinforced plastic composites. The mechanical and 
physical properties of biocomposites are also reviewed.

Chapter 3 by Drs El-Hajjar, Tan and Pillai introduces the reader to some 
of the recent developments in advanced processing of composite materials 
for manufacturing large composite structures. The goal is to introduce the 
reader to the methods coupling advanced numerical and analytical 
approaches for developing predictive capabilities especially useful for 
larger projects. This chapter also discusses recent developments related to 
the manufacturing of composites using vacuum assisted resin transfer 
molding (VARTM), pultrusion, and automated fi ber placement (AFP) that 
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have been successfully used to create large composite structures for civilian 
engineering applications.

High quality and expedient repair methods are necessary to address 
deterioration that can occur in concrete bridge structures. Most infrastruc-
ture-related applications of fi ber-reinforced plastics (FRPs) use hand lay-up 
methods. Hand lay-up is tedious, labor-intensive and results depend on the 
level of skill of personnel. Chapter 4 by Dr Uddin et al. introduces this 
alternative for the application of FRP composites. VARTM uses single-
sided molding technology to infuse resin over fabrics which can wrap large 
structures such as bridge girders and columns. This chapter investigates the 
shear and fl exural strength gains of a concrete beam reinforced with FRP 
composites using the VARTM method. Tests were conducted to determine 
and document the gains of FRP rehabilitated beams applied by the VARTM 
method compared to the hand lay-up method of application. This newly 
introduced technique was used, for example, to repair and retrofi t a simple 
span I-565 prestressed concrete bridge girder in Huntsville, Alabama 
(USA).

Design safety requires that all possible modes and mechanisms of failure 
are identifi ed, characterized, and accounted for in the design procedures. 
Chapter 5 by Dr Gunes provides a review of the failure types encountered 
in structural engineering applications of FRP and the preventive methods 
and strategies that have been developed to eliminate or delay such failures. 
As part of these preventive measures, various non-destructive testing 
(NDT) and structural health monitoring (SHM) methods used for monitor-
ing FRP applications are discussed with illustrative examples.

Strengthening reinforced con  crete (RC) members using FRP composites 
through external bonding has emerged as a viable technique to retrofi t/
repair deteriorated infrastructure. The interface between the FRP and con-
crete plays a critical role in this technique. In Chapter 6, Dr Wang discusses 
the analytical and experimental methods used to examine the integrity and 
long-term durability of this interface. Interface stress models, including the 
commonly adopted two-parameter elastic foundation model and a novel 
three-parameter elastic foundation model (3PEF) are fi rst presented, which 
can be used as general tools to analyze and evaluate the design of the FRP 
strengthening system. The two interface fracture model, linear elastic frac-
ture mechanics and cohesive zone models are used to analyze the potential 
and full debonding process of the FRP–concrete interface. A novel experi-
mental method, environment-assisted subcritical debonding testing, is then 
introduced to evaluate this deterioration process. A series of subcritical 
cracking wedge tests are then used to help accurately predict the long-term 
durability of the FRP–concrete interface.

Part II reviews innovative FRP applications related to civil engi  neering. 
The author of Chapter 7 is Dr Moy who has extensive experience of 
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the use of FRP products in construction in the USA, Canada, Europe, Asia 
and Australasia. In this chapter, he describes the uses of advanced FRP 
composites in construction applications, the fabrication techniques which 
have driven those uses, and the advice available to someone thinking of 
using these materials. Examples are given of typical products and how they 
are used. The emphasis is on practicalities rather than theory.

In Chapter 8 by Dr Lau, the advantages of hybrid structural systems 
including the cost effectiveness and the ability to optimize the cross section 
based on material properties of each constituent material are presented. In 
this chapter, two major applications of hybrid FRP composites are dis-
cussed: (1) the internal reinforcement in RC structures, and (2) the cable 
in long-span cable-stayed bridges. In order to improve the fl exural ductility 
of FRP-reinforced concrete (FRPRC) beam, the addition of steel longitu-
dinal reinforcement is proposed such that the hybrid FRPRC beam con-
tains both FRP and steel reinforcement. In order to improve the vibrational 
problem in pure FRP cable used in bridge construction, an innovative 
hybrid FRP cable which can inherently incorporate a smart damper is pro-
posed. The objective of this chapter is to deliver the up-to-date develop-
ments in hybrid FRP composite structures including both the industrial 
practice and the research in academia.

Chapter 9 by Dr Uddin et al. presents, for the fi rst time, a fi nite element 
(FE) modeling for fi ber-reinforced polymer (FRP)/autoclave aerated con-
crete (AAC) sandwich panels. The fi nite element analysis(FEA) results are 
compared with the experimental ones and show an acceptable agreement. 
The validation of both results, FE and experimental, concludes that nonlin-
ear FEA modeling could predict accurately the defl ections of the FRP/
AAC panel. Analytical models are presented to predict the defl ection and 
strength of the FRP/AAC panels. Design graphs have been developed to 
help in designing the fl oor and wall panels made from FRP/AAC panels. 
Also, those panels have been compared by the commercially used rein-
forced AAC panels and the results showed that FRP/AAC panels offer a 
relatively cost-effective solution for longer life cycles. Therefore, they have 
the potential to be implemented in high wind and seismic load areas. This 
research would be a major step toward the FE modeling and design of FRP/
AAC panels.

The structural sandwich panels composed of a FRP/AAC combination 
have shown excellent characteristics in terms of high strength and high 
stiffness-to-weight ratios. In addition to adequate fl exural and shear proper-
ties, the behavior of FRP/AAC sandwich panels needs to be investigated 
when subjected to impact loading. During service, the structural members 
in the building structures are subjected to impact loading that varies from 
object-caused impact, blast due to explosions to high velocity impact of 
debris during tornados, hurricanes, or storms. Low velocity impact (LVI) 
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testing serves as a mean to quantify the allowable impact energy that the 
structure is able to withstand and to assess the typical failure modes encoun-
tered during this type of loading. The low velocity impact response of plain 
AAC and FRP/AAC sandwich panels is investigated in Chapter 10 by Dr 
Uddin et al. The chapter includes results from the study on the response of 
plain AAC and CFRP/AAC sandwich structures to low velocity impact and 
to assess the damage performance of the panels, to study the effect of FRP 
laminates on the impact response of CFRP/AAC panels, to study the effect 
of the processing method (hand lay-up versus VARTM) and panels’ stiff-
ness on the impact response of the hybrid panels. Impact testing was con-
ducted using an Instron drop-tower testing machine. Experimental results 
show a signifi cant infl uence of CFRP laminates on the energy absorbed and 
peak load of the CFRP/AAC panels. Further, a theoretical analysis is con-
ducted to predict the energy absorbed of CFRP/AAC sandwich panel using 
the energy balance model, and results are in good accordance with the 
experimental ones.

Today, fi ber-reinforced composite materials are used in a wide range of 
civil infrastructure applications. Most of these applications utilize prepreg 
thermosetting composites, the most common of which is carbon fi ber-rein-
forced polymer. Thermoplastic composites are relatively new materials in 
civil engineering applications and lack the history of use in civil infrastruc-
ture. Limited time has been spent investigating the usage of thermoplastic 
materials. These materials offer comparable material characteristics to ther-
mosetting composites. The ability to readily form these materials using 
epoxy resins makes them much more desirable. Thermoplastic polymers 
have several advantages over thermosets: they can be reshaped by reheat-
ing, are recyclable, are cost-effective, and possess superior impact proper-
ties. They have comparable mechanical properties, higher notched impact 
strength, reduced creep tendency, and very good stability at elevated tem-
peratures in humid conditions. Long fi ber reinforcement thermoplastics 
have signifi cantly higher heat defl ection temperature and better heat aging 
properties than the corresponding short fi ber-reinforced matrix materials. 
Thermoplastic composites typically comprise a commodity matrix such as 
polypropylene (PP), polyethylene (PE), or polyamide (PA) reinforced with 
glass, carbon, or aramid fi bers. Progress in low cost thermoplastic materials 
and fabrication technologies offer new solutions for very lightweight, 
cost effi cient composite structures with enhanced damage resistance and 
sustainable designs.

In Chapter 11 by Dr Uddin and Dr Mousa, a new type of sandwich 
panel called composite structural insulated panels (CSIPs) is developed 
for structural fl oor and wall applications. This new hybrid panel is intended 
to replace the traditional SIPs that are made of wood–based materials. 
CSIPs are made of bi-directional glass-PP facesheets and EPS foam core 
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resulting in a very stiff panel with very high face/core moduli ratio. A 
comprehensive explanation of the CSIP concept, materials characteristics, 
and manufacturing techniques is provided. A detailed analytical modeling 
procedure is developed in order to determine the global buckling, inter-
facial tensile stress at facesheet/core debonding, critical wrinkling stress 
at facesheet/core debonding, equivalent stiffness, and defl ection for CSIPs. 
The proposed models are validated using experimental results that have 
been conducted on full-scale CSIP wall and fl oor panels. The good cor-
relation between the analytical and experimental results demonstrates 
the accuracy of the developed formulas for modeling the behavior of 
CSIPs under different types of loading. In order to be used as a hazard 
resistance material, a detailed section was presented to show the resist-
ance of CSIP elements to the different types of hazard effects that a 
building can experience during its lifetime. The hazards included impact 
loading, fl oodwater effect, fi re effect, and windstorm loading. As noticed 
from the impact testing, CSIPs have excellent performance in terms of 
strength and stiffness compared to traditional SIPs. Further, their impact 
resistance is much stronger than SIPs which recommends CSIPs for areas 
that are prone to windstorm debris. Further, fl ood testing showed that 
CSIPs had insignifi cant strength and stiffness degradations and accordingly 
proved to be a hazard resistant building material that can survive during 
a fl ood event. Finally, the windstorm testing on full-scale CSIPs proved 
that they can withstand high wind loading (up to Category 5) which 
therefore recommends their use as a building material in severe windstorm 
locations.

The primary objective of Chapter 12 by Dr Uddin et al. is to introduce 
and demonstrate the application of thermoplastic (woven glass reinforced 
polypropylene) in the design of modular panelized housing construction. 
Modular panelized construction is a modern form of construction technique 
in which precast multifunctional structural panels are used. In this tech-
nique, precast panels are fabricated in the manufacturing facility and are 
transported to the construction site. Traditional structural insulated panels 
(SIPs) consist of oriented strand boards (OSB) as facesheets and expanded 
polystyrene (EPS) foam as the core. These panels are highly energy effi cient 
but have issues in terms of poor impact resistance and higher life cycle costs. 
Proposed panels consist of E-glass/PP laminates as facesheets and EPS 
foam as core and are termed ‘composite structural insulated panels’ (CSIPs). 
Proposed CSIPs overcome the issues of traditional SIPs and retain all the 
energy saving benefi ts of the traditional SIPs. This chapter covers manufac-
turing techniques developed for CSIPs and connection details for bonding 
CSIPs on the construction site. Based on experimental investigation, ultra-
sonic welding was found to be the most suitable technique for joining the 
proposed CSIPs.
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The primary objective of Chapter 13 by Dr Uddin et al. is to introduce 
and demonstrate the application of thermoplastic (woven glass reinforced 
polypropylene) fi rst, in the design of modular fi ber-reinforced bridge decks, 
and next on the development of jackets for confi ning concrete columns 
against compression and impact loading. The design concept and manu-
facturing processes of thermoplastic bridge deck composite structural 
systems are presented by recognizing the structural demands required to 
support highway traffi c. The deck system is carefully engineered by con-
sidering the structural effi ciency and manufacturing ease of deck compo-
nents. Glass/PP woven tape material is used based on its effective utilization 
to produce structural deck components with fl at geometries and gradual 
radii/curvatures.

The structural system presented possesses several special features that 
contribute to its effectiveness, including the use of curved panels (sine 
ribs) which provide the nonplanar core confi gurations to increase the per-
formance of the bridge deck system. The proposed design is compared to 
two published composite bridge concepts. On the other hand, bridge 
columns are expected to sustain breaching and large inelastic rotation in 
plastic hinges during impact loading, a prime concern for the retrofi t design 
to enhance the breaching and ductility capacity. Ductility will normally be 
provided by column plastic hinges. It is the plastic rotation of potential 
plastic hinge that is of greatest interest. The available plastic rotation 
capacity, and hence the ductility capacity, depends on the distribution of 
transverse reinforcement within the plastic hinge region. Transverse rein-
forcement provides the dual function of confi ning the core concrete, thus 
enhancing its breaching strength and enabling it to sustain higher compres-
sion strains, and restraining the longitudinal compression reinforcement 
against buckling. Most of the current bridge retrofi tting application utilizes 
wet lay-up thermosetting composites, the most common of which is carbon 
fi ber-reinforced polymer. However, FRPs possess a limited strain capacity 
relative to conventional material such as steel. Finally FRP materials are 
relatively expensive. This chapter discusses the results of the small-scale 
static cylinder tests and the impact tests of concrete columns. As sum-
marized in the following, thermoplastic reinforcement jackets act to restrain 
the lateral expansion of the concrete that accompanies the onset of crush-
ing, maintaining the integrity of the core concrete, and enabling much 
higher compression strains (compare to CFRP composites wrap) to be 
sustained by the compression zone before failure occurs. The impact tests 
were conducted to assess the energy absorption capacity of three concrete 
columns strengthened by PP confi nement, a carbon/epoxy confi ned, and 
one unconfi ned control specimen. All the results conclusively demonstrated 
the superior impact resistant properties of PP wrapped specimens over 
the CFRP.



xxx Introduction

© Woodhead Publishing Limited, 2013

Chapter 14 by Drs Kitane and Aref fi rst reviews current structural appli-
cations of FRP composites in bridge structures, and describes the advan-
tages of FRP in bridge applications. This chapter then introduces the design 
of a hybrid FRP–concrete bridge superstructure, which has been developed 
at the University at Buffalo for the past ten years, and discusses the struc-
tural performance of the superstructure based on extensive experimental 
and analytical studies. The concept of the hybrid design is a very prudent 
way to design a structure because different materials can be used effi ciently 
where they perform best. In this chapter, the hybrid FRP–concrete bridge 
superstructure is introduced, where the novel concept of the hybrid FRP–
concrete design is applied. The trial design of the bridge superstructure was 
proposed, and its structural performance was investigated through detailed 
FEA and a series of static and fatigue loading tests. In addition, simple 
methods of analysis for this hybrid bridge superstructure were also pro-
posed. Results from the research to date showed that the proposed hybrid 
bridge superstructure has excellent structural performance, and the hybrid 
FRP–concrete system for the bridge superstructure is highly feasible from 
a structural engineering point of view.

Dr Dawood in Chapter 15 summarizes the recent advances in the use 
of FRP materials for repair, rehabilitation, and strengthening of steel 
structures. Conventional methods of strengthening and repairing steel 
structures are presented. The advantages and limitations of using FRP 
materials are summarized. Topics presented include strengthening of fl exu-
ral members, strengthening with prestressed FRP materials, stress-based 
and fracture mechanics-based approaches to evaluating bond behavior, 
repair of cracked steel members, and strengthening of slender members 
subjected to compression forces. The chapter concludes with a brief dis-
cussion of future trends in this fi eld and a summary of other resources 
for further information.

Chapter 16 by Drs Liang and Hota deals with FRP composites for envi-
ronmental engineering applications. Environmental engineering covers a 
wide range of applications from applying science and engineering principles 
to improve the natural environment (air, water, and land resources), to 
providing healthy water, air, and land for human habitation (house or 
home) and for other organisms, and to remediating environmental pollution 
issues. It directly deals with environmental sustainability issue that our 
planet Earth is currently facing. It would be impossible for this chapter to 
provide a complete coverage on the applications of FRP composites in 
environmental engineering. Instead, this chapter will introduce a number 
of select FRP fi eld applications related to environmental engineering, that 
the authors have recently been involved with or are currently researching, 
including: 1) gas and oil storage tank; 2) decking for ocean environment; 
3) cold water pipe for ocean thermal energy conversion power generation; 
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4) cooling water tower; 5) chimney liners; 6) environmentally-friendly utility 
poles; 7) corrosion resistant pipelines; 8) rock bolt for underground mining; 
9) modular buildings of environmental durability; 10) engineered recycled 
rail-road tie; and 11) green composites. Finally, design codes and specifi ca-
tions to promote and advance the applications of FRP composites along 
with future research directions on composite materials are presented with 
emphasis on durability and sustainability.

Structures produced from all fi ber-reinforced polymer or plastic (FRP) 
composites have shown to provide effi cient and economic applications in 
industrial and public works, termed civil infrastructure. Chapter 17 by Dr 
Qiao and Dr Davalos presents a systematic analysis and design methodol-
ogy for all-FRP composite structures. Research on analysis of FRP com-
posites in civil infrastructure is fi rst reviewed, and a ‘bottom-up’ analysis 
concept is introduced based on a systematic approach for material charac-
terization, analysis, and design of all-FRP composite structures. Concepts of 
micro/macromechanics and member/system properties and characteriza-
tions are introduced for the analyses of: (1) constituent (fi ber and matrix) 
materials and plies, (2) laminated panels, (3) structural members and compo-
nents, (4) honeycomb cores, (5) thin-walled cellular and honeycomb sandwich 
panels, and (6) structural systems. Step-by-step design guidelines are pre-
sented for: (1) FRP structural shapes, accounting for bending, shear, local/
global buckling, and material failure; and (2) FRP deck-and-stringer systems, 
based on equivalent properties for cellular or honeycomb decks and using 
a fi rst-order shear-deformation macro-fl exibility analysis. The ‘bottom-up’ 
analysis concept and systematic design methodology described in this 
chapter can be used in practice by structural engineers concerned with 
design of FRP composite structures, and the guidelines provided for analysis 
and design can be used to develop new effi cient FRP sections and to design 
FRP structural systems.

The book should appeal to all those concerned with the innovative appli-
cation of FRP for civil engineering structures in both military and civil 
sectors. With its team of expert contributors who refl ects many years of 
specialized experience, including the private, governmental, and academic 
perspectives, the book will be a standard reference in many fi elds of engi-
neering such as fi ber-reinforced polymer composites, engineering mecha-
nics, numerical analysis, materials science and engineering, and structural 
engineering. It can serve as the text for advanced materials course on civil 
engineering, and materials science and engineering.
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Abstract: Biofi bers are emerging as a low cost, lightweight and 
environmentally superior alternative in composites. Generally, different 
fi bers exhibit different properties that are fundamentally important to 
the resultant composites. This chapter gives an overview of the most 
common biofi bers in biocomposites, covering their sources, types, 
structure, composition, and properties. Drawbacks of biofi bers, such as 
dimensional instability, moisture absorption, biological, ultraviolet 
and fi re resistance, will be discussed. The chapter will focus on their 
modifi cations (physical and chemical methods), matrices based on their 
petrochemical resources and bio-based, processing of biofi ber reinforced 
plastic composites covering the factors infl uencing processing (humidity, 
additives, machinery, processing parameter, fi ber content and length), 
and processing techniques (compounding, compression molding, 
extrusion, injection molding, pultrusion and others) will be discussed. 
The properties of the biocomposites based on their mechanical, physical, 
and biological behavior will also be covered. Lastly, this chapter 
concludes with recent developments and trends of biocomposites in the 
near future in civil engineering.

Key words: biofi ber, dimensional instability, moisture absorption, 
biopolymer, modifi cation, compression molding, extrusion, injection 
molding, pultrusion, mechanical properties, physical properties, biological 
properties.

2.1 Introduction

Recent advances within the worldwide biocomposites research community 
are just beginning to lead to the early stages of a fundamental understand-
ing of the relationships between materials, process, and composites per-
formance properties. Biocomposites products have created substantial 
commercial markets for value-added products and have become popular 
for building and construction, automotive, interiors and internal fi nishes, 
garden and outdoor products, industrial and infrastructure and other low-
volume, niche applications. The list of areas of application is seemingly 
endless and continues with products such as decking, railing, fencing, roofi ng, 
automotive interior panels, automotive door and head liners, skirting boards, 
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etc. A recent market study found that the global natural fi ber composites 
market reached US$2.1 billion in 2010. Current indicators are that demand 
for natural fi bers will continue to grow rapidly worldwide. The use of 
natural fi ber composites has increased substantially in the construction and 
automotive sectors, with electronic, electrical, and consumer goods as 
emerging market segments over the last fi ve years. According to estimates, 
over the next 5 years (2011–2016), the natural fi ber composites market is 
expected to grow 10% globally. Newest survey results show that the use of 
wood plastic composites in Europe is increasing by 10% annually. The 
demand for wood plastic composites is expected to advance more than 10% 
per year to $5.6 billion by 2013 in the USA. Consumer acceptance of these 
products will be driven as they come to be seen replacements for more 
traditional materials. According to the report, decking will remain the 
leading application, and windows and doors will be among the fastest 
growing types of application.

Wood plastic composite (WPC) application is even more extensive in 
China [1]. In recent years, windows, doors, thermal insulating systems, park 
benches, garden sheds, and sun screens for tower buildings, have all been 
made from WPC in China. The growth of WPC production in China is at a 
level of 30% per year and is predicted to increase by up to 5 million tons 
per year between now and 2015.

The development of wood and natural fi ber composites depends on their 
performance and sustainability. By the time that biocomposite materials 
and associated design methods are suffi ciently mature to allow their wide-
spread use, issues related to civil engineering construction material sustain-
ability are likely to have become paramount in material choice. The 
development of methods, systems, and standards could see biocomposite 
materials at a distinct advantage over traditional materials. There is a sig-
nifi cant research effort underway to develop biocomposite materials and 
explore their use in civil engineering applications. This research needs to 
continue in conjunction with development of conventional composite mate-
rials in order to provide a solution in the future which will allow wider use 
of the biocomposite materials in civil engineering applications.

2.2 Reinforcing fi bers

The twenty-fi rst century could be called the cellulosic century, because 
more and more renewable plant resources for products have been discov-
ered. It has generally been claimed that natural fi bers are renewable and 
sustainable, but they are in fact neither. The living plants are renewable 
and sustainable from which the natural fi bers are taken, but not the fi bers 
themselves. Among the most used natural fi bers, fl ax, jute, hemp, sisal, 
ramie, and kenaf fi bers have been extensively researched and employed in 
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different applications. But nowadays, abaca, pineapple leaf, coir, oil plam, 
bagasse, and rice husk fi bers are gaining interest and importance in both 
research and applications due to their specifi c properties and availability.

It should be mentioned that there are also shortcomings: lack of consist-
ency of fi ber qualities, high level of variability in fi ber properties related to 
location and time of harvest, processing conditions, and their sensitivity to 
temperature, moisture, and UV radiation. A multi-step manufacturing 
process is required in order to produce high-quality natural fi bers, which 
contributes to the cost of high-performance natural fi bers.

2.2.1 Fiber source

The plants that produce natural fi bers are classifi ed as primary or secondary 
depending on their utilization. Primary plants are those grown for their 
fi ber content, while secondary plants are plants in which the fi bers are pro-
duced as a by-product. Jute, hemp, kenaf, and sisal are examples of primary 
plants. Pineapple, oil palm, and coir are examples of secondary plants. Table 
2.1 shows the main fi ber types used commercially in composites, which are 
now produced throughout the world [2, 3].

2.2.2 Fiber types

There are six basic types of natural fi bers according to their botanical origin. 
They are classifi ed as follows:

• bast fi bers (such as jute, fl ax, hemp, ramie, and kenaf)
• leaf fi bers (such as abaca, sisal, agave, and pineapple)

Table 2.1 Commercial major fi ber sources

Fiber source World production (103 tonnes)

Bamboo 30,000
Jute 2,300
Kenaf 970
Flax 830
Sisal 378
Hemp 214
Coir 100
Ramie 100
Abaca 70
Sugar cane bagasse 75,000
Grass 700
Wood 1,750,000
Satks (corn, cotton) 1,145,000
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• seed fi bers (such as coir, cotton, oil palm, rice hulls, and kapok)
• core fi bers (such as kenaf, hemp, and jute)
• grass and reed fi bers (such as bagasse, bamboo, Johnson grass, wheat, 

corn, and rice)
• other types (such as wood and roots).

2.2.3 Structure and chemical composition

Climatic conditions, age, and the degradation process infl uence not only the 
structure of fi bers, but also the chemical composition. The major chemical 
component of a living tree is water. However, on a dry basis, all plant cell 
walls consist mainly of sugar-based polymers (cellulose, hemi-cellulose) that 
are combined with lignin with lesser amounts of extractives, protein, starch, 
and inorganics. The chemical components are distributed throughout the 
cell wall, which is composed of primary and secondary wall layers. The 
chemical composition varies from plant to plant, and within different parts 
of the same plant. Table 2.2 [4–7] shows the range of the average chemical 
constituents for a wide variety of plant types.

2.2.4 Properties

The properties of natural fi bers differ among cited works for various 
reasons: different fi bers were used, there were different moisture conditions, 

Table 2.2 Chemical composition of some common natural fi bers

Fiber
Cellulose
(wt%)

Hemicellulose
(wt%)

Lignin
(wt%)

Waxes
(wt%)

Bagasse 55.2 16.8 25.3 –
Bamboo 26–43 30 21–31 –
Flax 71 18.6–20.6 2.2 1.5
Kenaf 72 20.3 9 –
Jute 61–71 14–20 12–13 0.5
Hemp 68 15 10 0.8
Ramie 68.6–76.2 13–16 0.6–0.7 0.3
Abaca 56–63 20–25 7–9 3
Sisal 65 12 9.9 2
Coir 32–43 0.15–0.25 40–45 –
Oil palm 65 – 29 –
Pineapple 81 – 12.7 –
Curaua 73.6 9.9 7.5 –
Wheat straw 38–45 15–31 12–20 –
Rice husk 35–45 19–25 20 14–17
Rice straw 41–57 33 8–19 8–38
Wood 45–50 20–30 22–30 0–10
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Table 2.3 Physico-mechanical properties of natural fi bers and synthetic fi bers

Fiber
Tensile 
strength (MPa)

Young’s 
modulus (GPa)

Elongation 
at break (%)

Density 
(g/cm³)

Abaca 400–760 12 3–10 1.5
Bagasse 290 17 – 1.25
Bamboo 140–230 11–17 – 0.6–1.1
Flax 345–1,500 27.6 2.7–3.2 1.5
Hemp 690 70 1.6 1.48
Jute 393–800 26.5 1.5–1.8 1.3
Kenaf 930 53 1.6 –
Sisal 468–700 9.4–22 3–7 1.5
Ramie 400–938 61.4–128 2.5 1.5
Oil palm 248 3.2 25 0.7–1.55
Pineapple 413–1627 34.5–82.5 1.6 0.8–1.6
Coir 131–220 4–6 15–40 1.2
Curaua 500–1,150 11.8 3.7–4.3 1.4
Soft wood 1,000 40 1.5 1.5
E-glass 3,400 73 2.5 2.55
Kevlar 3,000 60 2.5–3.7 1.44
Carbon 3,400–4,800 240–425 1.4–1.8 1.78

and different testing methods were employed. A single natural fi ber is a 
three-dimensional, biopolymer composite composed mainly of cellulose, 
hemicelluloses, and lignin, with minor amounts of free sugars, starch, 
protein, extractives, and inorganics. The performance of a given fi ber used 
in a given application depends on several factors, including the chemical 
composition, cell dimensions, microfi brillar angle, defects, structure, physi-
cal properties, mechanical properties, the interaction of a fi ber with the 
composite matrix, and how that fi ber or fi ber/matrix performs under a given 
set of environmental conditions. Table 2.3 [4, 5] illustrates the important 
physico-mechanical properties of commonly used natural fi bers.

In order to expand the use of natural fi bers for composites, the avail-
ability of information about the fi ber characteristics and the factors which 
affect performance of that fi ber are essential. It is also necessary to know 
the factors which affect the performance of a given fi ber in a given 
application.

2.3 Drawbacks of biofi bers

The using of biofi bers in building materials has some disadvantages such 
as low modulus elasticity, high moisture absorption, decomposition in alka-
line environments or in biological attack, and variability in mechanical and 
physical properties [8]. It has been observed that dimensional stability, 
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fl ammability, biodegradability, and degradation are attributed to acids bases 
and UV radiation that alters the biocomposites back into their basic build-
ing blocks (carbon dioxide and water).

2.3.1 Dimensional instability

Dimensional changes are one of the main problems of using natural fi bers 
in composites, in particular expansion in thickness. Linear expansion is the 
result of reversible and irreversible swelling, which is caused by the release 
of residual compressive stresses imparted to the composite material during 
the composite pressing process. Therefore, dimensional instability of natural 
fi bers restricts their further use in composites applications. However, the 
dimensional stability of natural fi bers could be improved by bulking 
the fi ber cell wall with simple bonded chemicals, and by impregnation of 
the cell wall with water-soluble polymers. For example, acetylation of the 
cell wall polymers by using acetic anhydride could improve the dimensional 
stability and biological resistance of fi bers in composites.

2.3.2 Moisture absorption

Another problem in building components such as decking, fencing, etc., 
manufactured from biocomposites is absorbing moisture from the environ-
ment. Due to the presence of hydroxyl and oxygen-containing groups in 
biofi bers, moisture is attracted through hydrogen bonding, and the end 
effect is the dimensional changes in products. The noncrystalline cellulose, 
lignin, hemicelluloses in the biofi bers, and the surface of crystalline cellulose 
have effects on the moisture absorption. Table 2.4 [3] shows the equilibrium 
moisture content of some natural fi bers.

Table 2.4 The equilibrium moisture content of different natural fi bers 
at 65% relative humidity (RH) and 21°C

Fiber Equilibrium moisture content (%)

Sisal 11
Hemp 9.0
Jute 12
Flax 7
Abaca 15
Ramie 9
Pineapple 13
Coir 10
Bagasse 8.8
Bamboo 8.9
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2.3.3 Biological resistance

Biodegradability of biocomposites is attributed to the organisms that have 
specifi c enzyme systems to hydrolyze the carbohydrate polymers in the cell 
wall into digestible units. By cellulose degradation through oxidation, 
hydrolyses, and dehydration reactions, the strength reduces. There are 
several methods for improving the biological resistance of natural fi bers in 
biocomposites. First, by bonding chemicals to the cell wall polymers, biologi-
cal resistance increases because of the lowering of the moisture content 
below that required for microorganism attack. Another solution is to use 
toxic chemicals in composites to avoid biological attack.

2.3.4 Ultraviolet resistance

The problem for biocomposite products that are exposed outdoors, such as 
decking and fencing, is photochemical degradation because of UV light. The 
main reason for UV degradation is the presence of lignin which is respon-
sible for color alteration. Whenever lignin degrades, the content of the 
cellulose, which is less susceptible to the UV light degradation, increases in 
the surface. Therefore, by lignin degradation, the weakly bonded carbohy-
drate-rich fi bers erode from the surface and new lignin is exposed to extra 
degradative reactions. This ‘weathering’ process results in the rough surface 
of biocomposite products. The following methods are available to overcome 
this problem: bonding chemicals to the cell wall polymers that decrease the 
lignin degradation, and adding polymers to the cell matrix to keep the 
structure of the degraded fi bers together.

2.3.5 Fire resistance

Fire resistance of biocomposite products could be improved by introducing 
fl ame retardants. The function of fl ame retardants is to decrease/avoid 
combustibility of the biocomposites. The fl ame retardants act physically by 
cooling (endothermic process), thinning (addition of fi llers which thins the 
fl ammable materials in solid or gaseous phase) and by formation of a pro-
tective fi lm coating which isolates the material from the fi re source.

2.4 Modifi cation of natural fi bers

Natural fi ber-based composites are being developed that could benefi t 
from a thorough and fundamental understanding of the fi ber surface. 
These products may require new adhesive systems to reach their full 
commercial potential. The extent of the fi ber–matrix interface is signifi cant 
for the application of natural fi bers as reinforcement fi bers for plastics. 
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An exemplary strength and stiffness could be achieved with a strong 
interface, which is very brittle in nature with easy crack propagation 
through the matrix and fi ber. The effi ciency of stress transfer from the 
matrix to the fi ber could be reduced with a weaker interface.

2.4.1 Physical methods

The reinforcement of fi bers can be modifi ed using physical methods, such 
as stretching, calendaring, thermotreatment, and the production of hybrid 
yarns. Physical treatments change the structural and surface properties of 
the fi ber and thereby infl uence the mechanical bonding of polymers. Physi-
cal treatments do not extensively change the chemical composition of the 
fi bers. Therefore the interface is generally enhanced via an increased 
mechanical bonding between the fi ber and the matrix. Corona treatment is 
one of the most interesting techniques for surface oxidation activation. This 
process changes the surface energy of the cellulose fi bers. Plasma treatment 
is another physical treatment method and is similar to corona treatment. 
The property of plasma is exploited by the method to induce changes on 
the surface of a material. A variety of surface modifi cations can be achieved 
depending on the type and nature of the gases used.

2.4.2 Chemical methods

Cellulose fi bers, which are strongly polarized, are inherently incompatible 
with hydrophobic polymers due to their hydrophilic nature. In many cases, 
it is possible to induce compatibility in two incompatible materials by intro-
ducing a third material that has properties intermediate between those of 
the other two. The development of a defi nite theory for the mechanism of 
bonding using coupling agents in composites is a complex problem. The 
main chemical bonding theory alone is not suffi cient. So consideration of 
other concepts appears to be necessary. These include the morphology of 
the interphase, the acid-base reactions in the interface, surface energy, and 
the wetting phenomena.

Chemical modifi cations of natural fi bers aimed at improving the adhe-
sion within the polymer matrix using different chemicals have been inves-
tigated. The surface energy of fi bers is closely related to the hydrophilic 
nature of the fi ber. Some investigations are concerned with methods to 
decrease hydrophility. Silane coupling agents may contribute hydrophilic 
properties to the interface, especially when amino-functional silanes, such 
as epoxies and urethane silanes, are used as primers for reactive polymers. 
An old method of cellulose fi ber modifi cation is alkaline treatment or 
mercerization; it has been widely used on cotton textiles. Mercerization is 
an alkali treatment of cellulose fi bers which is dependent on the type and 
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concentration of the solution, its temperature, time of treatment, tension 
of the material as well as on the additives. Acetylation is another method 
of modifying the surface of natural fi bers and making them more hydro-
phobic. It describes the introduction of an acetyl functional group into an 
organic compound. The main idea of acetylation is to coat the OH groups 
of fi bers which are responsible for their hydrophilic character with mole-
cules that have a more hydrophobic nature. The most important and 
popular grafting method is the application of maleic anhydride modifi ed 
polymers as compatibilizers in natural fi ber composites. There are numer-
ous published studies in which the effect of maleic anhydride grafting on 
the mechanical properties of natural fi bers has been investigated and it is 
impossible to list all of them here.

2.5 Matrices for biocomposites

The shape, surface appearance, environmental tolerance, and overall dura-
bility of composites are dominated by the matrix while the fi brous rein-
forcement carries most of the structural loads, thus providing macroscopic 
stiffness and strength. The polymer market is dominated by commodity 
plastics with 80% based on non-renewable petroleum resources. Govern-
ments, companies, and scientists are striving to fi nd an alternative matrix to 
the conventional petroleum-based matrix given public awareness of the 
environment, climate change, and limited fossil fuel resources. Therefore 
biobased plastics, which consist of renewable resources, have experienced 
a renaissance in the past decades. Figure 2.1 shows that the matrices cur-
rently used in biofi ber composites depend on biobased or petroleum-based 
plastics and also on their biodegradability [9].

2.5.1 Petrochemical-based

The effects of the incorporation of natural fi bers in petrochemical-based 
thermoplastics and thermoset matrices were extensively studied. Poly-
propylene (PP), polyethylene (PE), polystyrene (PS), and PVC (polyvinyl 
chloride) were used for the thermoplastic matrices. Polyester, epoxy resin, 
phenol formaldehyde, and vinyl ester were used for the thermoset matri-
ces and are reportedly the most widely used matrices for natural fi ber-
reinforced polymer composites.

Thermoplastic

The mechanical properties, deformation and fracture, thermal diffusivity, 
thermal conductivity, and specifi c heat of fl ax fi ber/HDPE biocomposites 
were evaluated [10, 11]. Sisal fi ber-reinforced PE [12] and HDPE [13, 14] 
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composites were examined regarding their interfacial properties, isothermal 
crystallization behavior and mechanical properties.

Traditionally the mechanism of moisture absorption is defi ned by diffu-
sion theory; but the relationship between the microscopic structure-infi nite 
3D-network and the moisture absorption could not be explained. Wang 
et al. [15] introduced the percolation theory and a percolation model was 
developed to estimate the critical accessible fi ber ratio, and ultimately, the 
moisture absorption and electrical conduction behavior of composites. At 
high fi ber loading when fi bers are highly connected, the diffusion process 
is the dominant mechanism; while at low fi ber loading close to and below 
the percolation threshold, the formation of a continuous network is key and 
hence percolation is the dominant mechanism. The model can be used to 
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estimate the threshold value which can in turn be used to explain moisture 
absorption and electrical conduction behavior. Figure 2.2 shows the incre-
ment of electrical conductivity with the increasing moisture content of 
composite with 65% rice hull fi ber loading. The composite started showing 
conductivity after it absorbed approximately 50% of maximum moisture. 
After this, conductivity increased quickly with further moisture absorption. 
The pattern of the increment of electrical conductivity suggests a diffusion 
process of moisture absorption.

Bledzki et al. [16] examined the mechanical properties of abaca fi ber-
reinforced PP composites regarding different fi ber lengths (5, 25, and 
40 mm) and different compounding processes (mixer-injection molding, 
mixer-compression molding, and direct compression molding). It was 
observed that, with increasing fi ber length (5 mm to 40 mm), the tensile 
and fl exural properties showed an increasing tendency though not a 
signifi cant one. Among the three different compounding processes com-
pared, the mixer-injection molding process displayed a better mechanical 
performance (tensile strength is around 90% higher) than the other 
processes.

The environmental performance of hemp fi ber-reinforced PP composites 
based on natural fi ber mat thermoplastic (NMT) were evaluated by quan-
tifying carbon storage potential and CO2 emissions and comparing the 
results with commercially available glass fi ber composites [17].

Figure 2.3 shows CO2 emissions in t/t of composite for both natural and 
glass fi bers. These values are estimated by converting energy into CO2 
emissions using standard conversion factors for different fossil fuels. The 
heat energy liberated by incineration of hemp fi ber and PP is also added 
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in non-renewable energy requirements to make calculations simpler. The 
results demonstrate a net reduction in emissions of 3 t CO2/t of product 
if glass fi bers are substituted by hemp fi bers.

Only limited studies were reported regarding the usage of PS and PVC 
as matrices for natural fi bers. The mechanical behavior [18] and the rheo-
logical properties [19] of PS composites reinforced with sisal fi bres were 
studied. The impact properties of PVC composites reinforced with bamboo 
fi bers [20] and the interfacial modifi cation of bagasse fi ber [21] reinforced 
PVC composites were also evaluated.

Thermosets

The hybrid effect on the mechanical properties of abaca and sisal fi ber-
reinforced polyester composites was evaluated [22]. A positive hybrid effect 
was observed for the fl exural properties. The tensile strength was found to 
be increased when the volume fraction of banana increased. A negative 
effect was observed for the impact properties.

The effect of fi ber treatment on the mechanical properties of unidirec-
tional sisal/epoxy composites was reported [23]. Ganan et al. [24] evaluated 
the mechanical and thermal properties of sisal/epoxy composites as a func-
tion of fi ber modifi cation.

Phenolic resins show superior fi re resistance to other thermosetting 
resins. Sreekala et al. [25–29] extensively investigated oil palm fi ber rein-
forcement in phenolic resins. The fi ber surface modifi cation [25], a compari-
son of mechanical properties to glass fi ber/phenolic resin composites [26], 
the dynamic mechanical properties regarding the fi ber content and hybrid 
fi ber ratio [27], the water absorption [28] and stress–relaxation behavior 
[29] of oil palm/phenolic resin composites were evaluated.
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2.5.2 Biobased

Public concerns about the environment, climate change and limited fossil 
fuel resources are important driving forces, which motivate researchers to 
fi nd alternatives to crude oil. Biobased plastics may offer important contri-
butions by reducing the dependence on fossil fuels and, in turn, the related 
environmental impacts. Biopolymers have experienced a renaissance in 
recent years. Many new polymers have been developed from renewable 
resources, such as starch, which is a naturally occurring polymer that was 
rediscovered as plastic material. Others are polylactic acid (PLA) that can 
be produced via lactic acid from fermentable sugar and polyhydroxyal-
kanoate (PHA), which can be produced from vegetable oils next to other 
biobased feed stocks.

Bledzki et al. [30] investigated PLA biocomposites with abaca and 
man-made cellulose fi bers and compared these to PP composites. The 
composites were processed using combined molding technology: fi rst a 
two-step extrusion coating process was carried out and consecutively an 
injection molding was completed. With man-made cellulose of 30 wt%, 
the tensile strength and modulus increased by factors of 1.45 and 1.75 
times in comparison to neat PLA. Reinforcing with abaca fi bers (30 wt%) 
enhanced both the E-modulus and the tensile strength by factors of 2.40 
and 1.20, respectively.

Polyhydroxybutyrate-co-valerate (PHBV) bioplastic was reinforced with 
fl ax [31], hemp [32], and bamboo [33] fi bers. The mechanical, thermo-
mechanical and morphological properties were evaluated. A soy-based bio-
degradable resin matrix was applied to bamboo [34], and pineapple leaf 
[35] fi ber-reinforced composites.

The petroleum-derived thermoplastics PP and PE are the two most com-
monly employed thermoplastics in natural fi ber-reinforced composites. 
There is increasing interest in developing biocomposites with a thermoplas-
tic rather than thermoset matrix, mainly due to their recyclability. Also the 
choice of a thermoplastic matrix fi ts well within the eco-theme of biocom-
posites, but there are some important limitations on the recyclability and 
mechanical performance of thermoplastics. Generally, the mechanical pro-
perties of thermosets are higher than the thermoplastic (lower modulus and 
strength). In addition, a dramatic loss in properties is observed above the 
glass transition temperature, which leads to a decrease in other thermally 
sensitive properties such as creep resistance. On the contrary, thermoplastics 
show greater fracture toughness than thermosets and thus are more useful 
in resisting impact loads. Another remarkable change to happen in recent 
years has been the increased introduction of biopolymers with the aim 
of decreasing reliance on petroleum-based thermoplastics. The availability 
and outstanding mechanical properties of biopolymer PLA have led to 
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this matrix system being one of the most thoroughly investigated in the 
biocomposites research area.

2.6 Processing of biofi ber-reinforced 

plastic composites

The application of natural fi bers in plastic technologies required an adjust-
ment to the available processing methods. New materials establish new 
application fi elds. The aim is to get high-strength engineering composites. 
In order to achieve this, innovative technologies and process solutions need 
to be intensively researched, in addition to new material combinations. New 
processing aids are only one possible way. New combined molding tech-
niques are the trend of the future. A combination of extrusion and injection 
molding machines within one unit, the so-called IMC (Injection Moulding 
Compounder by Krauss-Maffei), improves composite properties and leads 
to cost reduction in manufacture.

Drying fi bers before processing is important, because water on the surface 
acts like a separating agent in the fi ber–matrix interface. The moisture 
content at a given relative humidity can have a great effect on the biological 
performance of a composite made from cellulosic fi bers. A composite made 
from pennywort fi bers would have a much greater moisture content (57%) 
at 90% RH humidity than would a composite made from bamboo fi bers 
(15%). The pennywort product would be much more prone to decay com-
pared to the bamboo product.

Another infl uencing factor is the correct choice of the right fi ber type 
and content, which is generally essential for furthering the sustainability of 
the composite. Besides fi ber type and content, the fi ber length and its geom-
etry play a decisive role in composites. Usually, most mechanical properties 
of a fi ber can be enhanced by increasing the aspect ratio [36]. The main 
differences between organic fi llers, wood fl our, and natural fi bers are their 
geometrical form and chemical composition. For example, wood fl our con-
tains particles that are mostly cubic or spherical, while natural fi bers are 
longish (fi brous), with a high aspect ratio (length/diameter). Organic fi llers, 
such as rice, rye, and wheat hull, contain much more silicates than natural 
fi bers. The addition of natural fi bers or other organic fi llers can infl uence 
processing; thus some negative effects such as corrosion or abrasion of the 
screws, the barrel, and the mold can appear. It is also important to consider 
that in some cases selected processing parameters need to be changed. 
Furthermore, fi ber composite compounding and processing methods deter-
mine the fi ber length. The compounding process signifi cantly infl uences the 
shortening, fi brillation, as well as the thermal deterioration of the fi bers in 
the early stages; the fi nal properties of the product are already determined 
at the beginning of the production process [37]. In general an increasing 
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content of organic fi llers or natural fi bers decreases mold viscosity drasti-
cally. For this reason, some of the processing parameters need to be changed.

Fiber contents also affect the odor concentrations of the natural fi ber 
composites. Odor concentrations of abaca fi ber–PP composites with fi ber 
content 20 wt% to 50 wt% have also been measured [38]. It is seen that 
odor concentration increased signifi cantly with increasing fi ber content of 
the abaca–PP composites, as illustrated in Fig. 2.4. Compression molding 
showed relatively lower odor concentrations, which is favorable for the 
automotive sector. It seems that injection molding decomposes the com-
posite materials more than compression molding which results in higher 
odor concentration.

2.6.1 Compounding

Compounding is of key importance for obtaining materials with appropri-
ate processing characteristics. Before biofi ber-reinforced composites can 
be processed into a fi nal product, they usually have to undergo compound-
ing. Not only the base materials, but also the choice of additives determines 
the properties of the fi nished product. Compounding is the process of 
imparting the desired distribution to two or more components that may 
be present in solid or liquid form. The fi bers and additives are dispersed 
in the molten polymer to produce a homogeneous blend. The developed 
available processes for compounding are to use either batch (e.g., internal 
and thermo-kinetic mixers) or continuous mixers (e.g., extruders, knead-
ers). The processing parameters (e.g., residence time, shear, and tempera-
ture) are easier to control in batch systems, whereas the continuous 
compounding systems do not have the problem of variations in batch-to-
batch quality [39].
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2.4 Infl uence of fi ber load on the odor concentration of abaca fi ber–PP 
composites.
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2.6.2 Compression molding

Thermoplastic biofi ber-reinforced composites are distinguished from 
thermoset-reinforced composites primarily by a high elongation at break, 
short cycle times and the possibility of recycling. The compression molding 
process has proved suitable for the production of profi les with any thermo-
plastic prepreg. Compression molding forms the thermoplastic prepreg 
gently into the required shape without overcompressing the material. The 
different layer orientations are thus retained after molding.

Whole and split wheat straws with lengths up to 10 cm were used with 
PP to make lightweight composites by means of the compression molding 
process [40].

2.6.3 Extrusion

The extrusion process is required so as to be able to melt the polymer and 
mix the molten polymer with the wood fi ber, thus producing a wood plastic 
composite. By doing so, a homogeneous melt is achieved. The remaining 
moisture can be removed through vacuum venting. The extruder then com-
presses the blend, passing it through the die. Processing should not be 
detrimental to the wood fi ber. Single-screw and twin-screw extruders that 
run co- or counter-rotating, conical and co-extrusion are used for wood 
plastic composites. Single-screw extruders are used when the mixing effect 
does not have to be very high. As a rule, co-rotating twin-screw extruders 
are used in the production of granules (compounding) or in the processing 
of wood fi ber-reinforced plastics. Due to the excellent mixing effect of the 
twin-screw extruder, the wood fi ber material can be homogeneously distrib-
uted and wetted in the thermoplastic melt.

HDPE composites with bagasse [41] and curaua [42] fi ber-reinforced 
HDPE composites were obtained by the extrusion process. Curaua 
fi bers were also reinforced with PA-6 by using a co-rotating twin-screw 
extruder [43].

2.6.4 Injection molding

Injection molding makes it possible to produce complex geometric compo-
nents with functional elements quickly and in great numbers. Injection 
molding requires a polymer with a low molecular weight, so as to maintain 
a low viscosity. By contrast, extrusion requires a polymer with a higher 
molecular weight for better melt strength. Injection molding offers a number 
of advantages compared to compression moulding [44], including econom-
ics of scale, minimal warping and shrinkage, possibility of high function 
integration, the possibility of employing recycling material, and the fact that 
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hardly any fi nishing is needed. In injection molding the raw material is 
usually added as granules to the injection molding machine and melted into 
a fl uid mass. The plasticized thermoplastic material is then injected into the 
form under high pressure. The reinforcing fi bers infl uence the injection 
molding process when fi ber-reinforced granules are used.

Injection-molded fl ax, hemp, core hemp, bleached kraft pulp (BKP), 
and wood fl our-reinforced PP composites were prepared and the effect 
of MAPP on the mechanical properties was investigated [45] (see Table 
2.5). Bledzki et al. [46] investigated the different separation processes 
(mechanical, refi ner, and enzymatic separation) with injection molded 
hemp and partially with fl ax and wheat straw-reinforced PP composites. 
It was found that thermomechanical processed hemp fi ber–PP composites 
possessed better mechanical properties compared to other processes and 
composites.

2.6.5 Resin transfer molding

Resin transfer molding (RTM) is a method for the production of compo-
nent parts made of fi ber–plastic composites. During the RTM procedure, 
dry semi-fi nished fi ber parts are streamed and subsequently soaked with 
reaction resin by a pressure gradient within a closed vessel. The component 
hardens within the vessel. The pressure gradient can be produced by evacu-
ation of the vessel or by admission of the resin with high pressure. The 
following methods can be distinguished with regard to the admission by the 
pressure gradient: high pressure injection, twin wall injection, vacuum injec-
tion, differential pressure injection.

Hemp fi ber–unsaturated polyester composites were manufactured using 
a resin transfer molding (RTM) process [47]. The hemp fi ber composites 
manufactured with the RTM process were found to have a very homoge-
neous structure with no noticeable defects [48]. The tensile, fl exural, and 

Table 2.5 Effect of fi ller type on mechanical strength performance of fi lled PP 
composites (40% fi ller, 2% compatibilizer)

Fiber type BKP Flax
Milled 
hemp

Core 
hemp

Wood 
fl our

Tensile (MPa) 50 42 42 29 35
Tensile modulus (GPa) 3.0 3.2 3.0 2.3 2.9
Flexural (MPa) 78 67 70 52 59
Flexural modulus (GPa) 3.3 3.4 3.5 2.6 3.0
Notched Izod (J/m) 40 44 42 20 28
U-notched Izod (J/m) 205 150 145 100 105
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Table 2.6 Mechanical properties of 20 vol% glass fi ber, 20 vol% hemp fi ber and 
35 vol% hemp fi ber reinforced unsaturated polyester composites

20 vol% glass 
fi bers

20 vol% hemp 
fi bers

35 vol% hemp 
fi bers

Tensile strength (MPa) 85.0 32.9 60.2
Tensile modulus (GPa) 1.719 1.421 1.736
Flexural strength (MPa) 175.9 54.0 112.9
Flexural modulus (GPa) 7.74 5.02 6.38
Impact strength (kJ/m2) 60.8 4.8 14.2

impact properties of these materials were found to increase linearly with 
increasing fi ber content (Table 2.6). It was observed that the optimum 
properties were not reached in this study and that fi ber content higher than 
35 vol% should yield better mechanical properties. When compared to a 
glass fi ber composite, however, these natural fi ber composites had much 
lower performances.

2.6.6 Pultrusion

Fibers are pulled from a creel through a resin bath and then on through a 
heated die. The impregnation of the fi ber controls of the resin content and 
curing of the materials into their fi nal shape is completed using the die. 
Although pultrusion is a continuous process, which produces a profi le of 
constant cross sections, a variant known as pulforming allows for some 
variation to be introduced into the cross sections.

Flax fi ber-reinforced PP composites were developed by means of the 
thermoplastic pultrusion process and their physical-mechanical properties 
were evaluated [49]. Water absorption behavior of pultruded jute fi ber-
reinforced unsaturated polyester composites was examined [50].

2.6.7 Other processes

Thermosets compression molding

The mat compression process uses mats made of natural fi bers. The mats 
are just sprayed, not moistened, with resin and compressed into their fi nal 
contour in a hot tool; due to the air permeability, the parts can be covered 
easily in a vacuum covering process.

The thermal conductivity, diffusivity, and specifi c heat of thermoset com-
pression molded polyester/natural fi ber (abaca/sisal) composites were 
investigated for several fi ber surface treatments as functions of the fi ller 
concentration [51].
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Thermoforming

Thermoforming is a manufacturing process in which a composite sheet is 
heated to a pliable forming temperature, formed to a specifi c shape in a 
mold, and trimmed to create a usable product. The sheet, or ‘fi lm’ when 
referring to thinner gauges and certain material types, is heated in an oven 
to a temperature that makes it possible to be stretched into or onto a mold 
and cooled to a fi nished shape.

Bhattacharyya et al. processed wood fi ber–PP composites sheets by the 
thermoforming process [52] and wood fi ber–biopole composites studying 
the thermoforming performance and biodegradability of the composites 
[53]. Umer et al. [54, 55] investigated the liquid composites molding process 
for wood plastic composite materials.

2.7 Performance of biocomposites

2.7.1 Mechanical properties

It is important to be knowledgeable about certain mechanical properties of 
each natural fi ber, in order to be able to exploit the highest potential of the 
fi ber. Among these properties are the tensile, fl exural, impact, dynamic 
mechanical, and creep properties. In general, natural fi bers are suitable for 
reinforcing plastics, due to their relatively high strength, stiffness, and low 
density.

Tensile properties

The tensile properties are among the most widely tested properties of 
natural fi ber-reinforced composites. The fi ber strength can be an important 
factor regarding the selection of a specifi c natural fi ber for a specifi c appli-
cation. A tensile test refl ects the average property through the thickness, 
whereas a fl exural test is strongly infl uenced by the properties of the speci-
men closest to the top and bottom surfaces. The stresses in a tensile test are 
uniform throughout the specimen cross section, whereas the stresses in 
fl exure vary from zero in the middle to maximum in the top and bottom 
surfaces.

Comparison of the tensile properties of the HDPE/hemp fi ber compos-
ites showed that the silane treatment and the matrix-resin pre-impregnation 
of the fi ber produced a signifi cant increase in tensile strength, while the 
tensile modulus remained relatively unaffected [56, 57]. Rice husk rein-
forced PP composites with fi ller loadings of 10 wt%, 20 wt%, 30 wt% and 
40 wt% were evaluated [58]. A study on the effect of alkaline treatment on 
tensile properties of sugar palm fi ber-reinforced epoxy composites was 
carried out [59]. Composites consisting of aliphatic polyester (Bionolle) 
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with fl ax fi bers were prepared via batch mixing [60]. The following investi-
gations were completed with thermoplastic matrices; the effect of moisture 
absorption of sisal fi ber/PP composites [61], the infl uence of surface treat-
ment (NaOH solution) of coir fi ber/PP composites [62], the surface esteri-
fi cation of bagasse/LDPE composites [63], the processing conditions of fl ax 
fi ber/HDPE composites [10], the infl uence of MAH treatment of jute and 
hemp fi ber/PP composites [64], and the effects of surface treatments of luffa 
fi ber/PP composites [65]. It was observed that the tensile properties were 
infl uenced by all the mentioned factors.

The tensile properties of natural fi ber-reinforced thermosets were inves-
tigated regarding the siloxane treatment of jute fi ber/polyester and epoxy 
composites [66], the temperature and loading rate effects of kenaf fi ber/
epoxy composites [67], the effects of a differing geometry of abaca fi ber/
epoxy composites [68], the infl uence of moisture absorption of bamboo/
vinylester composites [69], the fi ber loading of oil palm empty fruit bunch/
epoxy composites [70], and the infl uence of the fi ber orientation and the 
volume fraction of alfa fi ber/polyester composites [71].

The effects of hybridization and the chemical modifi cation of oil palm/
sisal fi ber-reinforced natural rubber composites [72, 73], the effects of high 
temperature on ramie fi ber/biodegradable resin composites [74], the effect 
of biodegradable matrix type (PLA, PHBV, PBS) on regenerated cellulose 
fi ber/biopolymer composites [75], the infl uence of biobased coupling agent 
on bamboo fi ber/PLA and PBS composites [76], the compounding effects 
of hemp/PHBV composites [32], and the infl uence of different thermal 
treatments of fl ax fi ber/PLA composites [77] on the tensile properties were 
evaluated.

Flexural properties

The fl exural stiffness is a criterion of measuring deformability. The fl exural 
stiffness of a structure is a function based upon two essential properties: 
the elastic modulus (stress per unit strain) of the material that composes it, 
and the moment of inertia, a function of the cross-sectional geometry.

Zampaloni et al. [78] focused on the fabrication of kenaf fi ber-reinforced 
PP sheets that could be thermoformed for a wide variety of applications 
with properties that are comparable to existing synthetic composites. Com-
posites of PP and HDPE reinforced with 20 wt% curaua fi bers were pre-
pared and the effect of screw rotation speed was evaluated by measuring 
the fl exural properties of the composites [79]. The effect of acetylation 
[80] on the fl exural properties of bagasse/PP composites (properties 
decreased due to acetylation), and the effect of different maleated coupling 
agents (fl exural properties increased above 60% with optimum loading 
of coupling agent) on jute and fl ax fi ber-reinforced PP composites [81] 
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have been evaluated. Composites were fabricated using abaca fi ber with 
varying fi ber lengths and fi ber loading [82]. The fl exural properties of coir 
fi ber/polyester composites were evaluated [83].

Impact properties

Impact strength is the ability of a material to resist fracture under stress 
applied at high speed. Biofi ber-reinforced plastic composites have proper-
ties that can compete with the properties of glass fi ber thermoplastic com-
posites, especially concerning specifi c properties. However, one property, 
namely the impact strength, is often listed among the major disadvantages 
of biofi ber-reinforced composites. In recent years, the development of 
new fi ber manufacturing techniques and improved composite processing 
methods along with enhancement of fi ber/matrix adhesion has improved 
the current situation somewhat.

Damping indexes of abaca fi ber–PP composites in different processes are 
presented in Fig. 2.5 [16]. Mixer-injection molding showed comparatively 
lower damping index in comparison to other processes. MAH–PP reduced 
the damping index signifi cantly, regardless of the processing conditions, and 
it showed a maximum reduction of 50% in the mixer-compression molding 
process.

Composite panels consisting of virgin and recycled HDPE and four types 
of rice straw components, including rice husk, rice straw leaf, rice straw 
stem, and whole rice straw, were made via melt compounding and compres-
sion molding [84]. Recycled HDPE composites were reinforced with 
bagasse fi bers and the infl uence of coupling agent types/concentrations on 
the composite impact properties was studied [85].

2.5 Damping index of abaca fi ber–PP composites in different 
processes (fi ber content: 30 wt%, fi bre length 5 mm): 1 – without 
MAH–PP, 2 – with 5 wt% of MAH-PP.
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A comparative study was performed between jute, abaca, and fl ax fi ber-
reinforced PP composites focusing on their mechanical properties [38]. 
Figure 2.6 illustrates that jute–PP composites showed better tensile strength 
than abaca–PP and fl ax–PP composites for both cases (with and without 
MAH–PP). MAH–PP has signifi cant effect for all types of composites and 
strength properties improved 20–40%. It is also observed that abaca–PP 
composites showed better fl exural strength than jute–PP and fl ax–PP com-
posites (both cases). MAH–PP has a signifi cant effect on fl exural strength 
for all types of composites and the improvement range was 20–35%.

The moduli of abaca–PP, fl ax–PP and jute–PP composites are illustrated 
in Fig. 2.7. It is seen that the tensile modulus shows a discrete effect, where 
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jute–PP composites showed better tensile modulus than abaca–PP and 
fl ax–PP composites without MAH–PP. The abaca–PP composites showed 
better tensile modulus than jute–PP and fl ax–PP composites with using a 
coupling agent MAH–PP. MAH–PP has a signifi cant effect on the modulus 
properties of abaca–PP composite, but very little effect was observed on 
the modulus properties of jute–PP and fl ax–PP composites. It may be that 
the relatively hard and tough abaca fi ber bonded with the matrix by MAH–
PP and improved the modulus properties. Jute–PP composites showed 
somewhat improved fl exural modulus than abaca–PP and fl ax–PP compos-
ites with and without the coupling agent MAH–PP. When abaca fi ber–PP 
composites were compared with jute and fl ax fi ber–PP composites, abaca 
fi ber composites had the best notched Charpy (Fig. 2.8) and falling weight 
impact properties.

The toughness of the short fi ber-reinforced composites can be infl uenced 
by a number of factors, such as the intrinsic properties of the matrix, the 
fi ber volume fraction, and interfacial bond strength. Therefore, strong inter-
actions between the hydroxyl groups of biofi bers and the coupling agents 
are needed to overcome the incompatibility problem. In doing so, the 
impact, tensile, and fl exural strengths of biofi ber-reinforced composites can 
be increased.

2.7.2 Physical properties

When dry, biofi ber has unique properties. Knowledge of water–polymer 
interactions in polymeric composite materials is critical in order to be able 
to predict their behavior in applications in which they are exposed to water 
or humid environments. The application of biofi ber reinforcement is limited 
mainly because of the changes in geometry caused by swelling.

Abaca
Jute
Flax

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

N
o
tc

h
e
d

 C
h
a
rp

y
 s

tr
e
n
g
th

 (
m

J
/m

m
2
)

Without MAH–PP With MAH–PP

2.8 Comparison of notched Charpy strength of abaca/jute/fl ax fi ber–PP 
composites with and without MAH–PP.

�� �� �� �� �� ��



 Biofi ber reinforced polymer composites for structural applications 41

© Woodhead Publishing Limited, 2013

Water absorption

Drying fi bers before processing is of importance, because water on the 
surface acts like a separating agent in the fi ber–matrix interface.

Bledzki et al. [86] investigated the water absorption (static and cyclic) 
abilities of soft wood fi ber–PP composites at two different temperatures (23 
and 50°C). Wood fl our plastic composites based on PP, PE, and UPVC were 
found to be as strong as medium fi ber board and superior to wooden mate-
rials due to their lower water absorption upon exposure to water [87].Water 
absorption tests on maleic anhydride modifi ed wood fi ber-reinforced com-
posites indicated that they were more hydrophobic than the unmodifi ed 
ones [88].

Panthapulakkal and Sain investigated the effect of compatibilizer on the 
water absorption behavior of HDPE composites with different fi llers (wheat 
straw, cornstalk, and corncob). This is shown in Fig. 2.9 [89]. The presence 
of compatibilizer had no effect on the water absorption of corncob-fi lled 
composites. Wheat straw and cornstalk-fi lled composites showed a decrease 
in the water uptake with the incorporation of compatibilzers. This indicates 
that the fl aws and gaps at the interface of the fi ller and HDPE are the main 
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factors for moisture diffusion in the composites without compatibilizer. As 
observed in mechanical properties, the observed reduction in water uptake 
is higher in wheat straw-fi lled composites compared to cornstalk-fi lled com-
posites. After 40 days of water absorption, the percentage reduction in the 
water uptake of composites is 19%, 12%, and 0% respectively for wheat 
straw, corn stalk, and corncob-fi lled composites.

Swelling

The hydroxyl groups (–OH) in cellulose, hemicelluloses, and lignin build a 
large amount of hydrogen bonds between the macromolecules of the wood 
polymers. Exposing the wood to humidity causes these bonds to be broken. 
The hydroxyl groups then form new hydrogen bonds with water molecules 
which induce the swelling.

The effects of an ambient environment, temperature, and relative humid-
ity on the hygroscopic thickness swelling rate of wood plastics composites 
were investigated [90]. Hygroscopic thickness swelling rate of wood fi ber–
PP composites was investigated regarding different recycled plastics (HDPE 
and PP) [91] and the infl uence of temperature [92].

Moisture content

Moisture content at a given relative humidity can have a great effect on the 
biological performance of a composite made from wood fi bers. The effects 
of hydrothermal environment on moisture diffusion [93], moisture content 
[94] and dependence of the mechanical properties on moisture content [95] 
of wood plastic composites were evaluated.

2.7.3 Biological properties

The growing markets for biofi ber-reinforced composites are in outdoor 
applications, where they are exposed to moisture, light, temperature changes, 
freezing, thawing, and biological attacks by fungi and bacteria.

The biological properties of biofi ber–plastic composites depend on the 
load of biofi ber material in the matrix and on the surface conditions of 
the samples produced. These properties are signifi cantly different from the 
biological properties of the natural components used. The improved spec-
trum of properties is the basis for success in the market. Biofi ber-reinforced 
composites such as wood plastic composites are sold for exterior application 
as decay-resistant materials that require no maintenance. The plastic matrix 
is presumed to protect the fi ber or wood particles against biological attack. 
However, wood particles remain susceptible to fungal degradation since 
certain amounts of water can be absorbed [96]. In order to prevent potential 
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decaying, borates, such as zinc borate, can be incorporated as effective and 
leach-resistant preservatives [97].

Fungal

Wood-rotting fungi require a suitable temperature, oxygen, and water 
supply for their growth. Water is the key parameter in decay mechanisms 
and in controlling the durability of decay [98].

Wood plastic composites are relatively immune to fungal attacks since 
the plastic matrix largely encapsulates the wood particles. There are reports 
describing fungal attacks on wood fi ber-fi lled materials [99]. The decay 
happens at far lower rates than those found for natural wood. Traditional 
methods of evaluating biological durability such as weight loss and visual 
inspection seem to be insuffi cient when attempting to adequately describe 
the extent of decay. Inconsistency in the different reports suggests that 
methods of manufacturing may be the reason for different fungal decay 
results. Decay susceptibility increases with wood loading [100]. The biologi-
cal resistance regarding fungal attack of wood plastic composites was also 
investigated with the infl uence of chemical modifi cation [101, 102], and 
moisture dynamics and impact on fungal testing [103].

Bacterial

Bacteria tend to colonize wood fi bers with high moisture content. They can 
affect wood permeability, attack the structure, and work together with other 
bacteria or fungi. Lignocellulose degrades in a very slow process [104]. 
While the bacterial degradation for wood fi bers has been thoroughly inves-
tigated, the literature on the bacterial biodegradation of plastic composites 
is limited.

2.8 Future trends

The advanced biofi ber-reinforced plastic composite contributes to enhanc-
ing the development of biocomposites in regards to performance and sus-
tainability. Biocomposites have created substantial commercial markets for 
value-added products especially in the automotive sector.

Biocomposites are currently the subject of extensive research, specifi cally 
in the construction and building industries due to their many advantages 
such as lower weight and lower manufacturing costs. Green building is a 
movement that has gained global attention over the past few years. Green 
buildings are planned to be environmentally responsible, economically 
viable, and healthy places to live and work. One of the main materials 
currently used in green buildings is biocomposite. Biocomposites may be 
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classifi ed, with respect to their applications in the building industry, into 
two main groups: structural (roof structure and bridge) and nonstructural 
biocomposites (exterior construction, window, door frame, and composite 
panels).

By the time that biocomposite materials and associated design methods 
are suffi ciently mature to allow their widespread use, issues related to con-
struction materials are likely to have become paramount in material choice. 
The development of methods, systems, and standards could see biocompos-
ite materials at a distinct advantage over traditional materials. There is a 
signifi cant research effort underway to develop biocomposite materials and 
explore their use as construction materials, especially for load-bearing 
applications.

Burgueno et al. have manufactured cellular beams and plates as load-
bearing structural components from hemp, jute, and fl ax fi bers with unsatu-
rated polyester resin [105–108] for housing panel applications. The material 
and structural performance were experimentally assessed and compared 
with results from short-fi ber composite micro-mechanics models and sand-
wich analyses. It was demonstrated that cellular biocomposite components 
can be used for load-bearing components by improving their structural 
effi ciency through cellular material arrangements. Furthermore, it was veri-
fi ed that they can compete with components made from conventional 
materials.

Natural fi bers (such as sisal, jute, and coconut) cement composites 
are produced in the form of short fi lament fi bers [109, 110]. Short fi la-
ment geometry composites presented a tension softening behavior with 
low tensile strength, resulting in products which are more suitable for 
non-structural applications. Pulp fi bers derived from wood, bamboo, and 
sisal have also been used as reinforcement in biofi ber cement composites 
[111–115].

Uddin et al. [116–118] studied the manufacturing and structural feasibil-
ity of natural fi ber-reinforced polymeric structural insulated panels for 
panelized construction, mainly focusing on the manufacturing feasibility 
and structural characterization of natural fi ber-reinforced structural insu-
lated panels (NSIPs) using jute fi ber-reinforced polypropylene (NFRP) 
laminates as skin. The natural fi bers were bleached before their use as 
reinforcement.

Mathur presented an overview of building materials from local resources 
(India) with particular attention on natural fi bers-based composites [119]. 
The performance of polymer composites made from jute and sisal fi bers 
and unsaturated polyester/epoxy resin was evaluated under various humid-
ity, hygrothermal, and weathering conditions and consequently various 
composite products (laminates/panels, doors, roofi ng sheets, shuttering, and 
dough molding compounds) have been prepared. The process know-how 
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for the manufacture of natural fi ber composite panels/door shutters has also 
been commercialized.

Thomson et al. [120] illustrated the opportunities for wood plastic com-
posite (WPC) products in the US highway construction sector, focusing on 
the market potential of WPC to replace non-renewable materials (e.g., 
virgin plastic, steel) and preservative-based products (treated wood).

Biobased structural composites for housing and infrastructure applica-
tions are of signifi cant importance in the building materials of the next 
generation of construction in fencing, decking, siding, doors, windows, 
bridges, fi ber cement and so on. This research needs to continue in conjunc-
tion with development of conventional composite materials in order to 
provide a solution in the future which will allow wider use of biocomposite 
materials by civil engineering applications.

In the future, these biocomposites will see increased use in structural and 
various other applications depending on their further improvements. 
Several drawbacks of natural fi ber composites which would be even more 
pronounced in their use in infrastructure include their higher moisture 
absorption, inferior fi re resistance, non-linearity in mechanical properties 
and durability, variation in quality and price, and diffi culty using established 
manufacturing processes when compared to synthetic composites.

2.9 Conclusion

Biocomposites reinforced with natural fi bers have developed signifi cantly 
over the past years because of their signifi cant processing advantages, bio-
degradability, low cost, low relative density, high specifi c strength and 
renewable nature. These composites are predestined to fi nd more and more 
applications in the near future, especially in Europe, where pressure from 
legislation and the public is rising. Interfacial adhesion between the biofi ber 
and the matrix will remain the key issue in terms of overall performance, 
since it dictates the fi nal properties of the composites.

Further research is still required to overcome obstacles such as moisture 
absorption, inadequate toughness, and reduced long-term stability for 
outdoor applications. Especially for outdoor applications, changing weath-
ering conditions such as temperature, humidity, and UV radiation affect the 
service life of the product. The major detrimental effects of hygrothermal 
and UV exposure are property deterioration, discoloration and deforma-
tion under constant stress for a longer duration.

Signifi cant research is underway around the world to address and over-
come these obstacles. Based on their positive economic and environmental 
outlook, as well as their ability to uniquely meet human needs worldwide, 
biofi ber-reinforced composites are showing a good potential for use in 
infrastructure applications.
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Abstract: Modern structural applications of composite materials are 
dictated by the processing methods available. In this chapter, we 
introduce recent developments related to the manufacturing of 
composites in civil engineering applications using vacuum assisted resin 
transfer molding, pultrusion, and automated fi ber placement.
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3.1 Introduction

This chapter introduces the reader to some of the recent developments in 
advanced processing of composite materials for manufacturing large com-
posite structures. The goal is to introduce the reader to the methods cou-
pling advanced numerical and analytical approaches for developing 
predictive capabilities useful especially for larger projects. Traditional 
methods such as plate bonding, fi lament winding, and hand layup have been 
covered to large extent in other resources (Miracle and Donaldson, 2001; 
Strong, 2008) and will not be covered in detail here. This chapter will focus 
more on the recent developments related to the manufacturing of compos-
ites using vacuum assisted resin transfer molding (VARTM), pultrusion, 
and automated fi ber placement (AFP). These manufacturing methods have 
been successfully used to create large composite structures for civilian 
engineering applications.

3.2 Manual layup

The process of manual layup for retrofi t or repair focuses on creating a 
‘shell’ of composite around large civilian structures in order to boost their 
structural strength. The manual layup or the hand layup falls under the 
category of open molding processes which has seen signifi cant application 
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in the composites industry (Strong, 2008). The advantages of the hand layup 
process include low investment costs, no need for special training, and 
ability to create complicated structures (Miracle and Donaldson, 2001). In 
the area of civil engineering, the hand layup process has seen signifi cant 
applications in retrofi tting old bridges (Uddin et al., 2004).

The fi rst step in the hand layup process is the cleaning and preparing of 
the surface of the structure. An appropriate thermosetting resin is mixed 
with its initiator in a suitable ratio in order to start the cross-linking (curing) 
reaction. A layer of such a resin is applied to the surface followed by 
draping of the surface with the reinforcement material. These reinforce-
ments are usually fi ber mats, woven fabrics or knits. (Typical reinforcement 
materials are made from glass fi bers because of their low cost.) This is fol-
lowed by application of another layer of resin. Small hand-held rollers, 
which are used for rolling the resin into the reinforcement, are used to 
ensure proper wet-out of the reinforcement material.

The resin of choice for general composites manufacturing has been the 
unsaturated polyesters (acting as the thermosetting resins) because of their 
low cost with respect to the other resins. However, use of styrene as a 
solvent in such polyester resins leads to the problem of the environmental 
management of the harmful styrene vapors at the work sites. The use of 
polyesters requires the use of catalysts or some kind of heating to promote 
the curing reaction. This again is cumbersome for many civil engineering 
applications, since it means taking additional equipment for heating the 
layup. In order to overcome these two problems associated with the poly-
ester resins, epoxy resin has emerged as the resin of choice for civil engi-
neering applications. Epoxy resins can be cured at room temperature with 
no harmful styrene emissions. However, epoxies suffer from higher costs 
compared with the polyester resins.

Despite having the advantages listed above, the hand layup process suffers 
from some diffi culties in the area of civil engineering applications (Uddin 
et al., 2004): (1) need for special workers for handling fabrics, (2) improper 
wetting of the fabrics, and (3) problems in controlling the processes on long 
bridge girders and columns. Some of these problems can be ameliorated by 
the emerging technology of VARTM described in Section 3.5.

3.3 Plate bonding

Strengthening of civil engineering infrastructure using plate bonding 
involves adhesive and/or mechanical bonding of fi ber-reinforced plastic 
materials to the original structure. Typically this process is implemented to 
strengthen or retrofi t an existing structure such as steel reinforced concrete. 
The most common fi ber materials are fi berglass or carbon fi bers that offer 
a high specifi c stiffness and strength but possess generally low values of 
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coeffi cient of thermal expansion in the fi ber direction. The low weight of 
the repair panels confers a signifi cant advantage during these repairs since 
they can be more easily transported to the fi eld compared to steel plates. 
The fi ber systems are available in a variety of forms from the uniaxial to 
multidirectional fabrics, in addition to the ‘off-the-shelf’ pultruded plates 
that are available in various thicknesses and properties (see Section 3.6). 
The properties of the panel/structure interface become of primary impor-
tance and efforts to understand the effects of reduced interfacial properties 
on the structural response have been documented (Cheng et al., 1997).

Typically the bonded plates can be analyzed as an integrated structure in 
the absence of any delaminations or failures. This allows using structural 
analysis methodologies familiar to civil engineers. Typical failures have less 
to do with failure of the actual plates than of failure at the interface due to 
peeling stresses. These failure stresses are generally classifi ed into fl exural, 
shear, or axial peeling stresses. The most common failures are associated 
with adhesive shear stresses that peak at the ends of the plate, especially 
those with low shear span/depth ratios (Garden et al., 1998). Anchor plates 
are used to resist the peeling stresses occurring at the ends of the composite 
and the superstructure it is bonded to. Inverse analysis can be used to 
determine the best processing parameters for reducing undesirable peeling 
stresses (Kim et al., 2008). With careful design practices, the fl exural, shear, 
and axial peeling failures can be prevented (Oehlers, 2001).

3.4 Preforming

Preforming refers to the process of fabricating a reinforcement package, for 
making the polymer composites through one of the several available tech-
nologies, into a shape and size that is very close to the desired shape and 
size of the fi nal composite part (Strong, 2008). The fi nal part can be made 
from the preform by adding resin and then curing. The use of preforms 
allows one to make parts very close to the net shape required and thus 
minimize the need for subsequent cutting, machining, and polishing opera-
tions. The use of preforms also allows one to have a good control over the 
density and orientation of fi bers in the fi nal part as they prevent relative 
movement of fabric layers during composites processing. The application 
of preforms in composites manufacturing is dictated by several factors such 
as the need for reduction in cycle time of the process or the need for main-
taining consistent quality from part to part. It is also dependent on auto-
mated techniques for fi ber handling and forming. Of the processes used to 
make composites described in the present chapter, preforming can be 
applied usefully to pultrusion, and to a lesser extent to VARTM.

Two-dimensional preforms are created by stacking into layers the tradi-
tional two-dimensional materials such as fi ber mats and woven or knitted 
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fabrics, and then cutting them to the fi nal part-shape required. The layers 
are held together through the use of lightly applied adhesive or light stitch-
ing or pinning. The two-dimensional preforms are also created by thermo-
forming the layers with slight binder coating into the fi nal shape, and then 
trimming to remove the excess material. Such preforms can also be created 
through the use of a chopper gun to deposit fi bers and binder resins into a 
perforated mold designed to be similar to the desired net-shaped part. The 
strong vacuum suction behind the perforations holds the fi bers in place till 
the binder cures and creates the preform.

Three-dimensional preforms are created using the 3D weaving processes 
employed for making textiles. Hence machines using processes such as 3D 
weaving and knitting are used to create such preforms. Since fi ber yarns are 
continually directed across the plane of fabrics during the weaving or knit-
ting of the preform, the mechanical properties such as inter-laminar strength 
are much higher in the fi nal part, thereby ensuring less chance of failure 
through delamination. Three-dimensional I-beams, T-stiffened panels, and 
similar shapes can be created automatically by the machines employing the 
3D weaving or knitting techniques. Such preforms can be useful in pro-
cesses such as pultrusion (Strong, 2008). As the fi nal composite part becomes 
thicker, the labor required to manage the reinforcement, prior to wetting 
by the resin, increases dramatically; in such situations, the use of three-
dimensional preforms is eminently justifi able.

3.5 Vacuum assisted resin transfer molding (VARTM)

Vacuum assisted resin transfer molding (VARTM), a member of the family 
of liquid composite molding (LCM) processes, is a closed-mold process for 
making fi ber-reinforced polymer composites (Parnas, 2000). VARTM has 
been developed as a variant of the traditional resin transfer molding (RTM) 
process to reduce the cost and design diffi culties associated with large mold 
tools. VARTM is a single-sided molding process, where the other side of the 
mold is a fl exible vacuum bag that provides the compaction and sealing 
during resin infusion (Fig. 3.1).

Fiber preform

Peel ply
Vacuum bag

Distribution medium

Vent lineResin inlet

Tool plate

3.1 A typical cross section of VARTM mold.
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Since one side of the mold in VARTM is replaced by the vacuum bag, 
this eliminates the need for making a precise matched mold as required by 
RTM. As a result, the tooling costs of VARTM are reduced signifi cantly 
because of such one-sided molds. VARTM is very cost-effective for the 
manufacture of large composite structures such as boat hulls, car bodies, 
and wind-turbine blades (Parnas, 2000). VARTM is currently implemented 
in numerous fi elds such as:

• shipbuilding industry: manufacture of naval structural components 
(i.e., masts, hulls, and bridge decks);

• automotive industry: manufacture of chassis and body components;
• aerospace industry: manufacture of fuselage and wing components.

Recently, there have been some important applications of this technology 
in civil engineering areas as well. VARTM has been used in making strong, 
light, corrosion-free bridges as well as retrofi tting old, damaged structures 
including bridges. For example, VARTM was recently used in the strength-
ening of a highway bridge girder in Huntsville, Alabama (see Fig. 3.2). For 
containing the stress- and environmental-induced cracks in the old girder, 
it was observed that repairs implemented through VARTM are superior to 
repairs achieved through the traditional method of injecting polyurethane 
foam into the cracks. VARTM has also been applied to retrofi t glass or fi ber 
composites to steel, concrete, and masonry structures for blast protection 
(Buchan and Chen, 2007).

A typical VARTM process involves four steps as shown in Fig. 3.3. First, 
the reinforcing fi bers in the form of fi ber preforms are placed over a mold 
surface. Then a highly porous distribution medium, often in the form of a 
fabric, is placed on top. A layer of peel ply, a thin layer facilitating the sepa-
ration of the distribution medium from the main composite after the cure, 
separates the two layers. Plastic tubes for the distribution of resin as well 
as pulling of vacuum are then placed strategically in the mold to ensure the 
complete wetting of the preform. Finally a sheet of some fl exible transpar-
ent material (vacuum bag) such as nylon or polyvinyl acetate is then placed 
over the sandwich layered structure on the mold in order to form a vacuum-
tight seal. In the second step, a vacuum is applied between the bag and the 
preform through vents to draw the resin to the preform through various 
tubes. During infi ltration of the fi ber preform by the resin, pressure differ-
ence due to the atmospheric pressure outside the vacuum bag and vacuum 
inside the bag tends to compact the preform against the hard mold side or 
tooling surface. The resultant pressure difference also helps in achieving the 
desired fi ber volume fraction of the fi nal composite products by forcing out 
excess resin. The vacuum inside the bag also helps in reducing the formation 
of bubbles due to the entrapment of air inside the preform, thus reducing 
the presence of porosity in the fi nal part. In the third step, the matrix 
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Infusion line

Vacuum line

Flow front

Infusion line

(a)

(b)

Vacuum lines

Concrete beam

cross section

Resin flow

Fabric wrap

Bag

Breather cloth

Distribution mesh

3.2 (a) A schematic of the VARTM setup to put a composites wrap 
around a damaged concrete beam. (b) VARTM processing on a 6 ft RC 
beam (Uddin et al., 2004).

material is allowed to undergo a cross-linking reaction (also called the 
curing reaction) that leads to its solidifi cation. The part may be cured at 
room temperature or in an oven depending on the resin used. Finally, the 
composite part is removed from the mold after the resin is completely 
cured.

The driving force for resin fl ow in VARTM is the pressure difference 
between the injection port (atmospheric pressure) and the vent (vacuum 
pressure). Due to the relatively low pressure difference (~1 atm) and low 
permeability of preform arising from its compaction under the vacuum bag, 
as mentioned before, a resin distribution medium with high permeability is 
often incorporated into the vacuum bag layup on top of the dense preform 
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Step 1: Layup of fiber preform

Step 3: Curing Step 4: Demolding

Step 2: Injection of resin
Vacuum pump

Vacuum bagFiber preform

3.3 Manufacturing steps involved in VARTM.

to facilitate resin fl ow. Because of the low fl ow resistance in the distribution 
medium, the resin fl ows preferentially across the distribution medium while 
simultaneously seeping into the preform through the thickness. Use of the 
distribution medium reduces the processing time signifi cantly, and ensures 
complete wet-out of the preform.

The main materials used in VARTM are resins as matrix and fi bers as 
reinforcements. Although a wide range of resins are available for differ-
ent applications, the common requirements are: low viscosity and long 
gel time to permit complete impregnation and fi ber wetting; appropriate 
curing characteristics to provide acceptable cycle times; and adequate 
mechanical properties and physical characteristics to meet the performance 
specifi cations. The most signifi cant practical limitation on the suitability 
of a resin system is imposed by its viscosity. Because of these require-
ments, most resins used in VARTM are polyesters, vinyl esters, epoxies, 
and bismaleimides.

Fibers used in VARTM can be in a number of forms ranging from indi-
vidual fi laments to intermediate products such as chopped strand mat and 
fabrics made from rovings, yarns, strands and tows, each consisting of thou-
sands of fi laments. A number of preforming processes are based on the use 
of either rovings or yarns, often utilizing techniques originally developed 
for the textile industry. These yarns or tows are stitched, woven, braided, 
or knitted into one-, two-, or three-dimensional (1D, 2D, 3D) fabrics to 
create a textile preform as shown in Fig. 3.4. These fabrics are usually in 
the form of fl at sheets (often called mats), which are then rolled up for 
transport to the composites manufacturing facility. The fi brous preforms 
are the skeletons of the VARTM composites, which not only provide a 
mechanism for the structural toughening of composites, but also facilitate 
the processing of composites into net or near-net shape structural parts. A 
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Biaxial weave

3D cylindrical

construction

Triaxial weave

3D braiding

Knit

3D orthogonal

fabric

Multiaxial multilayer

warp knit

Angle–interlock

construction

3.4 Examples of different types of braiding, weaving, and knitting 
patterns employed to create preforms.

2D fabric consists of the planar interlaced and interloped weave pattern. 
Due to a lack of through-thickness fi ber reinforcement between fabric 
layers, the interlaminar strength is limited by the fracture toughness of the 
polymer matrix. In contrast, the fi bers of a 3D fi brous preform are oriented 
in various in-plane and out-of-plane directions, providing the additional 
reinforcement in the through-thickness direction. The 2D fabrics are usually 
formed into shapes by molding or stitching, while 3D preforms are more 
suitable for creating the near net-shape structural parts with more complex 
geometries. Architecture of the fi brous preforms plays a key role in com-
posite manufacturing as it affects various processing steps including forming 
and resin infi ltration.

Typical fi bers used in making composites through VARTM are made 
from glass, carbon (graphite), or aramid. The choice of the fi ber type used 
in a particular application depends mainly on the intended cost and perfor-
mance. Glass fi bers have been widely used in automotive and shipbuilding 
industries due to their relatively low cost. Higher performance applications, 
including components for the aerospace and auto-racing industries, often 
use carbon or aramid fi bers, where the increased cost is justifi ed by the 
associated improvement in mechanical properties. Carbon fi bers offer high 
strength and stiffness whereas aramid fi bers offer important advantages of 
toughness and impact resistance.

Compared to other composite manufacturing techniques, VARTM has 
several advantages. The pressure used in VARTM is relatively lower than 
that required for the compression and injection molding processes, which 
means that the tooling costs and operating expenses are low. It also allows 
for a fairly mobile setup that can be taken to the fi eld (e.g., for use in repair 
applications). VARTM can make complex parts at intermediate volume 
rates, which allows limited production runs in a cost-effective manner. 
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Fabrication of large-scale composite structures is easy and affordable as 
well. A high fi ber volume fraction with controlled fi ber directions can be 
achieved by VARTM. Continuous fi bers used in VARTM lead to the pro-
duction of near net-shape parts, so material wastage and machining cost are 
reduced. Because the closed molding processes offer low volatile emission 
during processing, VARTM processes are more environmentally friendly. 
However, since one side of the mold consists of the fl exible vacuum bag, 
surface quality and dimensional tolerance are issues for the VARTM parts.

The quality of VARTM product and the effi cacy of the process depend 
strongly on complete wetting or impregnation of fi ber preforms inside the 
mold. Such impregnation is affected by several parameters including the 
location of resin-inlet tubes and air vents, change in resin viscosity with cure, 
and the permeability and compressibility of the fi ber preform and distribu-
tion media. The traditional trial-and-error methods for optimizing the mold 
and process design can be too time-consuming and economically prohibi-
tive for a complex part. As a consequence, the numerical simulation of resin 
fl ow emerges as one of the most effective ways to optimize the VARTM 
mold-fi lling process. Successful computer simulations are able to improve 
the mold design in virtual space without the expensive and time-consuming 
trial-and-error approach (see Plate I between pages 240 and 241).

In VARTM mold-fi lling simulations, the fi ber preforms are viewed as 
porous media, hence the liquid resin impregnating the dry fi ber preform 
can be modeled using Darcy’s law and the mass-balance equation. Change 
in viscosity due to temperature and resin cure can be predicted from the 
accompanying energy (resin temperature) and resin-cure transport equa-
tions. Application of vacuum to the mold with a fl exible wall leads to com-
pression of preform and distribution media, which in turn leads to a 
reduction in the permeability in the two layers arranged in series (Fig. 3.1). 
Impregnation of the compressed preform and distribution medium with the 
resin, as shown in Fig. 3.3, leads to gradual increase in the resin pressure 
inside the bag to the atmospheric pressure. Such an increase is accompanied 
by a relaxation of the two-layer ‘spring’, which in turn leads to an increase 
in the thickness of mold. Hence, the thickness, which is smallest in the dry 
mold, gradually increases as the mold gets fi lled up. Lack of constant thick-
ness in the VARTM mold translates into a composites part with a variable 
thickness, and that can be a problem if the structural integrity of the VARTM 
part is very sensitive to its thickness. Hence mold-fi lling simulations can be 
a useful tool to predict the thickness of the VARTM-produced part and 
thus helps to reduce uncertainty associated with the part thickness.

Impregnation of resin through the fi ber preform is a typical problem of 
free surface fl ow involving a moving boundary. How to describe and advance 
the moving boundary is the core issue in such problems. Generally, the 
moving boundary problems can be tackled using either the Lagrangian 
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method (Zienkiewicz and Godbole, 1974; Li and Gauvin, 1991; Trochu and 
Gauvin, 1992; Schmidt et al., 1999) or the Eulerian method (Chiu and Lee, 
2002; Young, 1994; Serrano-Perez and Vaidya, 2005; Simacek and Advani, 
2007; Song and Youn, 2008). Unlike the Lagrangian method, which attaches 
the computational mesh to the fl uid domain to capture the moving bound-
ary, the Eulerian method employs the fi xed mesh to describe the moving 
fl uid. Since the Eulerian method circumvents the remeshing problem often 
associated with the Lagrangian method, it is highly effi cient computation-
ally, especially for large problems with complex geometry. As a result, the 
Eulerian method has been very attractive in practical engineering applica-
tions. So far, all the fl ow simulations of VARTM (Govignon et al., 2010; 
Grujicic et al., 2005; Serrano-Perez and Vaidya, 2005; Simacek and Advani, 
2007; Song and Youn, 2008) are based on the Eulerian method because of 
its high computational effi ciency.

Various front-tracking techniques based on the Eulerian method have 
been proposed in the past decades. The most common are the marker-and-
cell (MAC) method (Harlow and Welch, 1965), the fl ow analysis network 
(FAN) method (Gutfi nger et al., 1974; Tadmor et al., 1974), the pseudo-
concentration method (Thompson, 1986), and the volume of fl uid (VOF) 
method (Hirt and Nichols, 1981; Rider and Kothe, 1998). Due to robustness 
and effi ciency, the VOF method has been widely used in the mold-fi lling 
simulations in the fi elds of die casting, polymer processing, and composites 
manufacturing.

Once the computational domain is determined by the front-tracking 
method, a proper numerical technique needs to be used to solve the govern-
ing equations of the VARTM process. Different numerical methods have 
been proposed to solve the equations. The most popular ones among them 
are the fi nite difference method (Trochu and Gauvin, 1992; Gauvin and 
Trochu, 1993), the boundary element method (Soukane and Trochu, 2006), 
and the fi nite element method (Grujicic et al., 2005; Serrano-Perez and 
Vaidya, 2005; Simacek and Advani, 2007; Song and Youn, 2008). Because of 
its ability to handle complex irregular geometries, the fi nite element method 
has become the most popular tool for discretization in mold-fi lling simula-
tions for VARTM (Grujicic et al., 2005; Serrano-Perez and Vaidya, 2005; 
Trochu et al., 2006; Simacek and Advani, 2007; Song and Youn, 2008; 
Li et al., 2008; Govignon et al., 2010). A hybrid of the fi nite element method 
with the front-tracking technique FAN, often referred to as the control-
volume method, has been widely used to model the resin fl ow in VARTM, 
which is commonly referred to as the fi nite element/control volume (FE/
CV) method (Bruschke and Advani, 1989; Buchan and Chen, 2007; Mohan 
et al., 1999; Joshi et al., 2000; Trochu et al., 2006).

To model resin fl ow in VARTM, the transient resin impregnation through 
fi ber preforms is treated as a continuous quasi-steady process with the 
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moving boundaries and the changing preform and distribution-layer thick-
nesses, so the whole process is divided into quasi-steady time-steps and the 
fl ow front progresses step by step. The fi nite element is fi rst used to solve 
for the pressure fi eld with rate of change of mold thickness on the right-
hand side of the discretized set of equations. The computed pressure fi eld 
is then used to calculate fl ow rates at control volume faces and advance the 
fl ow front. The control volume method is then used to track the fl ow front. 
Then by balancing the sum of the preform stress and the resin stress with 
the outside atmospheric pressure, the current mold thickness at fi nite ele-
ments is determined. From the current and previous mold thicknesses, the 
rate of change of mold thickness at various fi nite elements is estimated. The 
pressure fi eld for the new domain is now computed and the procedure 
repeated until the mold is full. This algorithm is often called explicit mold-
fi lling simulation, because time integrations for the transient terms is evalu-
ated numerically in an explicit manner. In order to ensure the stability of 
the numerical solution based on the explicit time integration, the time-step 
increment is determined such that only one control volume is fi lled at each 
time-step. In other words, the time-step size for each time-step is automati-
cally determined in the simulation process based on the calculation of the 
mass fl ux and empty volume-fraction of a control volume that is fi lled most 
quickly among all the border control volumes at that time-step.

The mold-fi lling in VARTM under vacuum pressure becomes more dif-
fi cult as the complexity or size of the part increases or when fi ber performs 
exhibiting low permeability are used. Although the optimum process design, 
which can be achieved through numerical modeling, is crucial to achieve 
high quality parts (Hsiao et al., 2004), process and material parameter 
uncertainties as well as real-time variabilities often cause deviations from 
the design targets. Therefore, robust fabrication necessitates real-time 
control strategies that ensure reliable mold-fi lling in VARTM in the face of 
practical variabilities.

Recently, signifi cant research attention has been focused on the control 
of resin fl ow in VARTM. Walsh and Mohan (1999) proposed a control 
approach of using real-time fl ow sensing to determine the optimum time to 
activate a second resin inlet mid-fi ll as a means of compensating for low 
permeability in the VARTM process. Heider and Gillespie Jr (2004) devel-
oped VARTM work cells to evaluate control strategies and sensors, such as 
SMART weave, for providing feedback for an intelligent control system. 
They presented a continuously controlled vacuum actuator system and 
evaluated the infl uence of vacuum gradients on resin fl ow-front control. An 
automated sequential injection scheme for producing large-scale composite 
parts was also implemented and evaluated. Pitchumani et al. (Johnson and 
Pitchumani, 2007; Nielsen and Pitchumani, 2002) reported model-based 
control schemes for RTM and VARTM processes, including controls for 
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both fl ow-rate controlled and pressure controlled injection systems. They 
used neural networks and real-time numerical process simulations to 
actively control the mold-fi lling stage. One of the control strategies used an 
online permeability estimation using fuzzy logic theory. The control schemes 
were shown to steer the fl ow and reproduce multiple desired fi ll patterns 
reliably in the face of permeability uncertainty. Bender et al. (2006) pre-
sented a fl ow-rate control system for VARTM which allowed for vacuum 
pressure to be applied on the injection bucket to generate a computer-
controlled vacuum-pressure differential between the injection and vent 
gate. A fuzzy-logic controller was implemented and the system was opti-
mized virtually using a VARTM fl ow simulation.

Although the studies discussed differ in approach used to achieve the 
control decisions, it is commonly recognized that a careful choice of the 
process control parameters in real time is needed for fabricating high-
quality composite parts using VARTM. The control strategy should accom-
plish the goals such as driving the fl ow to a desired location, avoiding the 
formation of dry spots and weld lines, and decreasing the process time, while 
keeping the control effort and the necessary hardware expenditure at a 
reasonable level.

3.6 Pultruded composites

The pultrusion process is particularly suited for civil engineering applica-
tions because of the ability to generate near prismatic shapes. In the pultru-
sion process, different types of reinforcements (fi ber tows, continuous 
fi lament mats, etc.) are guided from a creel into a resin impregnation unit 
for wetting the reinforcements (Fig. 3.5). Typically glass fi bers are used due 

Continuous
strand mat
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3.5 Schematic of pultrusion process (courtesy of Strongwell).
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to cost considerations, but recently carbon fi bers have seen increasing use. 
The wetted preforms are then drawn into heated die elements where curing 
occurs. The tension force used to pull the fi bers is infl uenced by a variety 
of factors such as the change in the stresses as the resin is cured in the 
process. The tooling costs tend to be lower than those for metallic compo-
nents but they are highly dependent on the part complexity. Most parts 
produced using pultrusion are straight, although it is possible to manufac-
ture parts that have some curvature. A major advantage of the pultrusion 
process is that any length can be produced that can then be transported in 
one section. Longitudinal ribs and corrugations can also be manufactured 
using pultrusion with specially created dies.

Highlighting some of the civil engineering developments, signifi cant 
research is seen in pultruded bridge decks replacing steel reinforced con-
crete. I-beams, channels, and angled pultrusion replacements are seen in 
many structures around factories, especially where corrosion is an issue. 
Several residential and commercial products are available using pultruded 
shapes for door and window framing. In addition, replacement of steel rebar 
with pultruded rebar is also receiving some attention for applications where 
durability near corrosive environments is of interest. There have been 
several projects using pultruded composites in bridge construction. One of 
the interesting studies is presented by Bank et al. (2006), where they pre-
sented a case study of a successful prefabricated double-layer pultruded 
fi ber-reinforced polymer (FRP) grid for bridge deck construction in Wis-
consin. The entire bridge slab was placed in 10 hours with a crane by four 
construction workers. The authors found that the cost of the project can be 
improved if connection approaches are developed which would bring it 
within the range of steel-reinforced decks.

