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Foreword

In the very long history of civil construction, the idea of combining two or more different materi-
als resulting in a new material with improved properties has fascinated mankind. Giant grain silos
and tubes for water pipelines and aggressive wastewater were some of the first important practical
applications of fiber-reinforced polymer (FRP) in the 1970s. The practical knowledge for the design,
fabrication, and construction of FRP was passed over generations from old experienced masters
to their apprentices in a similar manner to the knowledge transferred by master builders of huge
cathedrals in the Middle Ages. This knowledge was considered top secret, and there were no writ-
ten documents available. This trend changed, however, in the ensuing decades. Some companies
delivering raw material, like E-glass or unsaturated polyester resins, started to write recommenda-
tions and specifications for the use of their products. However, most of these documents were very
limited in scope.

In the 1980s, composite bridges, tendons, stays, reinforcing bars, and poststrengthening com-
ponents made of FRP were envisioned, and in the following decade research about such topics
increased manifold. Thousands of publications related to FRP in civil constructions appeared, mak-
ing it difficult for researchers and practitioners to have an overview and to use this valuable but
widespread information in their daily work.

In the twenty-first century, advanced FRP composite materials will witness steady and wide-
spread growth in the civil infrastructure arena. The recent launch of new design codes and the
development of new products for civil construction will create new opportunities for the compos-
ite industry. Advanced FRP composite materials are poised to become an integral part of civil
infrastructure, especially in relation to the concrete repair and reinforcement and seismic retrofit,
bridge deck repair and new installation, composite-hybrid technology, piling products and systems
for marine waterfront structures, and sustainable, energy-efficient housing. The latest development
in nearly all aspects of FRP composites, their applications in civil engineering, and state-of-the-
art technologies for nondestructive evaluation and structural health monitoring of FRP have been
expounded in this comprehensive book, which is the result of collaboration among top experts from
around the world.

The civil and FRP engineering communities should be very thankful to the editor in chief, Prof.
Dr. Manoochehr Zoghi, the coeditors, and all the authors for their outstanding work. The famous
French writer and aviator Antoine de Saint-Exupéry wrote: “As for the future, your task is not to
foresee it, but to enable it.” This book will enable FRP in civil engineering and lead it to a very
bright future.

Prof. Dr. h.c. Urs Meier

EMPA
Swiss Federal Laboratories for Materials Science and Technology
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Preface

In 2008, the National Academy of Engineering identified 14 grand challenges of the twenty-first cen-
tury for engineering. The grand challenges address complex social issues that affect our quality of
life, which require innovative and systematic approaches to solve (NAE, 2008). One of the 14 grand
challenges is to restore and improve urban infrastructure. It is widely known that America’s infra-
structure, along with those of many other countries, has been on the brink of crisis. Engineers of the
twenty-first century face the formidable challenge of revitalizing the aging infrastructure in view of
insufficient funding. The American Society of Civil Engineers (ASCE) has given an overall grade
of “D*” to U.S. infrastructure (ASCE, 2013a). In its most recent report, “Failure to act: The impact
of current infrastructure investment on America’s economic future,” ASCE stated that if infra-
structure investment remains at current levels, the nation will face losses of $3.1 trillion in gross
domestic product (GDP) and $1.1 trillion in trade by the year 2020, costing the average household
$3100 per year in disposable income (ASCE, 2013b). Concerning raising the grades, ASCE recom-
mends the following five key solutions: (1) increase federal leadership; (2) promote sustainability
and resilience; (3) develop federal, regional, and state infrastructure plans; (4) address life-cycle
costs (LCCs) and ongoing maintenance; and (5) increase and improve infrastructure investment
from all stakeholders (ASCE, 2013a).

Clearly, infrastructure renewals that are based on the same practices, processes, technologies,
and materials that were developed and employed in the twentieth century will most likely yield
the same results (NRC, 2009). These involve familiar long-standing incidences of service disrup-
tions, increased operating and repair costs, and catastrophic failures such as Minnesota’s [-35W
Bridge collapse. To paraphrase Albert Einstein, “we can’t solve problems by using the same kind of
thinking we used when we created them.” To implement the five key solutions stated earlier, a new
paradigm for the renewal of critical infrastructure systems is needed, which is efficient, reliable,
and cost effective.