Typically glass or carbon fi bers are used in addition to polymer materials 
such as polyester or vinyl ester. If moisture issues are of concern, epoxies 
are less hygroscopic and offer superior mechanical properties (Maji et al., 
1997). Most of the parts produced tend to use polyester resins. Phenolic 
resins have been used where issues related to smoke from fl ames and toxic-
ity is of importance. Toughness has been improved over some of the tradi-
tional resins by using two-component polyurethane pultrusions, producing 
two to fi ve times increases in elongation and toughness over polyester 
(Miracle and Donaldson, 2001). Recent studies have also experimented 
using cements for pultrusion (Peled and Mobasher, 2006), where woven 
fabrics made from low modulus polypropylene (PP) and glass meshes were 
used to produce the pultruded cement composites. Fillers are also added 
to the resin in large quantities (up to 50% of the total resin by weight; 
Miracle and Donaldson, 2001) during the pultrusion process. These include 
materials such as calcium carbonate, glass beads, talc, alumina silicate, and 
alumina trihydrate. These are usually added for various reasons such as 
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fl ame suppression or specifi c property improvement. However, some fi llers 
can have detrimental effects favoring crack growth which results in reduced 
mechanical properties after impact (Paciornik et al., 2003).

Pultruded composites are thicker than their laminated counterparts in a 
per layer estimate. Since the fi ber spools are pulled in one direction, the 
pultruded composites tend to be highly orthotropic. To alleviate the bias of 
properties in one direction, typically different forms of reinforcement are 
repeated through the thickness such as continuous fi lament mats or woven 
fabrics. The addition of these layers is necessary to provide material conti-
nuity and to provide additional reinforcement in areas experiencing multi-
directional stress states such as near material discontinuities, holes, etc. 
Modeling of geometric parameters of the injection ports and their axial 
location within the injection chamber related to the fi nal thickness can be 
used to improve the productivity of resin injection pultrusion (Jeswani et 
al., 2009; Rahatekar et al., 2005). Numerous parameters affect the resin 
pressure rise in the die inlet. The geometry of the tapered die inlet region 
can have a signifi cant effect on the pressure rise in the pultrusion die and 
in turn the quality of the pultruded product. Finite element analysis can be 
used to predict the effect of different shaped die inlets to provide insight 
on the design of the die inlet (Sharma et al., 1998). Other design parameters 
explored using fi nite element analysis are the aspect ratio of the fi nal com-
posite, injection slot width and location from inlet of the injection chamber, 
and the location of the ports (Jeswani and Roux, 2006). Process modeling 
results in improved fi ber wet-out that ultimately results in improved 
mechanical properties.

The production of pultruded composites may result in a number of manu-
facturing defects such as porosity, fi ber waviness, matrix cracks, or areas of 
resin richness or starvation. Microcracks exposed to repeat environmental 
and mechanical loading may result in the cracks coalescing to form areas 
where delaminations may grow and cause failure. The anisotropic nature 
of pultruded composites also results in anisotropic fracture properties 
(El-Hajjar and Haj-Ali, 2005). For through-thickness cracks, bridging from 
the roving fi bers is observed for a crack propagating in the roving direction, 
but a crack in the transverse direction relies on the secondary reinforce-
ments for crack growth resistance. Pultruded composites offer important 
advantages when stiffness controlled design is used, which highlights the 
importance of achieving a high fi ber volume-fraction ratio, low void content 
and careful control of manufacturing anomalies such as fi ber waviness. This 
is highlighted in the use of pultrusion in thin walled composite columns 
(Bank et al., 1994). Creative connection and stiffening details to reinforce 
and increase the structural capacity of pultruded open-web profi les and 
beams can result in a 65% increase of the ultimate loading capacity 
in comparison to unstiffened profi les (Mosallam, 1995). Building systems 
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using interlocking components have also been introduced to improve the 
performance and costs of load-bearing panels (Fig. 3.6). In adhesive bonding, 
special surface preparations are usually required and are highly dependent 
on the types of adhesives used. Research in this area has been limited, 
although some studies have attempted to quantify the stress transfer in 
bonded pultruded joints (Boyd et al., 2008).

Pultruded composites exhibit a nonlinear response when subjected to 
multiaxial loadings resulting from the soft response of the polymer matrix 
and/or interaction of the secondary reinforcement with voids, microcracks 
and other defects (Haj-Ali and Kilic, 2002). At the structural level, this 
nonlinearity in the material behavior may be amplifi ed due to geometric 
and material discontinuities. The practical use of pultruded composites has 
usually relied on conservative assumptions that usually do not account for 
the nonlinear response behavior. Micromechanical constitutive models for 
pultruded composites have successfully been integrated in commercial FE 
software to capture the material nonlinearity in a general purpose nonlinear 
analysis (Haj-Ali and El-Hajjar, 2003). The micromechanical models use 
the in-situ fi ber and matrix properties to determine the effective nonlinear 
material response. Typically, simple coupon level testing is used for calibra-
tion of the modeling approach. This methodology can be combined with 
cohesive layer models for fracture prediction in cases where crack growth 
is of concern (Haj-Ali et al., 2006). Recently, improvements in the modeling 
of viscoelastic response of pultruded composites can result in greater reli-
ability of composite pultruded structures that can be exposed to seasonal 
temperature variations while still being exposed to various mechanical 
loadings (Muddasani et al., 2010; Haj-Ali and Muliana, 2003). The studies 
have shown how exposure to higher temperatures and stresses accelerate 

3.6 Interlocking joints for pultruded building panels (courtesy of 
Strongwell).
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the nonlinear deformations of pultruded composites. Time-dependent 
scaling methods were used to create long-term creep responses from the 
available short-term creep data. The modeling indicates that the nonlinear 
responses of the composites are more affected in tension due to enlarge-
ment of voids in the matrix. A nonlinear viscoelastic constitutive model 
implemented in fi nite element analysis based on the convolution integral 
equation for orthotropic materials shows overall good predictions with the 
experimental data available.

3.7 Automated fi ber placement

The automated fi ber placement procedure offers great advantages espe-
cially for manufacturing large composite structures. The automated fi ber 
placement (AFP) machine consists of a computer-controlled robotic arm 
depositing prepreg strips in order to form a composite layup (Fig. 3.7). The 

3.7 An advanced automated fi ber placement machine (photo courtesy 
of MIKROSAM A.D. – Macedonia).
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computer controller represents an important part of this process, with 
recent methods using nonlinear optimization techniques based on artifi cial 
neural networks to predict material quality as a function of process set 
points (Heider et al., 2003). The robotic arm performs multiple synchronous 
functions at various speeds, which requires accurate machine programming 
to ensure close coordination of cutting, motion, and position control with 
highly dynamic reversal movements (Marsh, 2011). The prepreg strips 
(usually made from carbon fi ber) or tows are aligned side by side over the 
mold to form the composite structure.

The AFP head can be designed to accommodate multiple tows to speed 
up the manufacturing process. The width of the prepreg strips can go down 
to levels of approximately 3 mm for more accurate contour capture. The 
strips are laid generally in orientations of 0°, +45°, −45°, and 90°; however 
other directions are also possible. Strips of approximately 12 mm can be 
used if the structure is not contoured and if the throughput is of concern. 
In some processes, a compaction roller is used for further consolidation and 
compaction of the prepreg plies. Prepreg, which refers to a carbon or glass 
fabric containing resin in a semi-cured state, offers important advantages 
in handling while containing the resin content of the fi nal part. The AFP 
process, if combined with a rotating mandrel, can speed up the depositing 
process and resembles to some extent the fi lament winding process. The 
AFP technology is currently extensively used for aerospace composite 
structures, such as in the wing and fuselage of the Boeing 787 and the Airbus 
A350 commercial airliners. Once the part is laid up, it is then transferred 
into autoclaves or press curing operations for application of the prepreg 
temperature and pressure curing profi les. The benefi t of the AFP process 
lies in the ability to produce optimized structures with varied stiffness and 
strength along different parts of the structure. It is also possible to use the 
technique in regions having curvature such as in the aerospace fuselage 
sections described above. The AFP process is also characterized by reduc-
tion of material scrap when compared to hand layup and also reduced 
manufacturing times and costs in some cases.

Manufacturing of composite structures can result in various types of 
defects such as porosity, resin migration, and fi ber waviness (El-Hajjar and 
Petersen, 2011). Figure 3.8 shows an example of the waviness defects present 
in some carbon fi ber composite structures. Such defects may be present in 
many manufacturing procedures with the addition of other unique defects 
peculiar to the AFP technology such as gaps, overlaps, or twisted tows. 
These gaps between the material deposited can have signifi cant effects on 
notched and unnotched mechanical performance, especially at the lamina 
level (around 5%) with laminate level effects at up to 13% (Croft et al., 
2011). Several fi nite element analysis studies were also conducted on 
waviness defects and manufacturing defects unique to the AFP process. 
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3.8 Fiber waviness defect in a composite structural component.

Sawicki and Minguet (1998) studied the effect of intraply gaps and overlaps 
on compression strength in composite laminates using experiments and 
fi nite element analysis (FEA) modeling. They found that the failure of the 
specimens was driven by the interaction of in-plane compression and inter-
laminar shear stresses in the wavy zero-degree plies. Thermosetting prepreg 
may also cause resin migration when used at room temperature conditions 
and using cooled prepregs usually takes care of this problem. Resin migra-
tion may affect prepreg buckling or fi ber waviness in the fi nal structure. 
Thus, it is crucially important to characterize and monitor manufacturing 
defects in large composite structure produced using the AFP process.

3.8 Future trends

Use of VARTM in civil engineering applications is likely to grow in the 
future due to the signifi cant advantages offered by the technology vis-à-vis 
the traditional hand lay-up method. The power of VARTM mold-fi lling 
simulation for optimizing the layout of resin supply and air vent lines as well 
as for predicting the fi nal part thickness has not been used in civil engineer-
ing applications till now. This may change in the near future. Moreover, the 
VARTM mold-fi lling simulation may itself become more accurate after 
incorporating the dual-length-scale effects observed in woven and stitched 
fi ber mats when used with the RTM process (Tan and Pillai, 2010, 2012). In 
conjunction with the simulation, use of advanced control concepts (such as 
active control of resin supply lines) and feedback techniques (such as use of 
SMART weave) will perhaps be tried in civil engineering applications such 
as repair and retrofi t of old bridges. The application of appropriate control 
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strategy will overcome problems associated with variability in preform 
properties due to handling and will accomplish goals such as avoiding the 
formation of dry spots and weld lines, decreasing the process time, etc., 
while keeping the necessary hardware expenditure at a reasonable level.

It is likely that there will be continued expansion of the analysis methods 
for using pultrusion in infrastructure for bridge deck applications (Yu et al., 
2008). The prospects of using rapid prototyping in pultrusion manufacturing 
can improve the time taken from introducing a part from concept to fabri-
cation. Rapid prototyping techniques, such as selective laser sintering, can 
be used to produce sample parts from resin powders and also construction 
of complex parts, which may be used to pultrude interlocking and fastener-
less joint designs (Lesko et al., 2008). The development of full-fi eld strain 
measurement technologies offers a potentially practical approach for struc-
tural health monitoring using techniques such as thermoelastic stress analy-
sis (Boyd et al., 2008; El-Hajjar and Haj-Ali, 2003). The development of 
hybrid processes combining one or more of the methods discussed is some-
thing likely to be seen in the future, especially for larger structures contain-
ing 3D geometries or preforms. Effects of defects from the various 
manufacturing processes will continue to be an area of major concern, 
especially that there is little data on the interaction of defects and long-term 
durability. This puts more requirements on testing in the absence of reliable 
analytical methods that can predict these types of behaviors produced in 
manufacturing and how they affect the actual structural performance of the 
as-built structure. Speed of manufacturing will continue to be a major driver 
in all the composite processing discussed, with the AFP machines pushed 
to speeds higher than 2,000 inches per minute. This will need to be accom-
plished with more advanced control systems having high precision to enable 
high volume manufacturing of large and complex composite structures.

3.9 Sources of further information

• ASM Handbook 21, Composites. ASM International 2011.
• Strongwell Design Manual, Strongwell Corporation, 2011.
• Fundamentals of Composites Manufacturing, A. Brent Strong, 2nd edn, 

Society of Manufacturing Engineers (SME), 2008.
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Vacuum assisted resin transfer molding 

(VARTM) for external strengthening 
of structures
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Abstract: High-quality and expedient repair methods are necessary to 
address concrete deterioration that can occur in bridge structures. Most 
infrastructure-related applications of fi ber-reinforced plastics (FRPs) use 
hand layup methods. Hand layup is tedious, labor-intensive and results 
are sensitive to personnel skill level. An alternative method of FRP 
application is vacuum assisted resin transfer molding (VARTM). 
VARTM uses single-sided molding technology to infuse resin over 
fabrics wrapping large structures, such as bridge girders and columns. 
There is no research currently available on the interface developed, 
when VARTM processing is adopted to wrap fi bers such as carbon and/
or glass over concrete structures. This chapter investigates the shear and 
fl exural strength gains of a beam by carbon fi ber cast on concrete using 
the VARTM method. The carbon fi ber composite was made using 
Sikadur HEX 103C and low viscosity epoxy resin Sikadur 300. Tests 
were conducted to determine and document the gains of FRP 
rehabilitated beams applied by the VARTM method compared to the 
hand layup method of application. This newly introduced technique to 
repair and retrofi t a simple span I-565 prestressed concrete bridge girder 
in Huntsville, Alabama, was implemented in the fi eld within two days 
without any traffi c interruption, and the fi eld demonstration of this 
newly introduced technique to civil infrastructure is presented to 
the end.

Key words: vacuum assisted resin transfer molding (VARTM), hand 
layup, fl exural fi ber-reinforced polymer (FRP), wrapped beams, bonding, 
repair.

4.1 Introduction

High-quality and expedient repair methods are necessary for enhancing 
the service life of bridge structures, and simultaneously making them 
less vulnerable to vandalism and fi re. Reinforced concrete bridge girders 
are the superstructure elements between the abutments and can suffer 
from surface deterioration problems. Deterioration of concrete can 
occur as a result of structural cracks, corrosion of reinforcement, and 
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freeze-thaw degradation. Cost-effective methods with potential for fi eld 
implementation are required to address the issue of repair and strength-
ening of bridge structures. Numerous researchers have studied the behavior 
of FRP strengthened concrete beam and the Departments of Transporta-
tion (DOTs) across the USA have implemented FRP strengthening 
techniques by the hand layup process. For example, carbon FRP (CFRP) 
laminates have already been adopted in many practical cases (i.e., Highway 
Appia near Rome; Bridge A10062, St. Louis County, Missouri; Bridge 
A5657, south of Dixon, Missouri) of PC girders accidentally damaged 
to restore the original fl exural strength of the member (see Nanni, 1997; 
Nanni et al., 2001; Parretti et al., 2003). Mayo et al. (1999) applied 
bonded FRP laminates to strengthen and lift load restriction from a 
simple span, reinforced concrete slab bridge, Bridge G270, in Missouri 
for Missouri DOT. Kachlekev et al. (2000) upgraded the capacity of the 
historic Horsetail Falls Bridge for Oregon DOT. Shahrooz and Serpil 
(2001) examined four 76-year old T-reinforced beams and retrofi tted a 
45-year-old, three-span reinforced concrete slab bridge for Ohio DOT. 
Besides these, there have been Seismic upgrading of Bridge Columns 
for I-57 in Illinois, I-580 in Reno, Nevada and I-80 in Salt Lake City, 
Utah.

When FRP is chosen for external strengthening, the most common 
bonding method is hand layup. Hand layup involves the application of 
toxic and fl ammable epoxy resin by hand. This method has several short-
comings including the shortage of skilled workers, improper wetting of 
fabrics and diffi culty of maintaining quality control when applying fabric 
to long bridge girders or high columns. A weak bond can occur when 
resin is not properly applied between the contact surface of the structure 
and the FRP. In addition, this method is tedious, expensive, and labor-
intensive. Investigation is still needed to truly understand the relationship 
between the FRP and the contact surface which could include concrete, 
steel, or other components. Research in both the laboratory and fi eld 
testing is required to verify assumptions within the areas of bonding and 
failure.

This chapter will address two key areas associated with bonding of FRP 
utilizing the VARTM process. First, comparisons and contrasts between the 
hand layup versus VARTM will be presented. This newly introduced tech-
nique to repair and retrofi t a simple span I-565 prestressed concrete bridge 
girder in Huntsville, Alabama, was implemented in the fi eld within two days 
without any traffi c interruption. Much research has been completed in this 
area and is described in detail in Uddin et al. (2004). Additional information 
on the effectiveness of VARTM in conjunction with its failure mechanisms 
will be discussed, including load, defl ection, and strain for seven specially 
designed specimens.
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4.2 The limitations of hand layup techniques

Prior to discussing VARTM, some disadvantages regarding the hand layup 
application method will be detailed. In the hand layup method, uneven 
application of the epoxy agent to the surface of the FRP can occur for many 
reasons including: inadequate working conditions, faulty equipment, and 
uneven surfaces. Inadequate working conditions are prevalent, since the 
FRP is often required in a cramped, confi ned area. Faulty equipment can 
be a problem and the surface on which the FRP is spread can be uneven 
or lumpy due to the underlying surface. The hand layup methods are shown 
in Figs 4.1 and 4.2.

Faulty equipment can be a factor in the hand layup method, including 
broken or imperfect consolidation rollers, sporadic spray from spray appli-
cators, etc. Each can lead to either an imperfect ‘air ridden’ or inconsistent 
application of the epoxy. Uneven coating of the surface creates areas 
without epoxy for bonding or areas of deep epoxy which lead to lumps or 
poor bonding. Additional localized shear stress can develop within these 
areas causing failure of the bonding agent. Also, when utilizing a spray 
technique, volatile organic compounds (VOC) can be emitted into the 
atmosphere.

Resin

Dry reinforcement

fabric

Bridge girder

Consolidation

roller

Fiber
Resin catalyst pot

Chopper gun

Air pressurized

resin

4.1 Hand layup (roller) method.

4.2 Hand layup (spray) method.
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VARTM, on the other hand, provides for a uniform coverage of epoxy. 
Multiple layers can be bonded to a single surface in one application. Other 
advantages include: low process volatile emissions, high fi ber-to-resin ratio, 
good quality, process repeatability, and ability to install while in use.

VARTM begins by preparing the surface, usually through sandblasting, 
to allow the epoxy resin to evenly distribute and bond. Layers of FRP are 
then placed on the surface. A layer of release fi lm followed by a layer of 
distribution mesh is placed on top of the FRP. Inlet runner channel(s), 
connected to a premixed epoxy resin source, are located and placed for 
optimal epoxy infusion. Vacuum lines, connected to a vacuum pump, evacu-
ate the epoxy. The vacuum system is engaged and the resin is allowed to 
fl ow until the fi ber is completely saturated with epoxy. The epoxy is then 
allowed to cure, under vacuum, before the vacuum bag, release fi lm, and 
distribution mesh are removed. The VARTM application process is pre-
sented in greater detail in Uddin et al. (2004). The VARTM method is 
illustrated in Fig. 4.3.

By infusing the fi ber with epoxy resin through a vacuum process, the resin 
is forced to transfer through the medium from the inlet tube to the vacuum, 
completely covering and infusing the FRP. Infusion can be visually exam-
ined during the process through the vacuum plastic. VARTM application is 
consistent and verifi able.

Infusion line

Vacuum lines

Concrete beam

cross section

Resin flow

Fabric wrap

Bag

Breather cloth

Distribution mesh

Vacuum line

Fabric
Release film

Tool

Vacuum bag Vacuum seal

Inlet runner channel

Distribution mesh

4.3 VARTM method of FRP application.
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4.3 Comparing hand layup and vacuum assisted 

resin transfer molding (VARTM)

Seven samples were experimentally tested in The University of Alabama 
at Birmingham structural laboratory utilizing the 50-kip load machine. 
4 ksi concrete RC beams were designed and built at Sherman Concrete 
in Birmingham, AL. There are two types of beams: fl exural strengthened 
beams (Fig. 4.4), designed to fail in fl exure, and shear strengthened beams 
(Fig. 4.5), designed to fail in shear.

2#3 steel bars

2#5 steel bars

#3 steel stirrups @4′′ spacing

9′′

6′′

10′′
1′′

1.5′′

1′′

2#3 steel bars

2#5 steel bars

#3 steel stirrups @12′′ spacing

9′′

6′′

11′′1′′

1.5′′

1′′

4.4 Flexural strengthened beam.

4.5 Shear strengthened beam.
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One of each beam type, not wrapped in FRP material, acted as controls 
for the experiment. Two fl exural type beams were wrapped, one using the 
VARTM method and one using the hand layup method. The fl exural CFRP 
wrap is shown in Fig. 4.6.

Three shear-type beams were wrapped with uniaxial CFRP, two using the 
VARTM method and one using the hand layup method. The shear CFRP 
wrap is shown in Fig. 4.7.

Beam testing was performed as follows:

• Strain gages were glued using epoxy at various points along the side and 
underneath the beam.

• Beams were then placed in the 50-kip load-testing machine.
• Beams were supported and loaded where shown in Fig. 4.8.
• Load was applied to the beam while strain and defl ection data were 

collected.

3′′

3′′34′′
3′′

17′′ 17′′ 17′′

8.5′′
8.5′′

3′′3′′
3′′

2′′2′′
34′′32′′ 32′′

34′′ 34′′ 34′′

4.6 CFRP wrapping scheme for fl exural beam.

4.7 CFRP wrapping scheme for shear beam.

4.8 Loading points.
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• Cracks were marked as they appeared and the load at that time denoted 
at the top of the respective crack. Photographs were taken during 
loading.

• Results were compared and correlated with respective photographs. 
Additionally, the failure mode of each beam was determined based on 
the collected data.

4.4 Analyzing load, strain, defl ections, 

and failure modes

Tests were conducted in order to collect load versus strain and load versus 
defl ection data. Additionally, maximum loads for the respective experi-
mental setup were determined using the appropriate methodology. From 
this information, comparisons have been drawn concerning the overall 
strengthening for each possible failure mode. Additionally, conclusions 
were drawn concerning any changes in the failure mode observed for 
each set of specimens.

Prior to testing, maximum load conditions for both fl exural and shear 
capacity were calculated for each of the two distinct control beams. Pre-
calculating these limiting parameters allowed for better control of forces 
applied to the beams. It also provided information as to when certain struc-
tural phenomena, such as steel yielding and concrete crushing, should occur 
during the loading of the specimen.

The load capacity for both fl exural and shear strengthened beams was 
calculated. Calculated capacities were used to set limits on testing. Calcula-
tions also helped to predict steel yielding and concrete crushing. Values are 
indicated in Table 4.1. Testing was performed. Data collected per unit time 
included: load, defl ection, and strain. The collected load versus defl ection 
for the control fl exural and control shear beams are shown in Figs 4.9 and 
4.10, respectively. These values are included in Table 4.1. Beam failure 
capacities were determined from these fi gures with additional evidence 
provided by the strain data.

Based on the theoretical values presented in Table 4.1, the control fl ex-
ural beam is expected to fail in fl exure. This assumption is confi rmed in 
Fig. 4.9(b) by the marked failure crack occurring at mid-span. Also noted 
are additional hairline cracks occurring at the mid-span of the beam signify-
ing impending failure of the concrete. From Fig. 4.9(c) and information 
presented in Wang and Salmon (1993), tensile concrete cracking can be 
identifi ed as occurring when slightly greater than 4,100 lbs is applied. Table 
4.1 shows the calculated control fl exural beam theoretical load of 17,006 lb. 
When compared to the experimental value of 16,400 lb, this yields a differ-
ence of −3.6%. Through examination of Fig. 4.9(a), it can be said that the 
fl exural reinforcement bar yielded at 16,000 lb at a total defl ection of 0.4 
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4.9 (a) Control fl exural, load versus defl ection. (b) Control fl exural, 
failure at mid-span. (c) Control fl exural, cracking.

inches. This is indicated by the sudden slope change denoting a stiffness loss. 
In addition, strain data indicate a major event occurring close to 1,630 
pounds. At this point, the strain gage is stretched past its measurement limit. 
Additional load endured past 16,000 lb resulted in a much larger increase 
in defl ection until failure at 16,400 lb and a defl ection of slightly less than 
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4.10 (a) Control shear, load versus defl ection. (b) Control shear, shear 
failure at ends. (c) Control shear, cracking.

Table 4.1 Comparison of theoretical and experimental results (control)

Theoretical (lb)a

Experimental (lb)
Flexural 
w/o FRP

Flexural 
with FRP

Shear 
w/o FRP

Shear 
w/o FRP

Control fl exural 17,006 n/a 47,741 n/a 16,400b

Control shear 19,192 n/a 17,660 n/a 18,900c

a Analysis method from Wang and Salmon (1993).
b See Fig. 4.9(a).
c See Fig. 4.10(a).

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

86 Developments in FRP composites for civil engineering

1.2 inches. Based on Fig. 4.9(b), it can be asserted that the failure mode for 
the control fl exural was fl exural cracking at mid-span. Failure cracking is 
detailed in Fig. 4. 9(c).

Stirrups in the shear beam were placed at 12-inch centers intentionally 
to force a shear failure in the beam. As illustrated in Fig. 4.10(b), a shear 
failure, noted by the primary and secondary cracks, is prominent. By exam-
ining Fig. 4.10(a), it can be said that yielding of the reinforcement steel 
began at 16,000 lb. At this point the primary cracking, shown in Fig. 4.10(b) 
began to appear. After reinforcement yielding, the beam continued to 
load until it reached failure. As noted by the increased slope of the load 
versus the defl ection, post yielding the beam began to defl ect at almost 
twice the rate it did prior to yielding. According to Fig. 4.10(a), it can be 
asserted that failure of the beam occurred close to 18,900 lbs. This is sup-
ported by the secondary shear crack denoted in Fig. 4.10(b). Additional 
evidence exists in the slope change of the strain data. Based on the cal-
culated theoretical values, the beam was predicted to fail in shear. Failure 
cracking is detailed in Fig. 4.10(c). Table 4.1 reveals the theoretical fl exural 
failure is almost two times the load as a shear failure. The experimentally 
determined capacity was 7.0% greater than the theoretical. This could 
result from the concrete curing to a greater capacity than the cement 
utilized.

In the following section, the results determined from both the control 
fl exural and control shear will be compared with the results determined for 
the beam wrapped externally with FRP. The loading capacities and failure 
modes of each will be discussed.

4.5 Flexural fi ber-reinforced polymer (FRP) 

wrapped beams

The following two beams were wrapped in FRP. Figures 4.11(a)–(c) uti-
lized the hand layup method. Figures 4.12(a)–(c) utilized the VARTM 
method. The theoretical capacities for each beam were computed using 
equations provided in ACI 440.2R-02 Guide for the Design and Con-
struction of Externally Bonded FRP Systems for Strengthening Concrete 
Structures. The capacities for fl exural with FRP and shear with FRP are 
shown in Table 4.2. Additionally, fl exural without FRP and shear without 
FRP for each beam were calculated utilizing standard RC equations. 
These values are also shown in Table 4.2. Experimental values shown 
in the last column were determined from Fig. 4.11(a) and Fig. 4.12(a) 
for fl exural hand layup and fl exural VARTM, respectively. A discussion 
of these values follows.

As shown in Table 4.2, the shear capacity without FRP reinforcement is 
66% greater than the reinforcement provided for fl exural. Failure was 
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4.11 (a) Flexural hand layup and fl exural control, load versus 
defl ection. (b) Flexural hand layup, failure at mid-span side of beam. 
(c) Flexural hand layup, cracking.

expected in fl exural near the mid-span. Strain gage data were collected at 
the mid-span point. From Fig. 4.11(a), it can be seen that failure of the 
member occurred at 29,500 lbs. This is reinforced by the strain data, which 
show a drop occurring at the same load. Utilizing Fig. 4.11(b), one can see 
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4.12 (a) Flexural VARTM and control fl exural, load versus defl ection. 
(b) Flexural VARTM, failure zoom front side. (c) Flexural VARTM, 
cracking.
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Table 4.2 Comparison of theoretical and experimental results (fl exural)

Theoretical (lb)a

Experimental (lb)
Flexural 
w/o FRP

Flexural 
with FRP

Shear 
w/o FRP

Shear 
with FRP

Flexural hand 
layup

17,006 28,745 47,741 n/a 29,500b

Flexural 
VARTM

17,006 28,745 47,741 n/a 35,050c

a Analysis method from Wang and Salmon (1993).
b See Fig. 4.11(a).
c See Fig. 4.12(a).

a fl exural failure occurring at the mid-span. At the mid-span, cracks appear 
before failure. Figure 4.11(c) portrays the failure cracking of the beam. The 
cracks propagated through the core of the beam. Measurement indicates 
that the cracks reach the bottom steel reinforcement. The failure mode 
appears to be steel yielding.

In order to understand the contribution of the FRP reinforcement 
applied by hand layup, load versus defl ection data for the control fl exural 
beam was superimposed on Fig. 4.11(a). Prior to the load reaching 4,000 lbs, 
both experience relatively the same defl ection per pound. Then the FRP 
fi ber begins carrying load. Between 4,000 lbs and 16,000 lbs, the slope 
of the two lines differs only slightly, with the defl ection of the control 
fl exural increasing only slightly greater than the fl exural hand layup per 
pound of load. At 16,000 lbs, a considerable difference can be seen 
between the slopes of the lines. At failure, the fl exural hand layup beam 
is carrying a load 79.9% greater than the control fl exural. This value is 
only slightly less than the calculated theoretical capacity increase of 69.0%. 
Bonding of both the reinforcement bar to the concrete and the FRP to 
the concrete in reality will not form a perfect bond; therefore, loss is 
expected.

It was assumed that the application of the FRP utilizing VARTM would 
increase the failure strength of the beam. From Fig. 4.12(a), the failure load 
was determined to be 35,050 lbs. Unlike the control fl exural at a defl ection 
of 0.4 inches, the FRP reinforced beam did not experience a change in load 
over defl ection or slope. Therefore, it can be said that at the yield of the 
steel reinforcement, the external FRP assumed the role of the steel, carrying 
the load applied to the beam. Data show no signifi cant acceleration of strain 
in the FRP reinforcement at any point throughout the loading process. In 
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comparison, the VARTM applied FRP allowed for a 113% increase in 
capacity over the control fl exural. A theoretical increase based on current 
ACI equations yielded a 69.0% increase when utilizing FRP as compared 
to a standard reinforced beam. In turn, a 21.9% increase was determined 
between the theoretical failure and the experimental failure. This difference 
will be discussed further in Section 4.7.

Figure 4.12(b) provides a vivid image of the failure mode. At slightly 
greater than 31,000 lbs, concrete cracking began to occur on the bottom of 
the beam at mid-span. Concrete cracking continued to occur until an abrupt 
failure at 35,050 lbs. At this loading, the concrete was ripped from the inter-
nal steel reinforcement bars. The concrete remained attached to the VARTM 
applied FRP throughout and post failure. Therefore, it can be concluded 
that bonding between the concrete and FRP was stronger than the forces 
acting on the bottom of the mid-span of the specimen. The concrete 
displaced from the bottom of the beam measured 1.5 inches, visible in 
Fig. 4.12(b). From inspection, the bottom of the reinforcement bar could be 
seen in the hole produced by the displaced concrete. The mode of failure 
therefore was different from that experienced by both the control fl exural 
and the fl exural hand layup. The failure can best be described as mid-span 
debonding as explained in Section 4.4 and illustrated in Fig. 4.12(c).

4.6 Shear and fl exural fi ber-reinforced polymer (FRP) 

wrapped beams

Once again, maximum load conditions for both fl exural and shear capacity 
were calculated for each of the beams. As before, ACI 440.2R-02 Guide for 
the Design and Construction of Externally Bonded FRP Systems for Strength-
ening Concrete Structures was utilized. The calculated values are shown 
in Table 4.3. Experimental values were determined from Figs 4.13(a) and 
Fig. 4.14(a).

Shear fl exural beam testing proceeded in the same fashion as the fl exural 
beam testing. Data were collected, as noted, in Section 4.4. FRP was applied 
to the shear fl exural hand layup beam in a hand application method. From 
load testing, the capacity of the beam was determined from Fig. 4.13(a) to 
be 33,650 lbs. Due to the jagged nature of the collected data, a best-fi t line 
has been shown. The steel reinforcement bar yielding began at 23,000 lbs 
as determined by Fig. 4.13(a) and by the changed strain versus load slope 
in the data. When compared with the theoretical value, the experimental 
load was 18% greater. When compared with a similar beam without FRP 
applied, the experimental load was 90.5% greater. Based on the theoretical 
data collected on the control shear beam, the theoretical to experimental 
increase was 79.0%. Such increase should be expected when FRP is exter-
nally bonded.
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Table 4.3 Comparison of theoretical and experimental results (shear fl exural)

Theoretical (lb)a

Experimental (lb)
Flexural 
w/o FRP

Flexural 
with FRP

Shear 
w/o FRP

Shear 
with FRP

Shear fl exural 
hand layup

19,192 32,752 17,660 28,381 33,650b

Shear VARTM 19,192 32,752 17,660 28,381 37,780c

Shear VARTMd 19,192 32,752 17,660 28,381 42,980

a Analysis method from Wang and Salmon (1993).
b See Fig. 4.13(a).
c See Fig. 4.14(a).
d Discussion omitted from this chapter due to faulty data collected during 
experiment.

The failure mode for the shear fl exural hand layup beam was shear crack-
ing at the ends. This is illustrated in Fig. 4.13(b). When comparing the failure 
of the shear fl exural hand layup with that of a control shear, only a slight 
variation of the angle of the shear cracking can be seen. In all respects, both 
beams exhibit the same failure mode. Failure cracking for the shear fl exural 
hand layup is detailed in Fig. 4.13(c). Based on information defi ned in 
Section 4.4, the cracking method can best be described as either a shear 
failure or mid-span debonding. Closer examination would be needed to 
identify positively the failure.

The shear fl exural VARTM beam was tested following the previously 
outlined procedures. From Fig. 4.14(a), the failure load was determined to 
be 37,780 lbs. Figure 4.14(a) allows for identifi cation of steel yielding occur-
ring internally. This is shown by a slight change in slope of the load versus 
defection and load versus strain fi tted curves. Figure 4.14(b) shows shear 
failure just right of the left support. Based on the values in Table 4.3, a shear 
failure mode was expected. The next possible failure mode, fl exural with 
FRP, was 15% greater than that of a shear failure with FRP. The experi-
mental capacity was 33.1% greater than the expected theoretical value. 
With the VARTM applied FRP, the capacity was increased 57.1%, when 
comparing the theoretical shear value with the experimental shear fl exural 
VARTM1 value in Tables 4.1 and 4.3.

Figures 4.14(b) and (c) reveal the whole and localized failures, respec-
tively. Figure 4.14(b) details the shear cracking just right of the left pin 
support. The cracking begins as fl exural cracks running perpendicular to the 
bottom of the sample at 29,000 lbs and proceeds expanding until failure at 
37,000 lbs. At 37,000 lbs, additional shear cracking forms a 45° angle with 
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4.13 (a) Shear fl exural hand layup and control shear, load versus 
defl ection. (b) Shear fl exural hand layup, failure. (c) Shear fl exural 
hand layup, cracking.
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4.14 (a) Shear fl exural VARTM 1 and control shear, load versus 
defl ection. (b) Shear fl exural VARTM 1, shear failure at end. (c) Shear 
VARTM 1, crushing at loading point. (d) Shear fl exural VARTM, 
cracking.

the bottom face. When comparing this result with Fig. 4.10(b), it was noted 
that both beams failed in the same manner. Primary and secondary cracking 
can be seen in these fi gures. A localized concrete crushing failure occurred 
directly above the global failure. No localized failure occurred under the 
opposite support. Failure cracking is detailed in Fig. 4.14(d).
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4.14 Continued

In the next section, a discussion will be provided on the benefi ts of 
utilizing VARTM application of FRP to concrete beams. Furthermore, 
information presented in Section 4.6 will be discussed in detail pertaining 
to the increased capacity that can be attributed to the VARTM method.

4.7 Comparing hand layup and vacuum assisted 

resin transfer molding (VARTM): results 

and discussion

Flexural and shear fl exural reinforcement utilizing FRP has been proven 
to increase the capacity of a beam. In this section, application methods of 
the hand layup and the VARTM method will be explored. Data collected 
and explained above will be presented in this section to reinforce the claim 
that VARTM application of FRP provides for a higher capacity for a beam 
when used in both fl exural and shear fl exural applications.

Flexural reinforcement included an 85-inch single FRP layer applied 
evenly spaced from the midpoint of the beam. Strain data sensors were 
placed to record strain on the underside of the beam at mid-span. The loca-
tion of the strain gage is the same as for the fl exural VARTM beam. When 
comparing the trend lines in Fig. 4.15, two items should be noted: fi rst, 
defl ection at 29,500 lbs was greater for the hand layup (0.78 inches) than 
that of the VARTM (0.74 inches); and second, the VARTM member 
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4.15 Comparison of hand layup versus VARTM fl exural FRP.

Table 4.4 Flexural FRP and experimental comparison

Theoretical (lb)

Experimental (lb)Flexural with FRP Shear with FRP

Flexural hand layup 28,745 n/a 29,500
Flexural VARTM 28,745 n/a 35,050

(35,050 lb) was able to withstand more load than the hand layup beam 
(29,500 lb), as shown in Table 4.4. Therefore, the VARTM resulted in an 
18.8% increase in capacity over hand layup. Both hand layup and VARTM 
beams exceed theoretical capacity expectations by 2.6% and 21.9%, respec-
tively. The greater increase with the VARTM method is expected due to 
more even coating of the fi ber and surface with the epoxy resin.

For a strain at the mid-span of a fl exural beam, distinct changes in the 
direction of strain within the specimen would not be expected as it would 
with a shear face gage. For a loading of 29,500 lbs for the hand layup beam, 
a strain of 5,000 lbs was recorded. At the same load for the VARTM beam, 
a strain of only 3,800 lbs was recorded. The VARTM beam experienced less 
stress on the bottom tensile fi bers. Therefore, it can be concluded that the 
utilization of the VARTM method for external fl exural reinforcement using 
FRP does provide a higher loading capacity of approximately 20% over the 
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hand layup application method. Also, there is no notable change in the load 
versus strain curve between the two application methods. Next, it is impor-
tant to compare the use of hand layup and VARTM for shear fl exural 
external reinforcement as shown in Table 4.5.

Shear fl exural FRP consisted of a 34-inch single external layer of FRP 
applied evenly spaced from the midpoint of the beam, and two 34-inch 
single external FRP layers applied 5 inches from the supports. Strain 
sensors were placed to record strain at both the underside of the beam at 
the mid-span and at the shear face located just right of the beam south 

Table 4.5 Shear fl exural FRP and experimental comparison 

Theoretical (lb)

Experimental (lb)Flexural with FRP Shear with FRP

Shear fl exural hand 
layup

32,752 28,381 33,650

Shear VARTM 32,752 28,381 37,780
Shear VARTMa 32,752 28,381 42,980

a Discussion omitted from this chapter due to faulty data collected during 
experiment.
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4.16 Comparison of hand layup versus VARTM shear fl exural FRP.

�� �� �� �� �� ��



 VARTM for external strengthening of structures 97

© Woodhead Publishing Limited, 2013

end. The location of the gages is the same as for the hand layup beam. 
When comparing Fig. 4.16, two items should be noted. First, the deforma-
tion of the two beams was nearly the same up to failure of the hand layup 
beam. A much greater difference of defl ection was noted for the fl exural 
reinforced specimens. Second, the VARTM beam was able to take both 
an increased loading and increased defl ection. From Table 4.5, the VARTM 
beam had an increased capacity of nearly 12.3% over the hand layup 
beam. Hand layup and VARTM fl exural beams showed a 2.7% and 15.4% 
increase over theoretical values. Again, the VARTM beam provided a 
greater capacity than that expected from ACI 440.2R-02 calculations. This 
increase was slightly less than that of the fl exural reinforced only VARTM 
member. As previously discussed, an increase in capacity was expected 
utilizing the VARTM method due to its ability to evenly saturate both the 
FRP material and the beam surface.

Mid-span strain and shear face strain data were collected. The mid-span 
strain is similar for both specimens until hand layup failure. For loads from 
26,000 lbs to 79,000 lbs, the two plots are equal. This shows that the com-
posite action between both FRP cases is similar. No additional stress is 
induced by either application method.

For shear face strain, the hand layup beam has one well-defi ned shift in 
strain direction, which most likely occurred at the point the FRP took over 
reinforcement in the shear plane. For the VARTM beam, three well-defi ned 
shifts occur: 20,000 lb, 26,000 lb, and 31,000 lb. At failure of the hand layup 
beam, a difference in strain of 10 exists. However, the direction trend of the 
strain at failure for both specimens is similar.

Using the VARTM method for external shear and fl exural reinforcement 
provides a higher loading capacity of approximately 15% over the hand 
layup method. The mid-span strain for both hand layup and VARTM are 
nearly equal. For shear face strains, two additional shifts in strain direction 
occur on the hand layup beam. However, at failure, the shear face strain of 
both specimens appears to be concurrent.

For both analyses, the VARTM method provides a uniform interface 
between the fi ber and the surface of the application leading to an increased 
capacity for the beam. Therefore, when utilizing VARTM instead of hand 
layup, an increased capacity can be expected. Modifi cation of the current 
ACI 440.2R-02 should be made to predict better the overall loading capac-
ity of a steel RC beam with VARTM FRP.

4.8 Case study: I-565 Highway bridge girder

The bridge selected for demonstration of the VARTM strengthening tech-
nology is Bridge I-565 Highway located on Route/Bin 52 in Madison 
County. It is a 27.13 m (89 ft) long solid pre-stressed concrete girder, cast 
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in situ slab bridge built in 1991. The bridge has a load restriction of 71.2 
kN (16 kips) for HS20 trucks. After visiting the site of some cracked and 
deteriorated girders, the authors and the Alabama Department of Trans-
portation (ALDOT) selected this bridge girder for evaluation.

Figure 4.17 is the I-565 Highway bridge in Huntsville. At the present 
condition it was seen that the open spaces in between some girders were 
sealed. As a result, cracks developed very close to the support due to 
bending caused by the temperature variation shown in Fig. 4.18. (Uddin 
et al., 2003). As shown in Fig. 4.19, some preliminary repair implemented 
by injecting polyurethane foam in the cracks is seen to be ineffective in 
containing the growth of stress and environment induced cracks. This tech-
nology only seals the crack. By sealing the cracks, no infusion of resin can 
take place inside the cracks and there is no actual improvement in the 
structural integrity to carry the imposed load coming from the deck. Crack 
propagation is still in the micro phase. In order to improve this situation, 
one need not only seal the cracks but also stop the crack propagation.

4.8.1 CFRP design calculation

The cross section of the 1,600.2 mm (63″) bulb-tee girder is shown in 
Fig. 4.20. Table 4.6 shows the sectional properties of the 1,600.2 mm (63″) 
bulb-tee girder. Table 4.7 shows the sectional properties of 1,600.2 mm (63″) 
bulb-tee girder and 203.2 mm (8″) cast in-situ slab. Here it was assumed 
that after developing the fl exural cracks, the concrete section is fully cracked 
and concrete is no longer able to carry any tensile force. To retrofi t such 
a section, it is assumed that the external reinforcement carries all of 
the nominal capacity of the section. First critical section was calculated as 

4.17 I-565 Highway bridge in Huntsville.
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2.0 m

Cracks

Web

Bottom flange

10 cm 10 cm

Flexural crack

Flexural crack 

4.18 Initial cracks in analyzed girder, fl exural cracks in fl ange, and 
shear crack in the web. Black lines illustrate crack direction.

4.19 Some preliminary repair implemented by injecting polyurethane 
foam in the cracks is seen to be ineffective at I-565 Highway bridge 
girder in Huntsville.
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4.20 The cross section of bulb tee girder.

Table 4.6 Bulb-tee girder sectional properties

Girder 
type

Beam 
height 
mm (in.)

Web 
height 
mm (in.)

Section 
area mm2 
(in2.)

Center of 
gravity 
mm (in.)

Moment of 
inertia mm4 
(in4)

Weight N/
mm (lb/ft)

Max. 
span* 
mm (ft.)

BT-63 1,600.2 
(63)

1,143 
(45)

459,999.08 
(713)

815.848 
(32.12)

1.6343 × 1011 
(392,638)

10.85 
(743)

3,302 
(130)

* Based on simple span, HS-25 loading and ′ =fc 48 3. MPa  (7,000 psi).

hc, centroid of the pre-stressing + 254 mm (10″) i.e., hc + 254 mm (hc + 10″) 
from the support. At this critical section, both the pre-stressing force and 
temperature variation was considered for calculating the required number 
of CFRP layers. All the calculations for the required CFRP are shown 
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Table 4.7 Sectional properties of 1600.2 mm (63″) bulb-tee girder and 
203.2 mm (8″) cast in-situ slab

Element
A mm2 
(in2)

Y mm 
(in) AY mm3 (in3) AY2 mm4 (in4) I0 mm4 (in4) Igc mm4 (in4)

Slab 348,644.4 
(540.4)

1682.75 
(66.25)

586,681,311.1 
(35,801.49)

9.87238 × 1011 
(2,371,848.72)

791,945,973.6 
(1,902.66)

9.88 × 1011 
(205,601.04)

Girder 459,999.1 
(713)

815.848 
(32.12)

375,289,329.4 
(22,901.56)

3.06179 × 1011 
(735,598.11)

1.63428 × 1011 
(392,638)

1.63 × 1011 
(547,025.9)

Total 808,643.4 

(1,253.4)

961,970,640.5 

(58,703.05)

1.29342 × 1011 

(3,107,446.83)

1.6422 × 1011 

(394,540.7)

1.15 × 1011 

(752,626.94)

Table 4.8 Pre-cast AASHTO 1,600.2 mm (63″) bulb-tee girder properties

Pre-cast beam Composite beam (with transformed slab)

Ac = 459,999.08 mm2 (713 in2) Acc = 808,643.4485 mm2 (1,253.4 in2)
yt = 784.352 mm (30.88 in) ytc = 14,622.51633 mm (22.67 in)
yb = 815.848 mm (32.12 in) ybc = 1,189.610381 mm (46.84 in)
h = 1,600.2 mm (63 in) hc = 1,765.3 mm (69.5 in)
Ig = 1.63428 × 1011 mm4 (392,638 in4) Igc = 3.13267 × 1011 mm4 (752,626.9 in4)
Zt = 208,360,882 mm3 (12,714.96 in3) Ztc = 544,159,517.9 mm3 (33,206.65 in3)
Zb = 200,317,062.1 mm3 (12,224.1 in3) Zbc = 263,335,787 mm3 (16,069.74 in3)
kt = −435.4727451 mm (−17.14 in) ktc = −325.651296 mm (−12.82 in)
kb = 452.959345 mm (17.83 in) kbc = 672.9288649 mm (26.49 in)
bv = 1,066.8 mm (42 in) hf = 165.1 mm (6.5 in)
bw = 152.4 mm (6 in) be = 2,438.4 mm (96 in)

b = btr = 2,111.716345 mm (83.14 in)

in Tables 4.8–4.11. From Table 4.11, two layers of CFRP were required for 
fl exural reinforcement. In order to avoid shear failure, shear reinforcement 
was calculated based on shear force developed at the critical section due to 
live load. According to the design guideline ACI 440, this gave two layers 
of CFRP for shear strengthening of that section, shown in Table 4.11. These 
shear reinforcements were placed along with the fl exural reinforcement in 
0/90/0/90 sequence.

4.8.2 VARTM in I-565 Highway bridge girder: 
processing detail

After performing strengthening calculations, two fl exure layers and two 
shear layers of unidirectional carbon fi ber and epoxy resin were selected 
for retrofi tting the T-bulb girder. Retrofi tting strategy and schematic of 
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Table 4.11 Number of CFRP layers calculation

Area/No. of 
CFRP layer

Nominal 
moment 
capacity

For 
temperature

At critical section

Temperature and 
pre-stressing 
effect

Shear force 
for HS 20 
truck

Required area 
of CFRP Af 
mm2 (in2)

11,548.4 (17.9) 1,871 (2.9) 4,839 (7.5) 890.3 (1.38)

No. of layers 
of CFRP

3.4 0.47 1.42 1.72

Remarks 
(CFRP need)

4 1 2 2

process detail is shown in Figs 4.21–4.23. A crew of four students carried 
out processing on site for a period of two days on a 1.524 m × 4 m area. 
The fi rst step in the processing was the surface preparation of the girder 
using a sandblaster and compressed air; after the surface cleaning, a coat 
of resin was applied in the border of the part to ensure an adequate 
seal between the concrete and the vacuum sealant tape as shown in 
Fig. 4.24.

After the layer of primer was cured, the vacuum sealant tape was placed 
into the surface of the concrete following the pattern of the part to be 
bagged. The layup sequence of [0/90/0/90] was adopted and the fl exure plies 
were laid fi rst in order to have the shear plies (laid up to 0.2 m above the 
neutral axis to ensure anchoring effects) help in containing the edge peel 
stresses that usually initiate de-bonding of the fl exure plies. All plies were 
held in place against the concrete surface with the aid of 3M spray adhesive 
as shown in Fig. 4.25. Once all the plies were put in place, a porous bleeder 
release fi lm made of tightly woven silicone coated polyester was placed on 
top of the layup so that the distribution mesh would not bond to the fabric 
(Fig. 4.26).

Then the distribution mesh, made from polyethylene terephthalate 
(PET), was placed with the infusion and vacuum lines on the top of the 
plies and on the upper part of the bottom fl ange. Following the distribution 
mesh and the inlet and outlet channels, the bag was put in place on top of 
the whole arrangement as illustrated in Fig. 4.27. De-bulking took place for 
20 minutes under vacuum, and the bag was straightened and checked for 
leaks. The infusion strategy proposed was to place an infusion channel at 
the middle of the bottom fl ange, two infusion/vacuum channels at the web 
and bottom fl ange, and two fi nal vacuum channels at the top of the part in 
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4.21 Schematic of bulb tee section with retrofi tting strategy.
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CFRP layerInfusion line
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4.22 Longitudinal view of the 1,600.2 mm (63″) bulb tee girder, not to 
scale.
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Mark the area to be

retrofitted of I-565 Highway,

it is 5 ft long from support

Step 1Retrofitting of I-565

Highway

Surface preparation:

sandblasting

Step 2

Primer application

Step 3

Apply sealant tape on

periphery of the marked area

Step 4

Cut/prepare the bagging for

the marked area

Step 5

Apply vacuum into the bag to

de-bulk the bag

Step 7

Resin infusion
Step 8

Resin curing and applying

hydrostatic pressure

Step 9

Debagging
Step 10

Protection from moisture
Step 11

Instrumentation for

performance monitoring 

Step 12

Apply release film and

distribution mesh

Step 6

4.23 Schematic of retrofi tting scheme of I-565 Highway at a glance.

the web as seen in Fig. 4.28. Finally, infusion was performed and monitored 
for 90 minutes; the fl ow front was very homogeneous and symmetrical to 
each side of the girder showing a linear pattern. The part was kept under 
vacuum for the following 12 hours to ensure proper curing under 635 mm Hg 
vacuum pressure. The on-site fi lling time for the girder was approximately 
60 min. After debagging, the part had conformed readily to the shape of 
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(a)

(b)

4.24 (a) Surface preparation and (b) pre-priming of vacuum bag 
sealant tape zone.

the girder; details of the web and beam appearance at debagging are pre-
sented in Fig. 4.29. A coat of latex-based paint was applied on the surface 
of the fi nished part to act as a seal against any environmental attack such 
as moisture, dust or particles (Fig. 4.30). A fi nal overall view is shown in 
Fig. 4.31.

4.8.3 Cost evaluation for fi eld implemenation of VARTM

A generalized analysis of the main factors infl uencing the economics of the 
process was performed (Serrano-Perez, 2003) and the total price for the 
initial stage of the project was estimated using three different processing 
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(a)

(b)

4.25 (a) Sealant tape layout and (b) fabric placement with 3M spray 
adhesive.

techniques: VARTM, hand layup and steel plate bonding. The total initial 
cost for the project is found to be lower for the case of steel plate bonding. 
However, maintenance costs and durability of the bonded steel plates in 
terms of corrosion and bond line degradation increase the overall cost of 
using steel. Another important issue to take into consideration is that when 
a long span is going to be repaired, steel plates need to be welded in place 
and thereby welding labor, machinery, and consumables increase cost. These 
combined facts make the use of composite materials more attractive, com-
petitive, and permanent. Hand layup and VARTM are very similar in terms 
of costing, since the relatively higher tooling cost in VARTM is made 
equivalent in the hand layup process by the increased labor rates and longer 
processing times. The fi nal product advantages of VARTM over hand layup 
(e.g., higher quality product, which might help reduce the number of layers 
needed and improved bond and durability) discussed in detail by Serrano-
Perez (2003) make it an attractive and cost-effective processing route for 
the repair of large reinforced concrete structures.
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(a)

(b)

4.26 (a) Release fi lm and (b) distribution mesh placement over placed 
fabric.

4.27 Bagging and de-bulking of layup.

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

110 Developments in FRP composites for civil engineering

4.28 Infusion progression and fl ow front throughout fl ange and web. 
Straight line indicates fl ow front, dark areas indicate wet area, and 
light grey represents dry areas.

121 cm

(a) (b)

67 cm

(c)

4.29 (a) Part after debagging: (b) bottom fl ange detail and (c) bottom 
fl ange side detail.
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4.30 Latex-based coating application.

4.31 Final overall view of reinforced section.

4.9 Conclusion and future trends

The focus of this chapter has included an introduction to VARTM and a 
thorough investigation of several large-scale beam tests with external FRP. 
Wrapping schemes including both shear and shear fl exural were detailed 
along with application procedures and details. Seven large-scale beam tests 
were conducted, six of which are discussed in Sections 4.4–4.7 with detailed 
conclusions for each beam drawn and recorded. Based on the experimental 
data collected, one can draw three conclusions pertaining to the use of 
externally bonded FRP. First, the use of externally bonded FRP increases 
the load capacity of a beam. Second, the use of externally bonded FRP 
decreases the defl ection of the beam as related to the load applied. Third, 
the use of externally bonded FRP decreases the elongation prior to failure.
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Bridges across the United States are experiencing increased loading by 
modern vehicles. Older bridges were not designed for increased loading. 
Many bridges in the United States are becoming structurally defi cient. 
Externally bonded FRP is a viable method to rehabilitate these structures. 
In addition, the VARTM method increases capacity and safety over that of 
hand layup methods. This has been shown for both shear and shear fl exural 
reinforcement as in Figs 4.11 and 4.13. In these fi gures, one can see that the 
use of VARTM in most cases doubles the loading capacity of the beam.

FRP is an advantageous method of repair, which is growing in popularity. 
VARTM maximizes the potential of FRP by allowing fewer layers of fabric 
for greater strength gain. VARTM increases the overall capacity of a beam 
for fl exural or shear between 99% and 113% over that of a reinforced beam. 
VARTM increases the overall capacity of a beam strengthened in fl exural 
or shear by 15–19% more than that of a hand layup FRP. Therefore, VARTM 
provides a higher degree of strengthening per wrap of fi ber. Second, 
VARTM and hand layup differ only slightly at defl ections when compared 
for similar loading at a defi ned point. Of the beams compared, one utilized 
the VARTM method and one utilized the hand layup method of application. 
Though only a small difference, the VARTM beam possessed an advantage. 
This defl ection difference can be seen visually in Figs 4.15 and 4.16. Third, 
VARTM increases the overall defl ection at failure. When VARTM is con-
sidered, it has been proven to provide higher failure strength. At failure, it 
is noted that a defl ection of nearly fi ve-tenths greater than that of a tradi-
tional hand wrapped beam is documented. This advantage can be seen in 
Figs 4.15 and 4.16. A greater defl ection prior to failure gives warning of an 
impending failure, signaling that repairs need to be performed. Therefore, 
the practice of VARTM for adhering FRP offers a variety of safety benefi ts 
including greater strength and ductility of the whole structure (compared 
to hand layup).

VARTM provides a high bond ratio of the FRP to the concrete. First, 
with the substrate bonded securely to the concrete, the instances of type 2 
failures or debonding-related failures are reduced. Debonding failures are 
generally in the category of a brittle failure, a mode that must be avoided. 
VARTM reduces the likelihood of a debonding failure by securely bonding, 
with little or no voids, the FRP to the concrete. As shown in the failure 
modes for all samples, none was a result of premature FRP debonding. The 
conclusion can then be drawn that failure did not occur due to debonding, 
but by a type 1 failure mode that is detailed for each beam specimen. 
Second, monetary considerations must be taken into account. Since VARTM 
provides a larger load yield per wrap over hand layup, it is more effi cient 
than the traditional method.

Additional research is necessary to obtain conclusive evidence as to 
the effectiveness of VARTM in the long term. For instance, topics such 
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as durability and resin fl ow should be addressed in detail. It has been 
shown that VARTM capacity exceeds that of hand layup. Furthermore, 
it has been proven that capacities predicted utilizing the traditional equa-
tions, presented in ACI 440.2R-02, are exceeded utilizing VARTM. It is 
suggested that factors be applied to adjust for this improved quality and 
strength. For these factors to be determined, additional large-scale rect-
angular beam testing will be required. Such testing will provide additional 
results enabling one to provide a value that statistics show is safe for 
public usage. Results and statistical assumptions must be approved by the 
ACI 440.2R-02 committee, before use.
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Abstract: Fiber-reinforced polymer (FRP) composite materials have 
been increasingly used in civil engineering applications in the past two 
decades. Their wide ranging use, however, is still not realized due to 
a few fundamental issues including high material costs, relatively short 
history of applications and the gaps in the development of established 
standards. Design safety requires that all possible modes and 
mechanisms of failure are identifi ed, characterized, and accounted for 
in the design procedures. This chapter provides a review of the failure 
types encountered in structural engineering applications of FRP and 
the preventive methods and strategies that have been developed to 
eliminate or delay such failures. As part of preventive measures, various 
non-destructive testing (NDT) and structural health monitoring (SHM) 
methods used for monitoring FRP applications are discussed with 
illustrative examples.

Key words: fi ber-reinforced polymer (FRP), strengthening, retrofi tting, 
failures, prevention, non-destructive testing (NDT) methods, structural 
health monitoring (SHM), embedded sensors, fi ber optic, Bragg grating.

5.1 Introduction

Fiber-reinforced polymer (FRP) composite materials have been increas-
ingly used in civil engineering applications in the past two decades. This 
relatively new class of materials, offers several mechanical and durability 
properties superior to the conventional construction materials, which make 
them the material of choice in many applications despite their relatively 
high cost. The structural engineering applications range from all composite 
structural systems and components to the use of FRP as internal or external 
reinforcement in conventional structures for improved durability and struc-
tural performance. Already accounting for the second largest share in FRP 
composites shipments in North America, the construction market is likely 
to take the lead as the use of FRPs in structural engineering applications 
becomes mainstream.

Failure, although an undesired phenomenon, is at the root of structural 
engineering design. In an effort to design against failures, engineers learn 
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from failures encountered in controlled or in-service environments. Design 
safety requires that all possible modes and mechanisms of failure are identi-
fi ed, characterized, and accounted for in the design procedures included in 
standards. As promising as FRPs are for use in structural engineering appli-
cations, characterization of the respective failure modes and development 
of preventive measures is a prerequisite for the development of compre-
hensive standards that will enable their widespread use.

This chapter provides a review of the failure types encountered in struc-
tural engineering applications of FRP and the preventive methods and 
strategies that have been developed to eliminate or delay such failures. The 
scope is mostly limited to failure of FRP strengthened concrete and steel 
structures which represent the most common applications of FRP in struc-
tural engineering. As part of preventive measures, various non-destructive 
testing (NDT) and structural health monitoring (SHM) methods used for 
monitoring FRP applications are discussed with illustrative examples.

5.2 Failures in structural engineering applications of 

fi ber-reinforced polymer (FRP) composites

FRP materials may exhibit quite sophisticated failure modes based on their 
highly diverse composition, structure, and geometry. Characterization of 
failure modes and development of associated failure criteria for various 
FRP materials is an active fi eld of research around the world (Hinton et al., 
2004; Davila et al., 2005; Knops, 2010). The composition and structure of 
FRP composites are very briefl y reviewed below as a basis for the following 
discussions on their material and failure behavior.

The basic composition of FRP composites is formed by high strength and 
stiffness fi bers embedded in a polymer matrix with distinct interfaces 
between them (Hull and Clyne, 1996; Peters, 1997; Barbero, 2010). In this 
form, both fi bers and matrix retain their physical and chemical identities, 
yet they produce a combination of properties that cannot be achieved with 
either of the constituents alone. The fi bers serve as the principal load-car-
rying members. The surrounding matrix keeps the fi bers in a desired loca-
tion and orientation, acts as a load transfer medium between them, and 
protects them from environmental effects. FRP composites can be pro-
duced in various types depending on the volume fraction, length, orienta-
tion, and type of fi bers in the polymer matrix. A laminate is the most 
common form of composites for structural applications, fabricated by stack-
ing a number of thin layers of unidirectional laminae. Maximum strength 
and stiffness properties are achieved in the fi ber axis direction when all the 
fi bers are unidirectional. This arrangement is highly anisotropic and is 
suited for applications where the laminate will be subjected to tension in 
the fi ber direction only. To obtain more isotropic properties, alternate layers 
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of fi bers may vary between 0 and 90°, resulting in less directionality, but at 
the expense of decreased properties in the absolute fi ber direction. Alter-
natively, woven fabrics can be used with various weave patterns based on 
the specifi c application. Biaxially woven fabrics provide good strength in 
the fi ber directions and allow fast composites application through wet layup. 
However, they are generally less effective in strength compared to lami-
nates due to their three-dimensional structure. Figure 5.1 shows various 
types of commercially available carbon FRP (CFRP) and glass FRP (GFRP) 
composite systems used in structural strengthening applications (Gunes, 
2004).

Failure behavior of a unidirectional FRP laminate under loading in dif-
ferent directions provides an informative illustration of the complex failure 
modes in FRP composite materials in general. Figure 5.2(a) shows the 
stress–strain behavior of unidirectional carbon and glass FRP plates and 
sheets in comparison with that of reinforcing steel. As can be seen from the 
fi gure, a linearly elastic stress–strain behavior followed by an undesirably 
brittle failure is common to all presented types. Figure 5.2(b) conceptually 
illustrates the variation in the failure behavior of unidirectional FRP com-
posites as the direction of the loading changes (Peters, 1997). The strength 
properties, shown in normalized form with respect to the tensile strength, 
rapidly deteriorate as the loading deviates from the fi ber axis and reach 
very low values for angles more than 20°. The failure modes are fi ber 
rupture and buckling in tension and compression, respectively, for loading 

Unidirectional

CFRP sheet

Pultruded CFRP plate Pultruded GFRP plate

Bidirectional

CFRP fabric

Unidirectional

GFRP sheet

Bidirectional

GFRP fabric

Bidirectional GFRP

fabric (45°)

5.1 Various commercially available FRP systems used in structural 
strengthening.
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5.2 Tensile stress–strain diagrams of selected unidirectional FRP 
systems (a) and conceptual failure behavior at different angles to fi ber 
axis (b).

close to the fi ber axis, shear failure for intermediate angles, and transverse 
tensile and compressive failures for large deviations from the fi ber axis. 
Analysis of deformation and failure for multi-directional laminates requires 
use of more involved analysis methods and associated failure criteria (Hull 
and Clyne, 1996; Peters, 1997; Ochoa and Reddy, 2010).

Despite several favorable characteristics of FRP composites, their brittle 
failure behavior described in Fig. 5.2 is a major concern for structural engi-
neers. Ductility, defi ned – at different scales – as the ability to undergo 
inelastic deformation before failure, is a very important safeguard against 
failures in structural engineering. Ductility not only results in warning 
before ultimate failure, but also reduces the dynamic load demand through 
increased energy dissipation and damage. A measure of ductility is the ratio 
of inelastic and elastic deformation called the ductility ratio (μ). For struc-
tural and reinforcing steel, the ductility ratio is typically greater than one 
hundred (μs > 100) and concrete has a much lower ductility ratio of around 
two (μc ≈ 2). At the structural level, a ductility ratio (calculated by the ratio 
of inelastic and elastic drift) μΔ = 4–6 is generally needed for satisfactory 
structural performance. Hence, a fundamental concern regarding use of 
FRPs in structural applications is their ductility ratio of μ ≈ 1, even more 
brittle than concrete, which at fi rst sight does not promise a favorable con-
tribution to the system ductility. A partially compensating property of FRP 
composites is their typically much higher ultimate strain (εuf ≈ 0.012–0.023) 
compared to that of concrete (εuc ≈ 0.003) and the yield strain of reinforcing 
steel (εys ≈ 0.002) (Fig. 5.2(a) ). Since the ductility of reinforcing steel in a 
properly designed reinforced concrete (RC) member is never fully realized 
due to concrete failure in compression, the additional FRP reinforcement, 
if properly designed and installed, acts as additional reinforcement that 
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contributes to the load capacity and/or ductility depending on the applica-
tion (Gunes et al., 2013a,b). As proper design requires a thorough knowl-
edge of the failure modes and mechanisms, comprehensive experimental 
and modeling research is needed for general and application-specifi c failure 
types of structural systems that include FRP composites as a basis for 
development of associated design codes.

5.2.1 Failures in compression members

Use of FRP composites for additional reinforcement and/or confi nement 
in compression members has been a very effective and cost-effi cient type 
of composites application in structural engineering. Its application is much 
easier and faster than the alternative conventional methods such as rein-
forced concrete or steel jacketing of columns. In confi nement strengthening, 
FRP composite plate or fabrics are wrapped or fi ber strands are wound 
in the shear reinforcement direction to enhance shear strength and con-
fi nement. The wrapped or wound FRP reinforcement confi nes the concrete 
to improve the concrete compressive strength as well as the ductility, 
resulting in improvement of performance in compression. The lateral con-
fi ning pressure depends on the thickness and orientation of the FRP 
reinforcement and the corresponding failure stress. Figure 5.3 shows the 
stress–stain behavior and failure of six axially loaded concrete cylinders 
wrapped with one or two layers of GFRP sheets with three different fi ber 
orientations (Au and Büyüköztürk, 2005). All FRP-wrapped cylinders dis-
played an improvement in both load capacity and ductility compared to 
the plain concrete cylinder. The degree of improvement and the failure 
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mode were affected by the number of layers, fi ber orientation, and the 
stack sequence. Similar improvements were obtained in lateral load and 
deformation capacity of FRP-wrapped columns (Colomb et al., 2008).

The success of column strengthening using FRPs stems from the ability 
to form closed hoops with multiple layers of FRP reinforcement which 
provides effective confi nement for concrete. The confi nement is most effec-
tive for circular columns and reduces for rectangular columns, especially 
for high aspect ratios of the column cross-section (Maalej et al., 2003). 
Promising results obtained from numerous experimental studies have 
resulted in several FRP-confi ned concrete models for use in design practice 
(Bisby et al., 2005). Although there is little agreement between the devel-
oped models, their characteristic contribution to the structural performance 
is very similar and their use in design generally does not make a signifi cant 
difference in terms of the structural performance evaluation of the retrofi t-
ted system (Gunes et al., 2013a,b).

5.2.2 Failures in tension members

In structural engineering applications, tension is most generally resisted by 
steel and there are several issues regarding the use of FRPs in conjunction 
with steel without concrete as a load transfer medium. In a strengthening 
application, the strengthening material is generally expected to have a 
similar or higher stiffness compared to the base material of the member 
being strengthened. In this respect, FRP composites have been a viable 
choice of materials for use in conjunction with wood, masonry, concrete, 
and even aluminum (in aviation and aerospace industries) as the typical 
elastic modulus of FRPs is higher than those of these materials (Triantafi l-
lou, 1998). Structural steel, however, has an elastic modulus higher than 
most commercially available FRP composites used in structural strengthen-
ing applications (Fig. 5.2(a) ). Hence, as far as elastic deformations are 
concerned, use of FRPs for strengthening of steel structures does not make 
much sense from both mechanics and economy perspectives since more 
FRP reinforcement would be needed than, for instance, additional steel 
reinforcement to perform the strengthening. Nevertheless, FRP reinforce-
ment for steel becomes effective in the inelastic deformation stage during 
which steel yields under constant stress while FRPs continue their linearly 
elastic deformation behavior until failure (Fig. 5.2(a) ). Hence, FRP com-
posites are more suitable for improving the ultimate load capacity of steel 
structures than improving their serviceability. Additional issues include high 
interfacial stresses in FRP-bonded steel members and potential durability 
concerns such as galvanic corrosion of the steel substrate in contact with 
CFRP which is a conductive material. Despite the concerns, FRP strength-
ening of steel structures has received signifi cant research attention in recent 
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years due to the potential of eliminating welding and bolting in steel 
members, and ease of installation (Büyüköztürk et al., 2004; Zhao and 
Zhang, 2007). Continued research in this area focusing on the interface 
stresses and durability problems together with the recent advances in nano-
fi ber and nanotube composites (Coleman, et al., 2006) are likely to boost 
FRP applications to steel structures.

Repair of fatigue-damaged steel members using FRP composites is a 
specifi c type of application that is both mechanically and economically well 
justifi ed. Fatigue cracks can develop in tension members or in the tension 
regions of fl exural members under repeated loading. Repair of a fatigue-
damaged member aims at restoring or improving the fatigue resistance of 
the member and increasing its remaining service life. Commonly used repair 
techniques involve drilling a hole at the crack tip to eliminate stress con-
centrations and to control crack growth, or welding and/or bolting of a steel 
angle or plate over the cracked area. The problems associated with such 
repairs is that they may infl ict further damage to the structure in terms of 
reducing its load carrying capacity due to drilling of holes, or may introduce 
further local stress concentrations which can promote further fatigue crack-
ing. Due to the uncertainties in the reliability of repaired members, replace-
ment is generally the preferred action unless replacement cost is very high. 
Conceptually, composite patches reinforced with high modulus fi bers can 
be expected to restrain opening deformations of cracks occurring in steel 
components to which the patches are bonded. Thus, the bonded patch 
reduces the stress intensity factor at the crack tip through bridging the 
stresses between the cracked plate and composite patch. It reduces the 
stress fi eld in the vicinity of the crack leading to retardation of crack growth 
and an improvement in fatigue life.

Figure 5.4 shows the results of an experimental study that involves 
tension fatigue testing of side-notched steel specimens patched with CFRP 
laminates having different lengths and widths (Gunes, 2004). As shown in 
the fi gure, CFRP patches have resulted in signifi cant improvements in the 
fatigue life of the specimens which would have failed right away without 
the patch due to the high amplitude of cyclic loading. The improvement 
in fatigue life was dependent on the size of the CFRP patch, which lends 
itself to modeling of the delayed crack propagation and calculation of the 
remaining fatigue life after patching. Preliminary environmental exposure 
studies carried out on similar specimens concluded that environmental 
exposure had insignifi cant infl uence on the effectiveness of the repair and 
that the CFRP patch had prevented rather than accelerated the corrosion 
of the steel substrate. Continued studies using coupled environmental expo-
sure and fatigue loading should provide more reliable information regard-
ing the potential durability problems in FRP-patched steel members. The 
method in general was found to be a very effective, cost effi cient and easy 
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application of FRP composites to repair fatigue cracks in steel structures 
in order to prolong their service life considerably before replacing the 
damaged members.

5.2.3 Failures in fl exural members

Studies on the use of FRP composites to improve the serviceability and 
ultimate capacity of fl exural members were the earliest FRP applications 
in structural engineering due to the debonding and durability problems 
encountered with conventional methods such as strengthening using 
bonded steel plates. Early experimental studies have shown the high poten-
tial and characteristic contribution of FRP reinforcement to the fl exural 
and shear capacity of fl exural members and have identifi ed the possible 
failure modes (Büyüköztürk and Hearing, 1998). Despite the proven poten-
tial of the method, FRP strengthening of fl exural members raised some 
concerns regarding the effectiveness, safety, and reliability of the method. 
Figure 5.5(a) shows the fl exural capacity increase in reinforced concrete 
beams upon strengthening with CFRP plates and sheets. Depending on the 
FRP reinforcement ratio, the fl exural capacity of the member can be dra-
matically increased, but this increase in capacity is accompanied by a reduc-
tion in the deformation capacity, hence the ductility of the member which 
is an undesired behavior. The fi gure also indicates that wet layup applica-
tions of FRP sheets may not be as effective as intended, especially below 
a certain thickness, due to premature failures caused by possible stress 
concentrations. Identifi ed failure modes of FRP strengthened RC and steel 
fl exural members can be classifi ed into three groups as fl exural, shear, and 
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debonding failure modes as illustrated for RC members in Fig. 5.5(b) 
(Büyüköztürk et al., 2004). The fl exural and shear failure modes are very 
similar to those encountered in reinforced concrete fl exural members and 
the analysis of the strengthened member can be performed using the clas-
sical ultimate strength design principles with modifi cations to account for 
the additional FRP reinforcement. The debonding failure modes, which 
cannot be characterized by ultimate strength analysis, were of particular 
concern due to their premature and brittle nature. Hence, if the strengthen-
ing design and application is not performed by properly considering all 
failure modes, the strengthening may not only be ineffective, but also it 
may harm the originally ductile member by causing its brittle failure. These 
concerns, which are not valid for FRP applications to columns, require more 
attention to the failure behavior of FRP-strengthened fl exural members.

5.3 Strategies for failure prevention

Engineers learn from failures to prevent them from happening in real-
life applications. Structural engineering applications of FRP composites 
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have been researched and applied in pilot and fi eld applications for more 
than two decades and have produced a fairly large database of failures. 
Signifi cant progress has been made in characterization and modeling of 
failure types and development of associated design procedures, but there 
is still much room for improvement. For certain applications, such as 
FRP wrapping of columns for improvement of column shear capacity 
and ductility, the positive contribution of the FRP reinforcement to the 
application objectives is guaranteed (Fig. 5.3). The potential risk for this 
application may be that the strengthening may be less effective than 
intended, or in the worst case scenario, may be ineffective. For other 
applications, such as FRP strengthening of beams, insuffi cient consideration 
to debonding problems may lead to a performance lower than that of 
the member before strengthening. Figure 5.6 shows an illustrative example 
of the possible consequences of FRP strengthening of the beam shown 
in Fig. 5.5, depending on the shear capacity of the beam and the anchor-
age conditions of the FRP reinforcement. As can be seen from the fi gure, 
FRP strengthening can turn a perfectly ductile beam to a brittle one if 
the shear capacity and anchorage conditions cannot accommodate the 
increase in fl exural capacity. Figure 5.6 shows the evolution of beam 
behavior with increasing shear capacity, through internal steel or external 
FRP shear reinforcement and improving anchorage condition. As impor-
tant as the wide range of ductility behavior is the position of the ACI 
440 provision for limiting FRP strain (ACI 440, 2002) shown with a 
dashed line on the fi gure. This provision provides the limiting FRP strain 
that should not be exceeded in design calculations, even if the FRP 
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material can accommodate a higher strain. As can be seen in Fig. 5.6, 
most failure strains of FRP reinforcement are below the strain limit, 
which indicates that a design based only on the strain limit could be 
unconservative by a large margin. Hence, specifi cation of FRP materials 
in structural engineering applications should note the possible failure 
modes associated with the specifi c application and the safety risks involved 
at the current state of knowledge.

Before examples of methodologies developed or applied for failure pre-
vention in FRP applications in structural engineering are presented, the 
framework strategies are described below to set the stage.

5.3.1 Safe-life versus fail-safe approaches

Among various failure prevention approaches, it is of interest to note two 
distinct generic approaches to dealing with damage in structures, primarily 
those under dynamic loading, in an effort to prevent failures: the safe-life 
and fail-safe approaches (Suresh, 1998). In the safe-life approach, the 
typical service load spectra experienced by the structure under service 
conditions is determined. Based on this information, the components are 
analyzed or tested in the laboratory under load conditions that are similar 
to service spectra, and a useful service life is estimated for the component. 
The estimated service life, modifi ed by a safety factor, is called the safe life 
for the component. At the end of the safe operational life, the component 
is automatically retired from service, even if it has considerable residual 
service life. The safe-life approach depends on achieving a specifi ed life 
without the development of damage leading to failure (fatigue crack, 
delamination, debonding etc.), so the emphasis is on the prevention of 
damage initiation.

The fail-safe concept, on the other hand, is based on the argument that 
even if an individual member of a large structure fails, there should be suf-
fi cient structural integrity in the remaining parts to enable the structure to 
operate safely until the damage is detected and repaired. Components that 
have multiple load paths are generally fail-safe because of structural redun-
dancy. In addition, the structure may contain additional safeguards to 
prevent undesirable levels of damage occurrence. This approach mandates 
periodic inspection along with the requirement that the damage detection 
techniques be capable of identifying fl aws to enable prompt repairs or 
replacements.

Selection between safe-life and fail-safe approaches in maintenance 
of structures, particularly those under dynamic loading, is a problem of 
economy versus safety. In civil engineering, the fail-safe approach is 
generally preferred for economic reasons, although there are exceptions. 
In Canada, for instance, safe-life techniques have been used for bridges 
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at the expense of higher maintenance costs based on the principle that 
‘it is better to replace a number of bridge components a few years 
too soon rather than have one bridge replaced too late’ (Sweeney, 
1990).

The safe-life approach, despite the higher costs involved, is possible 
for FRP applications in structures under dynamic loading such as bridges. 
However, for other FRP applications performed to resist design loadings, 
such as retrofi tting a building or even the columns of a bridge against 
earthquakes, it is diffi cult, if not impossible, to determine a safe life 
based on the design event. While it is possible to defi ne a safe life based 
on durability or cyclic debonding tests or to treat FRP applications as 
an interim solution during a predefi ned safe life until a more compre-
hensive solution is planned and executed, this is usually not even an 
option due to lack of necessary funds. Hence, the failure prevention 
practices for FRP applications must be closer to fail-safe approaches 
that require periodic inspections as part of the failure prevention 
strategy.

5.3.2 Redundant design against failure

A possible failure prevention strategy for FRP applications in structural 
engineering is to conservatively provide added redundancy in the design 
especially for known brittle failure modes even if the design procedure 
does not call for it. For the debonding failures presented in Fig. 5.6, a 
debonding model was developed that performed better than the ACI 440 
provision for the limiting strain (Gunes et al., 2009). This study concluded 
that until a generally applicable model is included in the codes, the FRP 
fl exural reinforcement ends should be anchored along a length equal to 
the effective depth of the beam as an added precaution against brittle 
debonding failures. A conservative approach in shear resistance of the 
beam is also important in preventing brittle failures. If the beam requires 
shear strengthening, most of the confi gurations shown in Fig. 5.7 also 
provide additional bond anchorage for the fl exural reinforcement and 
reduce the probability of debonding failures. For beams with suffi cient 
shear resistance, mechanical anchors at the ends of the bonded FRP fl exural 
reinforcement can also help to prevent brittle debonding failures (Gunes, 
2004). An alternative strategy is to use thermal curing to gradually reduce 
stresses at plate ends to avoid stress concentrations. Such an example is 
shown in Fig. 5.8, where a full-scale prestressed girder was strengthened 
by bonding prestressed FRP plates using the gradient method that pro-
duced a force gradient in the FRP plate over a length of 0.5 m at the 
plate ends to gradually reduce the force in the plate to zero (Czaderski 
and Motavalli, 2007). This type of measure is also possible for FRP 
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5.7 FRP shear strengthening confi gurations that mostly also provide 
bond anchorage for the fl exural FRP reinforcement.
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5.8 Full-scale prestressed girder strengthened through bonding 
prestressed FRP plates using the gradient method to eliminate stress 
concentrations at the plate ends (Photos taken by the author at EMPA, 
Switzerland).

applications to steel structures since mechanical anchorage by drilling holes 
would defeat the purpose of using bonded reinforcement. For such mea-
sures, inspection and monitoring practices become more important unless 
a safe-life approach is taken.
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5.3.3 Local versus global monitoring approaches: 
non-destructive testing (NDT) and structural 
health monitoring (SHM)

Verifying and monitoring the effectiveness of FRP composites applications 
in structural engineering is an indispensible means of failure prevention at 
the current state of knowledge on FRP materials and their interaction with 
the conventional construction materials. Verifi cation of the effectiveness of 
FRP strengthening/retrofi t applications may be possible in the short term 
through monitoring the behavior of the structure before and after the 
application. Figure 5.9 shows such a verifi cation for a bridge on I-65 in 
Louisville, Kentucky, USA (Harik and Peiris, 2012). Cracks that developed 
close to the supports of some of the girders in the elevated spans of the 
bridge were repaired using bonded CFRP sheets. Monitoring of both rela-
tive horizontal and vertical movements between the girders and the sup-
porting piers was carried out through LVDTs mounted on the girders. The 
fi gure shows the girders as well as the measured relative horizontal move-
ment before and after the retrofi t, which clearly verifi es the effectiveness 
of the repair. It should be noted that this verifi cation was a targeted imple-
mentation for a specifi c application at a known location on the structure 
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5.9 Short-term monitoring of relative horizontal movement between a 
girder and the supporting pier of a bridge before and after retrofi tting 
with bonded CFRP sheets for verifi cation of effectiveness (Courtesy of 
Prof. Issam Harik, University of Kentucky, USA).

�� �� �� �� �� ��



 Failure modes in structural applications of FRP composites 129

© Woodhead Publishing Limited, 2013

with known deformations to monitor. Once it is determined that the appli-
cation works, verifying the long-term effectiveness must be performed 
either by continued monitoring or through periodic inspections depending 
on the resources. Inspection of known locations on the bridge can be per-
formed using various NDT techniques developed and adapted for civil 
engineering applications (Büyüköztürk, 1998). Several such techniques 
were also adapted for inspection and evaluation of FRP applications in 
civil structures (Dong and Ansari, 2011).

Global monitoring approaches within the area of SHM measure the 
deformation and vibrations at strategic locations on the structure and 
attempt to relate any changes in the dynamic characteristics of the structure 
with damage occurrence. Advanced applications in this area employ system 
identifi cation routines for localization and sizing of damage (Gunes and 
Gunes, 2012, 2013). Both NDT and SHM approaches are discussed in 
greater detail in the next section.

5.4 Non-destructive testing (NDT) and structural 

health monitoring (SHM) for inspection 

and monitoring

NDT and SHM are generally associated with local and global inspection 
and monitoring of structures with certain areas of overlap in between. 
Another distinction can be that the former is generally focused on physical 
properties of materials and detection of anomalies, while the latter is gener-
ally focused on deformation behavior of structures and components for 
damage detection. Both approaches and the specifi c methods included 
therein have their strengths and limitations with respect to applicability, 
sensitivity, and accuracy depending on the application. The following sub-
sections discuss and provide illustrative examples of SHM and NDT 
methods that are mostly applied to bonded FRP-strengthened structures.

5.4.1 Stress wave methods

The stress wave or acoustic methods include the traditional sounding tech-
niques such as hammer tapping or chain dragging and more advanced 
methods such as impact-echo (IE), ultrasonic testing (UT), and acoustic 
emission (AE). In principle, the stress wave methods are based on elastic 
wave propagation in solids which takes place in forms of compression (P) 
waves and shear (S) waves in the solid, and surface waves or Rayleigh (R) 
waves along the surface. Inhomogeneity in the material causes scattering 
of sound waves which can be recorded and interpreted to extract informa-
tion about the condition and elastic properties of materials (Blitz and 
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Simpson, 1996; Kundu, 2007). Limitations of these methods include low 
directivity and resolution at low frequencies and the requirement of inti-
mate contact between the test equipment and the object under test.

Impact-echo involves transmission of a transient pulse into concrete by 
a mechanical impact, and analysis of the refl ected waves recorded at the 
concrete surface in the frequency domain. Due to its low frequency range, 
this method is more suitable for rapid preliminary survey of areas for locat-
ing the anomalies (Tawhed and Gassman, 2002). Images of these anomalies 
can then be captured using more comprehensive ultrasonic testing methods. 
Impact-echo is sometimes used in quality control of bond and detection of 
bond defects in structural engineering applications of FRP composites.

Acoustic emission is a passive condition monitoring technique which 
allows continuous testing of a structure rather than at regular intervals 
(Blitz and Simpson, 1996). Acoustic emission refers to the pulses due to the 
change in the elastic strain energy, which occurs locally in the material and 
at material interfaces as a result of deformation, debonding, and fracture. 
Part of this energy propagates through the material which can be detected 
by highly sensitive transducers placed on the surface of the structure. AE 
is generally used for detection and monitoring purposes rather than provid-
ing an imaging capability (Grosse and Ohtsu, 2010). This technique was 
used in monitoring damage build-up and failure of FRP-wrapped compres-
sion members in the laboratory (Mirmiran et al., 1999), quality control of 
full-scale hybrid FRP-concrete bridge spans in the manufacturing plant 
prior to construction (Ramirez et al., 2009), and fi eld monitoring of an FRP 
strengthened non-prismatic reinforced concrete beam (Carpinteri et al., 
2007). While promising results were reported by these studies, use of this 
technique for long-term monitoring of FRP applications is hindered by the 
requirement for continuous fi eld monitoring and the diffi culty of differen-
tiating between the stress waves from damage and those due to other 
factors such as vehicular traffi c. Use of this method is likely to increase in 
the future in parallel with the developments in hybrid and all composite 
structural members as well as effective signal processing algorithms.

Ultrasonics refers to the study and application of ultrasound which is 
sound of a pitch too high to be detected by the human ear, i.e. of frequen-
cies greater than about 18 kHz (Blitz and Simpson, 1996; Kundu, 2007). The 
technique involves transmission of ultrasound waves into the material using 
a transducer in contact with the surface of the object. The scattered signals 
are then recorded and interpreted. The data obtained from ultrasonic 
experiments can be used to reconstruct an image of the inclusions and 
inhomogeneity in the material using tomographic imaging algorithms. 
Applications of this technique include thickness determination, measure-
ment of elastic modulus, and detection and imaging of cracks, voids, and 
delaminations.
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Ultrasonic pulse-echo involves introduction of a stress pulse into the 
material at an accessible surface by a transmitter. The pulse propagates into 
the material and is refl ected by cracks, voids, delaminations, or material 
interfaces. The refl ected waves, or echoes, are recorded at the surface and 
the receiver output is either displayed on an oscilloscope or stored for 
further processing. There are several methods of examining a test specimen 
using the pulse-echo technique (Cartz, 1995). The A-scan or A-scope method 
is a 1D view of the defects in the material. Figure 5.10 shows results obtained 
from ultrasonic A-scans of a partially debonded FRP-patched steel speci-
men. The response from the debonded region lacks the refl ections from 
substrate material interfaces which is a clear indication of debonding at the 
FRP–steel interface (Gunes, 2004). The B-scan or B-scope method involves 
a series of parallel A-scans and produces a 2D view of the defects in the 
material. The C-scan or C-scope method involves a series of parallel A-scans 
performed over a surface. For high frequency ultrasound imaging applica-
tions which can be used for NDT of steel or FRP composites, display of 
B- or C-scans can provide signifi cant information about the interior defects 
due to the high directivity of the waves (Kundu, 2012). For concrete, 
however, the presence of coarse aggregate, often exceeding 10 mm in diam-
eter, requires that ultrasonic testing be conducted at relatively low frequen-
cies in order to avoid excessive attenuation caused by scattering (Blitz 
and Simpson, 1996; Büyüköztürk, 1998). Thus, the ultrasonic beam has virtu-
ally no directional characteristics, which makes it diffi cult to infer the size 
of the defects.
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5.4.2 Acoustic-laser technique

The acoustic-laser technique is a combined acoustic and laser optical tech-
nique which remedies an important limitation of acoustic techniques by 
enabling non-contact, even remote NDT of bonded FRP applications in 
structural engineering. The technique is based on the principle that local 
damage such as debonding and voids in the FRP–concrete or FRP–steel 
interface vibrate differently than intact regions upon an acoustic excitation 
(Fig. 5.11(a) ) (Büyüköztürk et al., 2012). This difference in the vibration 
response can be related to the size of damage and the mechanical properties 
of the FRP. Vibration anomalies remotely measured at the target surface 
using a laser vibrometer can be used to detect, map, and characterize 
defects. The technique is effective for bonded thin layered systems, since 
debonding or voids larger than a certain size respond to the acoustically 
induced surface waves and display a vibration response depending on the 
size of debonding. Use of laser vibrometry for sensing the vibration response 
provides a remote, accurate, and fast method that does not alter the target 
characteristics. Figure 5.11(b) shows the experimental setup for detecting 
debonding in GFRP-wrapped concrete cylinders and Fig. 5.11(c) shows the 
vibration velocities measured at intact and debonded regions as a function 
of acoustic excitation frequency. As can be seen from the fi gure, the vibra-
tion signatures over the void have higher velocity amplitudes than those of 
the intact region, the difference being related to the size of the void. Hence, 
the method has high potential for conducting rapid inspection of bonded 
FRP applications in structural engineering.

5.4.3 Infrared thermography and digital shearography

Infrared thermography (IRT) and digital shearography (DISH), also known 
as speckle pattern shearing interferometry (SPSI), are both optical tech-
niques that enable non-contact, full-fi eld, real-time, and rapid non-
destructive testing; but these methods are fundamentally different in their 
damage detection principles. Thermography measures a material’s heat 
transfer response to thermal effects while shearography measures a mate-
rial’s mechanical response to stress (Hung et al., 2009). Both methods are 
applicable to metals, non-metals, and composite materials for detection of 
damage and fl aws and can be used in a complementary fashion to improve 
detection capability and accuracy.

Infrared thermography is based on the principle that subsurface anoma-
lies in a material result in localized differences in surface temperature 
caused by different rates of heat transfer at the defect zones. Thermography 
senses the emission of thermal radiation from the material surface and 
produces a visual image from this thermal signal which can be related to 
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the size of an internal defect. Most infrared thermography applications use 
a thermographic camera in conjunction with an infrared-sensitive detector 
which images the heat radiation contrasts. Thermographic imaging may 
involve active or passive sources such as a fl ash tube or solar radiation. 
Active thermography can be further divided into four groups based on the 
excitation techniques: transient pulse thermography, step heating (long 
pulse thermography), periodic heating (lock-in) thermography, and thermal 
mechanical vibration thermography (vibrothermography) (Hung et al., 
2009). Use of active thermography improves the applicability and accuracy 
of the technique, enabling quantitative information regarding subsurface 
defects. Figure 5.12 shows active thermographic imaging of FRP-bonded 
concrete for detection of debonding. The obtained images show the poten-
tial of the method in detection and sizing of the defects behind single or 
multiple layers of FRP reinforcement (Cantini et al., 2012).

Shearography is an interferometric imaging technique that directly mea-
sures the selected fi rst derivatives of specifi c surface displacement compo-
nents (components of surface strains) using coherent laser illumination and 
a charge-coupled device (CCD) camera for recording (Hung et al., 2009; 
Lai et al., 2009). The technique has been used for detection of delaminations, 
residual stresses, vibration modes, and leakage detection and has gained 
industrial acceptance as a practical and reliable NDT method. Non-
destructive testing using digital shearography involves recording of two 
states of an object, before and after the application of certain stresses using 
thermal, acoustic, or pressure loading.

Both IRT and DISH were successfully applied to detection of debonding 
in FRP-bonded concrete in several studies with up to 90% accuracy in 
determining the sizes of artifi cial defects (Hung et al., 2009; Lai et al., 2009; 
Taillade et al., 2011; Cantini et al., 2012). Complementary use of these two 
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5.12 Infrared thermographic imaging of CFRP-bonded concrete 
specimen for detection of delamination (Courtesy of Dr. Lorenzo 
Cantini, Politecnico di Milano, Italy).
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methods in fi eld applications has the potential to provide effective and 
cost-effi cient non-destructive evaluation of bonded FRP applications in 
structural engineering.

5.4.4 Microwave NDT

The principle of microwave NDT is to generate and transmit electromag-
netic (EM) short pulses or time harmonic waves through a transmitter 
antenna towards a target medium and record the scattered signals at the 
receiver antenna. When the transmitted EM waves encounter an object or 
another medium with different EM properties, some portion of the trans-
mitted energy is refl ected from the boundary and the rest is transferred into 
the new medium undergoing some refraction depending on the material 
properties of the new medium and the angle of incidence. Thus, the scat-
tered signals recorded at the receiver contain some information about the 
target’s EM properties, which can be extracted by processing and interpret-
ing the recorded signals (Gunes and Büyüköztürk, 2012). In the microwave 
NDT method, the ability to image buried inclusions in concrete such as 
rebars and delaminations requires understanding of concrete as a dielectric 
material (Rhim and Büyüköztürk, 1998) and application of advanced 
imaging techniques. The resolution of the image improves with the larger 
bandwidth of the incident wave (shorter pulse) at the expense of reduced 
penetration depth due to increased wave attenuation inside the dielectric 
material. Hence, there is a trade-off between the image resolution and the 
penetration depth that limits the resolution of the image that can be 
obtained within a certain depth inside the dielectric material. Conductive 
materials such as steel rebars do not allow penetration of microwaves, 
hence, it is not possible to see inside a steel or densely reinforced concrete 
structure.

Applications of the microwave NDT method to FRP-bonded concrete 
have revealed mixed results. Feng et al. (2002) concluded that debonding 
at the FRP–concrete interface is diffi cult to detect using plane waves and 
used dielectric lenses for focusing EM waves on a point in the bonded 
surface which led to detection of debonded areas. Yu and Büyüköztürk 
(2008) performed step-frequency radar measurements using plane wave 
(far fi eld) excitation for detection of debonding in GFRP-bonded concrete 
cylinders and obtained mildly successful results. The fundamental problem 
with debonding detection in FRP-bonded concrete is the small thickness of 
the debonding. Figure 5.13 shows fi nite difference-time domain simulation 
of plane microwave scattering by a GFRP-bonded reinforced concrete 
target with and without a void (Büyüköztürk et al., 2003). The simulation 
results clearly indicate the refl ection from the void. However, both the 
measurement conditions and the void size can be quite different in the fi eld. 
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5.13 Simulated microwave scattering response of GFRP-bonded 
reinforced concrete with and without a subsurface air void to incident 
plane wave excitation.

Proper detection (range resolution) of debonding requires that the incident 
wavelength be half the thickness of debonding, which is typically in the 
order of a millimeter. A simple calculation shows that the frequency of the 
incident wave must be about an order of magnitude higher than those used 
in the above-cited studies for proper detection. An additional limitation for 
microwave NDT of FRP is that conductive composites such as CFRP do 
not allow suffi cient penetration of microwaves for assessment of bond 
quality. The method has the advantage of being non-contact and rapid, but 
further research and applications are needed for successful evaluation of 
FRP applications in structural engineering.

5.4.5 Embedded sensors for SHM

Structural health monitoring of civil engineering structures using embedded 
sensors for measuring deformation, pressure, or temperature and detecting 
damage has been a popular interdisciplinary research fi eld in the last two 
decades. The embedded sensors include, but are not limited to, passive types 
of sensors such as fi ber optic sensors with many variations such as the fi ber 
optic Bragg grating sensors, pre-embedded concrete bar (PECB) sensors, 
corrosion sensors and active types of sensors such as the piezoelectric wafer 
active sensors (Lau, 2003; Giurgiutiu, 2008).
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The main component of the optical fi ber sensor is a small diameter glass 
fi ber that guides light by confi ning it within regions having different optical 
indices of refraction. The sensor is basically formed by the optical fi ber, a 
light source, sensing element, and a detector. When subjected to external 
perturbations such as strain, pressure, or temperature, the sensing element 
modulates some parameter of the optical system such as the intensity, wave-
length, polarization, or phase which changes the characteristics of the optical 
signal received at the detector. These changes can then be related to the 
parameter being measured. The sensors can be embedded within the struc-
tural material or bonded to the member surface for real-time damage assess-
ment. As the sensor can serve as both a sensing element and a medium for 
signal transmission, the electronic instrumentation can be located away from 
the sensor allowing remote monitoring of structures in localized, multi-
plexed, or distributed arrangements (Méndez and Csipkes, 2012; Lau, 2003).

The optical fi ber Bragg grating (FBG) type sensor is one of the most 
promising and popular type of sensor that is well suited for structural health 
monitoring of composite materials and their structural applications. The 
operating principle of the FBG sensor is illustrated in Fig. 5.14(a) (Miller 
and Méndez, 2011). Any form of broad-spectrum light passing through the 
grating has a portion of its energy transmitted through and the rest refl ected 
back as a narrow light signal centered at a certain Bragg wavelength. Any 
change in the characteristics of light due to external perturbations results 
in a Bragg wavelength shift, which can be related to the parameter being 
measured. Small size and environmental durability of these sensors have 
led to their use in many SHM applications, although alkaline attack to the 
fi ber core in embedded applications and damaging of fi bers during fi eld 
installation is still a serious concern to be addressed (Lau, 2003).
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5.14 Principle of operation and transmission and refl ection spectra of 
a fi ber Bragg grating (a) and a commercial fi ber Bragg grating strain 
sensor (b) (Courtesy of Dr. Alexis Méndez, Micron Optics, Inc., Atlanta, 
GA, USA).
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Numerous successful laboratory and fi eld applications of fi ber optic 
sensors have been reported in the literature proving their high potential for 
long-term structural health monitoring of structures (Tennyson et al., 2000, 
2001; Labossiere et al., 2000; Lau et al., 2001; Zhao and Ansari, 2002; Lau, 
2003; Watkins et al., 2007; Mehrani et al., 2009; Jiang et al., 2010). Figure 5.15 
shows one of the longest running SHM applications in structural engineer-
ing (Meier, 2012; Meier et al., 2012). The Stork Bridge in Winterthur, Swit-
zerland, is a cable stay bridge constructed in 1996, which has two stay cables 
made of CFRP. The cable type used consists of 241 wires, each with a diam-
eter of 5 mm. Although the cable type was fatigue tested in the laboratory 
for 10 million load cycles, several times greater than that expected during 
the service life of the bridge, under a load three times greater than the 
permissible load of the bridge, monitoring the long-term performance of 
this new material is still of interest to bridge engineers. Figure 5.15(a) shows 
the bridge, the CFRP cable section and the data acquisition board located 
in the box girder for SHM. The location and arrangement of FBG sensors 
are shown in Fig. 5.15(b) and the strain measurement data obtained from 
both FBG and resistive strain gages (RSG) for a period of 14 years is shown 
in Fig. 5.15(c). The fl uctuation of the strains was observed to be synchronous 
with the temperature changes and the FBG sensors were observed to be 
more stable than RSG sensors.

Use of embedded sensor technologies with emphasis on fi ber optic 
sensors for SHM is likely to be one of the fastest growing application areas 
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5.15 Structural health monitoring of FRP tendons in Stork Bridge, 
Switzerland, using embedded sensors: (a) the bridge, CFRP tendons 
and the data acquisition board inside the box girder; (b) FBG 
sensor locations and the meander structure; (c) long-term strain 
measurements over 14 years (Courtesy of Prof. Urs Meier, EMPA, 
Switzerland).
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in civil engineering due to its high impact potential in dealing with infra-
structure sustainability problems in a cost-effi cient manner.

5.4.6 Combined use of different methods

Combination of the capabilities of more than one NDT and/or SHM 
method in a complementary fashion in order to increase the accuracy and 
reliability of characterization or damage assessment is a commonly voiced 
approach in the NDT/SHM research community (Maierhofer et al., 2010). 
A RILEM technical committee (TC 207-INR) was recently devoted to this 
goal. A quick review of the NDT and SHM methods presented in the pre-
ceding sections immediately reveals some possible combinations of methods 
that can be used in a complementary fashion. Infrared thermography and 
digital shearography methods are an obvious combination that are very 
similar in their test procedures but fundamentally different in the way they 
characterize damage. Infrared thermography measures the heat transfer 
response of materials to thermal excitation while digital shearography mea-
sures the mechanical response of materials to stresses. Coherent superposi-
tion of information obtained from both methods is likely to produce better 
characterization of materials and detection of inherent damage.

Another combination of methods that provides complementary informa-
tion is ultrasonic imaging and microwave (radar) methods. Ultrasonic 
testing involves propagation of stress waves in materials, governed by the 
material’s mechanical properties, whereas the microwave method involves 
propagation of electromagnetic waves in materials, governed by the mate-
rial’s electromagnetic (dielectric) properties. Stress waves travel easily in 
dense and moist materials and are refl ected by voids in the material. EM 
waves travel more easily in dry materials, not signifi cantly affected by voids, 
but are completely refl ected by metals. Ultrasonic testing requires contact 
with the material whereas microwave antennas enable remote testing. 
Hence, the test procedures and information content provided by these two 
materials are truly complementary and their combination leads to better 
evaluation of materials.

Sometimes, combination of methods in the same category facilitates more 
effi cient evaluation. Impact-echo and ultrasonic testing are both stress wave 
methods that require measurements in contact with the material. Impact-
echo provides faster but less accurate evaluation of large areas. Hence, a 
preliminary survey of a large area using the impact-echo technique can map 
areas of low wave velocity which can then be tested using the more accurate 
ultrasonic testing technique. Replacing impact-echo with the acoustic-laser 
technique can further speed up the evaluation. Potential damage areas 
mapped by the acoustic-laser technique can be verifi ed using local ultra-
sonic evaluation.
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Combination of SHM and NDT methods can also lead to effective and 
cost-effi cient evaluation of materials and structures. In condition evalua-
tion or damage detection of structures, vibration-based SHM methods 
that use system identifi cation techniques can detect and locate potential 
areas of damage which can then be effectively evaluated using local NDT 
methods. More research in this area is needed for identifi cation of optimum 
combinations of methods and strategies for fast and accurate evaluation 
of structures.

5.5 Future trends

FRP applications in structural engineering have come a long way since their 
inception about three decades ago. There is a growing consensus on the 
tremendous potential of these materials in addressing the challenges associ-
ated with the aging infrastructure all around the world. It is only a matter 
of time before the civil engineering community becomes comfortably famil-
iar with the behavior and specifi c failure modes of these materials and their 
applications in structural engineering, and have at their disposal compre-
hensive standards that provide proper procedures for safe and reliable 
design practices. Compared to the likely scene fi fty years from now, the 
current state of knowledge and practice of FRP applications in structural 
engineering can be considered as only in its infancy. Even now, exciting 
applications that include innovative hybrid or all FRP solutions to pressing 
infrastructure challenges continue to spur, instilling optimism about what 
is to come in the near future.

A key feature of FRP composites that makes them so promising as engi-
neering materials is the opportunity to tailor the material properties through 
the control of fi ber and matrix combinations and the selection of processing 
techniques. As fi ber diameters are reduced, their stiffness and strength, and 
hence those of the composite material, are increased due to the highly 
aligned microstructure of the fi bers and reduction of the fl aws to very small 
sizes. The glass and carbon fi bers commonly used in structural engineering 
applications have diameters in the order of 10 microns and produce com-
posite elastic modulus in the range of 20–200 GPa (between those of con-
crete and steel) and tensile strength in the range of 400–2800 MPa 
(approximately 1–7 times the yield strength of reinforcing steel) (Gunes, 
2004). Recent progress in the development of nanofi bers and especially 
nanotubes with diameters in the order of 100 nm and 1–100 nm, respec-
tively, has achieved such drastic improvements in mechanical properties 
that signifi cant increases in the elastic and strength properties of FRP 
composites are likely in the near future (Coleman et al., 2006).

Recent progress in the development of FRP composite materials and 
embedded sensor technologies are probably the most exciting developments 
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for the future of civil engineering. Marriage of these two technologies paves 
the way for the development of smart composites and constitutes a founda-
tion for biomimetics in structural design. An intelligent composite structure 
wired with a network of embedded sensors and actuators that monitors and 
responds to its own health no longer seems a distant possibility. This popular 
multi-disciplinary research area is likely to grow rapidly in the near future, 
leading to more effi cient, smart, and sustainable structures.

NDT methods with emphasis on advanced, non-contact, and fast tech-
niques are and will be an indispensable tool for condition evaluation 
and damage assessment of existing structures. There is much room for 
further research and development in an effort to improve the capabilities 
of current NDT techniques and their combined use with complementary 
methods and strategies for better material characterization and damage 
assessment.

5.6 Conclusion

Civil engineering is in the midst of a transition era in which FRP com-
posite materials gradually gain acceptance as a new class of materials, 
superior in many ways to conventional construction materials. Realizing 
the potential of these materials in rehabilitation and upgrading of existing 
structures and building more durable and sustainable new structures 
depends on the characterization of their behavior and failure modes and 
the development of comprehensive codes and guidelines covering all 
aspects of their specifi cation and design. Failure behavior of FRP applica-
tions to compression, tension, and fl exural members are reviewed in this 
chapter together with various preventive measures. Developments in NDT 
and SHM methods for effective materials characterization, damage assess-
ment and health monitoring of FRP applications are an essential com-
ponent of their acceptance and common use by the civil engineering 
community.
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5.8 Sources of further information

Additional information regarding the contents of this chapter can be 
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Abstract: Strengthening   reinforced concrete (RC) members using fi ber 
reinforced polymer (FRP) composites through external bonding has 
emerged as a viable technique to retrofi t/repair deteriorated 
infrastructure. The interface between the FRP and concrete plays a 
critical role in this technique. This chapter discusses the analytical and 
experimental methods used to examine the integrity and long-term 
durability of this interface. Interface stress models, including the 
commonly adopted two-parameter elastic foundation model and a novel 
three-parameter elastic foundation model (3PEF) are fi rst presented, 
which can be used as general tools to analyze and evaluate the design 
of the FRP strengthening system. Then two interface fracture 
models – linear elastic fracture mechanics and cohesive zone 
model – are established to analyze the potential and full debonding 
process of the FRP–concrete interface. Under the synergistic effects of 
the service loads and environments species, the FRP–concrete interface 
experiences deterioration, which may reduce its long-term durability. 
A novel experimental method, environment-assisted subcritical 
debonding testing, is then introduced to evaluate this deteriorating 
process. The existing small cracks along the FRP–concrete interface can 
grow slowly even if the mechanical load is lower than the critical value. 
This slow-crack growth process is known as environment-assisted 
subcritical cracking. A series of subcritical cracking tests are conducted 
using a wedge-driven test setup t  o gain the ability to accurately predict 
the long-term durability of the FRP–concrete interface.

Key words: interface stress, linear elastic fracture mechanics, cohesive 
zone models, durability, environment-assisted subcritical debonding.

6.1  Introduction

Fiber-reinforced polymers (FRPs) have emerged as important structural 
materials in the last three decades. Among their many applications in 
civil infrastructure, retrofi t/rehabilitate reinforced concrete (RC) structures 
is most popular due to many advantages of FRPs such as high corrosion 
resistance, high strength-to-weight ratio, and ease of handling. In this 

�� �� �� �� �� ��



 Assessing the durability of the interface 149

© Woodhead Publishing Limited, 2013

application, FRP plates/fabrics/strips are either externally bonded (EB) 
or near-surface mounted (NSM) on RC structures. To improve the strength-
ening effi ciency, prestress can be applied to FRPs. This technique has 
evolved into one of the primary techniques to address the deterioration 
of the civil infrastructure system caused by severe environmental exposure, 
natural extreme events, excessive use, and intentional attacks. Stresses 
along the FRP–concrete interface are critical to the success of this tech-
nique because the high interface stress concentration can lead to debond-
ing along the FPR–concrete interface, which has been shown to be one 
of the most common failure modes of the FRP-strengthened RC struc-
tures. Extensive studies have been conducted, and various models have 
been proposed to estimate the stresses along the FRP–concrete interface. 
A comprehensive review of these studies was given by Smith and Teng 
(2001) and a recent study by Wang and Zhang (2010). The long-term 
durability as well as damage and failure mechanisms of the FRP-to-
concrete interface in aggressive environments is still an unresolved issue 
(Grace and Grace, 2005; Porter and Harries, 2007) and has become a 
major barrier to their wide acceptance in civil infrastructure. This is cor-
roborated by the panelists of a Workshop on Research in FRP Composites 
in Concrete Construction (Porter and Harries, 2007). In this workshop, 
the durability studies into FRP strengthening techniques were identifi ed 
as research priorities.

6.2 Interface stress analysis of the fi ber-reinforced 

polymer (FRP)-to-concrete interface

6.2.1 Fundamental equations

Consider a concrete beam (adherend 1) reinforced by an FRP plate (adher-
end 2) through a thin adhesive layer (Fig. 6.1). Both the adherends and 
adhesive are linear elastic and orthotropic materials to account for the most 
general situation. The adherends are modeled as two beams with thickness 
h1 and h2, respectively, and are connected by an interface of thin adhesive 
layer with thickness of h0. A simply supported beam is considered (Fig. 6.1) 

FRP plate Adhesive layer

Reinforced concrete beam P b1

b2

h2

h0

h1

6.1 Simply supported FRP-strengthened RC beam under concentrated 
load.
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in this paper for simplicity. Other boundary and loading conditions can also 
be solved by this model with very little modifi cation.

Consider a typical infi nitesimal isolated body of the bi-layered beam 
system (Fig. 6.2). The deformation of the FRP plate and concrete beam can 
be written as:

U x z u x z x W x z w xi i i i i i i i i, , , ,( ) = ( ) + ( ) ( ) = ( )φ  [6.1]

where ui(x), wi(x), and ϕi (x) (i = 1, 2) are the axial, transverse displacements, 
and rotation of the neutral axis of beam i, respectively; Ui(x,zi) and Wi(x,zi) 
(i = 1, 2) are the axial and transverse displacements of beam i, respectively; 
subscript i = 1, 2, represent the beam 1 (concrete beam) and 2 (FRP plate) 
in Fig. 6.2, respectively; x and zi are the local coordinates of beam i with 
x-axis along the neutral axes of the beam i.

By making use of the constitutive equations of individual layers, we can 
relate beam forces and displacements of beams as:

C
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dx
N x C

du x
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N x1
1

1 2
2

2
( ) = ( ) ( ) = ( ), ,  [6.2a]
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( ) + ( ) = ( ) ( ) + ( ) = ( )φ φ, ,  [6.2b]
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d x

dx
M x D

d x
dx

M x1
1

1 2
2

2
φ φ( ) = ( ) ( ) = ( ), ,  [6.2c]

where N1(x) and N2(x), Q1(x) and Q2(x), and M1(x) and M2(x) are the 
internal axial forces transverse shear forces, and bending moments in beam 

Concrete

Adhesive

FRP

M2 + ΔM2M2

N2

N1

Q1

M1

MT

NT

QT

Q2

M1 + ΔM1

ΔX

Q1 + ΔQ1

N1 + ΔN1

Q2 + ΔQ2

τ + Δτ

τ

τ

τ
σ1

σ2

N2 + ΔN2

6.2 Free body diagram of the FRP strengthened RC beam.
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1 and beam 2, respectively; Ci, Bi, and Di (i = 1, 2) are the axial, shear, 
and bending stiffness, respectively, and they are expressed as Ci = Eibihi, 

B G b hi i i i= 5
6

, D E
b h

i i
i i=

3

12
, where Ei and Gi (i = 1, 2) are the longitudinal 

Young’s modulus and shear modulus of beam i, respectively; bi is the width 
of beam i.

Assuming that the shear stress is constant through the thickness of the 
adhesive layer, we can establish the following equilibrium equations by 
using the free body diagram shown in Fig. 6.2

dN x
dx

b x
dN x

dx
b x1

2
2

2
( ) = ( ) ( ) = − ( )τ τ, ,  [6.3a]

dQ x
dx

b x
dQ x

dx
b x1

2 1
2

2 2
( ) = ( ) ( ) = − ( )σ σ, ,  [6.3b]
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Q x
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Q x

h
b x1

1
1

2
2

2
2

2
2 2

( ) = ( ) − ( ) ( ) = ( ) − ( )τ τ, ,  [6.3c]

where σ1(x), σ2(x) are the normal stresses along the AC interface and the 
normal stress along the PA interface, respectively; τ(x) is the shear stresses 
in the adhesive. Note that the overall equilibrium condition requires 
(Fig. 6.2)

N x N x NT1 2( ) + ( ) = ,  [6.4a]

Q x Q x Q x Qa T1 2( ) + ( ) + ( ) = ,  [6.4b]

M x M x N x
h h h

MT1 2 1
1 2 0

2
( ) + ( ) + ( ) + + = ,  [6.4c]

where NT, QT, and MT are the corresponding resulting forces with respect 
to the neutral axis of the FRP plate; Qa(x) is the shear force of the adhesive 
layer, which is given by τ(x)b2h0.

6.2.2 Two-parameter elastic foundation model

The classical adhesively bonded joint model of Goland and Reissner (1944) 
(G-R model) was widely used to obtain the analytical solution of the 
stresses in the FRP-to-concrete interface (Smith and Teng, 2001; Wang, 
2003). In this model, the z-dependency of the strain in the adhesive layer 
is assumed a constant. The through-thickness strain εz is an average in plane 
strain. Therefore,

εz x
w x w x

h
( ) = ( ) − ( )1 2

0

,  [6.5a]
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Strain–stress relations are then given by:

ε σ
z

a

x
x

E
( ) = ( )

,  [6.6a]

γ τ
xz

a

x
x

G
( ) = ( )

,  [6.6b]

where εz(x) and γxz(x) are the peel and shear strains, respectively; σ(x) and 
τ(x) are the corresponding stress components. Ea and Ga are Young’s 
modulus and shear modulus of the adhesive, respectively.

It can be seen that the adhesive layer is modeled as a layer of continu-
ously distributed shear and vertical springs in Eqs [6.5] and [6.6]. No inter-
actions are assumed between the shear and vertical springs. The force 
equilibrium conditions of the adhesive layer are also ignored. In this way, 
the adhesive layer was essentially modeled as a two-parameter elastic foun-
dation (2PEF). Simple closed-form expressions of interface stresses and 
beam forces can be obtained by this 2PEF model as (Wang, 2003):
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The interface stresses predicted by the 2PEF model reach good agree-
ment with those obtained through continuum analysis such as fi nite element 
analysis (FEA) (Teng et al., 2002) except a small zone at the vicinity of the 
edge of the adhesive layer. In this small zone, continuum analysis (Rabino-
vitch and Frostig, 2000; Teng et al., 2002) reveals that the normal stresses 
along the concrete–adhesive (CA) interface and the FRP plate–adhesive 
(PA) interface are signifi cantly different. The normal stress along the CA 
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interface is tensile while the one along the PA interface is compressive. This 
feature is very important because it reveals where debonding will occur. 
Bearing in mind that compressive stress does not contribute to the debond-
ing of the interface, tensile normal stress along the CA interface suggests 
that debonding should occur along the CA interface, instead of the PA 
interface. This has been confi rmed by numerous experimental studies. The 
2PEF model cannot capture this important feature. Another diffi culty of 
the 2PEF model is that it cannot satisfy all the boundary conditions.

6.2.3 Three-parameter elastic foundation model

To overcome the drawbacks in the 2PEF model, a three-parameter elastic 
foundation model was later proposed by Wang and Zhang (2010). As shown 
in Fig. 6.3, the adhesive layer can be viewed as two linear normal spring 
layers with stiffness of K = 2Ea /h0 interconnected by a shear layer with 
constants of Ga. By using this model, the strain–stress relations of the adhe-
sive layer can be written as:

σ σ1
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1 2
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2
2 2
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E
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w x w x x
E
h

w x w xa
a

a
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2
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,  [6.8b]

where Ea and Ga are the Young’s modulus and shear modulus of the adhe-
sive, respectively.

Ignoring the axial and bending moment of the adhesive layer, the equi-
librium condition of the adhesive layer requires (Fig. 6.2):

d x
dx

x x
h

τ σ σ( ) = ( ) − ( )2 1

0

 [6.9]

Equation [6.9] describes the interaction between the normal and shear 
stresses within the adhesive layer. Noting that τ(x) changes drastically at 
the vicinity of the FRP plate end, Eq. [6.9] suggests that σ1(x) and σ2(x) are 

K = 2Ea/h0

K = 2Ea/h0

W1

W2

Ga
Wa

6.3 Three-parameter elastic foundation model of adhesive layer 
model.
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signifi cantly different at the vicinity of the end of the FRP plate. In the 
two-parameter elastic foundation model, σ1(x) is assumed equal to σ2(x) 
even though the left-hand side of Eq. [6.9] is not zero. Therefore, the force 
equilibrium condition of the adhesive layer is not satisfi ed in the two-
parameter elastic foundation model. The governing equation of the 3PEF 
model for the FRP-strengthened RC beam in terms of N1 has been obtained 
as (Wang and Zhang 2010):

F
d N x

dx
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d N x
dx

F
d N x

dx
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dx

F11

8
1
8 12

6
1
6 13

4
1
4 14
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( ) + ( ) + ( ) + ( ) + 55 1

16 17 0

N x

F N F MT T

( )

+ + = ,
 [6.10]

where coeffi cient F1i are given by Wang and Zhang (2010). Equation [6.10] 
is two orders higher than Eq. [6.7] and allows for implementing all the 
boundary conditions.

6.2.4 Comparisons and verifi cations

As comparisons and verifi cations, a RC beam strengthened by a thin FRP 
plate under three-point bending (Fig. 6.1) studied by Smith and Teng (2001) 
is examined. The simply supported RC beam with a span of 3000 mm is 
subjected to a mid-span load of P = 150 kN. The distance from the support 
to the end of the FRP plate is 300 mm. The material properties are given 
as: adhereds, E1 = 30,000 MPa (concrete), E2 = 100,000 MPa (FRP); adhe-
sive, Ea = 2000 MPa, νa = 0.35. The geometries of the beam are given by: 
h1 = 300 mm, h2 = 4 mm, h0 = 1 mm, b1 = b2 = 200 mm.

Numerical solutions by FEA are carried out as baseline for comparison 
with the commercial fi nite element package ANSYS. Shear and normal 
stress obtained by the present method and FEA are presented in Fig 6.4. 
Figure 6.4(a) shows the shear stress distribution near the end of the FRP 
plate. FEA provides three shear stress distributions, i.e., the shear stress 
distribution along the AC interface, PA interface, and centerplane of the 
adhesive layer, as shown in Fig 6.4(a). These three shear stress distribu-
tions are almost identical except a very small region at the edge of the 
adhesive layer due to the stress singularity at the corner edge. This sug-
gests that it is reasonable to assume the shear stress is uniform through 
the thickness of the adhesive layer. Shear stress along the midplane reaches 
its maximum at a small distance to the edge and reduces to zero at the 
edge of the adhesive layer as anticipated. This feature is captured suc-
cessfully by the 3PEF model, as demonstrated by the solid line in Fig. 
6.4(a). The results of the 2PEF model (Wang, 2003; Smith and Teng, 2001) 
are very close to the 3PEF model except that they cannot satisfy the 
zero shear stress boundary condition at the edge of the adhesive layer 
(Fig. 6.4(a) ).
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6.4 Comparison of interface stresses obtained by different methods: 
(a) shear stress; (b) normal stress.

Figure 6.4(b) compares the normal stress distributions obtained by the 
different methods. As illustrated by FEA predictions, the normal stress 
distribution along the AC interface is different from that along the PA 
interface. The normal stress along the AC interface is tensile while the one 
along the PA interface is compressive at the end of the FPR plate. This 
feature is important because it explains why debonding usually occurs along 
the AC interface (with a thin layer of concrete), not along the PA interface. 
As demonstrated by Fig. 6.4(b), the 3PEF model captures this feature very 
well, while the 2PEF model only predicts one value for both interfaces. 
Nevertheless, all the solutions converge to one value if the distance from 
the edge is big enough.

6.3 Fracture analysis of the fi ber-reinforced polymer 

(FRP)-to-concrete interface

Usually, the FRP–concrete interface is not perfect. Some small cracks can 
exist within this interface zone due to manufacturing quality or induced by 
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intermediate cracks in the concrete substrate. In this case, the integrity of 
the FRP–concrete interface should be assessed with interface fracture 
mechanics.

6.3.1 Linear elastic fracture mechanics

Linear elastic fracture mechanics (LEFM) is often used in the literature 
to study the FRP–concrete interface debonding. A typical LEFM model 
for the FRP–concrete interface was developed by Au and Büyüköztürk 
(2006) (referred as to ‘AB’ in the following). Their proposed tri-layer 
interface fracture energy model is essentially a direct application of 
the classical interface fracture models in bi-layered beams (Suo and 
Hutchinson, 1990) to three-layered beams. Therefore, the shear forces 
were ignored in their expression of energy release rate (ERR), which 
could lead to underestimation of the ERRs if shear forces exist. More-
over, mode mixity of the interface debond is not available for the 
tri-layer model.

Wang and Qiao (2004, 2005) improved the classical interface solution of 
Suo and Hutchinson (1990) through considering the transverse shear effect. 
To this end, Wang and Qiao (2004, 2005) introduced two crack tip deforma-
tion models, the semi-rigid joint model and fl exibiel joint model (Qiao and 
Wang, 2005). By using this improved LEFM solution, the ERR for an inter-
face crack shown in Fig. 6.5 can be given by:

G C N C Q C M C MN C NQ C MQN Q M MN NQ MQ= + + + + +( )1
2

2 2 2 ,  [6.11]

where CN, CQ, CM, CMN, CNQ, and CMQ are constants depending on the 
geometries and materials of the structure (Qiao and Wang, 2005). The 
detailed expressions of these coeffi cients and three loading parameters M, 
N, and Q can be found in Qiao and Wang (2005).
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6.5 Crack tip element of FRP-strengthened concrete beam.
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Equation [6.11] clearly shows that the transverse shear force is accounted 
for by Q. If all the terms with Q are ignored, Eq. [6.11] becomes identical 
to AB’s existing solution (Au and Büyüköztürk, 2006).

Then the individual stress intensity factors can be given by:

K
p

C N C M C QI N M Q= ( ) + +( ) + +( )( )
2

1 2cos sin sin ,ω ω γ ω γ  [6.12a]

K
p

C N C M C QII N M Q= ( ) − +( ) − +( )( )
2

1 2sin cos cos .ω ω γ ω γ  [6.12b]

The phase angle ψ is given by:

ψ ω ω γ ω γ
ω

= ( ) − +( ) − +( )
( ) +

−tan
sin cos cos

cos sin
1 1 2C N C M C Q

C N C M
N M Q

N M ωω γ ω γ+( ) + +( )
⎛
⎝⎜

⎞
⎠⎟1 2C QQ sin

,  [6.13]

where

sin , sin .γ γ1 2
2 2

( ) = ( ) =C

C C

C

C C
MN

M N

NQ

N Q

 [6.14]

It should be emphasized that the beam model does not have enough 
information to determine the ω in Eq. [6.12]. Therefore, an extra continuum 
analysis such as FEA is needed to determine the angle ω.

To verify and demonstrate the enhanced accuracy of the new joint solu-
tions, typical delaminated DCB specimens are analyzed using AB’s model 
(Au and Büyüköztürk, 2006), the present model considering the shear force, 
and the FEA method. The FEA results are used as the baseline for com-
parison. Commercially available fi nite element software, ANSYS 10.0, is 
used to perform the FEA.

Analyses of the FRP-strengthened   concrete DCB specimens (Fig. 6.5) 
are conducted. The Young’s modulus and Poisson’s ratios of the FRP plate, 
adhesive layer, and concrete specimens are E1 = 131 GPa, ν1 = 0.28, E0 = 
1.2 GPa, ν0 = 0.44, E2 = 25 GPa, ν1 = 0.18, respectively. The thicknesses of 
the FRP plate, adhesive layer, and concrete specimens are 1.4 mm, 1.5 mm, 
and 50.4 mm, respectively. The crack lies along the interface between the 
concrete substrate and the adhesive layer as shown in Fig. 6.5.

Results for the FRP-strengthened concrete DCB specimens with differ-
ent crack lengths are presented in Fig. 6.6. As expected, the two new joint 
models give better estimations of the ERRs than the existing solution. The 
ERR solutions based on the semi-rigid joint model agree with the FEA 
results better than that of AB’s method because shear deformation can be 
incorporated in this method. Because the crack length is much larger than 
the thickness of the FRP plate and adhesive layer, the contribution of shear 
force is not very signifi cant in this case. However, due to the existence of 
the soft adhesive layer, both the semi-rigid joint model and AB’s method 
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6.6 EERs versus crack lengths for a DCB specimen.

cannot accurately capture the local rotations at the crack tip. This diffi culty 
can be overcome in the fl exible joint model by introducing the interface 
compliances. Therefore, the fl exible joint model predicts a much better solu-
tion than those of the semi-rigid joint model and AB’s method.

Since one mode mixity solution is provided by AB’s existing solution, to 
demonstrate the effect of shear force in phase angle, a phase angle was 
obtained by ignoring the terms with shear force in Eq. [6.13]. This phase 
angle is referred to as ‘solution without shear’ in the fi gures. Figure 6.6 
compares the phase angles obtained by all four methods. It can be seen that 
all but the solutions without shear force agree well with the FEA results. 
This suggests that the DCB specimen is not a purely mode I specimen if 
the crack is along the interface between the concrete and adhesive, which 
seems to contradict the common belief that DCB is a purely mode I speci-
men. In this fi gure, we can fi nd that the phase angle increases with the crack 
length according to the new analytical solutions and FEA, while the solu-
tion without shear cannot capture this feature. Because the transverse shear 
force is neglected in the solution without shear, the phase angle does not 
change with the length of crack, as shown in Fig. 6.7.

6.3.2 Nonlinear fracture mechanics

Recent studies show a trend whereby nonlinear fracture mechanics have 
gained more popularity and been adopted by more and more researchers. 
Here, nonlinear fracture mechanics refers to using a nonlinear traction-
separation law, rather than the linear one as assumed in the LEFM, to 
describe the stress-deformation behavior of the FRP–concrete interface. 
The application of a nonlinear traction-separation law is supported by much 
experimental evidence obtained in the last decade (Chajes et al., 1995; 
Dai et al., 2005). The shear traction-separation law of the FRP–concrete 
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6.8 Flexural-shear crack induced debonding of an FRP-strengthened 
RC beam.

interface is generally referred to as the bond stress-slip law in the literature. 
Generally, this nonlinear relationship consists of two stages: an initially 
elastic stage in which the interfacial stress increases with the slip until it 
reaches a maximum value, and a softening stage in which interfacial stress 
decreases with the slip. This nonlinear relationship can be measured directly 
using a J-integral method as recently suggested by Wang (2007a). It should 
be pointed out that using a nonlinear bond stress-slip law in the analytical 
model, the debonding process is essentially approached through a cohesive 
zone model (CZM).

Consider the FRP–concrete interface layer in Fig. 6.8, which can be 
modeled as a large fracture processing zone with a nonlinear bond-slip law 
(Wang, 2006a). Various nonlinear bond-slip laws have been proposed 
(Chajes et al., 1995; Yuan et al., 2004; Dai et al., 2005; Wang, 2007a,b). Among 
them, the bilinear law is the most popular for its simplicity and good agree-
ment with experiment observations (Yuan et al., 2004; Wang, 2006a,b), and 
therefore, is also adopted in this study. As shown in Fig. 6.9(a), the bilinear 
bond stress-slip law consists of a linearly elastic branch for bond slip less 
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6.9 Traction-separation law used in this study: (a) shear 
traction-separation law, (b) normal traction-separation law.

than a particular value δ1, and a linearly decreasing branch until complete 
delamination occurs. This law can be expressed by the following 
equations:
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From the point of view of CZM, such a nonlinear relationship given by 
Eq. [6.15] is a material property of the FRP–concrete interface. τf and δf are 
the shear strength and the separation slip of the interface, respectively; Kb 
= τf /δ1 is the initial elastic stiffness of the FRP–concrete interface.

Very few studies have been conducted on characterizing the mode I 
traction-separation law of the FRP–concrete interface (Dai et al., 2005). 
Existing modeling studies (Niu et al., 2006; Pan and Leung, 2007) used a 
triangular model to approximate the open traction-separation law of the 
FRP–concrete interface. This model is also adopted here to simplify formu-
lation (Fig. 6.9(b) ). In Fig. 6.9(b), σf and δnf are the maximum normal stress 
and open displacement of the FRP–concrete interface, respectively. The 
bond-slip law for normal stress simply reads:

σ
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 [6.16]
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It should be pointed out that it is an open question as to how the shear 
and open behaviors of the FRP–concrete interface couple, as very little 
experimental study has been carried out. For this reason, a mode-indepen-
dent cohesive law is adopted in this study, which assumes the shear and 
opening traction-separation laws of the FRP–concrete interface are unre-
lated. The fracture energies of mode I and mode II of the interface, GI and 
GII, are given by the area below the traction-separation curves in Fig. 6.9(a) 
and (b):

G d G dI
f

n n II
f

t t
nf f

= ( ) = ( )∫ ∫σ δ δ τ δ δ
δ δ

0 0
, ,  [6.17]

and the total fracture energy GT of the interface reads:

G G GT I II= + .  [6.18]

The mode mixity of the debonding can be described by the phase angle 
ψ, which is defi ned by:

tan .ψ = G GII I  [6.19]

A simple linear debonding criterion (Hutchinson and Suo, 1992) is used 
in this study,

G
G

G
G

I

Ic

II

IIc

+ = 1,  [6.20]

where GIc and GIIc are the mode I and II fracture toughness of the interface, 
respectively, given by the area under the total traction-separation laws 
shown in Fig. 6.9. Full debonding occurs as soon as the fracture energies of 
mode I and II satisfy Eq. [6.20].

By using nonlinear fracture mechanics, closed form solutions can be 
obtained for the whole debonding process of the FRP-strengthened RC 
beam induced by an intermediate crack shown in Fig. 6.8 (Wang and Zhang, 
2008). Figure 6.10 shows the interface stress solutions for the debonding 
process of the structure shown in Fig. 6.8 subjected to a concentrated load 
P at the midspan. Different debonding stages can be easily identifi ed from 
Fig. 6.10. Line 1 of Fig. 6.10(a) and (b) presents the interfacial shear and 
normal stress distributions along the FRP–concrete interface when P = 
1.0 kN, respectively. In this case, both the left and right interfaces are in 
elastic stage. It can be observed that the normal stress is negative (compres-
sive) along the right interface, while positive (tensile) along the left inter-
face. The compressive normal stress does not contribute to the interface 
debonding. Therefore, the left interface is under mixed-mode loading; while 
the right interface is under pure mode II loading. Considering that the 
debonding is most diffi cult to occur under mode II loading, the fl exural-
shear crack induced debonding can only occur along the left interface for 
the case studied here.
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6.10 Interface stress distributions at different debonding stages: 
(a) interfacial shear stress, (b) interfacial normal stress.

If P is increased to a certain range, the maximum of the shear stress is 
higher than the shear strength. In this case, the left interface enters the 
elastic-softening stage (Wang, 2006b) while the right interface is still in the 
elastic stage, as demonstrated by line 2 in Fig. 6.10 when P = 1.95 kN. If 
the applied load is P = 9.0 kN, both the left and right interfaces enter elastic-
softening stage as shown by the line 3 in Fig. 6.10. With the increase of load 
P, the energy release rate of the left interface increases too. Once Eq. [6.20] 
is satisfi ed, full debonding initiates and grows along the left interface, as 
demonstrated by line 4 in Fig. 6.10. In this case, the applied load P = 24.4 kN. 
A fully debonded zone of 5 mm is formed along the left interface.

Compared with the single-parameter fracture approach of LEFM, which 
ignores the microscopic details and discloses little about what happens 
within the damage zone, the CZM takes the behavior of the fracture 
processing zone into consideration and provides a way to examine the 
‘inner problem’ of understanding, characterizing, and modeling the failure 
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processes that actually lead to energy dissipation. Furthermore, the CZM 
unifi es the crack initiation and growth into one model and can be easily 
formulated and implemented in numerical simulation, such as the ‘interface 
element’ method in fi nite element code.

6.4 Durability of the fi ber-reinforced polymer 

(FRP)–concrete interface

6.4.1 Critical failure-based durability studies of 
the FRP–concrete interface

A number of studies have been dedicated to the durability of the FRP-to-
concrete interface (Green et al., 2000; Au and Büyüköztürk, 2006; Wan 
et al., 2006; Ouyang and Wan, 2008). In these studies, test specimens were 
fi rst conditioned in typical civil infrastructure environments such as various 
aqueous solutions, freeze-thaw cycling, wet-dry and temperature cycling, 
cyclic, and sustained loads. Synergetic effects of different environmental 
conditions were also considered in the existing studies. After environmental 
conditioning, specimens were loaded to failure to measure the deteriorated 
mechanical properties. Various specimens have been used in existing studies 
to evaluate the strengths of the interface before and after environmental 
conditions, including lap-joint specimens (Green et al., 2000) and beam-type 
fracture specimens (Au and Büyüköztürk, 2006; Wan et al., 2006). In the 
case of lap-joint specimens, the FRP sheet is loaded until full separation 
between the FRP and concrete occurs. The maximum load is recorded as 
the indicator of the strength of the interface. In the case of fracture speci-
mens, the energy release rate G at catastrophic debond is measured and 
referred to as fracture toughness or critical energy release rate Gc of the 
interface. In all these studies, only the loads at the time of catastrophic 
failure are measured. Therefore, all these studies are essentially critical 
failure based.

Grace and Grace (2005) examined the effect on the FRP–concrete inter-
face of various factors, and identifi ed that moisture could do the most 
damage to the FRP–concrete interface. This observation was corroborated 
by recent studies of two groups (Au and Büyüköztürk, 2006; Ouyang and 
Wan, 2008). In these studies, the strength of the FRP–concrete interface 
degraded by moisture is assessed by the fracture toughness of interface 
debond. Two important conclusions can be drawn from these studies. First, 
substantial loss of the fracture toughness of the interface can be induced 
by moisture. Second, the debonding locus shifts from within the concrete 
cover in its dry state to along the adhesive–concrete interface in its wet 
state. These two conclusions are also found valid for structures exposed to 
other environmental conditions. Reay and Pantelides (2006) measured the 
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bond strength of the CFRP–concrete interface exposed to indoor and real 
outdoor environments up to three years using a pull-off adhesion test. They 
also found that the debond locus shifts from within concrete after 6 months’ 
environmental exposure to along the adhesive–concrete interface after 12 
months’ exposure. Studies on adhesive joints also suggested that debonding 
tends to move to the adhesive–adherend interface in harsh environmental 
conditions (Kinloch, 1979). Besides environmental exposures, time-
dependent behaviors such as creep and creep fracture of FPR or adhesive 
layer has also been examined to evaluate the long-term durability of FRP-
strengthened concrete structures (Wu and Diab, 2007; Meshgin et al., 2009).

6.4.2 Environment-assisted subcritical debonding of 
adhesive joints

An inherent problem of all critical failure-based studies is that only the 
loads at the time of catastrophic failure are measured. Debond, however, is 
a gradual process where slow growth of cracks occurs at the interface. The 
most distinct feature of these slow cracks is that they grow at a very slow 
rate with an energy release rate G, and only a fraction of the critical energy 
release rate Gc if reactive environmental species exist. This slow crack 
growth is a long-term process of synergistic action of environments and 
mechanical loads. The catastrophic interface debond (critical crack) is only 
the ending point of this process. For any structure which requires long-term 
stability, a resistance to this slow crack growth would be needed. To under-
stand the degradation mechanism of the interface and gain the ability to 
accurately predict the long-term durability ultimately require quantifying 
and appropriate analysis of the slow debond growth process.

The slow crack growth in adhesive joints in aggressive environments is 
referred to as environment-assisted subcritical cracking (debonding) (Wie-
derhorn, 1968), leading to critical cracking at catastrophic failure. Some-
times it is also called static fatigue or stress corrosion cracking in the 
literature (Krausz, 1978). Following the classic work of Wiederhorn (1968), 
the environment-assisted subcritical debond growth can be treated as a 
synergistic interaction between strained adhesion bonds and environmental 
species. A schematic illustration of debond growth rate (da/dt) versus 
driving energy release rate at the crack tip (G) curve is shown in Fig. 6.11. 
This curve consists of three debond growth regions and a threshold Gth. If 
the driving energy release rate G is less than Gth, subcritical debonding will 
not occur. In Region I, the debond growth is so slow that the environmental 
species have enough time to transport to the crack tip to enable the envi-
ronmental attack mechanism to occur readily. As a result, the debond 
growth rate is dependent on both the reaction rate and the mechanical load 
G. In Region II, the debond growth is faster so that the debond growth rate 
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6.11 Schematic of typical environment-assisted debond.

is controlled by the availability of the environmental species. As a result, 
the debond growth rate is almost independent of the mechanical load G. 
In Region III, the debond growth is much faster than the transportation 
rate of environmental species so that environmental species cannot reach 
the crack tip. Consequently, the debond growth rate is only dependent on 
G. Measurements in this region do not provide any information about the 
interaction with environmental species at the crack tip. Clearly, Region III 
describes the critical debond growth in adhesive joint and the correspond-
ing G is the critical energy release rate Gc.

Existing studies on the strength and durability of the FRP–concrete 
interface in aggressive environments only focus on Region III. Regions I 
and II are totally ignored. Since no environmental species can reach the 
crack tip in Region III, existing studies have to adopt a two-step approach. 
In the fi rst step, test specimens are conditioned in designed accelerated 
environments so that environmental species can reach the interface through 
diffusion and capillary action. In the second step, the residual strengths of 
the conditioned specimens are measured at catastrophic failure (Region 
III). This approach suffers a few obvious drawbacks:

• The results of critical debong testing can be misleading to be used to 
evaluate the long-term durability of the interface. This is because cata-
strophic failure-based testing can lead to a different failure mode from 
that of real applications. As demonstrated in many studies (Diab and 
Wu, 2007; Singh et al., 2008), interface debond may shift from adhesive 
failure at slow growth rate under service loads to cohesive failure at high 
growth rate under catastrophic failure.

• Interaction between the environmental species and mechanical loads is 
lost. As a result, besides the ultimate strength, little information about 
the degradation mechanism of the interface under environmental 
species attack can be obtained from the testing.

• The environmental conditioning process usually takes a fairly long time.
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The subcritical debond testing focuses on Regions I and II rather than 
Region III. Compared with the critical failure-based method, the subcritical 
debonding test may provide a better way to characterize the long-term 
durability of the FRP–concrete interface because it closely simulates the 
failure occurring in real-life applications or service-life of the interface. The 
change of debond locus that occurs in catastrophic failure testing can be 
avoided. The interaction with environmental species is allowed in subcriti-
cal debond testing due to the slow debond growth rate. This makes it 
possible to measure important parameters of the reaction kinetics at the 
crack tip and to deepen our understanding of the degradation mechanism 
of the interface. Shorter time is needed in the subcritical debonding testing 
because the time-consuming process of conditioning specimens is unneces-
sary. The ambiguity associated with bond strength due to competitive 
effects of concrete curing, long-term concrete strength gaining, epoxy creep, 
and epoxy curing can be avoided because the debond locus is within the 
epoxy–concrete interphase zone and long-term environmental conditioning 
is not needed. Subcritical debond testing also provides a far more useful 
indicator of interface quality than the ultimate bond strength or fracture 
toughness because the durability of the interface is generally more impor-
tant than ultimate bond strength in harsh and changing environmental 
conditions. New knowledge to improve the durability of the interface can 
be obtained. 

6.4.3 Environment-assisted subcritical debond growth of 
the FRP–concrete interface

A series of wedge driving tests were conducted in various environments 
to characterize the subcritical crack growth along the epoxy–concrete inter-
face. The wedge driving test specimens were prepared with the epoxy 
layers constrained between the CFRP plates and the concrete substrates. 
The test specimen size and structure are shown schematically in Fig. 6.12. 

La

Lc = 203.2 mm

h1 = 1.4 mm
h0 = 1.6 mm

h2 = 50.8 mm

ac CFRP plate

Concrete substrate

Adhesive layer

6.12 Wedge driving test specimen.
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The specimens are inserted into a steel frame so that a steel wedge can 
be driven into the interface between the adhesive layer and concrete sub-
strate. La is the total crack length from the edge of the specimen to the 
crack tip. ac is the effective crack length, which is the distance from the 
contact point between the wedge and the FRP–epoxy layer to the crack 
tip. The width of the specimen is 2 in., which is the same as the width of 
the commercially available CFRP plate. The steel wedges were made 
according to the ASTM standard D3762-98.

The specimen was mounted onto a MTS testing machine using a home-
made steel fi xture. The steel wedge was then driven into the pre-crack 
between the epoxy and the concrete of the specimen at an intermediate 
speed (0.02 in./sec.) by the MTS machine. Once the thickest portion of the 
wedge reached the epoxy–concrete interface, the wedge was held there for 
one hour to reduce the instant effect of the high residue stress induced by 
the quick loading process. Then the wedge was driven by the MTS machine 
into the crack at a very low speed (0.00002 in./sec.). A high resolution digital 
camera was used to capture the crack length. The length of the crack can 
be identifi ed from these images. A transparent glass vessel was used to 
enclose the whole specimen and the load fi xture. After fi lling this vessel 
with water or other aggressive solutions, the whole specimen was sub-
merged in these fl uids. In this way, we were able to apply both the mechani-
cal forces and the environment species to the specimen. Ignoring the 
deformation of the concrete substrate, the driving energy release rate at the 
crack tip provided by the wedge can be calculated as:

G
D
ba

c

c

= 9
2

2

4

Δ
 [6.21]

where Dc is the bending stiffness of the FRP–epoxy composite layer; ac is 
the effective crack length shown in Fig. 6.12; and Δ is the thickness of the 
wedge.

Subcritical debond testing of the FRP–concrete interface is conducted in 
the ambient condition, the tap water, the alkaline solution, and the deicing 
salt solution. Testing results for specimens exposed to ambient environment 
are shown in Figs 6.13 and 6.14. Figure 6.13 shows the relationship between 
the crack growth rate and the driven energy release rate in ambient 
environment. The crack growth rate versus energy release rate shown in 
Fig. 6.13 clearly exhibits two distinct regions (Regions I and II).

The strengths of the concrete substrate for Groups 1, 2, and 3 in 
Fig. 6.13 are 2824 psi, 4238 psi, and 4880 psi, respectively. No signifi cant 
difference can be identifi ed from the crack growth rate versus driven energy 
curves of these three groups. The major differences may be the value 
of the critical energy release rates, Gc. The Gc of Group 1 with lowest 
strength concrete substrates is lower than those of the other two groups. 
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6.13 Subcritical debonding of the epoxy–concrete interface in ambient 
environment.

6.14 Comparisons of subcritical debonding of the epoxy–concrete 
interface in various aqueous environments.

In existing critical-debonding-based studies, the interface strength of the 
FRP–concrete bond is dependent on the strength of the concrete substrate 
because the interface debonding occurs within a thin layer of the concrete 
substrate. In subcritical debonding testing, the debond is more likely 
growing along the epoxy–concrete interface, as shown below. As a result, 
the effect of the strength of the concrete is not as signifi cant as it is in the 
case of critical debonding.

Results of subcritical debonding testing in aqueous conditions (tap water, 
deicing salt solution, alkaline solution) are presented in Fig. 6.14. Similar to 
the case in ambient temperature, interface debonding growth is observed, 
although the driven energy release rate is much lower than the critical value, 
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and there are two distinct regions on the crack growth rate versus driven 
energy release rate curves, as shown in Fig. 6.14. Compared with the case 
in ambient environment, we fi nd that the energy release rate needed to 
drive the subcritical debonding in aqueous conditions is much lower, even 
though the crack growth rate is much faster than in the ambient environ-
ment. Clearly, water and chemical ions make the subcritical debonding 
along the epoxy–concrete interface much easier due to the interaction 
between the water molecules and the strained adhesion bonds between the 
epoxy and the concrete. Water molecules are much more abundant at the 
crack tip in water than in ambient environment. As a result, more epoxy 
chains strained by the wedge can be displaced by the water molecules, 
leading to much fast subcritical debonding in water, while in the critical 
failure-based studies, interaction between the environment species and the 
adhesion bonds between the epoxy and the concrete is not possible due to 
the fast crack growth rate.

Some difference can be observed in the reaction-controlled Region I for 
the three different aqueous environments. It can be seen that mechanical 
energy needed to drive debond growth in this region is lowest in tap water 
and highest in deicing salt solutions. However, this does not necessarily 
suggest that water can deteriorate the epoxy–concrete interface more than 
the other two solutions. One possible reason causing this difference could 
be the different levels of curing of epoxy. In this study, the epoxy was cured 
for about two weeks for testing in tap water, two months for testing in 
alkaline solution, and three months for testing in deicing salt. Due to dif-
ferent curing times, more adhesion bonds may develop along the epoxy–
concrete interface in those specimens tested in deicing salt than those tested 
in tap water and alkaline solution. It is also noticed that although the con-
crete substrates have different strengths, their effects on the subcritical 
debonding in aqueous condition are very insignifi cant, as shown in Figs 6.13 
and 6.14. This is because the subcritical debonding locus is mainly along the 
epoxy–concrete interface. As a result, the strength of the concrete substrate 
is not as important as it is in the critical debonding.

The debonded surfaces of the specimens (epoxy side) are shown in Fig. 
6.15. In this fi gure, the regions within the dashed rectangles are the initial 
crack surfaces induced by the fast driving. Most of this region is covered by 
concrete for all four test conditions, suggesting that debonding is cohesive 
failure within the concrete for fast-driven cracking. This is in agreement 
with the existing critical debonding-based studies. In the subcritical debond-
ing region of the specimen tested in ambient environment, there is much 
less concrete attached to the epoxy surface, indicating a change of failure 
mode from the cohesive failure in concrete to mainly adhesive failure along 
the epoxy–concrete interface. This change of failure mode can be seen more 
clearly in specimens tested in aqueous conditions as shown in Fig. 6.15. 
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(d)

(c)

(b)

(a)

6.15 Fracture surfaces of wedge-driven tests: (a) in ambient condition; 
(b) in tap water; (c) in deicing salt solution; (d) in alkaline solution.

There is very little concrete attached to the epoxy layer of specimens tested 
in aqueous conditions, suggesting that debonding occurs along the epoxy–
concrete interface in these specimens.

There are two reasons for the change of failure mode from the cohesive 
failure within the concrete in fast crack growth to adhesive failure in slow 
(subcritical) crack growth. First, the interaction of water molecules with the 
chemical bonds (most likely hydrogen bonds) between the epoxy and 
the concrete is allowed in subcritical debonding, signifi cantly deteriorating 
the epoxy–concrete interface. Second, the strength of the chemical bonds 
(hydrogen bonds) between the epoxy and the concrete increases with the 
loading rate, as shown in Namkanisorn et al. (2001). For these two reasons, 
it is possible that the epoxy–concrete interface is weaker than that of the 
adjacent concrete layer in environment-assisted subcritical debonding. As 
a result, the failure mode is mainly adhesive. This can also explain why more 
concrete is attached to the epoxy in the specimens tested in ambient envi-
ronment than those tested in aqueous conditions. In the former case, much 
less environment species are available at the crack tip than the latter cases. 
As a result, the epoxy–concrete interface is stronger in the former case than 
those in the latter cases, leading to more concrete attached to the surface 
of the epoxy in the specimens tested in ambient conditions. In the existing 
critical debonding-based studies, the specimens are loaded much faster and 
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there is no interaction between environment species and epoxy–concrete 
interface bond. As a result, the epoxy–concrete interface can be stronger 
than the adjacent concrete layer. Consequently, most debonding modes 
observed in the existing studies are cohesive failure in concrete.

The change of failure mode is also observed in the existing durability 
testing on the FRP–concrete interface (Au and Büyüköztürk, 2006; Ouyang 
and Wan, 2008). In these studies, if the specimens were conditioned in water 
for suffi ciently long, adhesive failure mode was observed even though the 
testing was based on critical debonding. This is because the environment 
species are available at the crack tip due to the long duration of condition-
ing, making the epoxy–concrete interface weaker than the adjacent con-
crete. Change of failure mode from cohesive failure at high loading rate to 
adhesive failure at low loading rate in epoxy–metal interface was observed 
by Rakestraw et al. (1995). The difference in debonding mode of the FRP–
concrete interface in critical and environment-assisted subcritical debond-
ing may imply that the existing critical debonding-based approach is 
unsuitable for predicting the long-term durability of the FRP–concrete 
interface.
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Abstract: This chapter deals with the uses of advanced composite 
materials in the construction industry. After considering the advantages 
of using composites and methods of fabrication, it outlines the 
surprisingly wide range of applications of composites. Examples are 
given from around the world of components and complete buildings and 
bridges, railway and other infrastructure, geotechnical applications and 
pipes for the water sector. Finally a number of more unusual or future 
possibilities are presented.

Key words: composites in construction, advantages and fabrication, 
buildings and bridges, infrastructure, geotechnics, water sector.

7.1 Introduction

The construction industry, certainly in the UK, has a rather conservative 
image. It is felt to be reluctant to innovate in forms of contract, costing, and 
construction techniques. The UK government was so concerned about the 
industry that it commissioned two major enquiries into it. The fi rst, chaired 
by Sir Michael Latham (Latham, 1994), addressed procurement and con-
tractual arrangements. The second, chaired by Sir Peter Egan (Egan, 1998), 
dealt amongst other things with innovation in the whole construction process. 
It recommended the use of factory-built components and sub-assemblies 
delivered to site when needed. In some ways this was the driver in the UK 
for the development and use of fi ber-reinforced composite (FRP) products 
in construction, an aspect of the construction industry which is becoming 
more and more important. It would not have been possible without technol-
ogy transfer from the aerospace and shipbuilding industries, which has been 
ongoing for the last twenty years. The author of this chapter is based in the 
UK but his experiences of the use of FRP products in construction are 
repeated in the US, Canada, the rest of Europe, Asia, and Australasia.

This chapter will describe the uses of advanced FRP composites in con-
struction applications, the fabrication techniques which have driven those 
uses, and the advice available to someone thinking of using these materials. 
Examples will be given of typical products and how they are used. The 
emphasis will be on practicalities rather than theory.
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7.2 The use of fi ber-reinforced polymer (FRP) 

materials in construction

7.2.1 General

As has been discussed in earlier chapters, FRP materials are generally two 
component composites. The fi rst component is the reinforcing fi bers which 
almost exclusively in construction will be carbon, aramid, or glass fi bers. In 
some situations, two or more fi ber types can be used, hence the use of 
‘generally’ in the fi rst sentence. The second component is a resin, an organic 
chemical which in the right circumstances will polymerize and solidify into 
long-chained molecules. The fi bers and resin are intimately mixed together 
before the resin cures. The fi bers give the composite strength and stiffness, 
the resin binds the fi bers together and provides protection to the fi bers. In 
this chapter many of the uses of composites involve mass production and 
the need to drive down cost. Thus glass fi bers, the cheapest of the common 
fi bers, will often be used. The resin will be a thermoset, a polymer in which 
the curing process cannot be reversed. Polyester, vinylester, and epoxy 
resins are all used in construction products. Polyester resins are cheapest 
but shrink during curing, vinylesters are more dimensionally stable, while 
epoxy resins produce the best quality FRP but are the most expensive of 
the three resin types. A problem with the use of polyester and vinylester 
resins is the styrene vapor given off during curing, which has been identifi ed 
as a health risk. Another class of resin is the phenols whose mechanical 
properties are not as good as the others, but they do offer very good fi re 
performance.

7.2.2 The benefi ts of using FRP composites

It is worth repeating the benefi ts from using FRP composite materials. 
There are four main advantages; high strength, the ability to customize the 
properties of the FRP, low density, and excellent long-term durability.

FRP composites have high strength; for example, typical glass fi bers 
have a tensile strength of 2400–3500 N/mm2. The effective strength of the 
composite will be much lower (depending on the ratio of reinforcing 
fi bers to resin), but it would still be signifi cantly greater than that of most 
steels.

The properties of FRP can be tailored as desired by changing the 
quantity and direction of the fi bers. Fabricators have great fl exibility in 
their choice of materials. They can choose the most appropriate reinforc-
ing fi bers, both type (glass, carbon, etc.) and also arrangement (chopped 
strand mat, individual fi bers, woven or stitched fabrics of various 
geometries). Whilst many products can be obtained ‘off the shelf’, there 
is also the opportunity to have ‘tailor-made’ products in novel situations 
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or for specifi c (large volume) applications. With careful design, FRP mate-
rials can be used very effi ciently.

The density of FRP is about one-fi fth that of steel and less than two-thirds 
that of concrete. The density of glass fi ber-reinforced polymer composite 
(GFRP) is typically about 1800 kg/m3, while the density of steel is about 
7850 kg/m3. This means that FRP materials require less falsework (scaffold-
ing) and heavy lifting equipment than conventional materials and can be 
handled by a smaller workforce.

Extensive testing has shown that FRP is extremely durable when used 
appropriately with low long-term degradation and very good fatigue resist-
ance. FRP composites are resistant to water, salt, and other chemicals, and 
are unaffected by oil and other heavy hydrocarbons; as a result they require 
little maintenance in comparison to conventional materials.

No material is perfect and there can be downsides to the use of FRP. 
Material costs on a weight for weight basis are higher than those for con-
ventional materials, but this should be seen as an incentive to use the FRP 
in innovative, effi cient, and cost-effective ways. FRP materials have low 
coeffi cients of thermal expansion (some CFRP has a negative coeffi cient). 
This is only a problem when the FRP is used in conjunction with a conven-
tional material and careful design should eliminate any potential problems. 
The resin properties are temperature dependent; lower temperatures cause 
the strength to increase but make the resin more brittle. The converse is 
true as temperature is increased, but at a critical temperature (called the 
glass transition temperature and in reality a temperature range of which 
the glass transition temperature is the median) there is a rapid decrease in 
strength. Problems can be avoided by the choice of a resin whose glass 
transition temperature is signifi cantly higher than the anticipated maximum 
operating temperature.

A frequent criticism of FRP composites is that they perform poorly in 
fi re. However, this has been shown not to be the case (Cutter et al., 2009). 
In a fi re the exposed resin surface chars and produces a tar-like layer 
which protects the underlying fi bers, delaying the onset of failure. Of 
course, it is also possible to use conventional fi re protection on composite 
material.

It is worth mentioning two further points concerning FRP composites. 
Stiffness (measured as elastic modulus) can be an important property. 
Carbon fi ber-reinforced polymer composites (CFRP) can have high stiff-
ness; an elastic modulus of up to 300 kN/mm2 compared to 200 kN/mm2 
for steel. However, GFRP has lower stiffness, typically in the range 
72–87 kN/mm2 and it is frequently stiffness rather than strength which 
drives the design of GFRP. Finally, in many applications surface fi nish 
and appearance is important; with composites the use of appropriate 
fabrication techniques and materials, for example automated systems with 
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high quality moulds and the use of gel coats, will achieve the fi nishes 
required.

7.2.3 Fabrication techniques

These have been covered in earlier chapters but it is worth looking at them 
again in the context of construction applications. The basic methods such 
as wet-layup are labour intensive and appropriate for one-off products. For 
mass production, the automated processes are much better. FRP panels are 
fabricated to a high quality and fi nish using vacuum assisted resin transfer 
molding (VARTM) or vacuum infusion. Structural shapes (I-beams, chan-
nels, angles, etc.) are produced in large quantities using the pultrusion 
process; it is ideal for products produced in long straight lengths with a 
constant cross section and constant reinforcing fi ber architecture. Pipes are 
produced in many different sizes using the fi ber winding process, which is 
a development of pultrusion in which the fi bers are wound to a predeter-
mined helical shape within the resin.

A further benefi t of the automated processes is that they produce the 
best quality FRP. Composites are inherently variable because of air trapped 
within the matrix; however, the automated processes squeeze out almost 
all the air (typically less than 2% air is left in the matrix compared to 
over 5% in wet layup composites) so that the resulting composite is much 
less variable. Also it is possible to incorporate more reinforcement into 
the same volume of composite (reinforcement volume fraction is about 
0.6 in vacuum infused composite compared to about 0.4 in wet layup 
material). Strength and stiffness are proportional to the volume fraction 
of reinforcement.

7.2.4 Conclusion

The discussion above has emphasized the fl exibility in the use of FRP com-
posites and the scope to use them in novel or unconventional ways. The 
designer is able to benefi t from the potential to customize the composite 
properties to suit a particular application.

Even a cursory search of the web will reveal the very wide range of 
composites applications in construction. In order to give an overview, this 
chapter will now present a variety of applications for FRP composites in 
construction. Illustrations will use photographs from particular companies 
but it should be emphasized that there is considerable choice in manufac-
turers and fabricators and a potential user should investigate the possibili-
ties before making any choice. Applications are presented in sections to 
give an impression of what is available. Where appropriate, fabrication 
methods and materials are also discussed.
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7.3 Practical applications in buildings

7.3.1 Building interiors and exteriors

Advanced composite materials have been used in buildings for many years. 
An early example was the cladding of Mondial House in London (Fig. 7.1) 
which was completed in 1974. The white cladding was still in excellent con-
dition when the building was demolished in 1996. Cladding systems are 
widely available and come in a variety of textures and colors.

Advanced composite materials are available for almost every aspect of 
building interiors ranging from fl oors to doors. Since FRP composites are 
electrically non-conducting and have hard smooth surfaces, they are par-
ticularly applicable to situations where high levels of hygiene are required 
or where magnetic or electrical machinery is being operated. Figure 7.2 

7.1 White GRP cladding of Mondial House, London.

7.2 FRP wall panels used in a clean room (courtesy of Plastruct 
Canada Inc.).

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

182 Developments in FRP composites for civil engineering

shows a clean room fi nished almost entirely with FRP composite. In this 
case, the walls have a smooth fi nish for cleaning but textured fi nishes are 
also available.

Typical construction of wall and ceiling panels has GRP faces as little as 
1 mm thick with a polystyrene insulating core, whose thickness will depend 
on the level of insulation required.

There are various FRP grating type fl ooring systems on the market. They 
are in competition with metal gratings but score heavily in aggressive envi-
ronments where their excellent durability is important. Figure 7.3 shows a 
grating system which is used in water treatment and offshore applications. 
This system uses a phenolic resin in the GRP which gives particularly effec-
tive fi re resistance.

Floor grating systems are frequently used in industrial buildings for mez-
zanine or intermediate fl oors. Figure 7.4 shows a typical application in which 
the handrails are also GFRP.

7.3 Duragrid composite grating system (courtesy of Pipex Structural 
Composites).

7.4 GRP mezzanine fl ooring and handrail system (courtesy of Redman 
Composites).
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Doors, door frames, and window frames are now being fabricated in 
GFRP in factories as far apart as the US and India. These range from inter-
nal and external doors for house construction through to heavy-duty indus-
trial doors. Figures 7.5 and 7.6 show typical examples, but many different 
fi nishes are available. An Indian manufacturer points out that GFRP doors 
are termite proof, a signifi cant factor in many parts of the world.

Pultruded composite sections (often similar in shape to standard steel 
sections) are being used for structures such as the fl oor support structure 
shown in Figure 7.7. In some ways this is a strange application of FRP 
because steel section shapes have been developed to use the material prop-
erties of steel which are different from those of FRP. However, FRP requires 
much lighter lifting gear and is a non-conductor, factors which may be 
important in a particular project.

Components fabricated from GRP composites are used as architectural 
features on building exteriors as shown in Figures 7.8 and 7.9, while 
outbuildings made from composite material are increasingly common 
(Fig. 7.10).

The potential for the use of advanced composites in construction has 
been demonstrated by the Eyecatcher Building in Basel, Switzerland. The 

7.5 GFRP door for house construction (courtesy of Mitras Composites 
(UK) Ltd).
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7.6 GFRP chemically resistant doors (courtesy of Chempruf Door 
Company Ltd).

7.7 Composite fl oor support structure (courtesy of Redman 
Composites).
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7.8 GRP pillars and porch (courtesy of IJF Developments Ltd).

7.9 GRP dome on a mosque (courtesy of David Kendall).

load bearing structure of this striking fi ve-storey building is entirely fabri-
cated from composite material. The pultruded GRP profi les used were 
produced using E-glass fi bers and polyester resin by Fiberline Composites 
in Denmark. Figure 7.11 shows the building which was originally produced 
for the Swissbau99 exhibition. An important feature is that the load-bearing 
structure forms part of the façade because the good thermal properties of 
the GRP do not produce any cold or warm bridges.
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7.10 GRP gatehouse (courtesy of Fibaform Products Ltd).

7.11 The Eyecatcher Building (courtesy of Fiberline Composites).

7.3.2 Bridges

There are ongoing problems in the US and elsewhere due to salt-induced 
degradation of concrete bridge decks. Chloride ions migrate through the 
concrete and onto the steel reinforcing bar. This causes the steel to corrode 
and the concrete breaks up because the volume of the corrosion products 
is greater than that of the original steel. Since advanced composites are 
very durable and largely unaffected by salt, they offer an alternative to 
concrete decks.

There has been considerable research into composite bridge decks using 
pultruded GFRP sections. The original shape considered was the plank 
developed by Maunsell Structural Plastics in the UK. This section, shown 
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7.12 Strongwell Composolite (formerly Maunsell) planks connected at 
right angles (courtesy of Strongwell).

7.13 Asset bridge deck profi le (courtesy of Fiberline Composites).

in Fig. 7.12, had rectangular cells which could be connected together in-line 
or at right angles using adhesive and a connector strip. The planks were 
used in the innovative all composite Aberfeldy footbridge in Scotland. 
Unfortunately, Maunsell Structural Plastics no longer exists, but their planks 
(now called Composolite) are still fabricated by Strongwell in the US.

Although suitable for pedestrian loading, the rectangular cells have 
drawbacks with vehicle loading. Various pultruded sections have been 
developed to improve vehicle load-bearing characteristics. Figures 7.13 
and 7.14 show, respectively, the Asset and DuraSpan profi les which span 
transverse to the main girders and can act compositely with the main 
girders. The Asset profi le was fi rst used in the all composite West Mill 
replacement bridge in Oxfordshire, UK. During its opening ceremony, its 
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Dual cavity

beam unit

Adhesive bondline Mirrored unit

7.14 DuraSpan bridge deck profi le (courtesy of Martin Marietta 
Materials).

7.15 FRP handrail system (courtesy of Pipex Structural Composites).

integrity was demonstrated by means of a Sherman tank. The four main 
girders consisted of hybrid GRP/CFRP box beams to which the Asset 
profi le deck was adhesively bonded. The DuraSpan profi le has been used 
in a number of deck replacement projects in the US and abroad, the 
thirtieth application being the Siuslaw Bridge in Florence, Oregon. Both 
systems come with a recommended wearing surface which has to bond 
to the FRP as well as provide traction for vehicles. Other profi les are also 
available.

Handrail and balustrade systems in advanced composites are readily 
available and competitive in cost with conventional materials. Figures 7.15 
and 7.16 show typical details.
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7.16 FRP balustrade system (courtesy of Pipex Structural Composites).

7.17 GFRP bridge enclosure to soffi t of approach bridge, Second 
Severn Crossing (Maunsell Structural Plastics).

Concerns over steel girders in aggressive environments (coastal or indus-
trial) have led to the development of bridge enclosure systems. These struc-
tures are attached to the underside of the bridge, protecting the girders and 
allowing access for inspection or maintenance. GFRP has proved the ideal 
material for the skin of the enclosure because of its low weight. Figure 7.17 
shows the enclosure on one of the approach bridges to the Second Severn 
Crossing, Avon, UK.
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Aramid (trade name Twaron or Kevlar) fi bers have high tensile strength 
and have been formed into cables, one trade name being Parafi l. Research 
at Cambridge University, UK (Burgoyne, 1993) has developed specialized 
end anchors for the FRP cables. As a result, these cables have been used 
on cable-stayed bridges, for example the Aberfeldy Bridge, Perth and 
Kinross, Scotland, shown in Fig. 7.18. This footbridge, already mentioned 
above, is particularly interesting. It is set in a golf course which straddles 
the River Tay and was designed by Maunsell Structural Plastics and con-
structed by a group of Dundee University students under the supervision 
of Professor Bill Harvey (Harvey, 1993). It was amongst the fi rst all advanced 
composite bridges to be constructed anywhere in the world and, during 
almost twenty years in service, has required minimal maintenance.

7.3.3 Infrastructure

The uses of advanced composites in infrastructure applications are diverse 
and surprisingly large. This section will present a selection which will give 
an impression of that diversity.

7.18 General view of Aberfeldy footbridge.
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The construction of roads in or close to built-up areas has resulted in the 
need for noise barriers which mitigate the noise pollution caused by traffi c. 
Traditional barriers have been constructed of timber and concrete. However, 
FRP barriers are also available and come in two versions. Refl ective barri-
ers have solid surfaces and defl ect incident sound back towards the road. 
Absorbent barriers have perforated GRP faces with a fi berglass wool infi ll. 
Sound passing through the perforations is absorbed by the infi ll, while some 
sound is refl ected by the solid parts of the face. Figures 7.19 and 7.20 show 
both types of barrier, one manufactured in the UK, the other in China.

Pylons for supporting power and other utility cables often have to 
be installed in inhospitable terrain. The low weight and excellent durability 
of FRP composites helps to minimize the resulting installation and 

7.19 GRP refl ective noise barrier (courtesy of NCN-UK).

7.20 GRP absorbent noise barrier (courtesy of Jiangsu Shuangying 
Acoustics Equipment Co. Ltd).
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maintenance diffi culties. Figure 7.21 shows typical details. Signs for display-
ing information on motorways are also being fabricated in FRP composites 
as shown in Fig. 7.22. In Dubai there are a surprising number of GRP palm 
trees which conceal mobile phone masts.

FRP composites are widely used in the water treatment and chemical 
industries. Storage tanks up to 160,000 litres capacity are readily available. 

(a)
(b)

7.21 FRP utility poles (a) installation in diffi cult terrain, (b) complex 
crosshead arrangement (courtesy of Creative Pultrusions Inc).

7.22 Motorway sign gantry (courtesy of NGCC).
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Special lining resins are used to provide exceptional chemical resistance. 
Figure 7.23 shows a typical tank. Another possibility is the GRP sectional 
tank which is made up of panels connected together, possibly with an 
internal supporting structure, as shown in Fig. 7.24. FRP tank covers for 
storage tanks are a cost-effective alternative to conventional covers. The 
covers can be freestanding or supported by an FRP truss system allowing 
spans up to 30 m. Figure 7.25 shows a freestanding cover on an under-
ground tank.

A common sight in built-up areas is the excavations made by utility 
companies as they repair or update their services. The resulting trenches 
can cause access problems for residents and delivery companies. A simple 
but very useful solution has been the GRP temporary access covers shown 
in Figs 7.26 and 7.27. These can be 1 m square and about 25 mm thick, and 
are suitable for light traffi c or heavy duty capable of supporting lorry traffi c. 
A useful feature is that they can be colored so that they are easily recogniz-
able by their owner.

This section has presented a selection of advanced composite artefacts 
that are now being widely used in the construction industry. Most are com-
peting with conventional materials such as steel or concrete and are gaining 
a market position because of their durability and low weight.

7.23 GRP storage tank (courtesy of Forbes Technologies).
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Insulated roof panels

Valve boxes

Stainless steel ladder 

Insulated side panels

Safety top

Stainless steel tie rods

Access hatch and internal

stainless steel ladder 

Division plates

Internal stainless steel

bolts and cleats 

Lid support tubes

Galvanized steel bolts

Cleats

7.24 Schematic of a sectional tank (courtesy of GRP Tanks UK Ltd).

7.25 GRP tank cover (courtesy of Fiberglass Fabricator Inc).
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7.26 Lightweight trench covers.

7.27 Heavy-duty trench covers (courtesy of Redman Composites).
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7.3.4 Railway infrastructure

Railways have particular infrastructure needs which differ from mainstream 
construction. GRP composites have been used in a variety of applications. 
Figure 7.28 shows a station platform system made of GRP and with a non-
slip wearing surface. Other applications have included trays and frames for 
carrying cables and electrical components (Fig. 7.29), water collection pits 
for drainage systems (Fig. 7.30) and ballast retaining supports.

7.28 Station platform system (courtesy of Pipex Structural 
Composites).

7.29 GRP cable tray (courtesy of Marshall Tuffl ex Ltd).
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7.30 Water catchpit for rail track drainage applications (courtesy of 
Marton Geotechnical Services).

SuperRodTM tie rod

SuperRodTM and dome nut

Light SuperCapTM top cap

SuperWaleTM waler

SuperLocTM series

1540/1550/1560/1610 sheet pile

SuperLocTM composite sheet piling system

Component profile

SuperWaleTM corner connector

Deadman

7.31 Components of GRP sheet piling system (courtesy of Redman 
Composites).

7.3.5 Geotechnical applications

FRP systems are being used in geotechnical applications in increasing 
numbers. The long-term durability of FRP can be very attractive in aggres-
sive environments which would corrode steel and its low weight is an 
advantage in areas such as steep cliffs where access is diffi cult. This section 
will look at typical current applications.

Sheet piling has traditionally been constructed using steel sheets. GRP is 
now providing a viable alternative and Fig. 7.31 shows the components of 
a typical system.
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A common requirement in construction is for slope or rockface stabiliza-
tion, whether for relatively small embankments or large cliff faces. A typical 
approach is the use of soil nails or rockbolts with a structural grid attached 
to the nail heads. Holes are drilled into the face to be stabilized, the nails 
or bolts are inserted to the required length and are then grouted in place. 
Finally, if necessary, a net is attached to the nail or bolt heads. GRP systems 
can have signifi cant advantages because traditional steel nails and bolts 
need corrosion protection and are heavy. Figure 7.32 shows typical GRP 
soil nails and rockbolts, and Figs 7.33–7.35 show their use in embankment, 
cliff face (with diffi cult access), and retaining wall stabilization.

An interesting development reported by Ortigao (1996) is the use of 
geobars as temporary soil nails in tunneling applications. A GRP geobar is 
a tube which may have valves at intervals along its length, which may be as 
long as 30 m. The geobars are inserted into drilled holes at the tunnel drive 
face and grouted in place by pumping resin through the tube and valves; 
they stabilize the drive face but are sacrifi ced as driving proceeds. The 

7.32 GRP soil nails and rock bolts (courtesy of Minova Weldgrip).

7.33 GRP soil nail and netting, A638 near Wakefi eld, Yorkshire, UK 
(courtesy of Minova Weldgrip Ltd).
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7.34 Installation of GRP soil nails and rock bolts, Dawlish cliff face 
stabilization, Devon, UK (courtesy of Minova Weldgrip Ltd).

7.35 Epoxy soil nails for retaining wall stabilization, Nant Ffrancon 
wall stabilization, A5 Trunk Road, North Wales (courtesy of Minova 
Weldgrip Ltd).

advantage of the hollow tubes is that they offer less resistance to the tunnel 
boring machine than solid steel or GRP rock bolts.

7.3.6 Pipes

Traditionally, water pipes have been made from cast iron (actually very 
early pipes were timber). FRP pipes offer considerable advantages; they are 
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fabricated by the pultrusion/fi ber winding process shown in Fig. 7.36 which 
results in an accurate cross-section shape and a very smooth internal fi nish 
with low friction. Hydraulically, FRP pipes are more effi cient because they 
suffer little head loss due to internal friction so that for a given application 
smaller diameter GRP pipes are needed. Hence, it is frequently possible to 
replace older pipes by pushing the FRP replacement through the original. 
New pipes can range from 50 mm to 4 m in diameter and are used in the 
water, chemical, petroleum, and gas industries up to internal pressures of 
175 bar. Figure 7.37 shows a large diameter water pipe.

A frequent problem with underground clay drainage pipes is that they 
are damaged and blocked by debris. Contractors can usually clear the 
blockage, but the pipe needs to be repaired. An ingenious system uses a 
pitch-based GFRP liner which is threaded through the pipe like a fl at hose. 
The liner is then infl ated using water or air pressure until it fi ts tightly to the 
inside of the pipe. At this stage the resin catalyst activates the curing process 
resulting in a solid lining within a few hours. This reduces the effective pipe 
cross section by about 6% but this is compensated for by the increased 
hydraulic effi ciency. Figure 7.38 shows the benefi t of this type of repair. 
Other localized pipe repair systems use GFRP tape wrapped around the 
pipe and cured in situ; some of these systems can even be used underwater.

7.3.7 Conclusion

The intention behind this section has been to give an impression of 
the wealth of applications for advanced composite materials within the 

7.36 Production of GRP pipe (courtesy of Subor Pipe Production Inc).
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7.37 Large diameter GRP water pipe (courtesy of Subor Pipe 
Production Inc).

Before renovation After renovation

7.38 Pitch-based GRP pipe lining (courtesy of Drainline Southern Ltd).

construction industry. The examples presented have come from all over 
the world, thanks to the Internet! Fabricators are always on the lookout 
for new applications and would welcome enquiries from potential 
customers.

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

202 Developments in FRP composites for civil engineering

7.4 Future trends

It is always risky to predict what will happen in the future; however, it is 
possible to give some indications. At a basic level there is room for consid-
erable expansion within existing markets. The durability of composite mate-
rials makes them very attractive in comparison to conventional materials 
which require regular maintenance. Also their low weight means that the 
installation of composite components is less labour intensive, another factor 
which can infl uence cost.

However, designers are becoming more confi dent in their use of compos-
ite materials and some exciting structures have been created as shown in 
the Brisbane river walkway (Fig. 7.39) and the GRP classroom in Fig. 7.40. 
Figure 7.41 shows a modular construction system for houses being devel-
oped by Startlink and based on just nine pultruded FRP profi les that bolt 
and snap-fi t together enabling rapid assembly. It is predicted that this 
concept could provide more economic, thermally effi cient, and sustainable 
housing than conventional materials.

It is considered feasible to fabricate much larger structures from FRP 
composites, and spans of over 200 m have been suggested. In fact, the Mil-
lenium Dome, now renamed the O2 Arena, in London uses GFRP for the 
dome covering. The low weight of the material would mean that less sup-
porting structure would be required allowing considerable freedom and 
fl exibility in the internal layout. Potential applications could include schools, 
offi ces, retail, industrial, or exhibition buildings. Perhaps this is the way 
forward.

7.39 Brisbane river walkway constructed using GRP, Brisbane, 
Australia.
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7.40 GRP classroom, complete and under construction (courtesy of 
White Young Green).

7.41 Startlink modular construction system.

7.5 Sources of further information

Most of the information presented in this chapter has been found by 
searching the web. That is as good a starting point as any. Companies 
give contact details and in many cases quite detailed information includ-
ing specifi cations. The author of this chapter is based in the UK where 
very useful sources of information are the Network Group for Composites 
in Construction (NGCC) (www.ngcc.org.uk) and the National Composites 
Network (NCN) (www.ncn-uk.co.uk). Both organizations promote the use 
of advanced composite materials, organize technical and training events, 
and have helplines which can be accessed via their websites.
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Abstract: Fiber-reinforced polymer (FRP) has been a practical 
alternative construction material for replacing steel in the construction 
industry for several decades. However, some mechanical weaknesses of 
FRP are still unresolved, which limit the extensive use of this material in 
civil infrastructure. In order to mitigate the disadvantage of using FRP, 
the concept of hybridization is delivered here. The advantages of hybrid 
structural systems include the cost effectiveness and the ability to 
optimize the cross section based on material properties of each 
constituent material. In this chapter, two major applications of hybrid 
FRP composites are discussed: (1) the internal reinforcement in 
reinforced concrete (RC) structures, and (2) the cables in long-span 
cable-stayed bridges. In order to improve the fl exural ductility of 
FRP-reinforced concrete (FRPRC) beam, the additional steel 
longitudinal reinforcement is proposed such that the hybrid FRPRC 
beams contain both FRP and steel reinforcement. In order to improve 
the vibrational problem in pure FRP cables used in bridge construction, 
an innovative hybrid FRP cable which can inherently incorporate a 
smart damper is proposed. The objective of this chapter is to deliver an 
up-to-date review of hybrid FRP composite structures, including both 
the industrial practice and the research in academia. The advantages of 
using hybrid FRP composites for construction will also be described with 
experimental support. It is hoped that the reader will appreciate the 
concept of hybridization, which leads to the effi cient utilization of all 
constituent materials in a bonded system.

Key words: ductility, fi ber-reinforced polymer (FRP), hybrid, reinforced 
concrete (RC).

8.1 Introduction

Fiber-reinforced polymer (FRP) has become a practical alternative con-
struction material in various structural aspects. It can be used externally to 
improve the fl exural, shear, and axial capacities of beams, slabs, columns, 
and shear walls made by reinforced concrete (RC) (Grace et al., 1996; 
Triantafi llou, 1998; Deniaud and Cheng, 2003; Büyüköztürk et al., 2004; 
Bruno et al., 2007; Greco et al., 2007). Also, it can be used as internal rein-
forcement, replacing conventional steel bars in RC structures due to its 
advantages, such as corrosion resistance, non-conductivity, high strength, 
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and light weight. Research related to experimental studies and in-situ appli-
cations of FRP bars in RC structures can be found in various publications 
(Hollaway, 1978; Aiello and Ombres, 2000; Peece et al., 2000). A good review 
of practical applications of FRP bars can be found in Rizkalla and Nanni 
(2003). In the past two decades, FRP bars have been widely used in some 
countries, such as the United States of America, Canada, Germany, Swit-
zerland, and Japan, in bridge deck and road construction owing to the 
seasonal use of de-icing salts which cause traditional steel reinforcement to 
corrode. Meanwhile, some concrete structures require non-metallic mate-
rial as the constituent materials, such as the magnetic resonance imaging 
(MRI) rooms in hospitals or research laboratories, as well as the roads and 
bridge decks near electronic toll plazas. In all these special circumstances, 
FRP bars are good substitutions for the conventional steel in RC structures. 
Besides using FRP bars as internal reinforcement, these bars can also be 
made as cables due to their superior tensile strength compared to the con-
ventional steel cables. Carbon FRP (CFRP), which has the best mechanical 
and chemical behavior among different kinds of common FRP materials, 
was initially proposed for use in long-span cable-stayed bridges. Several 
studies have already demonstrated its high static and dynamic performance 
(Meier, 1987). However, the high and continuously increasing cost of CFRP 
limits their applications in new structures, especially in large-scale construc-
tions, such as long-span bridges. Additionally, the sensitivity of CFRP cables 
to wind load is diffi cult to control due to their extremely light weight and 
high strength. Considering the limitations of CFRP, the feasibility of using 
various FRP materials as stay cables has been investigated (Wu and Wang, 
2008), with a conclusion that a new type of cable which combines both 
CFRP and basalt FRP (BFRP) is suitable to be used in bridge construction 
due to its chemical stability, high stiffness, and low cost.

Although FRP possesses many superior material properties, such as 
high specifi c stiffness, high specifi c strength, the high corrosion resistance, 
and durability, the high cost and brittle nature of FRP prevent it from 
being commonly used in the industry. In order to overcome these obstacles 
and to make the best use of the material, combinations of FRP and con-
ventional materials have recently been investigated by a number of 
researchers (Alnahhal et al., 2006). An improvement of the structural per-
formances in buildings and bridges can be obtained by utilizing a combi-
nation of FRP and steel (Newhook, 2000; Aiello and Ombres, 2002) or, 
alternatively, by combining various types of FRP materials (Wang and 
Wu, 2011a). The advantages of hybrid structural systems include the cost 
effectiveness and the ability to optimize the cross section based on mate-
rial properties of each constituent material. In other words, the purpose 
of hybridization is to create a new material that picks out the advantages 
of each constituent, while the weaknesses can be improved. In general, 

�� �� �� �� �� ��



 Hybrid FRP composites for structural applications 207

© Woodhead Publishing Limited, 2013

hybridization is a positive effect of any property obtained through the 
rule of mixture (Kretsis, 1987). For instance, if the ultimate tensile strength 
of an FRP member composed of more than two types of fi ber is higher 
than that of a fi ber with the lowest strength, it is regarded as a positive 
hybrid effect obtained by hybridization. Nanni et al. (1994a, 1994b) tested 
numerous bars of braided aramid fi ber around a steel core in an epoxy 
matrix and obtained a bilinear stress–strain behavior. However, such hybrid 
bars have limited fl exibility to the steel distribution within the cross section 
when they are used in RC structures. Bakis et al. (1996) suggested that 
the high modulus material must be dispersed over the entire cross-sectional 
area in order to maximize the ductile behavior. Adopting two different 
types of bars allows a more uniform distribution of stiffer material in 
a cross section, and this approach has recently been verifi ed through a 
comprehensive experimental program (Lau and Pam, 2010).

In this chapter, two major applications of hybrid FRP composites are 
discussed: (1) the internal reinforcement in RC structures, and (2) the cables 
in long-span cable-stayed bridges. Although the hybrid FRP systems found 
in these two scenarios are very different, they both achieve the same goal, 
i.e. to improve the global structural behavior by optimizing the cost effec-
tiveness. The objective of this chapter is to deliver an up-to-date review of 
hybrid FRP composite structures, including both the industrial practice and 
the research in academia. The advantages of using hybrid FRP composites 
for construction will also be described with experimental support.

8.2 Hybrid fi ber-reinforced polymer (FRP) reinforced 

concrete beams: internal reinforcement

Research into FRP reinforcement bars (rebars) in RC structures has been 
conducted continuously since the late 1990s and is still ongoing, especially 
in the area of improving the structural performance of FRP reinforced 
concrete structures, especially their ductility and stiffness. Conventionally, 
RC structures are designed by the ultimate strength approach, in which the 
ductility is a great concern in the design process. Because of the inherent 
brittleness of FRP rebars, Mufti et al. (1996) suggested that the design of 
RC sections using FRP rebars should be based on the concept of deform-
ability, rather than the usual concept of ductility adopted in steel-reinforced 
sections. Yet, the need for an FRP-reinforced concrete (FRPRC) section 
with ductile characteristics remains.

In general, the composite system constituted by FRP rebars and RC, 
which is called FRPRC, possesses less ductility. In order to improve the 
ductility of such composite system, a certain amount of ductile material is 
proposed to be added in the FRPRC system such that the brittleness of 
FRP rebars can be compensated. On the research front, FRPRC fl exural 
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members have been investigated over the last decade or so. However, the 
ductility issue of FRPRC beams is still a problem to be solved. Even though 
it is mentioned in ACI440.1R-06 (2006) that the fl exural members should 
possess a higher reserved strength in order to compensate the lack of 
ductility, the ductility of beam members cannot be neglected because it is 
closely related to the safety, especially when there is a catastrophic load 
(e.g., earthquake load) leading to a structural failure. Ductility is important 
and cannot be overlooked in any situations because it gives ample observ-
able warnings before failure so that the loss of human life can be greatly 
reduced.

With the limited ductility of FRPRC beams, practising engineers are 
reluctant to adopt FRP rebars in the construction industry. Although some 
researchers have carried out experimental testing on FRPRC beams 
recently (Newhook, 2000; Aiello and Ombres, 2002), those experimental 
data were limited to a certain design range and it is still unclear in what 
situation the ductility improvement can be effectively achieved by the addi-
tion of steel rebars. Recently, Lau and Pam (2010) have conducted an 
extensive experiment which enables us to understand the fl exural behavior 
of FRPRC beams in an approximate construction scale. Based on their 
valuable experimental results, several guidelines on the ductility improve-
ment of FRPRC beams have become available. In what follows, some dis-
cussions and comparisons on the structural behavior of various fl exural 
concrete beams, including normal reinforced concrete beams (SRC), pure 
FRPRC beams, and hybrid FRPRC beams, will be described based on 
the experiments conducted recently (Lau and Pam, 2010). These beams 
were designed such that both under-reinforced and over-reinforced design 
scenarios were covered.

8.2.1 Analysis of FRPRC beams

Traditionally, the balanced reinforcement ratio is a very important param-
eter for designing RC beams. For an SRC beam, the balanced steel rein-
forcement ratio (ρbs) is a condition for which the beam is designed to fail 
by crushing of concrete in compression and yielding of steel in tension 
simultaneously. For a pure FRPRC beam, the balanced FRP reinforcement 
ratio (ρbf) refers to the condition that the beam is designed to fail by crush-
ing of concrete and rupture of FRP rebars simultaneously. Combining these 
two cases, the balanced reinforcement ratio for a hybrid FRPRC beam 
should refer to a failure condition in which crushing of concrete, yielding 
of steel and rupture of FRP happen simultaneously. However, in practice, 
it is almost impossible for this situation to happen. The steel reinforcement 
will have yielded long before the rupture of the FRP reinforcement. Hence, 
the balanced condition for a hybrid FRPRC beam is proposed in a way such 
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that concrete crushing in compression and rupture of FRP reinforcement 
occur at the same time, while its steel counterpart has already yielded. 
Hence, the balanced reinforcement ratio provided in ACI440.1R-06 (2006) 
can be used for both the pure and hybrid FRPRC beams as shown in 
Eq. [8.1].

ρ β ε
εbf

c

fu

f c

f c fu

= ′ ′
′ +

0 85 1.
f
f

E
E f

 [8.1]

where β1 = the ratio between the depth of equivalent rectangular concrete 
stress block and the neutral axis depth, ′ =εc 0 003.  = extreme fi ber con-
crete compressive strain in conjunction with ′fc . For both the pure and 
hybrid FRPRC beams, the equivalent rectangular stress block of concrete 
recommended in ACI318M-02 (2002) should be used. It is reminded that 
the reinforcement ratio (ρ) for all the FRPRC beams is proposed to be 
named the effective reinforcement ratio, and with the defi nition shown 
in Eq. [8.2]:

ρ ρ ρ= + = +A m A
bd

ms f
s f  [8.2]

where As = area of steel reinforcement, Af = area of FRP reinforcement, m 
= fy/ffu, ρs = steel reinforcement ratio, and ρf = FRP reinforcement ratio. 
Hence, the balanced reinforcement ratio for a hybrid FRPRC beam can be 
calculated from Eqs [8.1] and [8.2] with any combination of steel and FRP 
reinforcement content under the condition that the steel has yielded. The 
beam specimens which are going to be discussed in this chapter were all 
designed based on the balanced reinforcement ratio defi ned above. Based 
on the respective actual tensile strength(s) of the rebars, the 28th day con-
crete strength and the effective reinforcement ratio, the theoretical moment 
capacity (Mn) of hybrid FRPRC beams can be evaluated by the section 
analysis. It has to be noted that the above discussion does not include the 
partial safety factors for material strengths.

Based on the laboratory testing on FRPRC beam specimens having a 
length scale comparable to structural components found in buildings and 
bridges, three important aspects related to the structural behavior will 
be discussed, namely: (1) fl exural strength and ductility improvement; 
(2) minimum fl exural FRP reinforcement content; and (3) effectiveness 
of 135° hooks compared to 90° hooks in stirrups. It has to be noted that 
all these beams were designed to fail in fl exure around the midspan so 
as to evaluate the contribution of FRP rebars to the fl exural capacity of 
FRPRC beams, and the shear failure was prevented by providing exces-
sive shear reinforcement (double the amount required) at the critical 
locations.
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8.2.2 Flexural strength and ductility improvement of 
FRPRC beams

During the experimental test, the measured maximum moment (Mexp) or 
the actual moment at midspan can be calculated from the corresponding 
measured maximum load (Pexp) that was obtained by Eq. [8.3]:

M
P L

exp
exp=
4

 [8.3]

Based on the experimental result, it is noticed that most of Mexp were still 
over-estimated when compared with the respective theoretical counterpart 
(Mn). The over-estimation or reserved strength ranges from 0 to 33%, and 
this will even be greater if the partial safety factors are taken into account. 
Therefore, the provisions of ACI440.1R-06 (2006) to determine the fl exural 
strength of FRPRC members are suffi cient.

Even though FRP is a brittle material, once it is embedded in concrete, 
the beam can possess a certain amount of yielding when it is over-reinforced 
(failed upon concrete crushing). The general load–displacement curves of 
FRPRC beams with the same moment capacity under a three-point bending 
situation are shown in Fig. 8.1. As shown in Fig. 8.1, the pure FRPRC beam 
which only contains FRP bars as reinforcement was the most brittle com-
pared to the others. But still, it behaved slightly ductile because the beam 
was designed as an over-reinforced section. Hence, contrary to the common 
design practice in SRC beams, the over-reinforced design is preferred to 
the under-reinforced design in FRPRC beams. The structural performance 
of the hybrid FRPRC specimen has been improved in terms of fl exural 
ductility and fi nal fl exural strength. When considering the two hybrid 
FRPRC beams, it is obvious that their stiffness was dictated by the value 
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8.1 Typical load–displacement curves for pure and hybrid FRPRC 
over-reinforced beam.
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of the ratio of steel and FRP reinforcement content (Asteel/AFRP). A higher 
Asteel/AFRP value results in a higher stiffness value. This observation is impor-
tant and useful for determining a suitable ratio of Asteel/AFRP for a hybrid 
FRPRC beam, so that its stiffness can meet the required performance 
demand during the serviceability limit state. It is also evident that the ductil-
ity of FRPRC beams can be improved by adding steel rebars. By comparing 
the load–displacement curves of the pure and hybrid FRPRC beams, it is 
obvious that those hybrid ones have a greater ductility. Although it is pos-
sible that there is a sudden drop of load capacity in hybrid FRPRC beams 
caused by the rupture of FRP rebars, a certain amount of residual ductility 
can still be maintained as the steel rebars are still far below their breaking 
point. The experimental results confi rm the effectiveness of steel reinforce-
ment improving signifi cantly both the stiffness and ductility of hybrid 
FRPRC beams when compared to those pure FRPRC beams.

The fl exural ductility of FRPRC beam can be measured in terms of two 
recommended parameters, namely the displacement ductility factor (μ) and 
the ultimate displacement ratio (Δu/L) (Lau and Pam, 2010). The displace-
ment ductility factor is a dimensionless number (μ) to study the ductility 
improvement of the FRPRC beams and is defi ned as the ratio of midspan 
displacement at ultimate stage (Δu) and at yield stage (Δy), where the former 
is obtained at 0.8Pexp after reaching the peak, while the latter is obtained 
by linearly interpolating the displacement at 0.75Pn to the level of Pn. It is 
obvious that the balanced-reinforced (or under-reinforced) pure FRPRC 
member has a value of μ very close to 1, which means that the beam has 
no ductility in general. The addition of steel rebars can effectively increase 
the ductility of pure FRPRC beams, and the increase is considerably larger 
in the over-reinforced member than the balanced-reinforced one in which 
the ductility improvement can be more than 100%. Although there is a 
ductility improvement in terms of μ in the balanced- or under-reinforced 
member by adding the steel rebars, such improvement is solely due to the 
decrease in the yield displacement (Δy), rather than the increase of the 
ultimate displacement (Δu). In fact, the over-reinforced hybrid members 
have high structural effi ciency compared to the balanced- and under-
reinforced counterparts, since all materials (concrete, FRP, and steel) reach 
their strength capacities at failure.

It is rather disadvantageous to use the displacement ductility factor 
because the yield defl ection (Δy) is diffi cult to assess theoretically. In addi-
tion, in over-reinforced FRPRC beams, as shown in Fig. 8.1, the stiffness 
may reduce during the elastic stage and this will make the obtained yield 
displacement rather inaccurate. For the balanced-reinforced FRPRC 
section, the yield defl ection is almost similar to the ultimate defl ection. In 
order to avoid these problems, it is suggested to use the displacement ratio 
(Δ/L) to measure the beam deformability.
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By defi nition, the effective reinforcement ratio in the over-reinforced 
hybrid beam is higher than its balanced reinforcement ratio. It should be 
mentioned that the addition of steel rebars improves the ultimate displace-
ment ratio of the over-reinforced hybrid FRPRC beams under a situation 
which fulfi lls the following two conditions. Firstly, the FRP reinforcement 
content should be higher than the minimum amount in the ACI code, which 
means that the FRP rebars have some reserved strain when the beam is 
about to reach the maximum fl exural capacity. Secondly, the Asteel/AFRP ratio 
should not be too high such that the FRP rebars can still play an important 
role to resist the loading even after the yielding of steel rebars. In the pres-
ence of these two conditions, the hybrid FRPRC beam can achieve a larger 
ultimate defl ection when compared with the pure FRPRC beam having the 
same moment capacity.

In conclusion, there is a ductility improvement when steel rebars are 
added to pure FRPRC beams. The ductility improvement is higher in over-
reinforced FRPRC beams than in the under-reinforced counterparts. There 
are three recommendations for the design of hybrid FRPRC beams:

(1) the amount of FRP rebars should be larger than the minimum FRP 
reinforcement content recommended by ACI 440.1R-06 (2006);

(2) the amount of FRP reinforcement should be larger than that of steel 
reinforcement; and

(3) the effective reinforcement ratio should be larger than the balanced 
FRP reinforcement ratio (ρbf).

8.2.3 Minimum fl exural FRP reinforcement content

Based on the results of the experiments conducted previously, it is found 
that there is room for the reduction of the minimum fl exural FRP reinforce-
ment content in FRPRC beams (Lau and Pam, 2010). The concept of having 
a minimum content of fl exural reinforcement, whether steel or FRP, is to 
ensure that the beam has a moment capacity greater than its cracking 
moment. It has been reported that the moment capacity of a pure FRPRC 
beam with only 75% of the minimum FRP content recommended by 
ACI440.1R-06 (2006) is still nearly double that of the SRC beam with the 
minimum reinforcement content as recommended by ACI318M-02 (2002) 
and about quadruple that of the plain concrete (PC) beam counterpart. 
Typical load–displacement curves for the RC beams with different degrees 
of the minimum reinforcement content, together with the plain concrete 
beam counterpart, are shown in Fig. 8.2. Figure 8.3 shows the failure snap-
shots of the beams having 75% of the minimum FRP content and 100% of 
the minimum FRP content recommended by ACI440.1R-06 (2006). Figure 
8.4 shows the defl ection profi les of these two beams. It is noticed the shape 
of the defl ection profi le in these two types of beam resembles a parabola 
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8.2 Typical load–displacement curves for FRPRC and SRC with 
minimum reinforcement content based on ACI code.