Extensive research has yielded innovative technologies and materials that could prolong and
extend service lives of existing infrastructure while providing opportunities for the design and con-
struction of highly durable new structures. Today, new technologies are available that enable moni-
toring the condition and performance of infrastructure systems, while self-diagnosing, self-healing,
and self-repairing systems can be designed to afford greater resiliency, fewer long-term service
disruptions, and lower LCCs of infrastructure systems (Amin and Stringer, 2008).

Fiber-reinforced polymer (FRP) composite technology, developed primarily for the aerospace,
defense, and marine industries, possesses many of the features mentioned earlier for infrastructure
applications. Christened “the materials of the twenty-first century,” the application of FRP com-
posite technology has resulted in a paradigm shift in material usage due to its inherent superior
properties. The numerous advantages of FRP composites over conventional construction materials
such as steel, concrete, and wood are well known. There have been myriad successful applications
of FRP composites for repairing and retrofitting existing infrastructure systems as well as for new
construction over the last three decades. FRP composites are no longer considered the “space-age”
structures used exclusively for stealth bombers or space shuttles (ACMA, 2004). They have become
an integral part of the construction industry because of their versatility, enhanced durability and
fatigue characteristics, noncorrosiveness, high strength-to-weight ratio, accelerated construction
feature, lower maintenance, and LCCs. Many more composite products are being actively devel-
oped and are emerging for civil infrastructure applications, which is considered to be potentially
the largest market for FRP composites (ACMA, 2004). There have been a number of professional
organizations and technical committees worldwide involved in developing and preparing codes,

XV
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standards, test methods, and specifications regarding FRP composites for construction. In addi-
tion, there are a variety of regional, national, and international conferences and trade exhibitions
organized regularly that cover all aspects of FRP composites for construction and showcase new
ideas and innovations, emerging technologies, best practices, and case studies. It is the goal of this
handbook to capture important features of FRP composites, in relation to civil infrastructure appli-
cations, in a single volume.

This handbook is not intended to serve as a textbook. There have been several outstanding text-
books published such as Barbero (2011), Bank (2006), and Hollaway and Head (2001). By and large,
the mission of The International Handbook of FRP Composites in Civil Engineering is to provide
a single, comprehensive, ready-to-use reference source for the practicing engineer to keep abreast
of advances in materials, techniques, practices, and structural health monitoring (SHM) of FRP
composites in civil infrastructure. The main focus is on professional applications, including design
formulas, tables, and charts that could provide immediate answers to questions from practical work.
This handbook will also provide an invaluable reference for undergraduate and graduate students,
researchers, and seasoned professionals. Although the primary audience will be the civil engi-
neering community, other engineering disciplines including architectural, materials, and aerospace
engineering will benefit from this single-volume source as well. The state-of-the-practice informa-
tion that are presented herein will be useful for manufacturers and suppliers of high-performance
fiber-reinforced polymer composites as well as for engineering firms, the construction industry, and
state departments of transportation.

This handbook is divided into seven parts. Each part, including multiple chapters, focuses on
different aspect and/or application of FRP composites. Part I, “Composites Primer,” is intended to
provide a brief overview of FRP, comprising historical perspective, codes and standards, manufac-
turing processes, constituent materials, mechanics of composite materials, and LCCs. Historically,
FRP composite has not been a required course as part of the undergraduate civil engineering curric-
ulum. Thus, the majority of practicing civil engineers have not had any background in composites.
The aim of this part is to bridge this gap and to provide a basic understanding of the fundamentals
of FRP composites in relation to civil infrastructure applications. In addition, a brief introduction
concerning the LCC, along with sustainability and environmental implications of FRP composites,
has been provided herein.