8.3 (a) The failure mode of FRPRC beam with 75% Amin which is very 
brittle; (b) the failure mode of FRPRC beam with 100% Amin which is 
very similar to that of 75% Amin.

and they behave very similarly to each other. More importantly, this infor-
mation further validates that the reduction in the minimal FRP content is 
allowable which leads to a more economical design of both pure and hybrid 
FRPRC beams.

8.2.4 Effectiveness of 135° hook in stirrup

The 135° hook in the stirrups is very effective in improving the ductility of 
an over-reinforced FRPRC beam. Typical load–displacement curves of an 
over-reinforced FRPRC beam with different hook angles are shown in Fig. 
8.5 (Lau and Pam, 2010). From Fig. 8.5, it is observed that the maximum 
loads of the two specimens are approximately the same. However, it is 
obvious that the over-reinforced FRPRC beam with 135° hook in the stir-
rups has much better deformability than that with 90° hook in the stirrups 
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8.4 (a) The defl ection profi le of FRPRC beam with 75% Amin; (b) the 
defl ection profi le of FRPRC beam with 100% Amin.

due to better confi nement as a result of its 135° hook stirrups. This phenom-
enon is corroborated in Table 8.1, in which the ultimate displacement ductil-
ity factor and displacement ratio of the over-reinforced FRPRC beam with 
135° hook in the stirrups are respectively 77% and 35% higher than that 
with 90° hook in the stirrups. By comparing the ultimate displacement 
ductility factor of the under-reinforced FRPRC beam and that of the over-
reinforced FRPRC beam with 135° hook in the stirrups, it is found that 
there is a signifi cant improvement in the ductility (an increase of μ by 
184%) by using both the over-reinforced design approach and the stirrups 
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8.5 Typical load–displacement curves for over-reinforced FRPRC beam 
with different degrees of hook in stirrups.

Table 8.1 Properties and test results for the study of minimum reinforcement 
content

Unit

Min. reinf. area 
(mm2)

Mom. 
capacity 
(kNm)

Mexp Mn Δu (mm) Δu/LRequired Actual Mexp Mn

75% Amin 468 339 80.4 64.3 1.25 78.36 18.7 × 10−3 (*)
100% Amin 470 452 107.3 85.2 1.26 85.32 20.3 × 10−3 (*)
SRC 138 226 44.0 36.4 1.21 91.09 21.7 × 10−3 (#)
PC – – 19.6 22.2 0.88 0.88 0.21 × 10−3 (+)

Notes on failure modes: (*) FRP rupture; (#) Steel rupture; (+) Concrete breakage.

of 135° hooks (Lau and Pam, 2010). Hence, it is recommended that the 
stirrups of 135° should be applied whenever the over-reinforced design 
approach is adopted in the FRPRC beams.

All the above fi ndings prove the effectiveness of 135° hook stirrups in 
improving the deformability and ductility of FRPRC beams. However, such 
improvement can only happen in over-reinforced FRPRC beams. In over-
reinforced beams, concrete crushing will happen prior to failure. Stirrups 
with 135° hooks can improve the confi nement of concrete in the compres-
sion region and hence the ductility improvement can be achieved.

8.2.5 Design philosophy of hybrid FRPRC beams

According to ACI440.1R-06 (2006), the fl exural design method of a pure 
FRPRC member is similar to that of a conventional SRC member by 
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adopting the strength design approach with a different strength reduction 
factor. However, due to the brittle nature of FRP bars, the design philoso-
phies of FRPRC and SRC members are very different. SRC beam sections 
are normally designed for under-reinforcement to ensure yielding of steel 
prior to crushing of the concrete. The yielding of steel causes a ductile 
failure with prior ample warnings. Tension failure in an FRPRC member 
due to FRP reinforcement rupture is sudden and brittle with hardly any 
warning. The non-ductile behavior of FRPRC reinforcement makes it suit-
able for an FRPRC member to have compression failure by concrete crush-
ing, which exhibits some warning prior to failure. This requires the FRPRC 
member to be designed for over-reinforcement. Tension failure in an 
FRPRC member is acceptable only if the member possesses higher reserved 
strength. The balanced FRP reinforcement ratio ρbf is an important factor 
in the fl exural strength design of FRPRC members. If the FRP reinforce-
ment ratio ρf is less than ρbf, failure mode by FRP rupture will govern or 
the section is under-reinforced.

Let us consider two pure FRPRC beams with the same cross section 
but different FRP reinforcement content. Also, let us assume the constitu-
ent material properties (concrete and FRP strengths) at the design stage 
are originally identical, so that ρbf of these two beams should also be the 
same. At the design stage, the tensile strength and elastic modulus of FRP 
reinforcement recommended by the manufacturer are adopted. However, 
on the testing day, the actual compressive strength of the concrete was 
different from the value adopted at design. In addition, the actual tensile 
strength and elastic modulus of the GFRP are different from those recom-
mended by the manufacturer. As a result, there should be a discrepancy 
between the ρbf evaluated during the design stage and on the testing date. 
According to ACI440.1R-06 (2006), section failure is uncertain if ρbf ≤ ρf 
≤ 1.4ρbf. The uncertainty is due to variation in the actual strengths of the 
concrete and FRP. Table 8.2 summarizes all the parameters that lead to 
ρbf at the design stage and on the testing day for these two beams. It is 
noticed that the increase of ρbf from the design to testing stage for the 

Table 8.2 Comparison of ρbf at design and testing stage

Unit Stage
ffu 
(MPa)

Ef 
(GPa)

′fc  
(MPa) εcu ρbf (%)

ρbf testing 
ρbf design

Under-reinforced Design 670 40 32.0 0.003 0.52 –
Over-reinforced
Under-reinforced Testing 593 40 36.6 0.003 0.75 1.44
Over-reinforced Testing 582 38 41.3 0.84 1.62
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under-reinforced and over-reinforced beams is about 44% and 62%, respec-
tively, both of which are greater than 40% as recommended by ACI440.1R-06 
(2006). Hence, the limit of 1.4ρbf for concrete crushing failure should be 
increased.

It is recommended that the over-reinforced beam design should be 
adopted, as a more ductile manner in the beam and suffi cient warning prior 
to beam failure can be obtained. Conventional steel reinforcement in addi-
tion to FRP reinforcement could enhance the ductility of pure FRPRC 
specimens. It is recommended that concrete crushing failure should happen 
before FRP rupture for pure FRPRC members, while for hybrid FRPRC 
members, steel yielding should happen fi rst, followed by concrete crushing 
and lastly by FRP rupture. Also, the amount of steel and FRP reinforcement 
in a hybrid FPRRC member should be combined such that a certain amount 
of ductility can be maintained. To prevent excessive elongation that causes 
rupture of the FRP reinforcement, the amount of GFRP reinforcement 
should be larger than that of the steel reinforcement and should also be 
greater than the minimum FRP reinforcement content recommended by 
ACI440.1R-06 (2006). It is also important to note that the effective rein-
forcement ratio should be larger than the balanced FRP reinforcement 
ratio (ρbf).

In an FRPRC beam, FRP reinforcement is responsible for taking up the 
strength, while the role of steel reinforcement is mainly for ductility 
improvement. Hence, it is proposed that the member should be fi rstly 
designed as a pure FRPRC member in accordance to ACI440.1R-06 (2006). 
Subsequently, the member section is checked for the degree of over- or 
under-reinforcement. If the section is well over-reinforced such that ρf ≥ 
1.4ρbf, it is not necessary to add steel reinforcement. However, if the section 
is under-reinforced or fairly close to balance-reinforced, it is necessary to 
add steel reinforcement in order to improve ductility of the member. The 
most important objective is to make sure that either pure or hybrid FRPRC 
beams have suffi cient warning before failure.

This existing experimental result has demonstrated the superior perfor-
mance of the hybrid FRPRC beams in comparison with classical SRC, in 
terms of their ultimate behaviors (Lau and Pam, 2010). The hybrid FRPRC 
beams possess a higher ultimate strength capacity under the same reinforce-
ment content, especially for the CFRP rebars. Also, the hybrid FRPRC 
beams can have suffi cient ductility when compared to the classical SRC 
beams. With an appropriate design, hybrid FRPRC beams can combine the 
advantages of both classical SRC beams (large ductility) and pure FRPRC 
beams (high ultimate strength capacity). By using the hybrid reinforcement 
approach, it is expected that a larger allowable strength of the FRP rebars 
can be used in the design process as the brittleness problem can now be 
mitigated.
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8.3 Hybrid fi ber-reinforced polymer (FRP) composites 

in bridge construction

FRP is always regarded as one of the most suitable materials for building 
long-span bridges due to the outstanding mechanical properties in longi-
tudinal direction compared with conventional steel material. Figure 8.6 
shows the application of FRP in rebars and tendons which can be found 
in some existing cable-stayed bridges. When FRP is used in stay cables 
for long-span cable-stayed bridges, it can exhibit essential advantages that 
address the weaknesses of conventional steel cable (Caetano de Sa, 2007). 
The major disadvantages of conventional steel cables in a super long-span 
cable-stayed bridge lie in its pronounced sag effect, which will lower the 
material utilization and the overall stiffness of the bridge, and the durabil-
ity defi ciency induced by corrosion, which will greatly limit the initial 
advantages of a cable-stayed bridge with super long span. CFRP cables 
were initially most investigated to replace steel cables (Meier, 1987; Cheng 
and Lau, 2006; Kao et al., 2006). Although the superior static and dynamic 
performance of long-span cable-stayed bridges with CFRP cables was 

FRP rebars
and tendons

Verdasio Bridge, Switzerland
(CCLAB, 2010)

Aberfeldy Foot Bridge, UK
(Structurae, 2012)

8.6 FRP rebars and tendons used in some existing bridges.
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verifi ed by both theoretical and numerical analyses, the consistently high 
cost of CFRP cables restricted their practical application in the construc-
tion industry. Moreover, CFRP cables are also sensitive to wind effects 
due to their extremely high strength-to-weight ratio (Wang and Wu, 2009). 
Therefore, the concept of hybrid FRP cables, consisting of basalt FRP 
(BFRP) and a small proportion of CFRP, has been developed. It should 
be mentioned that basalt continuous fi bers are an environmentally friendly 
and nonhazardous material, which is produced from basalt rock by using 
a single-component raw material and then drawing and winding fi bers 
from the melt. BFRP composites display not only a higher strength and 
modulus, but also a similar cost and a greater chemical stability compared 
to E-glass FRP composites (Wu et al., 2009). This hybrid cable possesses 
high static and dynamic performances (Wu, 2004; Wang and Wu, 2010; Wu 
et al., 2010), as well as a superior aerodynamic stability and relatively low 
cost compared to CFRP cables. To further explore the advantages of hybrid 
FRP cables, the potential ability of vibration control will be described 
with emphasis on the designable characteristics of hybrid FRP cables.

The design principle of hybrid FRP cable is innovative and can incorpo-
rate a smart damper within the hybrid cable. In general, a typical cable 
consists of parallel steel wires or twisted steel strands as shown in Fig. 8.7(a) 
and (b). The usual FRP cables such as CFRP, BFRP, and hybrid B/CFRP 
can also be composed of paralleled wires or twisted strands in a similar 
manner, where individual wires or stands are made of CFRP, BFRP, or B/
CFRP instead of steel. When constructed in this way, the damping proper-
ties of FRP cables will be similar to those of steel cables from a structural 
perspective. Although the material damping of FRP cable is probably 
higher than that of steel due to the viscoelasticity of the matrix (Wei et al., 
2001; Berthelot and Sefrani, 2007; Berthelot et al., 2008), it is still insuffi cient 

(a)

Single tendon

BFRP tendons 

Hybrid B/CFRP tendons 

Viscoelastic material

Inner sleeve
Single 7-wire

strand

(b) (c)

8.7 The arrangement of tendons and strands in various types of 
cables.
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to improve the overall structural damping because of the small amplitude 
of vibrational strain in the matrix. In a hybrid B/CFRP cable, besides the 
conventional structure of the cable, a special arrangement of tendons or 
strands can be designed with an emphasis on enhancing the internal 
damping, as shown in Fig. 8.7(c). A gap is left between the inner and outer 
cable where a viscoelastic material can be inserted. The objective of this 
design is to generate an interaction between the inner FRP tendons and 
the outer hybrid tendons when the entire cable is excited to vibrate because 
of the different dynamic characteristic of these two portions of cables. This 
interaction can act on the inserted viscoelastic material, which will dissipate 
vibration energy intelligently with respect to the occurrence and the ampli-
tude of vibration.

The inserted viscoelastic material is distributed according to its minimum 
infl uence on the cable mechanical behavior and the maximum effect on 
dissipation of vibration energy. Because the inserted viscoelastic material 
can be regarded as an additional weight applied along the cable due to its 
much lower elastic modulus compared with the cable material, it will lead 
to a negative effect on mechanical behavior such as the sag. Hence, an 
alternative approach should be introduced such that the inserted material 
can be discontinuously distributed. In this situation, the amount of inserted 
viscoelastic material will be greatly reduced and the corresponding infl u-
ence to the static and dynamic behavior of the cable will be minimized. 
Furthermore, the energy dissipated by the discontinuous distribution can 
also be equivalent to that dissipated by the continuous distribution. For the 
detailed theoretical analysis of the modal damper and the corresponding 
parametric and example studies, interested readers can refer to a recent 
publication by Wang and Wu (2011b).

Due to the general defi ciency in damping of stay cables in long-span 
cable-stayed bridges, a smart damper has been developed to improve the 
internal damping of a hybrid B/CFRP cable. Hybrid FRP cables not only 
exhibit integrated advantages in static and dynamic behavior for long-span 
cable-stayed bridges, but they can also provide superior vibration control 
ability through a proper design of the sectional structure as compared with 
conventional steel cable and CFRP cable. The principle of smart damper is 
to generate an interaction between the inner FRP cable and the outer 
hybrid cable when the entire cable is excited to vibration because of their 
different dynamic characteristics. This interaction will dissipate vibration 
energy. The discontinuous distribution of the viscoelastic material along the 
longitudinal direction of the cable can not only possess an equivalent energy 
consumption achieved by the continuous distribution method, but can also 
benefi t the static behavior of cable, especially for long stay cable. The effec-
tiveness of using smart damper designed hybrid FRP cable for mitigating 
large magnitude of in-plane vibration has been demonstrated by an existing 

�� �� �� �� �� ��



 Hybrid FRP composites for structural applications 221

© Woodhead Publishing Limited, 2013

bridge structure. It is believed that further experiments on evaluating the 
practical damping ratio of the cable materials and smart dampers of small-
scale stay cables should be conducted before applying this kind of cable 
commonly in the construction industry.

8.4 Future trends

The use of FRPRC members in the construction industry is increasing in 
popularity. However, the related design guidelines and provisions still need 
to be improved for reliable implementation. More research, particularly 
involving experimental studies, should be performed to improve the under-
standing of the fundamental behavior of FRPRC members and address 
various problems (e.g., ductility, tensile strength, compression strength, etc.) 
before the widespread use of FRP bars in structural applications. Prior to 
exploiting the use of FRP in construction applications, it is important for 
future research to include the following:

• Further research on the over-reinforced pure FRPRC members is nec-
essary to revise the degree of over-reinforcement, as it has been proven 
in this study that ρf should be larger than 1.4 times the balance FRP 
reinforcement ratio (ρbf).

• Further research on the hybrid FRPRC members is necessary for the 
aspects of area ratio of FRP to steel and reserved strength. In addition, 
arrangement of steel and FRP reinforcement needs to be investigated. 
For example, if the longitudinal steel reinforcement is installed at the 
outermost layer, the advantage of the FRP bars of being non-corrosive 
is not fully utilized.

• Research on FRPRC members containing high-strength concrete is nec-
essary to investigate their fl exural strength, ductility, and the balance 
between these two aspects.

• As stated in ACI440.1R-06, the behavior of FRPRC members with 
tension and compression FRP reinforcement is one of the future 
research areas. Beam members in a frame structure are required to resist 
hogging moment when there exist lateral loads, such as wind and earth-
quake load. Therefore, FRP reinforcement is necessary to resist com-
pression alternately with tension. Thus, research on FRPRC members 
subjected to cyclic loading is needed.

• In addition to the minimum FRP fl exural reinforcement content that 
has been investigated in this study, research should also be conducted 
on the minimum FRP reinforcement content for temperature and 
shrinkage in order to understand the whole picture of the minimum 
FRP reinforcement content towards both short- and long-term behavior 
of FRPRC members.
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• As the fi re resistance of FRP is low, it is necessary to study the minimum 
concrete cover in order to satisfy the requirement of fi re resistance. The 
effects of adding a protective layer around FRP bars towards the 
bonding between FRP and concrete should be carefully studied in order 
to avoid excessive slip.

• Bond strength between concrete and FRP rebars is weak compared to 
that of steel and concrete. Sand-coated FRP rebars are usually adopted 
in order to minimize bond slip. Bond strength is very important in 
FRPRC members to make sure the FRP rebar and concrete on the same 
level have a similar strain. Therefore, comprehensive research should be 
carried out on this aspect.

• The different coeffi cients of thermal expansion between two different 
materials affect their interfacial bond. In the combination of steel 
and concrete, a perfect bond is usually assumed because their coef-
fi cients of thermal expansion are fairly similar. The thermal expansion 
of steel is about 13 × 10−6/°C, while that of concrete 10 × 10−6/°C. 
However, FRP has a coeffi cient of thermal expansion much higher 
in the transverse direction than in the longitudinal direction, and the 
value is also much higher than that of concrete. The transverse coef-
fi cient of thermal expansion of GFRP bars tested by Masmoudi 
et al. (2005) was equal to 33 × 10−6/°C. In order to avoid debonding 
failure, further research on thermal expansion of FRPRC members 
should be carried out.

• The difference in Young’s moduli between steel and FRP results in 
uneven load distribution among the rebars. The stiffer material (steel) 
takes more load due to strain compatibility. Hence, the addition of steel 
rebars in an FRPRC member decreases the proportion of load carried 
by the FRP rebars. This is not desirable as it defeats the purpose of using 
FRP to replace steel as longitudinal reinforcement. Research should be 
carried out in order to fi nd out the optimum amount of steel that can 
be added, while FRP is still regarded as the main reinforcement in 
hybrid FRPRC members.

8.5 Sources of further information

For those interested readers who want to obtain further information about 
the most up-to-date information on hybrid FRP composites, the following 
journals are highly recommended:

• Journal of Composites for Constructions, ASCE
• Composites Part B: Engineering
• Composites Structures
• Engineering Structures

�� �� �� �� �� ��



 Hybrid FRP composites for structural applications 223

© Woodhead Publishing Limited, 2013

In fact, the references shown below are all good and current publications 
which are at the frontier of this research fi eld. The author would like to 
recommend the readers to go through the references below for more in-
depth information related to the application of hybrid FRP materials in the 
construction industry.
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Abstract: This chapter discusses design for fi ber-reinforced polymer 
(FRP)/autoclaved aerated concrete (AAC) sandwich panels for 
structural applications. The chapter fi rst presents the fi nite element 
analysis (FE) of FRP/AAC panels. The FE results are compared with 
the experimental results showing acceptable agreement. Next, analytical 
models are presented to predict the defl ection and strength of the 
panels. Finally, design graphs have been developed to help in designing 
the fl oor and wall panels made from FRP/AAC panels. Also, those 
panels have been compared to the commercially used reinforced 
AAC panels demonstrating that FRP/AAC panels offer a relatively 
cost-effective solution for longer life cycle.

Key words: fi ber reinforced polymer (FRP), fi nite element analysis 
(FEA), autoclaved aerated concrete (AAC), design graphs, sandwich 
panel.

9.1 Introduction

Building materials and labor to construct the structural design are the 
largest cost components in house constructions, so the need for lower cost 
and time-effi cient technology becomes urgent. This can be achieved by 
using panelized construction. Panelized systems are pre-manufactured com-
ponents or sub-elements (e.g., FRP/AAC panels) that are brought to the 
site and assembled into the fi nished house. Panelized construction can bring 
the benefi ts of mass production into the highly customized residential 
market through the pre-production of components and systems. There are 
many advantages to panelizing structures, including cost reductions, possi-
ble through mass production, ease of assembly, and a lower skill set required 
for fi eld construction.

AAC is an ultra-lightweight concrete with a distinct structure. The raw 
materials used in production are simply cement, lime, aluminum paste/
powder, and water, plus sand or fl y ash as a silica source. The dry bulk 
density of the material ranges from 25 to 50 pcf (0.4 to 0.8 g/cc) about one 
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fi fth the weight of normal weight concrete and a compressive strength range 
from 300 to 1000 psi (2–7 MPa) (Shi and Fouad, 2005). Entrained air bubbles 
are the main reason behind the result of a chemical reaction between the 
cement hydration products and the aluminum paste/powder in which 
hydrogen gas is liberated. Hydrogen gas causes the fresh material to rise in 
the molds and expand to about twice the original volume, thus creating 
cellular structure. Due to its cellular structure, porosity, and reduced weight, 
the material is highly fi re resistant and very durable compared with con-
ventional construction material, and has unique thermal and sound insula-
tion properties. In addition, AAC is a proven building material that will 
become much more widely used in the US for both residential and com-
mercial construction. It is also important that the building material be cost 
effective, energy-effi cient, and available throughout the world. It is brittle 
in nature and has much lower fl exural and compressive strengths than 
normal weight concrete. It requires signifi cantly less energy for heating and 
cooling. Few studies have been conducted to understand the structural 
behavior of plain and reinforced AAC structural fl oor and wall panels with 
internal reinforced rebars (Snow, 1999; Dembowski, 2001). The main con-
clusions of these studies are that the failure of fl oor panels occurred sud-
denly due to the sudden pull-out of steel bars while that for wall panels was 
cracking of the concrete cover at the top and/or the bottom of the panels. 
Further more, no signs of steel buckling were observed.

FRP composites take the concept of combing materials to create a new 
system having some of the advantages of each constituent. Since FRP com-
posites are characterized by high tensile strength in the direction of fi bers 
and high strength-to-weight ratio, they have been used in the aircraft and 
automotive industries. Recently, fi ber-reinforced composites are also being 
used to repair and/or strengthen reinforced concrete bridges and other 
structures. They offer high corrosion and fl exural resistance, and therefore 
should perform better than other construction materials in terms of weath-
ering behavior. Accordingly, since AAC is ultra lightweight in nature and 
FRP is so stiff with high specifi c strength, the two could be used together 
to form hybrid structural panels.

9.2 Performance issues with fi ber-reinforced polymer 

(FRP)/autoclave aerated concrete (AAC) panels

AAC is currently used in the form of steel reinforced panels using rebars 
as an internal reinforcement. These rebars are expensive and subject to 
corrosion in the long run. Further, these rebars do not play any role in the 
shear strength of the panels. Both shear and fl exural strength can be 
enhanced by wrapping the plain AAC with FRP laminates as discussed in 
this chapter. Khotpal (2004) has investigated the compressive strength of 

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

228 Developments in FRP composites for civil engineering

plain AAC wrapped by FRP. The objectives were to evaluate the load-
carrying capacity of the confi ned AAC cube and to observe the mode of 
failure of FRP/AAC panels. The results showed that the FRP wrap has 
increased signifi cantly the compressive strength of FRP/AAC panels by 
about 80% over the plain AAC. Uddin and Fouad (2007) investigated the 
behavior of FRP/AAC panels using small size specimens under four point 
load test. The experimental results for that research showed a signifi cant 
infl uence of FRP on the fl exural strength and stiffness of the hybrid panels. 
Further, Mousa and Uddin (2009) developed theoretical formulas to calcu-
late the shear and fl exural strengths of FRP/AAC panel and the results 
were in good agreement with experimental ones. A cost analysis for rein-
forced AAC and FRP/AAC panels previously conducted by the authors 
showed that a thinner FRP/AAC structural panel (about half the size) can 
be as cost-effective as original reinforced thicker AAC panel (Mousa and 
Uddin, 2009).

The design concept of a sandwich panel in general is that the bending 
moments are resisted by an internal couple composed of forces in the 
facings, while the shearing forces are carried by the core and wraps if avail-
able. In the case of FRP/AAC panel, the panel is composed from core, like 
AAC, which is capable of carrying the shear stresses, and skins, like FRP 
laminates, which are capable of carrying the normal stresses. In other words, 
the sandwich structure is similar to an I-section in which the core has the 
same function of web in carrying shear stresses and the fl ange has the same 
function of skin which carries the normal stresses (Zenkert, 1995). The core-
to-skin adhesive rigidly joins the sandwich components and allows them to 
act as one unit with high torsional and bending rigidity. In the case of 
FRP/AAC interface, the mechanism of adhesion is the mechanical inter-
locking of the resin in the irregularities of the concrete surface (Karbhari 
and Zhao, 2000). Although, both AAC and FRP are brittle materials, they 
have shown synergetic results in combination with each other in terms of 
shear and fl exural strengths as demonstrated in this paper. Due to the 
higher strength resulting from this combination, the strength is not the 
criterion governing the design of the panel (Mousa, 2007), but the defl ection 
is the one that controls the design of the proposed hybrid panels.

The objectives of the research summarized in this chapter were to analyze 
the behavior of FRP/AAC panels under out-of-plane loading and also to 
validate the numerical results obtained by ANSYS for the FRP/AAC panels. 
Analytical models for predicting the defection and strength for FRP/AAC 
panels are also developed in this study. Based on the FE results, design 
guides will be then developed for both fl oor and walls panels made of 
FRP/AAC sandwich panels. Structural comparison will also be performed 
between the proposed hybrid composite panels and the currently used 
reinforced AAC panels. It is anticipated that the experimental and the FE 
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results presented here would be a step towards the long-term goal of pro-
viding a practical method to predict defl ections, stress, and ultimate load, 
with the intent of developing tools for the design of FRP/AAC panels for 
building construction. The chapter also includes comparisons between the 
proposed hybrid panels and the reinforced AAC panels currently used in 
the housing market.

9.3 Materials, processing, and methods 

of investigation

The properties of AAC being used in this research are summarized in Table 
9.1. Both carbon and glass FRP have been used as a skin in this research, 
in which both carbon and glass FRP laminates were used in the design 
of the proposed FRP/AAC panels. SIKA Carbon Fiber laminates (Sika 
Corporation, 2002) and TYFO Glass Fiber (www.fyfeco.com) have been 
used as skin materials. SIKA WRAP HEX 103C unidirectional carbon 
fi bers, SIKAWRAP HEX 113C bidirectional carbon fi bers, and SIKADUR 
HEX 300 resin were used. The mechanical properties of resin as well as 
laminates, as provided by the manufacturer, are listed in Table 9.2. For glass 
fi ber laminates, TYFO SHE-51A Composite using Tyfo S Epoxy was used. 
The mechanical properties of the epoxy and the laminate, as provided by 
the company, are listed in Table 9.3.

Vacuum assisted resin transfer molding (VARTM) processing was used 
in this study to produce all FRP/AAC panels, as shown in Fig. 9.1, to reduce 
the processing time due to the construction and surface preparation efforts. 
As an alternative to labor-intensive hand layup, VARTM is an attractive 
process because it saves processing time (especially when several FRP 
layers are being applied). VARTM is a process for molding fi ber-reinforced 
composite structures in which a sheet of fl exible transparent material such 
as nylon or Mylar plastic is placed over the preform and sealed. A vacuum 
is applied between the sheet and the preform to remove the entrapped air. 
On proper application, VARTM ensures the complete wet-out of fi ber and 

Table 9.1 Mechanical properties of plain autoclaved aerated concrete 
(AAC)

Property Value

Density 40 pcf (640 kg/m3)
Compressive strength 456 psi (3.2 MPa)
Modulus of elasticity 256,000 psi (1800 MPa)
Shear strength 17 psi (0.12 MPa)
Poisson’s ratio 0.25
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Table 9.2 Mechanical properties of SIKA carbon fi ber composite*

Property
SIKA HEX 300 
(Resin)

Unidirectional 
laminate

Bidirectional 
laminate

Tensile strength 10,500 psi
(72.4 MPa)

123,200 psi
(849 MPa)

66,000 psi
(456 MPa)

90° tensile strength – 3,500 psi
(24 MPa)

66,000 psi
(456 MPa)

Ex 459,000 psi
(3,170 MPa)

10,239,800 psi
(70,552 MPa)

6 × 106 psi
(41,400 MPa)

Ey 459,000 psi
(3,170 MPa)

705,500 psi
(4,861 MPa)

6 × 106 psi
(41,400 MPa)

Ez 459,000 psi
(3,170 MPa)

459,000 psi
(3,170 MPa)

459,000 psi
(3,170 MPa)

Gxy – 362,500 psi
(2,498 MPa)

249,400 psi
(1720 MPa)

Gyz – 176,900 psi
(1220 MPa)

176,900 psi
(1220 MPa)

Gxz – 340,605 psi
(2,394 MPa)

176,900 psi
(1220 MPa)

PRxy – 0.35 0.3
PRyz – 0.45 0.35
PRxz – 0.35 0.35
Tensile elongation 4.8 % 1.12 % 1.2 %
Ply thickness – 0.04 in

(1.016 mm)
0.01 in
(0.25 mm)

* Ex and Ey are from the manufacturers, the tensile modulus (Ez) has been 
considered as the matrix modulus while the Poisson’s ratios and shear moduli 
are from the literature.

is not as tedious as the hand layup technique. Therefore, it improves the 
bond characteristics between FRP facesheets and AAC substrate leading 
to enhancing the whole stiffness of the CFRP/AAC panel. VARTM is typi-
cally a three-step process, including the layup of a fi ber preform, impregna-
tion of the preform with resin, and cure of the impregnated preform. In 
addition to improving strength and ductility, the reinforcement of the AAC 
panels with FRP composite facesheets is also expected to enhance durabil-
ity performance leading to reduced maintenance costs of structures.

Two types of panels have been developed. The fi rst one is a panel rein-
forced by uniaxial FRP for fl exural reinforcement (UFFS) and the second 
type was three panels reinforced by biaxial FRP for fl exural reinforcement 
(BFFS). After processing, all panels measured 47.24 in. × 6.88 in. × 3.94 in. 
(1200 mm × 175 mm × 100 mm). The UFFS panel was constructed from one 
block measuring 47.24 in. × 6.88 in. × 3.94 in. (1200 mm × 175 mm × 100 mm), 
and was reinforced by top and bottom unidirectional carbon fi ber lamina 
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9.1 VARTM processed FRP-AAC specimens.

Table 9.3 Mechanical properties of TYFO glass fi ber composite*

Property Tyfo S Epoxy Cured laminate (test values)

Tensile strength 10,500 psi
(72.4 MPa)

83,400 psi
(575 MPa)

90° tensile strength – 3,750 psi
(25.8 MPa)

Ex 461,000 psi
(3,180 MPa)

3.79 × 106 psi
(26,100 MPa)

Ey 461,000 psi
(3,180 MPa)

461,100 psi
(3,180 MPa)

Ez 461,000 psi
(3,180 MPa)

461,100 psi
(3,180 MPa)

Gxy – 290,000 psi
(2,000 MPa)

Gyz – 176,900 psi
(1,220 MPa)

Gxz – 290,000 psi
(2,000 MPa)

PRxy – 0.256
PRyz – 0.086
PRxz – 0.256
Ply thickness – 0.05 in (1.3 mm)
Tensile elongation 5.0% 1.76%

* Ex and Poisson’s ratios are from the manufacturers; both Ey and Ez have been 
considered as the matrix modulus, while the shear moduli are from the literature.

(Sika Corporation, 2002) (i.e., the fi ber orientation is 0°) for fl exural rein-
forcement and then wrapped by unidirectional carbon lamina (the fi ber 
orientation is 90°) for shear reinforcement. Since there was an extended 
investigation focused on the strengthening of AAC by unidirectional FRP 
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laminate using small-scale panel (Uddin and Fouad, 2007), only one UFFS 
panel has been used in this investigation.

BFFS panels have the same dimensions as UFFS panel. Three panels 
were wrapped with one layer of biaxial CFRP (Sika Corporation, 2002), 
which behaves as shear reinforcement as well as fl exural reinforcement. 
This reinforcement for the panel would be exactly the same as the sandwich 
panel with complete shear and fl exural reinforcement. The reason for fab-
ricating three panels having the same properties for each was to investigate 
the effect of processing variation due to VARTM. Table 9.4 shows the 
dimensions and reinforcement type for each panel.

The panels were tested under four point loading test according to the 
ASTM C393 ‘Standard Test Method for Flexural Properties of Sandwich 
Constructions’ (ASTM C393, 2000). The load was applied at a uniform rate 
of 0.025 in./min (0.635 mm/min). The 60 Kip (13.5 kN) Tinius Olsen machine 
was used to conduct all of the tests. An electronic dial gage was placed at 
the mid-span of the section to record the mid-span defl ection and the strain 
gages were hooked up at the mid-span as well as the shear span to record 
the strains.

Geometric nonlinear FEA for the panels has been conducted using the 
nonlinear fi nite element program ANSYS. The facesheets (FRP laminates) 
were modeled as shell elements with orthotropic material properties, while 
the core (AAC) was modeled as a solid element with isotropic material 
properties. SHELL 99, a linear layered structural shell, was used for defi n-
ing the skins. The element has six degrees of freedom at each node; 
translations in the nodal x, y, and z directions; and rotations about the 
nodal x, y, and z-axes. It is also defi ned by eight nodes (the mid plane 
and corner nodes), average or corner layer thicknesses, layer material 
direction angles, and orthotropic material properties. The element allows 
up to 250 layers. SOLID 186 was used for modeling the core. SOLID 186 
is a higher order three-dimensional solid element that exhibits quadratic 

Table 9.4 Dimensions and reinforcement type of the tested panels

Panel no. Dimension, in. (mm) Reinforcement type

UFFS 47.24 × 6.88 × 3.94
(1200 × 175 × 100)

Unidirectional

BFFS1 47.24 × 6.88 × 3.94
(1200 × 175 × 100)

Bidirectional

BFFS2 47.24 × 6.88 × 3.94
(1200 × 175 × 100)

Bidirectional

BFFS3 47.24 × 6.88 × 3.94
(1200 × 175 × 100)

Bidirectional
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displacement behavior. This element is defi ned by 20 nodes having three 
degrees of freedom per node; translations in the nodal x, y, and z direc-
tions. The element supports plasticity, creep, stress stiffening, large defl ec-
tion, and large strain capabilities. Geometric nonlinearity was pursued for 
modeling of sandwich panels to compare the numerical and the experi-
mental results. This was a unique procedure compared with most of the 
previous studies on the modeling of sandwich structure (Haibin et al., 
2007).

9.4 Comparing different panel designs

9.4.1 Experimental results: UFFS panel

The uniaxial specimen underwent complete failure due to shear at a load 
of 3.5 Kips (15.54 kN), with a maximum defl ection of 0.47 in. (11.97 mm) 
at the mid-span. As observed in the experiment, once the AAC cracked 
in the maximum shear zone, the FRP failed immediately; i.e., the general 
mode of failure was cracking of AAC in the shear zone followed by FRP 
shearing out. Wrinkling of FRP in compression was observed at a load 
of 1.8 Kips (8.00 kN). The behavior of the UFFS panel under static four-
point bending is shown in Figs 9.2 and 9.3. At load 3.5 Kips (15.54 kN), 
the AAC cracked at the maximum shear followed immediately by FRP 
shearing out. Figure 9.4 shows the load defl ection curve obtained from 
the test. As can be seen from Fig. 9.4, the defl ection has increased sig-
nifi cantly after wrinkling of FRP in compression from 0.15 to 0.23 in. 
(3.73–5.73 mm), which means that the wrinkling has a signifi cant effect 
on defl ection, but the panel has sustained carrying load until failure at 
load 15.54 kN.

Shear
crack 

9.2 Failure of UFFS specimen in shear span.
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AAC
cracks in
maximum
shear zone

FRP
shearing

9.3 Failure mode of UFFS specimen.
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load 8.00 KN

Deflection (mm)
0 5 10 15

Lo
ad

 (
kN

)

18

16

14

12

10

8

6

4

2

0

9.4 Experimental load versus defl ection curve for UFFS panel.

9.4.2 Experimental results: BFFS panels

The BFFS panels showed a variation in ultimate load-carrying capacity 
(from 3.0 Kips to 3.65 Kips, 13.5 kN to 16.2 kN), although BFFS2 and 
BFFS3 show a similar load–defl ection response. The discrepancy may be 
due to variations in the absorption of resin during the panels’ fabrication 
and also due to the pores distribution of AAC. All biaxially reinforced 
panels failed in the fl exural span, as shown in Fig. 9.5. In the experiment, 
there was a signifi cant increase in defl ection, while there was no sign of 
cracks in AAC or FRP, but once the failure load was close, both FRP and 
AAC failed at the same time. It was not a progressive failure, but an instant 
failure, in which the failure initiated in the FRP skin followed immediately 
by AAC crushing. No debonding has occurred between CFRP laminates 
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Complete rupture
of FRP laminates
in tension 

9.5 Failure of BFFS specimens.
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9.6 Comparison of the load versus defl ection graphs for UFFS and 
BFFS panels.

and AAC substrate. For BFFS3, wrinkling of FRP in compression was 
observed at about 2.81 Kips (12.5 kN) until the panel underwent complete 
failure at load 3.64 Kips (16.2 kN). Figure 9.6 represents the load versus 
defl ection curves of UFFS and BFFS panels. As shown in Fig. 9.6, the BFFS 
panels recorded maximum defl ections ranging from 1.00 to 1.11 in. (25.5–
33 mm) which are considerably more than the UFFS panel because of the 
high modulus of elasticity of unidirectional carbon fi ber rather than the 
woven FRP (bidirectional FRP).

9.4.3 Finite element results: UFFS panel

The top and bottom layers of CFRP laminate were modeled using the same 
real constant that contains two layers. The fi rst one, 0° layer, represents the 
longitudinal lamina, while the second, 90° layer, represents the transverse 
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lamina (wrapped lamina) used for shear strengthening. The side layers were 
modeled using the same real constant, which contains one 0° layer with 
respect to its local axes. Static loading was carried out for all panels. For the 
UFFS panel, a total of 2,400 elements were used in the modeling, including 
1,344 solid elements and 1,056 shell elements. The loading and boundary 
conditions are shown in Plate II (between pages 240 and 241). A load of 
3.5 Kips (15.54 kN) was applied on twelve nodes. The boundary conditions 
provided were to prevent the translation in the Y-direction only to repre-
sent the real situation of the tested panels. As shown Plate III (between 
pages 240 and 241), the maximum defl ection from this analysis was 0.38 in. 
(9.77 mm). The numerical load defl ection curve developed from the analysis 
attached with that obtained from the experiments is shown in Fig. 9.7. Table 
9.5 summarizes the results developed from FEA compared with those 
developed from the experiment. As shown in Fig. 9.7, there is a clear con-
vergence between the two curves (experimental and FE). The difference in 
the defl ection at the experimental failure load was 18.4%. However, the 
difference at the sub-step prior to failure load was 1.5%. The most probable 
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9.7 Experimental and FE load defl ection curves.

Table 9.5 Defl ection of UFFS panel FE analysis and experiment

Panel 
no.

Loading 
condition

Failure load, 
Kips (kN)

Maximum 
defl ection, 
in. (mm) 
(Experimental)

Maximum 
defl ection, 
in. (mm) 
FEA

Difference 
%

UFFS Simply 
supported

3.5 (15.54) 0.47
(11.97)

0.38
(9.77)

18.38
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reason for the difference at the failure is because, prior to the failure load, 
a movement occurred at the support points that caused a slip in support. 
The movement also includes the dislocation at the loading points. The fi nite 
element model cannot capture those movements.

9.4.4 Finite element results: BFFS panels

The FEA for the BFFS panels has been conducted with the same pro-
cedure as for the UFFS panel. The loading and boundary conditions are 
shown in Plate IV (between pages 240 and 241), while the defl ection 
counters are shown in Plate V (between pages 240 and 241). In addition, 
Fig. 9.8 shows the comparison between the numerical and experimental 
load defl ection curves. As shown in Fig. 9.8, the main reason for the dif-
ference between the numerical and experimental defl ection is the move-
ment of the panels at the supports prior to failure load. However, by 
observing the point prior to failure load, it can be noted that the differ-
ence is only about 7%.

9.5 Analytical modeling of fi ber-reinforced polymer 

(FRP)/autoclave aerated concrete (AAC) panels

9.5.1 Defl ection

The total central defl ection of a sandwich panel under out-of-plan loading 
is composed of bending defl ection and shear defl ection. The general 
formula for the defl ection of a sandwich panel under out-of-plan loading 
is given by:

Lo
ad

 (
kN

)

18

16

14

12

10

8

6

4

2

0
0 5 10 15 20 25 30 35

Displacement (mm)

BFFS1
BFFS2
BFFS3
FE

9.8 Comparison between numerical and experimental load defl ection 
curves for BFFS panels.
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Δ = +k PL
D

k PL
U

b s
3

 [9.1]

The fi rst term on the right-hand side of Eq. [9.1] is the defl ection due to 
bending, and the second term is the defl ection due to shear. kb and ks are 
the bending and shear defl ection coeffi cients, respectively. The values of 
both kb and ks depend on the loading and boundary conditions. For the 
FRP/AAC panels tested in this study (two-point load, one-third span with 
simply supported boundary conditions), kb and ks are 1/56 and 1/8, respec-
tively. For the sake of brevity, the derivation of kb and ks is not included in 
this chapter and the basis for deriving them can be found elsewhere (e.g., 
Allen, 1969). D and U are fl exural and shear rigidities of the sandwich panel, 
respectively. According to ASTM C-393, D and U can be determined as 
follows:

D
E d c bface=

−( )3 3

12
 [9.2]

U
G d c b

c
= +( )2

4
 [9.3]

It is generally recognized that the ordinary theory of bending and resulting 
defl ection can be applied to a homogeneous panel (e.g., a panel that is made 
from one material). For a sandwich panel, the behavior is different and this 
can be demonstrated by considering two extreme cases. First, when the core 
is rigid in shear, the sandwich panel is subjected to the same argument as 
those applied to a homogeneous panel (except for the difference in the 
fl exural rigidity) and the defl ections are expected to be small. Second, when 
the core is weak in shear, the faces act as two independent plates and the 
resulting defl ections are expected to be much greater than in the fi rst case. 
It was demonstrated by Allen (1969) that the parameter λ represents the 
transition from one extreme to the other, varying from (−t/c) when the core 
is weak to (+1) when the core is rigid in shear. Thus, an empirical formula 
was developed by Allen (1969) to defi ne the nominal thickness of a sand-
wich panel which varies from t (G = 0) to d (G = ∞):

d
c
d

c
d

nom = + +⎛
⎝

⎞
⎠ +1 1

2

λ  [9.4]

Therefore, dnom should be used instead of d in Eqs [9.2] and [9.3] when 
determining the fl exural and shear rigidities. The parameter λ is determined 
experimentally based on the defl ection. Since unidirectional FRP was used 
for designing the FRP/AAC panels in the next section, λ was determined 
for UFFS panel and was found to be 0.8. Since AAC is a relatively rigid 
core compared with other cores (e.g., foam cores), the obtained λ had a 
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higher value and this recommends using AAC as a core material. Detailed 
calculations for determining λ are presented in Appendix A. Thus, Eq. [9.4] 
can be rewritten as follows:

d
c
d

c
d

nom = + +⎛
⎝

⎞
⎠ +1 1 0 8

2

.  [9.5]

9.5.2 Strength

Flexural and shear strengths for FRP/AAC structural panels were previ-
ously determined by the authors in an extensive experimental and analyti-
cal study (Mousa and Uddin, 2009). According to that study, the nominal 
fl exural strength for FRP/AAC section is determined using the following 
equation:

M b t E dn face face= ⋅ ⋅ ⋅ ⋅ε  [9.6]

The total shear strength of the panel is composed of the contribution of the 
AAC core plus that of the FRP wraps. The total shear strength of 
FRP/AAC panel can be determined as follows (Mousa and Uddin, 2009):

V V Vn AAC f= +  [9.7]

The shear strength contribution from AAC is determined according to an 
ACI special publication (Shi and Fouad, 2005) and is given by:

V fc bdAAC AAC= 0 8. ′  [9.8]

while the contribution from FRP wraps is calculated according to ACI-
440.2R-02 (American Concrete Institute, 2002b) using the formula of 
U-wrapped scheme and is given by:

V
A f d

S
f

fv fe f

f

=
+( )sin cosα α

 [9.9]

It was demonstrated by Mousa and Uddin (2009) that FRP wraps increase 
the shear strength by about 300% more than the plain AAC or the 
unwrapped panels.

9.6 Design graphs for fi ber-reinforced polymer (FRP)/

autoclave aerated concrete (AAC) panels

The design graphs provided in this section have been developed using 
ANSYS. These graphs could be used as a guide for preliminary determina-
tion of the AAC core thickness required for a particular project. AAC 
panels in these graphs are strengthened by one unidirectional ply top and 
bottom of CFRP or GFRP and the cores were designed to carry the shear 
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stresses. The graphs provide a relation between span versus live load for 
fl oor panels and wall height versus wind load for wall panels.

9.6.1 Design limits

The sandwich panels must be designed to satisfy both stiffness and strength 
criteria. Stiffness means to satisfy both defl ection and slenderness ratio, 
while the strength criterion means both skin strength and core shear strength 
criteria. However, the defl ection is the main criterion governing the design 
of sandwich panels (Mousa, 2007). According to the Building Code for 
Structural Concrete (ACI-318 and ACI-318 R-02) (American Concrete 
Institute, 2002a), for roof or fl oor construction supporting or attached to 
nonstructural elements not likely to be damaged by large defl ections, the 
allowable total defl ection is L/240 for total load and L/360 for live load only. 
In addition to these limits, the slenderness ratio must be taken into consid-
eration when the walls are designed. Table 9.6 lists the limits for the differ-
ent design criteria. The limit for the wall slenderness ratio listed in Table 
9.6 was obtained from Building Code Requirements for Masonry Structures 
(MSJC, 2002). All defl ections used in the design were the immediate defl ec-
tions only. Since there is no guidance to calculate the long-term defl ection 
for FRP/AAC sandwich panels, long-term defl ection components were 
ignored in the calculation. It should be noted that the calculated defl ection 
was signifi cantly below the allowable limit.

9.6.2 Floor panels

As known, fl oor panels are designed for dead and live loads only. Dead 
loads include the self weight of the entire structure in addition to the 
superimposed dead loads. Generally, a value of 35 psf (1.7 kN/m2) has 
been taken for the superimposed dead load for fl oor panels, which includes 
fl ooring, ceiling, and partitions (www.aercon.com). Live loads ranged up 

Table 9.6 Design limits

Criterion Design limit

Defl ection For total load: L/240
For live load only : L/360
For wind load only: L/360 

CFRP strength 104,000 psi (717 MPa)
GFRP strength 66,720 psi (460 MPa)
AAC shear strength 17 psi (0.117 MPa)
Slenderness ratio (for walls only) h/r < 99
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to 100 psf (4.8 kN/m2) which represent the live load required for com-
mercial buildings. The boundary conditions were adapted; the two sides 
of the panel that connected to the support (i.e., wall) were restrained for 
Y translations only to model the simple support situation. The reason for 
restraining in the Y direction only and not all directions is that the core 
has been molded using SOLID 186 element which has 20 nodes and each 
node has three degrees of freedom (three translations) only. Thus, restrain-
ing all translations means fi xed support, not simple, and therefore the 
defl ection obtained would be much lower than the actual. Moreover, the 
restraining for all translations is diffi cult to achieve in residential build-
ings, especially the connection between the fl oor and wall. The minimum 
bearing length is 2.5 in. (25.4 mm) for panelized construction (www.aercon.
com). However, it is recommended to use a bearing length not less than 
4 in. (101.6 mm) from both sides of the panel. The graphs shown in Figs 
9.9 and 9.10 may be used as a preliminary design for both CFRP/AAC 
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9.9 Design graph for CFRP/AAC fl oor panels.

9.10 Design graph for GFRP/AAC fl oor panels.
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and GFRP/AAC fl oor panels, respectively. Since the core also works as 
an insulation material, its thickness is restricted by the manufacturer, 
especially for AAC, so the minimum thickness of AAC to be used as 
core material is 4 in. (101.6 mm). The panel dimensions have been chosen 
based on the available sizes used in the housing market. The span ranges 
up to 20 ft (6100 mm) and depth ranges up to 12 in. (304.8 mm), while 
the width mainly depends on the manufacturer, usually 2 ft (610 mm). 
The graph provides a relation between span versus live load. Although 
the defl ection is the main criterion controlling the design, all stresses in 
the skins were checked and found less than the allowable limits as listed 
in Table 9.6.

9.6.3 Wall panels

The wall panels are designed mainly for axial load in conjunction with 
transverse load due to wind or earthquake loads. The boundary and loading 
conditions for the wall panels have been adapted. A value of 900 plf 
(4 kN/m) has been chosen to represent the axial load that equals the loads 
carried by an external load-bearing wall carrying a two-storey building and 
supporting a fl oor slab of 12 ft × 12 ft (3.66 m × 3.66 m) subjected to live 
load of 100 psf (4.8 kN/m2). The boundary conditions were fi xed at the base 
of the wall that connected to the foundation and simple at the end that 
connected the fl oor. The slenderness ratio and defl ection were the two main 
criteria that controlled the design of wall panels. Figure 9.11 provides a 
relation between wall height and wind load and may be used for determina-
tion of the AAC thickness for both CFRP/AAC and GFRP/AAC wall 
panels. The step part in Fig. 9.11 represents the limitation of slenderness 
ratio for different panels’ thicknesses.
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9.11 Design graph for FRP/AAC wall panels.
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9.6.4 Comparison graphs

The proposed panels were compared with the reinforced AAC panels 
being used in the housing market. The comparison has focused on the 
structural standpoint. Figure 9.12 compares reinforced AAC fl oor panels 
and CFRP/AAC for the same AAC thickness. As shown in Fig. 9.12, the 
CFRP/AAC can support a span greater than that of reinforced AAC by 
about 15%. Figure 9.13 shows a comparison graph between reinforced 
AAC and both CFRP/AAC and GFRP/AAC wall panels having the same 
AAC thickness. As seen in Fig. 9.13, the difference in the wind load capac-
ity is clear between the reinforced AAC and the hybrid panels. The reason 
is that the reinforced AAC is designed based on the tensile stresses 
carried by the allowable fl exural tensile strength of AAC, but in case of 
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9.12 Comparison design graph between reinforced AAC and CFRP/
AAC fl oor panels.

9.13 Comparison design graph between reinforced AAC and FRP/AAC 
wall panels.
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FRP/AAC panels, the fl exural compressive and tensile stresses are carried 
by the top and bottom FRP skins and shear stresses are resisted by the 
AAC core. As noted in Fig. 9.13, for AAC thickness of 8 in., the GFRP 
and CFRP laminates have increased the capacity of AAC walls by about 
400% and 800% over the reinforced AAC, respectively.

9.7 Conclusion

The reasonable agreement between the FE and experimental results illus-
trates that the FE model which accurately predicts the performance of the 
panel is likely to minimize the need for full-scale testing of panels for code 
acceptance. In addition, a modeling tool would also allow the behavior of 
the panels to be investigated under different load combinations. In this 
chapter, analytical modeling for predicting the defl ection and strength of 
FRP/AAC structural panels was developed. Further, design graphs have 
been developed to be used as a guide in designing the FRP/AAC panels 
for both fl oors and walls, and the comparative study showed how the pro-
posed panels are economical compared to reinforced AAC panel currently 
used in the housing market. Based on the design for fl oor panels, the defl ec-
tion and shear stresses are the main criteria that govern the design, while 
for wall panels, the wall slenderness ratio is the most important design 
criterion.
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9.10 Appendix A: λ calculations for fi ber-reinforced 

polymer (FRP)/autoclave aerated concrete (AAC) 

using unidirectional fi ber-reinforced polymer 

(FRP) facesheets (UFFS)

The experimental defection = 0.47 in. (11.97 mm)
L = 48 in. (1200 mm), b = 7 in. (175 mm), c = 3.94 in. (100 mm), P = 3.5 Kips 
(15,540 N)
kb = 1/56
ks = 1/8
Theoretical defl ection:

To obtain λ, we have to assume λ = 1 and then get the theoretical defl ec-
tion according to the following equation:

Δ = +k PL
D

k PL
U

b s
3

D
E d c bface=

−( )
=

−( )
= × ⋅

3 3 3 3
10 2

12

70552 102 03 100 175

12
4 056 10

.
. N mm

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

246 Developments in FRP composites for civil engineering

U
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After several tries, it was found that the nominal thickness that can provide 
the experimental defl ection is 3.17 in. (80.4 mm). Accordingly, λ can be 
determined as:

80 4 1 1
100

102 03
100

102 03

2

.
. .

= + +⎛
⎝

⎞
⎠ + λ

This results in λ = 0.8.

9.11 Appendix B: symbols

b = width of FRP/AAC panel
t = thickness of FRP facesheet
L = panel length
c = core thickness
d = thickness of sandwich panel
D = panel fl exural rigidity
U = panel shear rigidity
P = total load applied to the panel
εface = ultimate strain in FRP facesheet
Eface = modulus of elasticity of FRP facesheets
G = shear modulus of AAC core
Mn = nominal fl exural strength of the FRP/AAC panel
Vn = total shear strength of the FRP/AAC panel
VAAC = shear strength of AAC core
Vf = shear strength carried by FRP wraps�� �� �� �� �� ��
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Loading
conditions 

Boundary
conditions 

Plate II Panel model with loading and boundary conditions for UFFS 
panel.

Plate III Defl ection contours for UFFS panel in Y-direction indicate the 
maximum defl ection between the loaded nodes.
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Boundary
conditions

Loading
conditions 

Plate IV Panel model with loading and boundary conditions for BFFS 
panel.

Plate V Defl ection contours for BFFS panel in Y-direction indicate the 
maximum defl ection between the loaded nodes.
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Impact behavior of hybrid fi ber-reinforced 
polymer (FRP)/autoclave aerated concrete 

(AAC) panels for structural applications
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The University of Alabama at Birmingham, USA

DOI: 10.1533/9780857098955.2.247

Abstract: The low velocity impact response of plain autoclaved aerated 
concrete (AAC) and FRP/AAC sandwich panels has been investigated. 
The structural sandwich panels composed of a FRP/AAC combination 
have shown excellent characteristics in terms of high strength and high 
stiffness-to-weight ratios. In addition to having adequate fl exural and 
shear properties, the behavior of FRP/AAC sandwich panels needs to 
be investigated when subjected to impact loading. During service, the 
structural members in the building structures are subjected to impact 
loading that varies from object-caused impact, blast due to explosions, 
to high velocity impact of debris during tornados, hurricanes, or storms. 
Low velocity impact (LVI) testing serves as a means to quantify the 
allowable impact energy that the structure is able to withstand and to 
assess the typical failure modes encountered during this type of loading. 
The objectives of this chapter are: to study the response of plain AAC 
and CFRP/AAC sandwich structures to low velocity impact and to 
assess the damage performance of the panels; to study the effect of 
FRP laminates on the impact response of CFRP/AAC panels; to study 
the effect of the processing method (hand layup versus VARTM) and 
panel stiffness on the impact response of the hybrid panels. Impact 
testing was conducted using an Instron drop-tower testing machine. 
Experimental results showed a signifi cant infl uence of CFRPs laminates 
on the energy absorbed and peak load of the CFRP/AAC panels. 
Further, a theoretical analysis was conducted to predict the energy 
absorbed by the CFRP/AAC sandwich panel using the energy balance 
model, and the results found were in good accordance with the 
experimental ones.

Key words: fi ber-reinforced polymer, autoclaved aerated concrete, low 
velocity impact, sandwich structures.

10.1 Introduction

The concept of the sandwich structures can be compared to that of 
I-sections, in which the facing skins of a sandwich panel can be compared 
to the fl anges, as they carry the bending stresses and provide bending 
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rigidity. The core corresponds to the web, as it resists the shear loads and 
stabilizes the faces against bulking or wrinkling and provides shear rigidity 
(Zenkert, 1995). It also increases the stiffness of the structure by holding 
the facing skins apart. However, the difference is that the core of the sand-
wich is made from different material than the faces and it provides a con-
tinuous support for the faces producing a uniformly stiffened panel rather 
than being concerted in a narrow web. The core-to-skin adhesive rigidly 
joins the sandwich components and allows them to act as one unit with high 
torsional and bending rigidity.

In the research reviewed in this chapter, the CFRP and AAC have been 
used as a skin and core respectively. In case of the FRP/AAC interface, the 
mechanism of adhesion is the mechanical interlocking of the resin in the 
irregularities of the concrete surface (Karbhari and Zhao, 2000). Although, 
both AAC and CFRP are brittle materials, they have shown excellent 
results in combination with each other in terms of increasing the shear and 
fl exural strengths and also enhance the ductility of sandwich panels (Mousa, 
2007). In addition, since this combination is lightweight in nature, it has the 
potential to be used for speedy panelized construction purposes to reduce 
labor-intensive construction.

This chapter is concerned with the application of CFRP/AAC sandwich 
panels for emergency shelter houses and related issues. In order for such 
materials to gain acceptance in such applications, their impact response has 
to be investigated. These sandwich panels may be either used for load 
bearing or cladding purposes. Under these circumstances, impacts from 
small objects, such as hand tools at low velocities, or blast fragments at high 
velocities, will involve local indentation and damage without global defor-
mation of the sandwich panels. The damage tolerance of sandwich struc-
tures to localized loading is of concern and should be evaluated in each 
application prior to its implementation. In addition, the research presents 
an empirical method using the energy balance model to predict the energy 
absorbed by the sandwich panel.

The main objectives of the research reviewed in this chapter were:

• to study the response of plain AAC panels and CFRP/AAC sandwich 
panels to low velocity impact (LVI) loading

• to assess the damage performance and mode of failure of panels under 
LVI

• to study the effect of CFRP laminates on the impact response of AAC 
panels

• to study the effect of the processing method (hand layup versus VARTM) 
on the performance of the CFRP/AAC panels

• to study the effect of core thickness or panel stiffness on the impact 
response of the hybrid panels.
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10.2 Low velocity impact (LVI) and sandwich 

structures

Low velocity impact (LVI) response, also known as quasi-static impact 
response, is a boundary controlled impact response in which the fl exural 
and shear waves have a suffi cient time to come to and be refl ected by the 
boundary many times. The LVI usually results in less damage than other 
types of impact responses such as high velocity impact that is dominated 
by dilatational waves and transversely refl ected several times (Olsson, 2000).

Typical failure modes of sandwich structures have been documented and 
analyzed by Abrate (1998). These studies confi rmed the importance of the 
core-facing interface in explaining the damage progression of a sandwich 
plate subjected to impact. Abrate found that sandwich structures subjected 
to localized impact behave radically different from composite monolithic 
laminates and that the indentation of sandwich plates is dominated by defor-
mation of the core. He also summarized and evaluated the different theories 
and empirical models that predict the indentation of composite materials.

Fatt and Park (2001) investigated the damage initiation of sandwich 
panels under LVI loading. They found that the initial impact damage 
depended upon the panel support conditions, projectile nose geometry, and 
material properties of the skin and core. Hazizan and Cantwell (2002) used 
the energy balance model to predict the energy absorbed for foam-based 
sandwich panels, while Ambur and Cruz (1995) used fi rst-order shear defor-
mation theory to model the low velocity impact response of composite 
panels. Sun and Wu (1991) used shear-deformable plate fi nite elements to 
model the composite skins in an impact loaded sandwich structure.

Sets of LVI impact tests were conducted by Cantwell et al. (1994) on a 
number of foam core and balsa core sandwich structures; the conclusion of 
that research was that skin shearing is the primary energy absorber under 
localized impact conditions. Rhodes (1975) conducted impact tests on a 
range of sandwich systems and the results showed that enhancing the crush 
strength of the core material can serve to increase the impact resistance of 
the sandwich structure. Mines et al. (1998) conducted low velocity impact 
tests on square panels based on polymer composite sandwich structures. 
The results showed that much of the incident energy of the projectile is 
absorbed in crushing of the core material within a localized region immedi-
ate to the point of impact.

Horrigan et al. (2000) conducted experimental and theoretical investiga-
tions on Nomex honeycomb sandwich structure with glass fi ber-reinforced 
epoxy skins. The results showed that a soft, compliant projectile results in 
shallow crushing of the core, whereas hard bodies create deeper damage 
that conforms to the shape of the projectile. Li and Jones (2007) and Li and 
Venkata (2008a) investigated the low velocity impact behavior of both 
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cement-based syntactic foam and sandwich panels made of cement-based 
syntactic foam as a core and E-glass fi ber as facesheet. The results compared 
with the behavior of the panels made with pure cement paste core. Scanning 
electron microscopy (SEM) was also used to examine the energy dissipation 
mechanisms in the micro-length scale. The results showed that the cement-
based syntactic foam has a higher capacity for dissipating impact energy 
with an insignifi cant reduction in strength as compared to the control 
cement paste core. When compared to a polymer-based foam core having 
similar compositions, it was found that the cement-based foam has a com-
parable energy dissipation capacity. Li and Venkata (2008b) investigated 
the impact characterization of sandwich structures with an integrated 
orthogrid stiffened syntactic foam core. Their results showed that the 
integrated core enhances impact energy transfer, energy absorption, and 
positive composite action, and insures quasi-static response to impact.

10.3 Materials and processing

The FRP/AAC panel discussed in this chapter is composed of CFRP lami-
nates as a facesheet (skin) and AAC as a core. Fiber-reinforced composites 
offer high corrosion and fl exural resistance. Accordingly, since AAC is an 
ultra lightweight material in nature and CFRP is stiff with a high specifi c 
strength, the two could be used together to form strong hybrid structural 
panels. Several studies have been conducted at the University of Alabama 
at Birmingham (UAB) to investigate the behavior of CFRP/AAC structural 
panels under axial and out-of-plane loading. Khotpal (2004) has investi-
gated the compressive strength of plain AAC wrapped by CFRP. The objec-
tives were to evaluate the load-carrying capacity of the confi ned AAC cube 
and to observe the mode of failure of CFRP/AAC panels. The results 
showed that the CFRP wraps increased signifi cantly the compressive 
strength of CFRP/AAC panels by about 80% over the plain AAC. Uddin 
and Fouad (2007) investigated the behavior of CFRP/AAC panels using 
small size specimens under a four-point load test. The experimental results 
for that research showed a signifi cant infl uence of the FRP on the fl exural 
strength and stiffness of the hybrid panels. Mousa (2007) also used fi nite 
element modeling to analyze and design CFRP/AAC structural panels to 
be used as fl oor and wall panels. Mousa and Uddin (2009) developed theo-
retical formulas to predict the shear and fl exural strengths of CFRP/AAC 
panels and the results found were in a good agreement with experimental 
ones. Further, a comparative study between the hybrid CFRP/AAC panel 
and the currently used reinforced AAC panels was conducted by Mousa 
(2007). The comparative study showed how the proposed panels are 
economical compared to reinforced AAC panels currently used in the 
housing market. Due to the higher strength resulting from this combination, 
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the strength is not the criterion governing the design of the panel, but the 
defl ection is the one that controls the design of the proposed hybrid panels 
(Mousa, 2007).

As mentioned previously, the CFRP/AAC panel is made from CFRP 
laminates as facesheets bonded to an AAC core using thermoset epoxy 
polymers producing a stiff panel. In general, autoclaved aerated concrete 
(AAC) is an ultra lightweight concrete with a distinct cellular structure. It 
is approximately one-fi fth the weight of normal concrete with a dry bulk 
density ranging from 400–800 kg/m3 (25–50 pcf) and a compressive strength 
ranging from 2 to 7 MPa (300–1000 psi) (Shi and Fouad, 2005). The low 
density and porous structure gives AAC excellent thermal and sound insu-
lation properties which make it an excellent choice to be used as a core 
material for building applications. Due to the cellular structure and reduced 
weight, the material is highly fi re resistant and very durable when compared 
with conventional construction material, and has unique thermal insulation 
properties.

AAC is currently used in the form of steel-reinforced panels using pre-
treated rebars as an internal reinforcement. These rebars will be subjected 
to corrosion in the long term and are also expensive compared with those 
used for normal reinforced concrete. Furthermore, these rebars do not play 
any role in the shear strength of the panels. Therefore, the panels are 
required to be thick in order to overcome the shear and lower fl exural 
strength problems. Mousa (2007) has demonstrated that the shear strength 
of CFRP/AAC can be much improved by wrapping the plain AAC with 
CFRP laminates. Therefore, the overall cost of reinforced AAC panels can 
be decreased by using the FRP laminates as external reinforcement (com-
pared to CFRP/AAC sandwich panels) instead of the internal steel rebars 
in conjunction with low cost processing techniques which will be explained 
in this chapter. Table 10.1 lists the mechanical properties of AAC being used 

Table 10.1 Mechanical properties of plain 
autoclaved aerated concrete (AAC)

Property Value

Density 40 pcf
(640 kg/m3)

Compressive strength 456 psi
(3.2 MPa)

Modulus of elasticity 256,000 psi
(1,800 MPa)

Shear strength 17 psi
(0.12 MPa)

Poisson’s ratio 0.25
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in the current research. In the present research, SIKA WRAP HEX 103C 
unidirectional carbon fi bers, and SIKADUR HEX 300 resin were used. The 
mechanical properties of resin as well as laminates, as provided by the 
manufacturer (Sika Corporation, 2002), are listed in Table 10.2.

In this study, three groups of panels have been prepared and tested under 
low velocity impact. The fi rst one is plain AAC specimens which are con-
sidered as the control panels. The second one is CFRP/AAC panels pro-
cessed using the hand layup technique; the panels were sandwiched by top 
and bottom unidirectional carbon fi ber lamina (i.e., the fi ber orientation is 
0°) for fl exural reinforcement and then wrapped by another unidirectional 
carbon lamina (the fi ber orientation is 90°, Fig. 10.1) for shear reinforce-
ment. The third one is CFRP/AAC panels having the same characteristics 
as the second group, but processed using the vacuum assisted resin transfer 
molding (VARTM) technique. As an alternative to the labor-intensive hand 
layup process, VARTM is an attractive process because it saves processing 
time, especially when several CFRP layers are being applied. VARTM is a 

Table 10.2 Mechanical properties of SIKA carbon fi ber composite

Property SIKA HEX 300 Unidirectional Laminate

Tensile strength 10,500 psi
(72.4 MPa)

123,200 psi
(849 MPa)

90° tensile strength – 3,500 psi
(24 MPa)

Modulus of elasticity, Ex 459,000 psi
(3,170 MPa)

10,239,800 psi
(70,552 MPa)

Modulus of elasticity, Ey 459,000 psi
(3,170 MPa)

705,500 psi
(4,861 MPa)

Shear modulus, Gxy – 362,500 psi
(2,498 MPa)

Tensile elongation 4.8% 1.12%

Ply thickness – 0.04 in.
(1.016 mm)

10.1 Schematic diagram for CFRP/AAC sandwich panel.

CFRP wraps

CFRP facing covered

by CFRP wraps 
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process for molding fi ber-reinforced composite structures in which a sheet 
of fl exible transparent material such as nylon or Mylar plastic is placed over 
the preform and then sealed to prevent any air from getting inside the 
preform (Perez, 2003). A vacuum is applied between the sheet and the 
preform to remove the entrapped air. VARTM ensures the complete 
wet-out of fi ber, ensures that the fi ber is fully impregnated with resin, and 
is not as tedious as the hand layup technique. VARTM is typically a three-
step process consisting of the layup of a fi ber preform, impregnation of the 
preform with resin, and cure of the impregnated preform. The complete 
procedure for processing the FRP/AAC panel using the VARTM technique 
is not included in this chapter for the sake of brevity and is described 
elsewhere (Uddin and Fouad, 2007). To avoid the excessive resin absorption 
by AAC due to its pores surface, the AAC surface is painted with block 
fi ller. The block fi ller consists of water, calcium carbonate, vinyl acrylic latex, 
amorphous silica, titanium dioxide, ethylene gyclone, and crystalline silica. 
The purpose of the block fi ller is to fi ll the surface pores present on AAC 
panel surfaces and to minimize the excessive resin absorption by AAC 
panels. It has a density of 1,461 kg/m3. It is generally used for fi lling the 
pores of masonry or block-walls. It must be applied to clean, dry surfaces 
completely free from dirt, dust, chalk, rust, grease, and wax. It can be applied 
using a premium quality nylon or polyester brush, or spray equipment. The 
drying time of block fi ller is 2–3 hours. A waiting time of 4–6 hours is 
required before applying the FRP layer.

Table 10.3 shows the types of specimens used in this study with brief 
descriptions for each one. All specimens tested in this study were 609.8 mm 
(24.0 in.) long and 203.3 mm (8.0 in.) wide. In the specimen notation, the 
fi rst letter indicates the type of manufacturing process used for specimen 
preparation and the second letter indicates the thickness of the specimen 
in inches. For example, in P-1 specimen, ‘P’ represents a plain AAC speci-
men, while ‘1’ represents the thickness of the specimen, 25.4 mm (1.0 in.). 
Similarly, ‘H’ represents a hand layup processed specimen and ‘V’ repre-
sents a VARTM processed specimen. The dimensional accuracy of all speci-
mens was close to ± 2.5 mm (0.1 in.). The AAC specimens were oven dried 
at 70°C (158 °F) to reach the moisture content specifi ed by ASTM C 1386 
(2007) which is 5–15% by weight.

10.4 Analyzing sandwich structures using the energy 

balance model (EBM)

The impact response of the sandwich structures can be modeled using 
an energy balance model. The model that was previously used by Hazizan 
and Cantwell (2002) was proven to be adequate in predicting the behavior 
of sandwich constructions that incorporate foam materials. The energy 
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Table 10.3 Details of test specimens

Specimen 
ID

Length, 
mm 
(in.)

Width, 
mm 
(in.)

Depth, 
mm 
(in.)

Core 
material Face sheet

Preparation 
process

P-1 609.8
(24)

203.2
(8)

25.4
(1)

AAC None –

P-2 609.8
(24)

203.2
(8)

50.8
(2)

AAC None –

P-3 609.8
(24)

203.2
(8)

76.2
(3)

AAC None –

H-1 609.8
(24)

203.2
(8)

25.4
(1)

AAC Carbon fi ber
Sikawrap 
Hex-103C

Hand layup

H-2 609.8
(24)

203.2
(8)

50.8
(2)

AAC Carbon fi ber
Sikawrap 
Hex-103C

Hand layup

H-3 609.8
(24)

203.2
(8)

76.2
(3)

AAC Carbon fi ber
Sikawrap 
Hex-103C

Hand layup

V-1 609.8
(24)

203.2
(8)

25.4
(1)

AAC Carbon fi ber
Sikawrap 
Hex-103C

VARTM

V-2 609.8
(24)

203.2
(8)

50.8
(2)

AAC Carbon fi ber
Sikawrap 
Hex-103C

VARTM

V-3 609.8
(24)

203.2
(8)

76.2
(3)

AAC Carbon fi ber
Sikawrap 
Hex-103C

VARTM

absorption in sandwich structures subjected to impact loading is domi-
nated by the independent contribution of three major factors; the energy 
absorbed by:

1. the bending of the face sheets,
2. the energy absorbed by shear in the core,
3. the energy absorption due to contact effects.

Accordingly, the kinetic energy due to a target impact can be expressed as:

E mv E Eimpact bs c= = +1
2

2  [10.1]

where the subscripts b, s and c refer to energy dissipation in bending, shear 
and contact effects, respectively. The force–displacement relationship, P − δ, 
for a sandwich beam subjected to centric fl exural concentrated load, related 
to the concentrated impact loading, is given by (Allen, 1969):
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δ = +PL
D

PL
AG

3

48 4
 [10.2]

The fi rst term in the above equation accounts for defl ection due to bending 
of the sandwich panel while the second term accounts for defl ection due to 
shear. From the maximum defl ection of the sandwich panel and the 
maximum load Pmax, the energy absorbed in bending and shear can be 
expressed by:

E P
P L

D
L
AG

bs max max
max= ⋅ ⋅ = +⎡

⎣⎢
⎤
⎦⎥

1
2 2 48 4

2 3

δ  [10.3]

The contribution of contact effects to the energy absorbed by the sandwich 
panel can be calculated by using Meyer’s indentation law (Yang and Sun, 
1982) which states that the relationship between the applied load and the 
indentation depth can be expressed by:

P C n= α  [10.4]

where C and n are the parameters obtained from Meyer’s indentation law 
while α is the indentation due to load P. The expression for the contact 
effects is obtained by integrating Eq. [10.4] between 0 and the maximum 
indentation value (αmax) as follows:

E Pd
C P C

n
c

max max
n n

= = ( )
+∫

+( )

α
α

0

1

1
 [10.5]

Meyer’s law is an empirical expression representing the relationship 
between indentation load and the resultant indentation depth. C and n are 
the parameters that adapt this relation. The procedure to determine C and 
n is not included in this chapter for the sake of brevity and is explained 
elsewhere (Kedar, 2006). From the study, C and n were found to have 
average values of 5,800 N/mm (32,000 b/in.) and 1.0, respectively.

Therefore, and from Eqs [10.3] and [10.5], the energy balance model for 
the sandwich panel is:

E
P L

D
L
AG

C P C
n

impact
max max

n n

= +⎡
⎣⎢

⎤
⎦⎥

+ ( )
+

+( )2 3 1

2 48 4 1
 [10.6]

The above equation represents the total impact energy absorbed by a 
sandwich panel.

10.5 Low velocity impact (LVI) testing

In LVI testing, a known weight is dropped on the specimen from a desired 
height. From the known weight and height, the impact energy can be cal-
culated which means that the energy of impact can be varied by changing 
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the height from which the impactor is falling. In this study, the testing was 
conducted using a Dynatup 8250 impact-testing machine with a hemispheri-
cal shape assembly of 19.05 mm (0.75 in.) diameter and with a load cell of 
capacity of 1,590 kg (3,500 lbs). A fl at striker (tup) with an impact area of 
76 mm × 102 mm (3.0 in. × 4.0 in.) was attached to the hemispherical impac-
tor to duplicate the impact conditions similar to a falling object, such as a 
hand tool. A schematic diagram for the impact machine is illustrated in Fig. 
10.2. Figure 10.3 shows the jig that was used to hold the specimen under 
the impact test machine. It consists of two holding steel plates that were 
half an inch thick. It has four bolts at each corner that pass through one 
plate to the other. The double nuts and washers were used inside and 
outside the holding plates to stabilize and to fi x the position of the specimen 
in the frame. These plates are made of mild steel.

Data acquisition

FRP-AAC panel

Protecting

cover

Machine foundation

Jig threaded

bolts

Rubber pad

Specimen holder jig

Tup hammer

Control panel

Hemispherical

impactor

Vertical steel

frame
Load cell

10.2 Schematic diagram for Instron Model 8250 drop tower testing 
machine.
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10.3 Jig or specimen holder.

A fi xed drop height was used for all of the specimens to investigate 
and compare their response to the same applied impact energy. The total 
mass of the impactor used was 25 kg (55.11 lb) dropping from a height 
400 mm (15.75 in.) resulting in an impact energy of 100 J. The impact 
energy is a result of the product of the impactor mass and height dropped. 
It should be pointed out that the 100 J impact energy was chosen based 
on previous calculations to predict the maximum energy absorbed by 
the tested specimens. The testing machine used DynaTup software to 
record the data produced during impact loading. Load versus time, energy 
absorbed by the specimen versus time and impact velocity were measured 
directly by the software and acquired by integrated data acquisition system 
and measured directly by the software. For a forced object traveling in 
a straight line, the software uses standard equations of motion to express 
velocity, load, and energy absorption during the impact event. These 
equations are functions of many variables including hammer mass, accel-
eration due to gravity, velocity of the hammer, and kinetic energy of 
the hammer, etc.

For the analysis presented, initiation energy is defi ned as the energy at 
maximum load and the total impact energy is the impact energy when the 
projectile separates from the target or when the impact force is zero, while 
propagation energy is defi ned as the difference between total energy and 
initiation energy. These defi nitions have been used previously by many 
authors (Agarwal et al., 2006; Li and Jones, 2007; Li and Venkata, 2008a, 
2008b). The initiation energy is basically a measurement of the capacity for 
the target to transfer energy elastically and higher initiation energy means 
a higher load-carrying capacity. On the other hand, the propagation energy 
represents the energy absorbed by the target for creating and propagating 
gross damage of the panel.
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10.6 Results of impact testing

10.6.1 Plain AAC specimens

The objectives for testing the plain AAC specimens were to evaluate their 
damage initiation and crack propagation and to compare their response 
with CFRP/AAC specimens. All plain AAC specimens failed in brittle 
manner. The reasons for the brittle mode of failure were attributed to the 
low tensile strength of the AAC and the porous structure of the AAC.

According to the information extracted from the energy versus time data 
and the load versus time graphs, the failure of plain AAC panels can be 
described by the following main events. The load versus time curve shows 
a signifi cant amount of noise in the initial region of the curve (i.e., the onset 
of internal damage). Then, after initial damage, the maximum (peak) load 
is recorded (at which the AAC fails at the mid-span). The time it takes to 
reach maximum load is defi ned as time to max load. From that point on, 
the propagation phase begins and fracture through the AAC propagates in 
a brittle manner (shear failure of the AAC). Once the shear failure occurs 
in the AAC, the load drops sequentially to zero and the impact event ends.

Table 10.4 lists the relevant impact data as obtained by DynaTup software 
for all plain AAC specimens while load versus time and energy absorbed 
by the specimen versus time graphs are shown in Figs 10.4–10.6 for each 
specimen. As seen in Table 10.4 and Fig. 10.4, the P-1 specimen recorded 
the lowest maximum load due to its lower stiffness, while the P-3 specimen 
has shown the highest maximum load due to the higher stiffness compared 
to the other plain AAC specimens. It should be noted that the second peak 
in the load curves indicates the impact reaction of the striker (tup) follow-
ing the failure of the specimens. For the P-1 specimen, as seen from Table 
10.4 and Figs 10.4–10.6, the energy absorbed during the propagation phase 
was less than that absorbed during the initiation phase, while the energy 

Table 10.4 LVI data for plain AAC specimens

Specimen

Impact feature P-1 P-2 P-3

Energy of impact 100 100 100
Max. load, kN (Kips) 7.18 (1.62) 10.32 (2.32) 15.12 (3.41)
Time to max. load (ms) 0.35 0.37 0.4
Energy to max. load (J) 4.5 5.82 26
Total energy (J) 8.2 25.4 93.5
Impact velocity m/s 2.9 2.88 2.48
Prop. energy J 3.7 19.58 86.3
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10.4 Energy versus time and load versus time curve for LVI testing for 
P-1 specimen.

10.5 Energy versus time and load versus time curve for LVI testing for 
P-2 specimen.

behavior was the opposite for both P-2 and P-3 specimens because of the 
lower stiffness of P-1 compared to the other specimens.

Due to the lower stiffness of P-1 and P-2 specimens compared to P-3, P-1 
and P-2 underwent complete failure under the LVI loading, in which they 
did not show any resistance to the impact loading and were completely 
destroyed by the end of the test. The complete damage of P-1 and P-2 speci-
mens is the main reason for less energy absorbed (8.2 J for P-1 and 25.4 J for 
P-2) than the impact energy (100 J), unlike P-3, which absorbed most of the 
impact energy because of its higher stiffness. Figure 10.7 shows the failure 
modes of the specimens. It was noted that all the specimens failed at the 
mid-span where the impact occurred, followed immediately by shear failure 
at the support locations where the maximum shear stresses are located.
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10.6 Energy versus time and load versus time curve for LVI testing for 
P-3 specimen.

(a) Failure mode of P-1.

(b) Failure mode of P-2. (c) Failure mode of P-3.

10.7 Failure mode for plain AAC specimens; cracks occurred at 
mid-span (fl exural failure) followed by cracks at near to support 
locations (shear failure).
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10.6.2 CFRP/AAC panels processed using hand 
layup technique

As shown in the load versus time and energy absorbed by the specimen 
versus time graphs for each specimen (Figs 10.8–10.10), failure of the hand 
layup CFRP/AAC sandwich panels can be summarized as follows: again, 
the load versus time curve shows a signifi cant amount of noise in the initial 
region of the curve. Then, after initiation of damage, the maximum load is 
recorded (failure of the CFRP facesheet in the compression side). After 
that point, the propagation phase starts by a sudden drop in the load (core 
crushing at mid-span) until the bottom facesheet (in the tension side) fails. 
Once there is failure in this facesheet, the load drops to zero and the impact 
event ends.
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10.8 Energy versus time and load versus time curve for LVI testing for 
H-1 specimen.
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10.9 Energy versus time and load versus time curve for LVI testing for 
H-2 specimen.
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10.10 Energy versus time and load versus time curve for LVI testing 
for H-3 specimen.

Table 10.5 LVI data for hand layup processed FRP/AAC specimens

Specimen

Impact feature H-1 H-2 H-3

Energy of impact 100 100 100
Max. load, kN (Kips) 14.2 (3.2) 18.9 (4.26) 19.1 (4.3)
Time to max. load (ms) 0.35 0.59 0.6
Energy to max. load (J) 6.8 14.8 14.8
Total energy (J) 100 80 80
Impact velocity m/s 2.81 2.81 2.9
Prop. energy J 93.2 65.2 65.2

The CFRP/AAC specimens recorded higher peak load than the plain 
AAC specimens because of the signifi cant contribution of the CFRP lami-
nates in both shear and fl exural strengths of the panel. The time taken to 
reach the peak load was greater than the plain AAC specimens. As seen 
from Figs 10.8–10.10 and Table 10.5, the energy absorbed during the propa-
gation phase is higher than that absorbed during the initiation phase for all 
specimens. This suggests that the CFRP/AAC panels are not brittle and 
show obvious ductility that can be attributed to the conical propagation of 
damage observed in the AAC core and the delamination from the facesheets. 
Due to the high stiffness of both H-2 and H-3, they did not absorb the total 
applied impact energy and they end up with 80 J total absorbed energy. As 
a result of its high contact stiffness, it was observed that H-3 absorbed 100 J 
at time 7.5 ms and dropped to 80 and stayed at 80 J until the impact ended. 
Impact data for this group are summarized in Table 10.5.
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As shown in Fig. 10.11, all of the specimens in this group have failed in 
fl exural at the mid-span where the maximum moment occurs. No shear 
cracks at support locations were observed and the reason for this is the 
higher shear strength of the CFRP/AAC panels with FRP wraps which can 
increase the shear strength of the entire panel by 300% (Mousa and Uddin, 
2009). The top facesheet failed by rupture and split into two parts of equal 
sizes at the middle of the panel where the impact loading was located. The 

(a) Failure mode of H-1. Note the core completely crushed at mid-span. 

(b) Failure mode of H-2. 

(c) Failure mode of H-3. 

10.11 Failure mode for hand layup processed FRP/AAC specimens; 
failure initiated by rupture of the top facesheet, then localized 
crushing of the core, and fi nally debonding of the bottom facesheet.
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core crushed along the mid-span due to the contact effect. The bottom 
facesheet showed no evidence of damage except in the case of H-1; however, 
the interface between the bottom facesheet and core failed. This can be 
attributed to the tensile failure along the adhesive line (debonding) between 
the facesheet and core substrate. This type of failure is a common mode for 
sandwich panels, especially when the panels are processed using the hand 
layup method which has more possibility of insuffi cient resin absorption 
than VARTM. In summary, the failure was initiated with the rupture of the 
top facesheet, followed by the localized crushing of the core, and fi nally 
debonding of the bottom facesheet. The failure was excessive in the case of 
H-1 due to its lower bending stiffness.

As shown by the energy versus time graphs for this group, the total 
energy absorbed by CFRP/AAC panel decreases as the core thickness, or 
panel stiffness, increases. This is mainly because when the core thickness 
increases, both bending and shear stiffness of the panel increase too. Thus, 
the ability of the panel to exhibit signifi cant fl exure and shear, and then 
absorb more energy, is reduced. On the other hand, when the core thickness 
decreases, the ability of the panel to bend becomes greater and the energy 
absorbed is expected to be higher. However, it should be mentioned that as 
the panel’s stiffness increases, less damage due to impact loading is obtained.

10.6.3 CFRP/AAC panels processed using 
VARTM technique

The response of the VARTM processed panels was similar to that of hand 
layup panels in terms of peak load and failure events, although V-3 has 
shown a higher peak load over H-3. This is mainly due to the fact that 
the impact loading is localized, not spread over the panel. Thus, the pro-
cessing method does not affect too much the peak load. Table 10.6 lists 

Table 10.6 LVI data for VARTM processed FRP/AAC specimens

Specimen

Impact feature V-1 V-2 V-3

Energy of impact 100 100 100
Max. load, kN (Kips) 13.65 (3.07) 17 (3.83) 23.4 (5.27)
Time to max. load (ms) 0.33 0.33 0.46
Energy to max. load (J) 7.7 8.5 16.7
Total energy (J) 100 96 67
Impact velocity m/s 2.98 2.9 2.88
Prop. energy J 92.3 87.5 50.3
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the impact data for this group and Figs 10.12–10.14 show the load versus 
time and energy absorbed by the specimen versus time graphs for each 
specimen.

It was noted that the specimens did not fail or yield at the mid-span, 
except the V-1 specimen. The V-1 specimen failed due to FRP rupture at 
the tension face followed by crushing of the AAC core at the mid-span. No 
failure has been observed for the top facesheet. The failure of V-1 can be 
attributed to its lower bending stiffness compared to the other panels. The 
V-2 and V-3 specimens stayed intact after the impact. This observation 
recommends VARTM as a processing technique, as it improves the bond 
characteristics between CFRP facesheets and AAC substrate over any 
other hand layup techniques. Therefore, VARTM enhances the whole 
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10.12 Energy versus time and load versus time curve for LVI testing 
for V-1 specimen.

10.13 Energy versus time and load versus time curve for LVI testing 
for V-2 specimen.
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10.14 Energy versus time and load versus time curve for LVI testing 
for V-3 specimen.

stiffness of the CFRP/AAC panel. Further, VARTM ensures the complete 
wet-out of fi bers and also provides uniform distribution of resin on the 
AAC substrate. This is the main reason for not having some debonding 
problems when using VARTM. The specimens after the LVI test are shown 
in Fig. 10.15. It should be mentioned that the total energy absorbed decreased 
as the core thickness increased due to the increase in the panel stiffness, 
which is the same as in the hand layup group.

10.7 Analysis using the energy balance model (EBM)

The energy absorbed by the CFRP/AAC sandwich panels was predicted 
using the energy balance model. From the properties of the skin and 
core materials and using the maximum load value obtained from LVI 
testing, the energy absorbed by CFRP/AAC sandwich panel can be cal-
culated using Eq. [10.6]. All data and parameters used to predict the 
energy absorbed by CFRP/AAC sandwich panel tested in this study are 
listed in Table 10.7.

The following is a sample calculation for the predicted energy absorbed 
for H-1 panel under LVI:

Eimpact = 100 J, as recorded by the LVI testing machine.
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(a) Failure mode of V-1. 

(b) Failure mode of V-2. 

(c) Failure mode of V-3. 

10.15 Failure mode for VARTM processed FRP/AAC specimens: (a) V-1 
specimen failed by FRP rupture at the tension side followed by 
crushing of the AAC core at the mid-span. (b) and (c) V-2 and V-3 
specimens stayed intact after impact loading.
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Table 10.7 Data and parameters used to calculate the energy absorbed using 
the energy balance model

Specimen Max. load (N) Ef (N/mm2) G (N/mm2) C (N/mm) n

H-1 14,200 70,552 706 5,800 1
H-2 18,900 70,552 706 5,800 1
H-3 19,100 70,552 706 5,800 1
V-1 13,650 70,552 706 5,800 1
V-2 17,000 70,552 706 5,800 1
V-3 23,400 70,552 706 5,800 1

Table 10.8 Comparison between the experimental and predicted absorbed 
energy for FRP/AAC panels

Specimen Eimpact Exp. (J) Eimpact per EBM (J) Diff. %

H-1 100 116.61 14.2

H-2 80 78.84 1.5

H-3 80 56.61 41

V-1 100 108 7.4

V-2 76 67 13.4

V-3 67 54 24
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× ×
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× ×
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Table 10.8 lists all the predicted energies absorbed for all CFRP/AAC 
sandwich panels tested in this study. As seen from Table 10.8, there is a good 
convergence between the experimental values and the predicted ones using 
the energy balance model for all specimens except H-3. This difference can 
be attributed to energy losses due to delamination, especially when using 
hand layup as in the case of the H-3 panel. During the hand layup method, 
the possibility of insuffi cient resin absorption is higher than using the 
VARTM method. Thus, this recommends the use of VARTM method over 
hand layup when the hybrid panels are subjected to impact loading. In 
addition, it can also be attributed to the empirical nature of Meyer’s contact 
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law, noise, and other factors that are not considered in the simplifi ed model 
but contribute to energy absorption. According to the energy balance 
model, the energy absorbed due to bending was the major one for all 
CFRP/AAC panels tested in this study.

10.8 Conclusion

Low velocity impact testing provides meaningful information about the 
energy absorbing characteristics of a sandwich structure. It illustrates how 
the sandwich structures will respond to the drop or impact of an object 
falling from a certain height. This loading scenario is of signifi cant impor-
tance since during service, the structural members in the building structures 
are subjected to impact loading that varies from object-caused impact, blast 
due to explosions, to high velocity impact of debris during tornados, hur-
ricanes, or storms.

The failure mode of plain AAC is fl exural followed by shear cracks at 
the support locations due to the poor fl exural and shear strengths of the 
AAC when subjected to impact loading.

In the case of CFRP/AAC panels, the panels showed apparent ductility 
because the energy absorbed during the propagation phase is signifi cantly 
higher than the energy absorbed during the initiation phase. Typical failure 
mode of CFRP/AAC sandwich panels wrapped by CFRP wrap is fl exural, 
in which the failure is initiated with the cracking of the top facesheet, and 
followed by the localized crushing of the core, and fi nally debonding and 
breakage of the bottom facesheet. This failure mode is successful in applica-
tions that require energy absorption, since the damage is spread around a 
larger area on the backside of the sandwich.

The total energy absorbed by CFRP/AAC panels decreases as the core 
thickness increases, in which the ability of the panel to exhibit signifi cant 
fl exure and shear, and then absorb more energy, is reduced. VARTM pro-
cessing improves the bond characteristics between FRP facesheets and 
AAC substrate, especially with stiff panels. However, it does not have much 
effect on the peak load, since the impact loading is localized. The reasonable 
agreement between the predicted and experimental impact results illus-
trates that the energy balance model could be used as an adequate tool to 
predict the energy absorbed by the CFRP/AAC sandwich panel. In addi-
tion, a modeling tool would also allow the maximum impact load to be 
calculated for a given impact energy.
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10.11 Appendix: symbols

Eimpact = impact energy absorbed by FRP/AAC panel
Ebs = energy absorbed in bending and shear
Ec = energy absorbed by contact effect
m = mass of impact load
v = impact velocity
α = indentation value
C, n = parameters of Meyer’s Indentation law
b = width of FRP/AAC panel
Ef = modulus of elasticity of FRP
D = fl exural rigidity
h = thickness of the core
t = thickness of the facesheets
G = shear modulus of AAC
A = shear area
L = span of the specimen
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Abstract: The chapter begins by discussing a new type of sandwich panel 
called composite structural insulated panels (CSIPs) intended to replace 
the traditional SIPs that are made of wood-based materials. A detailed 
analytical modeling procedure is presented in order to determine the 
global buckling, interfacial tensile stress at facesheet/core debonding, 
critical wrinkling stress at facesheet/core debonding, equivalent stiffness, 
and defl ection for CSIPs. The proposed models were validated using 
experimental results that have been conducted on full-scale CSIP walls 
and fl oor panels. In order to be used as a hazard-resistant material, 
a detailed section was presented to show the resistance of CSIP 
elements to the different types of hazard effects, including impact 
loading, fl oodwater effect, fi re effect, and windstorm loading.

Key words: composite structural insulated panels, SIP, fl oor and wall 
sandwich panels, fl ood, impact, windstorm.

11.1 Introduction

This chapter presents a new composite building panel system called com-
posite structural insulated panels (CSIPs) for housing applications. This 
panel is intended to replace the traditional building materials. It is obvious 
for the US housing market that new building materials are required for 
higher sustainability and durability. Building materials and labor to con-
struct the structural design are the largest cost components in housing 
construction, so the need for lower-cost and time-effi cient technology 
becomes urgent. Also, to address the susceptibility of housing built in hur-
ricane-prone communities, solutions are widely being sought to boost resil-
iency without straining budgets. The hurricanes that have devastated the 
Gulf States over the past few years, Ivan through Katrina and Rita, have 
clearly demonstrated the need for improved construction systems and 
building technologies that are resistant to high winds, storm surges, and 
fl ooding.

The current residential building system is based on the concept of panel-
ized construction, where the building is subdivided into basic planar ele-
ments (i.e., wall and fl oor elements) then shipped directly to the construction 
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site and assembled into the fi nished structure. Panelized construction has 
the ability to bring the benefi ts of mass production into the highly custom-
ized residential market through the pre-production of components and 
systems. There are many advantages of panelized structures, including cost 
reductions, possible through mass production; ease of assembly; a lower 
skill set required for fi eld construction; and quality control and worker 
safety [1].

11.2 Traditional and advanced panelized construction

Most of the existing panelized products are traditional ‘wood-based’ struc-
tures. Incremental thinking and engineering refi nements have led to better 
versions and what is commonly known as structural insulated panels (SIPs, 
Fig. 11.1). SIPs are made of foam core sandwiched between sheets of ori-
ented strand board (OSB) or cement concrete board (CCB). SIPs have 
been found to be a good alternative to stick framed walls in which they can 
reduce onsite labor requirements and the amount of material needed. 
Further, SIPs have demonstrated the capabilities for energy-effi cient, 
affordable housing and are stated to be stronger than traditional ‘stick-built’ 
construction. However, traditional constructions are often subjected to 
termite attack, mold buildups as they are subjected to harmful weather 
conditions, and also have poor penetration resistance against wind-borne 
debris in the event of hurricane, windstorm, or tornadoes. Further, their 
wind and storm surge resistance have not been suffi ciently evaluated and 
could be a problem. Moreover, resistance to fl ood damage is unknown. 
Other traditional constructions made of steel and reinforced cement 

OSB facesheet

Foam core

11.1 Illustration of a SIP panel.
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concrete (RCC) also have some disadvantages. Steel is heavy and prone to 
corrosion damage. RCC, on the other hand, entails laborious and time-
consuming construction techniques and the internal steel reinforcements 
are prone to corrosion.

Flood and windstorm hazards have led to signifi cant damage to struc-
tures, especially those that are made of wood-based materials. They cause 
damage to the lower stories of all structures close to the shoreline. An 
evacuation of the residential areas is then required. The most common fl ood 
damage include, but are not limited to: direct damage as a result of inunda-
tion or fl ood-borne debris, degradation of building materials, contamination 
of the building due to fl ood-borne substances, and rotting of traditional 
structures (wood-based) and therefore the tendency for mold buildups 
(Fig. 11.2). The impact of these damages can be minimized through the use 
of new building materials that can withstand the direct contact with fl ood-
water with or without little degradation in their strength and also can resist 
the rotting and mold buildups that result from fl ooding.

The vision for advanced panelized construction is to develop common 
building panels that perform multiple functions and integrate multiple tasks 
using new materials that deliver consistent levels or grades of performance 
from basic to high performance, and are easy to order, deliver, assemble, 
and integrate with the building process. During the last two decades, the 
use of composite materials in the construction industry has become more 
common [2]. Due to the superior properties of composites compared to the 
traditional construction materials, our vision is focused on using composites 
in panelized construction systems in the form of planar sheets to replace 
the OSB sheet used for producing traditional SIPs, thus producing a new 
panel system that can serve as a disaster-resistant building material. Fur-
thermore, we aim to develop a design approach for structures against mul-
tiple natural hazards.

11.3 Innovative composite structural insulated 

panels (CSIPs)

CSIPs are made of low-cost orthotropic thermoplastic glass/polypropylene 
(glass–PP) laminate as facesheets and expanded polystyrene (EPS) foam 
as a core (Fig. 11.3). The developed CSIPs have a very high facesheet/core 
moduli ratio (Ef /Ec = 12,500) compared to the ordinary sandwich construc-
tion that has a ratio limited to 1,000 [3]. Glass–PP laminates provide high 
strength-to-weight ratio, excellent impact resistance, and high durability [4]. 
EPS, on the other hand, are characterized by light weight, thermal insula-
tion, excellent impact properties for both low and high velocity impact, and 
fi re resistance, which make them more competitive to use as core materials. 
All these properties lead fi nally to high performance of the panels which 
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(a)

(c)

(b)

11.2 Flood effects on buildings:  (a) degradation of building materials; 
(b) building contamination; and (c) tendency of traditional construction 
to absorb moisture and rot (mold buildups).
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gg/pp

EPS Foam

11.3 Proposed composite structural insulated sandwich panels 
(CSIPs).

can reduce the maintenance cost, enhance the structure’s strength and 
increase service life of the structures. These panels can be used for different 
elements in the structure, including structural elements (e.g., fl oors, roofs, 
and load-bearing walls) and non-structural elements (e.g., non-load-bearing 
walls, lintels, and partitions).

The concept of CSIPs is based on that of the sandwich structure, in which 
a soft lightweight thicker core is sandwiched between two strong, thin 
facings. The facesheets carry the bending stresses while the core resists the 
shear loads and stabilizes the faces against bulking or wrinkling [3]. The 
core also increases the stiffness of the structure by holding the facesheets 
apart. Core materials normally have lower mechanical properties compared 
to those of facesheets. In addition, it usually has a low unit weight, which 
leads to a reduction in the overall weight of the building. The low unit 
weight makes the sandwich panels easy to manufacture and assemble into 
the structure. The stiffer the core material is, the closer the sandwich panel 
behavior gets to an isotopic plate. Despite the high strength resulting from 
this combination, the strength is not the only criterion governing the design 
of the panel [5]; the defl ection is another aspect that controls the design of 
the sandwich panels.

11.3.1 Materials for CSIPs: thermoplastic facesheets

Thermoplastic composite facesheets used for CSIPs consist of 70% bidi-
rectional glass fi bers impregnated with polypropylene (PP) resin. Ther-
moplastic composites are produced using a hot-melt impregnation process 
(also called a DRIFT process). The hot-melt impregnation process enables 
continuous impregnation of fi ber tows (e.g., glass, Kevlar/aramid, and 
carbon) with a wide range of low-cost thermoplastic polymers, such as 
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polypropylene, nylon, polycarbonate, polyurethane, and others. In hot-melt 
impregnation, the fi ber is pulled from a creel and can be heated to 
remove surface moisture or other surface contaminants. Heating of the 
fi ber can also aid the wetting process that occurs during impregnation 
and can improve other aspects of the impregnation process. A single or 
twin-screw extruder compounds the polymer. The heated roving is impreg-
nated in a die with the molten polymer by opening the fi ber bundles 
over specifi cally designed spreader surfaces. After that, the impregnated 
product is passed through a chiller to cool the pre-preg, and then passed 
through a puller that controls the line speed. After the excess polymer 
is stripped to achieve the fi nal fi ber content, the impregnated material 
can be formed as continuous tapes. These tapes are then laid up in a 
0/90 degree fi ber orientation to achieve the bidirectional form. Further-
more, thermoplastic facesheets are produced by consolidating a number 
of woven glass/PP tapes using double-belt pressing under heating. The 
thickness of the fi nal sheets depends on the amount of both pressure 
and heat. The pelletized form of the impregnated materials is referred 
to as long-fi ber thermoplastics (LFTs). The fi ber contents of the hot-melt 
impregnated materials typically range from 10 to 70% (by weight) with 
a control of ±2% [6]. Figure 11.4 shows the steps for producing thermo-
plastic sheets.

Impregnation of glass fibers with PP

resin by hot-melt process  

Products:

Tapes, LFTs, and tows 

Laying the tapes in 0/90 degree

ordinations to form the bi-directional

shape  

Applying double-belt pressing and heat

on the bidirectional tapes to produce

glass–PP facesheets

11.4 Steps of manufacturing thermoplastic facesheets.
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Thermoplastics offer promise in terms of short processing time, extended 
shelf life and low-cost raw material. They can be reshaped and recycled by 
reheating, and also they have superior impact properties. The melt process-
ing of thermoplastic polymers produces low-cost intermediate composite 
products and fabricates these products into complex, high-performance 
structures using fl ow molding and other low-cost manufacturing techniques. 
Superior impact resistance and large volume production potential make 
thermoplastic composites attractive as a structural member. The ability to 
maintain integrity after impact is unique to thermoplastics.

11.3.2 Materials for CSIPs: expanded polystyrene 
foam (EPS)

In general, the word ‘foam’ means a mass of bubbles of air or gas in a matrix 
of liquid fi lm, especially an accumulation of fi ne, frothy bubbles formed in 
or on the surface of a liquid, as from agitation or fermentation. Foam is a 
material characterized by low cost and low weight, which reduces the struc-
ture weight. It also has good fi re and thermal resistance. Because of these 
properties, it works very well as an insulation material. There are many 
types of foams, such as polystyrene, polyethylene, and polyurethane foam. 
These types vary in both properties and cost. Because of the lower cost, 
expanded polystyrene (EPS) foam was selected for use as the core of the 
proposed CSIP panels.

Unlike polyurethane and formaldehyde foams, which use unstable gases 
in their manufacture, EPS contains only stabilized air, thus its R-value will 
not decrease, as others do, with age. EPS can withstand the thermal shock 
of extreme freeze-thaw cycling without loss of insulation value or structural 
integrity. EPS is an inert, plastic insulation material with no future chemical 
activity. It has no nutritive value for plants, insects, or other animals. It will 
not rot and is extremely resistant to mildew. Expanded polystyrene is a 
rigid closed cell/cellular plastic resin made from petrochemicals derived 
from crude oil. The resin is incorporated with the blowing agent pentane. 
During pre-expansion, steam softens the plastic resin, causing the pentane 
to expand the plastic into beads at least 100 times their original size. As 
long as the plastic is exposed to steam, the pentane expands, therefore 
determining the expanded size of the bead. Before all of the pentane is 
displaced by air, the pre-expanded bead is then placed into a mold of any 
shape or block. Blocks are then cut to the desired size with hot wires, 
wrapped, and shipped.

Further, EPS foam has a compressive strength from 10 to 60 psf. It is also 
ideal for most construction applications. In the 1950s, contractors and car-
penters began to realize expanded polystyrene’s potential as an effi cient 
foam insulation for commercial, residential, and civil engineering projects. 
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It did not take long for the thermal plastic material to become the standard 
in the industry. Insulation is often characterized by its R-value. The higher 
the R-value, the better resistance to the fl ow of heat. Compared to other 
rigid insulation boards, EPS provides the largest R-value for each dollar 
spent.

11.3.3 Manufacturing of CSIPs

The glass–PP facesheets are bonded to the EPS core using a hot-melt 
thermoplastic spray adhesive. This method of manufacturing is fast and 
less labor-intensive than manufacturing of traditional SIPs. The actual 
fabrication time for CSIPs is two hours, as against 24 hours required for 
traditional SIPs. Also high-quality and attractive panels can be produced 
in a short duration by adopting this manufacturing technique. To insure 
quality of processing, CSIP panels are tested at a casting and molding 
facility (Fig. 11.5).

11.4 Designing composite structural insulated panels 

(CSIPs) for building applications under 

static loading

This section presents an analytical modeling of the behavior of CSIPs under 
different types of loading. Formulas to obtain global buckling under con-
centric and eccentric loadings, equivalent wall stiffness, interfacial stress and 
critical wrinkling stress at the debonding, fl exural strength, in-plane load 
capacity, effective core depth for fl oor panels, and defl ection were devel-
oped. These equations were validated using full-scale experimental testing. 
The good agreement between the proposed models and the experimental 
results strongly verifi ed the analytical models for calculating the strength 
and defl ection of CSIPs. The explanations of how to obtain all of these 
formulas are provided elsewhere [7–10].

11.4.1 Global buckling

The global buckling load for CSIPs under concentric and eccentric 
loading scenarios can be calculated according to Eqs [11.1] and [11.2], 
respectively [9]:
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(a)

(b)

(c)

11.5 Manufacturing of full-scale CSIPs: (a) spraying hot-melt adhesive 
on the facesheet; (b) placing foam core on the sprayed facesheet; 
(c) ready panels stacked on the fl oor.
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Both equations were developed based on the Euler formula that is valid 
only for homogeneous sections and the general global buckling formula for 
sandwich panel with thin isotropic faces according to Allen [11]. As seen in 
Eqs [11.1] and [11.2], they considered the orthotropic nature of the glass–PP 
facesheet by using the term ‘1 2− υxy’, where υxy is the in-plane Poisson’s ratio 
of the orthotropic facesheets in the xy-plane. This will consider the through-
thickness anisotropy effect due to the orthotropic facesheets. Further, the 
formulas also consider the effect of core deformation in terms of shear area 
and core shear modulus.

According to the Euler formula, the critical buckling load (PE) for a 
compression member is given by:

P
L

DE = ⋅π 2

2
 [11.3]

Comparing Eq. [11.1] with Eq. [11.3], the equivalent stiffness for a sandwich 
panel with orthotropic facesheets can be expressed as:
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[11.4]

It should be noted that the equivalent stiffness given by Eq. [11.4] is also 
used to obtain the lateral defl ection of a sandwich wall panel subjected to 
in-plane loading.

11.4.2 Debonding of facesheet/core

The facesheet/core debonding is mainly caused by the wrinkling of the 
facesheet in compression when the panel is subjected to compressive 
loading. Debonding could be pre-existing due to manufacturing defects and 
in this case is called ‘disbond’ [7]. Almost all of the previous studies have 
focused on the modeling of pre-debonded sandwich panels. In the case of 
CSIPs, the focus is on the debonding due to compressive loading. Further, 
there is an apparent gap for modeling facesheet/core debonding for sand-
wich panels with very high facesheet/core moduli ratio, a characteristic of 
CSIPs. The developed debonding models also considered this criterion.
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Wrinkling is caused by sudden localized short-wavelength buckling of 
facesheets in compression. In the case of wrinkling, the core acts as an 
elastic foundation to the facesheets [11, 12]. It can be either outward or 
downward. If the buckling is outward, it is known as debonding, while if it 
is downward, it is known as core crushing (Fig. 11.6). The former occurs in 
the case of sandwich panel with solid cores (e.g., EPS foam), while the latter 
happens in the case of sandwich panels with open cell cores (e.g., honey-
comb core) [13].

11.4.3 Debonding modeling

During loading of the sandwich panel, two types of stresses are developed 
at the facesheet in the compression side; the fi rst is a tensile stress at the 
facesheet/core interface, ‘σz’, while the other is a compressive critical wrin-
kling stress in the facesheet of the deboned part, ‘σcr’ (Fig. 11.7). The 

(a) 

(b)

11.6 Upward and downward wrinkling: (a) upward wrinkling 
(debonding, case of solid cores), (b) downward wrinkling (core 
crushing, case of open cell cores).

Interfacial stresses (σz)
Critical wrinkling stress (σcr)

11.7 Types of stresses at the compressive facesheet for CSIP due to 
debonding.
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debonding occurs when the tensile stress at the facesheet/core interface 
exceeds the tensile strength of the core material. It is a common mode of 
failure of sandwich panels, leading to the loss of panel stiffness. The 
facesheets under compression can be modeled as a strut or beam supported 
by an elastic foundation represented by the core.

The glass–PP facesheets under compression can be modeled as a strut or 
beam supported by an elastic foundation represented by the EPS foam core. 
In other words, CSIP wrinkling can be modeled as a Winkler foundation. 
In the analysis of the behavior of a long strut or beam supported by a con-
tinuous elastic medium, the medium can be replaced by a set of closed-
spaced springs (Fig. 11.8); this phenomenon is normally known as the 
Winkler hypothesis, and the facesheet in this case is called the Winkler 
beam, while the core is known as the Winkler foundation. For a beam sup-
ported by a Winkler foundation, the governing differential equation of the 
beam is given as:

D
d w
dx

P
d w
dx

bf z

4

4

2

2
0+ + =σ  [11.5]

where Df is the fl exural stiffness of the beam (facesheet), P is axial load 
developed in the facesheet due to loading, w is the displacement of the 
debonded part in the z-direction, σz is the interfacial tensile stress at the 
facesheet/core interface, and b is the width of the facesheet. The formulas 
developed for debonding were validated using full-scale CSIP testing and 
the results found were in good correlation [7].

Interfacial tensile stress (σz)

The interfacial tensile stress model was validated by demonstrating the close 
proximity to the experimental results. The results proved that the predicted 
interfacial stress is higher than the core tensile strength and, therefore, 
debonding was the general mode of failure. This validates the criteria that 

Glass–PP facesheet is represented by long strut

EPS foam is represented by closed springs

11.8 Winkler foundation model.
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the interfacial stress is independent of loading and boundary conditions and 
depends only on the core properties [7]. This model is given by:

σ π θz cf E= ( )0 07 2.  [11.6]

where θ is a function of the core thickness and half-wavelength of l and is 
given by πc/l.

f(θ) is a function of the Poisson’s ratio of the core and θ and has a 
different equation for each case of wrinkling [11] as follows:
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Critical wrinkling stress in the facesheet (σcr)

The second stress that is associated with the debonding is the critical wrin-
kling stress in the facesheet in compression (σcr). This is a compressive in-
plane stress developed in the facesheet due to loading. This stress was the 
focus of most of the previous studies that were conducted on the wrinkling 
of facesheets in compression, whereas the stress at the interface (σz) was 
not addressed appropriately. The main reason for that is all of these studies 
were investigating sandwich panels with pre-existing disbond that occur 
during the manufacturing of the panels. In this case, the interfacial stresses 
vanish at this region.

Based on the Winkler foundation model, a theoretical formula for the 
critical wrinkling stress was developed:
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Equation [11.10] represents the general theoretical formula for wrinkling 
compressive stress in the facesheet for sandwich panel with orthotropic 
facesheets and solid core (referring to CSIP). As can be noticed, the wrin-
kling stress (σcr) is a function of the properties and thicknesses of facesheet 
and core, unlike the interfacial tensile stress ((σz) which is independent of 
the facesheet properties and mainly depends on the core material. The 
proposed theoretical model for the critical wrinkling stress less conserva-
tively predicted the actual wrinkling stress. Accordingly, the following 
empirical formula was proposed to predict the critical wrinkling stress at 
the debonding for CSIP panels considering the orthotropic facesheets [7]:
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σ υcr f c c xyE E G= ( ) −( )0 25 11 3 2.  [11.11]

11.4.4 Strength

CSIP fl oor

The strength of the CSIP fl oor member is expressed in terms of the 
fl exural capacity. The strength in sandwich panels is developed due to 
the internal force couple in the facesheets. The core works as a separa-
tor between the two forces, as shown in Fig. 11.3, and carries the shear 
stresses [8, 14]. Based on this approach, the following formula was 
developed:

M b t E dn face face face= ⋅ ⋅ ⋅ ⋅ε  [11.12]

It should be noticed that in Eq. [11.12], the strain is taken as the rupture 
strain of the facesheets when the sandwich panel failed by facesheet rupture. 
This equation was validated using full-scale CSIP fl oor testing and the 
compassion showed a good agreement. It can also be noticed that the strain 
at the debonding represents 1.13% of the rupture strain of the glass–PP 
facesheets. In other words, the strain at failure (debonding) can be expressed 
as 0.0113 εrupture.

CSIP wall

Based on the critical wrinkling stress, the nominal load capacity (Pn) can 
be determined including the effect of the eccentricity. From the theory of 
mechanics, the stresses under combination of compressive normal force and 
moment are given by:

σ = ± ⋅P
A

M y
I

 [11.13]

The above equation can be rewritten in terms of nominal capacity load (Pn), 
facesheet thickness (t), panel thickness (d), face thickness, and eccentricity 
(e = d/6) as follows:
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By substituting in the above equation for e = d/6, as in the experiment, the 
maximum compressive force, which corresponds to the critical wrinkling 
stress, can be analytically obtained as follows:
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 [11.15]
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Therefore, the nominal load capacity is given by:

P b tn cr= ⋅ ⋅σ  [11.16]

11.4.5 Defl ection

CSIP fl oor

The total central defection of a sandwich panel under out-of-plan loading 
is composed of bending defl ection and shear defl ection. The general 
formula for the defl ection of a sandwich panel under out-of-plan loading 
is given by:

Δ = +k PL
D

k PL
U

b s
3

 [11.17]

In the above equation, the fi rst term on the right-hand side of the 
equation is the defl ection due to bending, and the second term is the 
defl ection due to shear. kb and ks are the bending and shear defl ection 
coeffi cients, respectively. The values of both kb and ks depend on the 
loading and boundary conditions. D and U are fl exural and shear rigidi-
ties of the sandwich panel, respectively. According to ASTM C-393 [15], 
D is determined from Eq. [11.18], whereas U can be determined from 
Eq. [11.19].

D E I
E d c b

f
f

xy= =
−( )

−( )
3 3

2

12
1 υ  [11.18]

U
G d c b

c
core= +( )2

4
 [11.19]

It is generally recognized that the ordinary theory of bending and 
resulting defl ection can be applied to a homogeneous panel (e.g., panel 
that is made from one material). For a sandwich panel, the behavior is 
different and this can be demonstrated by considering two extreme cases. 
First, when the core is rigid in shear, the sandwich panel is subjected 
to the same argument as those applied to a homogeneous panel (except 
for the difference in the fl exural rigidity) and the defl ections are expected 
to be small. Second, when the core is weak in shear, the faces act as 
two independent plates and the resulting defl ections are expected to be 
much higher than in the fi rst case. It was demonstrated by Allen [11], 
that the parameter λ represents the transition from one extreme to the 
other (known also as effective depth coeffi cient), varying from (−t/c) 
when the core is weak to (+1) when the core is rigid in shear. 
Thus, an empirical formula was developed by Allen [11] to defi ne the 
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effective thickness of a sandwich panel which varies from 2t (G = 0) 
to d (G = ∞):

d t
c
d

c
d

eff = +⎛
⎝

⎞
⎠ +1

2

λ  [11.20]

deff should be used instead of d in Eqs [11.18] and [11.19] when determining 
the fl exural and shear rigidities. Effective depth coeffi cient (λ) is deter-
mined experimentally based on the defl ection. In this study, λ was deter-
mined for CSIP fl oor panels based on the experimental defl ection and was 
found to be 0.3. Thus, Eq. [11.20] can be rewritten as:

d t
c
d

c
d

eff = +⎛
⎝

⎞
⎠ +1 0 3

2

.  [11.21]

CSIP wall

Defl ection of the sandwich wall is calculated based on the equivalent 
stiffness to consider the core shear deformations. Thus, the equivalent 
stiffness (Dequiv) of a CSIP sandwich panel should be determined fi rst. As 
mentioned before, failures modes of sandwich walls include global buckling 
and local buckling or ‘wrinkling’ which can be debonding or core crush-
ing. The full-scale CSIP wall panels failed by facesheet/core debonding. 
As for the global buckling, a theoretical formula was developed by the 
authors for the global buckling of CSIP walls, considering the core defor-
mations (Eq. [11.1]). This equation was then led to an equivalent stiffness 
(Eq. [11.4]). Wall defl ection at the mid-height is determined according to 
ACI-318 [16] as:

Δ = ( )
( )

5
48

2M L
D equiv

 [11.22]

where M
M

P L
D

sa

s

equiv

=
−

( )
1

5
48

2  [11.23]

Equation [11.23] takes into consideration the second order defl ection or 
P-delta effect due to the compressive load, where Ps is applied in-plane 
eccentric loading and Msa is the applied moment at the mid-height of the 
panel due to that load (Ps). Dequiv is determined using Eq. [11.4]. It should 
be noted that Eq. [11.22] is applicable only up to the linear stage. Therefore, 
loads used to determine the moments were those at the initiation of 
debonding.
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11.5 Composite structural insulated panels (CSIPs) as 

a disaster-resistant building panel

11.5.1 Impact resistance

The response of CSIP was investigated under low and high velocity impact 
loading [17, 18]. Floor CSIPs are always subjected to tool drops which 
refl ect low velocity impact loading, while wall CSIPs are always subjected 
to wind-borne debris in hurricane-prone areas which refl ect high velocity 
impact loading. Accordingly, both low velocity impact (LVI) and high veloc-
ity impact (HVI) testing were conducted.

Low velocity impact (LVI)

Both traditional SIPs and CSIPs were tested for LVI loading to compare 
their responses [17, 18]. The impact energy was 68 J. The specimen sizes 
were 101.6 mm × 101.6 mm (4 in. × 4 in.). The typical load versus time curve 
for both panels is shown in Fig. 11.9, whereas deformations after impact 
loading are shown in Fig. 11.10. As seen in Fig. 11.9, the maximum load 
recorded by CSIP is much higher than that recorded by traditional SIPs. As 
shown in Fig. 11.10(a), the OSB facesheet, being weak in shear, could not 
resist the applied impact energy, and the impact energy was used up in 
penetrating the top OSB facesheet. In the case of CSIP (Fig. 11.10(b)), on 
the other hand, the damage was in the form of an indentation of the top 
facesheet, as against that of OSB facesheets in traditional SIPs, where the 
damage was highly localized.
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11.9 Typical impact load versus time curves for CSIPs and traditional 
SIPs.
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(a) (b)

25.4 mm 25.4 mm

11.10 Damage after LVI for (a) OSB SIP, (b) CSIP.

High velocity impact (HVI)

Since the traditional SIPs failed completely under LVI, only CSIPs were 
tested under HVI [17, 18]. HVI was performed on full-scale CSIP cross 
section with 139.7 mm (5.5 in.) core and 3.04 mm (0.12 in.) facesheet. The 
energy of impact was calculated according to FEMA specifi cations [19]. A 
total energy impact of 1300 J was applied to CSIPs using a laboratory scale 
gas gun at the University of Alabama at Birmingham (UAB). It was 
observed that at the impact energy of 1300 J, the top face of the CSIP was 
completely damaged (Fig. 11.11(b)). The damage to the impacted facesheet 
was in the form of fi ber breakage and some degree of foam crushing under 
the point of impact. Once the impactor hit the top face, the impact energy 
was transferred from the impactor to the top face. There was no delamina-
tion between the facesheet and the core and the energy was transferred 
effectively to the core. The foam core was seen to have cracked due to the 
applied impact energy. This implied that the strength of the adhesive used 
for bonding the facesheets and the foam was higher than that of the 
cohesive strength of the foam cells. The back face was seen to be intact 
(Fig. 11.11(c)). The impactor could not penetrate through the panel but was 
defl ected away from the panel due to the large degree of fl exing by the 
composite facesheets. This test thus proved that the full-scale CSIP could 
be used effectively in hurricane-prone areas and can protect the occupants 
inside the structure from wind-borne debris.

11.5.2 Fire resistance

Fire resistance is a very important issue for any element of the structure. 
The structural elements in particular must have adequate resistance to 
overcome fl ames and spreading of fi re. For the composite structures in the 
proposed panels, high-composite fi ber content promotes inherent fl ame 
retardant characteristics. In addition, additives and coating may enhance 
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254 mm

(a)

(c)

(b)

11.11 HVI on full-scale CSIP: (a) CSIP before impact; (b) impacted face 
of the CSIP; (c) intact back face of the impacted CSIP.

those characteristics. Generally, there are two different approaches to resist 
the spreading of fi re for composite structures. The fi rst is compounding a 
fl ame retardant into the polymer matrix of the composite. The second is to 
apply fl ame retardant as a top coat using a brush during or even after 
manufacturing of the component. The second approach is better than the 
fi rst because the addition of fl ame retardant changes the impact character-
istics of the component and makes it behave as a brittle material. On the 
other hand, the coating method does not affect the mechanical performance 
of the composite material [4].

Some fi re tests were carried out by UAB investigators on 40 wt% glass 
polypropylene composite structures to be used in mass transit applications. 
The composite specimens were coated by a Flame Seal FX-PL as fl ame 
retardant. These materials were applied using a brush to the polypropylene 
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panels. The fl ame retardant was selected particularly to be a surface fi nish 
after drying. Then the panels were tested after being cured at 60°C, and the 
evaluations were carried out with respect to fl ame spread and smoke density 
according to ASTM E 162-95 [20] and E 662-95 [21] for the fi re safety 
requirements for mass transit applications. The results showed that both 
fl ame spread and smoke density were far lower than the limits [4]. The 
glass–PP facesheets used in CSIPs have passed the fl ame spread test accord-
ing to ASTM E-84 [22] that tests the surface burning characteristics of 
building materials.

11.5.3 Flood resistance

Degradation of structural material due to fl ood is one of the major damag-
ing effects during fl ooding events. Because of that consequence, thousands 
of homes in the coastal states, especially those that are constructed from 
wood-based materials, have been destroyed after each severe hurricane. 
One of the weaknesses of the current testing standards is that there is no 
specifi c standard to study the degradation of the building materials after 
exposure to fl oodwater. There are some ASTM standards such ASTM C 
1601 [23], ASTM C 1403 [24], and ASTM E 514 [25] that investigate the 
moisture penetration of masonry walls and water absorption of masonry 
mortars due to rain effect. All of these standards use spray rack to simulate 
the rain conditions on one side of the wall specimen for 2 hours before 
structural tests under wet conditions are performed. Thus, none of them 
accurately represents the fl ood testing in which the wall or the building 
panel can be fully submerged in water and accordingly this will be a much 
more severe condition than spraying one side of the wall with water. Despite 
the limited exposure to water that these standards recommend, applying 
them to traditional construction materials such as wood, CMU and adobe, 
showed signifi cant structural degradation and aesthetic problems [26]. Thus, 
this raises the need for an alternative building material that can be charac-
terized with high resistance against degradation and yet in more aggressive 
conditions.

As we are proposing this new type of composite building panel, one goal 
was to investigate the structural behavior and performance of CSIPs after 
exposure to fl oodwater. The behavior of CSIPs under out-of-plane loading 
(Fig. 11.12) was investigated before and after exposure to fl oodwater for 
different periods to determine how much the panel’s strength degraded due 
to fl oodwater. To have a more destructive situation, CSIPs were fully sub-
merged in the fl oodwater for 3 and 7 days. In addition, a control group, not 
subjected to the fl oodwater, was tested initially to establish baseline proper-
ties. The performance was expressed in terms of fl exural strength degrada-
tion due to fl oodwater effect as well as the moisture content throughout 
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11.12 Test setup with test instrumentation ASTM C 393 (2000).

the drying period. The structural performance was analyzed in terms of 
mode of failure, load–defl ection and load–strain curves.

Four CSIP groups were tested and are summarized in Table 11.1. Each 
group consisted of three specimens. The digit at the end of the notation 
represents the exposure period in days. The CSIP specimens consisted of 
140 mm (5.5 in.) thick EPS foam sandwiched between two 3.04 mm (0.12 in.) 
thick glass/polypropylene (glass/PP) composite facesheets. The length and 
width of each specimen were 1,219.2 mm × 304.8 mm (4 ft × 1 ft), respec-
tively. A schematic of the test panel with the dimensions is shown in Fig. 
11.13. As seen in Table 11.1, a control group that was not subjected to the 
fl oodwater was tested initially to establish baseline properties. Further, 

Table 11.1 Specimens details

Group 
name

Exposure 
period 
(days)

No. of 
specimens

Dimension 
(mm) Notes Test time

G1: CSIP – 3 1219.2 × 304.8 
× 145.8

Control –

G2: CSIP 3 3 3 1219.2 × 304.8 
× 145.8

Flooded After drying

G3: CSIP 7 7 3 1219.2 × 304.8 
× 145.8

Flooded After drying

G4: CSIP 7 7 3 1219.2 × 304.8 
× 145.8

Flooded After fl ood
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EPS foam

GG–PP facesheets

304.8 mm

1219.2 m
m

3.04 mm

3.04 mm

140 mm

11.13 Schematic for CSIP test sample for fl ood testing.

some panels were subjected to 3 days of fl oodwater and others were 
exposed for 7 days. The intention here was to investigate the impact of 
exposure period on the strength degradation of the CSIPs. Further, G4 was 
tested directly after fl ooding to study the effect of the drying period on the 
strength degradation.

Flood testing results

The average results for defl ections and strains were obtained for each group 
and then plotted against load to compare the behavior with respect to the 
control group that was not subjected to fl oodwater. All panels failed due to 
facesheet/core debonding (Fig. 11.14). Table 11.2 illustrates the average 
values for strength, defl ection, stiffness, and degradation. The degradation 
was calculated for strength and stiffness. As seen in Table 11.2, the G2 group 
recorded strength and stiffness degradations of 5% and 10.5%, respectively. 
The G3 group recorded about 10% degradation in strength and about 25% 
in stiffness. The G4 group that was tested directly after fl ooding recorded 
the highest degradations in which its strength degraded by 16% whereas its 
stiffness degraded by about 33%. Figures 11.15 and 11.16 show the average 
capacity and stiffness for each group. It should be mentioned that the deg-
radation in stiffness is higher than strength because stiffness incorporates 
both degradation in strength and defl ection. The stiffness was considered 
as the slope of the average load–defl ection curve.

The average load–defl ection and average load–strain curves are shown 
in Plates VI and VII (between pages 240 and 241), respectively. As seen 
from Plate VI, the G1 group recorded the highest stiffness as expected. The 
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C

11.14 Debonding is the common failure mode of control and fl ooded 
CSIPs.

Table 11.2 Summary of the average results for the four groups

Degradation %

Group ID

Average 
failure load 
(N)

Average 
defl ection 
(mm)

Average 
stiffness 
(N/mm) Strength Stiffness

G1 3,004.40 24.89 120.71 N/A N/A
G2 2,856.40 26.46 107.96 4.93 10.56
G3 2,708.40 30.11 89.95 9.85 25.48
G4 2,516.00 31.08 80.95 16.26 32.94

behavior of the G2 group was similar to that of G1 until a load of 2.5 kN 
(kips). After that load, G2 showed little stiffness and more strength degra-
dations. Furthermore, G3 showed lower strength and stiffness than G2 (5% 
degraded) due to longer submersion in the fl oodwater (3 days for G2 versus 
7 days in case of G3). As can be seen, both groups G3 and G4 showed 
similar behavior until a load of 1.25 kN (0.28 kips). After that load, G4 
degraded more and the degradation increased as the load increased until 
failure with a degradation difference of 6% in strength and 7% in stiffness 
than G3. In addition, and as seen in Plate VII, although G3 and G4 showed 
similar tensile strain behavior, their compressive strain was slightly different 
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11.16 Average stiffness for the four groups.

in that G4 had lower stiffness in the compressive part than G3. This means 
that degradation is more likely to happen in the compressive part than in 
the tensile one due to the fact that the debonding occurs in the compressive 
portion of the sandwich panel.

As noticed from these results, the maximum degradation recorded by 
CSIPs was only 16% immediately after removal from the water (i.e., wet 
condition). However, this degradation can be decreased to 10% if the 
panels are left to dry. This small degradation in strength is highly acceptable 
when compared to the traditional wood structures, which can lose their 
strength signifi cantly and therefore can lead to the total failure of the 
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structure in the case of extreme fl oods. The fi ndings of this study therefore 
recommend use of CSIP in construction in fl ood-prone areas.

11.5.4 Windstorm resistance

CSIPs were also tested under windstorm loading. The testing was con-
ducted at The University of Florida (UF) and was led by Dr. Masters 
(co-principal investigator (Co-PI) of the NSF project). The purpose was 
to evaluate their resistance to wind load action resulting from tropical 
cyclones, thunderstorms, and other extreme wind events in order to opti-
mize the material and geometric properties of the wall sections as well 
as their connection details. Further, the advantages of windstorm full-
scale testing on structural systems include, but are not limited to, the 
following: aerodynamic effects of hurricane wind loads on structural 
components, enabling study of progressive damage to failure to analyze 
failure mode, and eliminate diffi cult scaling issues and permit testing to 
realistic dimension panels.

Pressure loading was generated by a custom-designed high airfl ow pres-
sure loading actuator (HAPLA) system, which is based on the pressure 
loading actuator system developed by the University of Western Ontario 
for its Three Little Pigs project [27]. This system can replicate the temporal 
wind-induced pressures on the surfaces of buildings resulting from upwind 
turbulence and the fl ow distortion around the building. The HAPLA con-
sists of two 75 HP centrifugal backward inclined Class IV SWSI blowers 
that supply air to a valve that modulates the airfl ow in and out of a test 
chamber called an airbox. The test specimen is integrated into the airbox 
such that it is acted on by the internal pressure.

Failure mode

Full-scale CSIPs were tested. The panels were simply supported from top 
and bottom to best simulate the actual condition and also to represent the 
most severe condition. Figure 11.17 shows the CSIP panel under windstorm 
testing. All panels approximately exhibited the same mode of failure in 
which the failure started by the facesheet/core debonding in the compres-
sion side followed by connection failure at the top and bottom (Fig. 11.18). 
The behavior of CSIPs under windstorm loading, from the beginning of 
loading till failure, is characterized by two main stages: bending stage and 
catenary action stage. The fi rst stage is bending, which occurs from the 
beginning of loading till the initiation of facesheet/core debonding. During 
this stage, the panel behaves as a simple beam and the internal moment 
developed due to the couple force action in the facesheets. In this stage also, 
both facesheets recorded almost the same strains, with the compressive 
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11.17 Back view of the CSIP panel under windstorm testing.

strain being a little higher than the tensile one. After the initiation of 
debonding, the catenary action stage starts. In this stage, the panel starts 
acting as a cable supporting the distributed load (windstorm loading). In 
this stage, the compressive strain starts decreasing until it becomes tensile 
prior to failure. The panel continues in the catenary action until connection 
failure occurred at both ends. Figure 11.19 illustrates the consequence of 
the CSIP failure under windstorm loading.

Capacity

The average capacity of a CSIP panel at the bending stage, with 5.5″ core 
thickness (3 pcf density) and 0.12″ facesheet thickness, was 54.28 psf, which 
translates to a wind velocity of 162 mph, whereas the inherent reserve 
capacity due to the catenary action was recorded as 99 psf, which corre-
sponds to a wind velocity of 220 mph. These results proved that CSIPs, 
of the mentioned dimensions, can withstand up to a Category 5 hurricane, 
which is defi ned by a wind velocity greater than 155 mph. Therefore, CSIPs 
can be used in hurricane-prone areas.
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11.18 General failure mode of CSIPs (debonding followed by 
connection failure).

Wind
pressure
simulated
by
HAPLA

Stage 1: Bending action
(Panel behaves as a simply-supported

beam till initial debonding)

Stage 2: Catenary action
(Panel behaves as a cable)

11.19 Schematic of the failure consequence of CSIP under simulated 
windstorm loading.
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11.6 Conclusion

In this chapter, a new type of sandwich panel called composite structural 
insulated panels (CSIPs) was developed for structural fl oor and wall appli-
cations. This new hybrid panel is intended to replace the traditional SIPs 
that are made of wood-based materials. CSIPs are made of bidirectional 
glass–PP facesheets and EPS foam core resulting in a very stiff panel with 
a very high face/core moduli ratio. A comprehensive explanation of the 
CSIP concept, materials characteristics and manufacturing techniques was 
provided.

A detailed analytical modeling procedure was developed in order to 
determine the global buckling, interfacial tensile stress at facesheet/core 
debonding, critical wrinkling stress at facesheet/core debonding, equiva-
lent stiffness, and defl ection for CSIPs. The proposed models were vali-
dated using experimental results that have been conducted on full-scale 
CSIP wall and fl oor panels. The good correlation between the analytical 
and experimental results demonstrated the accuracy of the developed 
formulas for modeling the behavior of CSIPs under different types of 
loading.

In order to be used as a hazard-resistance material, a detailed section was 
presented to show the resistance of CSIP elements to the different types of 
hazard effects that a building can experience during its lifetime. The hazards 
included impact loading, fl oodwater effect, fi re effect, and windstorm 
loading. As noticed from the impact testing, CSIPs have excellent perfor-
mance in terms of strength and stiffness compared to traditional SIPs. 
Further, their impact resistance is much stronger than SIPs, which recom-
mends CSIPs for areas that are prone to windstorm debris. Further, fl ood 
testing showed that CSIPs had insignifi cant strength and stiffness degrada-
tions and accordingly proved to be a hazard-resistant building material that 
can survive during a fl ood event. Finally, the windstorm testing on full-scale 
CSIPs proved that they can withstand high wind loading (up to hurricane 
Category 5), which therefore recommends the use of CSIPs as a building 
material in severe windstorm locations.
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Abstract: Modular panelized construction is a modern form of 
construction technique in which precast multifunctional structural 
panels are used. In this technique, precast panels are fabricated in 
the manufacturing facility and are transported to the construction 
site. Traditional structural insulated panels (SIPs) consist of oriented 
strand boards (OSB) as facesheets and expanded polystyrene (EPS) 
foam as the core. These panels are highly energy effi cient but have 
issues in terms of poor impact resistance and higher life cycle costs. 
Proposed panels consist of E-glass/polypropylene (PP) laminates as 
facesheets and EPS foam as core and are called composite structural 
insulated panels (CSIPs). Proposed CSIPs overcome the issues of 
traditional SIPs and retain all the energy-saving benefi ts of the 
traditional SIPs. This chapter describes manufacturing techniques 
developed for CSIPs and connection details for bonding CSIPs 
on the construction site. Based on the experimental investigation, 
ultrasonic welding was found to be the most suitable technique for 
joining the proposed CSIPs.

Key words: panelized construction, ultrasonic welding.

12.1 Introduction

Structural systems used in housing have historically developed into a 
single-purpose system. Structural elements of a building such as beams, 
columns, fl oors, and roof perform different functions in a traditional con-
struction system. It is possible that structural design and materials in the 
housing industry can be dramatically improved through the development 
and application of innovative designs and new materials that capitalize 
on multifunctional components.

Modular building system is a rapidly growing form of construction, 
gaining recognition for its increased effi ciency and ability to apply modern 
technology to the needs of the marketplace. In the modular construction 
technique, a single structural panel is manufactured which can perform 
a number of functions such as providing thermal insulation, sound and 
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vibration damping, along with providing structural strength and hence it 
is termed as multifunctional. These multifunctional panels can be prefab-
ricated in a manufacturing facility and then transported to the construction 
site. A system that uses prefabricated panels for construction is termed 
a ‘panelized construction system’.

Structural insulated panels (SIPs) are high-quality, precast, sandwich 
composite panels, widely used in the modular panelized construction indus-
try. In SIPs, lightweight foam is sandwiched between two oriented strand 
board (OSB) facesheets. The core of SIPs can be made from a number of 
materials, including molded expanded polystyrene (EPS), extruded polysty-
rene (XPS), and urethane foam [1]. Generally EPS foam is used as the core 
due to its excellent thermal and sound insulation properties and its low-cost 
benefi ts [1]. The proven superiority in transverse and axial loading over 
conventional stick-built framing systems make SIPs a stronger and safer 
alternative for modular building structures [2].

OSB is a wood-based composite laminate. As wood is organic in 
nature, it is prone to termite and molds. The mold buildups can result 
in the loss of millions of dollars. The OSB facesheets are also prone 
to swelling in the presence of moisture and can result in disintegration, 
hence loss of structural strength of the SIP panel. These issues ultimately 
increase the life cycle cost of the structures built using traditional SIPs. 
Also, SIPs have poor penetration resistance against low and high veloc-
ity impacts. Earlier studies [3] on OSB-based SIPs revealed that the 
SIPs failed at the low impact velocity of 50 J when impacted with 
blunt object impactor. This 50 J impact energy typically represented 
events such as a tool drop or a furniture drop on the structural fl oor 
panel.

To overcome these issues of the traditional SIPs, the OSB facesheets of 
the traditional SIPs are replaced with thermoplastic (TP) composite 
facesheets in this study, and the panels thus formed are termed as composite 
structural insulated panels (CSIPs). The facesheets of CSIPs comprise 
E-glass fi bers impregnated with polypropylene (PP) matrix. Greater 
strength and stiffness, better impact resistance, and weight savings of 
approximately 180% (per unit area basis) can be obtained by using the 
proposed panels [3].

A detailed description of the manufacturing process for the pro-
posed CSIPs is included in this chapter. Structural design and charac-
terization of the proposed CSIPs can be obtained from Refs [3] and 
[4]. Section 12.2 describes the brief history of panelized construction, 
also covering the manufacture of traditional SIPs and the cost benefi ts 
of using precast SIPs in panelized construction. Based on the experi-
mental results, joining techniques are proposed in this chapter for con-
necting the CSIPs.
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12.2 Traditional structural insulated panel 

(SIP) construction

The concept of precast sandwich panels in the panelized construction indus-
try was fi rst introduced by Frank Lloyd in the 1930s. Some of the earliest 
houses designed by Frank Lloyd in the 1930s were designed using sandwich 
composite panels. These innovative panels were the result of Lloyd’s 
attempts to build relatively low-cost houses. Some of the walls of these 
low-cost houses consisted of three layers of plywood and two layers of tar 
paper as structural elements. As the prototypes of these sandwich panels 
lacked the desired insulation, these panels were not produced on a large 
scale [1].

Alden Dow experimented further with the concept proposed by Lloyd 
in 1950, and solved the problem of insulation in Lloyd’s panels [1]. Dow 
developed structural panels with insulating foam as the core and was cred-
ited for producing the fi rst SIP. The load-bearing walls of these houses were 
made of 40 mm (1 5/8″) Styrofoam core and 7 mm (5/18″) plywood facesheets.

The fi rst large-scale SIP manufacturing effort came in 1959 when Koopers 
Company converted an automotive production plant in Detroit, MI, into a 
SIP production facility. Koopers’ method of producing SIPs involved 
blowing pre-expanded Styrofoam beads between two sheets of plywood 
and bonding them to the facings, which were already glued to a supporting 
framework. The manufacturing method proposed by Koopers was slow and 
hence was not competitive in the marketplace in the 1950s.

Alside® in the 1960s proposed signifi cant changes in Koopers’ SIP manu-
facturing process. Their new methods reduced the manufacturing time of 
SIPs from several hours to 20 minutes [1]. In the mid-1980s a signifi cant 
number of manufacturers began producing SIPs on a large scale.

12.2.1 Manufacturing of traditional SIPs

Manufacturing of traditional SIPs is generally a three-step process. The 
OSB facesheets are adhesively bonded to the EPS foam core during the 
manufacturing process of traditional SIPs. OSB is a laminate consisting of 
a number of OSB chips glued together under high temperature and pres-
sure. In the fi rst step, the bottom facesheets are laid out in the assembly 
area. The core pieces are run through the glue spreading machine, where 
the adhesive is applied to both sides of the core pieces. These core sections 
are placed on the bottom facesheets, and then the top facesheet is posi-
tioned. The facesheet and the core are aligned before being moved into the 
compression molding press. After removal from the press, the SIPs are 
cured in place for 24 hours in order to achieve the full strength of the 
adhesive before moving them to a storage area. Once fully cured, the SIPs 
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are transported to the construction site and are joined with each other using 
adhesives and mechanical connectors.

12.2.2 Economic analysis of traditional SIPs

Cost reductions in terms of energy effi ciency

The R-value is a unit of thermal resistance used for comparing insulating 
properties of different materials. A higher R-value indicates greater insulat-
ing property of the material. The R-value of a material signifi cantly varies 
depending on its type and thickness. Generally thicker materials have 
higher R-values than the thinner materials of the same type. Oak Ridge 
National Laboratory (ORNL) compared the R-values of a wall built using 
panels with EPS foam as the core and OSB laminates as facesheets [5]. 
According to this study at ORNL, the R-value of a wall with a 90 mm 
(3-1/2″) thick EPS core is R-14 compared to R-9.8 for a 50 mm × 100 mm 
(2″ × 4″) wood-framed wall insulated with fi berglass insulation. Thus higher 
energy effi ciency can be achieved using SIPs as compared to traditional 
stick-built construction. This higher energy effi ciency is refl ected in lower 
utility costs of a structure.

Cost reduction in terms of construction time

Lesser construction time of a modular structure can reduce the total con-
struction time from one to four weeks depending on the size of a building. 
This translates into huge cost savings. Earlier studies [1] showed that 34% 
lesser onsite construction time is required for constructing SIP-based struc-
tures than traditional stick-built structures.

Cost reduction in terms of labor cost

Unlike traditional stick-built construction, modular buildings can be con-
structed using unskilled labor, which translates into reduction of total labor 
cost. As the lightweight panels are manufactured in the factory, this saves 
25–30% of the man-hours in building a structure [6].

12.3 Joining of precast panels in modular buildings

The SIP wall panels are typically connected with each other with the help 
of SIP splines. The SIP spline consists of EPS foam sandwiched between 
OSB facesheets. The height of the spline is equal to the height of the foam 
core of the panels to be connected. These splines are adhesively bonded to 
the panels to achieve the desired strength of the connection. At some places, 
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instead of SIP splines, wooden splines are used to create a bond between 
the adjacent panels. Specially designed panel screws are used to connect 
the exterior wall panels. All these connections are designed in such a way 
that a bond is created between the OSB facesheet laminates. EPS foam is 
not involved in forming a bond between the panel connections due to its 
low shear strength properties.

Joining of precast composite panels poses challenges at the microme-
chanical level, fi ber–matrix interface, macromechanical level, structural 
level, and at the interface between two or more separate components [7]. 
Three of the most commonly used techniques for joining composite panels 
are discussed here:

• adhesive bonding
• mechanical fasteners
• fusion bonding.

12.3.1 Adhesive bonding

The main function of the adhesive in an adhesively bonded joint is to trans-
fer the load effi ciently between the adherents. The bonding can also be used 
to increase the structural effi ciency of a laminated structure. According to 
Smith and Pattison [8], the joint effi ciency is only 30% when a single lap 
joint is used in connections. This value can be increased to 60% with a butt 
strap joint, 70% with a scarf joint, and 90% with a stepped joint. Issues with 
adhesive joints include: localized fl aws which greatly affect the strength of 
the joint, requirement of surface preparation, and edge effects due to higher 
stress concentration.

12.3.2 Mechanical fasteners

Mechanical fasteners are preferred over adhesive bonding for on-site 
assembly of the precast composite panels [7]. Design methods that have 
been established for structural joints in metals are mainly applicable for 
composites. Each composite system has to be joined independently due to 
the anisotropic nature of the composites. Advantages of mechanical fasten-
ers over adhesive joining include repeatability, absence of environmental 
effects on polymers, ease of inspection, and no specifi c surface preparation.

12.3.3 Fusion bonding

Traditional technologies such as mechanical fastening and adhesive bonding 
have limitations because of the stress concentrations resulting from hole 
drilling in mechanical fastening or requiring extensive surface preparation 
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for adhesive bonding. Additional shortcomings of using mechanical fasten-
ing for composites include, but are not limited to, delamination originating 
from localized wear occurring due to drilling, differential thermal expansion 
of fasteners relative to composites, water intrusion between fastener and 
composite, possible galvanic corrosion at fastened joints, and extensive time 
and labor required for drilling holes [9].

Fusion bonding or welding is a long-established technology in the ther-
moplastic (TP) industry, where the effi ciency of the welded joint can 
approach the bulk properties of the adherents. This technique eliminates 
the stress concentrations created by holes required for mechanical fasten-
ers. One of the fusion bonding techniques tried for bonding CSIPs was 
ultrasonic welding, which is discussed in detail in Section 12.4.

12.4 Manufacturing of composite structural insulated 

panels (CSIPs)

Adhesive used for bonding the facesheets to the core is the most important 
component in a sandwich composite. Use of proper adhesive ensures effec-
tive load transfer between facesheets and the core. It is well known that 
delamination between the core and the facesheet is the predominant mode 
of failure for sandwich composite laminates. Hence, choosing a suitable 
adhesive is key to achieving the desired strength of the sandwich composite.

Three different adhesives were tried in this study for bonding the 
facesheets to the core of the CSIPs. These included:

1. 3M water-based contact adhesive
2. Hot-melt spray adhesive
3. TP fi lm adhesive.

These adhesives were chosen based on their ease of handling and process-
ing. The adhesive application techniques were different for the three adhe-
sives, e.g. 3M was a water-based paintable adhesive, hot-melt adhesive was 
an adhesive that can be sprayed on to a substrate, while the TP fi lm adhesive 
was in a fi lm format. The candidate adhesive was chosen based on the bond 
strength between the facesheet and the core.

Dyna Z-16 apparatus was used for checking the bond strength between 
the facesheet and the foam core. Test discs of 50 mm diameter were bonded 
to the facesheet with 3M scotch weld adhesive as recommended in the 
Dyna-Z-16 operation manual [10]. According to ASTM 1583-04 [11], a core 
depth of 10 mm was chosen for the CSIPs. Dyna Z-16 apparatus is capable 
of applying a uniaxial tensile load on the test discs which creates a concen-
trated stress beneath the test discs. The shear strength at the interface is 
displaced on the circular disc attached to the base frame. Figure 12.1 shows 
the Dyna-Z-16 apparatus used for this study.
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Results obtained from the pull-off test are plotted in Fig. 12.2 for the 
three candidate adhesives. From this fi gure it can be seen that the fi lm 
adhesive and the spray adhesive were comparable with each other in 
terms of the shear strength. For fi lm and spray adhesives, cohesive failure 
of the foam core was observed, while for the 3M water-based adhesive, 
failure between core and the facesheet was observed. Based on these 
results, two candidate adhesives were chosen for manufacturing CSIPs. 
Detailed descriptions of manufacturing processes for both the adhesives 
are discussed in the following sections.
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12.1 Schematic of pull off strength testing (ASTM-C-1583-04) (not to 
scale).

12.2 Pull-off strengths of the candidate adhesives.
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Traditional SIPs are manufactured in sizes of 1,219.2 mm × 2,438.4 mm 
(4′ × 8′), based on this, the proposed CSIPs were manufactured to the same 
size. The full-scale manufacturing of the panels was undertaken using a 
heated press of 1220 mm × 3050 mm (4′ × 10′) available at Portage Casting 
and Molding at Portage, Wisconsin. Up to eight ceramic heaters were used 
in this press to heat up the platens. Temperature and pressure of this press 
were monitored with digital meters fi tted to the press.

12.4.1 Manufacturing of CSIPs with fi lm adhesive

Figure 12.3 shows the step-by-step manufacture of the CSIPs using fi lm 
adhesive. As a fi rst step, the facesheets were cleaned with the help of pres-
surized air to remove any loose dust present on the facesheet. The facesheets 
were then cleaned with acetone to dissolve sizings present on the laminates. 
Film adhesive was cut to the size of the facesheet and was laid on top of 
the facesheet prior to keeping them in the oven.

The melting point of the fi lm adhesive was 65–74°C (150–165°F). After 
the adhesive was melted, the foam core was placed on top of the facesheet 
ensuring proper alignment. The whole assembly was then inverted and the 
bottom facesheet was adhered to the foam core in a similar manner. The 
sandwich was allowed to cool down in the oven for 15 minutes and then 
was taken out and stacked on the fl oor. The total time to fabricate one CSIP 
was 30 minutes using a crew of four.

During the initial trials of manufacturing, dry spots were observed on the 
surface of the facesheets as seen from Fig. 12.3(b). Air trapped between the 
facesheet and the fi lm expanded when the facesheets were heated. This 
expansion of trapped air caused the thin fi lm adhesive to bulge and rupture, 

1219.2 mm

(b)(a)

140 mm

Adhesive film

laid on the

bottom

facesheet

Fixture for

holding

foam in

place

12.3 CSIP being manufactured using fi lm adhesive: (a) position of the 
adhesive fi lm and the bottom facesheet, (b) dry spots created on the 
facesheet after heating.
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and this created dry spots on the facesheet where the bulging occurred. This 
problem was overcome by pre-melting the fi lm adhesive with the help of a 
heat gun in order to remove the trapped air beneath the adhesive fi lm. The 
fi lm, though, did not melt completely, formed a weak bond with the facesheet 
which ensured lesser amount of air between the fi lm and the facesheet. Pre-
melting of the adhesive fi lm avoided the dry spots formed on the facesheet 
surface which ensured proper bonding between the core and the facesheet.

Manufacturing the CSIPs with fi lm adhesives had issues in terms of poor 
wet-out for larger spans. The dry spots acted as weak areas in the bonding 
and reduced the load-carrying capacity of the panels. Pre-melting the fi lm 
adhesive on the facesheet increased the time of manufacturing which in 
turn increased the cost of manufacturing. Also, the material cost of fi lm 
adhesive was approximately three times (per square foot) that of the hot-
melt spray adhesive.

12.4.2 Manufacturing of CSIPs with TP spray adhesive

TP hot-melt adhesive was used to bond the facesheets to the core of the 
CSIPs. This adhesive was available in bead format. Beads of these adhesive 
were melted in the portable oven to achieve the desired viscosity for spray-
ing. The temperature of the oven was maintained at the melting point of 
the adhesive. A spray gun and a spraying hose were connected to the oven. 
The adhesive was sprayed using the spray gun on the facesheets. Once both 
the facesheets were sprayed with the adhesive, EPS foam core was sand-
wiched between the facesheets. The sandwich thus obtained was subjected 
to constant dead weight for 24 hours. Figure 12.4 shows manufacturing of 
the CSIPs in a sequential manner.

(b)(a)

12.4 CSIP being manufactured using hot-melt impregnated spray 
adhesive: (a) TP spray adhesive being spread on the facesheets, (b) 
ready panels being stacked.
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Table 12.1 Comparison of time required to manufacture CSIP panels using 
adhesive fi lm and spray systems

Tasks

Time required to fi nish 
the task for adhesive 
fi lm system
(min.)

Time required to fi nish 
the task for adhesive 
spray system
(min.)

Pressurized air cleaning 1 1
Cleaning with thinner 2 2
Pre-melting of adhesive 10 2
Application of adhesive 1 2
Application of pressure for 

curing of adhesive
120 120

Total 134 127

Table 12.1 summarizes the time required for each task for manufacturing 
the CSIPs using the spray and fi lm adhesives.

12.5 Connections for composite structural insulated 

panels (CSIPs)

The connections between the CSIPs were designed in such a way that the 
TP facesheets would be the load-carrying members in a connection. Due 
to the poor shear strength and low surface energy of EPS foam, special 
techniques are required for putting inserts in the EPS foam [9]. Thus 
facesheets were considered as the two adherents for joining the proposed 
panels. The choice of a particular technique for joining the proposed panels 
was decided based on the single lap shear test performed on the facesheets 
of these panels. Specimens for this test were prepared according to ASTM-
D-3163-01 [12].

12.5.1 Adhesives

Four different adhesives were verifi ed for connecting the TP facesheets. 
These adhesives included 3M epoxy adhesive, 3M VHB acrylic foam tape 1, 
3M VHB acrylic foam tape 2, and 3M water-based contact (brush-on) adhe-
sive. For each adhesive, three specimens were tested for single lap shear tests 
and the average values are plotted in Fig. 12.5. Results of these tests were 
compared with the results obtained from ultrasonically welded specimens.

Adhesive failure was observed between the specimens bonded with 
3M water-based adhesive and VHB tapes. The specimens bonded with 
ultrasonic welding failed in a cohesive manner. As seen from Fig. 12.5 
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12.5 Results of single lap shear tests and specimen dimensions.

the peak load attained by the specimens bonded ultrasonically achieved 
highest peak load and hence ultrasonic welding was proposed for joining 
the CSIPs. Cost savings could be achieved using ultrasonic welding as 
this process was quick and no surface preparation was needed for ultra-
sonically welded connections.

12.5.2 Ultrasonic welding

The main components of ultrasonic welding apparatus consist of power 
supply, converter, booster, and horn. High-frequency electrical energy was 
supplied to the converter that transformed it to mechanical vibrations at 
ultrasonic frequencies. The mechanical vibrations were then transmitted 
through the booster to the horn. The horn amplifi ed and transferred this 
vibration energy directly to the parts to be joined. The parts to be joined 
were held together under pressure and subjected to ultrasonic vibrations 
perpendicular to the contact area. The high-frequency stresses produced 
heat in the material and this heat was utilized at the joint interface through 
a combination of friction and hysteresis [13].

The welded joint was obtained by melting the polymer at the edges. For 
CSIPs, the reinforcing E-glass fi bers acted as a skeleton for the matrix and 
avoided burning the matrix. Figure 12.6 illustrates the interaction between 
the fi bers and the polymers during various stages of ultrasonic welding. In 
this study, the specimens were welded ultrasonically at Branson Ultrasonic 
Corp. in Atlanta, GA.
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(a) (b) (c)

12.6 Healing of a polymer–polymer interface during ultrasonic welding: 
(a) two distinct composite interfaces, (b) achievement of intimate 
contact, (c) collapse of the interface through inter-diffusion [14].

Hand-held

ultrasonic

machine 
PVC

pultruded

profile  

12.7 Proposed CSIP being ultrasonically welded to PVC extruded 
shape.

Polyvinyl chloride (PVC) pultruded shapes were used to connect the 
CSIPs. The connections were designed in such a way that the facesheets of 
the CSIPs were ultrasonically welded to the pultruded shapes. Figure 12.7 
shows a hand-held ultrasonic welding machine. Due to its light weight and 
portable nature, this equipment would be ideal for joining the CSIPs on a 
construction site. Different horn sizes can be fi tted to the booster in order 
to achieve a weld spot of desired diameter. The vibration energy melted the 
polymer at the edge of the panel and the pultruded shape. This created a 
strong bond between the pultruded shape and the CSIP. The time required 
to weld the PVC shape and the CSIP facesheet was 15 seconds for the total 
weld length of 305 mm.
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12.8 (a) Typical cross section of a building with CSIPs; (b) Details at A; 
(c) Details at B.

12.5.3 Connection details for CSIPs

Figure 12.8(a) shows a typical cross section of a structure built using modular 
panelized construction. Two representative locations were selected in this 
cross section to illustrate the details of the proposed connections for the 
CSIPs. These included exterior walls to fl oor connection (Fig. 12.8(b)) and 
connections at the junction of roof, wall, and the fl oor (Fig. 12.8(c)). Initially 
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CSIPs were ultrasonically welded to the pultruded profi les. The pultruded 
shapes consisted of PVC connectors which created interlocking joints 
between the adjacent panels. The pultruded profi les were strong, light-
weight and easy to install. For the connection between the roof panel and 
the exterior wall panel, a 45° connector was used, as shown in Fig. 12.8(b).

12.6 Conclusion

Manufacturing and connection details for joining the CSIPs were studied 
in this chapter. The fi ndings from this study can be summarized as follows:

• Proposed CSIPs retained the advantages of the traditional SIPs in terms 
of energy effi ciency, reduced construction time and cost, and reduced 
labor cost. Additional cost savings in terms of reduced transportation 
costs are possible with CSIPs, as these panels are 180% lighter than the 
traditional SIPs.

• Film adhesive used for bonding the facesheets to the core resulted in 
dry spots at the interface of the core and the facesheet due to expansion 
of trapped air. Pre-melting of the fi lm adhesive on the facesheets solved 
this issue.

• TP spray adhesive used for bonding the facesheets to the core yielded 
the best results in terms of uniform distribution of the adhesive. The 
spray adhesive also proved more cost-effective than fi lm adhesive. For 
these reasons, TP spray adhesive was chosen over fi lm adhesive.

• Single lap shear test was used as a guideline for deciding the technique 
for connecting the CSIPs. During the single lap shear test, the specimens 
welded ultrasonically achieved the highest peak load, and hence ultra-
sonic welding was proposed as the best suited technique for joining the 
CSIPs.

• Interlocking assembly proposed for joining the CSIPs was less time-
consuming and less labor-intensive.
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Abstract: The primary objective of this chapter is fi rst to introduce and 
demonstrate the application of thermoplastic (woven glass reinforced 
polypropylene) in the design of modular fi ber-reinforced bridge decks, 
and next the development of jackets for confi ning concrete columns 
against compression and impact loading. The design concept and 
manufacturing processes of the thermoplastic bridge deck composite 
structural system are presented by recognizing the structural demands 
required to support highway traffi c. Then the results of the small-scale 
static cylinder tests and the impact tests of concrete columns are 
presented, demonstrating that thermoplastic reinforcement jackets act to 
restrain the lateral expansion of the concrete that accompanies the onset 
of crushing, maintaining the integrity of the core concrete, and enabling 
much higher compression strains (compared to CFRP composite wraps) 
to be sustained by the compression zone before failure occurs.

Key words: thermoplastic composite, bridge deck, column jacket, 
dynamic load, impact, design, manufacturing.

13.1 Introduction

In the last few years, the presence of composite materials in the construction 
industry has become more common. Today, fi ber-reinforced composite 
materials are used in a wide array of civil infrastructure applications [1]. 
Most of these applications utilize prepreg thermosetting composites, the 
most common of which is carbon fi ber-reinforced polymer (CFRP). Ther-
moplastic composites are relatively new materials in civil engineering appli-
cations and lack the history of use in civil infrastructure. Limited time has 
been spent investigating the usage of thermoplastic materials. These materi-
als offer comparable material characteristics to thermosetting composites. 
The ability to readily form these materials using epoxy makes them much 
more desirable. Thermoplastic polymers have several advantages over ther-
mosets: they can be reshaped by reheating, are recyclable, are cost-effective 
and possess superior impact properties. They have comparable mechanical 
properties, higher notched impact strength, reduced creep tendency, and 
very good stability at elevated temperatures in humid conditions [2]. Long 
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fi ber reinforcement thermoplastics have signifi cantly higher heat defl ection 
temperature and better heat aging properties than the corresponding short 
fi ber-reinforced matrix materials. Because of their good heat aging proper-
ties, thermoplastic composites like glass reinforced polypropylene compo-
nents are suitable for continuous service temperatures up to 266°F (130°C) 
[2]. Fatigue strength is critical for designing girder components that are 
subjected to fl uctuating stress. No signifi cant loss of rigidity was recorded 
on a prototype glass reinforced thermoplastic composite slab during two 
million cycles of load at 2 × 24.8 kips (110.25 kN). The mode of failure is 
punching in the loading area and this mode of failure does not represent a 
catastrophic failure [3].

Thermoplastic composites typically comprise a commodity matrix such 
as polypropylene (PP), polyethylene (PE) or polyamide (PA) reinforced 
with glass, carbon, or aramid fi bers. Progress in low-cost thermoplastic 
materials and fabrication technologies offer new solutions for very light-
weight, cost-effi cient composite structures with enhanced damage resis-
tance and sustainable designs [3]. The primary objective of this chapter is 
to introduce and demonstrate the application of thermoplastic (woven glass 
reinforced polypropylene) fi rst, in the design of modular fi ber reinforced 
bridge decks, and next on the development of jackets for confi ning concrete 
columns against compression and impact loading.

13.2 Manufacturing process for thermoplastic 

composites

The process used to make long fi ber thermoplastic products was generally 
very expensive. Thus, the market for long fi ber thermoplastic composites 
was very limited due to the high cost of producing these products. Recently, 
a novel hot-melt impregnation technology has been developed that allows 
complete impregnation of long fi bers with thermoplastic polymers at very 
high production rates, producing high-quality, low-cost thermoplastic com-
posites. This technology, called DRIFT (Direct ReInforcement Fabrication 
Technology) [3], yields products that can be made as continuous rods, tapes 
and pultruded shapes, or they can be chopped into pellets of any length for 
injection or compression molding [2]. The process has been shown to work 
well with glass, carbon, aramid, and other polymer fi bers and also with a 
wide variety of thermoplastic polymers.

E-glass/PP tapes of 0.5″ (12 mm) width and an average layer thickness 
of 0.024″ (0.6 mm) were produced using the DRIFT process [4]. The unidi-
rectional E-glass/PP tape material with a fi ber content of 67 wt% (42 vol%) 
has the tensile strength of 87.6 ksi (604 MPa), tensile modulus of 4,300 ksi 
(29,648 MPa) and density of 99 lb/ft3 (15.5 kN/m3) [4]. The hot-melt impreg-
nated E-glass/PP tape can be woven into broad goods with various weaving 
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patterns appropriate to the application. The unidirectional E-glass/PP tape 
material can be woven into a plain weave architecture fabric form (Fig. 
13.1) through textile weaving operation.

Thermoforming is being used to produce large sized plastic components 
with varying wall thickness (greater than 0.04″ (1 mm)), formed under low 
molding pressures (less than 50 psi (0.345 MPa)), with molds made of alu-
minum alloy, wood, or polymer composites. A simplistic overview of the 
single sheet thermoforming process consists of heating a plastic (or com-
posite) sheet and forming the sheet over a male mold or into a female one. 
The operation deforms the sheets of the material into curvilinear shapes 
with the help of tools or molds. The process uses various confi gurations such 
as vacuum forming, drape forming, matched mold forming, etc. Basic 
vacuum forming represents the conventional technology; a vacuum is 
created between a female mold and a heated plastic sheet, which is forced 
to comply with the mold walls. The components can be produced with 
increasing thickness from the center to the edges. The process involves 
heating of polymer sheet that is fi rmly constrained along its perimeter 
above its transition temperature or the melt temperature, forming in a mold 
through vacuum and cooling by conduction in the case of thin fi lms or 
through fans in the case of thick walls [4].

13.1 Close-up view of woven E-glass/polypropylene fabric.
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13.3 Bridge deck designs

An integral modular fi ber thermoplastic composite bridge structural system 
is described. To demonstrate the design concept, two bridge deck systems 
with different spans are modeled. The design concept of both decks presents 
a unique approach for a structurally effi cient and low-cost bridge deck 
system. A modular fi ber-reinforced thermoplastic panel with hat-sine rib 
stiffened shape is used as a bridge deck system. It consists of two/three 
components, i.e. top fl at face, hat-sine rib, and/or bottom fl at face. The other 
parameters are the interface contact length between shells of fl at face and 
sine rib, wavelength of sine rib, depth of deck, and thickness of each deck 
component. All these parameters can be determined by considering the 
deck stiffness criteria set by the AASHTO code.

The deck shape based on the hat-sine rib stiffened design concept is 
selected by considering various issues such as the processability of the 
E-glass/PP woven tape, and the practical issues such as tooling, and design 
fl exibility for the prototype studies. The glass/PP woven tape is relatively 
stiff, unlike the typical thermoset pre-pregs (such as glass/epoxy or carbon/
epoxy); the material cannot be molded into tight radii/corners. The 
hat-stiffened rib design is shown to be structurally effi cient in several 
studies [5–7]. A deck system as shown in Fig. 13.2 features E-glass/PP 
woven tape hat-sine shape ribbed profi le bonded to a fl at E-glass/
PP woven face. A three-step concept was pursued for manufacturing the 
glass/PP thermoplastic composite fl oor segment type: (a) manufacture 
the fl at face, (b) manufacture the hat-sine rib, and (c) adhesively bond 
the face to the hat-sine rib. The face and the rib portions of the deck 
fl oor can be processed through a number of choices, which include ther-
moforming, double belt press consolidation of the tape forms, reaction 

2438.4 mm 2438.4 mm 2438.4 mm

3
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5
7
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 m
m
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direction

Steel girder

Shear key Deck
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13.2 Plan of single-lane bridge deck.
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injection molding, and/or extrusion. The contact area of the ribs to the 
face could be bonded adhesively and/or by a combination of adhesive 
bonding and fasteners [4].

13.3.1 Design criteria

The design criteria are set by following the loading conditions and perfor-
mance limitations described in the AASHTO LRFD Bridge Design Speci-
fi cations [8]. The dead load and the vehicular live load must be applied in 
different combinations to obtain the maximum effect. The dead load, DC, 
includes the weight of the structural system, wearing surface, and all attach-
ments. The loads are taken as 15 psf (0.72 kPa) (self-weight of the deck) 
and 5 psf (0.24 kPa) (polymeric wearing surface) [9] applied as a uniformly 
distributed load over the surface of the bridge. The three specifi ed types of 
vehicular loading, LL, are:

1. Design truck load: three axles with loads 32 kips (142 kN), 32 kips 
(142 kN) and 8 kips (35.6 kN). The spacing between the 32 kips (142 kN) 
axles varies from 14 ft (4.26 m) to 30 ft (9.14 m), and is chosen by the 
designer to produce the maximum effect for shear, moment, and 
defl ection.

2. Design tandem: a pair of 25 kips (111 kN) axles spaced 4 ft (1.22 m) 
apart with transverse spacing of 6 ft (1.83 m).

3. Design lane load: a uniformly distributed load of 640 psf (30.64 kPa) 
applied over a 10 ft (3 m) wide strip.

The AASHTO category strength I load combination is used to compute the 
ultimate capacity of the bridge, i.e.

Q DC LL IM= + +( )1 25 1 75. .  [13.1]

The live load should include either a design truck load combined with a 
lane load, or a tandem design load combined with a lane load for every lane 
in the bridge. The AASHTO service I loading combination is used for 
checking the defl ection of the bridge design, i.e.

Q LL IM= +  [13.2]

For maximum defl ection, the truck or tandem is placed such that the center 
of gravity of the truck or tandem is on the center of the bridge, i.e. AASHTO 
arrangement I. The shear stresses are checked by using arrangement II 
(with the rear axle of the truck or tandem at one end of the bridge) of the 
truck or tandem load.

The AASHTO specifi cations 3.6.1.3.2 and 2.5.2.6.2 are used to adopt the 
defl ection limit of L/800 (where L is the span of the bridge). The defl ection 
resulting from the design truck/tandem alone or that resulting from 25% 
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of the design truck/tandem taken together with the design lane load should 
not be greater than the maximum allowed limit.

The maximum work theory of Tsai-Hill is used to determine the failure 
of the structure which can be defi ned by the following equation:

σ σ σ σ σ σ σ σ

τ σ

X X ULT Y Y ULT X X ULT Y Y ULT

XY XY ULT

( ) ( ) ( ) ( )( ) − ( )( ) + ( )
+

2 2

(( )( ) <2 1 0.
 [13.3]

where σX, σY, and τXY are longitudinal, transverse, and shear stresses due to 
applied load, and σX(ULT), σY(ULT), and σXY(ULT) are the ultimate stresses in the 
longitudinal, transverse, and shear directions. These ultimate strength values 
in checking ply failure using the Tsai-Hill approach are adopted from the 
literature using experimental results whenever possible.

13.3.2 Analysis and design procedure

E-glass/PP is used in the design of the bridge structure. The ply properties, 
i.e. E(fi ber), E(matrix), G(fi ber), G(matrix) are based on experimental 
results mentioned in Vaidya et al. [4]. The elastic properties of the laminate 
for a specifi c volume fraction of fi bers are analytically evaluated using lami-
nate theory; these elastic constants used for analysis are Young’s modulus in 
the longitudinal and lateral/transverse directions (EX, EY, EZ), Poisson’s 
ratio in each direction (vXY, vXZ, vYZ), and shear modulus (GXY, GXZ, GYZ). 
Table 13.1 lists the elastic properties for the composite laminate.

The fi nite element analysis to model the bridge deck is carried out on 
Ansys 8.0 software, the composite face and the hat-sine ribs are modeled 

Table 13.1 Material properties of E-glass/PP woven tape 
composite

Property
E-glass/PP woven tape 
composite 40% fi ber content by volume

EX 1,437 ksi (9,900 MPa)
EY 1,437 ksi (9,900 MPa)
EZ 149 ksi (1,027 MPa)
vXY 0.11
vYZ 0.22
vXZ 0.22
GXY 184.16 ksi (1,270 MPa)
GYZ 108.75 ksi (750 MPa)
GXZ 108.75 ksi (750 MPa)
EFIBER 10,150 ksi (69,982 MPa)
EMATRIX 149 ksi (1,027 MPa)
GFIBER 4,350 ksi (29,992 MPa)
GMATRIX 108.75 ksi (750 MPa)
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using the Shell 99 elements. The Shell 99 element used has six degrees of 
freedom at each node constituting the x, y, and z direction nodal transla-
tions and rotations. Each element is defi ned by eight nodes (the mid-plane 
and the corner nodes), average or corner layer thickness, orthotropic mate-
rial properties, and ply orientations [10]. The contact region between the 
face panel and the hat-sine stiffened ribs is developed by merging the 
common nodes and key points. The hat-sine ribs were subjected to para-
metric studies, which included the amplitude of the hat-sine, the wavelength, 
and the contact width between the face panel and the ribs. Based on 
the combination of least defl ection and corresponding stresses, the right 
combination of the sine amplitude with the other deck components (i.e., 
wavelength and contact width) is determined and is described in detail 
elsewhere [4]. Following the selection of the right combination of para-
meters, further analysis on the bridge deck was conducted as summarized 
in the following sections.

13.4 Design case studies

13.4.1 Single-lane bridge deck system

A typical single-lane bridge deck is modeled having width of 12 ft (3.65 m) 
and total length of 24 ft (7.30 m). The deck is supported on three steel 
girders having a span of 6 ft (1.83 m) and is divided into three panels, each 
having 8 ft (2.44 m) length and 12 ft (3.65 m) width with hat-sine rib direc-
tion perpendicular to the direction of traffi c (Fig. 13.2). Typica  lly, connection 
between deck and girder consists of shear studs cast into the cell of an FRP 
sandwich deck. Steel spirals are then positioned around each shear stud to 
aid in grout confi nement.

Section with top fl at face and hat-sine rib

In this case, we used a hat-sine shape ribbed profi le bonded to a fl at face 
(Figs 13.3 and 13.4), and each component was made of glass/PP woven tape 
ply which can be modeled as a 0/90° layer. Using the material properties as 

Sine rib thickness = 22.86 mm
Flat face thickness =  30.48 mm

Contact width = 152.4 mm

2438.4 mm

Depth = 304.8 mm

Wavelength = 609.6 mm

13.3 Single-lane bridge deck parameters for case 4.
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Flat face thickness = 27.94 mm
Sine rib thickness = 22.86 mm

Flat face thickness = 27.94 mm
Wavelength = 609.6 mm Contact width = 152.4 mm

Depth = 304.8 mm

2438.4 mm

13.4 Single-lane bridge deck parameters for case 5.

Table 13.2 (a) Single-lane deck cross-sectional shape parameters (cases 1 to 4); 
(b) single-lane deck cross-sectional shape parameters (cases 5 to 7)

(a)

Case 
no.

Deck depth 
(amplitude) 
(mm)

Wavelength 
(mm)

Contact 
width 
(mm)

Top layer 
thickness 
(mm)

Sine curve 
thickness 
(mm)

1 152.4 304.8 76.20 22.86 15.24
2 304.8 609.6 152.4 25.40 17.78
3 304.8 609.6 152.4 27.94 20.32
4 304.8 609.6 152.4 30.48 22.86

(b)

Case 
no.

Deck depth 
(amplitude) 
(mm)

Wavelength 
(mm)

Contact 
width 
(mm)

Top layer 
thickness 
(mm)

Sine curve 
thickness 
(mm)

Bottom layer 
thickness 
(mm)

5 304.8 609.6 152.4 27.94 22.86 27.94
6 152.4 304.8 76.2 25.40 17.78 7.62
7 152.4 304.8 76.2 25.40 20.32 12.70

Note: The material for all cases is glass/PP except for cases 6 and 7, where the 
bottom layer material is carbon/PP.

in Table 13.1 with the loads mentioned, the bridge decks are subjected to 
optimization studies. Several deck model case simulations were carried out 
on ANSYS with appropriate amplitude, wavelength, and contact width as 
shown in Table 13.2(a). The simply supported boundary condition was 
chosen since the design was stiffness-based (defl ection limited). It should 
be noted that the optimization of hat-sine rib is controlled by stiffness cri-
teria satisfying the defl ection criteria of AASHTO for bridge decks. The 
optimized section was checked for the Tsai-Hill failure limit and critical 
buckling load analyses were performed to obtain the thickness for the sine 
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ribs [8]. Based on the combination of the least defl ection (as shown in Fig. 
13.5) and adequate stresses (not shown here for the sake of brevity), the 
bridge deck dimensions were determined to be optimal at 12 in. depth, 
24 in. wavelength and 6 in. contact width. The corresponding layer thick-
nesses were 1.2 in. for top fl at face and 0.9 in. for hat-sine rib (case 4 in 
Table 13.2(a) and Fig. 13.5). The 6 in. (150 mm) contact width was particu-
larly chosen to have adequate bonding area of the hat-sine rib section to 
the fl at face.

Section with top and bottom fl at face with hat-sine rib

At the similar combination of wavelength and contact width, the deck 
system is also compared by adding an additional bottom layer, i.e., cases 
5–7 as in Table 13.2(b), with the optimized case 5 as shown in Fig. 13.4. By 
comparing both shapes (cases 4 and 5), it is concluded that the most effi cient 
and cost-effective section could be one which has lesser cross-sectional area 
while maintaining suffi cient stiffness to control the defl ection. Based on this 
criterion, the section shown by case 4 is still the optimized section (Fig. 13.5). 
It has 26.6% less cross-sectional area with a similar moment of inertia as 
case 5, but will consume lower manufacturing cost. It should be noted that 
the material for all cases is glass/PP except for cases 6 and 7, where the 
bottom layer material is carbon/PP, and that glass is cheaper than carbon 
fi ber. For the optimized section (i.e., case 4), the maximum defl ection of 
0.09 in. (2.25 mm) is exactly at the point of contact wheel load (Plate VIII 
between pages 240 and 241). The maximum ultimate tensile stress of 
6,392 psi (44 MPa) developed at the intermediate support is much less than 
the failure stress of 28,000 psi (193 MPa) for E-glass/PP composite laminate. 
The shear stresses σyz, σxz due to ultimate load are 3,339 psi (23 MPa) and 
1,669 psi (11.5 MPa), respectively (Plate IX between pages 240 and 241).
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13.5 Maximum defl ection for single-lane deck models.
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13.4.2 Double-lane bridge deck system

Further demonstration of the performance of the deck conceptual design 
is presented by studying a typical two-lane traffi c, 60 ft (18.3 m) span bridge 
having a width of 24 ft (7.3 m) and depth of 36 in. (900 mm) (Fig. 13.6). The 
length-to-depth aspect ratio of the deck system is 20:1, which is reasonable 
for highway bridges. Similar to the single-lane bridge deck system, connec-
tion between deck and girder can be assumed to consist of shear studs cast 
into the cell of an FRP sandwich deck. Steel spirals are then positioned 
around each shear stud to aid in grout confi nement.

Section with top fl at face and hat-sine rib

Following the similar analysis process as in Section 13.4.1, the bridge deck 
dimensions were determined to be optimal at 36 in. depth, 48 in. wave-
length and 16 in. contact width. The top fl at face thickness was 3 in., and 
the sine rib component thickness was 2.5 in. (Fig. 13.7). The correspond-
ing defl ection and the maximum stresses were also within the allowable 
limits [11].

18288 mm

7315.2 mm

Traffic direction

Traffic direction

Steel girder

Deck

13.6 Plan of double-lane bridge deck.

Flat face thickness = 27.94 mm Contact width = 406.4 mm

Wavelength = 1219.2 mm

7315.2 mm

Sine rib thickness = 22.86 mm

Depth = 914.4 mm

13.7 Double-lane bridge deck parameters for case 4 using glass/PP.
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Top and bottom fl at face with hat-sine rib

The analysis was carried out by varying sine rib parameters (Table 13.3); 
the sections having required stiffness to control the defl ection within allow-
able limits are shown. In cases 1 and 2, carbon/PP was used in the bottom 
fl at face of the deck system having a composite thickness between 3 and 
3.5 in. Based on the combination of the least defl ection and adequate 
stresses (not shown here for the sake of brevity) the hat-sine rib dimensions 
were determined to be optimal for case 3 compared to cases 1 and 2. Case 
3, as shown in Fig. 13.8, provides a better section because it is cost effective 
and composed of glass/PP only with a component thickness between 2.0 
and 2.4 in. Once again it should be noted that glass is cheaper than carbon 
fi ber. Overall, the section shown by case 4 is the optimized section for this 
double-lane deck as it has 10.33% less cross-sectional area with comparable 
moments of inertia, and will consume less manufacturing cost compared to 
case 3 (Fig. 13.9). The defl ection and ultimate shear stresses for the opti-
mized section are 0.9 in. (22.5 mm), 6,366 psi (44 MPa), and 1,710 psi 
(11.8 MPa), respectively, and are shown in Plates X and XI (between pages 
240 and 241).

Table 13.3 Double-lane deck cross-sectional shape parameters

Case 
no.

Deck depth 
(amplitude) 
(mm)

Wavelength 
(mm)

Contact 
width 
(mm)

Top layer 
thickness 
(mm)

Sine curve 
thickness 
(mm)

Bottom layer 
thickness 
(mm)

1 609.6 914.4 304.8 88.9 76.2 88.9
2 762.0 1016.0 381.0 76.2 76.2 76.2
3 914.4 1219.2 406.4 60.96 50.8 60.96
4 914.4 1219.2 406.4 76.2 63.5 –

Note: The material for all cases is glass/PP except for cases 1 and 2, where the 
bottom layer material is carbon/PP.

Flat face thickness = 27.94 mm Contact Width = 406.4 mm

Wavelength = 1219.2 mm

7315.2 mm
Sine rib thickness = 22.86 mm

 

Depth = 914.4 mm

Flat face thickness = 27.94 mm 

13.8 Double-lane bridge deck parameters for case 4 using glass/PP.
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13.9 Maximum defl ection for double-lane deck models.

Flat face thickness = 9.144 mm

Sine rib thickness = 6.09 mm

Wavelength = 136.52 mm

Contact width = 35.56 mm
Depth = 63.5 mm

1092 mm

13.10 Panel shape and dimensional parameters used in an 
experiment.

13.4.3 Design verifi cation

Design verifi cation and analysis accuracy are compared by using the results 
of an experiment in which a panel made from E-glass/PP woven tape was 
tested under point loads (500 lbs (2.22 kN) to 2,000 lbs (8.90 kN)). The panel 
was simply supported and had a length of 43 in. (1075 mm) and a width of 
29.5 in. (737.5 mm). Its shape, as shown by Fig. 13.10, consisted of 0.36 in. 
(9 mm) thick top fl at face and 0.24 in. (6 mm) thick sine curve. The panel 
has the material properties as defi ned in Table 13.1. The experimental setup 
and details are mentioned in Ref. [4].

To check the accuracy of the fi nite element analysis, the panel is modeled 
on ANSYS using Shell 99 elements. The support boundary conditions are 
defi ned according to the experimental setup, and the process of fi nite 
element analysis is as defi ned. The experimental and FE analysis results 
are shown in Table 13.4. By comparing the experimental defl ection with 
the Ansys analysis (Fig. 13.11), the analysis was found to underpredict the 
defl ection by 10–15%. The difference between the analysis and the model 
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Table 13.4 Experimental and analytical defl ection comparison

Concentrated 
load lbs (kN)

Maximum defl ection 
inch (mm) 
(experimental)

Maximum defl ection 
inch (mm) (fi nite 
element analysis) Difference (%)

500 (2.22) 0.026 (0.65) 0.023 (0.65) 10.76
1,000 (4.45) 0.052 (1.30) 0.046 (1.15) 11.53
1,500 (6.67) 0.070 (1.75) 0.060 (1.50) 14.28
2,000 (8.90) 0.100 (2.50) 0.085 (2.12) 15.00
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Experimental results 
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on ANSYS  

13.11 Panel load defl ection comparison (experiment versus fi nite 
element analysis).

has been attributed to the perfect contact between the hat-sine rib profi le 
and the face panel assumed in the model, while in the experiment there 
is a relative deformation between the two. The relative deformation can 
be explained because, in the tested panel, the face panel was bonded to 
the hat-sine rib profi le using hot-melt glue. In an industrial setting, this 
step may adopt an ultrasonic bonding method, which would provide higher 
bond strength and eliminate any relative displacement between the face 
and the hat-sine rib profi le. However, the analysis captured the trend 
observed in the experiments adequately for verifi cation purposes. The 
results from some preliminary analysis using interface elements between 
the top plate and the ribs are reported elsewhere [11] (not reported here 
for the brevity), which also confi rmed the observation.

13.5 Comparing bridge deck designs

The performance of the proposed bridge deck system is compared to two 
other designs: the Lockheed-Martin bridge [12] and the bridge system 
proposed by Aref and Parsons [13].
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13.5.1 The Lockheed-Martin bridge

A 30 ft (9.14 m) span composite bridge built by Lockheed is described by 
Dumlao et al. [12]. A schematic of the cross-section of the Lockheed bridge 
is shown in Fig. 13.12 together with the proposed bridge deck design. The 
Lockheed design was loaded with a pair of 32 kips axles with measured 
defl ections less than Span/800. A similar loading condition is imposed for 
the proposed deck system by using two 32 kips (142 kN) axles with 14 ft 
(4.26 m) spacing; also the design is checked for tandem loading condition 
with 25 kips (111 kN) axles spaced at 4 ft (1.22 m) distance from each other. 
The maximum vertical displacement of the proposed design is 0.45 in. 
(11.25 mm) which is equal to the AASHTO limit, and it occurs under the 
tandem loading condition. The maximum Tsai-Hill failure index is 0.48, and 
it occurs due to factored loads (strength 1 load combination) using a pair 
of 32 kips (142 kN) axles with 14 ft (4.26 m) spacing. The interface shear 
stresses between the outer (top fl at face) and inner (sine ribs) shell contact 
area are σyz = 120 psi (0.82 MPa) and σxz = 366.5 psi (2.52 MPa). The weight 
of the proposed design is 28.1 kips and the dead-to-live load ratio is 0.439. 
The weight of the Lockheed bridge is 23 kips (102 kN), giving a dead-to-live 
load ratio of 0.36.

13.5.2 The bridge proposed by Aref and Parson [13]

The performance of the proposed double-lane bridge deck system (as dis-
cussed in Section 13.4.2) is compared to the bridge system proposed by Aref 

914.4 mm

609.6 mm

5486.4 mm
Contact width = 304.8 mm

Wavelength = 914.4 mm

Sine rib thickness = 38.1 mm

Flat face thickness = 50.8 mm

Glass/polyester-vinyl ester

E-glass/polypropylene

13.12 Cross sections of the Lockheed (thermoset glass/
polyester-vinylester) and the comparison (proposed thermoplastic 
E-glass/PP) bridges.
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7620 mm

914.4 mm

914.4 mm

7620 mm

S-Glass/epoxy

E-Glass/polypropylene

13.13 Cross sections of the Aref and Parsons [13] and the comparison 
thermoplastic (E-glass/PP) bridges.

Table 13.5 Performance comparison between S-glass/epoxy (Aref and Parsons 
[13]) and E-glass/PP (proposed design) deck

Material S-glass/epoxy E-glass/polypropylene

Defl ection, inch(mm) 0.9 (22.5) 0.9 (22.5)
Tsai-hill failure index 0.24 0.28
Interface σyz, psi (MPa) 504 (3.48) 234 (1.6)
Interface σxz, psi (MPa) 484 (3.34) 175 (1.2)
Deck self-weight, lbs (kN) 67,000 (298) 121,500 (540)
Dead load:live load 0.46 0.84

and Parsons [13]. A schematic of the cross section of the bridge system 
proposed by Aref and Parsons [13] consists of seven inner cells encased in 
an outer shell and is shown in Fig. 13.13 together with our deck system. The 
performance comparison of both systems is summarized in Table 13.5, 
based on maximum defl ection, failure indices, interface shear stresses, and 
the self weight of the deck system. The comparison of the proposed design 
with the modular fi ber (S-glass/epoxy) deck system proposed by Aref and 
Parson [13] shows similar margin of safety with a Tsai-Hill index of 0.28 
(proposed design) and 0.24 (Aref and Parsons [13]). Moreover, in the 
present design, a signifi cant factor of safety is achieved in interface shear 
stresses between the outer (top fl at face) and inner (sine ribs) shell contact 
area. The weight of our design is 121.5 kips (540 kN) which yields a dead-
to-live load ratio of 0.84, and the weight of the S-glass/epoxy deck system 
is 67 kips (298 kN), giving a dead-to-live load ratio of 0.46.
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13.6 Prefabricated wraps for bridge columns

As roadways and waterways become more congested, the risk of accidental 
collision with bridge piers remains a cause for concern. Bridge piers are 
designed for a variety of loading conditions, mainly compression, but often 
these structures fail when subjected to out-of-plane eccentric loading. 
Moreover, in engineering practice, there are many situations in which struc-
tures undergo impact or dynamic loading, such as during explosion, impact 
of ice load on pier structures, accidental falling loads, tornado-generated 
projectiles (i.e., objects picked up and converted to missiles by tornados), 
etc. For these reasons, along with the increased threat of terrorism, the need 
to fi nd a way to protect these structures is critical. Over the last few years, 
the presence of composite materials in the construction industry has become 
more common. Most of these applications utilize prepreg thermosetting 
composites, the most common of which is carbon fi ber-reinforced polymer, 
and so far most of the research conducted has concentrated on static and 
pseudo dynamic loading.

This study explored thermoplastic composite material produced in con-
tinuous pultruded form to produce a cost-effective split product form of 
directionally oriented glass fi ber in polyurethane (or polypropylene) ther-
moplastic matrix for a representative bridge column. Two split halves will 
encapsulate the column with on-site mounting feasibility. The advantage of 
using pre-fabricated thermoplastic forms is they can be thicker than con-
ventional thermoset wraps (such as presently used in bridge structures, only 
from a standpoint of enhancing stiffness/tensile strength). It is envisioned 
that under impact from unknown threats, such as collisions from trucks/
trailers or blasts, the structure will have progressive failure potential, in 
place of catastrophic fracture presently witnessed. The tape and pultruded 
thermoplastic form has fl exibility to accommodate curvatures encountered 
as part of the structure, and can be used either alone (only to suppress cata-
strophic failure) or in conjunction with conventional thermoset wraps if 
ductility improvement is also needed. An example of the concept is shown 
in Fig. 13.14. The split halves can be connected by a combination of ther-
moplastic tape jackets around the halves and a secondary mechanical rein-
forcement. Furthermore, the rate of strain induced on the structure is 
severe. The polypropylene alone or polypropylene/glass is cost-effective 
[14] and is expected to enhance the failure strain of concrete structures by 
several orders of magnitude.

The work presented here will compare the effects of dynamic loading of 
this type of confi nement with the most common composite strengthening 
technique to date, CFRP composite wrapping. Two series of tests will be 
performed in this research: uniaxial compression testing of cylinders and 
impact loading of columns. An explanation of the specimen designation 
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Glass/PP pultruded split shells with

or without thermoset wrap inside to

encapsulate column structures 

Joining thermoplastic tape rings to

join the split halves.  Secondary

mechanical bonding will also be

provided

13.14 Schematic of the concept.

system is given fi rst. The fi rst letters are used to denote the type of speci-
men, ‘Cy’ for cylinder and ‘Co’ for columns. The second letter establishes 
the confi nement type, ‘N’ for plain samples, ‘C’ for FRP, and ‘P’ for poly-
propylene jacket-confi ned cylinders. The next letter denotes the type of 
concrete, ‘B’ for high strength. The fi rst number in the scheme is for the 
confi nement thickness (mm) or number of plies. Finally, the last number 
represents the sample number.

13.7 Compression loading of bridge columns

The purpose of the uniaxial compression tests of the concrete cylinders was 
to evaluate static loading phenomena such as the effect on axial strength 
and strain capabilities. For this study, two variables were investigated: con-
fi nement material (polypropylene and CFRP composites (for reference)) 
and thickness of the polypropylene confi nement. Strains were recorded 
using unidirectional electrical resistance strain gages. Compression loading 
was conducted using a Tinius-Olsen Universal Testing Machine, with the 
load applied manually at a constant rate of 103 kPa/s. A MegaDAC data 
acquisition system was used to record both the load and strain data.

13.7.1 Specimen details

The average compressive strength of the concrete was 58.6 MPa. The cyl-
inders were grouped as follows: three control specimens; three 3 mm and 
three 6 mm thick polypropylene; and, fi nally, three single-ply unidirectional 
CFRP composites. Unidirectional SikaWrap Hex 103C was used for the 
CFRP, with Sikadur 300 used for the bonding agent to the concrete surface. 
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The fi bers were oriented such that they provided reinforcement in the hoop 
direction (perpendicular to the applied compression load). After preparing 
the concrete surface and the CFRP composites, the material was rolled onto 
the cylinders. George Fischer beta (β)-PP [15] was used for the polypropyl-
ene and came in the following dimensions: 140 mm outer diameter, 13 mm 
wall thickness, and 5 m in length. This material was chosen since it had many 
desirable characteristics, including high impact strength, abrasion resistance, 
low weight, and a sizable operating temperature range, making it ideal for 
load-bearing applications. Since the polypropylene reinforcement is meant 
to act as passive reinforcement, the material was machined down from its 
original 13 mm wall thickness to the two thicknesses previously mentioned. 
Table 13.6 gives the material properties for the two types of confi nement.

13.7.2 Stress–strain response

Comparison of the compression test data is presented in Fig. 13.15. Stress–
strain data for the individual PP confi nement materials can be found in 

Table 13.6 Mechanical data for reinforcing materials

Tensile 
strength (MPa)

Tensile 
modulus (GPa)

Elongation 
(%)

Nominal 
thickness (mm)

SikaWrap 
Hex 103C

958 73 1.33 1

β-PP 30 2.0 120 3 and 6

Note: β-PP = beta-nucleated polypropylene.

CyCB1

CyPB3

CyPB6

CyNB0

120

100

80

60

40

20

0
0.000

S
tr

e
s
s
 (

M
P

a
)

0.002 0.004 0.006 0.008 0.010

Axial strain

0.012 0.014 0.016 0.018 0.020

13.15 Comparison of stress versus strain for cylinders (averaged 
values).
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Figs. 13.16 and 13.17. A review of the response curves in Fig. 13.15 demon-
strates the polypropylene confi nement produces a signifi cant increase in the 
deformability of the concrete. However, it was unable to achieve similar 
compressive strength levels as that of the CFRP wrap concrete. For example, 
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13.16 Stress versus strain for CyPB3 cylinders.

13.17 Stress versus strain for CyPB6 cylinders.
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specimen CyCB1 reached a maximum axial stress of 98 MPa, whereas PP 
jacket specimens CyPB3 and CyPB6 could reach maximum 52 and 54 MPa, 
respectively. It was also obvious that isotropic CFRP wrapped around the 
circumference of the concrete did not affect the stiffness of the concrete up 
to peak concrete unconfi ned strength ′fc . Therefore, in this range, stiffness 
of the unconfi ned concrete was very similar to the CFRP wrap concrete. 
However, that was not the case for the PP jacket concrete. The PP, being 
more-or-less orthotropic, increased the stiffness to a considerable degree. 
Moreover, both CyPB3 and CyPB6 specimens achieved a similar stiffness.

CFRP wrap specimen CyCB1 achieved an axial strain at peak stress of 
0.0056 mm/mm which is 3.5 times the average axial strain of the unjacketed 
cylinders. PP jacket specimen CyPB3 achieved a maximum strain of 
0.0166 mm/mm, which is 9.2 times the average axial strain of the unjacketed 
cylinders. Specimen CyPB6 achieved a maximum strain of 0.0181 mm/mm, 
which is 10.1 times the average axial strain of the unjacketed cylinders. Both 
PP jacket specimens therefore recorded a maximum strain more than three 
times the CFRP wrap specimen. On the other hand, a maximum transverse 
strain at failure of 0.012 mm/mm (Fig. 13.16) and 0.015 mm/mm (Fig. 13.17) 
was recorded across the middle gage length for CyPB3 and CyPB6, 
respectively.

Initial matrix cracking formed in the wrap of specimen CyCB1 at an axial 
stress of 75 MPa. Rupture and debonding of strands of fi bers from the 
matrix material of the CFRP wrap fi rst occurred at a stress of 90 MPa. The 
specimen failed after a large number of strands of fi bers ruptured and 
debonded from the wrap. Once ruptured, the fi bers within these strands no 
longer contribute strength to the CFRP and thus confi nement to the con-
crete. When CFRP wrap can no longer provide confi nement, the specimen 
unloads. The rupture debonding of strands was concentrated along the 
middle gage length, though some also occurred within the top and bottom 
regions to a much lesser extent.

On the other hand, indication of initial concrete cracking was observed 
in the jacket of CyPB3 and CyPB6 at an axial stress of 54 MPa and 52 MPa, 
respectively. Once confi nement was engaged, behavior of the concrete was 
a function of the circumferential stiffness of the confi nement. Typically, 
three stages are seen in the stress–strain curves of fi ber-reinforced polymer 
confi ned specimens. In the fi rst region, it is the concrete that carries the axial 
load, due to minimal lateral expansion of the concrete core. Second, a non-
linear transition range begins when the concrete starts to expand, generat-
ing greater lateral strain. Finally, the confi nement takes effect and the 
stiffness is shown to remain at a constant rate. No debonding occurred along 
the PP. However, the PP jacket column showed a very small gain in com-
pressive strength, an almost insignifi cant increase in strength. This can be 
explained by the fact that the bulging of PP affected the post- ′fc (post-peak) 
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behavior. The polypropylene allowed the concrete to compact and dilate 
the confi nement material. The effect of dilation can be seen in Fig. 13.18, 
since this phenomenon allowed the stress–strain curve to ‘fl at-line’ (Fig. 
13.15). This refl ects a highly deformable mode of specimen failure relative 
to a specimen, for example, CFRP wrap which had failed by sudden rupture 
of all the fi bers in a region of the wrap. The bulging of the jacket, however, 
was concentrated along the upper gage length, though some also occurred 
within the bottom regions to a much lesser extent.

Normalized strain data given by the ratio εtu/εto (strain at failure of the 
confi ned cylinder by strain of the unconfi ned cylinder) are shown in Table 
13.7. The 3 mm PP jacket produced an average ratio of 8.4, and the 6 mm 

13.18 Comparison of failure among CyPB6 cylinders.

Table 13.7 Summary of compression test results

Specimen ID
Maximum strength 
(MPa)

Maximum 
strain εtu/εto

Change in strain 
(%)

CyNB0* 50 0.0018 – –
CyCB1-1 98 0.0056 3.1 211
CyCB1-3 106 0.0032 1.8 78
CyPB3-2 54 0.0135 7.5 650
CyPB3-3 53 0.0166 9.2 822
CyPB6-1 50 0.0181 10.1 906
CyPB6-2 52 0.0159 8.8 783
CyPB6-3 50 0.0176 9.8 878

* Average of the three specimens.
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PP jacket yielded an average ratio of 9.6, which is impressive when com-
pared with the 15.6 average ratio of the glass/PP confi nement reported in 
earlier research [16].