FRP composite modular bridge decks offer viable alternative solutions to conventional materi-
als such as reinforced concrete and steel bridges, which are prone to corrosion. FRP decks have
intrinsic characteristics that enable them to be suitable for the Federal Highway Administration’s
(FHWA’s) “Bridge of the Future” program (FHWA, 2013). Their primary benefits include durability
(i.e., highly resistant to corrosion and fatigue), lightweight, high strength, rapid installation, lower
or competitive LCC, and high-quality manufacturing processes under controlled environments
(ACMA, 2004, 2013). In recent years, there have been numerous successful bridge deck installa-
tions worldwide utilizing FRP composites. The main focus of Part II, “All-Composite Structures
and Components,” is to present an overview of bridge deck applications along with several case
studies. There is also a chapter dedicated to the critical topic of connection design for FRP struc-
tural members.

Chapters in Part III, “Externally Bonded FRP Composite Systems for Rehabilitation,” deal with
external reinforcement for rehabilitation, unstressed and prestressed flexural and shear strengthen-
ing of reinforced concrete structures, unstressed and prestressed near surface mounted reinforce-
ment, confinement of concrete columns, strengthening of masonry, wood and metallic structures,
and durability issues. In addition, several numerical examples are included to demonstrate the
design procedure for each case.

Part IV, “FRP Composites for Reinforcement of Concrete Structures,” focuses on FRP com-
posites, which has been growing rapidly in recent years. In addition to material characteristics,
design procedures, codes and standards, and state of the practice related to the internal reinforce-
ment for concrete columns as well as FRP prestressed concrete applications have been discussed
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in detail. Furthermore, specific durability issues along with quality assurance—quality control
(QA/QC) issues have been discussed.

Part V, “Hybrid FRP Composite Systems,” presents the topic of FRP composite hybrid sys-
tems, with an emphasis on design considerations of axial, flexural, and axial-flexural hybrid
members. In addition, construction considerations along with QA/QC and repair of hybrid struc-
tures have been discussed. Several relevant examples and case studies are also included.

Part VI, “Nondestructive Testing and Evaluation,” elaborates on the applications of nondestructive
testing and evaluation for SHM of FRP composites. In order to assure the structural integrity and long-
term reliability of structures retrofitted via FRP composites, it is critical to identify any potential defects
during and following the application of FRP throughout the structure’s service life. State-of-the-art tech-
nologies for nondestructive evaluation and SHM are expounded in this part. The case studies specifically
refer to bridge engineering applications. Moreover, an entire chapter is devoted to the important topic of
smart composites. Smart materials can actively sense, respond, and occasionally control the environment
and internal states. The chapter provides up-to-date information as it relates to FRP composites.

Finally, Part VII, “Glossary,” includes several appendices involving lists of FRP-related books,
journals, conference proceedings and symposiums, organizations, and typical research papers in
selected areas.

The impetus for this handbook originated several years ago when I was involved in a couple of
FRP-related bridge research projects. One of the projects was sponsored by the FHWA through
the Innovative Bridge Research and Construction (IBRC) initiative and administered by the Office
of Bridge Technology, Infrastructure Core Business Unit. The IBRC initiative promotes the use of
innovative materials and materials technologies in bridge applications (FHWA, 2013). As part of
this program, two severely deteriorated long-span, precast, prestressed concrete box girder bridges
were strengthened utilizing advanced carbon fiber—reinforced polymer (CFRP) composite strips,
post-tensioned via the stress head system that was developed and patented in Switzerland (Zoghi
et al., 2006). SHM and a series of full-scale live-load tests were also incorporated in the rehabilita-
tion plan. The technique, the first of its type in the United States, entailed a collaboration between
government, academia, and industry from the United States and Switzerland. As the principal
investigator (PI) of the project, I recognized the need for a single-volume source throughout the
design, construction, nondestructive testing and evaluation, and SHM stages.

The second project that was the impetus for the publication of this handbook was in relation to an
all-composite vehicular bridge constructed in July 1997, rechristened Tech 21 (BCEO, 2001). The
two-lane, short-span bridge deck, supported on three trapezoidal beams fabricated using E-glass
fibers with polyester resin, was manufactured utilizing sandwich configuration with a center core
made by bonding orthotropic fiberglass and polyester tubes (Zoghi et al, 2003). Tech 21, the third
all-composite vehicular bridge and first fully instrumented of its type in the United States com-
prised of an extensive health-monitoring system installed during its fabrication. The structure was
designed and manufactured by Martin Marietta Materials, Inc. This project was also a joint ven-
ture between government, industry, and academia. Intimately involved in various aspects of the
research, including durability study, finite-element modeling, full-scale live-load testing, and struc-
tural health monitoring, I became aware of the lack of a comprehensive yet quick reference hand-
book that would provide answers to pertinent practical questions.