13.7.3 Failure modes

The modes of failure observed during these tests varied depending on the 
confi nement. The polypropylene confi ned samples exhibited a barreling 
effect as shown in Fig. 13.18. The ability to dilate considerably allowed the 
confi ned concrete to crush and compact inside the PP jacket. While this 
dilation was drastic, yielding of the polypropylene is evident in only a few 
places on the samples, and only one sample showed signs of material failure. 
Failure of the CFRP wrapped cylinders occurred due to fi ber rupture near 
mid-height (Fig. 13.19).

13.8 Impact loading of bridge columns

The system used for impact testing was an Instron Model 8250 drop-weight 
impact machine with an instrumented striker (tup) assembly (Fig. 13.20). A 
fl at striker was used for this test and had an impact area of 76 mm × 102 mm. 
For this study, the impact weight was 246 N. The hammer (tup) contained 
an internal load cell, which was used to record the contact load between 
the falling assembly and the column during the impact event. The load cell 
was rated for a maximum load of just over 44 kN. A drop height of 30 cm 
was used for all tests, since the combination of this height and the weight 
of the striker assembly produced loading close to that of the maximum 
allowed by the load cell. In previous studies using this machine, load–time 

13.19 Comparison of failure among CyCB1 cylinders.
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13.20 Instrumented drop weight low velocity impact test.

plots reported peak loads several times the expected value. Conclusions 
from similar tests, drawn by Suaris and Shah [17], illustrated that this loading 
was not indicative of the material properties but instead was a result of 
inertial effects of the samples. Though these effects have been accepted and 
calculated before testing metals, concrete creates a more complex problem 
due to the relatively small fracture strain and increased size of test specimen 
[18]. As in previous testing, a rubber pad was added to the striker to elimi-
nate the inertial effects or ‘ringing’ being generated from the impact of the 
steel hammer and concrete specimens.

As mentioned earlier, impact testing was conducted using a total of four 
concrete columns: one control specimen, one CFRP confi ned, and two 
confi ned by a PP jacket of 3 mm and 6 mm thicknesses. For the CFRP 
confi ned, the fi bers were oriented along the length of the column such that 
they provided reinforcement perpendicular to the axis of impact. The con-
crete used was from the same batch that produced the high strength cylin-
ders tested under uniaxial compression. All columns tested were 152 mm × 
914 mm. In an effort to illustrate a similar loading situation as would be 
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seen in reality, the columns were placed horizontally inside a testing jig and 
subjected to axial compression. Defl ection, velocity, and energy absorption 
were recorded using the DynaTup software that accompanied the Instron 
drop-tower. Strain data were recorded separately from the rest of the 
impact data. Strain was measured using unidirectional strain gages and 
recorded using the DATAQ recorder. After testing and subsequently failing 
the control column (CoNB0), it was clear that it would be impossible to fail 
the confi ned columns. The PP columns (CoPB3 and CoPB6) were impacted 
an average of fi ve times. This was done to see if the material would exhibit 
any signs of weakening. Since the CFRP confi ned sample was assumed to 
be stiffer than the PP confi ned columns, only two tests were conducted. All 
samples were impacted from a height of 30 cm in an effort to keep the load 
cell free from damage. Due to the limitations of the drop-tower machine, 
the impact loading can be classifi ed as low velocity impact or velocity less 
than 10 m/s [19]. Average impact velocity for these tests was 2.4 m/s. 
A summary of test data is given in Table 13.8.

Figure 13.21 shows the load versus time plot. The inertial effects have been 
reduced and are not visible in this plot due to the addition of the rubber pad 
to the striker. This phenomenon was evident in tests conducted by Erki and 
Meier [20]. Several observations can be made from the fi gure. First, the 
initial peak was the actual peak load. The subsequent peaks of smaller ampli-
tude are simply rebounds of the tup. Since it was the stiffest, CoCB1 had the 
largest peak load of all the specimens with a value of 45 kN. As expected, 
CoPB3 and CoPB6 have desirable lower peak loads of 36 kN and 34 kN, 
respectively, since these specimens were less stiff than CoCB1. Since CoNB0 
cracked under the loading, it seems not to have the second peak, only a third 
after a little rest due to a delayed rebound of the tup for the cracking. The 
dynamic bending load increase, on the other hand, was highest for the less 
stiff columns (CoPB3 and CoPB6) and gradually declined in value with 
increased stiffness. This trend was also observed by Jerome and Ross [21].

Based on the energy balance approach, the initial kinetic energy of the 
impactor deformed the structure during impact. Since the specimens used 
for this study were short columns and subjected to a compression suffi cient 

Table 13.8 Summary of impact test results

Specimen ID
Peak load 
(kN)

Maximum defl ection 
at mid-span (mm)

Maximum 
strain

Change in strain 
(%)

CoNB0 38 3.38 0.0024 –
CoCB1 45 2.72 0.0057 143
CoPB3 36 4.52 0.0047 101
CoPB6 34 5.00 0.0058 148
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13.22 Load versus displacement for tested columns.

(corresponding to 1/8 Po, where P A fg co = ′0 85. ) to provide fi xity at the end 
against the impact, the stiffness was far too great to allow failure. It has been 
shown that the energy dissipated during vibration of composite structures is 
negligible [22]. From the load versus displacement curve (Fig. 13.22) however, 
CoPB6 defl ected more than 5 mm and CoPB3 defl ected about 4.5 mm. These 
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13.23 Energy versus time for tested columns.
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13.24 Defl ection versus time for tested columns.

defl ections are much higher than CFRP wrap column CoCB1, which 
defl ected about 2.6 mm, about half that of the PP jacket confi ned columns.

From the energy versus time curve (Fig. 13.23), it appears that energy 
absorption of the polypropylene was higher than that of the CFRP com-
posites confi nement. Energy absorption for the 3 mm PP jacket was higher 
than that of the 6 mm jacket. Specimen CoCB1 absorbed 62 J, whereas 
specimens CoPB3 and CoPB6 absorbed about 78 and 70 J, respectively. The 
displacement versus time curve (Fig. 13.24) indicates that the polypropylene 
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jacket confi ned specimens produced higher defl ection than the CFRP con-
fi ned column and unconfi ned column. This effect was due to the ability of 
the material to compress and further absorb the energy from impact. Trans-
verse fl exural strain values recorded across the middle gage length showed 
that CoPB6 and CoCB1 have equivalent strain values at the point of impact, 
with an increase in capability of approximately 145% over the unconfi ned 
concrete. The increase in deformability of sample CoPB3 was slightly less, 
with an increase of about 100%.

13.9 Conclusion

13.9.1 Bridge decks

The design concept and manufacturing processes of thermoplastic bridge 
deck composite structural systems are presented by recognizing the 
structural demands required to support highway traffi c. The deck system is 
carefully engineered by considering the structural effi ciency and manufac-
turing ease of deck components. Glass/PP woven tape material is used 
based on its effective utilization to produce structural deck components 
with fl at geometries and gradual radii/curvatures.

The structural system presented possesses several special features that 
contribute to its effectiveness, including the use of curved panels (sine ribs) 
which provide the nonplanar core confi gurations to increase the perfor-
mance of the bridge deck system. In all deck design cases, the stiffness (i.e. 
serviceability) is the main governing factor which controls the design. Once 
the stiffness requirement has been satisfi ed, the strength of the structure 
proved to be suffi cient. In both deck systems (single-lane and double-lane), 
the outer shell (top fl at face) with sine ribs offers a more effi cient and eco-
nomical section. The proposed design is compared to two published com-
posite bridge concepts proposed by Dumalao et al. [12] and Aref and 
Parsons [13]. Although the present design has higher self-weight, which 
results in higher dead-to-live load ratio than both the glass/polyester-vinyl-
ester [12] and S-glass/epoxy deck systems [13], it could result in a better 
low-cost deck section based on the manufacturing and material cost com-
parison, as E-Glass/PP is much less expensive and the manufacturing 
process associated with it yields very good cost-effective results at a higher 
production rate [14].

13.9.2 Column wraps

Bridge columns are expected to sustain breaching and large inelastic 
rotation in plastic hinges during impact loading, a prime concern for the 
retrofi t design to enhance the breaching and ductility capacity. Ductility 

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

344 Developments in FRP composites for civil engineering

will normally be provided by column plastic hinges. It is the plastic rota-
tion of potential plastic hinges that is of greatest interest. The available 
plastic rotation capacity, and hence the ductility capacity, depends on the 
distribution of transverse reinforcement within the plastic hinge region. 
Transverse reinforcement provides the dual function of confi ning the core 
concrete, thus enhancing its breaching strength and enabling it to sustain 
higher compression strains, and restraining the longitudinal compression 
reinforcement against buckling. Most current bridge retrofi tting applica-
tions utilize wet layup thermosetting composites, the most common of 
which is carbon fi ber-reinforced polymer. However, FRPs possess a limited 
strain capacity relative to conventional materials such as steel. Finally 
FRP materials are relatively expensive.

This chapter discusses the results of the small-scale static cylinder tests 
and the impact tests on concrete columns. As summarized in the following, 
thermoplastic reinforcement jackets act to restrain the lateral expansion 
of the concrete that accompanies the onset of crushing, maintaining the 
integrity of the core concrete, and enabling much higher compression 
strains (compared to CFRP composite wraps) to be sustained by the com-
pression zone before failure occurs. The mode of failure of PP wrapped 
specimens refl ects a ductile mode of specimen failure relative to a speci-
men, for example, CFRP wrap, which had failed by sudden rupture of all 
the fi bers in a region of the wrap. The bulging of the PP jacket, on the 
other hand, was concentrated along the upper gage length, though some 
also occurred within the bottom regions to a much lesser extent. No sepa-
ration or debonding from the concrete surface occurred along the PP.

The impact tests were conducted to assess the energy absorption capacity 
of three concrete columns strengthened by PP confi nement, a carbon/epoxy 
confi ned and one unconfi ned control specimen. All the results conclusively 
demonstrated the superior impact resistance properties of PP wrapped 
specimens over the CFRP. From the test results, the following conclusions 
were drawn.

1. Peak loading of the columns varied based on the stiffness of the confi ne-
ment. Since the PP confi ned columns were the least stiff, they also 
exhibited the desirable least peak loading from the impact resistance 
design perspective.

2. Defl ection of the PP confi ned columns was greater than the unconfi ned 
and CFRP confi ned columns. This is very favorable given that the time 
this displacement occurred was nearly six times greater than that of the 
plain specimen.

3. Transverse fl exural strain values recorded across the middle gage length 
showed that the PP jacket strain demonstrates an increase in capability 
of approximately 145% over the unconfi ned concrete. The increase in 
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ductility of the PP jacket confi ned specimens was about 100% over 
CFRP wrap columns.

4. Energy absorption of the 3 and 6 mm PP was signifi cantly higher than 
that of the single-ply CFRP composites confi nement. Energy absorption 
for the 3 mm PP jacket was higher than that of the 6 mm jacket, which 
can be attributed to the lower stiffness of the former.

5. The PP jacket confi ned columns produced higher defl ection than the 
CFRP confi ned column and unconfi ned column. This effect was due to 
the ability of the material to compress and further absorb the energy 
from impact. Though failure was not possible for the PP wrapped speci-
mens, the above results demonstrated that the usage of a thermoplastic 
prefabricated jacket can be a potential solution to the threat of impact.
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Fiber-reinforced polymer (FRP) composites 

for bridge superstructures
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Abstract: This chapter fi rst reviews current structural applications of 
fi ber-reinforced polymer (FRP) composites in bridge structures, and 
describes advantages of FRP in bridge applications. This chapter then 
introduces the design of a hybrid FRP–concrete bridge superstructure, 
which has been developed at The University at Buffalo for the past ten 
years, and discusses structural performance of the superstructure based 
on extensive ex perimental and analytical studies.

Key words: fi ber reinforced polymer (FRP), bridge, superstructure, 
hybrid structure.

14.1 Introduction

14.1.1 Bridge conditions in the USA

Civil infrastructure systems play a crucial role in social and economic activi-
ties in any societies. Considering their importance, it is not surprising that 
the total investment in civil infrastructure is massive. The Federal Highway 
Administration (FHWA) estimates that the federal government alone has 
invested over $1 trillion in the US highway system (Wu, 2005). However, 
the US is now facing a major challenge to keep the nation’s infrastructure 
systems in usable condition.

In 1967, the collapse of the Silver Bridge turned the bridge engineering 
community’s attentions toward safety of bridges. State Departments of 
Transportation and FHWA collaborated to establish a systematic evalua-
tion of structural safety, which resulted in the National Bridge Inspection 
Standards (NBIS) issued in 1971. These standards provide uniform proce-
dures for the collection and maintenance of inventory and inspection data, 
minimum qualifi cations for bridge inspection personnel, and standardized 
methods for evaluating bridge conditions. The data collected by each state 
are submitted annually to FHWA, and FHWA maintains the data in the 
National Bridge Inventory (NBI) database. This NBI database contains 
only data for structures with a span of more than 6.1 m (Dunker and 
Rabbat, 1995; Small and Cooper, 1998).
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A bridge is classifi ed as defi cient or not defi cient by the inspection. There 
are two categories for defi cient bridges: structurally defi cient and function-
ally obsolete. The former indicates a defi ciency in the health of a structure; 
the latter indicates a defi ciency in the performance. Their defi nitions are as 
follows: bridges are structurally defi cient if they have signifi cant deteriora-
tion and have been restricted to light vehicles, and require immediate 
rehabilitation to remain open, or are closed; and bridges are functionally 
obsolete if they have deck geometry, load-carrying capacity, clearance or 
approach roadway alignment that no longer meet the criteria for the system 
of which the bridge is an integral part.

The number of defi cient bridges is the most common indicator of the 
overall condition of bridges in the US, and the data for the last 20 years are 
plotted in Fig. 14.1. As of 2011, nearly 24% of 600,000 public bridges are 
either structurally defi cient or functionally obsolete. Figure 14.2 shows a 
histogram of ages of US public bridges. The average age is about 40 years, 
and, as can be seen in the fi gure, a ratio of structurally defi cient bridges to 
the number of bridges increases with age, implying that there will be an 
increasing need for maintenance work in coming years. According to a 
study by Brailsford et al. (1995), bridge decks are ranked the No. 1 bridge 
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14.1 Number of defi cient bridges in the US (source: National Bridge 
Inventory).
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Table 14.1 Bridge maintenance priorities at 
state DOTs (Brailsford et al., 1995)

Rank Maintenance items

1 Bridge decking
2 Expansion joints
3 Steel trusses/connections
4 Painting
5 Concrete beams/columns
6 Steel bearings
7 Bridge railings
8 Timber piling
9 Drainage systems

10 Abutments/pier caps
11 Channel protection
12 Impacts
13 Electrical/mechanical

maintenance item by State Department of Transportation (DOT) agencies. 
Tables 14.1 and 14.2 show the leading bridge maintenance priorities and 
the typical sources of bridge deterioration, respectively.

Although a quarter of US bridges are classifi ed as defi cient, the number 
of defi cient bridges has been decreasing for the past few years as can be 
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Table 14.2 Typical sources of bridge 
deterioration (Brailsford et al., 1995)

Rank Deterioration mechanism

1 Road deicing salts
2 Salt-water environment
3 Impact
4 Fatigue
5 Other:

 General aging
 Calcium chloride
 Freeze-thaw
 ASR of concrete
 Timber decay

seen in Fig. 14.1. There are a few reasons for this decreasing trend. First of 
all, the funding for preservation of the highway system has steadily increased 
to maintain deteriorating bridges. Secondly, the periodic and uniform 
inspection of bridges has played an important role in this decrease of defi -
cient bridges. Not only does the inspection help State DOTs to locate 
defi cient bridges, but the NBI database helps bridge experts and engineers 
point out critical problems with current bridge design practices. Thirdly, new 
materials and structural designs that require less maintenance have been 
developed and implemented in recent years.

However, this decreasing trend in the number of defi cient bridges may 
not continue without better maintenance strategies. A large volume of the 
bridges were built in the 1960s (the Interstate era), and they will need more 
maintenance, major rehabilitation, or replacement in the near future. The 
US DOT also reported that it would require a signifi cant increase in bridge 
funding in the coming years to fi x all current and new defi ciencies caused 
by further deterioration, since the investment that has been committed is 
only suffi cient to preserve the bridge conditions and keep them from getting 
worse (US Department of Transportation, 2000).

14.1.2 Advantages of FRP composites

It is imperative to build bridge systems that have long-term durability and 
low maintenance requirements. As mentioned in the previous section, about 
11% of US bridges are structurally defi cient as of the year 2011, and billions 
of dollars will have to be spent in maintaining and improving conditions of 
the defi cient bridges. A solution to this challenge may be to use new materi-
als or to implement new structural systems. Among new structural materials, 
fi ber reinforced polymer (FRP) composites have recently gained much 
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attention in the civil engineering community due to their superior material 
properties, such as high specifi c stiffness, high specifi c strength, and high 
corrosion resistance.

FRP composites were applied in industry for the fi rst time about 80 years 
ago. Since then, FRP composites have been developed mostly in the defense 
industry, particularly aerospace and naval applications. In the last two 
decades, considerable efforts have been made to apply FRP composites in 
the construction industry, and recently, structural applications of FRP com-
posites started to appear in civil infrastructure systems. State-of-the-art 
reviews on FRP composites for construction can be found in papers by 
Karbhari and Zhao (2000) and Bakis et al. (2002). Some of the advantages 
of FRP composites over conventional materials in civil infrastructure appli-
cations are: high specifi c strength and stiffness, corrosion resistance, enhanced 
fatigue life, tailored properties, ease of installation, lower life-cycle costs, etc.

With these advantages, FRP composites have a great potential to be suc-
cessfully applied in bridge structures. The high corrosion resistance of FRP 
composites makes them ideal alternative materials to resolve a number of 
persistent problems that the US highway system is now facing. Moreover, 
FRP composite structures can be much lighter than those built with con-
ventional structural materials, which leads to reduction of dead load and 
ease of erection. Some of the research efforts and applications of FRP 
composites in bridge structures can be found in papers by Zureick et al. 
(1995), Seible et al. (1998), Tang and Hooks (2001), and Mufti et al. (2002).

14.2 Fiber-reinforced polymer (FRP) applications 

in bridge structures

Structural applications of FRP composites can be categorized into two large 
groups: rehabilitation and new construction. In a rehabilitation program, 
defi ciencies of a structure are eliminated so that the structure can meet 
requirements of design codes as well as social and economic demands, and 
depending on its objective, the structural rehabilitation can be further 
divided into three groups: repair, strengthening, and retrofi tting. Repairing 
a structure is to fi x defi ciencies by using FRP composites, so that the struc-
ture can regain its originally designed performance level. Strengthening a 
structure by applying FRP composites is to enhance the designed perfor-
mance level. The retrofi tting of a structure is to upgrade the seismic capacity 
of a structure by the use of FRP composites. For new construction, FRP 
composites can be used as reinforcing bars and tendons in concrete bridges, 
structural members of pedestrian bridges, deck and superstructure of vehic-
ular bridges, bridge accessories such as inspection decks and manhole 
covers, etc. FRP applications in bridge structures are reviewed briefl y in this 
section.
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14.2.1 Rehabilitation

Repairing or strengthening beams, slabs, or bridge decks with FRP compos-
ite laminates is one of the most popular applications of FRP composites in 
bridge systems. There are many bridges where strengthening of the soffi t of 
beams, slabs, or bridge decks is required. In some cases, concrete beams, 
slabs, and decks have deteriorated due to corrosion of steel reinforcement 
and freeze-thaw action. In other cases, structures have to be upgraded to 
bear higher load levels. Conventionally, either the external post-tensioning 
or the addition of epoxy bonded steel plates to the soffi t is used for the 
repair and strengthening of concrete beams, slabs, and decks. Recently, 
externally-bonded FRP laminates have gained more popularity in this 
repair and strengthening procedure than the use of steel plates because 
FRP is corrosion resistant and very easy to handle.

A number of steel truss bridges in the US need either rehabilitation or 
replacement. As shown in Table 14.1, steel trusses are ranked No. 3 in the 
leading bridge maintenance priorities. Because a bridge replacement project 
can be very costly, a rehabilitation project is usually preferred if it is a viable 
option. In 2000, rehabilitation of a steel truss bridge was successfully com-
pleted by replacing the reinforced concrete deck with an FRP composite 
deck in the village of Wellsburg, NY (Alampalli and Kunin, 2001). This is 
the fi rst project using this type of rehabilitation method. In this project, the 
application of an FRP composite deck reduced dead load of the bridge by 
240 metric tons (the dead load became about one-fi fth of the original dead 
load), and resulting in doubling the load ratings. The total cost of the project 
was $0.8 million, while it would have been $2.2 million to replace the entire 
bridge. In addition, a signifi cant time reduction for the entire rehabilitation 
project was demonstrated.

In addition, FRP sheet bonding repair can be applied to repair corrosion-
damaged steel bridges. In 2007, corrosion-damaged lower chord members 
of Asari Bridge, a three-span continuous steel truss bridge in Japan, was 
successfully repaired by bonding carbon fi ber-reinforced polymer (CFRP) 
strand sheets.

For seismic retrofi t, the most popular application of FRP composites is 
FRP composite jacketing of concrete columns. Recent earthquakes have 
shown the vulnerability of existing older concrete columns in bridges and 
buildings. Particularly, reinforced concrete bridge piers, designed before the 
1971 San Fernando earthquake, are vulnerable because the transverse rein-
forcement is inadequate. Lessons learned from the 1971 San Fernando 
earthquake and the 1989 Loma Prieta earthquake led to the development 
of a steel jacket system for retrofi tting those RC columns with substandard 
details. Although steel jackets work very well, they are costly because the 
installation is time-consuming, and they require constant maintenance. To 
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speed up the installation of column jackets and reduce maintenance work, 
various column-jacketing techniques using FRP composites have been 
developed and successfully used in seismic retrofi t projects.

14.2.2 Reinforcing bars and tendons

FRP reinforcing bars and tendons have been used for new concrete struc-
tures. Feasibility studies of FRP reinforcing bars began in the 1950s, and 
their applications gained much attention to prevent corrosion of steel rein-
forcing bars in the late 1980s (Bank, 2006). Currently, there is a design guide 
published by the American Concrete Institute (2006).

FRP composite tendons were implemented in a highway bridge deck in 
Germany in 1986, for the fi rst time in the world. It has been over two 
decades since the fi rst application, and the FRP tendons have widely been 
accepted in bridge construction. Pre- or post-tension tendons and stay 
cables made of FRP composites have an advantage over steel tendons and 
cables in their corrosion resistance. For these applications, aramid fi ber-
reinforced polymer (AFRP) and CFRP composites are often used due to 
their superior creep resistance. Moreover, FRP tendons and cables are 
lightweight and much easier to handle than those of steel.

14.2.3 Pedestrian bridges

The fi rst pedestrian FRP composite bridge was built by the Israelis in 1975 
(Tang, 1997). The fi rst all-composite pedestrian bridge was installed in 1992 
in Aberfeldy, Scotland (American Composites Manufacturers Association, 
2004). It is a cable-stayed bridge with a total length of 113 m. Many others 
have been built in Asia, Europe, and North America since then. The devel-
opment of pultruded structural shapes contributed to this increase in the 
number of FRP composite pedestrian bridges. Advantages of FRP compos-
ite pedestrian bridges over those made of conventional materials are light-
weight, ease in installation, and low maintenance. These advantages made 
it possible to easily install pedestrian bridges in areas that are inaccessible 
by heavy construction equipment and environmentally restrictive. For this 
reason, many FRP composite pedestrian bridges can be found in State and 
National Parks in the US.

14.2.4 Decks

As shown in Table 14.1, bridge decks require the most maintenance of all 
elements in a bridge superstructure because the wearing surface deterio-
rates or wears out, and the deck system itself deteriorates due to de-icing 
salt and other causes. There has been a need for bridge decks made of new 

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

354 Developments in FRP composites for civil engineering

materials that can offer long-term durability and low life-cycle costs. To 
resolve these issues, FRP composite bridge decks have been developed and 
installed in many bridges. FRP composite bridge decks have several advan-
tages over conventional bridge decks. First of all, because FRP composites 
are corrosion resistant, bridge decks made of FRP composites have lower 
life-cycle costs. Secondly, they are very easy to install due to their light 
weight. Thirdly, they can be prefabricated. This makes products uniform in 
quality and the installation time much shorter. Lastly, the reduction of deck 
weight is a major benefi t to the bridge system. By reducing dead load, the 
bridge system with an FRP deck can either be used for higher live load 
levels or longer spans than a bridge system with a conventional bridge deck 
system. The use of an FRP bridge deck is reported to reduce the weight of 
conventional construction by 70–80% (Tang, 1997).

Many deck systems have been developed and tested since the early 1990s. 
The fi rst US all composite vehicular bridge deck was built in 1996 in Russell, 
Kansas (Tang and Podolny, 1998), where the FRP deck panel is a sandwich 
construction of composite honeycomb and two composite face sheets. It 
took only one day to install the bridge deck in Russell County, showing how 
easy it is to install this type of modular FRP composite bridge deck. 

One of the most popular types of FRP composite bridge deck is the one 
that has a sandwich structure. It consists of a core and top and bottom face 
sheets, and the core can be foam, honeycomb cells, or made of hexagon and 
double-trapezoid profi les. Other types of FRP composite decks have also 
been developed by making use of pultruded structural shapes (see, for 
example, Hayes et al., 2000).

Based on experiences with different types of FRP decks, maintenance 
issues peculiar to each type have been found. To have standard guidelines 
to inspect and evaluate the condition of existing FRP bridge decks, NCHRP 
conducted a research project and published an inspection manual as 
NCHRP Report 564 (Telang et al., 2006).

14.2.5 Accessories (such as inspection walkway 
and manhole cover)

Recently, accessories such as inspection walkways and manhole covers 
made of FRP composites have begun to be used. Corrosion of con-
ventional steel inspection walkways in the bridges located in corrosive 
environments is always a problem. The use of FRP inspection walkway 
requires much less maintenance in such severely corrosive environments 
than conventional ones. In addition, lightweightness of FRP composites 
makes installation work of FRP inspection walkways much simpler 
without any heavy equipment and FRP manhole covers much easier 
to handle.

�� �� �� �� �� ��



 Fiber-reinforced polymer composites for bridge superstructures 355

© Woodhead Publishing Limited, 2013

14.2.6 Superstructure

With the knowledge obtained from constructions of pedestrian bridges and 
bridge decks, many researchers and engineers have been trying to develop 
cost-effective all FRP composite vehicular bridges. Advantages of FRP 
composite vehicular bridges over bridges of conventional materials include 
corrosion resistance, ease of installation, reduction of construction period, 
less maintenance requirements, less dead load, a capability to have a longer 
span, and lower life-cycle costs.

Early examples of all FRP vehicular bridges include Laurel Lick Bridge, 
Tom’s Creek Bridge, TECH21 Bridge, Kings Stormwater Channel Bridge.

• The Laurel Lick Bridge, with a span of 6.1 m, was built in 1997. The 
bridge has modular glass fi ber-reinforced polymer (GFRP) decks on 
pultruded GFRP wide fl ange beams (Creative Pultrusions, Inc., 2002).

• The Tom’s Creek Bridge, with a span of 5.33 m, was built in 1997. The 
bridge utilized pultruded hybrid FRP double-web beams as superstruc-
ture, and the FRP beam was composed of E-glass and carbon fi bers in 
a vinylester matrix (Neely et al., 2004).

• The Tech 21 Bridge, with a length of 10.1 m, was built in 1997. The bridge 
has GFRP decks of sandwich construction on three GFRP beams with 
trapezoidal cross section (Farheyl, 2005). The GFRP beams were com-
posed of E-glass fi bers and polyester resin.

• The Kings Stormwater Channel Bridge, with a length of 20.1 m, was 
built in 2000. The bridge has modular GFRP decks supported by con-
crete-fi lled fi lament-wound CFRP tubes (Seible et al., 1999).

In spite of various advantages, there are several developments required 
to realize a successful design of a cost-effective all FRP composite vehicular 
bridge. Some of the areas needing more developments are: 

• Although FRP composites have high specifi c strength, the stiffness has 
controlled the design rather than strength in almost all the demonstra-
tion FRP vehicular bridge projects where GFRP is used. It has been 
reported that the maximum stress level rarely exceeds 10% of the ulti-
mate strength of the materials in these bridges (Karbhari and Zhao, 
2000). To use the strength of the materials effi ciently, more improve-
ments and developments are needed on FRP composite bridge systems. 
Examples are structural optimization of the cross-sectional geometry, 
hybrid use of glass and carbon fi bers, and hybrid use of FRP and con-
ventional materials.

• FRP composites are susceptible to stress concentration due to their 
anisotropic material properties. Because FRP composites are not as 
ductile as steel, catastrophic failure may occur once the stress reaches 
the ultimate stress level. Therefore, better ways to connect FRP members 
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have to be developed in order to avoid these high stress concentrations. 
Some connection details of FRP members developed in the aerospace 
industry should be examined and transferred for bridge applications.

• Pultruded FRP composite structural shapes should be standardized. 
This will lead to achieving the uniform quality of structural components 
and reducing the initial costs. In addition, the standardization of struc-
tural shapes is necessary to facilitate the development of design guide-
lines for FRP composite bridges.

• Environmental durability of FRP composite materials has to be thor-
oughly investigated and well understood. The experimental and fi eld 
data on the long-tem durability of FRP composites will facilitate the 
development of a design philosophy based on life-cycle costs. In addi-
tion, long-term performance data of FRP bridges should be accumu-
lated so that proper maintenance procedures can be standardized.

• Initial costs of FRP composite bridges are still too expensive to compete 
with bridges of other conventional materials. Standardization of struc-
tural shapes and design with effi cient use of materials are required to 
reduce the initial costs.

14.3 Hybrid fi ber-reinforced polymer (FRP)–concrete 

bridge superstructure

14.3.1 Hybrid FRP–concrete structural system

To resolve some issues that all FRP composite bridges have, combinations 
of FRP and conventional materials have recently been investigated by a 
number of researchers. A good review on the combined or hybrid con-
struction can be found in the paper by Mirmiran (2001). The advantages 
of the hybrid structural systems include the cost effectiveness and the 
ability to optimize the cross section based on material properties of each 
component. According to Mirmiran (2001), the most effective use of FRP 
composites is in the form of hybrid construction with concrete, where 
FRP acts as a load-carrying constituent and a protective measure for 
concrete.

The innovative idea of a hybrid FRP–concrete structural system for 
fl exural members was fi rst proposed by Hillman and Murray (1990). They 
proposed the combination of pultruded FRP sections and concrete to form 
lightweight decks in order to reduce the dead load in steel frame buildings. 
The FRP section was designed to serve as both reinforcement and perma-
nent formwork. Most of the concrete was located above the neutral axis of 
the hybrid section. The study concluded that the weight reduction would be 
more than 50% when compared with a common type of concrete slab 
system.
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Bakeri and Sunder (1990) investigated hybrid FRP–concrete bridge 
deck systems. They proposed a deck system of a simply curved membrane 
of FRP composites fi lled with concrete that was intended to resist the com-
pressive force. A fi nite element analysis was performed to evaluate the 
mechanical performance of the deck system under an HS20-44 truck 
loading. They concluded that the hybrid FRP–concrete system was promis-
ing, particularly from the viewpoint of cost.

Saiidi et al. (1994) conducted experimental and analytical studies on 
composite beams that consist of CFRP structural sections and reinforced 
concrete slabs. Although in their study an epoxy resin was used to provide 
the bond between the concrete deck and the CFRP sections, they concluded 
that the use of epoxy resin to bond concrete to CFRP was only partially 
effi cient, and that mechanical connectors or other reliable means would be 
needed to develop a good composite action between CFRP elements and 
a concrete slab.

Deskovic et al. (1995a) presented an innovative design of a hybrid FRP–
concrete beam. The proposed beam consists of a fi lament-wound GFRP 
box section combined with a layer of concrete in the compression zone and 
a thin CFRP laminate in the tension zone. Three-point bending test results 
confi rmed that the proposed design was feasible for producing an effi cient 
and cost-effective hybrid system. They also studied long-term behavior 
(creep and fatigue) of the proposed hybrid section experimentally and 
analytically (Deskovic et al., 1995b). Their analytical model agreed closely 
with experimental results. They concluded that the proposed hybrid section 
had very good time-dependent response characteristics.

Seible et al. (1998) designed a two-span, 210 m long, two-lane highway 
bridge with lightweight concrete-fi lled circular CFRP composite tubes. 
Their study showed that the design is stiffness-driven for this modular beam 
and slab bridge system, and that signifi cant strength reserve remains in the 
carbon shell. Their preliminary estimates indicate that two different bridge 
systems, the concrete-fi lled CFRP beams with RC deck and the concrete-
fi lled CFRP beams with pultruded modular E-glass deck, are 20% and 
100% more expensive, respectively, when compared to a conventional RC 
slab bridge.

Ribeiro et al. (2001) investigated the fl exural performance of hybrid 
FRP–concrete beams. In their design, GFRP pultruded channel profi les 
were assembled with a layer of concrete. Four types of hybrid rectangular 
beams were tested in the four-point bending. Two of them had all the section 
fi lled with concrete, while the other two had concrete only in the upper part 
of the profi le. To compare the fl exural performance of each assembly, they 
used two indices: fl exural specifi c rigidity and synergistic effect. Flexural 
specifi c rigidity is a ratio between the fl exural rigidity and the specifi c 
weight, while synergistic effect is a ratio of the ultimate load of the assembly 
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to the sum of the ultimate loads of its two elements (GFRP channel and 
concrete). Test results showed that the fl exural specifi c rigidity was the 
highest for the specimen that has more GFRP in the tension side and con-
crete only in the compression side. The synergistic effect was the highest 
for the specimen that did not exhibit a bond failure at the FRP–concrete 
interface. No special measure to provide the bond at the interface was taken 
in any specimen.

Fam and Rizkalla (2002) studied fl exural behavior of concrete-fi lled 
FRP circular tubes experimentally. This hybrid system was developed as 
an excellent alternative for structural components subjected to aggressive 
corrosive environments. The FRP tube provides a lightweight permanent 
formwork for fresh concrete and acts as a non-corrosive reinforcement. 
The concrete core has two main functions: (1) to provide internal support 
to the tube and, consequently, prevent the local buckling of the FRP 
tube; and (2) to provide the internal resistance force in the compression 
zone and increase the strength and stiffness of the member. A total of 
20 beams including steel tubes were tested in four-point bending. GFRP 
tubes were either fi lament-wound or pultruded. Some of their conclusions 
were: (1) the higher the stiffness of the hollow tube, the lower the gain 
in fl exural strength and stiffness resulting from concrete fi lling; (2) although 
concrete-fi lled pultruded GFRP tubes showed higher stiffness than con-
crete-fi lled fi lament-wound GFRP tubes of the same thickness, they failed 
prematurely by horizontal shear due to the lack of fi bers in the hoop 
direction; (3) concrete-fi lled FRP tubes with thicker walls or a higher 
percentage of fi bers in the axial direction tended to fail in compression; 
(4) a higher fl exural strength-to-weight ratio was achieved by providing 
a central hole in the core; (5) a shear transfer mechanism is necessary 
at the interface between the concrete core and the GFRP tube in fl exural 
members; and (6) experimental results did not show a signifi cant effect 
of the confi nement of concrete on fl exural strength, while ductility was 
improved.

Van Erp and his group (2002, 2005) have been developing hybrid FRP–
concrete beams for a bridge application. The proposed beam is very similar 
to the one proposed by Deskovic et al. (1995a). The beam consists of two 
parts: concrete and FRP box section. The FRP box section is made of GFRP, 
and additional CFRP is added to the tensile fl ange of the box section 
to increase the stiffness of the beam. A layer of concrete is bonded on 
the GFRP box section by a high-quality epoxy adhesive. The weight of 
the hybrid beam is claimed to be about one-third that of a reinforced con-
crete beam. The top GFRP fl ange was designed to sustain more compres-
sion force after concrete is crushed. Concrete crushing is a warning of 
failure in this design. A full-scale bridge superstructure with a span of 10 m 
and a width of 5 m was designed and built with these hybrid beams. The 
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beams were assembled using a high-quality epoxy adhesive to make up the 
bridge. The bridge was installed in Toowoomba, Australia, in January 2002. 
Field test results demonstrated high load-carrying capacity, excellent fatigue 
behavior, outstanding durability, and ability to carry high concentrated 
loads.

14.3.2 Design concept of the hybrid FRP–concrete 
bridge superstructure

By utilizing the concept of the hybrid FRP–concrete structural system, an 
FRP bridge superstructure has been developed at the University at Buffalo 
for the past ten years. Although many different confi gurations of hybrid 
FRP–concrete bridge superstructure are possible, the structural confi gura-
tion shown in Fig. 14.3(a), where supports are not shown, was chosen based 
on numerous fi nite element analyses leading to the particular geometrical 
parameters. In combination, glass fi ber reinforcement, and vinyl ester 
matrix were selected as constituents for the GFRP composites, because 
glass fi ber reinforcement is much cheaper than carbon or aramid fi ber 
reinforcement, and vinyl ester has high resistance to corrosion. Figure 
14.3(b) shows a cross section of the proposed bridge superstructure. In this 
fi gure, parts in black are made of GFRP laminates, while the shaded portion 

(a) Overall configuration

(b) Cross section

3785

116099GFRP Concrete

18288

14.3 Hybrid FRP–concrete bridge superstructure (dimensions in mm).
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is fi lled with concrete. In this design, three trapezoidal box sections are 
bonded together to form a one-lane superstructure. A trapezoidal shape 
was chosen so that forces could transfer between box sections effi ciently. 
After being assembled, these trapezoidal sections are wrapped with a 
GFRP laminate, which ensures that three sections act together to produce 
an integral bridge superstructure.

Advantages of this bridge superstructure are summarized as follows:

• GFRP is corrosion-resistant, and concrete is not exposed to environ-
mental conditions; therefore, the system is resistant to corrosion, and it 
requires less maintenance than conventional bridges.

• Concrete has high strength- and stiffness-to-cost ratio; thus, by using 
concrete effi ciently, the total amount of FRP can be reduced, which 
leads to the reduction of initial costs.

• Concrete is designed to be always under compression in the longitudinal 
direction. The fact that concrete is not used in the tension side leads to 
signifi cant weight reduction when compared to a concrete-fi lled FRP 
tube design.

• It has been reported that the local deformation under a loading point 
may become large for all-composite bridge decks (Bakeri and Sunder, 
1990; Aref, 1997). A layer of concrete can reduce this local deformation 
of the top fl ange.

• Most parts can be fabricated in the factory; therefore, good quality 
control can be assured and the construction period can be shortened.

14.3.3 Design features

As the fi rst trial design, a prototype bridge was designed as a simply sup-
ported single-span, one-lane bridge with a span of 18.3 m. Design param-
eters were determined to meet a set of design criteria by applying AASHTO 
design loads.

Design philosophy and assumptions

The design philosophy and assumptions used in the design process are as 
follows:

• In fl exure, concrete should fail in compression fi rst before GFRP lami-
nates fail in either compression or tension.

• Under the service limit state condition, concrete does not crack due to 
the bending in the transverse direction.

• Under the strength limit condition, the top fl ange of the box section 
should resist the tire pressure with GFRP laminates only for the bending 
in the transverse direction if the concrete is already cracked.
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• A perfect bonding between concrete and GFRP laminates is assumed.
• Confi nement effect on the concrete strength is neglected.
• A knock-down factor or strength reduction factor for the GFRP is taken 

as 0.4. Seible et al. (1995) used 0.5 and Dumlao et al. (1996) used 0.25 
in their designs. The value of 0.4 was chosen simply as a value between 
0.25 and 0.5.

• Long-term degradation factor for FRP composites is not considered 
because the data are not available for the particular material used in 
this study. Typical values of degradation factors can be found in various 
sources. For example, see ICE Design and Practice Guides (Moy, 2001).

Box section

Box sections were chosen to be a basic structural form of the proposed 
design. According to Ashby (1991), thin-walled box sections are the most 
effi cient structural forms for beams. However, the thin-walled box sections 
made of GFRP laminates have some disadvantages (Deskovic et al., 1995a), 
which include: 

• the compressive fl ange is considerably weaker than the tensile fl ange 
due to the local buckling failure;

• the failure of GFRP usually occurs in a catastrophic manner without 
giving much warning because the stress–strain curve of GFRP in the 
fi ber direction does not show plastic deformation as much as conven-
tional materials such as steel and concrete do;

• the design of a GFRP beam is usually governed by stiffness instead of 
strength; this is often resolved by introducing more material in the beam; 
therefore, the design tends to be uneconomical and the strength of the 
material is not used effi ciently.

To overcome these disadvantages, a thin layer of concrete was decided to 
be placed in the compression zone of the section as shown in Fig. 14.3(b). 
The section was designed in such a way that concrete is surrounded with 
GFRP, and concrete will be protected from environmental exposure.

Web inclination

Another feature of the design is to have trapezoidal box sections, although 
it is more common to have a square or rectangular shape for a box section. 
When many rectangular box sections are put together to comprise a super-
structure, the force will be transferred between the adjacent sections mainly 
through shear and bending. However, FRP composites usually have very 
low shear stiffness when compared to their normal stiffness in the fi ber 
directions. By having the webs inclined, the structural shape of the cross 
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section becomes more of a truss, and a greater portion of the applied load 
will be carried by axial force in FRP laminates within the cross section.

The inclination angle was determined based on fi nite element analyses 
of hybrid bridge superstructures with several different inclination angles 
subjected to live loads. The inclination of 3/8 (=21°) was chosen because 
that yielded the minimum deformation at the riding surface.

Stacking sequences

In the design process, it was assumed that the GFRP parts would be fabri-
cated by a hand layup process. The inner trapezoidal tube is fabricated fi rst, 
and the outer tube laminate is laid up onto the inner tube. After a certain 
number of the trapezoidal tubes are put together, they are wrapped with 
the outermost laminate. These three different laminates are shown in Fig. 
14.4. Considering that the hand layup process is time-consuming, it is best 
to make the stacking sequences of these three laminates as simple as pos-
sible. A woven fabric was chosen as reinforcement; therefore, a layer of 
fabric has reinforcement fi bers in the two orthogonal directions. The stack-
ing sequence chosen for the outer tube and inner tube laminates was all 0°, 
while for the outer tube laminate, ±45° and 0° laminae were used for 67% 
and 33% of the thickness, respectively. The direction is measured from the 
longitudinal direction of the bridge. Because the reinforcement type is of a 
woven fabric, a 0° lamina has fi bers in the 0° and 90° directions. By intro-
ducing ±45° laminae in the outer tube laminate, the shear stiffness of the 
hybrid bridge can be increased as the outer tube laminates make a large 
portion of the interior webs.

Thickness of the concrete layer

The thickness of the concrete layer is a key design parameter to optimize 
the hybrid FRP–concrete structural system because the increase in the 
thickness of concrete leads not only to a reduction in initial costs by reduc-

Outer tube laminate

Outermost laminate

Inner tube
laminate

14.4 Three different laminates in the superstructure.
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ing GFRP composites but also to an increase in the total weight. By exam-
ining fl exural rigidity, it was found that the fl exural rigidity rapidly increases 
with the concrete thickness until the concrete thickness is about 10% of the 
superstructure depth. After that point, additional concrete may not be used 
effi ciently to increase the fl exural rigidity, although the cracking and ulti-
mate moments will still get benefi ts from the increase in the concrete thick-
ness. Therefore, the maximum thickness of concrete that will increase 
fl exural rigidity effi ciently without adding too much weight was determined 
as 10% of the bridge depth for the proposed hybrid bridge. In the fi nal 
design, the thickness was chosen as 99 mm, which is 8.5% of the total depth 
of the bridge. Thus, the ratio of the area of concrete to the total area in the 
cross section comes to 0.3.

Shear keys

To have good composite action between GFRP laminates and concrete, 
GFRP shear keys, as shown in Fig. 14.5, were designed. They are to be 
installed in staggered positions on the top and bottom laminates with a 
required interval.

14.3.4 Experimental study

To verify the feasibility of the proposed hybrid FRP–concrete bridge 
superstructure by examining the performance under live loads, a series of 
quasi-static loading tests and a fatigue loading test were performed on a 
test specimen of the proposed bridge superstructure.

Test specimen

The test specimen is a one-fi fth scale model of the 18.3 m hybrid FRP–
concrete bridge superstructure shown in Fig. 14.3. Its cross section is shown 
in Fig. 14.6. Each trapezoidal box section was fabricated individually by the 

Longitudinal direction of the bridge

Shear key

3048

1524

254 24

14.5 Shear keys (dimensions in mm).
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14.6 Cross section of the test specimen (dimensions in mm).

hand layup process. Each section consists of two layers of laminates: the 
inner tube laminate and the outer tube laminate. The inner tube laminate 
was fi rst constructed with a [0°7] laminate construction, and the outer tube 
laminate was constructed over the inner tube laminate with a [(±45)40°4] 
laminate construction. At the same time, a cavity for concrete was created 
at the top of each section. Then, three trapezoidal sections were assembled 
together. A layer of glass fi ber chopped strand mat wetted with vinyl ester 
resin was applied between box sections as a bonding material. After being 
assembled, the three sections were wrapped with the outermost laminate 
whose stacking sequence is [0°16].

Materials

E-glass woven fabric was chosen as reinforcement of FRP, and vinylester 
resin was chosen as the matrix. To determine the mechanical properties of 
an FRP laminate made of E-glass woven fabric and vinyl ester resin, tensile, 
compressive, and in-plane shear tests were conducted according to ASTM 
D3039-76, ASTM D3410-75, and ASTM D4255/D4255M-83, respectively. 
Tensile and shear coupons were cut from a 10-layer laminate, while com-
pressive coupons were cut from a 20-layer laminate. These laminates were 
made by a hand layup process. Fiber volume fractions of the 10- and 20-layer 
laminates were 0.295 and 0.355, respectively.

The material properties based on testing are shown in Table 14.3. Modulus 
of elasticity and Poisson’s ratio were determined for a strain range of 0.001 
to 0.003, −0.005 to −0.007, and 0.001 to 0.005, for tensile, compressive, and 
shear tests, respectively. Stress–strain relationships of tension and com-
pression were slightly nonlinear, while that of shear was highly nonlinear. 
Ultimate shear strain was not obtained because it was beyond the capacity 
of the strain gages used in the test.
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Table 14.3 GFRP material properties

Test type Direction
Modulus of 
elasticity (GPa) Strength (MPa) Ultimate strain

Tension Fill 16.6 285 0.0218
Warp 17.9 335 0.0235
Average 17.3 310 0.0227

Compression Fill 15.9 241 0.0177
Warp 22.5 265 0.0158
Average 19.2 253 0.0168

Shear Fill 2.72 56.1 —
Warp 2.45 63.8 —
Average 2.59 60.0 —

As cavities for concrete in the test specimen were small, coarse aggregate 
was not used. The maximum aggregate size was 4.75 mm, and Type I Port-
land cement was used. The weight proportions of constituent materials in 
the concrete mix were: 9.4% water; 20% cement; 70% fi ne aggregate; 0.11% 
superplasticizer; and 0.39% shrinkage reducer. Four cylindrical specimens 
of 152.4 mm in diameter and 304.8 mm in length were prepared according 
to ASTM C192/C192M-98. Specimens were moist cured until an age of 28 
days after the mixing of concrete. Compressive test of cylindrical specimens 
was performed after 28 days’ cure according to ASTM C39-96. The obtained 
compressive Young’s modulus and strength were 8.38 GPa and 37.9 MPa, 
respectively. The Young’s modulus is about one-third that of normal con-
crete due to the lack of coarse aggregate.

Test setup

Figure 14.7 shows the test setup. Loads are applied vertically to the top 
surface of the test specimen by the actuator hanging from the top beam of 
a reaction frame. The specimen is instrumented with potentiometers and 
strain gages at various locations to measure displacement and strain, respec-
tively. Spreader beams spread the load from the actuator to four contact 
points. The load confi guration simulates the tandem load specifi ed in the 
AASHTO LRFD Bridge Design Specifi cations (AASHTO, 1998). The 
design tandem load is a live load that has two axles of 110 kN, where one 
axle is 1,200 mm away from the other. Each axle has two tires that are 
1,800 mm apart center-to-center, and each tire area is 510 mm long and 
250 mm wide. For the one-fi fth scale model, this design tandem load becomes 
two axles of 4.4 kN, 240 mm apart. Two tires of each axle are 360 mm apart 
and each tire area is 102 mm long and 50 mm wide.
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(a) Schematic drawing (b) Photo of test setup

Actuator

Load cell

Swivel

Spreader beam

Bridge model

Elastomeric
bearing pad

Concrete
block

14.7 Test setup.

The test specimen is supported by concrete blocks at its two ends. To 
protect the bottom surface of the specimen from damage and to allow rota-
tion at the supports, elastomeric bearing pads are placed on the concrete 
blocks, and the specimen sits on the pads. Each elastomeric bearing pad is 
13 mm thick and made of neoprene.

Test procedures

A series of non-destructive tests were fi rst performed on the test specimen 
to obtain its structural characteristics in the elastic range under fl exural 
loading. Then, the capacity of the specimen was investigated by destructive 
tests. Loading confi guration for the static and fatigue loading is shown in 
Fig. 14.8. Displacement and strain measurement locations during the experi-
ment are shown in Fig. 14.9.

(a) Elevation (b) Cross section

1221707

3658

180 180

14.8 Loading confi guration (dimensions in mm).

�� �� �� �� �� ��



 Fiber-reinforced polymer composites for bridge superstructures 367

© Woodhead Publishing Limited, 2013

Top view
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14.9 Instrumentation layout (dimensions in mm).

Before concrete was cast into the specimen, the FRP-only specimen was 
tested in fl exure in order to examine the behavior without concrete. The 
test was performed by displacement control, and the maximum displace-
ment applied was L/480 (7.6 mm), where L is a span length. The hybrid 
FRP–concrete bridge specimen was then tested in fl exure up to the 
maximum displacement of L/480. Then the test specimen was subjected to 
2 × 106 load cycles in fl exure. This fatigue test was performed by force 
control with a load range of 0–17.6 kN and a frequency of 3.0 Hz. The 
maximum load of 17.6 kN is equivalent to twice the design tandem load for 
this test specimen. The test specimen was subjected to a static fl exural 
loading every 2 × 105 cycles to obtain its stiffness and examine stiffness 
degradation.

After the fatigue test, the bridge model was tested in fl exure to failure to 
examine its residual strength and failure modes. This test was performed by 
displacement control, and it was divided into two steps. In the fi rst step 
(Step I), a cyclic displacement profi le was used with the amplitude gradually 
increased. For each cycle, the displacement ranged from 0 to a predeter-
mined amplitude, and three cycles were applied for each amplitude. 
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Although it was planned to repeat this process until failure of the bridge 
model, the test was stopped at the maximum displacement of 77.7 mm (17 
× L/800) because the maximum force became close to the capacity of the 
load cell. By using a load cell with a higher capacity, the second step (Step 
II) of the test was performed. In this step, displacement was increased 
monotonically until the test specimen failed.

Test results

No sound of cracking of either the concrete or GFRP was heard during the 
non-destructive fl exural loading where the applied maximum displacement 
is L/480. The obtained force–displacement responses were very much 
linear as shown in Fig. 14.10. Stiffness of the hybrid bridge specimen was 
19% higher than that of the FRP-only specimen, which shows the effective-
ness of concrete. For the prototype bridge, the stiffness increase resulting 
from the inclusion of concrete is expected to be as much as 40%, because 
Young’s modulus of normal concrete to be used in the prototype bridge 
will be about three times as high as that of the concrete used in the test 
specimen. Figure 14.11 shows the deformed shapes of the top and bottom 
surfaces, respectively. It can be observed from the fi gure that the three box 
shapes deformed as a unit and there was not signifi cant local deformation 
even near the loading points.
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14.11 Deformed shapes of top and bottom surfaces.

It is recommended in the AASHTO LRFD Bridge Design Specifi cations 
that the maximum defl ection under live loads be smaller than L/800 (L = 
span length). The live load for this check is (1 + IM) × truck load, where 
IM = dynamic load allowance, and has a value of 0.33 in this case. In this 
study, the condition was checked with the tandem load instead of the truck 
load. As the span length of the test specimen is 3.66 m, the maximum defl ec-
tion under (1 + IM) × tandem load has to be smaller than L/800 = 4.6 mm. 
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The obtained defl ection of the hybrid specimen due to (1 + IM) × tandem 
load was 0.547 × L/800. The hybrid specimen well satisfi ed the AASHTO 
live load defl ection recommendation.

Variations of longitudinal strains over the height of the superstructure 
on the exterior web at the midspan of the specimen are shown in Fig. 14.12. 
Longitudinal strains on the web varied linearly, implying that the bending 
theory for small strain can apply, i.e., the plane section before deformation 
remains plane after deformation.

Figure 14.13 shows stiffness degradation over 2 × 106 cycles in the fatigue 
test. The stiffness degradation is defi ned as a ratio of the stiffness measured 
after a certain number of load cycles to the stiffness measured in the last 
cycle of the non-destructive fl exural test. Although the trend of stiffness 
degradation is not very clear in this fi gure, it can be concluded that stiffness 
degradation was insignifi cant. The degradation was 5.9% after two million 
cycles.

Figure 14.14 shows force–displacement responses obtained at H-TOP-T 
and G-BOT-C during the destructive fl exural test (Steps I and II). At the 
load of 19.1 × tandem load in Step I, there was a loud cracking sound 
from concrete under the loading points. This is a local failure mode. The 
failure load was 8.2 times the AASHTO requirement of 1.75(1 + IM) × 
tandem load for live loads in the Strength Limit I State. After concrete 
cracked under the loading points, the bottom fl anges of the spreader beams 
came in contact with the top surface of the specimen, and the loading 
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14.13 Stiffness degradation obtained from fatigue test.

confi guration became two line loads instead of four point loads. Therefore, 
further local deformation was not observed at H-TOP-T.

The load path from Step II shows that the reloading path is very much 
linear until the maximum load experienced before. A global failure occurred 
at 35 × tandem load, which is 15 times the 1.75(1 + IM) × tandem load. A 
sequence of failure leading to global failure can be described as follows. 
Concrete failed in compression fi rst, then the GFRP fl anges took over the 
compressive force that had originally been carried by concrete. GFRP 
compression fl anges failed in compression when the compressive stress 
reaches the compressive strength, followed by failure of the webs in com-
pression. The bottom GFRP fl ange was found to be intact. Although the 
failure was sudden due to the nature of GFRP composites, the obtained 
global failure mode can be considered to be favorable because it did not 
lead to collapse of the entire bridge. At the failure section, crushing of 
concrete, compressive failure of the GFRP top fl ange, buckling failure of 
the GFRP interior fl ange, and signifi cant delamination of the GFRP lami-
nates were observed.

After the strength test, the test specimen was cut at a few sections that 
were away from the damaged section (Section H) to investigate the inter-
face between the GFRP and concrete. Visual inspection did not fi nd any 
trace of slippage between the GFRP and concrete.

The experimental study demonstrated excellent performance of the pro-
posed hybrid FRP–concrete bridge superstructure. As is often the case 
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14.14 Force–displacement relationships in the destructive fl exural test.

with many GFRP composite bridges, stiffness governs the design of the 
proposed bridge superstructure. Clearly, the proposed design can be 
designed to meet the AASHTO live load defl ection recommendation. Also, 
the fatigue test revealed that the stiffness degradation was not signifi cant 
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over 2 × 106 cycles of the load equivalent to twice the tandem load. However, 
the test results showed that the proposed design has much higher strength 
than it is required to; i.e., the design was conservative. The depth of the 
bridge may be increased so that the same fl exural rigidity can be achieved 
with less material and the strength can be used more effi ciently.

14.3.5 Structural analysis

In this section, detailed fi nite element analysis (FEA) of the hybrid FRP–
concrete bridge superstructure and simple methods of analysis are intro-
duced, and their applicability for the proposed hybrid superstructure is 
discussed.

Linear fi nite element analysis

For the detailed FEA of the hybrid FRP–concrete bridge superstructure, 
the general purpose commercial fi nite element analysis software, ABAQUS 
ver. 6.1 (Hibbit, Karlsson & Sorensen, Inc., 2000), was used. A four-noded 
general shell element was used for GFRP laminates, while a general 3D 
eight-noded solid element was used for concrete. Figure 14.15 shows the 
fi nite element model for the one-lane hybrid FRP–concrete bridge super-
structure. The longitudinal, transverse, and vertical directions are referred 
to as the x, y, and z directions, respectively. In this model, the total number 
of elements is 38,892 (22,764 shell elements and 16,128 solid elements), and 
the total number of nodes is 31,857.

The FEA model was supported by a line at each end. Boundary condi-
tions were imposed to two lines of nodes of the bottom surface. Nodes at 
y = 0 and z = 0 were restrained in the y and z directions, and nodes at y = 

x

y

z

14.15 Finite element mesh.
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L and z = 0 were restrained in the z direction. In addition, nodes at x = 0, 
z = 0, and y = 0 and L were restrained in the x direction, too.

Material properties of GFRP and concrete obtained from the experimen-
tal study presented in section 14.3.4 were used in the FEA. Although the 
obtained tensile and compressive properties are different to some degree, 
they are assumed to be the same in the analysis. The experimental study 
showed that GFRP almost behaves as a linear-elastic material until failure 
and that concrete cracking or compressive failure occurs at a much higher 
load level than the design load level. Therefore, only the linearly elastic 
behavior of the hybrid bridge superstructure is examined in this section, 
and only elastic properties are used in the FEA. A perfect bonding between 
concrete and GFRP laminates was assumed in the analysis.

Simple methods of analysis

Because a detailed fi nite element analysis for every trial design is very time-
consuming and not cost-effective to select the bridge design parameters in 
a preliminary design phase, it is necessary to have a simple and quick 
method to analyze the bridge behavior under various loading conditions. 
The beam and orthotropic plate analyses are presented here as the simple 
methods of analysis. It is assumed that the estimation of defl ection will be 
the primary objective of the simplifi ed analysis because the design of the 
hybrid bridge superstructure is controlled by defl ection. To model the 
bridge superstructure as a beam or a plate, cross-sectional properties are 
the key parameters. The procedures to evaluate the cross-sectional proper-
ties are presented based on the classical lamination theory.

It is assumed in the beam analysis that the cross section in the xz plane 
will not deform. The bridge superstructure is modeled as a beam with span 
length, L, effective fl exural rigidity, EIeff, and effective torsional rigidity, 
GJeff. The evaluation of EIeff and GJeff is the main task of modeling the bridge 
superstructure as a beam. Equation [14.1] calculates the effective bending 
rigidity.

EI E z dAeff y
Ay

= ∫ 2  [14.1]

where Ey is the effective modulus for laminates in the y direction or Young’s 
modulus for the concrete; z  is the vertical coordinate taken from the loca-
tion of the neutral axis; and Ay is the cross-sectional area in the xz plane.

The effective engineering properties of a laminate were obtained based 
on the classical lamination theory. The effective engineering properties of 
different laminates are given in Table 14.4, and names of different laminates 
are found in Fig. 14.4.

The effective torsional rigidity, GJeff, is evaluated by considering the shear 
fl ow around the box section. Here, the following assumptions are made:
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Table 14.4 Effective engineering properties of different laminates 
(units in GPa)

Laminate Ex Ey Gxy

Outermost 18.6 18.6 2.94
Outer tube 13.1 13.1 6.47
Inner tube 18.6 18.6 2.94

• the net shear fl ow through interior webs is negligible and the shear fl ow 
through the top and bottom fl anges and exterior webs is of prime 
signifi cance;

• the magnitude of the shear fl ow does not change along the top and 
bottom fl anges and the exterior webs;

• the shear fl ow goes through the median line of each member;
• the top fl ange consists of the outermost laminate, the outer tube lami-

nate, the concrete layer, and the inner tube laminate; and the top fl ange 
extends over the bridge width without any interruptions by the interior 
webs; 

• the bottom fl ange consists of the outermost laminate, the outer tube 
laminate, and the inner tube laminate; and the bottom fl ange extends 
over the bridge width without any interruptions by the interior webs.

Based on these assumptions, the effective torsional rigidity may be 
approximated by using Bredt’s formula:

GJ
A

G t
ds

eff
encl

xy k
k

k

=

∑∫
4

1

2

 [14.2]

where Aencl is the area enclosed by the median lines of the top and bottom 
fl anges and the exterior webs; Gxyk is the effective shear modulus of the kth 
layer in a member; tk is the thickness of the kth layer in a member; and s is 
the axis along the median line of each member.

In Eq. [14.2], the summation is carried out over layers in a member; for 
instance, there are four layers in the top fl ange: the outermost laminate, the 
outer tube laminate, the concrete layer, and the inner tube laminate. The 
integration is carried out along the median line of each member.

In the orthotropic plate analysis, the hybrid bridge is modeled as an 
orthotropic plate with two opposite edges simply-supported as shown in 
Fig. 14.16. By assuming some of the bending extension coupling stiffnesses 
are insignifi cant, the governing equations for the orthotropic plate model 
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of the hybrid bridge superstructure can be expressed as follows (Aref et al., 
2005):

D
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where the following notations are used:
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 [14.4]

and wo is vertical defl ection, and Dij
x and Dij

y are 3 × 3 bending stiffness 
matrices evaluated by the classical lamination theory for the transverse 
direction and the longitudinal direction, respectively. These bending stiff-
ness matrices can be evaluated by choosing representative units for the 
longitudinal and transverse directions as shown in Fig. 14.17. The solutions 
of Eq. [14.3] can be found in Cusens and Pama (1975).

Table 14.5 compares defl ections obtained from the three different ana-
lytical methods and the experiment at the center of the test specimen of 
the bridge superstructure subjected to the fl exural loading of twice the 
tandem load. Figure 14.18 compares deformed shapes from the three dif-
ferent analytical methods and the experiment at twice the tandem load. As 
can be seen in the table and fi gure, the predictions by the beam and plate 
analyses are very close to those by the detailed FEA with the maximum 
difference being only about 1.0%. Therefore, in this particular case, either 
the beam or the orthotropic plate analysis can be a very good tool to 

x

y
z

q(x,y)

P(xl,yl)

14.16 Bridge model for the orthotropic plate analysis.
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bybx

(a) Longitudinal direction (b) Transverse direction

14.17 Representative units for the orthotropic plate analysis.

Table 14.5 Defl ection at midspan under twice the tandem load

Defl ection Difference from FEA

(mm) (L/800) (%)

Linear FEA 3.89 0.850 −1.04
Beam analysis 3.85 0.842 0.687
Orthotropic plate analysis 3.92 0.856 0.706
Experiment 3.88 0.849 −0.135

estimate the overall bridge behavior under different loading conditions. 
However, when the bridge superstructure becomes wider, a variation of 
defl ection in the transverse direction will get larger. To predict the maximum 
defl ection of the hybrid bridge with more than three lanes, it is recom-
mended to use the orthotropic plate analysis instead of the beam analysis.

14.3.6 Practical issues

Judging from results from the experimental and numerical study, the pro-
posed hybrid FRP–concrete superstructure is highly feasible from a struc-
tural engineering point of view. To fully develop the superstructure and 
apply the concept in an actual bridge project, the following issues will have 
to be investigated in the future:

• automated fabrication process for trapezoidal sections,
• methods to expand traffi c lanes,
• effi cient methods to cast concrete in the fi eld,
• design details to make better use of strength, 
• design for the section to resist negative moments in a continuous girder,

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

378 Developments in FRP composites for civil engineering

0.0

0.2

0.4

0.6

0.8

1.0

Y-coordinate (× Span)

D
is

pl
ac

em
en

t (
× 

S
pa

n/
80

0)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

(m
m

)

FEA
Beam
Plate
Experiment

(a) Longitudinal variation

0.0

0.2

0.4

0.6

0.8

1.0

X-coordinate (m)

D
is

pl
ac

em
en

t (
× 

S
pa

n/
80

0)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

(m
m

)

(b) Transverse variation

0.0 0.2 0.4 0.6 0.8 1.0

–0.4 –0.2 0.0 0.2 0.4

FEA (Top) FEA (Bot)
Beam Plate
Exp. (Top) Exp. (Bot)

14.18 Deformed shapes from different analyses.

• installation method of guard fences,
• response to thermal effects,
• long-term performance degradation and maintenance requirements, 

and
• life cycle costs.

14.4 Conclusion

The concept of the hybrid design is a very prudent way to design a 
structure because different materials can be used effi ciently where they 
perform best. In this chapter, the hybrid FRP–concrete bridge super-
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structure is introduced, where the novel concept of the hybrid FRP–
concrete design is applied. The trial design of the bridge superstructure 
was proposed, and its structural performance was investigated through 
the detailed FEA and a series of static and fatigue loading tests. In addi-
tion, simple methods of analysis for this hybrid bridge superstructure 
were also proposed. Results from the research to date showed that the 
proposed hybrid bridge superstructure has excellent structural perfor-
mance, and the hybrid FRP–concrete system for the bridge superstructure 
is highly feasible from a structural engineering point of view.
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Abstract: This chapter summarizes the recent advances in the use of 
fi ber-reinforced polymer (FRP) materials for repair, rehabilitation, and 
strengthening of steel structures. Conventional methods of strengthening 
and repairing steel structures are presented. The advantages and 
limitations of using FRP materials are summarized. Topics presented 
include strengthening of fl exural members, strengthening with 
prestressed FRP materials, stress-based and fracture mechanics-based 
approaches to evaluating bond behavior, repair of cracked steel 
members, and strengthening of slender members subjected to 
compression forces. The chapter concludes with a brief discussion of 
future trends in this fi eld and a summary of other resources for further 
information.

Key words: steel, steel–concrete composite members, carbon fi ber-
reinforced polymers (CFRP), stress-based approaches, fracture-
mechanics based approaches.

15.1 Introduction

Steel has been a widely used construction material for building and bridge 
applications for over 70 years. Its high ductility, strength-to-weight ratio, 
stiffness-to-weight ratio, and ease of constructability make steel well suited 
for long-span bridges and in a wide range of building applications. However, 
steel structures are susceptible to several modes of degradation that can 
compromise their integrity and limit their serviceability. Exposure to moist 
environments, which is common for bridges, typically leads to corrosion and 
loss of cross section. This degradation can be localized or widespread and 
often leads to the reduction of the capacity of steel members such as bridge 
piles, stringers, and fl oor beams. Exposure to repeated cyclic loading can 
lead to cracking of fatigue-sensitive details. Welded details are particularly 
susceptible to fatigue-induced cracking. Cracking under the effect of cyclic 
loads can lead to progressive deterioration of a structure or possibly even 
catastrophic collapse. Steel members may also be overstressed due to 
changes in use of structures that lead to increased loading beyond the 
original design load. Oftentimes strengthening or repair of a structure are 
more viable options than replacement or major re-design. However, many 
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conventional repair techniques are limited in their applicability or may be 
subjected to similar degradation modes as the original structure. Recently, 
the use of fi ber-reinforced polymer (FRP) materials has emerged as a 
promising alternative to conventional methods of rehabilitation for steel 
structures. Initial investigations were based on the documented success of 
using FRP materials for rehabilitation and strengthening of reinforced con-
crete structures. More recently, efforts have focused on addressing the 
unique challenges associated with rehabilitation of high-strength, high-
stiffness, or slender steel elements.

15.2 Conventional repair techniques and advantages 

of fi ber-reinforced polymer (FRP) composites

Several methods have been adopted to repair or strengthen inadequate 
steel members and structures. Flexural members with inadequate strength 
are often retrofi t by bolting or welding steel plates or auxiliary steel 
members to their tension fl anges to increase their moment of inertia. Simi-
larly, the stability of compression members can be increased by welding 
or bolting steel stiffening elements to corroded members or slender ele-
ments in the cross-section. However, this technique commonly requires 
heavy lifting and extensive onsite fabrication, making it time-consuming 
and costly. The installation of heavy steel plates or steel sections increases 
the self-weight of the structure, thereby reducing the effi ciency of this 
strengthening technique. In aggressive environments the steel repair ele-
ments are susceptible to continued corrosion. Also, in some applications, 
such as in petroleum refi neries, confi ned spaces, or hospitals, welding may 
be infeasible.

In bridge applications, non-composite steel stringers have been made 
composite with the bridge deck by installing welded shear studs during 
deck replacements. If deck replacements are planned, this can be an 
effective method to simultaneously increase the fl exural capacity of the 
stringers. However, if the existing deck is in good condition, deck replace-
ment may be an unnecessary expense. Post-installing shear connectors 
using grouts or structural adhesives has recently been investigated as an 
alternative to this technique (Kwon et al., 2009). This study indicated that 
partial composite interaction between the steel stringers and the concrete 
deck can be achieved using this approach, resulting in an increase of the 
fl exural capacity of the stringers of up to 50%. Similarly, slender steel 
compression members can be stabilized by jacketing them with concrete, 
thereby effectively turning them into composite columns. This approach 
can be effective, but site accessibility may limit its applicability and the 
increased dead load associated with the repair may limit the additional 
live load that can be carried by the structure. Also, continued corrosion 
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of the embedded steel member may lead to premature splitting of the 
concrete jacket.

External post-tensioning using unbonded steel tendons can be used to 
reduce stress levels in simply supported and continuous steel beams 
(Klaiber et al., 1990). The reduction in stress level can be closely controlled 
using strategic placement of deviators to vary the eccentricity of the 
post-tensioning strands. The use of external post-tensioning can also help 
to enhance the fl exural stiffness and strength of steel beams (Park et al., 
2010). This approach has the added advantage that post-tensioning forces 
can be adjusted and tendons can be replaced to accommodate changing 
loads. However, the use of external post-tensioning typically requires 
installation of heavy duty, and often complex anchorage systems on the 
structure to provide self-reacting forces. Further, steel tendons are sus-
ceptible to corrosion that, if left unchecked, can compromise the integrity 
of the retrofi t.

Repair of cracked members can be achieved using a number of tech-
niques. Repair welding is a commonly used technique in which the cracked 
material is removed by arc gouging and the element is welded to re-join 
the material on either side of the crack. Alternatively, crack-stop holes can 
be drilled at the crack tips to reduce the stress concentration at these loca-
tions and slow or stop the crack propagation. Crack blunting can be accom-
panied by cold working of the material around the crack-stop hole to induce 
residual compressive stresses in the material and further slow crack propa-
gation (Crain et al., 2010). These approaches are commonly used to repair 
so-called ‘stress-induced’ fatigue cracks. Alternatively, some details are sus-
ceptible to so-called ‘distortion-induced’ fatigue cracking. This type of 
cracking occurs at relatively fl exible details that are subjected to loadings 
that induce distortion of the member. A classical example of this type of 
detail is the ‘web-gap’ detail that has been used to connect bracing members 
to steel bridge girders, as illustrated in Fig. 15.1.

Two repair alternatives for this type of detail include making the connec-
tion extremely compliant to minimize distortion-induced stresses, or increas-
ing the fi xity of the detail to minimize distortion. The compliance of the 
connection can be increased by signifi cantly increasing the size of the 
web-gap and possibly even cutting large holes in the girder web (Zhao and 
Roddis, 2007). Alternatively, fi xity can be introduced by extending the 
gusset plate and welding it to the tension fl ange of the girder or by installing 
bolted or welded connection elements such as ‘tee’ or angle sections 
(Cousins et al., 1998). All of these approaches require a considerable amount 
of fi eld fabrication in confi ned areas and irreversible modifi cation of the 
structure. Oftentimes the repaired details are susceptible to re-initiation of 
cracking and, in some cases, the fatigue resistance of the retrofi tted detail 
may be worse than that of the original structure.
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15.1 Schematic of typical fl exible web-gap detail.

Compared to conventional repair techniques, the use of FRP materials 
provides several distinct advantages. The high strength-to-weight and 
stiffness-to-weight ratios of FRP materials facilitate rapid construction by 
small work crews with minimal use of heavy lifting equipment. These light-
weight materials have a negligible effect on the self-weight of the structure, 
thereby maximizing the increase of the live load carrying capacity that can 
be achieved. Due to their light weight, FRP materials can be easily manoeu-
vred and installed in confi ned spaces with minimal disruption of service. 
Since FRP materials are typically bonded to steel structural members using 
structural adhesives, they represent a feasible alternative for repair applica-
tions in which welding is dangerous or not permitted. Further, adhesively 
bonded connection details typically have much higher fatigue resistances 
than welded details. The use of bonded FRP for repair applications does 
not result in the formation of ‘locked-in’ thermal stresses which commonly 
form in welded details. Additionally, the use of bonded details does not 
result in any fundamental change to the parent structure. Therefore, this 
repair technique does not degrade the condition or decrease the life of the 
existing member, and, in this regard, is ‘reversible’.

The limitations of typical FRP repair techniques should also be noted. 
External bonding of FRP materials to steel surfaces requires thorough 
surface preparation of the parent structure to ensure the formation of a 
competent and durable bond. The performance of the strengthening system 
is sensitive to the bond performance. As such, careful detailing is essential 
to minimize bond stresses. In moist environments, special detailing may be 
required to minimize the potential for galvanic corrosion between steel and 
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carbon FRP materials and to prevent ingress of moisture into the bond-line 
which can degrade the bond strength. Proper installation of FRP materials 
requires unique skills and specifi c environmental conditions. Therefore, 
qualifi ed installers should be used and environmental conditions should be 
carefully monitored to ensure that they are within reasonable limits. Further, 
while many structural adhesives are rapid setting and rapid curing, bonded 
joints are sensitive to cyclic loads that are applied prior to complete curing 
of the adhesives. Finally, adhesives and FRP composites are susceptible to 
damage or degradation due to fi re, UV exposure, and vandalism or unin-
tentional impact. This can typically be accounted for by applying appropri-
ate design constraints and using suitable protective coatings to the completed 
rehabilitation.

15.3 Flexural rehabilitation of steel and steel–concrete 

composite beams

Among the various topics related to the use of FRP materials for rehabilita-
tion of steel structures, their use for fl exural rehabilitation of steel and 
steel–concrete composite beams has received the most research attention 
to date. While the most common approach has been to bond unstressed 
FRP materials to the tension fl ange of the member, other researchers have 
used prestressed FRP materials to improve the effi ciency of the strengthen-
ing system and to enable the FRP materials to participate in carrying the 
sustained dead loads acting on the structure. In both applications the bond 
behavior of the strengthening system has been identifi ed as a critical factor 
in the system performance and the bond between steel surfaces and FRP 
materials has been studied in depth using various approaches.

15.3.1 Flexural behavior

The earliest studies on the use of FRP materials for rehabilitation of steel 
structures focused on repair of corroded steel bridge girders using exter-
nally bonded carbon FRP (CFRP) strips (Mertz and Gillespie, 1996). This 
research demonstrated that externally bonded CFRP strips could be used 
to restore the lost elastic stiffness and ultimate fl exural strength of corroded 
steel girders to levels comparable to that of the original undamaged girder. 
All of the tested girders failed due to instability of the compression zone. 
Based on a moment-curvature analysis, this study further demonstrated that 
a more substantial increase of strength could be achieved in steel–concrete 
composite girders in which the concrete deck helps to stabilize the compres-
sion zone and provides additional compression capacity to balance the 
tensile forces developed in the CFRP strengthening materials. Subsequent 
studies demonstrated that the fl exural strength of steel–concrete composite 
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beams could be increased by up to 75% by bonding CFRP strips to the 
tension fl anges of the girders (Sen et al., 2001; Tavakkolizadeh and Saadat-
manesh, 2003c). However, since the elastic modulus of the CFRP materials 
used in these early studies was signifi cantly lower than that of steel, in the 
range of 100–150 GPa, relatively thick plates were required to achieve a 
signifi cant increase of the fl exural capacity. More recent research has dem-
onstrated that higher-modulus CFRP materials, with elastic moduli in the 
range of 230–460 GPa (so-called high modulus or ultra-high modulus 
CFRP), can be used to increase the elastic stiffness, yield moment, and 
ultimate strength of steel–concrete composite beams by up to 45%, 88%, 
and 66%, respectively (Dawood et al., 2007; Schnerch and Rizkalla, 2008; 
Fam et al., 2009). It has further been shown that the fatigue life of steel 
and steel–concrete beams strengthened or repaired with FRP materials is 
at least equal to that of unstrengthened beams and of common welded 
details that are typically used in steel construction (Tavakkolizadeh and 
Saadatmanesh, 2003a; Dawood et al., 2009).

The behavior of steel and steel–concrete composite girders, which are 
retrofi t with FRP materials bonded to their tension fl anges, can be accu-
rately predicted using a sectional analysis that satisfi es the principles of 
equilibrium and compatibility. This approach serves as the basis for the 
fl exural analysis and design procedures recommended in several interna-
tional design guidelines (Cadei et al., 2004; Schnerch et al., 2007; National 
Research Council, 2007). The moment-curvature analysis approach is illus-
trated schematically in Fig. 15.2. The strains in the deteriorated member 
immediately prior to strengthening can be calculated, typically based on a 
linear analysis and based on the properties of the transformed section. 
These pre-existing strains, due to sustained loads such as the self-weight of 
the structure, are ‘locked in’ prior to installation of the FRP strengthening 
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15.2 Schematic of moment-curvature analysis of FRP strengthened 
steel–concrete composite section (not to scale).
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system. Therefore, the loads applied prior to strengthening do not induce 
any strain in the FRP materials. Any loads applied to the member after 
strengthening will induce strains in the FRP materials as shown. The incre-
mental strains induced in the section due to the effect of loads applied after 
strengthening can be calculated by selecting a strain increment at the 
extreme compression surface of the member, εt,post. A neutral axis depth, c, 
can be assumed and the total strain profi le can be determined by adding 
the incremental strains induced after strengthening to the ‘locked-in’ strains. 
Based on the total strains and the constitutive relationships of the different 
materials, concrete, steel and FRP, the distribution of stresses through the 
depth of the section can be determined. The total internal compression 
forces, C, and tension forces, T, in the cross-section can be calculated by 
integrating the strain profi les which is typically done using a numerical 
integration scheme by computer. The neutral axis depth can then be iterated 
until equilibrium of the internal compression and tension forces is achieved. 
The corresponding applied moment can be calculated by a summation 
of the internal moments and the curvature can be calculated as the slope 
of the strain profi le. This analysis yields one point on the moment-curvature 
diagram of the strengthened cross section. The complete moment-curvature 
relationship of the section can be determined by incrementally increasing 
the applied strain at the top surface, εt,post, and repeating the above proce-
dure until the ultimate strain of one of the materials is reached.

To illustrate the effect of various parameters on the response of steel and 
steel–concrete composite beams strengthened with FRP materials, several 
moment-curvature analyses were conducted. The basic beam confi guration 
for the example calculations is shown schematically in Fig. 15.3. The section 
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15.3 Schematic of the example beam studied in the parametric 
analysis (not to scale).
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consisted of a US standard wide-fl ange section, W33 × 130, with a nominal 
depth of 841 mm, web thickness of 14.7 mm, fl ange width of 292 mm, and 
fl ange thickness of 21.7 mm. A 200 mm thick by 3000 mm wide composite 
concrete deck with a reinforcement ratio of 0.75% was also considered. The 
beams were strengthened with 250 mm wide CFRP strips with thicknesses 
ranging from 2 mm to 20 mm. The steel was treated as an elastic-perfectly 
plastic material with a yield strength of 248 MPa and an elastic modulus of 
200 GPa. The yield strength of the reinforcing steel was taken as 400 MPa 
and the ultimate concrete compression strength, fc′, was taken as 34 MPa 
with a parabolic stress–strain curve and an ultimate compression strain of 
0.003. Two different types of CFRP materials were considered in the analy-
sis; a high modulus CFRP with an elastic modulus of 450 GPa and an 
ultimate strain of 0.0037 and a standard modulus, high-strength CFRP with 
an elastic modulus of 165 GPa and an ultimate strain 0.017. The FRP mater-
ials were taken to be linearly elastic to failure. In this analysis, the sustained 
dead load acting on the structure immediately prior to strengthening was 
assumed to induce a strain at the outer surface of the tension fl ange equal 
to 30% of the yield strain. This corresponds to applied moments of 500 kN-m 
and 720 kN-m for the non-composite steel beams and the steel–concrete 
composite beams, respectively.

The predicted moment-curvature response of steel beams strengthened 
with different thicknesses of high-strength and high-modulus CFRP mater-
ials is presented in Fig. 15.4(a) and (b), respectively. Inspection of Fig. 
15.4 reveals several interesting trends. First, it can be seen that for steel 
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(a) high-strength CFRP and (b) high-modulus CFRP.
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beams strengthened with high-strength CFRP materials, no signifi cant 
increase of the elastic stiffness was achieved even for CFRP plates up to 
10 mm thick (approximately half the thickness of the steel tension fl ange). 
In contrast, Fig. 15.4(b) indicates that a signifi cant increase of the elastic 
stiffness can be achieved as indicated by the change of the slope of the 
moment-curvature relationship beyond the assumed sustained dead load 
level. Both sets of beams, strengthened with either high-strength or high-
modulus CFRP materials, exhibit signifi cant ductility and can achieve high 
levels of curvature without exhibiting any indication of brittle failure. This 
is primarily due to the fact that installing the CFRP strengthening mater-
ials lowers the neutral axis depth of the section. As such, yielding of 
the section initiates within the compression fl ange. This further lowers the 
neutral axis as yielding gradually propagates through the section. At high 
levels of curvature, although the steel tension fl ange may yield, the 
strain levels in the CFRP are typically not high enough to cause rupture 
of the CFRP except for beams strengthened with relatively thin high-
modulus CFRP strips. Inspection of the fi gure further indicates that the 
fl exural strength of steel beams can be increased by up to 30% using either 
high-strength or high-modulus CFRP materials. However, the effi ciency 
of the strengthening system decreases as the amount of strengthening 
increases due to the shift of the neutral axis discussed previously.

The predicted moment-curvature response of steel–concrete composite 
beams strengthened with different thicknesses of high-strength and high-
modulus CFRP materials is presented in Fig. 15.5(a) and (b), respectively. 
Comparison of Fig. 15.5 with Fig. 15.4 reveals a notable difference in the 
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behavior of strengthened steel–concrete composite beams as compared to 
the behavior of strengthened plain steel beams. The strengthened steel–
concrete composite beams exhibit a signifi cant increase in the post-yield 
stiffness and a signifi cant increase in ultimate strength. Failure of the 
strengthened beams is governed by one of two failure modes: rupture of 
the CFRP or crushing of the concrete. While rupture of the CFRP domi-
nates in most cases, concrete crushing dominates for beams strengthened 
with large amounts of high-strength CFRP materials. Under displacement 
controlled loading, after rupture of the CFRP, the behavior of the member 
returns to that of the unstrengthened beam as illustrated in the fi gure. This 
behavior can be achieved because the large concrete deck provides ade-
quate compression capacity to balance the increased tension capacity pro-
vided by the CFRP materials. Therefore, the strength of the section is 
dominated by failure of the materials rather than by instability of the cross 
section.

Comparison of Fig. 15.5(a) and (b) indicates that steel–concrete compos-
ite beams strengthened with high-strength CFRP materials can achieve 
signifi cantly higher strengths than those strengthened with an equivalent 
thickness of high-modulus CFRP materials. This is mainly due to the higher 
strain capacity of the high-strength materials. Due to the high ultimate 
strain of the high-strength materials, the strengthened sections can also 
achieve relatively high values of curvature ductility, in the range of 8.5–10. 
This is benefi cial in applications where energy dissipation is a major design 
consideration. Alternatively, due to the relatively low elastic modulus of the 
CFRP materials compared to steel, the elastic stiffness of the section is 
comparable to that of the unstrengthened beam. In contrast, examination 
of Fig. 15.5(b) indicates that, due to the relatively low rupture strain of the 
high-modulus CFRP, the ultimate fl exural strength of the strengthened 
section is achieved at a much lower curvature. Therefore, members strength-
ened with high-modulus CFRP materials typically exhibit a much lower 
level of ductility, typically in the range of 2–3. On the other hand, due to 
the relatively high elastic modulus of the high-modulus CFRP materials, 
the strengthening signifi cantly increases the elastic stiffness and yield 
moment of the strengthened members.

The effect of strengthening with high-strength and high-modulus CFRP 
materials on the behavior of plain steel and steel-concrete composite beams 
is summarized in Fig. 15.6. Figure 15.6(a) illustrates that high-modulus 
CFRP materials can be effectively used to increase the fl exural stiffness, or 
transformed moment of inertia, of steel–concrete composite beams, and, to 
a lesser degree, plain steel beams. In contrast, high strength materials are 
signifi cantly less effective at increasing the elastic fl exural stiffness of steel 
beams with a maximum increase of only about 25% for the example beams 
when very thick CFRP plates are used. Similarly, Fig. 15.6(b) illustrates that, 
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moment, and (c) ultimate strength of steel and steel–concrete 
composite sections.

for the example steel–concrete composite section, strengthening with 
20 mm thick high-modulus CFRP plates resulted in an increase of the yield 
moment of the section of 80% compared to that of the unstrengthened 
beam. In contrast, use of a similar amount of high-strength CFRP resulted 
in a moderate increase of 25%. The signifi cant increase of the elastic stiff-
ness and yield moment that can be achieved using high-modulus CFRP 
materials make these materials well suited to enhance the serviceability and 
live-load-carrying capacity of sub-standard steel–concrete composite beams. 
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In contrast, for plain steel beams, the shift of the neutral axis results in initial 
yielding occurring at the extreme compression surface of the member. 
Therefore, regardless of the modulus of the CFRP materials, this strength-
ening approach does not signifi cantly increase the fl exural stiffness of plain 
steel beams.

Figure 15.6(c) illustrates that both high-modulus and high-strength CFRP 
materials can be effectively used to increase the ultimate strength of plain 
steel and steel–concrete composite beams. The presence of a large concrete 
deck provides balancing compressive forces and, therefore, makes signifi -
cant increases in fl exural strength, in excess of 150%, achievable with either 
high-strength or high-modulus CFRP materials. For plain steel beams, the 
lack of an integral concrete deck yields more modest, but still signifi cant, 
increases in strength of up to 35% for both types of CFRP materials. If this 
level of strengthening is anticipated, it is important to note that the suscep-
tibility of the strengthened member to other failure modes, such as shear, 
lateral-torsional buckling, or failure of shear connectors, should also be 
evaluated at the anticipated higher load levels.

15.3.2 Prestressed FRP strengthening

Several researchers have studied the possibility of prestressing CFRP 
materials as an alternative strengthening approach. In general, prestressing 
provides several advantages over bonding unstressed CFRP materials to 
the steel member, including:

• allowing the FRP materials to contribute to the dead load-carrying 
capacity of the member,

• reduced dead load defl ections,
• reduction of tension stresses in tension fl anges which can help slow or 

halt crack initiation and propagation, and
• maintaining the original ductility of the unstrengthened member by 

designing prestressing force to give essentially no increase of ultimate 
strength.

In general, the prestressing approach involves attaching an anchorage 
system to the tension fl ange at one end of the steel beam (the ‘dead’ end) 
(Schnerch and Rizkalla, 2008). The anchorage system can be bolted or 
welded to the tension fl ange. An anchor is typically bonded to the FRP strip 
and connected to the anchorage system. The adhesive is applied to the 
CFRP materials and the prestressing force is applied using threaded rods 
or a small jack through an abutment or fi xture that is attached to the tension 
fl ange at the other end of the beam (the ‘live’ end). After the strengthening 
is completed and the adhesive has cured, the prestressing forces are trans-
ferred through the bond to the steel member. The anchorages can typically 
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be left in place to provide some measure of redundancy in the highly 
stressed anchorage regions.

Analytical research results (Stratford and Cadei, 2006) indicate that sig-
nifi cant bond stresses form near the end of the CFRP strengthening mater-
ials due to the infl uence of the prestressing forces (bond stresses are 
discussed in detail in the following section). The results suggest that the 
magnitude of the bond stresses induced by the prestressing forces can 
exceed the magnitude of the stresses induced due to applied loads and 
thermally induced stresses combined. Different approaches have been 
investigated to reduce the bond stress concentrations at the end of a pre-
stressed CFRP strip. Most notably, a novel approach was developed at the 
Swiss Federal Laboratory (EMPA) for installing prestressed FRP materials 
on concrete structures which can, presumably, also be adopted for steel 
structures (Motavalli et al., 2011). Using this approach the prestressing force 
is gradually reduced from the maximum value to zero at the end of the 
prestressed strip in a step-wise manner over a short distance while simul-
taneously applying heat to the system. This approach requires the use of a 
specially designed installation device which eliminates the need for end 
anchorages. Other researchers have investigated the use of CFRP tendons 
for unbounded post-tensioning applications (Lee et al., 2005). This approach 
shares many of the same advantages of post-tensioning using steel tendons; 
however, the CFRP tendons have the added advantage of being non-cor-
rosive. This post-tensioning technique was successfully used to strengthen 
portions of a three-span continuous steel bridge in central Iowa, USA.

15.4 Bond behavior

The integrity of a bonded FRP strengthening system for steel beams 
depends largely on the performance of the bond between the steel surface 
and the FRP materials. When strengthening concrete structures, the bond 
strength of the strengthening system is limited by the tensile strength of the 
substrate concrete. As such, in these applications it is suffi cient to make the 
bond ‘strong enough’ to force the failure into the concrete layer. In contrast, 
when strengthening steel members, assuming that the steel surface is prop-
erly prepared, it is essentially impossible to force the bond failure into the 
steel substrate using modern adhesives that are conventionally used in 
structural applications. As such, a thorough understanding of the bond 
behavior is essential to ensure that the strengthening system performs as 
intended and to prevent a sudden, premature debonding failure. Two fun-
damental approaches have been adopted to evaluate the bond characteris-
tics of FRP-strengthened steel members: the stress-based approach and the 
fracture mechanics-based approach. Each approach is summarized in the 
following sections.
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15.4.1 Stress-based approaches

Several different stress-based approaches have been proposed to evaluate 
the nature of the bond stresses that develop in the adhesive layer between 
steel surfaces and FRP materials (Hart-Smith, 1974; Albat and Romily, 
1999; Rabinovich and Frostig, 2000; Smith and Teng, 2001; Deng et al., 2004; 
Stratford and Cadei, 2006; Al-Emrani and Kliger, 2006, Yang and Ye, 2010). 
While there are various differences between the different models, they all 
follow a fundamentally similar approach. These approaches are based on 
the principal that there is a mismatch between the strains and curvatures 
that would develop in the FRP and at the bottom surface of the strength-
ened beam if there was no composite interaction between the two and those 
that actually develop due to the presence of the adhesive. This mismatch 
must be accommodated by stresses that are induced in the adhesive layer. 
That is, it is the presence of the adhesive layer that forces the FRP to 
conform to the strain and curvature at the bottom of the strengthened 
member. The mismatch of axial force induces shear stresses in the adhesive 
layer and the mismatch of the curvature induces through-thickness or 
‘peeling’ stresses in the adhesive layer perpendicular to the surface of the 
steel member. The distribution of these stresses can be obtained by con-
sidering equilibrium and compatibility of an infi nitesimal segment of the 
strengthened member. Using this approach, the differential equations that 
dictate the stress distributions are formulated. The solution of the differen-
tial equations depends on the boundary conditions and loading acting on 
the strengthened member. The differences between the various models lie 
primarily in the different assumptions made to simplify the formulation and 
solution processes.

Regardless of the specifi c formulations that are considered, the behavior 
of the bond between FRP materials and steel surfaces exhibits several 
unique trends. Most notably, due to the abrupt change in geometry and 
material properties near the end of the strengthening plates, signifi cant 
shear and peeling stress concentrations develop in the adhesive at these 
locations as illustrated in Fig. 15.7. This trend has been verifi ed through a 
number of independent experimental studies (Miller et al., 2001; Matta 
et al., 2005; Colombi and Poggi, 2006; Dawood et al., 2009). Inspection of 
the fi gure reveals several interesting trends. First, the through-thickness or 
peeling stress concentrations dissipates more quickly than the shear stress 
distribution. Additionally, the magnitude of the peak shear stress is greater 
than that of the peak peeling stress, approximately double in this specifi c 
example. It should be noted in this case, however, the peeling stresses are 
generally more detrimental to the performance of a bonded joint than shear 
stresses, as they place the adhesive into a state of direct tension. This is 
particularly critical for systems that employ brittle adhesives that can 
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15.7 Predicted distribution of (a) shear and (b) peeling stresses in the 
adhesive layer near the end of a CFRP strip used to strengthen a steel 
beam (based on the formulation by Smith and Teng, 2001).

debond suddenly once the peak principal stress approaches the tensile 
strength of the adhesive.

Due to the nature of these stress concentrations, increasing the length of 
the bonded joint beyond a certain critical length will not increase the 
strength of the bonded joint. Alternatively, it has been recommended to 
modify the geometry or material properties of the strengthening plate and 
the adhesive locally near the plate end to help reduce the magnitude of the 
stress concentrations. These modifi cations, illustrated schematically in Fig. 
15.8, may include providing an adhesive spew fi llet or grading the elastic 
modulus of the adhesive near the plate end or tapering, ‘reverse’ tapering, 
or perforating the FRP plate itself. An extensive experimental and numeri-
cal study illustrated that providing a reverse tapered plate end detail with 
a 20° taper angle and a corresponding spew fi llet helped to reduce the stress 
concentration factor in a bonded joint by a factor of two, thereby doubling 
the ultimate tensile strength of the bonded joint (Dawood et al., 2009).
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15.8 Various techniques to reduce local stress concentrations near 
the end of a bonded FRP plate: (a) adhesive spew fi llet, (b) graded 
adhesive, (c) tapered plate end, (d) reverse tapered plate end with 
adhesive spew fi llet, and (e) perforated plate end.

Recently, two interesting trends have been identifi ed related to the bond 
behavior of FRP-strengthened steel beams. First, research indicates that the 
location of plate termination points must be carefully considered when 
strengthening indeterminate steel beams (Sebastian, 2003). Localized yield-
ing of these indeterminate members causes load redistribution and migra-
tion of the points of infl ection along the length of the member. To prevent 
premature debonding of FRP plates, it is common practice to locate the 
plate ends in regions of relatively low moment, near points of infl ection. 
For heavily loaded indeterminate beams, the migration of the point of 
infl ection can cause load reversals and signifi cant stress concentrations near 
the plate ends. This effect is not a concern in the elastic service range. 
However, it may be more signifi cant in structures that are expected to 
experience multiple excursions into the inelastic range, such as in seismic 
applications.

Another similar trend has been observed in beams that are expected to 
undergo signifi cant inelastic deformations. At load levels above those 
required to cause yielding of the steel member, large shear stress concentra-
tions form near the location of maximum moment, within the plastic hinge 
region of the beam (Sebastian, 2003; Linghoff et al., 2009). These stress 
concentrations are due to the signifi cant plastic fl ow that occurs in the 
tension fl ange of the beam at large strain values beyond yielding. Research 
indicates that the magnitude of these stress concentrations may exceed the 
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magnitude of the stress concentrations that form near the plate end. The 
effect of these post-elastic stress concentrations on the behavior of beams 
strengthened with high-modulus CFRP materials has not been observed to 
be signifi cant. This is primarily because the low rupture strain of the high-
modulus materials does not permit the formation of large plastic strains in 
the beam fl ange prior to rupture of the CFRP. For beams strengthened with 
high-strength CFRP materials, the formation of these stress concentrations 
could reduce the ductility of the strengthened beam due to premature 
debonding, but is not expected to have a signifi cant effect on the ultimate 
strength.

Recent studies have further shown that variations in temperature can 
induce shear and peeling stresses near plate ends that are comparable in 
magnitude to mechanically induced stresses (Stratford and Cadei, 2006). 
Experimental studies have demonstrated that the ultimate tensile strength 
and stiffness of bonded joints between steel and CFRP materials decrease 
dramatically as the ambient temperature approaches and exceeds the glass 
transition temperature of the adhesive (Nguyen et al., 2011). Conversely, at 
very low temperatures, many typical structural adhesives become stiffer and 
more brittle which may lead to abrupt and brittle debonding type failures. 
As such, due care should be taken to consider the infl uence of temperature 
variations on the adhesive properties and overall bond behavior when 
designing strengthening systems for applications in which temperature 
variations may be excessive, such as in bridge strengthening applications. 
Similarly, exposure to moisture may also degrade the adhesive properties 
and the bond strength of the system. While some concern has been raised 
regarding the potential for accelerated corrosion of steel structures due to 
galvanic corrosion with CFRP materials, research suggests that even a rela-
tively thin layer of adhesive between the steel and the CFRP can minimize 
this risk (Tavakkolizadeh and Saadatmanesh, 2001). Other research sug-
gests that the moist durability of the interface between the steel surface and 
the adhesive layer can be signifi cantly enhanced by applying a properly 
selected silane-based primer to the steel surface prior to bonding the FRP 
materials (Dawood and Rizkalla, 2010).