Evidently, the idea of a need for The International Handbook of FRP Composites in Civil
Engineering was born through preceding personal experiences and international collaboration. From
the inception of the project, the editors of CRC Press, Michael Slaughter (executive commission-
ing editor), Allison Shatkin (senior commissioning editor), and Theresa Gutierrez (editorial project
development), wholeheartedly embraced the proposal and have since provided their unwavering sup-
port throughout this very long process. Their continued support is greatly appreciated. Also, Amy
Blalock (project coordinator), Robert Sims (project editor), and Mythili Gopi (project manager) and
their associates worked diligently to bring this handbook to realization. I am forever grateful to them
for their hard work and dedication.
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Paraphrasing Sir Isaac Newton, “If I have seen further it is by standing on the shoulders of
giants.” This is indeed the case regarding the publication of the present handbook. The editorship
of each individual part was carried out by the designated associate editor(s), who administered
the tasks of recruiting respective authors to prepare chapters and adhere to publication guidelines
and deadlines, along with completion of the review process. In addition, several associate editors
drafted numerous chapters in their respective parts. I would like to express my appreciation to all
the associate editors and authors for preparing the highest quality manuscripts that constitute the
crux of this handbook and for their invaluable contributions and commitment. Finally, my heartfelt
gratitude to my family for their continued support and encouragement.

Manoochehr Zoghi
Fresno, California
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HISTORIC PERSPECTIVE

Fiber-reinforced polymer (FRP) composites are composed of at least two constituent materials dif-
fering in terms of thermomechanical properties, with combined properties engineered to be supe-
rior to the constituent materials. A key feature of composites is that the constituent materials remain
separate and distinct in the final product, that is, the reinforcement (generally a fibrous material)
remains distinct from the matrix (a resin generally in the form of a polymer), which helps bond
fibers, fabrics or fibrous particulates.

The history of FRP composites can be traced back thousands of years to Mesopotamia (present-
day Iraq), including the use of mud and straw in bricks and asphaltic bonded copper sheets and deco-
rated inlays set with natural resins. Halfway into the second millennium, decorative pieces made of
cloisonnes (a kind of enamel decoration) were produced in Asia and Europe. All the aforementioned
have one important thing in common, that is, they were made with at least two distinctly different
constituent materials combined into one final product of improved performance. Even thousands of
years ago, organic polymers from tree and plant secretions, fossilized resins, bituminous materials
and those prepared from fish and animal offal were used in practice (Seymour and Deanin, 1986).

As the knowledgebase kept expanding, fine copper wires were most prevalent and even gold
alloy filaments have been used effectively coupled with polymeric fibers such as silk for decorative
purposes. Textiles and metal fibers woven as fabrics have been preserved under dry conditions for
thousands of years (Sinopoli, 2003). Cotton, wool, and linen are natural organic fibers that have
been decorated with fine gold threads as has been utilized in India. The inclusions of metallic
wires to reinforce nonmetallic applications are many. For example, decorative organic plastic and
paper pulp were used to make canes and umbrella handles in the late nineteenth century in Europe
(Seymour and Deanin, 1986).

Sophisticated applications of composites have been identified in nature from time immemorial,
and man-made composite applications such as straw-reinforced adobe or brick in Tulou houses of
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FIGURE 1.1 Tulou house. (From Liang, R. et al., SGER: Material and structural response of historic Hakka
rammed earth structures, Final Report No. 0908199, National Science Foundation, Morgantown, WV, 2011.)

FIGURE 1.2 Beehive house.

China (Figure 1.1) (Liang et al., 2011) and beehives (Figure 1.2) (Chernick, 2009) have been iden-
tified over several thousands of years ago. Typical beehive house of a high-domed structure with
adobe brick was found to be extremely durable and provide excellent service as a significant heat
sink due to favorable thermal properties for hot countries.