15.4.2 Fracture mechanics-based approaches

The other main approach to evaluate the bond performance of steel 
members strengthened with FRP materials is based on the principles of 
fracture mechanics (Colombi, 2006; Lenwari et al., 2006). This approach 
recognizes that the plate end represents a point of stress singularity in 
the adhesive layer that is susceptible to sudden fracture. Failure of the 
adhesive layer and debonding are expected to occur when the stress inten-
sity factor at the plate end, K, approaches the mode I fracture toughness 
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of the adhesive, KIC. Equivalently, failure can be defi ned when the fracture 
energy release rate of the system approaches the critical fracture energy 
of the adhesive, Gc. The stress intensity factor or fracture energy near the 
plate end are typically determined from a stress-based analysis, either 
analytically or numerically, and generally depend on the geometry near 
the plate end, the boundary conditions, and the loading on the beam. The 
fracture toughness and critical fracture energy of the adhesive are mater-
ial properties which can be determined experimentally for different adhe-
sives, much like the tension strength. This approach has been found to 
accurately predict the debonding strength of bonded joints between steel 
surfaces and FRP materials. The fracture mechanics-based approach has 
the added advantage that it can be relatively easily extended to evaluate 
the fatigue performance and crack propagation of bonded joints by con-
sidering the stress intensity factor range, ΔK (Liu et al., 2009).

15.5 Repair of cracked steel members

Repair of cracked members is a major challenge in the rehabilitation and 
maintenance of steel infrastructure. One of the primary challenges associ-
ated with conventional repair techniques is that the fatigue performance of 
the repair details is typically much lower than that of the virgin structure 
leading to rapid re-initiation of the crack. The application of an FRP patch 
can help reduce the stress intensity factor near the crack tip, which drives 
the crack propagation, through two primary mechanisms: (i) reduction of 
the stress range at the crack tip due to transfer of stresses along the FRP 
patch, and (ii) restraint of crack opening displacements. Research fi ndings 
demonstrate that the installation of FRP patches can signifi cantly affect the 
evolution of the mode I stress intensity factor, KI near the crack tip. In 
unpatched members, as the crack length increases, KI increases continu-
ously leading to unstable propagation of the crack. In contrast, for FRP-
patched members, as the crack length increases, KI asymptotically approaches 
a limiting value leading to more stable crack growth (Rose, 1982; Paul 
et al., 1994; Wang et al., 1998). This reduction of the stress intensity factor 
can signifi cantly improve the fatigue life of the repaired member.

Several research studies have highlighted the effectiveness of using 
FRP patches to repair cracked steel members (Tavakkolizadeh and 
Saadatmanesh, 2003b; Jones and Civjan, 2003; Nozaka et al., 2005; Shaat 
and Fam, 2008; Kim and Harries, 2011b). Stiffer patches are generally more 
effective for repairing cracked members as they attract more stress away 
from the crack tip region and are more effective in restraining the crack 
opening displacements. Therefore, thicker patches of higher modulus 
FRP materials are generally preferable for these types of repair. Research 
indicates that FRP patches are susceptible to two types of debonding. 
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Debonding that initiates near the crack location and propagates outwards 
is generally stable. While this type of cracking reduces the patch effective-
ness, it does not generally lead to global failure of the patch. Debonding 
that initiates from the edges of the patches and propagates towards the 
crack is more critical and may lead to global failure of the patch. Thicker 
and stiffer patches are more susceptible to this latter type of debonding 
due to high bond stress concentrations that form near the ends of the 
patches. As such, the application of the remedial measures described previ-
ously to reduce stress concentrations near plate ends is advisable. Research 
also shows that double-sided crack repairs are more effective than single-
sided repairs, since the stress intensity factor near the crack tip, on the 
unpatched side of a cracked member with a single-sided patch is higher 
than that on the patched side (Liu et al., 2009; Lam et al., 2010). Therefore, 
double-sided patching is recommended whenever both sides of a cracked 
member are accessible.

Research also indicates that a signifi cant enhancement of the fatigue life 
can be achieved by applying prestressed FRP patches (Bassetti et al., 2000; 
Täljsten et al., 2009; Huawen et al., 2010). Analytical studies indicate that 
applying moderate levels of prestressing in the FRP can reduce the stress 
intensity factor in cracked steel plates signfi cantly (Colombi et al., 2003). In 
addition to the two primary mechanisms identifi ed previously, prestressed 
patches also induce compressive stresses near the crack tip, thereby reduc-
ing the stress ratio that drives crack propagation. This can lead to a dramatic 
reduction of the crack growth rate and can even completely halt the crack 
propagation (Täljsten et al., 2009; Huawen et al., 2010).

15.6 Stabilizing slender steel members

Since steel members are typically very slender, they are particularly suscep-
tible to local and global buckling failure mechanisms. Structural failure due 
to buckling can be avoided relatively easily in the design stages of a project. 
However, if members in service are found to be too slender, for example 
due to corrosion or design errors, or if a member needs to be reinforced to 
accommodate loads higher than the original design loads, addressing buck-
ling concerns can be signifi cantly more challenging. Researchers have 
shown that externally bonded FRP materials can be used to increase the 
global and local buckling resistance of different types of steel compression 
members including hollow structural sections (Shaat and Fam, 2006), tee-
shaped compression braces (Kim and Harries, 2011a), and cold-formed 
steel struts (Silvestre et al., 2008). These studies generally demonstrate that 
moderate increases in buckling strengths, on the order of 20%, can be 
achieved using externally bonded FRP materials. The presence of the FRP 
materials helps to increase the moment of inertia of slender elements and 
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sections, thereby enhancing their buckling resistance. The effectiveness of 
externally bonded FRP strengthening in these applications is sensitive to 
the orientation and location of the fi bers and the possible interaction 
between different buckling modes. Another approach that has proven to be 
effective is to stabilize slender compression elements with a cementitious 
core, made of either cast-in-place grout or precast cementitious blocks, 
which are subsequently confi ned by an FRP jacket (Liu et al., 2005; El-Tawil 
and Ekiz, 2009). In this application the cementitious core provides stability 
to the slender member, while the FRP jacket primarily provides confi ne-
ment of the cementitious core and protection from environmental expo-
sure. With recent developments in underwater curing adhesives, the 
effectiveness of FRP jacketing for repairing corroded steel piles in bridge 
and marine applications is also being studied.

In another novel application, glass FRP (GFRP) pultruded sections have 
been used to stiffen the slender webs of plate girders (Okeil et al., 2008). In 
this application, GFRP tee-shaped sections were bonded to the girder webs 
in the panel zones between existing welded stiffeners. This approach was 
found to increase the ultimate shear capacity of plate girders by up to 40%. 
The use of bonded GFRP stiffeners presents the interesting possibility of 
aligning the stiffeners with the direction of principal compression in the 
web, thereby maximizing the effi ciency of the stiffener.

15.7 Case studies and fi eld applications

Several steel structures have been retrofi tted using CFRP materials to 
demonstrate the effectiveness of this strengthening technique. These early 
demonstration projects have focused primarily on the use of unstressed 
externally bonded CFRP materials. Externally bonded high-strength CFRP 
plates were used to retrofi t a single steel girder on the Delaware Depart-
ment of Transportation (DelDOT) 1-704 bridge. The bridge carries south-
bound traffi c on Interstate Highway 95 over Christina Creek just south of 
Newark, Delaware, USA (Miller et al., 2001). A single girder in the northern 
approach span was strengthened. The selected girder was designed to 
behave as a plain steel girder and, therefore, no shear connection was pro-
vided with the concrete deck. The girder was not in need of strengthening. 
Rather the retrofi t was conducted to assess the long-term durability of the 
system. Load tests indicated that the presence of the CFRP helped to 
reduce the maximum strain in the steel tension fl ange by 12% as compared 
to tests conducted prior to strengthening. No deterioration or degradation 
of the strengthened girder has been reported to date.

In a similar application, high-modulus CFRP materials were used to 
strengthen several girders on a small bridge on Kentucky State Highway 
32, west of Sadieville, Kentucky, USA. While the bridge was designed to be 
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non-composite, composite interaction with the concrete deck was provided 
using post-installed shear anchors before installation of the CFRP materi-
als. The installation of the CFRP strengthening is shown in Fig. 15.9. CFRP 
strips were bonded to the upper and lower surfaces of the tension fl ange in 
order to maximize the strength and stiffness increase that could be achieved 
using a single 2 mm thick layer of CFRP strips.

Several guidelines have been developed to facilitate the design and instal-
lation of externally bonded FRP materials for retrofi t of steel fl exural 
members. Specifi c guidance and a detailed design example, including fl ex-
ural and bond considerations, are presented elsewhere (Schnerch et al., 
2007).

15.8 Future trends

Signifi cant advancements have been made to date on the use of FRP mate-
rials for retrofi t and rehabilitation of steel structures. Based on the docu-
mented successes and advancement in this fi eld, research has expanded to 
study several new and innovative solutions to complex challenges related 
to the performance of steel structures.

The majority of the research conducted to date has focused on the use 
of ambient temperature cure, thermosetting adhesives to bond pultruded 
FRP plates for fl exural strengthening of steel beams. However, some 
researchers are investigating the use of vacuum bagging techniques, ele-
vated cure temperatures, FRP prepreg materials, and thermoplastic adhe-
sives for strengthening steel structures (Photiou et al., 2006; Hollaway et al., 
2006). This approach can provide several distinct advantages over the 
current methods and materials. Namely, elevated temperature cure cycles 
produce cured adhesives with higher glass transition temperatures. Further, 
the use of FRP prepreg materials can be advantageous when rehabilitating 
structures with complex geometries and curved surfaces. In these applica-
tions, the use of vacuum bagging techniques can produce higher quality 
cured composites with higher fi ber volume fractions than less advanced 
hand layup methods.

Integration of FRP materials with other types of advanced materials, 
including nanoparticles and shape memory alloys (SMA) could also expand 
their usefulness for repairing steel and other metallic structures. Current 
research efforts are assessing the benefi ts of using adhesives reinforced with 
carbon nanotubes or other types of nanoparticles (Faleh et al., 2011). This 
research highlights the importance of using advanced mixing and process-
ing techniques to properly disburse the nanoparticles in the adhesives. The 
use of nanoparticle reinforced adhesives could lead to the development of 
the next generation of high-strength, multifunctional adhesives. These adhe-
sives would be particularly well suited for steel strengthening applications 
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(a)

(b)

15.9 Strengthening of steel bridge on Kentucky State Highway 32 
using high-modulus CFRP materials: (a) installation of CFRP on upper 
surface of tension fl ange, (b) CFRP plates bonded to lower surface of 
tension fl ange (photos courtesy of Professor Issam Harik, University of 
Kentucky).
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in which the bond characteristics and adhesive properties are particularly 
critical. On-going research is also focusing on integrating FRP with SMA 
materials with the objective of developing a new class of self-prestressing 
composite materials for crack repair applications.

The repair of cracked members with complex geometries, such as 
complex welded details, and gusset plates with closely spaced bolts, repre-
sents another challenge that may be well suited for the use of FRP-based 
repair alternatives (Kaan et al., 2008; Nakamura et al., 2009). FRP mater-
ials can be precisely fabricated to match the complex geometries at cover 
plate ends, weld fi llets, gusset plates, and bolted connections. They can be 
easily bonded in confi ned spaces making their use very promising to 
repair fatigue-sensitive details in inaccessible locations that may otherwise 
require major retrofi t of a signifi cant portion of a structure or possibly 
even total replacement.

The use of FRP materials for repair of tubular steel structures and 
complex tubular joints such as those used in offshore and piping applica-
tions is another emerging fi eld (Duell et al., 2008; Alexander and Ochoa, 
2010). Research to date has demonstrated the effectiveness of using wet 
layup FRP materials to repair welded joints in aluminum overhead sign 
structures (Pantelides et al., 2003; Fam et al., 2006). Other researchers are 
studying the bond behavior of FRP materials bonded to curved tubular 
members (Fawzia et al., 2007). Modern advancements in adhesive joining 
technology have also led to the development of structural adhesives that 
can cure underwater and that are well suited for repairing underwater 
pipelines and offshore structures (Seica and Packer, 2007). Advancements 
in this fi eld could prove increasingly benefi cial based on growing global 
energy needs and advancements in both offshore petroleum and offshore 
wind energy technologies.

15.9 Sources of further information

Interested readers are directed to a number of relevant resources for more 
detailed information related to rehabilitation and retrofi t of steel structures 
with FRP materials. Of signifi cant note is the International Institute of FRP 
in Construction (IIFC) working group on Repair of Metallic Structures. 
IIFC’s mission is to advance understanding related to the use of FRP mater-
ials in civil infrastructure applications for the advancement of the engineer-
ing profession and the betterment of society. The working group on Repair 
of Metallic Structures consists of active researchers from around the world 
who are conducting relevant, cutting-edge research. Among other activities, 
the Working Group publishes an annual list of publications, which, as 
of January 2011, included over 300 publications. IIFC also organizes two 
relevant biannual international conferences: the International Conference 
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on FRP Composites in Civil Engineering (CICE), and the Asia Pacifi c 
Conference on FRP in Structures (APFIS). Similarly, the US Transportation 
Research Board committee AFF80 on Structural Fiber Reinforced Poly-
mers has a subcommittee dedicated to studying advancements in FRP 
strengthened bridge girders.

A number of international design guidelines and specifi cations have been 
published that provide guidance to practitioners related to the proper 
design, installation, and monitoring of FRP-based systems for strengthening 
steel structures (Cadei et al., 2004, National Research Council, 2007). Inter-
ested readers are also directed to several summary papers and reports that 
provide a comprehensive overview of the state-of-the-art in the fi eld (Hol-
laway and Cadei, 2002; Zhao and Zhang, 2007; Harries and El-Tawil, 2008).
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Abstract: This chapter presents dozens of select environmental 
engineering applications of fi ber-reinforced polymer (FRP) composite 
materials with emphasis on their environmental benefi ts, followed by 
discussions on durability of composites. Signifi cance of design codes 
and specifi cations in promoting and advancing the applications of 
FRP composites is addressed. With ever increasing attention toward 
a sustainable built environment, FRP composites have potential to be 
selected as a material of choice because of the performance and design 
advantages of FRPs.

Key words: fi ber-reinforced polymer (FRP), durability, sustainable 
materials, infrastructural applications, recycling of composites, green 
composites.

16.1 Introduction

A composite material is a combination of two or more materials (reinforcing 
elements such as fi bers, and binders such as polymer resins), differing in 
form or composition. The combination of these materials can be designed 
to result in a material that maximizes specifi c performance properties. For 
example, fi ber reinforced polymer (FRP) composites are made of thermo-
setting or thermoplastic resins, and glass, carbon, or other types (e.g., Kevlar 
or natural fi ber fl ax/kenaf) of fi bers (rovings), mats, and/or fabrics. The fi ber 
network is the primary load-bearing component, while the resin helps trans-
fer loads including shear forces through fi bers and fabrics and maintains 
fi ber orientation. The resin primarily dictates the manufacturing process and 
processing conditions, and partially protects the fi bers/fabrics from environ-
mental damage, such as humidity, temperature fl uctuations, and chemicals.

FRP composites are being promoted as the materials of the 21st century 
because of their superior corrosion resistance, excellent thermo-mechanical 
properties, and high strength-to-weight ratio. FRPs are also ‘greener’ in 
terms of embodied energy (the quantity of energy required to manufacture 
a product) than conventional materials such as steel and aluminum, on 
a per-unit-of-performance basis. The use of FRP composites in civil 
and military infrastructure can improve innovation, increase productivity, 
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enhance performance, and provide longevity, resulting in reduced life-cycle 
costs and enhanced environmental protection. For over 25 years, the 
researchers at West Virginia University’s Constructed Facilities Center 
(WVU-CFC) have been conducting research on fundamentals of engineer-
ing and material sciences, innovation and development including fi eld 
implementation of FRP composite components and systems. The FRP 
implementation has touched upon a wide range of engineering applications 
with emphasis on enhancing performance, serviceability, and durability 
over conventional materials.

This chapter deals with FRP composites in environmental engineering 
to enhance environmental protection. Environmental engineering covers 
a range of applications involving science and engineering principles to 
protect and even improve the natural environment (air, water, and land 
resources), to provide healthy water, air, and land for human habitation 
(family dwellings or offi ce spaces) including living organisms and if pos-
sible, to remediate environmental pollution. By no means will this chapter 
provide a complete coverage of the applications of FRP composites in 
environmental engineering.

After discussing the environmental benefi ts of composites, this chapter 
focuses on select FRP fi eld applications related to environmental protec-
tion based on the authors’ research and implementation experiences. These 
applications include:

• oil and gas storage tanks;
• FRP rebars;
• decking for ocean environment;
• sheet piling;
• cold water pipe for ocean thermal energy conversion power generation;
• chimney liners;
• cooling water tower;
• environmentally friendly utility poles;
• modular track panels;
• geosynthetics;
• corrosion-resistant pipelines;
• rock bolting for underground mining;
• modular buildings of environmental durability;
• FRP wraps for concrete and wooden structures;
• engineered recycled rail-road ties; and
• green composites.

The above applications are followed with discussions on durability of 
composites. Finally, design codes and specifi cations to promote and advance 
the applications of FRP composites are presented, in addition to their 
future research directions.
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16.2 Advantages and environmental benefi ts of 

fi ber-reinforced polymer (FRP) composites

FRP composites have been advanced over the years for mass production 
of chemical reactors, storage tanks, aerospace, automotive, offshore and 
highway structural applications, and many others. Such a wide range of 
applications can be attributed to the following favorable FRP material 
properties:

• higher specifi c (with reference to material density) strength and stiffness 
than steel or wood;

• higher fatigue strength and impact energy absorption capacity;
• better resistance to corrosion, rust, fi re, hurricane, ice storm, acids, water 

intrusion, temperature changes, attacks from micro-organisms, insects, 
and woodpeckers;

• longer service life (over 80 years);
• lower installation, operation, and maintenance costs;
• non-conductivity;
• non-toxicity;
• reduced magnetic, acoustic, and infrared (IR) interferences;
• design fl exibility including ease of modular construction; and
• consistent batch-to-batch performance.

The environmental benefi ts of FRP composites can be discussed in 
terms of:

• better durability;
• light weight;
• lower transportation costs;
• superior corrosion resistance, thus longer service life;
• ease of installation; and
• free of maintenance.

For example, corrosion-resistant FRP rebar in lieu of steel rebar in con-
crete makes roads and bridges last longer (Vijay and Hota, 1999; Chen 
et al., 2008). Modular FRP composite bridge decks are about ten times 
lighter and eight times stronger than the conventional concrete bridge 
decks requiring less erection time with only light equipment for installation 
(Shekar et al., 2005), thus reducing downtime and traffi c tie-ups in the case 
of bridge deck replacement, increasing productivity, and reducing the life-
cycle costs of construction. In addition, the low self-weight of FRP bridge 
decks can result in increased live-load-carrying capacity of old bridges after 
replacing deteriorated concrete decks with modern FRP decks.

FRP composites offer additional benefi ts in terms of energy effi ciency 
and environmental performance. Several life cycle assessment analyses 
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concluded that per unit of performance, GFRP composite products have 
lower embodied energy (Strongwell Corporation, 2009; Kara and Manmek, 
2009). For example, per unit length of I-beam, GFRP I-beam consumes 
only 43% of the amount of embodied energy that is consumed to manu-
facture steel I-beam, while the greenhouse gas emission (COx) for GFRP 
I-beam is 75% less than that of steel I-beam, resulting in the total envi-
ronmental impact index of GFRP I-beam being 20% that of steel I-beam 
(Kara and Manmek, 2009). It must be noted that the above stated relative 
embodied energy advantage of FRP over steel is based on specifi c applica-
tion and specifi c performance. These embodied energy percentages vary 
depending upon the application type and material functionality. In addi-
tion, FRP composites, in lieu of wood for utility poles or cooling towers, 
will relieve the environmental concerns of chemically treated wood where 
preservatives could pollute the surrounding soil and damage the plant life 
or leach into and contaminate the water. According to Feldman and Shistar 
(1997), more than 667 million lbs of wood preservatives are consumed in 
the United States every year. Pultruded FRP cooling towers have already 
been accepted. As FRP utility poles penetrate into the wood pole market, 
wood preservative usage will be further reduced.

The development of natural (‘green’) composites will reduce the embod-
ied energy of composite materials, improve environmental benefi ts, and 
promote sustainable developments (Mutnuri et al., 2010). The natural com-
posites are made of natural fi bers and bio-based resins. The natural fi bers 
and bio-resins are from plants that grow by deriving energy from the sun, 
drawing carbon dioxide from the atmosphere, and releasing oxygen back 
into the atmosphere via photosynthesis. These plants can be continuously 
re-grown as feedstock for composite applications leading to a natural 
carbon sequestration approach. The potentially high performance and low 
cost of bio-composites not only provide carbon sequestration but also result 
in signifi cant energy savings during manufacturing. For example, per unit 
weight, embodied energy of rough sawn timber is 23 times less than steel 
and 290 times less than aluminum; per ton of material, rough sawn timber 
stores 500 kg of carbon while steel releases 700 kg of carbon and aluminum 
releases 8,700 kg of carbon (Ferguson et al., 1996). Natural composites 
having embodied energy levels similar to timber offer ten-fold superiority 
in terms of mechanical properties. The development and implementation 
of innovative structural composites made of natural fi bers and bio-based 
resins will allow us to reduce the use of traditional materials such as cement 
and fossil fuel-based composites, releasing large quantities of COx into the 
atmosphere. For example, one ton of cement releases one and a half tons 
of COx (Malvern, 2011), whereas one ton of natural fi bers absorbs one ton 
of COx from the atmosphere. Noting that about 3 billion tons of cement is 
used every year, even partial replacement of cement-based concrete with 
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natural composite structural elements in buildings will result in signifi cant 
energy savings and reduction of carbon footprint.

16.3 Fiber-reinforced polymer (FRP) composites 

in chemical environmental applications

The advantages of FRPs in terms of both the chemical and corrosion resis-
tances over conventional construction materials have been recognized since 
the initial development of FRPs following World War II. Their application 
in chemical process equipment dates back to the early 1950s when the 
chemical process and pulp bleaching industries began using FRPs to replace 
expensive materials such as alloys and rubber-lined steel (Kelley and Sch-
neider, 2008). Currently, FRP composites are widely used in chemical indus-
tries, such as tanks, ducts, pipes, hoods, pumps, fans, grating, a range of other 
equipment for chemical processing, pulp and paper, oil and gas, water and 
wastewater treatment (ACMA, 2011). According to data from the American 
Composites Manufacturers Association, the above applications represent 
22% of total FRP composites shipments during 2010 in the US, i.e. about 528 
million lbs, as compared to a market share of approximately 10% in 1999.

16.3.1 Underground storage tank

Among other success stories is FRPs for underground storage tanks (UST) 
that store petroleum products. Gasoline underground storage tanks were 
made extensively from mild steel before the 1970s, leading to corrosion 
over time and eventually resulting in leakage of fuel into the surrounding 
environment and contamination of the soil and groundwater. FRP USTs 
came into use in the mid-1960s. These were made of glass fi bers and isoph-
thalic polyester resin and were proven to be a highly-engineered and cost-
effective solution (Fig. 16.1). A lengthy process of third-party validation 

(a) (b)

16.1 The fi rst generation FRP tank (a) before burial, May 15, 1963; 
(b) after burial, May 11, 1988.
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and acceptance by major owners took place in the 1970s (Dorris, 2008). 
FRP UST designs were optimized in the late 1980s for cost-effectiveness. 
In the 1980s, epoxy vinyl ester resins were introduced to further increase 
the service life of FRP via improved chemical resistance and toughness.

USTs are regulated in the United States to prevent the release of 
petroleum and contamination of groundwater. In 1984, the US Congress 
established the UST Program to minimize and prevent environmental 
damage from petroleum contamination from USTs. Legislation requiring 
owners of USTs to locate, remove, upgrade, or replace underground storage 
tanks became effective on December 24, 1989. Through this program, 
many thousands of old underground tanks were replaced with FRP tanks. 
These tanks were constructed as double- or triple-walled tanks – fi rst 
introduced in 1984 – to catch leaks from the inner tanks and to give an 
interstitial space to accommodate leak detection sensors. Piping was also 
replaced with FRP composite pipelines of multiple-wall construction. By 
the end of 2007, approximately 450,000 FRP tanks had been manufactured 
and sold (Dorris, 2008). According to the US Environmental Protection 
Agency (EPA) Report released in March 2012, the UST program had 
discarded 1,762,249 steel-based tanks and was regulating 587,517 active 
FRP USTs at approximately 212,000 sites across the country in 2011 
(EPA, 2012).

The primary methods of manufacturing FRP USTs are chopped glass 
spray-up, rotating mandrel laydown, and fi lament winding (McConnell, 
2007). The FRP UST models have evolved over the years, as new require-
ments were identifi ed, from single-wall, to double-wall, to triple-wall con-
struction. The fi rst FRP tank shown in Fig. 16.1 is a single-wall UST with a 
capacity of 6,000 gallons and an 8-foot diameter. Since then, changes in the 
UST design and construction include:

• tank sizes are signifi cantly larger, 8–10 ft diameter by 60–80 ft long, with 
a capacity of up to 50,000 gallons;

• the majority of FRP USTs have double-wall construction, ranging in 
wall thickness from 0.25 to 1.0 inch, including integral ribs;

• resin formulations have been improved so FRP USTs can contain 
aggressive fuels such as ethanol; and

• tanks now incorporate leak detection systems and containment sumps 
(McConnell, 2007).

Typically, a double-wall, multi-compartment FRP UST with a 10-ft diam-
eter and 20,000 gallon capacity weighs about 8,000 lbs, which makes it easy 
to handle and install these tanks underground. Currently these FRP USTs 
have extensive applications beyond gas stations. Many other chemical 
industries have been using these tanks to store and transport chemicals 
(Wood, 2011). The water and wastewater markets are also recognizing the 
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merits of factory-manufactured FRP tanks that meet high performance 
standards for containment and longevity (LeGault, 2011).

16.3.2 FRP rebars

Another outstanding example is FRP rebar in lieu of steel rebar in highly 
corrosive environments (Malnati, 2011). Concrete is a material that is very 
strong in compression, but relatively weak in tension. To compensate for 
this imbalance, steel reinforcing bars are embedded into concrete to carry 
the tensile loads. However, steel inherently corrodes (an electrochemical 
reaction) under salt exposure, leading to rusting. As rust takes up a greater 
volume than steel, its parent material, rust, causes severe internal pressure 
on the surrounding concrete, leading to cracking, spalling, and ultimately, 
concrete failure in tension due to rust-induced hoop stress. This is extremely 
serious when concrete is exposed to salt water, as in bridges where salt is 
applied to roadways in winter, or in marine applications.

FRP rebar appears to be the best solution to tackle this problem and 
offers a number of benefi ts to the construction of our nation’s infrastruc-
ture, including bridges, highways, and buildings. It is light weight (a quarter 
the weight of steel), strong (about twice the strength of steel), impervious 
to chloride ion and chemical attack, free of corrosion, transparent to mag-
netic fi elds and radio frequencies, and nonconductive for electrical and 
thermal loads. FRP rebars are commercially available on the market and 
they are mostly made from unidirectional glass fi ber-reinforced thermoset-
ting resins.

WVU-CFC researchers started FRP rebar application in 1986 for a hos-
pital building, but it was after eight years of research when the fi rst vehicular 
bridge, McKinleyville Bridge, was built in the US to use FRP rebars in a 
concrete deck (Fig.16.2). McKinleyville Bridge is located in Brooke County, 
the northern panhandle of West Virginia. It is a 180-feet long, three-span, 
continuous integral abutment bridge accommodating two lanes of traffi c. 
The selection of constituent materials and the manufacturing processes for 
FRP rebars were given careful consideration. Screening of several types of 
resins and fi bers under harsh environments was extensively researched at 
the WVU-CFC (Vijay, 1999). The GFRP rebars were placed in the concrete 
deck as top and bottom layers in the transverse and longitudinal directions 
as shown in the insert of Fig. 16.2. McKinleyville Bridge deck with FRP 
rebars has been in service for 16 years.

With support from the sponsors and contractors, in 2007, WVU-CFC 
researchers completed the nation’s fi rst continuously reinforced concrete 
pavement (CRCP) test section with GFRP rebars, along with steel rebar–
CRCP test segment for comparison (Fig. 16.3). These test segments are 
located on Route 9 in Martinsburg, in the northeastern corner of West 
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16.2 McKinleyville Bridge with concrete deck reinforced with FRP 
rebars, Brooke County, WV, built in 1996.

(a) (b)

16.3 Pavement with FRP rebar, WV Route 9, Martinsburg, WV.

Virginia and are being studied for their performance. Field studies show 
that GFRP rebar offers a low life-cycle cost option for reinforcement in 
concrete pavements (Chen et al., 2008). It is anticipated that FRP rebar 
reinforced pavements will offer many years of additional service life as 
compared to steel rebar reinforced pavements. There have been many other 
successful fi eld implementations, in particular using GFRP rebars in bridge 
deck applications in WV and many other states (FHWA, 2001; Gremel, 
2007). WVU-CFC has been working with Federal and State agencies and 
private industries for over 25 years in promoting and implementing FRP 
composite products on the US highway system, including construction or 
deck replacement of over 100 bridges with FRP bridge deck, FRP bridge 
superstructure, FRP reinforcing bar as well as FRP dowel bar for concrete 
pavements.
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16.4 Fiber-reinforced polymer (FRP) composites 

in sea-water environment

Few materials can survive long under the aggressive sea-waterfront envi-
ronment, i.e. onslaught of sea waves, impact from vessels, corrosive salts, 
sand and pebble erosion, high atmospheric humidity, inter-tidal wetting and 
drying, sun, marine borers, and immense storm forces. Historically, steel has 
been the primary structural material used for ships and submarines. Steel 
structures make up the largest weight group of any ship, typically contribut-
ing 35–45% of the overall vehicle weight (Beach and Cavallaro, 2002). This 
fact implies that ship structures have a major infl uence on the overall char-
acteristics such as displacement, payload, signatures, combat system effec-
tiveness, and life-cycle cost. Currently, 52% of a ship’s manpower is focused 
on maintenance, because the existing primary construction material – steel 
– requires constant maintenance to avoid rapid rate of corrosion (Greene, 
2003). Costs of spare parts and associated downtime needed to repair cor-
roded structures and hardware severely hamper the operational readiness 
of a ship.

16.4.1 All-composite deckhouse

FRP composites offer a potential solution to improve performance, surviv-
ability, and reliability of future naval ships and submarines. The US Navy 
is currently expanding the use of composites in the fi rst of a new family 
of advanced, multi-mission destroyers, known as the DDG-1000 Zumwalt 
class (LeGault, 2010). The DDG-1000 destroyer is designed to support 
both sea-based and land-based missions. It features a ‘tumblehome’ wave 
piercing hull and an upper section deckhouse made predominantly of 
fi ber-reinforced sandwich composites. Both the hull shape and composite 
deckhouse are intended to reduce the ship’s radar footprint.

The all-composite deckhouse superstructure of DDG-1000 is illus-
trated in Fig. 16.4. It is approximately 130 ft long by 60 ft wide by 
40 ft high (39.6 m by 18.3 m by 12.2 m), divided into four levels, and 
is made of balsa-cored glass and/or carbon/vinyl ester sandwich panels 
(LeGault, 2010). Each superstructure will use approximately 200,000 
square feet of fl at composite sandwich panels. The all-composite super-
structure not only reduces infrared and radar signatures but also reduces 
topside weight and total ship tonnage, and lowers construction and 
maintenance costs.

A sandwich panel can be defi ned as a three-layer construction, i.e., two 
thin facesheets (skin) and a thick core (Marshall, 1998). The skin is thin and 
stiff with high strength, while the core is thick and lightweight. A good 
sandwich construction requires the core to be strongly bonded to the skin 
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(a)

(b)

130 ft/39.6 m60 ft/18.3 m

DDG ZUMWALT DESTROYER
COMPOSITE DECKHOUSE
SUPERSTRUCTURE

65 ft/19.8 m

160 ft/48.8 m

70 ft/21.3 m Deckhouse and hull
feature ‘tumblehome’
design (all surfaces
slope inward from the
waterline to reduce
radar cross section)

Illustration | Karl Reque

Helicopter deck

Composite
helicopter

hangar

COMPOSITE DECK
INTERNAL STRUCTURE

VARTM’d flat panels reduce
tooling cost, weight and radar
signature

DECKHOUSE CUTAWAY:
Top four levels (40 ft/12.2 m high)
house advanced radar systems
and mission control center

16.4 DDG-1000 Zumwalt : stealth warship.

so that the core can transfer loads from one facesheet to another; thus, the 
core and skins will act in unison offering greater stiffness than the facesheets 
alone. Typically, the thickness ratio of core to skin of a composite is in the 
range of 10 to 20.
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16.4.2 Vacuum-assisted resin transfer molding (VARTM) 
versus pultrusion

A vacuum-assisted resin transfer molding (VARTM) process has been 
selected as the manufacturing method used to produce the sandwich panels 
for the fi rst DDG-1000. In a VARTM process, dry reinforcements in the 
form of mats, rovings, or fabrics are pre-shaped and manually oriented into 
a skeleton of the actual part, known as the preform. After the preform is 
inserted into a tool (typically comprises one mold surface and one bag 
surface), the resin is injected at low pressures into the closed mold. During 
resin injection, a vacuum is applied to reduce voids and assist infusion of 
the resin into the fabric, before allowing the resin to cure at room tempera-
ture for 12 to 24 hours. Its advantages include low tooling cost, low volatile 
emission, low void content, and design fl exibility for large and complex 
parts, but the process is labor-intensive and joining of VARTM panels is a 
challenge.

To overcome the limitations of VARTM panels, researchers at WVU-
CFC, in close collaboration with composites industry personnel and govern-
ment researchers, have been developing an automated pultrusion process 
for producing composite sandwich panels (Fig. 16.5; Liang et al., 2005). Many 
pultruded profi le shapes such as angles, beams, channels, tubes, bars, rods, 
plates, and sheets are commercially available, but to the authors’ knowledge, 
the process had not been used to produce thick sandwich panels (such as 
the target 2.25–3.5″ panel). The pultruded sandwich panels have resulted in 
improved mechanical performance and reduced production costs, thus pro-
ducing less expensive and more durable deckhouse (Liang and Hota, 2012).

Pultrusion is a process where FRP composites are produced continuously 
at speeds ranging from a couple of inches to a couple of feet per minute, 
through a heated die of desired cross section, i.e., no part length limitation. 
The reinforcements are in continuous forms such as rolls of unidirectional 
roving, biaxial fabric, or multiaxial fabric, which are properly positioned by 
a set of creels and guides for subsequent feeding into the resin bath. As the 
reinforcements are saturated (wet-out) with the resin in the resin bath and 
pulled into the forming and curing die, the heat curing of the resin is 
initiated from the preheated die, leading to a rigid profi le. The advantages 
of the pultrusion process include:

• high fi ber content,
• high cure percent age,
• minimal kinking of fi bers/fabrics,
• rapid processing,
• low material scrap rate, and
• good quality control.
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16.5 Pultrusion of 4′ GFRP composite sandwich panels with integral 
joint edges: (a) impregnated fabric entering into the forming die, 
(b) puller stretching sandwich panel out of the die, (c) female joining 
profi le (groove) of panel, (d) sandwich panel passing through cut-off 
saw (Bedford Reinforced Plastics Inc.).

(a) (b)

(c) (d)

The process disadvantages are:

• sometimes local inadequate or non-uniform fi ber wet-out,
• die jamming,
• die size/geometry limitation, and
• initial capital investment and die cost (Goldsworthy, 1982).

Hence, a glass fi ber-reinforced vinyl ester composite sandwich panel com-
posed of ¼ inch thick facesheets with a 3 in thick balsa core was pultruded 
and evaluated for its thermo-mechanical properties, including joining effi -
ciency (Fig. 16.6). The study has concluded that the pultruded panels are 
about 15–20% stronger and stiffer and 50% cheaper than VARTM panels. 
In particular, 8-ft wide sandwich panels were made through adhesive 
bonding of two 4-ft wide modular panels (with tongue and groove joint 
profi les using three layers of 24 oz/sq biaxial glass fabric as external rein-
forcement) and had 100% joint effi ciency under both shear and bending 
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with failure in the balsa core and away from the joint (Fig. 16.6). The pultru-
sion process is proven to be a viable manufacturing technique to produce 
high-quality composite sandwich panels for shipbuilding applications, in 
lieu of labor-intensive and costly steel structures. The authors are currently 
working with Huntington Ingalls Industry, Ingalls Shipbuilding to evaluate 
three types of joint confi gurations of the pultruded sandwich panels to build 
most typical joint confi gurations, including fl at, ‘L’, ‘T’, and cruciform. These 
joining confi gurations will enable the fabricators to assemble an actual ship 
structure, such as a deckhouse (Liang and Hota, 2012).

16.4.3 Sheet piling

FRP composites in the form of panels, pipes, and posts, in addition to pul-
truded standard shapes can fi nd broad applications in every type of sea-
waterfront facilities. These applications include: decking, walkways, 
platforms, ship-to-shore bridges, fenders, docking systems, retaining walls, 
crosswalks, moorings, cables, piles, piers, underwater pipes, railings, ladders, 
handrails, and many others, as representatively shown in Fig. 16.7. For 
example, WVU-CFC has recently tested several composite sheet piles made 
by Creative Pultrusion Inc. as an application to protect soil erosion near 
sea-front homes (Hota and Skidmore, 2012). These FRP products can 
survive under constant exposure to saltwater and salt air, and will not 
corrode, rust, or create sparks.

16.4.4 Cold water pipe for ocean thermal energy 
conversion (OTEC)

For the past four years, the US Department of Energy (DOE) and Lock-
heed Martin have been collaborating to develop innovative technologies to 

(a) (b)

16.6 Full-scale panels under four point bend loading: (a) 4′ × 10′ with 
span 100″, (b) joined panel of 4′ × 5′ with span 80″.
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(a) (b)

16.7 FRP handrail, ladder, platform, and walkway for sea waterfront 
facilities.

enable ocean thermal energy power generation (PRNewswire, 2008; Chiles, 
2009). Ocean thermal energy conversion (OTEC) uses the ocean’s thermal 
gradient to drive a heat engine (Fig. 16.8). Since the ocean’s temperature 
difference is relatively small, large volumes of seawater must be used to 
generate commercial levels of power. The fabrication and installation of 
large diameter cold water pipe (CWP) that reaches depths of thousands of 
feet (~3000) represent one of the largest technical challenges to successfully 
install and operate an offshore OTEC system (Chiles, 2009). Figure 16.8  
shows a section of 4 m (13 ft) diameter FRP CWP at the Lockheed Martin 
facility. The goal is to manufacture a 10 m (33 ft) diameter pipe that will 
reach depths downwards of 1,000 m (3300 ft) in the bottom of the ocean 
(Miller, 2011). On this project, WVU researchers provide technical consul-
tation and conduct testing and evaluation of composite materials and FRP 
CWP sections with emphasis on FRP durability and service-life prediction 
in a seawater environment (Dittenber and Hota, 2010).

16.5 Fiber-reinforced polymer (FRP) composites 

in coal-fi red plants

More than half of electricity in the United States is generated from coal. 
There are currently 14 coal-fi red electricity generating facilities located in 
West Virginia. Environmental concerns and increasing demand for energy 
have created a situation where fl ue gas generated by coal-fi red power 
plants, old or new, needs to be cleaned before being rejected into the atmo-
sphere. Early in the 1970s, the US government’s regulation of stack emis-
sions from coal-fi red plants led to the deployment of fl ue gas scrubber 
systems that remove sulfur dioxide and mercury from the fl ue gas produced 
when coal is burned (Fig. 16.9). These fl ue gas scrubber systems require 
corrosion-resistant chimney liners to resist corrosive chemicals.
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16.8 Ocean thermal energy conversion cold water pipe.
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(a) (b)

16.9 Coal power plants: (a) no air pollution control devices; (b) with 
air pollution control devices.

16.5.1 Chimney liners

FRP composites have been successfully applied as chimney liners and gas 
ducts in power plants for many years due to their non-corrosive properties, 
ease of fabrication, and cost effectiveness. Recently, more stringent require-
ments have led to new greenhouse gas scrubber technologies such as jet 
bubbling reactors (JBR) and have further expanded the use of FRP com-
posites. FRP composites have proven to be durable both structurally and 
chemically when used in the fl ue gas desulfurization (FGD) process of a 
coal-fi red power plant (Southern Company Services, 2002). FRPs are also 
used in water piping, storage tanks, top ash and fl y ash pipe, and cable trays 
in many coal-fi red plants, while more than 70% of new and replacement 
fi eld erected cooling towers in the United States are constructed with pul-
truded FRP structures. FRP composites enable coal-fi red power plants to 
be operated under more environmentally friendly conditions.

Again, these applications involve the mass use of FRP composites for 
large diameter FRP structures. A recently built coal power plant in Spring-
fi eld, IL has a 440-ft (134-m) tall concrete chimney with a FRP composite 
liner that is made of 27 segments that were fabricated using a fi lament 
winding method (Lucintel, 2008). Each segment is 13.5 ft tall by 15 ft in 
diameter. For joining in the fi eld, the segments were aligned to within 0.25-
inch (6.35-mm) tolerance. After surface preparation, the segments were 
then bonded together with interior and exterior laminates of 0.375-inch 
thick fi berglass/resin composite. Figure 16.10 shows a module of FRP liner 
and connection elbow on an International Chimney worksite near Morgan-
town, WV, while Fig. 16.11 shows a view of stack liners installed inside a 
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(a) (b)

16.10 Large diameter FRP chimney fl ue liner: (a) module liner section; 
(b) connection elbow.

16.11 View of stack liner installation inside a power plant chimney.

concrete power plant chimney (Kelley and Schneider, 2008). International 
Chimney installed the FRP liner at Fort Martin Power Plant, Maidsville, 
WV in 2009. The plant has a 60 ft diameter × 529 ft high reinforced concrete 
chimney that took about two rows of 400 ft tall FRP liners that are 25 ft in 
diameter, in addition to an interconnecting elbow. Each liner segment is 
25 ft in diameter and 31 ft high, as shown in Fig. 16.10.

16.5.2 Cooling towers

American Electric Power (AEP) is one of the largest electricity suppliers 
in the United States, delivering electricity to more than 5 million customers 
in 11 states. AEP ranks among the nation’s largest generators of electricity, 
owning more than 38,000 megawatts (MW) of generating capacity in the 
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US, with individual unit ratings ranging from 25 MW to 1,300 MW. The 
authors have been providing advice and services to AEP Engineering on 
the aging and durability of GFRP composites for JBR and FGD applica-
tions since 2009.

There are a total of 15 hyperbolic and 30 mechanical draft cooling towers 
in the AEP system. These towers utilize a cross-fl ow or counter-fl ow thermal 
transfer design, and almost all of the cross-fl ow towers are treated wood 
structures. AEP started using pultruded glass fi ber reinforced (GFRP) com-
posite structures in cooling towers in 2008. AEP replaced four cross-fl ow 
mechanical draft towers during a period from 2008 through May 2010, and 
a counter-fl ow mechanical draft tower was built for a new unit in 2009. All 
fi ve of these new towers were constructed using GFRP structures. They are 
the fi rst batch of in-service FRP composite cooling towers on the AEP 
system (Cashner, 2011).

The AEP engineering team has been working on converting a hyperbolic 
tower structure from a cross-fl ow to a counter-fl ow design as part of Car-
dinal Plant Unit 3 FGD Project that is owned by Buckeye Power Inc. (BPI). 
The cold water basin is roughly 385 ft in diameter with the bottom of the 
concrete shell measuring 262 ft in diameter. Fig. 16.12(a) shows a general 
view of the tower. The heat transfer area, distribution pipes and drift elimi-
nators are located about 35 ft above the cold water basin and are supported 
by a structure composed of pultruded glass fi ber-reinforced vinyl ester 
columns. The columns measure 5.2 inches square, 3/8 inch thick, and were 
supplied in full lengths (e.g., no splices). There are roughly 464 columns 
which are laid out on a 12 ft by 12 ft grid. Figure 16.12(b) shows the duct 
work entering the tower and Fig. 16.12(c) the FRP beam-column latticed 
structure in the basin.

FRP composites have become the structural material of choice in indus-
trial cooling towers in view of their superior performance in hostile environ-
ments (such as high temperature, wet, corrosive, abrasive, and sustained 
loading) and other benefi cial properties. The design fl exibility of FRPs has 
allowed new types of cooling tower to be developed which are more effi -
cient and cost-effective than previous designs with conventional materials. 
The modular construction systems provide structures of high integrity that 
can be rapidly installed. The desirable environmental properties of FRP 
composites also aid compliance with the increasingly stringent legislation.

16.5.3 Utility poles

Utility companies rely on transmission and distribution poles (Fig. 16.13) 
to connect to end users. Currently, there are 130 million utility poles in-
service in the United States, with about 97% of them being creosote treated 
wood poles, less than 2% steel poles and less than 1% composite poles. 
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(c)

(a) (b)

16.12 Buckeye Power Inc. Cardinal Plant Unit 3 FGD Project, Brilliant, 
OH.

More than 70% of the utility poles in use are distribution poles in class 4 
or class 5 ranging to 40 ft or less in height. Both new installation and 
replacement markets are worth about $4 billion per year (Hiel, 2001).

Wood poles require treatment with environmentally unfriendly toxic 
preservatives (e.g. creosote, copper chromium arsenate (CCA), penta-
chloro-phenol) to resist rot, decay, etc., in order to yield a service life of 
about 30–35 years. However, these preservatives have been found to be 
hazardous to humans through leaching to the surrounding soil and water. 
This led to petitions for the EPA to ban the use of CCA, penta and creosote 
(Feldman and Shistar, 1997).

Utility companies are searching for alternatives to treated wood poles. 
FRP poles (Fig. 16.13), which represent one of three alternatives along with 
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(a) (b)

16.13 FRP utility poles (courtesy of Duratel).

steel poles and concrete poles, are beginning to penetrate into both the 
distribution and the transmission pole markets. FRP poles have advantages 
such as non-conductive and non-corrosive properties over steel poles, and 
lighter weight, easier installation and better ductility over prestressed con-
crete poles. Thus, FRP poles have been receiving greater attention from 
electrical utility and telecommunication companies. This is especially true 
now because mass production of FRP poles in a more cost-effective manner 
has been made possible in order to receive a greater market share, other 
than niche applications beyond the mountainous terrain or corrosive soils.

16.6 Fiber-reinforced polymer (FRP) composites 

in mining environments

FRP offers lightweight, high strength, corrosion resistance, humidity resis-
tance, impact resistance, non-sparking, long-term durability, and other 
advantages that are essential for mining applications (Richter, 1999; Tusing, 
2003). Many pultruded shapes have already found a wide range of applica-
tions in mining facilities, such as handrails, walkways, platforms, caged 
ladders, non-slip decking and grating (see Fig. 16.7).

16.6.1 Modular track panels

West Virginia is the second largest coal-producing state in the United States 
and has over 50 coal mines in production. Mine cars often derail (two or 
three times daily) in coal mines causing fatal injuries, fi res initiated from 
sparks during derailment, and costly downtimes. To improve coal mining 
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productivity and safety of miners during transportation, WVU-CFC 
researched GFRP modular track panels for the mining environment. The 
GFRP modular track panels comprised two box beams bonded together 
with epoxy resin (Fig. 16.14). The modular track panels were tested for 
bending behavior and load-sharing characteristics, between track modules 
and also between rails. Tests on the panels included static and fatigue 
loading at discrete locations to determine the response of the beams in a 
simulated mine foundation. Static tests of the modular panels included both 
vertical and horizontal loading. Fatigue tests were used to determine the 
change in stiffness of the modules. The study indicated that the FRP panels 
would distribute load more effi ciently, possess good fatigue performance, 
and be able to suffi ciently sustain the loading. FRP panels are well suited for 
fi eld applications and the light weight of FRP panels would allow the miners 
to install these panels at ease within the mine. In addition, FRP panels 
would alleviate the derailment and other structural problems (Tusing, 2003).

(b)

(a)

Two-cell
GFRP box-beam

Epoxy adhesive

Polyurethane adhesive
'Pliogrip'

4''

12''

16.14 Cross section of GFRP track panel and test specimen (Tusing, 
2003).
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16.6.2 Geosynthetics

Zijin Mining group is a leading gold, copper, and non-ferrous metals pro-
ducer and refi ner in China, with gold output of 69 tons in 2010. In July 2010 
two leaks of waste acid copper solution at the Zijinshan Gold and Copper 
Mine polluted the Ting River in Fujian province and poisoned hundreds of 
tons of fi sh. The waste acid was found to have leaked from the cracking 
of a GSE high-density polyethylene geomembrane liner. The company 
believed that the cracking was caused by a shearing force created by the 
accumulation of water beneath the liner. Again in September 2010, there 
was a deadly tailing dam collapse at its Yinyan Tin Mine that killed four 
people. The accident was later attributed to a landslide triggered by heavy 
rains from Typhoon Fanapi. The above accidents have alerted engineers at 
Zijin Mining College of Fuzhou University, Fujian, China, to re-evaluate 
the material requirements under specifi c loadings.

Zijin engineers reached out to WVU-CFC researchers for possible col-
laboration. For example, Zijin engineers are looking into the potential use 
of lightweight, high strength, corrosion-resistant, durable FRP composite 
materials for construction of new dams or strengthening of existing dams. 
WVU researchers are proposing to use geosynthetics as soil reinforcements 
to construct a tailing dam as illustrated in Fig. 16.15 (Wu, 1994; Koerner, 
2012). Geosynthetics are available in a wide range of forms and materials, 
including geotextiles, geogrids, geomembranes, geofoam, geocells, or a com-
bination of the above. Each type of geosynthetic has at least one of the 
following functions:

• separation,
• reinforcement,
• f iltration,
• drainage, and
• containment (Wikipedia, 2012).

The tailing dam needs to be strong but still allow for drainage without 
soil loss. The geosynthetic under consideration would be geocells that are 
made of strips and can be expanded into three-dimensional, stiff honey-
combed cellular structures, resulting in a confi nement system when infi lled 
with compacted soil. The cellular confi nement reduces the lateral move-
ment of soil particles, thereby maintaining compaction, retaining the earth, 
and protecting the slope. Geogrids offer open, gridlike confi gurations and 
as reinforcement materials, play similar roles to those of geocells. In addi-
tion, geotextiles are fl exible, porous, woven or knitted synthetic fi bers/
fabrics and can function as reinforcement or drainage or fi ltration or sepa-
ration, depending on design, while geomembranes are thin, impervious 
sheets of polymeric material and function as containment. Geomembranes 
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(a) (b)

(c) (d)

Tailing
dam
slope FRP soil

reinforcements

16.15 Tailing dam and design concept of a FRP strengthened mining 
tailing dam: (a) downward view of a Zijin tailing dam; (b) tailing dam 
to store mining waste slurry; (c) new pond with geomembrane to 
store waste acid solution; (d) concept of using FRP soil reinforcement 
for durable tailing dam.

are being extensively used as linings of waste acid copper solution reser-
voirs in Zijin Mines as shown Fig. 16.15.

16.6.3 Pipelines

Zijin has over 270 km of various pipelines across the mine, with a typical 
pipeline diameter of 22 inches. They are typically HDPE pipes of half-inch 
thickness. FRP pipes are only used when chemical and corrosion resistance 
is required. Figure 16.16 shows some venting systems made of FRP com-
posites while extensive pipelines are also seen along a tailing dam. 
WVU-CFC has extensive experience with design, manufacturing, testing, 
and in-service monitoring of FRP pipelines. Figure 16.17 shows a 16 inch 
diameter FRP pipe being tested at WVU-CFC Laboratory.

Researchers at WVU-CFC are currently collaborating with Beijing 
Huade Creation Environmental Protection Equipment Corporation to 
develop FRP products for mining and environmental applications in China. 
Huade Corporation serves the coal mining and metal mining industries as 
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(a) (b)

16.16 Extensive uses of FRP vessels and pipelines at Zijin Mining 
Group, China.

16.17 A 16 inch FRP pipe being tested at WVU-CFC Laboratory.

well as coal-f ired power plants. They manufacture and/or supply coal prepa-
ration equipment, f ine coal preparation systems, tailing mine surface dis-
posal and backfi ll treatment equipment, mill circuit clarifi cation/de-slime/
dewatering equipment, power plant fl ue gas desulfurization cyclones, and 
many others. The company has manufacturing capabilities in cast poly-
urethane, mold-pressed rubber, spray polymer, FRP composites, precise 
steel structure fabrication, ceramic liner equipment, and others. Huade is 
an associate member of NSF IUCRC Center for Integration of Composites 
into Infrastructures at WVU.

16.6.4 Rock bolting

The products under consideration by Huade include FRP rock bolt, vessels, 
pipelines, duct valves and f ittings, cooling tower, spiral, safety helmet, 
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electric fan, cable pipe, railing, grating, crane span, and others. Rock bolt 
(Fig. 16.18) is widely used in underground mining to provide support to the 
roof or sides of the cavity. It can be used in any excavation geometry and 
it is simple and quick to apply, and is relatively inexpensive. The installation 
can be fully mechanized. The length of the bolts and their spacing can be 
varied, depending on the reinforcement requirements. However, in aggres-
sive environmental conditions such as in coal mines, steel bolts deteriorate 
in a matter of days rather than years. FRP rock bolt is particularly suitable 
in harsh chemical and alkaline environments because of its corrosion resis-
tance. It is durable, lightweight, easy to install, non-conductive, dimension-
ally stable under thermal loading, anti-static rating, and can be cut without 
the danger of sparks. Currently, four production lines are being installed at 
the Beijing Huade facilities. Furthermore, spiral (Fig. 16.19) is widely used 
in coal preparation equipment and f ine coal washing systems, and is being 
manufactured using a hand layup method. It is made of FRP composites 
with a wear-resistant coating.

(c)

(a) (b)

16.18 Rock bolt for underground mining (courtesy of Huade).
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(a) (b)

16.19 Spirals in coal preparation process (courtesy of Huade).

(a) (b)

16.20 Multi-purpose FRP building, Weston, WV, built in November 
1995.

16.7 Fiber-reinforced polymer (FRP) composites for 

modular building of environmental durability

Traditional housing focuses on uses of masonry, timber, steel, and concrete. 
FRP composites were initially used for small components, such as windows, 
canopies, doors, profi les, and other decorative features. The WVU-CFC 
team designed, manufactured, and constructed its fi rst innovative FRP 
building in Weston, West Virginia, in November 1995 (Fig. 16.20). This 
experimental building was the result of a joint research and development 
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effort among the US National Science Foundation, West Virginia Depart-
ment of Transportation/Division of Highway and WVU-CFC. All multicel-
lular panels were of standard size of 24 inches × 5.5 inches, with a wall 
thickness of 3/16 in. The cells of the panels contained polymeric insulation. 
The building is about 40 ft × 21 ft, with an inside height from slab to trusses 
of 14 ft. The weight of total FRP material used in the construction was 
approximately 9500 lbs.

All the components used for this project were installed without the use 
of mechanical equipment such as a crane because of its lightweight nature. 
FRP parts were delivered precut, thus speeding up the entire construction 
process. This building is being used as a multi-purpose facility requiring 
heat, insulation, electric power, and ventilation. A 2009 inspection revealed 
that the building has been performing excellently for the past 16 years and 
looks new, as shown in Fig. 16.20. The building with maintenance-free inte-
rior and exterior walls has demonstrated outstanding chemical and envi-
ronmental durability. A newer modular unit is shown in Fig. 16.21. Currently, 
the WVU-CFC researchers are developing FRP modular dwellings using 
natural composites integrated with many green concepts towards future 
sustainable buildings.

FRP composite houses are now readily available on the markets (CBS, 
2009; Stewart, 2011). Such modular FRP houses have the following 
features:

• no maintenance (no painting and do not deteriorate from weather, rot, 
or insect infestation);

• lower heating and cooling costs (the modular FRP panels have built-in 
insulations and the dome shape further increases energy effi ciency);

• high structural strength (the curved surface of the panels reduces wind 
resistance, enabling the house to withstand hurricanes);

(a) (b)

16.21 FRP composite house at Bedford Reinforced Plastics Inc. facility 
(2008) (courtesy of Bedford Reinforced Plastics Inc.).
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• quick construction (modular design for ease of erection);
• good earthquake resistance (the FRP panels fl ex instead of breaking);
• high water resistance (completely sealed from the ground up);
• portability (a FRP house can be easily disassembled and relocated to a 

new site).

These buildings serve as disaster-resistant shelters, military barracks 
especially at cold and high altitude locations, school buildings, industrial 
factory and warehouse buildings, and large dormitory settings for workers 
in remote locations, greenhouses, etc.

16.8 Fiber-reinforced polymer (FRP) wraps

The infrastructure in the United States is deteriorating and aging. The con-
structed facilities are being used far in excess of their original design life 
and are close to being obsolete; these structures are vital to support the 
economic, transportation, and societal functions. Therefore, the most attrac-
tive alternative would be to extend the physical life of the existing infra-
structure in a cost-effective manner. By extending the service life of existing 
structures, the need to demolish, dispose of, and reconstruct existing struc-
tures is reduced, leading to lower life-cycle costs, as well as minimal energy 
use and construction waste minimization (Edwards et al., 2009).

FRP retrofi tting has been widely used to strengthen civil and military 
structures as an effective disaster prevention approach or to restore the 
damaged structures after disasters such as hurricanes and earthquakes (see, 
for example, Saadatmanesh et al., 1997). Recently, FRP composites have 
been receiving more attention as a material of choice to strengthen existing 
structures to continue serving their functions (Mirmiran et al., 2008; Belarbi 
et al., 2011). In the United States, many of the existing highway or railroad 
bridges have either reached the end of their service life or require rehabili-
tation to continue in service. Due to decreased funding levels for new con-
struction, government agencies are interested in utilizing GFRP wraps to 
rehabilitate structures at a fraction of the outright replacement cost, while 
extending the structural service life for a few more decades. The advantages 
of FRP wraps include minimal traffi c disruption, effi cient labor utilization, 
ease of rehabilitation, optimization of load transfer, and cost effectiveness.

16.8.1 Strengthening of concrete structures

WVU-CFC has been actively involved with advanced FRP wrapping tech-
nology development, including specifi c design methods, material selection, 
fi eld installation procedures, performance requirements, and subsequent 
inspection techniques since 1988 (FHWA, 2001). The rehabilitation of 
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cracked reinforced concrete beams of the fl oor of a San Antonio, TX library 
building, using Tonen Carbon Tow Sheet was completed in 1993 after testing 
and evaluating the steel reinforced concrete beams stiffened with Tonen 
Carbon Tow Sheet at the WVU-CFC laboratory. The creep behavior of such 
stiffened beams and the long-term performance of bond between the con-
crete surface and Tow Sheet were also evaluated before fi eld implementa-
tion. Figure 16.22 shows the details of rehabilitation of T-shaped reinforced 
concrete superstructure girder of Muddy Creek Bridge, Preston County, 
WV using carbon FRP wraps.

16.8.2 Strengthening of timber structures

WVU-CFC’s research and development on repair and rehabilitation of 
wood railroad bridges using FRP composites began in 1999. The laboratory 

(a) (b)

(c) (d)

16.22 Rehabilitation of T-section reinforced concrete superstructure 
using carbon FRP wraps, Muddy Creek Bridge, Preston County, 
WV (October 2000): (a) blue primer coating and wrap application; 
(b) pressing of wrap for full bond with concrete; (c) carbon wrapped 
concrete beam; (d) gray paint application.
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testing revealed that compression testing of previously failed creosote-
treated railroad stringer, after wrapping, regained 80% of strength using 
GFRP wraps (Petro et al., 2002). The fi eldwork was conducted on two rail-
road bridges on South Branch Valley Railroad (SBVR) lines in Moorefi eld, 
WV in summer 2000. Field static and dynamic testing (5 mph, 10 mph, 
15 mph) using GE 80 ton locomotive supplied by SBVR was conducted 
before and after applying wraps. IR thermography measurements were also 
carried out to assess the bond status of rehabilitated members. The results 
turned out to be a success and the rehabilitated members have been per-
forming satisfactorily for the past 12 years. Figure 16.23 shows a group of 

(a) (b)

(c) (d)

(e) (g) (h)(f)

16.23 Retrofi tting of railroad bridges using FRP wraps without 
interrupting railroad service, SBVR, Moorefi eld, WV (July 2010).
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photos showing how damaged piles of timber railroad bridges on SBVR 
lines in Moorefi eld, WV, were rapidly rehabilitated and restored in-situ 
without affecting the rail traffi c by using GFRP composites, in summer 2010. 
These timber bridges consisted of total span lengths varying from 75 ft to 
1,200 ft with timber pile bents spaced 12–20 ft apart. The deteriorated piles 
were cracked, heart-rotted, and damaged to varying lengths. This rapid 
rehabilitation technique can be used on various other structural members 
including steel and reinforced concrete members in a cost-effective manner 
to extend the service life of structural systems. West Virginia Department 
of Transportation, Division of Highways is embarking on rehabilitating 
400–500 concrete bridges using FRP composite wraps in the next fi ve years 
(by 2018) because of their cost-effectiveness, minimal user inconvenience, 
and proven success.

16.8.3 Strengthening of waterway structures

The US Army Corps of Engineers maintains aging infrastructure along 
their navigable waterways and fl ood control facilities. For example, Tygart 
Dam near Grafton, WV was built in 1934 as the fi rst of 16 fl ood control 
projects in the Pittsburgh District (Fig. 16.24(a)). Tygart Dam was con-
structed with the most concrete in any dam east of the Mississippi River 
with a staggering 324,000 cubic yards. This concrete gravity dam has an 
uncontrolled spillway and measures 1,921 ft long and 209 ft thick at the 
base. According to US Army Corps of Engineers, Tygart Dam protects areas 
from West Virginia to Pittsburgh, Pennsylvania and has prevented multi-
billion dollars in fl ood damage to date. Fig. 16.24(b) shows Lock and Dam 
#52 with its wooden wicket gates in the up position, located on the Ohio 
River near Brookport, IL. The wooden wicket dam was completed in 1928 

(a) (b)

16.24 The aging infrastructure along the US waterways: (a) Tygart 
Lake Dam, Grafton, WV; (b) wicket gates at Lock and Dam #52, Ohio 
River (courtesy of Richard Lampo).
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and the locking system consists of a main lock of 1,200 ft by 110 ft and 
auxiliary lock of 600 ft by 110 ft along the length of the river.

However, corrosion, materials degradation, and damage during opera-
tions are taking a toll on these aging facilities. In addition, the high costs 
associated with repair and replacement of critical components present 
many challenges in keeping open these waterways that are vital to the 
nation’s economy and security. With recent material and processing 
advances, FRP composites offer the potential for repair, rehabilitation, and 
replacement of these critical structural components of the waterways at a 
reduced cost (Hota and Vijay, 2010). Additionally, greater durability can be 
attained with corrosion-resistant FRP components.

The researchers at WVU-CFC in cooperation with the US Army Corps 
of Engineers (USACE) are undertaking a signifi cant effort to demonstrate 
the use of c  orrosion-resistant FRP composites for the repair and replace-
ment of components on Civil Works navigation structures. FRP composites 
will be used to repair and replace select lock and dam components at Lake 
Washington Canal, Washington; Willow Island Lock and Dam, near Newport, 
OH; Hefl in Dam near Gainesville, AL; Chickamauga Lock and Dam, near 
Chattanooga, TN; and Lock and Dam #52 on the Ohio River, near Brook-
port, IL. These components consist of miter-blocks, tainter-gates, recess fi ller 
panels, discharge ports, and wicket gates. For example, the concrete dis-
charge ports on the Chickamauga Dam have been described to experience 
tension failures and need to be rebuilt. FRP composite sections will be used 
as an alternative to steel panels around the pier-like sections and grout will 
be pumped. These repairs will be completed underwater by divers, including 
necessary overlapping and adhesive bonding. In the case of wicket gates, 
current wicket gates used at lock and dams by USACE are fabricated from 
white oak and steel elements. These wooden wicket gates deteriorate 
quickly and the steel corrodes. The WVU-CFC team has been investigating 
FRP composites as an alternative to wood for direct replacement of wooden 
wicket gates. In addition, guidelines for the selection of FRP composite 
constituents, the design of the components, and installation of FRP com-
posite components are being developed. A detailed economic analysis 
including life cycle assessment is carried out to compare the use of the 
demonstrated FRP composite materials with conventional repair or replace-
ment using coated steel components and materials.

16.9 Recycling composites

16.9.1 Thermoplastics

Recycling is discussed more in the context of recycling of thermoplastic 
polymers than thermosetting polymers, because thermoplastics account for 
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the majority of commercial usage. Americans consume approximately 60 
billion pounds of plastics each year, while the annual thermosetting com-
posites shipment is less than 4 billion pounds. Waste polymeric materials 
exist in three sources: domestic waste, industrial waste, and discarded plas-
tics products. Unlike natural macromolecules, most synthetic polymers 
cannot be assimilated by micro-organisms. In the past, most of these plastic 
products were not reused and thus ended up in landfi ll. However, over the 
past two decades the disposal of plastics has become a serious concern to 
the environment, leading to government legislation for recycling.

Although there has been increasing public demand for recycling dis-
carded thermoplastic products, in most cases the recycling of polymers is 
technically diffi cult and expensive. This is attributed primarily to the fact 
that post-consumer plastics are commingled. Mixed plastics have poor 
mechanical properties due to compatibility problems and thus have little 
value. Separating the chemically different plastics from each other, however, 
is expensive. Most of the implementation activities concentrate on recycling 
that is economically feasible, i.e., plastic wastes having slight contamination 
and higher resale value. These plastics can be recycled in the form of usable 
materials. For heavily contaminated plastic wastes which are diffi cult to 
sort into single polymer streams, a thermal recycling process is available. 
During this process, recovery of plastics is in the form of gaseous, liquid, 
or solid fuels (Liang, 2001).

16.9.2 Material recycling and thermal recycling

Material recycling (i.e. re-use) is usually implemented in the recovery of 
plastics when the process can acquire large quantities of reasonably clean 
polymers with very good purity. Recovered plastics can be reprocessed by 
formulating alloys, blends, or composites (known as ABC techniques) to 
upgrade their performance and bring them to desired levels of properties 
for applications (Liang, 2001). A material recycling process comprises 
collecting and sorting of waste plastics, shredding, washing, drying, and 
upgrading. The recovered plastics are generally reprocessed by extrusion 
into granules for normal plastics molding. Reuse of polypropylene recov-
ered from automobile bumpers, for example, has shown good market poten-
tial. The recovered polypropylene was reinforced during reprocessing with 
waste cord-yarns from the tire industry, resulting in a grade of extrudable 
and injection-moldable, fi ber-reinforced thermoplastics.

Thermal recycling plays a key role for unwashed waste plastics or rubber 
wastes (often heavily contaminated, multilayered, heavily pigmented, mixed, 
and unable to be recycled in the form of materials) to recover gaseous, 
liquid, or solid fuels, and sometimes oligomers or monomers. There are three 
principal thermal methods: pyrolysis, gasifi cation, and hydrocracking. For 
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example, the pyrolysis of acrylic polymers recovers 25–45% gas with a high 
heating value and 30–50% oil of rich aromatics. In addition, chemical pro-
cesses such as methanolysis, glycolysis, hydrolysis, ammonolysis, and ami-
nolysis can be employed for recycling of some types of plastics (typically 
polyesters, polyurethanes, and polyamides). This approach involves chemi-
cally decomposing macromolecules by chain cracking into monomers that 
can be reused for manufacturing new polymers.

As a classic example of reusability of thermoplastics, the recycled materi-
als were reportedly used to make bridges that are strong enough to support 
a US Army tank (UPI, 2009). A pair of bridges were made entirely from 
more than 170,000 pounds of recycled consumer and industrial plastics 
using a patented materials technology integrated with a patent pending 
I-beam design. The bridges withstood several M1 Abrams tank crossings 
during the tests. The M1 Abrams weighs nearly 70 tons, making it too heavy 
for the vehicle to use most standard bridges and roads. The report (UPI, 
2009) claims that the structures are less expensive to build than traditional 
timber, concrete, or steel bridges used on US military bases.

The construction industry can serve as an end-user of post-consumer 
plastics. Processes for recycling polymers into construction materials such 
as plastic lumber are being developed in many countries (Kibert, 1993). 
Polymer concrete can be made from PET beverage bottles or textile waste 
and fl y ash wastes. The properties of the polymer concrete based on recycled 
PET were comparable to the polymer concrete made from virgin materials. 
Their good strength and durability properties make these polymer con-
cretes suitable for effective uses in many construction applications such as 
utility, transportation, and building components, and the repair and overlay 
of pavements, bridges, and dams (Rebeiz, 1996; AbdelAzim, 1996). In the 
highway industry, it is reported that New Mexico has added recycled poly-
mers as aggregate additives to asphalt in virgin and recycled hot-mix, in 
recycled cold-mix, seal coats, friction courses, and base courses. It is con-
cluded that for restoration of asphalt roads, cold-mix recycling systems with 
polymer additives are superior and less expensive than any other system 
tested (Anon., 1987).

16.9.3 Material research

The material research and product development on plastics recycling at 
WVU-CFC have been continuing for 14 years, focusing on engineering 
plastics recovered from electronics shredder residue (ESR) (Liang and 
Gupta, 2000, 2001; Vijay et al., 2000). Polycarbonate (PC) and acrylonitrile-
butadiene-styrene (ABS) are relatively expensive polymers that are used 
in signifi cant quantities in the manufacture of computer, monitor, and 
printer housings. These products are discarded after being used for only a 
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few years. Recycling these polymers after the end of their life is receiving 
greater attention and tremendous progress has been made in reusing these 
discarded plastics for a variety of applications (Vijay et al., 2000; Aditham, 
2004; Kalligudd, 2010; Chada, 2012).

The objectives of the material research were to reuse these polymers in 
their original, high-value applications by blending with virgin polymers and/
or produce acceptable, high-quality, low-cost, green products using as high 
recycle content as possible. To achieve these, each recycled polymer has to 
be characterized thermally, rheologically, and mechanically. Once the prop-
erties are defi ned, additives are introduced by mixing them to produce a 
specifi c compound. Since recycled polymers are recovered from unknown 
sources, approaches must be sought to minimize the batch-to-batch varia-
tions in properties in order to yield consistently high-quality compounds. 
Hence, four strategies were investigated by WVU-CFC researchers:

1. blending recycled polymers with chemically identical virgin resins,
2. blending recycled polymers with chemically different virgin resins,
3. adding short glass fi bers to reinforce the recycled polymer blends, and
4. using molecular weight modifi ers to adjust the average molecular weight 

distribution.

One of the fi ndings was the ‘15% blending rule’, i.e., to attain excellent 
properties, up to 15 wt% recycled polymer can safely be added to the virgin 
polymer without signifi cantly altering properties of the virgin resin if the 
recycled polymer has a purity level of about 99% (Liang, 2001).

16.9.4 Product development

Both structural and non-structural applications of recycled PC and ABS 
polymers, with chopped or continuous glass fi ber/fabric reinforcements, 
have been extensively investigated at WVU-CFC (Vijay et al., 2000; 
Aditham, 2004; Kalligudd, 2010; Chada, 2012). Some of the products devel-
oped include: guardrail post, offset spacer block, rectangular grids, rib-
stiffened panels, sign posts and sign boards, dowel bars, window panels, 
and wood plastics composite (WPC). A couple of these products have been 
fi eld-installed in the highway systems with the approval of West Virginia 
Department of Transportation (Aditham, 2004).

Recycled polymers are also engineered at WVU-CFC laboratory to 
manufacture full-scale railroad crossties that use end-of-life railroad wood 
ties as the core and recycled polymer composite as a shell (Kalligudd, 
2010; Chada, 2012). Figure 16.25 shows a recycled GFRP composite railroad 
tie before and after demolding. These railroad ties have been extensively 
evaluated under static and fatigue loads in the laboratory (Fig. 16.26), 
followed by fi eld installation in straight and curved locations and testing 
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(a) (b)

(a) (b)

16.25 Manufacturing of recycled GFRP composite railroad ties (Chada, 
2012): (a) before demolding; (b) after demolding.

16.26 Recycled GFRP composite railroad tie testing (Chada, 2012): 
(a) three-point bending test; (b) fatigue test in gravel bed.

under standard locomotive loads (Fig. 16.27). With over 12 million railroad 
ties being replaced annually in the United States, this green product is 
being negotiated for mass fi eld implementation (Chada, 2012).

16.9.5 Thermosets

FRP composites with thermosets are generally believed to be more dif-
fi cult to recycle than thermoplastics because liquid resin becomes rigid via 
chemical curing upon application of heat, and cured resins will not melt 
or fl ow upon reheating. Thermosetting polymers and FRP composites can 
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(a) (b)

16.27 Field testing of recycled GFRP composite railroad ties (256 Kips) 
on SBVR line in Moorefi eld, WV (Chada, 2012).

be recycled using the above-mentioned recycling processes. Automotive 
manufacturers have had good practice in recycling all the component mate-
rials used in their vehicles, including composites such as sheet molding 
compounds (SMC) and bulk molding compounds (BMC) (SPI, 1993). A 
material recycling of FRP composites can be viewed as grinding thermo-
setting materials into particles or powder, resulting in a particle size of 
about 1.5 mm, and using these particulates as fi llers or aggregates. These 
scrap FRP fi ne powders can be used as aggregate for producing panels, 
cement paste and mortar, as well as in asphaltic concrete. As in the case 
of recycling of thermoplastics, the construction industry should play a criti-
cal role in the recycling of composite materials. In fact, the construction 
industry is one of the major end-users of FRP composites and consumes 
45% of total FRP shipment in the United States (ACMA, 2011). Alterna-
tively, the thermal recycling process can be used to recover reinforcing 
fi bers for reuse, such as carbon fi bers from cured fabric/epoxy composites 
(Allred et al., 1996).

In addition, plastics including FRP composites can be collected with 
other combustible wastes and incinerated to recover heat value. The energy 
recovery of wastes by incineration could utilize all thermoplastic and ther-
mosetting wastes when no reuse of the materials is possible. It is reported 
that incineration systems with energy recovery can recover about 8,000 
thermies per ton of unsorted plastics (Dawans, 1992).

To facilitate the end-of-life recycling of polymers and composites, a 
‘design for recycling’ concept should be incorporated into the development 
of next generation products. One of the general principles is to minimize 
the number of material types and select compatible polymeric materials 
when designing a new product. Another important consideration is to avoid 
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contaminants such as labels, adhesives, nails, and metal plates. The success 
of composite recycling depends on various factors including government 
policies, industry commitment, technology, and public support.

16.10 Green composites

‘Green’ composites are biocomposites that are completely biodegradable 
and made of natural fi ber-reinforced biodegradable resins, while the term 
‘natural fi ber reinforced composite’ (NFRP) generally refers to natural 
fi bers in any sort of polymeric matrix (thermoplastic or thermoset; natural 
or synthetic). According to Patel and Narayan (2005), a sustainable devel-
opment is a ‘development that meets the needs of the present without 
compromising the needs of future generations to meet their own needs.’ 
This defi nition implies that sustainable development must include environ-
mental, economic, and social factors. Biocomposites are promising sustain-
able composite materials due to their substitution of renewable resources 
for fossil fuel-based polymers and synthetic fi bers, lower greenhouse gas 
emissions, closure of the cyclical loop from raw material growth to bio-
degradation, potential for lower production costs, and opportunities 
for growth in agricultural and chemical industries, including new jobs 
(Dittenber and Hota, 2012; Baillie, 2004). While the production of cement 
and other building materials results in a large amount of carbon emissions, 
effi ciently produced natural composites would provide a minimal carbon 
footprint due to their natural ability to absorb CO2.

FRP composites are used in a wide range of non-structural and structural 
applications. FRPs are ‘greener’ in terms of embodied energy (overall 
energy required in a process to make a product) than conventional con-
struction materials. In view of durability, sustainability, energy effi ciency in 
manufacturing and other advantages, a growing number of architects and 
building owners are now choosing FRP-based building products over con-
ventional materials. Several case studies have proven that FRP components 
for building construction are good thermal insulators, economical, strong, 
dent-resistant, scratchproof, have good acoustic barrier properties and are 
user friendly (Nadel, 2006). However, GFRP composites are made from 
fossil fuel-based polymers and synthetic fi bers. Increasing awareness about 
LEED (Leadership in Energy and Environmental Design) ratings has 
created strong demand for innovative eco-friendly materials of low carbon 
footprint.

16.10.1 Bioresins and natural fi bers

In response to growing demands to curb the usage of petroleum-based 
thermosetting resins due to environmental as well as economic and resource 
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sustainability issues, researchers have been developing bio-based and sus-
tainable resin systems for composite manufacturing. Upon processing, 
plant-based materials such as soy, crambe, linseed, and castor oil produce 
unsaturated triglycerides. The triglycerides constitute unsaturated and satu-
rated fatty acids which can be polymerized to form an elastomeric network 
which can replace petroleum-based resins. With constant emphasis from 
markets pertaining to LEED, through the US Department of Agriculture’s 
BioPreferred Program, Ashland Chemicals, Inc. initiated production of 
soy-based (bio-based) resins for commercial applications (CT, 2008).

Natural fi bers used in composites are mostly derived from plant fi bers. 
Among the natural fi bers, stem-based fi bers such as fl ax, kenaf, jute, hemp, 
and leaf-based fi bers such as abaca rattan and sisal are considered impor-
tant with respect to their specifi c properties and compatibility for composite 
manufacturing (Drazl et al., 2004). Amongst these fi bers, high grade fl ax 
fi ber’s mechanical properties are nearly on a par with conventional E-glass 
fi ber for composite reinforcement. Flax fi bers are available on the market 
for half the cost of conventional E-glass fi ber. A comparison between 
natural fi bers and conventional fi bers with respect to their mechanical 
properties and cost ratio are presented in Table 16.1.

16.10.2 Pultrusion of natural composites

Engineers at Bedford Reinforced Plastics (BRP) Inc. took a lead in utilizing 
plant-based naturally renewable fi ber reinforcement with a commercially 
available bio-based resin system to manufacture ‘green’ composites on an 
industrial-scale pultrusion line (Fig. 16.28), resulting in more environmen-
tally friendly composites having less embodied energy compared to con-
ventional GFRP composites (Mutnuri et al., 2010). The natural fi ber used 
was fl ax with two different densities, 225 gsm and 685 gsm, while Ashland 

Table 16.1 Mechanical properties and cost ratio of natural fi bers (Gaceva et al., 
2007)

Fiber

Specifi c 
gravity 
(g/cm3)

Tensile 
strength 
(ksi)

Tensile 
modulus 
(msi)

Specifi c 
strength 
(ksi/g cm3)

Specifi c 
modulus 
(msi/g cm3)

Cost 
ratio

Sisal 1.20 11.6–72.5 0.44–14.2 10–61 0.4–12 1
Kenaf 1.20 135 7.69 112 6.4 1
Flax 1.20 290 12.3 242 10.3 1.5
E-glass 2.60 508 10.4 195 4.0 3
Kevlar 1.44 566 19.0 393 13.2 18
Carbon 

(standard)
1.75 435 34.1 249 19.5 30
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(a) (b)

(c)

16.28 Pultrusion of natural fi ber-reinforced bioresin composite panel 
(Mutnuri et al., 2010).

ENVIREZ 70301 resin was used, which contains 22% bio-derived content 
and is compatible for the pultrusion process. The engineers at BRP explored 
processing variables and thermo-mechanical responses of environmentally 
benign natural composites. Moreover, the possibilities of using ‘green’ com-
posites in various applications such as thermal insulators and sound trans-
mission barriers are being investigated for their feasibility in FRP markets 
(Mutnuri et al., 2010). For discussion purposes, the mechanical properties 
of pultruded natural composites are presented in Table 16.2 along with 
those of hand layup samples. Note that natural fi bers used in pultrusion did 
not experience any surface treatment while the natural fi bers used in hand 
layup samples went through treatment in alkali solution. As seen from Table 
16.2, all natural composite samples resulted in poor strength and stiffness 
properties under tension as well as fl exure. The alkali solution treatment 
did not improve the properties signifi cantly. The pultruded natural compos-
ite sample had a high fi ber volume fraction but that high fi ber content did 
not translate to good mechanical properties.
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Natural fi ber-reinforced composites offer improved sustainability and 
eco-friendly characteristics, and have the future potential to be lighter-
weight and lower-cost than many synthetic composites, as well as being 
easier to handle. Natural composites are being evaluated for some automo-
tive applications as interior paneling, but are not yet in use as primary 
structural elements due to their perceived lower mechanical properties and 
reduced environmental performance (Netravali et al., 2007; Dittenber and 
Hota, 2012).

16.10.3 Hydrophilic nature of fi bers

All natural fi bers are hydrophilic in nature. This is the main drawback of 
natural fi bers, as this causes them to have high water absorption and to be 
incompatible with hydrophobic polymer matrices (Mohanty et al., 2001). 
Glass fi bers, on the other hand, are essentially moisture resistant. The most 
common way to reduce the moisture absorption capability of a natural fi ber 
is reported to be through the process of alkalization (also known as mer-
cerization). Alkali treatment (usually with KOH or NaOH) reduces the 
hydrogen-bonding capacity of the cellulose, eliminating open hydroxyl 
groups that tend to bond with water molecules. Alkalization can also dis-
solve hemicellulose. The removal of hemicellulose, which is the most hydro-
philic part of natural fi ber structures, reduces the ability of the fi bers to 
absorb moisture (Symington et al., 2009).

Another process that shows promise for reducing the moisture content in 
natural fi bers is the Duralin steam treatment process (Stamboulis et al., 
2000). This process depolymerizes the hemicellulose and lignin into alde-
hyde and phenolic functionalities, which are subsequently cured into a 
water-resistant resin. Untreated fi bers reached a maximum moisture content 
of over 42% in 100% RH while the fi bers treated by the Duralin process 
reached a maximum moisture content of only around 14% (Stamboulis 
et al., 2000). The moisture diffusion time was also slowed for the fi bers 
treated by the Duralin process. Some advantages of the Duralin process 
include the omitting of dew retting, increased fi ber yield and quality, better 
dimensional and temperature stability, better resistance to fungal attack, and 
generally improved mechanical properties. On the other hand, the steaming 
process would add a signifi cant amount of energy to the fi bers, resulting in 
higher embodied energy of the fi bers (Dittenber and Hota, 2012).

16.10.4 Incompatibility of fi ber with resin

In addition to the data obtained by Mutnuri et al. (2010), shown in Table 
16.2, Netravali et al. (2007) also noted that most ‘semi-green’ or ‘green’ 
composites have maximum tensile strength and stiffness in the ranges of 
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14.5–29 ksi (100–200 MPa) and 0.14–0.58 msi (1–4 GPa), too low to be used 
for primary, load-bearing components. The main reason leading to reduced 
mechanical properties in natural FRPs is the poor compatibility/adhesion 
between the hydrophilic fi bers and the hydrophobic matrix materials. Many 
researchers have been developing treatments to modify the surface charac-
teristics of the fi bers to improve compatibility and adhesion.

The three factors affecting the bond between two materials are the 
mechanical interlocking, the molecular attractive forces, and the chemical 
bonds. Ideally, hydroxyl groups in a resin would bond with the hydroxyl 
groups that are available in all natural fi bers, creating hydrogen bonds. 
The bond strength between resins and fi bers is signifi cantly lowered by 
the presence of moisture while curing due to the fact that H2O mol-
ecules will bond with the available hydroxyl groups on the surface of 
the fi ber, lessening the connections available for matrix bonding. When 
water evaporates, voids are left in a cured natural composite. If fi bers 
are properly dried before a suitable matrix is introduced, then a better 
bond ought to result and future moisture uptake ought to be limited 
due to the lack of available hydroxyl bonding locations (Dittenber and 
Hota, 2012).

There are a number of different modifi cations that can be made in order 
to improve the interface between the fi bers and the matrix. One of the 
most popular surface modifi cations for improving strength is the alkali 
treatment, where the reduction of moisture absorption capacity and the 
surface modifi cation of the fi bers work together to improve the mechanical 
properties of the composite. Most alkalization treatments intended to 
improve mechanical properties are conducted with a procedure similar to 
the treatment to reduce moisture absorption: soaking in 2–10% concentra-
tion NaOH for between 10 minutes and a few hours (Symington et al., 
2009; Ibrahim et al., 2010). During alkalization, the cementitious materials 
in the fi bers are removed, leading to rougher fi ber surface. Even in low 
NaOH concentrations, fi bers can fi brillate, increasing the aspect ratio and 
the bondable surface area. By improving the fi ber/matrix adhesion in this 
manner, the tensile and fl exural properties of the composite were improved 
up to 50%.

16.10.5 Durability and fatigue

A third major concern with natural composites is their long-term behavior 
when exposed to different environments, such as hygrothermal aging and 
dynamic loading as well as prediction of lifetimes. The general consensus 
from the literature is that very little fatigue work has been carried out on 
natural fi ber composites. However, this will be necessary before natural 
fi ber composites are accepted as primary structural components. More work 
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has been going on to explore the response of natural composites exposed 
to moisture and weathering (Ray and Rout, 2005).

The growth of fungus and bacteria in natural composites due to bio-
degradation or moisture retention is a major concern in their development 
as structural materials. On samples of jute/phenolic composites exposed to 
humidity by Singh et al. (2000), some black spots and white patches appeared, 
which when viewed under a microscope were observed to be fungal hyphae. 
In another study by Stamboulis et al. (2000), moisture was found to cause 
fungus development on the surface of fl ax fi bers after as little as 3 days of 
exposure. The Duralin treatment appeared to lessen this effect, improving 
the environmental durability.

Weathering studies showed that UV can cause color fading. After 2 years 
of exposure, jute/phenolic composites showed resin cracking, bulging, fi bril-
lation, and black spots, with a tensile strength reduction of over 50%. Mehta 
et al. (2006) also found that weathering produced color change, weight loss, 
and surface roughening. In an effort to reduce weathering, some samples 
were coated in polyurethane, and exhibited very little surface deterioration 
(Singh and Gupta, 2005). Others found that mechanical properties deterio-
rate quickly with exposure to outdoor conditions for natural fi ber/polyester 
composites. The strength was reduced by around 5–25%, with a more pro-
nounced reduction in wetter conditions. The same composites exposed to 
indoor conditions for the same duration showed no signifi cant changes in 
mechanical properties. Poor weathering performance is not only a problem 
for natural fi bers; soy protein-based plastic lost strength and toughness and 
became stiff and brittle over time, possibly due to leaching of the plasticizer 
which is an additive in the resin system. The use of proper coatings and 
certain types of fi ber modifi cation (bleaching, alkalization, or silanes) seem 
to slow the effects of weathering (Dittenber and Hota, 2012).

16.10.6 Recent progress and discussion

The near-term goal of WVU-CFC research is to overcome the aforemen-
tioned barriers to advance the development of natural composites for inte-
rior structural applications in infrastructure with emphasis on green 
buildings, while the long-term goal is to evolve the natural composites as an 
alternative to GFRP for both interior and exterior structural applications. 
For the past fi ve years, a variety of NFRP composites have been manufac-
tured using different techniques including hand layup, compression, and 
pultrusion. In addition to fl ax-based composites, kenaf fi bers are also being 
researched. Those NFRPs have been characterized for their thermo-
mechanical properties. Recent data on kenaf-based composites including 
their tensile and fl exural properties are also listed in Table 16.2 for compari-
son. As observed from the data in Table 16.2, certain improvements in 
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mechanical properties have been made. A summary of the fi ndings of 
WVU-CFC research on natural composites is given below and more details 
can be found in the paper by Dittenber (2012a).

A screening study of several resins was conducted to identify the best 
resin system that is the most compatible with the kenaf fi bers. Among the 
resin systems tested, vinyl esters outperformed the polyurethane and phe-
nolic resins in both mechanical properties and moisture absorption. The 
Derakane 8084 vinyl ester exhibited similar mechanical properties as Der-
akane 510A vinyl ester, but when the higher moisture absorption charac-
teristics of Derakane 8084 are taken into consideration, the Derakane 510A 
is a better choice for a kenaf fi ber-reinforced composite.

Individual kenaf fi bers were tested for their mechanical properties. The 
kenaf fi bers used in the study seemed to be of average to good quality when 
their tensile properties were compared to published results (Table 16.1). 
Alkalization with 5% NaOH for 20–40 minutes resulted in an optimum 
single fi ber tensile strength of 116–145 ksi (800–1000 MPa) and stiffness of 
average 14.5 msi (100 GPa). Both the strength and stiffness of treated fi bers 
were increased by 30–50% over untreated fi bers.

The strength of an individual fi ber does not directly correspond to the 
strength of the resulting composite, indicating that alkalization not only 
affects the fi ber but also the interface between the fi ber and the matrix, and 
has signifi cant infl uence on mechanical properties. Alkalization with 5% 
NaOH for 40 minutes resulted in an optimum composite fl exural strength 
of average 29.0 ksi (200 MPa) and stiffness of average 1.16 msi (8 GPa). 
This has shown an increase of 25–35% over composites manufactured with 
untreated fi bers.

Higher stiffness (up to around 18%) can be achieved by the use of silanes 
in stiffness-critical situations, where the added cost can be justifi ed. Although 
higher concentration alkali treatments may be able to marginally improve 
some of the fl exural properties of the composites, they also lead to increased 
moisture absorption. Lower concentration treatments produce the best 
moisture absorption capabilities, with the use of silanes additionally reduc-
ing the amount of moisture absorbed by potentially as much as 50%.

Flax fi bers are generally believed stronger and stiffer than kenaf fi bers, 
as shown in Table 16.1. However, Table 16.2 appears to suggest that this 
fl ax-fi ber advantage was not translated to the performance of fl ax fi ber-
reinforced polymer composites. The fl ax composites (Mutnuri et al., 2010) 
showed inferior properties when compared to some of the published litera-
ture (Gaceva et al., 2007). This might be due to the difference in grade of 
the fl ax fi ber, inconsistency in processing, sizing (chemical treatment) of the 
fi ber, fi ber waviness caused during pultrusion, etc. (Mutnuri et al., 2010).

Research on fl ax and kenaf composites at WVU-CFC is ongoing. The 
most recent data on kenaf composites in Table 16.2 (Dittenber, 2012b) 
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indicate that the effectiveness of alkali treatment is not satisfactory, increas-
ing the fl exural strength by 10% but decreasing the tensile strength by 10% 
and with no effect on either tensile or fl exural modulus. A breakthrough 
regarding natural fi ber treatment technique that will enable hydrophobic 
transformation but will not deteriorate fi ber strength is being sought. Addi-
tional durability tests on NFRPs are underway at WVU-CFC under the 
US-NSF sponsored research to establish long-term degradation rates of 
natural fi ber composites under limited accelerated aging conditions.

The WVU-CFC team is focusing on promising natural fi ber composite 
systems with reference to glass fi ber-reinforced composites for some struc-
tural applications, particularly once weight, cost, and environmental impact 
are taken into consideration. As the WVU-CFC team continues to upgrade 
the NFRP performance, future work will incorporate the evaluation of the 
long-term performance of NFRPs under different loading and aging condi-
tions, including fatigue tests. In order for NFRPs to be suited for construc-
tion applications, many advances to deal with the challenges discussed in 
this section have to be achieved by the research community of NFRP 
composites.

16.11 Durability of composites

FRP composites have superior performance under harsh end-use environ-
ments over conventional construction materials (steel, concrete, and wood). 
Such design advantages of composites have to be based on sound under-
standing of the durability (long-term) response of the FRPs under the harsh 
environments and loading conditions. The durability response of com-
posites is identifi ed typically in terms of chemical, physical, and mechanical 
aging and their combinations, which depends primarily on pH level, tem-
perature, creep/relaxation, UV radiation, and externally induced thermo-
mechanical stress fl uctuations. The durability response is further accelerated 
in the presence of water or salt solutions because of their expansion under 
freezing (ACI, 2006; Chin et al., 2001; Karbhari, 2006; McBagonluri et al., 
1998; Antoon and Koening, 1980). In terms of the above parameters, fl uid 
absorption in and out of composites under freeze-thaw conditions has the 
highest infl uence on durability (Lesko et al., 1998).

Long-term performance determination and modeling of composites due 
to aging, moisture and pH, freeze-thaw, fatigue, and creep are critical for 
high volume applications. In-service composite structural systems are 
exposed to various environmental factors such as moisture, thermal (freeze-
thaw cycling or elevated temperature) and other weathering conditions that 
affect their overall performance. The physical weathering occurs when com-
posites are subjected to mechanical loadings such as static, fatigue, and 
creep (sustained stress), while the chemical weathering occurs when the 

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

456 Developments in FRP composites for civil engineering

material is exposed to moisture and chemicals such as alkaline or acid solu-
tions. Under those exposures, the mechanical and physical properties (e.g., 
strength, stiffness, creep, fatigue life, glass transition temperature, fi ber–
resin bond strength) change with exposure time.

The process of composite physical aging is dependent primarily on service 
temperature and sustained load, and could be substantial on composite 
performance. Creep of polymers involves deformation of the molecules 
with molecular segments changing their conformations and sliding past one 
another. If the deformations are large enough, molecular chain rupture 
(scission) may occur. As a result, the mechanical properties vary with time 
under load (Liao et al., 1999). The chemical aging of composites is related 
to: diffusion process, polymer chemical composition, temperature, stress 
corrosion, fl uid ion exchange, and others. Polymer chain scissions and 
altered material chemistry are the direct result of chemical aging that lead 
to loss of constituent materials including physical and mechanical proper-
ties. Fluid sorption in and out of FRP composites is the most infl uential 
factor on thermo-mechanical properties when a material is exposed syner-
gistically to environmental and mechanical loads.

The rate of degradation of polymer composites exposed to a fl uid envi-
ronment is related to the rate and quantity of fl uid sorption (Bott and 
Barker, 1969), which are governed mostly by: chemical structure of the 
resin; degree and type of crosslinking; state of the material including void 
content; type, temperature, and concentration of fl uid; and applied stress 
and hydrostatic pressure (Antoon and Koening, 1980). Exposure of com-
posites to moisture and chemicals causes stress corrosion, which is driven 
by the exchange of alkali ions in glass fi bers and hydrogen ions from a reac-
tive fl uid, leading to spontaneous fi ber surface cracking and stress failure 
(Price, 1989). Diffusion of fl uids through polymer can cause swelling due to 
hydrogen bond disruption and induce stresses within the composite. Freeze-
thaw in the presence of salt can also result in accelerated degradation due 
to the formation and expansion of salt deposits in addition to the effects of 
moisture-induced swelling and drying (Karbhari et al., 2003).

Degradation of composites is compounded when exposed to other envi-
ronmental factors along with freeze-thaw fatigue (McBagonluri et al., 1998, 
2000). Karbhari (2006) provided excellent insights into the effect of mois-
ture on E-glass/vinyl ester composites through dynamic mechanical analy-
ses. Differential scanning calorimetry (Verghese et al., 1999) data revealed 
the nature and presence of freezable water for each constituent material 
within an E-glass/vinyl ester composite (matrix and interface). Heat fl ow 
measurements during thawing were taken for a single cycle (−150°C to 
+50°C) on saturated, unreinforced vinyl ester resin samples, which indicated 
the absence of freezable water. Since this free volume size within the resin 
is in the order of about 6–20 Å, these voids are thermodynamically too small 
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for water to freeze. This is due in part to hydrogen bonding in addition to 
geometric space constraints, thus impeding the freezing process. However, 
the dimensions in a cracked composite system were large enough to facili-
tate water freezing and damage accumulation (Verghese et al., 1999). Simi-
larly, high damage accumulations were noted in pretensioned FRPs under 
marine environments (Sen et al., 1998). Life prediction model(s) for the 
durability of composites over a range of chemo-thermo-mechanical envi-
ronments have to be developed from accelerated test data and validated 
from fi eld studies. (See, for example, the work done on FRP rebars for 
chemo-thermo-mechanical properties by Vijay and Hota, 1999.)

Fatigue damage in FRP composites is progressive and cumulative in 
nature at the micro level (e.g., Reifsnider, 1990 among many others). For 
metals, the damage due to fatigue is more localized at the macro level 
(Degrieck and Paepegem, 2001) and can be identifi ed visually and by 
micrographs of fracture surfaces (Rakow and Pettinger, 2006). Unlike 
metals, composites accumulate damage at various locations under fatigue. 
However, the potential defects present in the material (matrix cracks, 
broken fi ber, fi ber wrinkling, inadequate cure, etc.) at the time of manu-
facturing are higher in FRP composites than in metals. When subjected to 
fatigue loading, these defects lead to crack initiation, crack growth and 
interconnection, and eventual failure. Figure 16.29 shows a sandwich panel 
under three-point bending fatigue where crack initiation occurs at locations 
of fi ber wrinkling.

Due to matrix cracking or fi ber debonding, the life prediction of com-
posites under thermo-mechanical fatigue is challenging, except in terms of 
damage evaluation in an average sense, i.e., not size-specifi c. Fatigue studies 
on composites under combined thermal and mechanical loads are sketchy, 
and limited research has been performed by Lesko et al. (1998), Kellogg 
(2005), and a few others. The load rate has the greatest infl uence on fracture 

(a) (b)

16.29 Cracking initiation and growth of a sandwich sample under 
three-point bending fatigue, leading to eventual failure at the corner.
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sensitivity for a notched specimen where the rate of increase of loading 
results in increased mean notch toughness values for wide ranges of mois-
ture content or temperature. Similar results, including stiffening under low 
temperatures, were reported by Dutta (1995). The greatest concern with 
temperature effects on composites is the laminate debonding under freeze–
thaw cycling (thermal fatigue) due to moisture expansion upon freezing. 
The WVU-CFC team developed a strain energy model using strain energy 
release rate as the damage metric to predict fatigue life of a composite 
material (Dittenber and Hota, 2010; Natarajan et al., 2005). This model 
has been extensively verifi ed using a large amount of WVU-CFC data 
and non-WVU-CFC data to be viable to predict fatigue life of both com-
posite laminates and composite components. Additional technical work to 
develop a unifi ed life prediction model for composite materials for infra-
structural applications has been recently funded by NSF (Award No. IIP-
1230351), so that FRPs can be considered for use in building a sustainable 
environment.

16.12 Design codes and specifi cations

The construction industry relies on design codes, specifi cations, and stan-
dards for any material to be used in construction. FRP design codes and 
standards are needed not only to provide credibility to FRP products and 
penetrate into the market against existing materials, but also to do busi-
ness with the government. A good example would be Underwriters Labo-
ratories (UL) 1316 (1966) ‘Non-Metallic Tanks for Petroleum Products 
Only’ for single-wall FRP tanks. This standard as a Performance Specifi ca-
tion was revised for double-wall FRP tanks in 1984 under the same code 
number UL 1316: ‘Glass-Fiber-Reinforced Plastic Underground Storage 
Tanks for Petroleum Products, Alcohols, and Alcohol-Gasoline Mixtures’. 
This standard is the only nationally recognized standard governing the 
design, manufacture, installation, and inspection of FRP tanks.

FRP composites as chimney liner for smoke stacks are governed by 
the ASTM Standard D5364 entitled ‘Standard Guide for Design, Fab-
rication, and Erection of Fiberglass Reinforced Plastic (FRP) Chimney 
Liners with Coal-Fired Units’. This standard was fi rst published in 1993 
and was revised in 2002 and further expanded in 2008. This guide 
provides information, requirements and recommendations for design 
professionals, fabricators, installers, and end-users of FRP chimney liners. 
This guide provides uniformity and consistency to the design, material 
selection, fabrication, erection, inspection, confi rmatory testing, quality 
control, and assurance of FRP liners for concrete chimneys with coal-
fi red units, while the Cooling Technology Institute (CTI) Code STD 
137 ‘Fiberglass Pultruded Structural Products for Use in Cooling Towers’ 
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offers recommendations for classifi cation, materials of construction, tol-
erances, defects, workmanship, inspection, physical, mechanical, and design 
properties of glass fi ber-reinforced pultruded structural shapes intended 
for use as construction items in cooling tower applications. This speci-
fi cation was fi rst published in 1994 and last revised in October 2009.

The research advances made through various sponsored programs have 
directly resulted in the development of FRP rebar design codes and speci-
fi cations. Among others, Bank et al. (1998) studied the behaviors of pul-
truded shapes and full-sized structural frames under short-term and 
long-term loading as well as FRP reinforced concrete structures. Nanni 
et al. (1997) researched the use of FRP rebars in concrete decks and exter-
nally bonded FRP composite wraps of RC structures. Through NSF award, 
Vijay and Hota (1999) systemically investigated the durability responses of 
reinforced concrete members with FRP rebar. Based on accelerated aging 
test results calibrated with respect to naturally aged composites, the study 
concluded that the service life of the FRP rebar with durable low-viscosity 
urethane-modifi ed vinyl ester resin is about 60 years as a minimum with 
20% sustained stress on the bar. Concrete cover protection to the FRP bars 
would enhance the service life up to 120 years. All the above studies have 
found their way into the design and construction specifi cations for com-
posite rebars for concrete structural elements and composite wraps to 
strengthen infrastructural systems (ACI 440.1R.03 and AASHTO LRFD 
Bridge Design Guide).

Recently, a new design code entitled, ‘Pre-standard for Load and Resis-
tance Factor Design (LRFD) of Pultruded Fiber Reinforced Polymer (FRP) 
Structures’ is being developed through the American Composites Manu-
facturers Association (ACMA) and the American Society of Civil Engi-
neers (ASCE). This code will allow architects and structural engineers to 
incorporate FRP composite materials to build stronger, safer, and better 
buildings. The introduction of these codes will help FRP composites to 
compete on a level playing fi eld with other construction materials such as 
concrete, steel, wood, and aluminum. Performance criteria for design, speci-
fi cation, and installation will mean a higher degree of confi dence for profes-
sional engineers and contractors to design and construct with FRP 
composites, in addition to instilling confi dence in owners to fi eld implement 
the advanced FRPs.

For example, the released draft LRFD prestandard design guide states 
that during analysis and design of pultruded FRP structural components 
and systems, the nominal strength will be determined by multiplying the 
reference strength by the adjustment factors for end-use conditions, as 
represented in the following formula:

R R C C C Cn n= 0 1 2 3…  [16.1]
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where R0 is the reference strength and Ci represents the applicable adjust-
ment factors for sustained end-use conditions that differ from the reference 
conditions. More specifi cally, the reference strength or stiffness is obtained 
from tests under short-term loading at ambient temperature of 73 ± 3°F 
and relative humidity of 50 ± 10%. The above-mentioned draft LRFD code 
specifi es CM (moisture condition factor) and CT (temperature factor) as set 
out in Table 16.3 to account for sustained in-service moisture and tempera-
ture, respectively. Here CT is valid for in-service temperatures higher than 
90°F but less than Tg minus 40°F. For sustained temperatures in excess of 
140°F, CT shall be determined from tests.

For chemical environmental factor CCH in high alkalinity or acidity, the 
adjustment factor shall be determined from interpolation or extrapolation 
of the results of ASTM C581 tests performed on the laminate exposed to 
the exposure chemical environment for a period of 1,000 hours. Also, the 
reference strength in Eq. [16.1] shall be obtained for single members or 
connections without load sharing or composite action. There are adjustment 
factors for member strength or stiffness in structural assemblies to account 
for the increase in strength of the assembly over the strength of an indi-
vidual member or for the increase in assembly stiffness when the members 
are constrained to act in a composite fashion. In addition, fatigue shall be 
considered in the design of members and connections subjected to repeated 
loading.

Step-by-step design guidelines, along with all the computation details, 
for pultruded sections under given load conditions and FRP cooling tower 
using those pultruded sections, are provided in the reference by Qureshi 
(2012), where a 4″ × 4″ square section, a 4″ × 4″ wide-fl ange section, and 
a 4″ diameter round section are analysed as per given fi ber architecture 
of a quarter inch thick GFRP composite laminate. The design capacities 
of these sections under bending, torsion, combined bending, and torsion 
are compared. This is followed with design details for design of girts, 

Table 16.3 Adjustment factors for end-use conditions (extract from 
Draft LRFD code, Table 2.4-1)

Reference property Moisture CM

Temperature CT for
(90°F < T ≤ 140°F)

Vinyl ester material
 Strength 0.85 1.7–0.008T
 Elastic modulus 0.95 1.5–0.006T
Polyester material
 Strength 0.80 1.9–0.010T
 Elastic modulus 0.90 1.7–0.008T
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connections with columns, and girt splices for a full supported structure 
in a cooling tower, using pultruded FRP sections and stainless steel bolts. 
Loads considered include:

• structural dead load,
• fi ll media dead load (15 psf),
• water held up by fi lled media (long-term load, 18 psf),
• axial force from wind load (860 lbs on bent-line joist and joist supporting 

mid-bay joists),
• temporary service live loading (20 psf, not operating tower),
• ice load (30 psf),
• fouling load (30 psf, applied to both operating and non-operating tower).

The serviceability requirements are to limit the defl ection to maximum 
defl ection = L/180 and maximum live load defl ection = L/240, where L is 
the span. The environmental conditions include wet environment, 110°F 
temperature, and high salt content.

16.13 Future trends

With the world facing a crisis in terms of sustainable growth and envi-
ronmental stability, the responsibility is on the engineering community to 
develop cost-effective and durable construction materials having lower 
embodied energy. The green building movement, science in energy and 
environmental design, innovation for sustainability, sustainable materials, 
and many other programs have been established to steer the United States 
in a greener direction. We can envision an eco-urban habitat of zero 
carbon footprint. As a mid-term goal, research and development efforts 
on game-changing technologies can aim at an urban habitat capable of 
breathing with ambient environment and minimizing energy and water 
usage. There are several projects being funded by the NSF that focus on 
buildings of net-zero energy operation. The goal of these projects is to 
maximize heating/cooling/lighting infl uence of solar energy and other 
natural resources to reduce energy consumption and yet maintain habit-
able conditions, including net-zero water design for buildings. With refer-
ence to FRP composites, durable, strong, and stiff composite panels made 
of natural fi bers and natural resins with lower embodied energy and cost 
per unit performance than steel need to be developed and integrated with 
prefabricated modular sub-system design concepts for potentially zero 
construction waste.

FRP composites have the potential to help achieve a sustainable envi-
ronment because of their advantages over conventional materials (Stewart, 
2011). From a life cycle assessment perspective, the selection of FRPs would 
require characterization of its long-term durability and development of 
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predictive models to assess the useful life of structural components or 
systems utilizing composites. Durability responses of composite materials 
and understanding the mechanisms have become very important topics for 
mass implementation of these advanced composite materials. Serviceability, 
durability, and cost-effectiveness are essential for widespread use of any 
material. Long-term responses of composite structures under environmen-
tal loads including moisture exposure have to be established so that the 
accelerated aging test methodology (ATM) can be used to predict long-
term performance of FRP composites through life prediction models; these 
data have to be calibrated with fi eld response data, monitored from the 
implementation works. Thus more durable, effi cient, and safer FRP struc-
tures can be designed based on data collected using ATM and appropriate 
safety (knock-down) factors.

Furthermore, smart and multifunctional materials will be an important 
future focal area of FRP research. The topics of importance include: phase-
changing materials for energy storage and release, conductive polymers for 
solar cells, protective self-cleaning and de-polluting coatings, self-deicing 
materials, self-assessing and self-healing materials, coatings that can be used 
as sensors, and many others. For example, advances in the use of carbon 
fi bers for sensing and detecting damage through polymers housed in nano-
fi bers will be heavily researched. Coatings consisting of nano-fi bers can be 
used as sensors to detect micro-cracks, fi re, and hazardous chemicals. Elec-
trically conductive coatings in conjunction with wireless networks will be 
developed to detect fi re and other structural hazards.

In conclusion, FRP composites are found to be excellent in corrosive 
environments. For the past two decades, FRPs have been gradually accepted 
in infrastructural applications including structures for highway and water-
way, utility poles, wind turbine blades, and pipelines. With the recent launch-
ing of new design codes, new high volume FRP composite markets will open 
up and existing markets will broaden further. With ever increasing attention 
toward a sustainable built environment, the selection of construction mate-
rial is to be justifi ed at a life cycle level accounting for environmental bene-
fi ts, social benefi ts, and other factors. Based on research, development and 
fi eld implementation, FRP composites have the potential to be selected as 
a material of choice because of FRPs’ long-term performance and design 
advantages.
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Abstract: This chapter presents a systematic approach for material 
characterization, analysis, and design of all-fi ber-reinforced polymer or 
plastic (FRP) composite structures. The suggested ‘bottom-up’ analysis 
concept is applied throughout the procedure, from materials/
microstructures, to macro components, to structural members, and fi nally 
to structural systems, thus providing a systematic analysis methodology 
for all-FRP composite structures. The systematic approach described in 
this chapter can be used effi ciently to analyze and design FRP shapes 
and bridge systems and also develop new design concepts for all 
composite structures.

Key words: FRP composites, micromechanics, FRP structural shapes, 
design of composite structures, design concepts.

17.1 Introduction

Fiber-reinforced polymer or plastic (FRP) composites have been increas-
ingly used in civil engineering applications due to their high-strength, 
high-stiffness fi bers (e.g., E-glass, carbon, and aramid), light weight, envi-
ronmentally resistant matrices (e.g., polyester, vinylester, and epoxy resins), 
and high energy effi ciency. Structures made of FRP composites have 
shown to provide effi cient and economical applications in bridges and 
piers, retaining walls, airport facilities, storage structures exposed to salts 
and chemicals, and others (Qiao et al., 1999). In addition to lightweight, 
noncorrosive, nonmagnetic, and nonconductive properties, FRP composites 
exhibit excellent energy absorption characteristics – suitable for seismic 
response; high strength, fatigue life, and durability; competitive costs 
based on load-capacity per unit weight; and ease of handling, transpor-
tation, and installation. FRP materials offer the inherent ability to alle-
viate or eliminate the following four construction-related problems 
adversely contributing to transportation deterioration worldwide (Head, 
1996): corrosion of steel, high labor costs, energy consumption and 
environmental pollution, and devastating effects of natural hazards such 
as earthquakes.
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With the increasing demand for infrastructure renewal and the decreas-
ing costs of composites manufacture, FRP materials began to be extensively 
used in civil infrastructure from the 1980s and have continued to expand in 
recent years. Attention has been focused on FRP shapes as alternative 
bridge deck materials, because of their high specifi c stiffness and strength, 
corrosion resistance, light weight, and potential modular fabrication and 
installation that can lead to decreased fi eld assembly time and traffi c-
routing costs. Most currently available commercial bridge decks are con-
structed using assemblies of adhesively bonded pultruded FRP shapes or 
honeycomb FRP sandwich panels.

17.2 Review on analysis

17.2.1 Design considerations

A critical obstacle to the widespread use and application of FRP structures 
in construction is the lack of simplifi ed and practical design guidelines. 
Unlike standard materials (e.g., steel and concrete), FRP composites are 
typically orthotropic or anisotropic, and their analyses are much more 
complex. For example, while changes in the geometry of FRP shapes can 
be easily related to changes in stiffness, changes in the material constituents 
do not lead to such obvious results. In addition, shear deformations in pul-
truded FRP composite materials are usually signifi cant, and therefore the 
modeling of FRP structural components should account for shear effects. 
For applications to pedestrian and vehicular FRP bridges, there is a need 
to develop simplifi ed design equations and procedures, which should 
provide relatively accurate predictions of bridge behavior and be easily 
implemented by practising engineers.

17.2.2 Analytical techniques

Closed-form, mechanics-based methods for designing sectional stiffness 
properties of composite shapes were detailed by Barbero et al. (1993) 
and Davalos and Qiao (1999). These mechanics concepts combined with 
elastic equivalence analysis can be translated into approximate methods 
for estimating the equivalent orthotropic properties of members, such 
as plate behavior of cellular panels. In this way, cellular bridge deck 
confi gurations can be defi ned as assemblies of repetitive structurally 
effi cient and easy-to-manufacture pultruded composite sections. A sys-
tematic analysis and design approach for single-span FRP deck-and-
stringer bridges was presented by Qiao et al. (2000). While systematic 
methods for optimizing both geometry and lay-up of pultruded sections 
were given (Davalos et al., 1996a; Qiao et al., 1998), most developments 
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of cellular deck geometries and material lay-ups have been derived by 
trial and error.

Similar to pultruded FRP structural shapes, honeycomb structures are 
broadly used in many structural applications in such industries as aerospace 
and automobile (Noor et al., 1996) and civil infrastructure (Davalos et al., 
2001). As recognized by several feasibility studies (Plunkett, 1997), hon-
eycomb FRP structures are found to be very effi cient in providing high 
mechanical performance for minimum unit weight. In light of this, the 
concept of lightweight and heavy-duty FRP honeycomb panels with a sinu-
soidal wave core confi guration in the plane and extending vertically 
between face laminates (Fig. 17.1) was introduced for highway bridge decks 
(Plunkett, 1997; Davalos et al., 2001).

A series of studies for testing and fi eld evaluations were successfully 
accomplished (Plunkett, 1997), and several analytical studies of sinusoidal 
sandwich construction were recently conducted (Davalos et al., 2001; Xu 
et al., 2001; Qiao and Wang, 2005a, b). The bending behavior of FRP sand-
wich specimens was analytically and experimentally evaluated, and an 
approximate mechanics of materials approach was used to determine the 
effective stiffness properties of the sinusoidal core (Davalos et al., 2001; 
Qiao and Wang, 2005a). Using a homogenization theory, the transverse 
shear stiffness of a composite honeycomb core with a general confi guration 
was studied, and explicit formulas were derived for the transverse shear 
properties of the several common cellular cores (Xu et al., 2001). A further 
effort (Xu and Qiao, 2002; Qiao and Xu, 2005) was conducted to derive all 
the elastic tensor components for fl exure, stretching, transverse shearing, 
in-plane shearing, and twisting of orthotropic hexagonal-core sandwich 
plates using a multipass homogenization technique. The effective transverse 
shear moduli of composite honeycomb cores are important material 
properties in analysis and design of sandwich structures. An analytical 

Transverse
direction, y

Longitudinal
direction, x

17.1 Honeycomb FRP panel geometry.
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approach using a two-scale homogenization technique (Xu et al., 2001) was 
presented to predict the effective transverse shear stiffnesses of thin-walled 
composite honeycomb cores with general confi gurations. To improve the 
performance of core transverse shear behavior, a nondimensional index, 
the so-called effi ciency of material (EOM), was introduced to evaluate the 
optimal design of periodic cellular cores (Qiao and Wang, 2005b).

The vertical compression (crushing) behavior of the core was determined 
by two distinct tests to capture both material strength and buckling (Chen 
et al., 2002), leading to the development of a closed-form solution and sim-
plifi ed practical formulas for buckling strength (Chen and Davalos, 2003a; 
Davalos and Chen, 2005). Bending tests were used to evaluate shear strength 
of the core and core–facesheet interface delamination (Chen and Davalos, 
2003b), leading to an interesting study of a complex state of stress at the 
interface, due to shear warping and bending warping induced by the 
facesheet as predicted by analytical models, that in combination with a 
failure criteria proved useful for predicting onset of delamination (Chen 
and Davalos, 2004a, b, 2005, 2007). Finally, strength optimization of the 
facesheet was investigated, using a fi nite element (FE) progressive failure 
model (Chen and Davalos, 2004c). In a parallel study, the delamination of 
the core–facesheet interface was addressed by a rigorous approach based 
on fracture mechanics, to obtain Mode-I energy release rate (GIc) by a 
contoured double cantilever beam (CDCB) specimen (Wang et al., 2002). 
A linear-exponential traction law was used to develop a cohesive zone 
model (CZM), which was incorporated into the FE program ABAQUS as 
a special 3D interface fi nite element, which effectively simulated the core–
facesheet delamination propagation of HFRP panels under mixed-mode 
loading (Wang and Davalos, 2003a, b).

Most recently, Davalos et al. (2006) presented a comprehensive design 
approach for FRP composite structures. First, the material properties 
involving constituent materials, ply properties, and laminated panel engi-
neering properties were analyzed and given in the format of Carpet 
plots for design convenience. Then the mechanics of laminated beam 
(MLB) theory was used to study the member stiffness, and several criti-
cal mechanical behaviors of FRP shapes including bending, buckling, and 
material failure were presented, followed by equivalence formulations 
for FRP cellular panels and macro-fl exibility analysis for deck-and-stringer 
bridge systems. Finally, design guidelines and examples for FRP beams 
and bridge systems were given in detail to illustrate the applications and 
design procedures. In this chapter, the comprehensive design approach 
in Davalos et al. (2006) is reviewed and summarized, from which a 
‘bottom-up’ analysis concept and systematic design methodology is 
formulated to develop design guidelines for FRP structural members 
and systems.
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17.3 Systematic analysis and design methodology

In this section, a systematic methodology for analysis and design of all-FRP 
composite structures (Davalos et al., 2006) is presented. As illustrated in Fig. 
17.2, this methodology consists of analysis and design at micro level (mate-
rial), macro level (structural component), and system level (structure) to 
design all-FRP composite structural systems.

First, based on information from manufacturers and material lay-up, ply 
properties are predicted by micromechanics/ply mechanics. Once the ply 
stiffnesses are obtained, macromechanics is applied to compute the panel 
mechanical properties which are then presented in the form of Carpet plots 

Macromechanics

Microstructure and lay-up

Ply mechanical properties

Micromechanics

Panel or core mechanical properties

Beam stiffness and FRP shapes

Deck stiffness properties

Equivalent orthotropic
plate properties

Deck-and-stringer
bridge system

MLB

Equivalence
analysis

Series approximate
solution

Structural
mechanics

Materials/microstructures

Macro components

Structural members

Structural systems

17.2 Systematic analysis methodology for all-FRP composite 
structures.
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for design convenience. Effective material properties for honeycomb FRP 
cores are evaluated using homogenization techniques, and they are then used 
in sandwich theory to obtain the sandwich deck properties. Also, beam or 
stringer stiffness properties are then evaluated from mechanics of thin-walled 
laminated beams (MLB). The elastic deformation, including shear effects and 
maximum stress of FRP beams, are correspondingly predicted. Then, based 
on the stability analyses, formulas for global and local buckling loads of FRP 
shapes (columns and beams) are presented. From the panel strength data and 
Carpet plots, the material failure strengths of FRP beams are evaluated. Using 
elastic equivalence, apparent stiffnesses for composite cellular decks are 
formulated in terms of panel and single-cell beam stiffness properties, and 
their equivalent orthotropic material properties are further obtained. 
Similarly, for honeycomb FRP sandwich panels, the equivalent stiffnesses for 
cellular core are obtained using homogenization techniques, and combining 
with the face sheet laminate properties the sandwich panel stiffness coeffi -
cients are evaluated. For design analysis of FRP deck-and-stringer bridge 
systems, an approximate series solution for fi rst-order shear deformation 
orthotropic plate theory is applied to develop simplifi ed design equations, 
which account for load distribution factors for various load cases.

As shown in Fig. 17.2, the systematic design methodology, which accounts 
for the microstructure of composite materials and geometric orthotropy of 
a composite structural system, represents a ‘bottom-up’ analysis concept: 
‘Materials/microstructures,’  ‘Macro components,’  ‘Structural members’ 

 ‘Structural systems,’ which can be employed to design and optimize 
effi cient FRP structural components and systems. In the following, the analy-
sis procedures at the aforementioned four levels are presented.

17.3.1 Materials and microstructures

FRP shapes are not laminated structures in a rigorous sense. However, they 
are produced with material architectures that can be simulated as laminated 
confi gurations (Davalos et al., 1996b). For a typical pultruded FRP section 
shown in Fig. 17.3, the panels in the thin-walled structure can be simulated 
as laminates consisting of combinations of the following four types of layers:

1. A thin layer of randomly-oriented chopped fi bers (Nexus) placed on the 
surface of the composite, which is a resin-rich layer primarily used as a 
protective coating, and its contribution to the laminate response can be 
neglected.

2. Continuous or chopped strand mats (CSM) of different weights consist-
ing of either continuous or chopped randomly-oriented fi bers.

3. Stitched fabrics (SF) with different fi ber orientation.
4. Roving layers that contain continuous unidirectional fi ber bundles.
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4"

8"

1/4"

15.5 oz 90° SF

1/2 oz CSM

62.5/ft - 61 yield roving

12 oz +/–45° SF

1 oz CSM

62.5/ft - 61 yield

15.5 oz 90° SF

1 oz CSM

Total # of 61 yield rovings = 250

Nexus Veil

Nexus Veil

17.3 Lay-up of a typical FRP box-section.

In the following, we present constituent material properties, modeling 
of materials based on accurate estimation of volume fractions of con-
stituents, and computation of ply stiffness by micromechanics and ply 
mechanics.

Constituent materials

Ply stiffnesses of pultruded panels cannot be readily evaluated experimen-
tally, since the material is not produced by lamination lay-up, but they can 
be computed from micromechanics formulas for roving, CSM, and SF layers 
(Qiao, 1997). The ply stiffnesses can then be used in classical lamination 
theory (CLT) (Jones, 1999) to predict the laminate stiffnesses. The material 
properties of E-glass fi ber and vinyl ester resins commonly used in pul-
truded products are given in Table 17.1.

Table 17.1 Material properties of the constituents

Material E (psi) G (psi) ν ρ (lb/in3)

E-glass fi ber 10.5 × 106 4.1833 × 106 0.255 0.092
Vinyl ester resina 7.336 × 105 2.3714 × 105 0.30 0.041

a Obtained experimentally (Tomblin, 1994).
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Fiber volume fraction

The properties of a pultruded composite section are controlled by the 
relative volumes of fi ber and matrix used. Each layer is modeled as a 
homogeneous, linearly elastic and generally orthotropic material (Davalos 
et al., 1996b), and to evaluate its properties, the information provided by 
the material producer and pultrusion manufacturer are used to compute 
the fi ber volume fraction (Vf). The fi ber volume fraction (Vf) is defi ned as 
the ratio of the volume of fi bers present to the total volume of the layer. 
The relative volumes of fi ber and matrix are fi rst determined in order to 
evaluate the ply stiffnesses. Similarly, the fi ber volume fraction (Vf) of the 
whole section can be defi ned. For the CSM and SF layers, which are, respec-
tively, specifi ed commercially in oz/ft2 and oz/yd2, Vf can be determined as 
follows:

V
w
t

f CSM SF
f

( ) =
ρ

 [17.1]

where w is the weight per unit area in lb/in2 (i.e., convert the units of oz/ft2 
and oz/yd2 to the one of lb/in2), ρ is the unconsolidated density of the CSM 
or SF fi bers in lb/in3, and tf is the ‘as manufactured’ thickness of the fabrics 
(inches) as provided by the material producer. For the roving layers, the 
fi ber volume fraction (Vf) is defi ned as:

V
n A

t
f r

r r

r

( ) =  [17.2]

where nr is the number of rovings per unit width (in−1) provided by the 
manufacturer, tr is the thickness of the composite layer, which can be evalu-
ated by subtracting the CSM and SF layer thickness from the total panel 
thickness. The area of one roving is, Ar = 1/Yρr, where Y is the yield speci-
fi ed in yard/lb and converted to in/lb, and ρr is the density of the fi bers. Once 
the Vf for all the typical layers are computed, the ply stiffnesses are pre-
dicted using selected micromechanics formulas.

Micromechanics using periodic microstructure model

There are several micromechanics models available to predict the effective 
elastic properties of composite materials (Chamis, 1984). Because of its 
accuracy, it is recommended to compute the ply stiffnesses for the roving 
and SF layers using favorably the micromechanics model for composites 
with periodic microstructure (Luciano and Barbero, 1994). Detailed expres-
sions for the computations of the elastic constants E1, E2, G12, and ν12 are 
given in the original paper along with experimental correlations. The SF 
and roving layers are usually modeled as unidirectional composites in two 
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orthogonal directions. The CSM layer, however, is assumed to be isotropic 
in the plane and the properties can be obtained as (Harris and Barbero, 
1998):
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17.3.2 Macro components

Macro components in FRP design include laminates and cores, and they 
are the subcomponents of FRP shapes (e.g., beams, columns, and cellular 
decks) and sandwich panels (e.g., laminates as facesheets). The analyses of 
laminates and cores and their engineering properties are provided in this 
section.

Engineering properties of laminated panels using macromechanics

Once the ply stiffnesses for each fl at panel or wall section of an FRP shape 
are computed, the stiffness of a panel can be computed from CLT (Jones, 
1999). For a laminated panel, the general constitutive relation between the 
resultant forces (Nx, Ny, Nxy) and moments (Mx, My, Mxy) and the midsurface 
strains (εx

0, εy
0, γ xy

0 ) and curvatures (κx, κy, κxy) is defi ned by CLT (Jones, 
1999) as:
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where [A], [B], and [D] are the panel stiffness submatrices. By full inversion 
of the panel stiffness matrix, we can express the midsurface strains and 
curvatures in terms of the compliance coeffi cients and panel resultant 
forces as:
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where [α], [β], and [δ ] are the panel compliance submatrices. In particular, 
the panel compliance matrix [α] is used to compute the equivalent elastic 
properties of the panel as:

E t E t G tx y xy xy= ( ) = ( ) = − = ( )1 1 111 22 12 11 66α α ν α α α, , ,  [17.6]

where t is the thickness of the panel. The panel moduli given in Eq. [17.6] 
are valid for in-plane loads only. The laminate stiffnesses of the panel as 
indicated in Eq. [17.6] can be directly obtained from tests of coupon 
samples, which are cut from the FRP sections and tested in tension and 
shear (Iosipescu) (see Table 17.2).

Strength of pultruded FRP panels

In design of FRP shapes, strength of individual panels is a critical design 
factor which determines the ultimate material failure load of the com-
ponent. As mentioned above, most pultruded FRP panels consist of three 
types of layer: CSM, SF and rovings. Experimental data (Barbero et al., 
1999) indicate that the compressive strengths of CSM and SF layers are 
relatively lower than that of a roving layer. All the CSM and SF layers failed 

Table 17.2 Panel stiffness properties of FRP shapes

FRP shapes

Exx (x106 psi) Gxy (x106 psi)

Tension test

Micro/
macro- 
mechanics Iosipescu test

Micro/
macro- 
mechanics

WF-beam 6” × 6” × 
3/8” (WF6 x 6)

4.155
(COV = 5.28%)

4.206 0.686
(COV = 8.39%)

0.682

I-beam 4” × 8” × 
3/8” (I4 x 8)

5.037
(COV = 2.24%)

4.902 0.745
(COV = 9.79%)

0.794

WF-beam 4” × 4” × 
1/4” (WF4 x 4)

4.391
(COV = 5.55%)

4.167 0.778
(COV = 11.28%)

0.676

Square tube 4” × 
4” × 1/4” 
(Box4 x 4)

4.295
(COV = 10.70%)

3.604 0.548
(COV = 8.39%)

0.550
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before the rovings reached their ultimate capacity, and therefore the roving 
layers sustain the applied load up to ultimate failure. Thus, the compressive 
strength of a panel laminate is approximately proportional to the fi ber 
volume fraction of the roving layers and the percentage of roving layers in 
the laminate, and it is therefore possible to derive a simplifi ed formula for 
prediction of compressive strength of FRP panels based on the assumption 
that the roving layers are the last to fail at ultimate load.

For pultruded FRP panels, the expression for the ultimate compressive 
load can be written as:

P F n Ac r r= 1
*  [17.7]

where F 1c
* is defi ned as the specifi c roving compressive strength and can be 

obtained from the roving layer compressive strength (F1c) divided by the 
fi ber volume fraction of roving layer (Vf)r as F *

1c = F1c/(Vf)r, nr is the number 
of rovings per unit width (in−1), and Ar is the area of one bundle of roving. 
The panel compressive strength is thus obtained as:

F
P

t
F n A

t
F n

Yt
xc

c r r c r

r

=
×

= =
1 0

1 1

. "

* *

ρ
 [17.8]

where t is the thickness of the panel in inches. Hence, we can rewrite Eq. 
[17.8] as:

F
F n A

t

F t V

t
xc

c r r c r f r= =
( )1 1

* *

 [17.9]

where tr is the thickness of the roving layers.
By defi ning the percentage of roving layers in the panel as α = tr/t, we 

can simplify Eq. [17.9] as:

F F Vxc c f r
= ( )1

*α  [17.10]

For typical rovings used for pultruded FRP shapes, the specifi c roving 
compressive strengths are given by Barbero et al. (1999). Based on Eq. 
[17.10], the compressive strength of the FRP panels can be predicted once 
the percentage of the roving layer in the panel and corresponding roving 
layer fi ber volume fraction are known.

The classical approach for strength design of laminates includes the pre-
dictions of fi rst-ply-failure (FPF) and fi ber failure (FF) loads (Barbero, 
1999). The FPF load can be obtained when failure fi rst occurs in any layer 
of the laminate, and the FPF prediction can be based on any failure criteria 
commonly used (e.g., Tsai-Wu). Due to the weakness of transverse strength 
of polymer matrix composites, the FPF is usually associated with matrix 
cracking. Following the FPF, the material is degraded and the load is 
increased until a fi ber failure occurs (called the FF load).
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In FF, a single degradation factor (fd) is commonly used to reduce all the 
stiffness values of a degraded layer, except for the stiffness in the fi ber 
direction, which is assumed to be unaffected by FPF. Both the compressive 
and shear strength values for common pultruded FRP panels based on the 
FPF and FF load concepts are obtained and further used as baseline data 
for failure design of FRP shapes.

Carpet plots for FRP panel properties

Based on the analyses presented above for the panel stiffness and strength 
properties, Carpet plots are developed and used for simplifi ed design of 
FRP panels. In Carpet plots, diagrams of apparent moduli and strength for 
various laminate confi gurations can be produced beforehand and effec-
tively applied to design of FRP structures.

Most pultruded FRP shapes typically consist of three layers (unidirec-
tional roving (0o), CSM, and ±45° angle-ply) and their lay-ups are usually 
balanced-symmetric and can be simply defi ned as:

0 452 2 2α β γCSM
s

± °( )⎡⎣ ⎤⎦  [17.11]

where α, β, and γ represent the percentages of roving, CSM, and SF (±45°) 
layers in the laminated panel, and they should satisfy the following 
relationship:

α β γ+ + = 1  [17.12]

Subsequently, Carpet plots for panel moduli and strengths are produced 
using the micro/macromechanics and strength data introduced above. 
Based on Eq. [17.6], Carpet plots for panel stiffness properties (Ex, Ey, 
Gxy, νxy) are produced for an E-glass/polyester composite panel with Vf 
= 50% (Fig. 17.4). A statistical study is performed (Li, 2000) to compare 
the corresponding stiffness coeffi cients with the same fi ber lay-up and 
fi ber percentage combinations but different fi ber volume fractions. Due 
to the similar trends among Carpet plots for panel stiffness coeffi cients 
of different fi ber volume fractions, it can be suffi cient to produce only 
one set of master plots (e.g., with Vf = 50% of Fig. 17.4) and the cor-
responding ratio plots (Fig. 17.5), which can be used effectively to esti-
mate stiffness properties for panels of various fi ber volume fractions. 
For example, with respect to the one for Vf = 50%, we can determine 
the equivalent panel moduli for different fi ber volume fractions by 
multiplying the corresponding ratios by the equivalent panel moduli for 
Vf = 50%. Using the concept described above, we defi ne Carpet plots 
for Vf = 50% (Fig. 17.4) as master plots, and their corresponding ratio 
plots for Ex, Ey, Gxy, and νxy with various fi ber volume fractions as given 
in Fig. 17.5.
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17.4 Master Carpet plot for laminate in-plane stiffness properties (Vf = 
50%).
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As mentioned above, the roving compressive strength dominates the com-
pressive strength of the whole laminated panel. A graphical representation 
of panel compressive strength values for various fi ber volume fractions is 
very useful for preliminary design. In Fig. 17.6, Carpet plots for compressive 
strength of FRP panels are produced based on Eq. [17.10], and the panel 
ultimate compressive strength depends solely on the properties of roving in 
the panel (e.g., specifi c roving compressive strength, roving fi ber percentage 
in the panel, and roving fi ber volume fraction). The specifi c roving compres-
sive strengths for most common pultruded materials have similar values; 
therefore, an average (F 1c

* = 173 ksi, COV = 6.4%) is used in Eq. [17.10] to 
produce Carpet plots of Fig. 17.6. The plots can generally be applied to 
predict the panel compressive strength for most pultruded FRP shapes.

An alternative approach to produce Carpet plots for compressive strength 
Fxc is to use conventional failure criteria (e.g., Tsai-Wu criterion) by 
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17.5 Ratio plot for laminate in-plane stiffness properties with respect 
to Vf.
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predicting the fi rst ply failure (FPF) load and fi ber failure load (FF) (Davalos 
et al., 2006). Similar to the panel compressive strength prediction, the 
approach to produce Carpet plots for shear strength Fxy is based on the 
Tsai-Wu criterion, and the FPF shear and FF shear strength ratios are pre-
dicted (Davalos et al., 2006). The ultimate shear strength of panels with 
various fi ber volume fractions can be approximated by the plot given in Fig. 
17.7.

Honeycomb cores and laminated facesheets

A similar procedure as for pultruded laminate analysis can be used for the 
analysis of honeycomb FRP composite cores and laminated facesheets in 
sandwich structures (Fig. 17.1). The core geometry typically consists of 
closed honeycomb-type FRP cells, and the constituent materials used for the 
honeycomb sandwich panel (both face laminates and core) consist of E-glass 
fi bers and vinyl ester or polyester resins. It is noteworthy that the composite 
honeycomb cores are different from their metal counterparts (e.g., alumi-
num hexagonal or tubular cores) in both manufacturing and consequent cor-
rugated shapes. Unlike traditional metal sandwich structures, the shape of 
the FRP corrugated cell wall is defi ned, for example, by a sinusoidal function 
in the plane (Figs 17.1 and 17.8). In this case, the combined fl at and waved 
FRP cells are produced by sequentially bonding a fl at sheet to a corrugated 
sheet, which is similar to the processing of corrugated cardboard. The assem-
bled cellular core is then co-cured with the upper and bottom facesheet lami-
nates to build a sandwich panel (Fig. 17.1). The waved core elements are 
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17.7 FF shear strength Fxy for Vf = 20% and Vf = 50%.
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17.8 Representative sinusoidal core element.

produced by forming FRP sheets in a corrugated mold. The core wall materi-
als (both the fl at and waved sheets) are made either of chopped strand or 
continuous randomly oriented mat of E-glass fi bers and polyester resin, and 
they can be modeled as an isotropic layer. On the other hand, the facesheets 
in the sandwich panels are in the form of laminate confi gurations. The stiff-
ness of each ply in the laminated facesheet can be predicted from the micro-
mechanics model with periodic microstructure (Luciano and Barbero, 1994), 
and the apparent engineering properties of facesheets can be predicted by a 
combined micro- and macro-mechanics approach (Davalos et al., 1996b) or 
directly from Carpet plots of Figs 17.4–17.7.

A mechanics of materials approach, recently developed by Qiao and 
Wang (2005a), can be used to obtain the effective in-plane moduli of sinu-
soidal cores. For the transverse shear moduli (Ge

xz and Ge
yz), the formulas for 

general core confi guration obtained from homogenization theory (Xu et al., 
2001) are applied for the case of sinusoidal core, and the explicit solutions 
are given as:

G
t
h

bt
hS

G G
ht
bS

Gxz
e s

yz
e s= +⎛

⎝
⎞
⎠ =1 2

12
2

12
2 2

2
;  [17.13]

where G s
12 is the shear modulus of solid walls, and S is the length for the 

curved segment, S ds
A

B

= ∫  in Fig. 17.8. Typical values for a sinusoidal core 

used in bridge deck panels are given in Table 17.3.

Table 17.3 Equivalent material properties of sinusoidal honeycomb core

Ex
e, GPa

(×104 psi)
Ey

e, GPa
(×104 psi)

Gxy
e , GPa

(×104 psi)
Gxz

e , GPa
(×104 psi)

Gyz
e , GPa

(×104 psi)
ρc, g/cm3 
(lb/in3) 

0.531
(7.702)

0.0449
(0.651)

0.0237
(0.344)

0.292
(4.235)

0.119
(1.726)

0.149
(0.00538)
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17.4 Structural members

FRP composite shapes are used as structural members (e.g., beams, columns, 
and deck panels) due to their high strength and stiffness in relation to their 
weight, corrosion resistance, and structural effi ciency. Beams and columns 
are structural members that carry mainly transverse fl exural and axial com-
pressive loads, respectively. Deck panels produced as either cellular FRP 
shapes or sandwiches primarily carry fl exural, transverse shear, and twisting 
loads. In this section, the analysis techniques for beams, columns, and deck 
panels are presented.

17.4.1 Beam stiffness properties

The stiffness properties of FRP members are evaluated using a formal 
engineering approach to the mechanics of thin-walled laminated beams 
(MLB) (Barbero et al., 1993), based on kinematic assumptions consistent 
with Timoshenko beam theory. The MLB approach is adopted in this study 
to model pultruded structural shapes based on fi rst-order shear deforma-
tion theory for thin- and moderately thick-walled laminated beams with 
open or closed cross sections. In this model, the stiffnesses of a beam are 
computed by adding the contributions of the stiffnesses of the component 
panels, which in turn are obtained from the effective beam moduli as given 
in Eq. [17.6]. The model accounts for membrane stiffness and fl exure stiff-
ness of the walls. Warping effects due to non-uniform bending (shear lag) 
are not included in this model. Therefore, this theory is more appropriate 
for moderately thick-walled laminated beams than for thin-walled lami-
nated beams. The position of the neutral axis is defi ned in such a way that 
the behavior of a thin-walled beam-column with asymmetric material and/
or cross-sectional shape is completely described by axial, bending, and shear 
stiffness coeffi cients (Az, Dy, Fy) only.

The basic kinematic assumptions in MLB (Barbero et al., 1993) are: (1) 
the contour does not deform in its own plane, and (2) a plane section origi-
nally normal to the beam axis remains plane, but not necessarily normal 
due to shear deformation. Straight FRP beams with at least one axis of 
geometric and material symmetry are considered. The pultruded sections 
are modeled as assemblies of fl at walls. The compliance matrices [α]3 × 3, 
[β]3 × 3, [δ]3 × 3 of the individual panels (see Eq. [17.5]) are obtained from 
classical lamination theory (CLT) (Tsai, 1988). For each wall panel, the 
position of the middle surface is defi ned as (Fig. 17.9):

y s s y
b

s
b

i i i i
i

i
i( ) = + − ≤ ≤sinφ for

2 2
 [17.14]

where bi is the wall width and ȳi is the position of the wall centroid.
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17.9 Global (beam) and local (panel) coordinator systems used in MLB.

By restricting the off-axis plies to be balanced-symmetric, the shear-
extension (α16) and shear-bending (β16) coupling coeffi cients in Eq. [17.5] 
vanish (α16 = β16 = 0). Then, using the beam theory assumptions (Ny = My = 
0), the compliance equations (Eq. [17.5]) can be reduced to
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Inverting Eq. [17.15], the reduced constitutive equation for the ith panel 
is obtained as
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 [17.16]

where Ai , Bi , Di , Fi , Ci  and Hi  are, respectively, the ith panel extensional, 
bending-extension, bending, shear, twisting-shear and twisting stiffnesses; 
they can be expressed in terms of panel engineering properties (see Eq. 
[17.6]) and given as:

A B D

F H

i i i i i i

i i i

= ( ) = −( ) = ( )
= ( )

− − −

−

δ β α

δ
11 1

1
11 1

1
11 1

1

66 2
1

Δ Δ Δ

Δ

, ,

, == ( ) = −( )
= − = −

− −α β

α δ β α δ β
66 2

1
66 2

1

1 11 11 11
2

2 66 66 66
2

Δ Δ

Δ Δ
i i i

C,

,

 [17.17]

General expressions for the axial, bending and transverse shear stiffness 
coeffi cients of FRP members are derived from the beam variational problem 
(Barbero et al., 1993); while the torsional stiffness is found using the energy 
balance between the work done by the external torque and the strain 
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energy due to shear (Barbero, 1999). Hence, the axial (Az), bending (Dx or 
Dy), shear (Fx or Fy), and torsional (Dt

open for open cross section and Dt
close 

for closed cross section) stiffnesses that account for the contribution of all 
the walls can be computed as:
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[17.18]

where Γs is the area enclosed by the contour of shear fl ow. The beam 
bending-extension coupling coeffi cient (Bx or By) can be eliminated by 
defi ning the location of the neutral axis of bending (xn or yn) as:

y
y A B b

A
n

i i i i i
i

n

z

=
+( )

=
∑ cosφ

1  [17.19]

By introducing the coordinate y′ = y − yn, we are able to decouple the 
extensional and bending responses (i.e., By = 0). An explicit expression for 
the static shear correction factor (Kx or Ky) is derived from energy equiva-
lence. As an approximation in design, the shear correction factor for pul-
truded sections can be taken as 1.0. General equations of the shear correction 
factor for various FRP sections are presented by Lopez-Anido (1994), and 
for laminates by Madabhusi-Raman and Davalos (1996).

For each laminated wall (e.g., a fl ange or a web), the stiffness values are 
obtained either by the micro/macromechanics approach (see Eq. [17.6]) or 
from Carpet plots. If we incorporate stress-resultant assumptions compatible 
with beam theory, and we assume that the off-axis plies of pultruded panels 
are balanced-symmetric, and no extension-shear and bending-twist cou-
plings are present, the extensional, bending, shear, and twisting stiffnesses of 
the ith panel are expressed in terms of panel apparent moduli as:

A E t D E t F G t H
G t

i x i i i x i i i xy i i i
xy i i= ( ) = ( ) = ( ) =

( )
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12
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 [17.20]
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where the engineering properties (Ex, Ey, νxy, and Gxy) of the panel are 
computed by using micro/macromechanics approach or obtained from 
Carpet plots.

For most common thin-walled structures (e.g., I- and Box-sections), the 
beam centroid is the neutral axis of bending (no beam bending-extension 
coupling), and the axial (A), bending (D), shear (F), and torsional (Dt) stiff-
nesses of the beam (that account for the contribution of all the panels) can 
be simplifi ed as:
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 [17.21]

where bi is the panel width, and ϕi is the cross-sectional orientation of the ith 
panel with respect to the x-axis. The preceding stiffness formulas are readily 
applied in engineering design to various structural shapes. As an example, 
the bending and shear stiffnesses of four FRP beams are listed in Table 17.4.

17.4.2 Mechanical behaviors of FRP components

Most FRP shapes are thin-walled structures and made of E-glass fi ber and 
polyester or vinyl ester resins. Due to the relatively low stiffness of FRP 
composites and thin-walled sectional geometry, problems with large defor-
mation, including shear deformation and structural stability, need to be 
considered in design and analysis (Qiao et al., 1999).

Table 17.4 Beam bending and shear stiffness properties

FRP shapes

D = EI (x108 psi-in4) F = GA (106 psi-in2)

Strong-axis Weak-axis Strong-axis Weak-axis

WF-beam 6” × 6” × 
3/8” (WF6 × 6)

1.776 0.570 1.292 3.066

I-beam 4” × 8” × 
3/8” (I4  × 8)

2.558 0.199 1.772 2.379

WF-beam 4” × 4” × 
1/4” (WF4 × 4)

0.334 0.111 0.585 1.351

Square tube 4” × 4” 
× 1/4” (Box4 × 4)

0.364 0.338 1.100 1.176
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Requirements for service-load defl ections are usually the dominant 
design limits for FRP shapes subjected to transverse loading. Critical global 
and local buckling due to the thin-walled structure and/or large slenderness 
ratios of component panels is another important criterion in design of FRP 
shapes. Further, potential material failure due to the relatively low compres-
sive and shear strengths of composites should also be considered. Thus, the 
mechanical behaviors of FRP shapes associated with large deformation, 
elastic stability, and material failure are addressed in this section.

Elastic defl ections

According to Timoshenko beam theory, the defl ection of a beam is caused 
by bending and shear when subjected to transverse loading and can be 
obtained by solving the equilibrium equations. Defl ections at discrete loca-
tions can be computed by employing energy methods that incorporate the 
beam bending and shear stiffnesses. For some conventional materials, the 
shear deformation can be neglected because of the higher shear modulus. 
But for FRP materials, the shear modulus is relatively low in relation to the 
axial modulus, and is in the range of E/6 to E/10 as compared to E/2.5 for 
metals. Therefore, the shear deformation must be considered, especially for 
relatively short spans. Formulas for maximum bending and shear defl ections 
for typical beam loading and boundary conditions are given in Table 17.5 as:

δ δ δTotal Bending Shear= +  [17.22]

Table 17.5 Bending and shear defl ections of Timoshenko beams

Beam (Loading + B.C.) δBending δShear

P 1
48

3PL
D

1
4

PL
KF

P P 23
648

3PL
D

1
3

PL
KF

P 
1
3

3PL
D

PL
KF

q 5
384

4qL
D

1
8

2qL
KF

q 1
8

4qL
D

1
2

2qL
KF

M M 1
8

2ML
D

0
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where in Table 17.5, P is the concentrated load, q is the uniformly distrib-
uted load, M is the transverse bending moment, L is the span length, Κ is 
the shear correction factor (K = 1.0 can be assumed), and D and F are the 
beam bending and shear stiffnesses (see Eq. [17.21]).

Elastic strains and stresses

For the ith panel (Fig. 17.9), the mid-surface strains and curvatures in terms 
of the beam resultant forces and moments are calculated as:
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= + −( ) = =, cos , sin  [17.23]

where NZ, MX, and VY are, respectively, the resultant internal axial force, 
bending moment, and transverse shear force acting on the beam in the 
global coordinate system. The subscripts x, y, and z refer to the local 
coordinate system of individual panels defi ned similarly as those in MLB 
approach. Then, applying Eq. [17.16], we can obtain the resultant forces 
and moments (Nx, Mx, and Nxy) acting on the ith panel. Combining the 
constitutive relations of Eq. [17.5] with the assumptions of N My y= = 0 
and Mxy = 0 , the mid-surface strains and curvatures on the ith panel are 
obtained as:
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 [17.24]

where the overbar identifi es a panel quantity. Based on CLT, the ply strains 
(εx, εy, and εxy) and stresses (σx, σy, and σxy) can be correspondingly obtained 
through the thickness of each panel. Using coordinate transformations, the 
ply strains (ε1, ε2, and γ12) and stresses (σ1, σ2, and τ12) can be computed in 
principal material directions, and they can be used with failure criteria to 
predict the failure loads.

Euler buckling of FRP columns

For an elastic column with pin-pin boundaries at the ends and under axial 
load P, the Euler buckling load can be easily obtained by applying beam 
theory, and it is defi ned as:

P
n D

L
E

e

=
2 2

2

π
 [17.25]
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where D is the bending stiffness, n is the buckled wave number, and Le is the 
effective span length. When the load exceeds the critical value PE for n = 1, 
the column becomes unstable. For a column made of composite materials, 
the bending stiffness (D) is computed from beam theory using Eq. [17.21]. It 
is important to note that D is computed assuming that the cross section does 
not deform during bending. Eq. [17.25] can be generalized for various end-
conditions by identifying the infl ection points of the defl ected shape (Fig. 
17.10). The effective length is the distance between the infl ection points or 
the end pinned supports, and it is represented by Le in Eq. [17.25], where its 
value is conveniently computed as Le = ξL, in terms of tabulated end-
restraint coeffi cient ξ (Table 17.6). The ideal boundary conditions in Fig. 
17.10 cannot be realized in practice because of fl exibility of the connections. 
Therefore, experimentally adjusted values of the end-restraint coeffi cient 

17.10 Effective length of column for various end-conditions.

Le = 2 L

L

(a) One fixed end,
and the other free 

(b) Both ends
pinned

(c) One fixed end,
and the other pinned

(d) Both
ends fixed

P P P P

Le = L Le = 0.7 L Le = 0.5 L

Table 17.6 End-restraint coeffi cients for long column buckling

End-restraint ξtheory ξsteel ξwood

Pinned-pinned 1.0 1.0 1.0
Clamped-clamped 0.5 0.65 0.65
Pinned-clamped 0.7 0.8 0.8
Clamped-free 2.0 2.1 2.4
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are used, as given in Table 17.6. Unfortunately, there is no experimental 
data for FRP composite columns. The values for wood columns are often 
used in design since the material properties of wood are relatively similar to 
those of FRP composites. Then, the Euler buckling load in Eq. [17.25] 
becomes:

P
D

L
E =

( )
π
ξ

2

2  [17.26]

If the end-conditions are the same with respect to the weak and strong 
axes of bending, buckling will occur with respect to the weak-axis of bending, 
because the stabilizing effect is weaker with respect to this axis. But if the 
end-conditions are different, not only the values of (D) but also the values 
of the end restraint condition will determine the direction of buckling. In 
those cases, the bending stiffness (D) and coeffi cient ξ with respect to both 
the weak and strong axes are needed.

The shear deformation increases the defl ection of a member when under-
going buckling, and it can be interpreted as a reduction of the stabilizing 
effect caused by the low transverse shear stiffness of the column. Shear 
deformation beam theory can be used to derive the equation for critical 
load, and the result is a reduction of the critical load given in Eq. [17.26], 
which is modifi ed as:

P
P
P F

ES
E

E

=
+1

 [17.27]

The above correction to Eq. [17.26] is negligible for practical cases. The 
shear stiffness (F) affects the beam defl ections only for short beams, and 
the same holds for columns. But short thin-walled columns usually fail by 
local buckling at loads lower than PE. Therefore, the correction of PE for 
shear has very limited application.

Flexural-torsional buckling of FRP beams

The fl exural-torsional buckling of pultruded FRP composite I- and 
C-section beams was analyzed using the second variational total potential 
energy principle and Rayleigh-Ritz method (Qiao et al., 2003; Shan and 
Qiao, 2005). By applying the Rayleigh-Ritz method and solving for the 
eigenvalues of the potential energy equilibrium equation, the fl exural-
torsional buckling load, Pcr, for a cantilever I-section with a point load 
applied at the centroid of the free end is obtained as (Qiao et al., 
2003):

P b L bcr w w= ⋅ + + + + +( ){ }Ψ Ψ Ψ Ψ Ψ Ψ Ψ1 2 3 4 5 6 7  [17.28]

where Ψ1
3 2 26 2 76 5 6 96 0 16= +( ) ⋅ − +( )[ ]b b L b b b bf w f f w w. . .
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and the following material parameters are defi ned as:

a a d d11 11 66 66 11 11 66 661 1 1 1= = = =α α δ δ, , ,  [17.29]

For design purposes, the simplifi ed engineering equations for fl exural-
torsional buckling of I-beams developed by Pandey et al. (1995) for several 
commonly used loading conditions can be adopted in practice, and these 
formulas are derived based on Vlasov’s theory. In a similar fashion, the 
solution for global buckling load of cantilever C-section beams was obtained 
by Shan and Qiao (2005).

Local buckling of FRP shapes

For short-span FRP shapes, local buckling occurs more readily. In general, 
the local buckling analyses of FRP shapes are accomplished by modeling 
the fl anges and webs individually and considering the fl exibility of the 
fl ange-web connections (Qiao et al., 2001). In this type of simulation, each 
component of FRP shapes (Fig. 17.11) is modeled as a composite plate 
subjected to elastic restraints (R) along the unloaded edges (i.e., the fl ange-
web connections) (Qiao et al., 2001). The explicit solution for rotationally 
restrained (R) plates is given in Qiao and Shan (2005). For the RR (restrained 
on both unloaded edges) plate when kL = kR = k, the local buckling stress 
resultant is simplifi ed to:

N
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 [17.30]

where the coeffi cients τ1, τ2, and τ3 are functions of the rotational restraint 
stiffness k, and defi ned as:

τ τ τ1
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+

and the resulting critical aspect ratio for the RR plate is given as:
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17.11 Geometry of orthotropic plate elements of FRP shapes.
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For the RF (restrained on one unloaded edge and free on the other) plate, 
the local buckling stress resultant and the critical aspect ratio are obtained, 
respectively, as:
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Design formulas of critical local buckling load (Ncr) for applications to 
several common orthotropic plate cases of applications (see Fig. 17.12) and 
their related critical aspect ratios (γcr) are given in Table 17.7, and they can 
be applied in local buckling analysis of FRP plates.

Once the explicit solutions for elastically restrained plates (Fig. 17.12) are 
obtained, they can be applied to predict the local buckling of FRP shapes 
(Fig. 17.11). In the discrete plate analysis of FRP shapes, the rotational 
restraint stiffness (k) is needed to determine the critical buckling strength. 
Based on the studies by Bleich (1952) for isotropic materials and Qiao 
et al. (2001) and Qiao and Zou (2002, 2003) for composite materials, the 
rotational restraint stiffness coeffi cients (k) for local buckling of different 
FRP shapes were examined by Qiao and Shan (2005) and Shan (2007). The 
explicit formulas for local buckling stress resultants (Ncr) and rotational 
restraint stiffness (k) are summarized in Table 17.8, and they can be used 
to predict the local buckling of several common FRP profi les.

(b) Case 2: CC plate

Clamped (C)

(c) Case 3: RR plate

Restrained (R)

b

b

k

a k

Restrained (R)

(f) Case 6: RF plate

Free (F)

b

a

(e) Case 5: CF plate

Free (F)

b

Restrained (R)

k

(a) Case 1: SS plate

Simply supported (S)

Ncr

Ncr

Ncr

Ncr

Ncr

Ncr

Ncr

Ncr

Ncr

Ncr

Ncr

Ncr

b

Clamped (C)

a

Simply supported (S)

a

Simply supported (S)

Clamped (C)

(d) Case 4: SF plate

Free (F)

a

b

a

17.12 Common plates with various unloaded edge conditions.
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Table 17.7 Local buckling loads and critical aspect ratios for FRP plates

Plate type
Local buckling stress resultant 
(N/cm) Critical aspect ratio

SS plate 
(Fig. 17.12(a))

CC plate 
(Fig. 17.12(b))

RR plate 
(Fig. 17.12(c))

Eq. [17.30] Eq. [17.31]

SF plate 
(Fig. 17.12(d))

__

CF plate 
(Fig. 17.12(e))

RF plate 
(Fig. 17.12(f))

Eq. [17.32] Eq. [17.33]
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Ultimate bending and shear failure

Due to the relatively low compressive and shear strength properties of FRP 
composites, the material failure needs to be evaluated as well. Similar to 
beam defl ection and buckling, the beam bending and shear strengths (ulti-
mate failure loads) for three-point bending can be expressed in terms of 
panel strength properties as:

Bending P
F D

E b t Lfail
bending c

x f w f

: =
( ) −( )

8
 [17.34]

Shear P F b tfail
shear

xy w w: =  [17.35]

where Fc and Fxy are the compressive and shear strengths of FRP panels, 
and their values can be obtained from Carpet plots (see Figs 17.6 and 17.7).

17.4.3 Equivalent analysis of FRP decks

Each of the honeycomb sandwich and multicellular FRP composite bridge 
decks can be modeled as orthotropic plates, with equivalent stiffnesses that 
account for the size, shape, and constituent materials of the deck. Thus, the 
complexity of material anisotropy of the panels and structural orthotropy 
of the deck system can be reduced to an equivalent orthotropic plate with 
global elastic properties in two orthogonal directions: parallel and trans-
verse to the longitudinal axis of the deck. These equivalent orthotropic plate 
properties can be directly used in analysis and design of deck-and-stringer 
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bridge systems, and they can also serve to simplify modeling procedures 
either in explicit or numerical formulations.

For the honeycomb sandwich deck, the material properties obtained for 
the face laminates using micro/macromechanics and the core using 
homogenization theory at macro component level can be used with sand-
wich theory to predict the equivalent properties of the sandwich panel. For 
brevity, the derivation of the sandwich theory (Vinson, 1999) is not pre-
sented here.

The development of equivalent stiffness for cellular decks consisting of 
multiple FRP box beams was presented by Qiao et al. (2000). Multicell box 
sections are commonly used in deck construction because of their light 
weight, effi cient geometry, and inherent stiffness in fl exure and torsion. 
Also, this type of deck has the advantage of being relatively easy to build. 
It can be either assembled from individual box-beams or manufactured as 
a complete section by pultrusion or vacuum assisted resin transfer molding 
(VARTM). The elastic equivalence concept used (Troitsky, 1987) accounted 
for out-of-plane shear effects and the results for a multicell box section 
were verifi ed experimentally and by fi nite element analyses (Qiao et al., 
2000).

The bending stiffness of the deck in the longitudinal direction, or x-axis 
in Fig. 17.13, is expressed as the sum of the bending stiffness of individual 
box beams (Db can be obtained by MLB):

D n Dx c b=  [17.36]

where nc is the number of cells. For the section shown in Fig. 17.13, b is the 
width of a cell, h is the height of a cell, tf and tw are the thicknesses of the 

17.13 Geometric notation of multi-cell box deck.
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fl ange and web, respectively. If all panels have identical material lay-up and 
tf = tw = t, Eq. [17.36] becomes:

D n E h t h b
h t

x c x= + + ( )( ) ( )( )2 2 3
6

 [17.37]

where Ex is the modulus of elasticity of a panel in the x-direction computed 
by micro/macromechanics, or obtained experimentally, or evaluated from 
Carpet plots (Fig. 17.4).

The out-of-plane shear stiffness of the deck in the longitudinal direction, 
Fx, is expressed as a function of the stiffness for the individual beams (Fb):

F n Fx c b=  [17.38]

where Fb is the shear stiffness obtained by MLB, and nc is the number of 
cells. This expression can be further approximated in terms of the in-plane 
shear modulus of the component panel, Gxy, and cross-sectional area of the 
beam webs:

F n G t hx c xy= ( )2  [17.39]

where Gxy is the in-plane shear modulus of the panel walls, and can be 
evaluated from Carpet plots (Fig. 17.4).

An approximate value for the deck bending stiffness in the transverse 
direction, Dy, may be obtained by neglecting the effect of the transverse 
diaphragms and the second moment of area of the fl anges about their own 
centroids. For a deck as shown in Fig. 17.13 with tf = t:

D E w t hy y= ( )( )1
2

2  [17.40]

where w is the length of the deck in the longitudinal direction, and Ey is the 
modulus of elasticity of the panel in the y-direction, which can be obtained 
from Carpet plots (Fig. 17.4).

For multiple box sections, the simplest way to obtain the decks out-
of-plane transverse shear stiffness is to treat the structure as a Vierendeel 
frame in the transverse direction (Cusen and Pama, 1975). For the Vier-
endeel frame, the infl ection points are assumed at the midway of top 
and bottom fl anges between the webs. The shear stiffness in the trans-
verse direction, Fy, for the cross section shown in Fig. 17.13 may be 
written as:

F
V E

b
h
I

b
I

y
y

w f

= =
+

⎛
⎝⎜

⎞
⎠⎟

θ
12

2
 

[17.41]

where the moments of inertia I are defi ned as:
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I
wt

I
w t

f
f

w
w= = ( )3 3

12
2
12

;  [17.42]

For tf = tw = t, Eq. [17.41] can be simplifi ed as:

F
E wt

b b
hy

y=
+⎛

⎝
⎞
⎠

2

4

3

 [17.43]

where Ey is the modulus of elasticity of a panel in the y-direction.
The torsional rigidity of a multi-cell section, GJ, is evaluated by consider-

ing the shear fl ow around the cross section of a multi-cell deck. For a struc-
ture where the webs and fl anges are small compared with the overall 
dimensions of the section, Cusen and Pama (1975) have shown that the 
torsional rigidity may be written as:

GJ
A G

ds
t

G ds
txy

xy= + ( )
∑

∑4
3

2 3

 [17.44]

where A is the area of the deck section including the void area and is 
defi ned as A = ncbh, and ds t∑  represents the summation of the length-to-
thickness ratio taken around the median line of the outside contour of the 
deck cross section. For a constant panel thickness t, the torsional rigidity 
can be simplifi ed as:

GJ
n bh G t
n b h

n b h G tc xy

c
c xy=

( )
+( )

+ +( )2 2
3

2
3  [17.45]

The above approximate equation is justifi ed by the fact that for a multi-
cell deck, the net shear fl ow through interior webs is negligible, and only 
the shear fl ow around the outer webs and top and bottom fl anges is signifi -
cant. The second term in Eq. [17.45] is relatively small compared to the fi rst 
term and can be ignored.

If the deck is treated as an equivalent orthotropic plate, its torsional 
rigidities depend upon the twist in two orthogonal directions. Thus the 
torsional stiffness Dxy may be taken as one-half of the total torsional rigidity 
given by Eq. [17.45] divided by the total width of the deck:

D
GJ
n b

D
n G bh t

n b h
xy

c
xy

c xy

c

= =
+( )2

2

or  [17.46]

where Dxy is the torsional stiffness per unit width (lb-in4/in).
Once the stiffness properties of an actual deck are obtained, it is rela-

tively simple to calculate the equivalent orthotropic plate material pro-
perties, which can further simplify the design analysis of deck and 
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deck-and-stringer bridge systems. The equivalent orthotropic plate mate-
rial properties of the cellular box deck are given as (Qiao et al., 2000):

E
D
t b

x p
x

p p
xy yx( ) = −( )12 1

3
ν ν  [17.47a]

E
D
t l

y p

y

p p
xy yx( ) = −( )12 1

3
ν ν  [17.47b]
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xz p
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p p

( ) =  [17.47c]

G
F
t l

yz p

y

p p

( ) =  [17.47d]

G
D
t

xy p

xy

p

( ) = 6
3

 [17.47e]

where the subscript ‘p’ indicates property related to the equivalent ortho-
tropic plate; tp is the thickness of the plate (= h for the actual deck, Fig. 
17.13), bp is the width of the plate (= ncb for the actual deck), and lp is the 
length of the plate (= w for the actual deck).

17.5 Structural systems

The equivalent properties for panels and stiffnesses for FRP beams can 
then be effi ciently used to analyze and design structural systems (e.g., a 
deck-and-stringer bridge system as in Fig. 17.14). For the deck-and-stringer 

(a) Deck-and-stringer system
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(b) Plate with exterior stringers only
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x
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(c) Interior stringer

17.14 Deck-and-stringer bridge system.
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bridge system, a fi rst-order shear deformation macro-fl exibility analysis 
(Brown, 1998; Qiao et al., 2000) is conducted, and the solutions for sym-
metric and antisymmetric load cases are used to obtain the solution for 
asymmetric loading. Based on deck-stringer transverse interaction force 
functions, wheel load distribution factors are derived, which are used later 
to provide design guidelines for deck-and-stringer bridge systems.

The general expressions of load distribution factors in terms of the 
number of stringers m (where m = n + 1) for symmetric and asymmetric 
loads (Brown, 1998) are, respectively:

W r

r
m

W

m mW
f
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o
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−

+
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The maximum wheel-load distribution factor under symmetric loading 
occurs when (r − 1)/(m − 1) = 1/2; i.e., sin(π/2) = 1. Therefore, the maximum 
load distribution factors for symmetric and antisymmetric loading are 
given as:

W
W

mW m
f
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( ) = +

+ −( )
max

1
2
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π

 [17.49a]
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π

 [17.49b]

The maximum wheel load distribution factors given in Eq. [17.49] can be 
used in analysis and design of deck-and-stringer bridge systems, as illus-
trated in design examples by Davalos et al. (2006).

17.6 Design guidelines

Based on the aforementioned analytical studies, design guidelines for FRP 
structures including structural members and deck-and-stringer bridge 
systems are provided, and the proposed step-by-step design analysis proce-
dures follow closely the fl owchart illustrated in Fig. 17.2. The following steps 
for analysis and design of FRP shapes are suggested:
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 (1) Based on the manufacturer’s information and material lay-up, the 
panel stiffness and strength properties are obtained by using either 
Carpet plots or conducting experimental coupon tests.

 (2) Using homogenization theory, the effective stiffness properties of 
honeycomb core are obtained, and combining with the face laminate 
properties obtained in Step (1), they can be used to compute the 
elastic properties of honeycomb sandwiches.

 (3) Based on the panel material properties obtained in Step (1), the 
elastic stiffness properties of FRP beam members and bridge deck 
are calculated by MLB and equivalent analysis, respectively.

 (4) Using Timoshenko’s beam theory, the defl ections of FRP beams with 
different boundary and loading conditions are calculated.

 (5) Based on MLB, the elastic strains and stresses of FRP beams are 
obtained. The factors of safety for material failure are obtained and 
compared to the panel strength properties obtained in Step (1).

 (6) Following the explicit formulas of local and global buckling, the 
stability analysis of FRP shapes is implemented.

 (7) For design and analysis of a deck-and-stringer bridge system, the 
stiffness properties and deformation of the stringers are obtained 
using MLB and Timoshenko’s beam theory; while the material 
properties of orthotropic deck panels are obtained by performing the 
elastic equivalency analysis for cellular decks or using sandwich 
theory for honeycomb decks with facesheet properties obtained from 
Step (1) and core properties from Step (2).

 (8) Based on limitations on serviceability for bridge systems (e.g., the 
defl ection limit), the number of FRP stringers can be determined by 
the macro-fl exibility analysis.

 (9) Based on MLB, the maximum normal and shear stresses of the 
stringers and related factors of safety are calculated to meet the 
requirements for a safe design.

(10) A summary of design calculations and design sketches are used to 
complete the design.

Detailed design examples following the above design guidelines are 
provided in Davalos et al. (2006).

17.7 Conclusion

A systematic approach for material characterization, analysis, and design of 
all-fi ber-reinforced polymer or plastic (FRP) composite structures is pre-
sented in this chapter. The suggested ‘bottom-up’ analysis concept (Fig.17.2) 
is applied throughout the procedure, from materials/microstructures, to 
macro components, to structural members, and fi nally to structural systems, 
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thus providing a systematic analysis methodology for all-FRP composite 
structures. After a brief review of analysis of FRP composites in civil infra-
structure, design procedures using several approaches are described (e.g., 
micro/macromechanics, Carpet plots, and homogenization theory) to obtain 
material properties, including constituent materials and ply properties, lami-
nated panel engineering properties, core effective properties, and member 
stiffness properties. The mechanical behaviors of FRP shapes (e.g., bending 
and shear, deformation, local/global buckling, and material failure) are 
discussed in reasonable detail. An elastic equivalence analysis is used to 
obtain the apparent properties of cellular deck panels; while a fi rst-order 
shear deformation macro-fl exibility analysis is briefl y introduced for com-
posite deck-and-stringer systems, accounting for load distribution factors 
under various loading cases. The step-by-step design guidelines for FRP 
shapes described in this chapter are useful for practising engineers con-
cerned with design of FRP composite structures. The systematic approach 
described in this chapter can be used effi ciently to analyze and design FRP 
shapes and bridge systems and also develop new design concepts for all-
composite structures.
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Abstract: In fi ber reinforced plastics (FRP), as a special type of polymer 
matrix composite, fi bers provide the stiffness and strength while the 
surrounding plastic matrix transfers the stress between fi bers and 
protects them. In this chapter, the role of fi bers in FRP is delineated, 
their types and properties are discussed and the fabric forms in which 
they can be formed and used to reinforce FRP are presented. A special 
focus is given to the effect of the chemical structure of fi bers on the 
stability and the level of anisotropy of their mechanical response. 
Furthermore, the effect of assembling these fi bers into yarns and fabrics 
on the response of the FRP is presented as basis for further readings.

Key words: matrix, strength, stiffness, composite, carbon fi bers, Kevlar® 
fi bers, glass fi bers, unidirectional fabrics, woven fabrics, stitched fabrics.

1.1 Introduction

Fiber-reinforced polymer (FRP) composites are made of a mixture of two 
solid materials, a material with high strength and stiffness surrounded by a 
homogeneous material that protects it and keeps it in place. The stiff mate-
rial or reinforcement is typically made of a directional component such as 
fi bers, rods, or sheets, while the surrounding material is typically isotropic 
and is called the matrix. This chapter will focus on the reinforcement.

Fibers are long solid objects with an extremely high aspect ratio and a 
unique set of directional properties. They are also fl exible with a very low 
bending stiffness. Despite such combination of directionality, high aspect 
ratio, and fl exibility, it is almost impossible to fi nd a durable, high strength 
application for fi bers without protecting them from the surrounding envi-
ronment. They can easily be damaged by friction or even simple handling. 
Coating a group of fi bers with a polymeric fi lm or any other material will 
not only protect them but also help transfer the stresses between them, 
making them behave as if they are a single body, rather than a loose group 
of fi bers.

The role of fi bers in FRP composites is typically limited to providing 
strength and stiffness while the matrix keeps the fi bers in their intended 
location, protects them, transfers stresses between the fi bers and provides 
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the rigidity for the FRP composite as a whole. This means the properties 
of the interface between the fi bers and the matrix play a major role in how 
the stress is transferred between them, affecting the way the FRP behaves 
under sustained loads. A strong interface ensures that the entire load is 
transferred causing the composite to have high stiffness and strength. On 
the other hand, a weak interface may not allow such full load transfer, 
lowering the strength and stiffness of the composite.

The toughness of the FRP composite is also affected by the interfacial 
strength between the fi bers and the matrix. Defi ning toughness as the 
energy needed to break the composite, it is important that a fracture-
causing crack be forced to take a long and tortuous path consuming as much 
of its energy as possible to achieve a tough composite. This can only be 
achieved if the crack path is faced by different material phases with varying 
levels of strength and stiffness. A weak interface next to a stiff fi ber would 
help deviate the crack path and accordingly enhance the toughness of the 
composite.

FRP composites are usually anisotropic with different material proper-
ties in different directions. Such anisotropy is caused by the alignment of 
the fi bers in the composite. For example, if the fi bers are only aligned in 
one direction, the composite is called unidirectional with properties along 
the direction of the fi bers different than those in any other directions. If the 
fi bers are aligned in two perpendicular directions, then the properties in 
those two directions are different than the properties in all other directions. 
Depending on the volume of fi bers in each direction, the properties in both 
directions may not be the same.

The concept of anisotropy and, in particular, the ability to design for 
anisotropy has made composite materials what they are today; not only is 
it easy to achieve an optimum design, but they are also an inexpensive 
answer to critical loading scenarios. From an optimum design perspective, 
an anisotropic material design can provide certain properties only in 
required directions. Since a property such as stiffness can be qualitatively 
equated to cost, such optimum design will also reduce the cost. For isotropic 
materials, stiffness is provided in all directions of the material causing addi-
tional unnecessary cost, but anisotropic design strategies can meet target 
stiffness and strength in required directions without waste.

Fibrous composites are typically manufactured using either the process 
of stacking lamina or fabrics. In some cases, these fi ber layers are pre-
impregnated (typically called prepregs) with a resin and kept at a sub-zero 
temperature to slow down the chemical reaction for at least 6 months or 
even a year. These layers are typically placed in the expected load directions 
of the target product for an optimum design. After stacking, if the fi bers are 
not ‘prepreged’, resin is introduced to the composite and cured, or, in the 
case of prepregs, heat is applied to initiate the curing process.
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The ensuing sections introduce some of the fi bers typically used in com-
posite materials and their formation into fabric layers as well as other types 
of FRP. As the discussion goes into different material confi gurations, the 
reader has to keep in mind the importance of anisotropy in the selection 
of fi bers and the formation of fabrics.

1.2 Fibers

High strength and modulus fi bers that are commonly used in composite 
materials can be categorized based on their molecular conformation in 
three groups:

• polymeric fi bers
• carbon fi bers
• other inorganic fi bers

The fi rst group has one-dimensional primary bonds that are somewhat 
aligned with the longitudinal axis of the fi bers. This one-dimensional bond 
can be as simple as in polyethylene with a linear chain of carbon atoms 
attached to side groups of a single hydrogen atom or a much more complex 
chain confi guration with rings of atoms and more complex side groups. 
Most of these fi bers are either anisotropic or transversely isotropic with the 
plane of isotropy perpendicular to the fi ber longitudinal axis.

Carbon fi bers have two-dimensional (2D) graphite sheets in a hexagonal 
planar network of primary bonds that are aligned parallel to the fi ber axis 
with secondary bonds connecting the sheets in the radial direction of the 
fi ber. Further connection between the sheets is due to some disorder and 
imperfection in the alignment of the atoms in the sheets. Graphite/carbon 
fi bers are expected to be transversely isotropic. The last group of fi bers has 
a three-dimensional (3D) network of primary bonds that can provide stiff-
ness and strength and, additionally, a good thermal stability at higher tem-
peratures. These networks can be random or crystalline and typically exist 
in ceramic fi bers such as glass. Most of the fi bers in this type are expected 
to be isotropic or pseudo-isotropic. The next sections will provide some 
examples of the most common of the above-mentioned types of fi bers. This 
by no means represents all that the market has of these types of fi bers; to 
the contrary, there are many other fi bers that are used in making composite 
materials and there are new fi bers that are being developed.

1.2.1 Para-aramid fi bers such as Kevlar® and Twaron®

The generic term ‘aramid’ designates a long chain synthetic polyamide 
molecule (-CO-NH-) and para-aramids, such as Kevlar®, are wholly aro-
matic polyamides. DuPont started commercialization of Kevlar® as the 
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fi rst high strength aromatic polyimide fi ber in 1971. Another fi ber with a 
similar chemical structure is Twaron® produced by Akzo Nobel since the 
late 1970s.

Kevlar® fi bers are manufactured by solution spinning of 1,4-phenylene-
diamine and terephthaloyl chloride in a condensation reaction yielding 
hydrochloric acid as a by-product. The spinning solution is extruded through 
the holes of a spinneret and subjected to mechanical stretch to elongate 
and orient the molecules in the axial direction of the fi bers. The higher the 
level of mechanical stretch, the higher the strength and modulus of the fi ber 
and the lower its strain to failure. The resulting polymer ( p-phenylene 
terephthalamide), shown in Fig. 1.1, exhibits a liquid-crystalline behavior in 
solution. The long chain molecules act as if they are rigid rods and when 
the solution is sheared their crystalline regions tend to reorient themselves 
in the direction of the fl ow, providing high modulus and strength in the axial 
direction of the fi ber.

Kevlar® fi bers are known for their ultraviolet (UV) degradation in the 
presence of oxygen. Upon degradation, the fi ber changes in color from a 
lustrous golden hue to dark yellow or brown. Zhang et al. studied the effects 
of simulated solar UV irradiation on the mechanical properties of Twaron®. 
They showed a decrease in mechanical properties and reported that UV 
irradiation deteriorated the surface and defect areas of the fi ber severely 
by photo-induced chain scission, while the crystalline structure remained 
almost unchanged (Zhang et al., 2006). Wang et al. reported a reduced 
compressive strength and modulus of Kevlar®/epoxy fabric composites as 
compared to its tensile strength (Wang et al., 1995). In support of this 
fi nding, Fidan et al. reported that the compressive strength of Kevlar® fi bers 
was reduced from their tensile strength due to the kink band formation in 
the fi ber from microbuckling of separated microfi brils due to elastic insta-
bility in the fi bers (Fidan et al., 1993). Furthermore, the weak bonding 
between the chains caused the fi bers to split into smaller fi brils and micro-
fi brils. This phenomenon is typically witnessed during the failure of Kevlar® 
reinforced composites, especially those subjected to compressive stresses 
(Hull and Clyne, 1996). Different types of Kevlar® fi bers are available in 
the market, covering a large range of strengths and moduli. Table 1.1 lists 
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1.1  The chemical structure of Kevlar®.
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Table 1.1 Typical properties of some Kevlar® fi bers (manufacturer data)

Kevlar® 29 Kevlar® 49

Tensile modulus (GPa) 70.5 112.4
Poisson’s ratio – 0.36
Strength (GPa) 2.92 3
Strain to failure (%) 3.6 2.4
Density (g/cm3) 1.44 1.44
Thermal conductivity (W/m.°K) 0.04 0.04
Coeffi cient of thermal expansion (x10−6/°K) −4 −4.9

the properties of some of the most popular types of Kevlar® fi bers used in 
composite reinforcement.

Kevlar® fi bers are transversely isotropic with the tensile modulus in the 
axial direction around 52 times the transverse compressive modulus of 
Kevlar® 49 and 38 times for Kevlar® 29. Additionally, the longitudinal 
tensile strength is about 42 times the transverse compressive strength of 
Kevlar® 49 and 54 times for Kevlar® 29 (Kawabata, 1990).

1.2.2 Carbon fi bers

Carbon fi bers have been known since their development by Thomas Edison 
in 1870 and have been under continuous development for the past 60 
years (Hearle, 2001; Peebles, 1995). The current interest in carbon fi bers 
stems from their excellent mechanical properties and thermal stability. 
Carbon can be found in nature in many forms. Diamond, graphite, and 
ash are all made from pure carbon atoms with different atomic arrange-
ments. Diamonds are made from covalent 3D bonds between carbon 
atoms. Graphite and carbon fi bers are made from sheets of covalent-
bonded carbon atoms. These sheets are connected to each other via a 
weak secondary bond.

Carbon fi bers can be made by pyrolysis of a hydrocarbon precursor. 
Rayon was one of the fi rst precursors used to make carbon fi bers. During 
the processing of Rayon fi bers into carbon fi bers, only 25% of the fi ber mass 
is retained. This made carbon fi bers manufactured from Rayon precursors 
very expensive. Another precursor that has proved to be economical is the 
polyacrylontrile (PAN) fi ber with a conversion yield of around 50–55%. 
Carbon fi bers made from a PAN precursor generally have higher strength 
than fi bers made from other precursors. This is due to the lack of surface 
defects, which act as stress concentrators, and hence reduce tensile strength. 
Another commonly used precursor is the Pitch precursor which is a by-
product of petroleum refi ning. Pitches are relatively low in cost and high in 
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carbon yield. Their most signifi cant drawbacks are the irregular surfaces of 
the fi ber, which reduces the fi ber tensile and compressive strengths (Hearle, 
2001). Currently, fi bers are manufactured from either a PAN or a Pitch 
precursor. Rayon precursors are used in less than 1% of the production of 
carbon fi bers (Department of Defense MIL-HDBK-17-5, 2002). Physical 
properties of some carbon fi bers used by the industry are listed in Table 1.2 
(Hearle, 2001).

There are several processes that a PAN precursor has to go through to 
be converted to a carbon fi ber. Typically, the precursor-to-carbon-fi ber 
conversion process follows the following sequence: stabilization, carboni-
zation, graphitization, surface treatment, and application of sizing and 
spooling. Stabilization is carried out at temperatures <400°C in various 
atmospheres. The fi ber is held under tension during this stage to enhance 
molecular orientation, which increases fi ber modulus and strength. Car-
bonization is accomplished at temperatures from 800 to 1200°C in an inert 
atmosphere. Fiber tensioning is still maintained during this process. Graphi-
tization is an additional process at a temperature of >2000°C in an inert 
environment. This process reduces the level of impurities and stimulates 
crystal growth. Various materials can be applied to the surface of carbon-
ized/graphitized fi ber during the surface treatment process. These materials 
will help control the interaction between the fi bers and the matrix materi-
als in a composite. Sizing is applied to fi ber tows (yarns) to enhance their 
handling characteristics in further textile forming operations (e.g., weaving 
and braiding). After these processes, the fi ber is spooled on a carrier tube 
to form a stable package. For a pitch precursor, the petroleum mixture is 
heated above 350°C to allow a condensation reaction to occur, which pro-
duces large fl at molecules, and then the mixture is extruded through a 
spinneret to produce a ‘green fi ber’ aligning the molecules in the fi ber 
axial direction. The fi bers are further heated without tension at around 
2000°C to produce a carbon fi ber.

Table 1.2 Mechanical properties of some carbon fi bers (Hearle, 2001)

Precursor type Product name
Young’s 
modulus (GPa)

Tensile 
strength (GPa)

Strain to 
failure (%)

PAN T300 230 3.53 1.5
T1000 294 7.06 2.0
M55J 540 3.92 0.7
IM7 276 5.30 1.8

Pitch KCF200 42 0.85 2.1
Thornel P25 140 1.40 1.0
Thornel P75 500 2.00 0.4
Thornel P120 820 2.20 0.2
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Most carbon fi bers are transversely isotropic with the value of anisotropy 
scattered for both PAN and Pitch fi bers. Kawabata reported that the ratio 
of the longitudinal tensile modulus divided by the transverse compressive 
modulus is 51.1 for T300 which is a PAN fi ber, 19.1 for Thornel P25, 108.9 
for Thornel P75, and 247.4 for Thornel P120 with all the Thornel fi bers 
manufactured from a Pitch base. On the other hand, the strength tells a 
different story. The longitudinal tensile strength of a PAN-based fi ber 
divided by its transverse compressive strength is around 1.1, while for a 
Pitch-based fi ber like Thornel P25 it is 3.8, for Thornel P75 it is 21.5, and 
for Thornel P120 it is 43.4 (Kawabata, 1990).

1.2.3 Glass fi bers

Drawing glass into fi bers is an ancient art. These early fi bers were used to 
reinforce clay vessels as well as clay statues. Recent development for glass 
fi bers started in the early years of the twentieth century with the work by 
Griffi th (1920), in which he used glass fi bers as a model for his theories on 
fracture mechanics. Glass fi bers are manufactured by melting various raw 
materials including silica and other salts followed by extruding the melt to 
form glass fi bers. The primary component of glass fi ber is sand, but it also 
includes varying quantities of limestone, soda ash, borax, sodium sulfate, 
boric acid, etc. Raw materials are heated in a furnace to temperatures 
ranging from 1500 to 1700°C and are refi ned and transformed through a 
sequence of chemical reactions to molten glass. The molten glass is forced 
through a heated platinum spinneret containing very small holes. The fi bers 
emerging from the spinneret are immediately coated with a water-soluble 
sizing or a coupling agent. The coat protects the fi ber from dust which can 
scratch its surface and reduce the fi ber strength, while the coupling agent 
can enhance the interfacial adhesion of the fi ber to matrix material in a 
composite. The coat also improves the yarn handlability and protects it 
during further fabric forming processes.

Fiber glass typically used to reinforce composite materials include E-glass 
(E for electrical) which is an alumino-borosilicate glass, C-glass (C for cor-
rosion) which has a close chemical structure to that of E-glass but with a 
better resistance to corrosion, and S-glass (S for strength) which is an 
alumino silicate glass with a high tensile strength. Some of the typical fi ber 
properties are listed in Table 1.3.

The basic building block of the glass fi ber, as shown in Fig. 1.2, is a 
tetrahedral structural unit of silica (SiO4), where the Si atom shows tetra-
hedral coordination, with four oxygen atoms surrounding a central Si atom. 
The presence of Ca, Na, and K breaks up the silica network lowering the 
stiffness and strength of the fi ber but improving the formability of the 
melt to form the fi bers. The structure of the fi ber is typically amorphous, 
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Table 1.3 Mechanical properties of some glass fi bers

Tensile 
modulus (GPa)

Tensile 
strength (GPa)

Poisson’s 
ratio

Density 
(g/cm3)

Strain to 
failure (%)

E-glass 72 3.45 0.22 2.55 1.8–3.2
C-glass 69 3.3 – 2.49 –
S-glass 87 3.5 0.23 2.5 4

O

OO

O

Si

1.2  The chemical structure of glass fi bers.

although crystalline regions may form after prolonged heating at high 
temperatures. The bonds are randomly oriented causing the fi ber to be 
isotropic or pseudo-isotropic.

1.3 Fabrics

Polymer matrix composite materials are made by mixing fi bers with a resin 
material (matrix). These fi bers can either have a non-specifi c arrangement 
like in the case of chopped fi ber (nonwovens) or long fi bers grouped 
together, called tows or yarns, and assembled into fabrics such as wovens, 
braids, or knits. Since the fi bers are the main source for the stiffness and 
strength of polymer matrix composites, it could be correctly inferred that 
the direction of these fi ber will play a major role in the mechanical and 
thermal behavior of the composite. The more the fi bers are aligned in the 
load direction(s), the higher the stiffness(s) and strength(s) of the compos-
ite in these direction(s). Hence, a chopped nonwoven glass composite with 
fi bers randomly oriented in many directions will have stiffness inferior to 
that of a woven fabric composite with fi bers aligned in the load direction, 
and so on.

A logical conclusion from the above can be to align the yarns exactly in 
the load direction without involving any weaving or braiding which typically 
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moves the yarns away from the load direction to achieve fabric integrity. 
This is typically done by using layers of unidirectional yarns in which each 
group of yarns is aligned in one of the load directions. This alignment of 
the yarns will defi nitely achieve the highest possible level of stiffness and 
strength in the direction of the aligned yarns.

The yarn arrangement utilized in unidirectional composites comes at the 
expense of the toughness of the composite; its ability to resist failure and 
crack propagation. Unidirectional layers of yarns have a clean matrix inter-
face between planes of yarns. If a crack initiates in this matrix area, it will 
have a clear path to follow and break the composites. Besides having high 
moduli and strengths in the plane of the yarns, composites made from uni-
directional lamina are known to have low toughness, low interlaminar shear 
strength as well as low out-of-plane modulus and strength. On the other 
hand, composites made from nonwoven fi bers, and woven, braided, or 
knitted fabrics have the advantage of fi bers and yarns moving from one 
plane into another. This complex arrangement increases the energy required 
for the crack to propagate, increasing the toughness of the composite. So 
they are known to have in-plane moduli and strength lower than those of 
composites made from unidirectional layers, but have higher toughness, 
interlaminar shear strength and out-of-plane moduli and strengths.

The above-mentioned yarn and fi ber forms can come either in a ‘dry’ 
form or impregnated with a resin. Prepreg(ing) is a process where fi bers 
and yarns, regardless of their form, are impregnated with a resin with a 
known fi ber volume and yarn distribution in the form of a sheet. The chemi-
cal reaction of the resin is halted by placing the prepregs in a freezer for a 
specifi c period of time. The user typically takes these sheets of prepregs, 
aligns them in the proposed directions, stacks them, and then heats and 
presses them to initiate the chemical reaction and cure the composite. The 
following sections give some details of some typical fi ber arrangements.

1.3.1 Unidirectional laminates

Most unidirectional composites are manufactured from prepreged layers of 
yarns. Each layer is called a lamina and a group of lamina is called a lami-
nate. Each lamina in the laminate can have a specifi c direction based on the 
design requirements starting from an arbitrary direction. The only impor-
tant matter to remember is that these laminates must have a mirror sym-
metry around their neutral axis; otherwise they will warp immediately after 
manufacture and cannot be straightened. This happens due to the difference 
in the thermal expansion coeffi cients between the fi bers and the matrix and 
between different lamina causing one side to permanently expand more 
than the other side and eventually warp. Figure 1.3 shows a schematic of 
a symmetrical laminate. Note the mirror symmetry in the drawing. The 
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1.3  A (0,90,0,90)s laminate composite.

nomenclature of these composites follows the stacking procedure. For 
example, the laminate in Fig. 1.3 is called (0,90,0,90)s, where the subscript 
(s) entails the symmetry. Any other angle beside the 0 and 90 is possible.

1.3.2 Nonwovens (chopped fi bers)

Nonwoven fabrics are formed directly from short fi bers that are assembled 
in sheets. The fi bers are connected together to enhance the handlability of 
such sheet of otherwise loose fi bers. Rows of needles are sometimes used 
to punch through the sheet of fi bers and reorient some of the fi bers to 
achieve mechanical adhesion between the fi bers (needle punched fabrics). 
This process, although very successful with polymer fi bers such as para-
aramids, has less success with brittle ceramic fi bers such as glass and carbon 
because fi bers can easily break. Another method used to connect the short 
fi bers is by using an adhesive to glue the short fi bers to one another. In the 
case of short fi ber composites, this glue will typically have a chemical affi nity 
to the resins.

1.3.3 2D woven fabrics

2D woven fabrics are made by interlacing yarns in a weaving loom. Yarns 
are divided into two components: one called the warp, running along the 
length of the loom, and the other is the weft, running in the cross direction. 
The warp yarns are also divided into multiple parts and each part is passed 
through a group of eyelets held in a harness frame. Each of the frames is 
moved up or down and the weft yarns are inserted at each step following 
a defi ned pattern of movement, creating a specifi c fabric structure. Warp 
and weft yarns cross at cross-over points and sometimes they bend (called 
crimp) in order to pass over or under one another. A beat-up comb is used 
to stack the yarns and pack them into the fabric. The angle between the 
warp and the weft yarns is typically 90°. The fabric structure is characterized 
by the movement of its yarns as they relate to one another. For example, 
the plan weave shown in Fig. 1.4, has a 1/1 arrangement, where a warp yarn 
alternates being under or over a weft yarn at each crossover point.
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1.4  Drawing of a plain weave plan and side views as created by 
pcGINA© software (Gowayed and Barrowski, 2004).

A 5-harness satin (5-HS) weave will have its warp yarns running over 
four weft yarns and under one weft yarn as shown in Fig. 1.5. Other 
n-HS weaves used in composite materials include 8-HS, where the warp 
yarn passes over seven weft yarns and under one, and 12-HS where the 
warp yarn passes over eleven weft yarns and under one. It can easily be 
understood that the more yarn passes over the other yarn, the straighter 
and less crimped will be the yarns present in the fabric. The straighter 
the segments, the more the fabric composite behaves as a lamina in a 
laminated composite, increasing the in-plane properties at the expense of 
out-of-plane properties and interlaminar shear strength; and of course 
vice versa.

1.5  Drawing of a 5-HS weave plan and side view as created by 
pcGINA© software (Gowayed and Barrowski, 2004).
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1.3.4 Stitched fabrics

Stitched fabrics represent one of the possible forms of 3D fabrics. These dry 
fabrics are manufactured by simple stitching of layers of fabrics together to 
allow for better handlability, and enhance the out-of-plane properties of the 
composite. The yarn used for stitching has to be ductile enough to sustain 
the stitching forces and the very small radius of curvature at the end of the 
stitch path. Typically a polymeric yarn such as para-aramid, nylon or high 
density polyethylene is used to stitch fabrics.

It is important to notice that stitching typically damage the yarns of the 
fabric, especially if they are brittle fi bers such as glass or carbon. The needle 
going from one side of the stack of fabrics to the other side encounters and 
damages various yarns and fi bers. Accordingly, the density of the stitch 
repeat has to be low enough to limit the damage but high enough to achieve 
some advantage to the composite.

1.4 Composites

Composite materials are typically made using the above-mentioned fi bers 
and fabrics, or other types, as well as a matrix material. A resin, such as 
epoxy, is used to impregnate the fabric and then the composite is heated to 
cure and harden. Sometimes pressure is applied to form the composite into 
a specifi c shape with exact target dimensions. In the case of unidirectional 
or fabric prepregs, the layers are stacked and then heated under pressure 
to form the composite.

Composite can be manufactured in-situ like in the case of strengthening 
a column or a beam by wrapping the structural element with layers of the 
fabric, then impregnating them with a resin using hand lay-up or a vacuum 
bag. In other scenarios, the composite is manufactured in a separate facility 
then shipped to the construction site where it is fastened to the structural 
member, or adhesive is used to integrate it with the structural element. 
Composites manufactured outside the site come in different shapes. The 
most common type is in the form of a sheet of material with specifi c dimen-
sions. These sheets can be manufactured in a non-continuous form such as 
using hand lay-up, vacuum bagging or compression molding. They can also 
be manufactured in a continuous form using pultrusion, where the fi bers, 
continuous or chopped, are fed through a resin bath and then pulled through 
a fi xed orifi ce, with the fi nal cross-section shape of the part, then immedi-
ately cured.

Many other forms can be manufactured and used in different civil 
engineering applications. One of these forms is rebars that are used to 
replace steel in order to prolong the life of the structure. Some of these 
rebars are made from unidirectional fi bers at the core, mostly glass or 
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para-aramid fi bers, which are wrapped by a helical wrap or a braid and 
then infused with resin. These rebars are used to reinforce the concrete 
and must have a high resistance to alkaline environments (Abbasi and 
Hogg, 2005).

1.5 Future trends

The composite industry has achieved great strides in making a product that 
is light, stiff, has excellent strength and is environmentally stable. As it 
continues to press forward with a product that has such unique character-
istics, the industry realizes the need to advance in different directions, such 
as those of the fi bers, the fabric geometry and the composite application. 
There is a strong need for a high strength and environmentally stable 
polymer fi ber that can be stacked and stitched without the fear of breaking 
like the case of ceramic fi bers. The recent work on PBO fi bers such as Zylon 
(Toyobo, 2001), which is a thermoset liquid crystalline polyoxazole, shows 
promise of such development, although reports suggest that these fi bers are 
susceptible to strength degradation in high humidity and direct sunlight. 
Ultra high molecular polyethylene fi bers such as Spectra and Dyneema are 
environmentally stable, have very low density and excellent stiffness and 
strength. Further work is needed to enhance the interfacial strength of these 
fi bers with the matrix material. Recent developments in M5 fi bers by Akzo 
Nobel prepared by condensation polymerization of tetraaminopyridine and 
dihydroxyterephthalic acid using diphosphourus pentoxide as a dehydrat-
ing agent show great promise (Sikkema, 1998). It has properties similar to 
those of carbon fi bers.

The composite fabric manufacturing industry has focused its efforts 
on producing 2D fabrics that have consistent and stable dimensions and 
with minimum damage. Work on 3D fabric structures has produced 
orthogonal fabrics (Bogdanovich and Mohamed, 2009) and angle interlock 
fabrics as shown in Figs 1.6 and 1.7, as well as other new fabric struc-
tures to limit the need for stitched layers and the associated damage to 
the yarns.

1.6  Orthogonal weave structure.
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1.7  Angle interlock weave.

1.6 Sources of further information and advice

The reader is encouraged to read more on the above mentioned subjects. 
On the subject of fi bers, the book by J.W.S. Hearle (ed.), High performance 
fi bers (CRC Press, Boca Raton, 2001) provides an excellent reference. 
Peter R. Lord and Mansour H. Mohamed wrote Weaving: Conversion of 
Yarn to Fabric (Merrow Publishing Co., Darlington, UK, 1976), which is 
considered one of the most important books in the fi eld. Two and three-
dimensional fabrics are covered in the book by A. Miravete, 3-D Textile 
Reinforcements in Composite Materials (Woodhead Publishing Limited, 
CRC Press, Boca Raton, FL, 1999). Two of the most concise composite 
mechanics of composite material books are S. Tsai and H. Hahn, Introduc-
tion to Composite Materials (Technomic Publishers, Lancaster, PA, 1989) 
and Robert M. Jones, Mechanics of Composite Materials (McGraw-Hill, 
New York, 1975). A. Bogdanovich and C. Pastore wrote a treatise on the 
mechanics of fabric composites in their Mechanics of Textile and Laminated 
Composites (Chapman and Hall, London, 1996). Finally on composite manu-
facturing, Timothy G. Gutowski edited the book Advanced Composites 
Manufacturing (Wiley-Interscience, New York, 1997).
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