More sophisticated composites appeared in ensuing years including Damascus steel (Figure 1.3)
using wootz steel imported from India. Recent research discoveries (Inman, 2006) revealed that
nanowires and carbon nanotubes in a blade were forged from Damascus steel. This discovery
provides a lesson that it is preferable to incorporate nanomaterials as an integral means of mass
manufacturing for their maximum effect on properties as opposed to the conventional wisdom
of using nanomaterials as additives to enhance chemo-thermomechanical properties. A few
additional examples of recent origins of polymer composites are reinforced rubber tires, aero-
space components, laminated polymer parts, laminated electroplated components, and others.
Similarly, polymer-coated metal hardware appeared in the markets in the last 70—80 years such
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FIGURE 1.3 Damscus steel.

FIGURE 1.4 Soybean car.

as polymer-insulated copper wires. Henry Ford first exhibited a finished soybean car (Figure 1.4)
in 1941 at the Dearborn Days Festival in Dearborn, MI (Soybean Car, 2012). Ford invested mil-
lions of research and development (R&D) dollars developing quarter-inch-thick plastic car panels
reinforced with tubular steel, but he could not make an economically viable automobile at the
time. Other notable examples made of composites appeared in thousands of household washing
machines, refrigerators, drains, etc.

The stiffness and strength of these FRP composite materials are to be designed and produced as
to sustain the water and chemical resistance of the relatively thick polymer coatings. More recently,
FRP composites are formed as load bearing structural components for aircraft and marine struc-
tures. The surfaces of marine structures are protected through a class of polymer coatings including
sacrificial coatings (lead or silver). For example, the protection of ship hulls against marine growth
has been accomplished through these novel coatings. As recently as 2012, the U.S. Navy and Air
Force (SERDP and ESTCP, 2012) are demonstrating a novel protective coating to reduce wear on
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compressor airfoils on gas turbine engines significantly increasing fuel efficiency and reducing
maintenance requirements. These coatings are made of multilayer ceramic—metal matrix compos-
ites using vapor deposition process.

After World War II, U.S. manufacturers began producing fiberglass and polyester resin compos-
ite boards and the automotive industry introduced the first composite vehicle bodies in the early
fifties (Tang, 2011). The obvious reasons for moving in the direction of polymer composites are
because of their corrosion and magnetic transparency, high strength-to-weight ratio and the ease of
shaping. Modern composites are made primarily of glass, carbon, and/or aramid reinforcements.
However, natural fiber composites are just beginning to make some inroads into high-volume appli-
cations. These fibers are bound together with a variety of resin systems such as esters, urethanes,
and phenolics. In addition, a variety of additives and fillers are used in composites to improve per-
formance such as the bonding characteristics between the fiber and resin, manufacturing process
improvement, colors, fire protection, and cost reductions.

DESIGN PHILOSOPHIES

In general, the design community of FRP composites currently utilizes two primary design philoso-
phies: (1) allowable stress design (ASD) and (2) load and resistance factor design (LRFD). While
ASD methods have been used in FRP composite design for many years, LRFD is a relatively new
methodology.

For the most part, ASD methods are based on extending elastic theory from the elementary prin-
ciples of strength of materials to complex linear and nonlinear finite element analyses. However,
material properties of FRP composites in different directions have to be properly accounted for in
the analyses as well as the design. ASD methods are still widely used in the design of FRP com-
posites in aerospace industry as well as marine and civil structural industries. Designs are carried
out based on anisotropic material properties under service loads. The induced stresses in composite
components are limited to the maximum allowable stresses, that is, by providing a factor of safety
against the strength at first ply failure. This implies that safe design can be attained by making sure
that externally applied load-induced stresses must be a fraction of failure stresses where failure
stress may be defined as a first ply or last ply failure or even the failure stress may be obtained by
testing a composite coupon to failure. It is worthwhile to highlight that certain design communities
do not feel comfortable to theoretically establish failure strengths at the present time and hence rely
heavily on test data. Failure stresses are defined differently for different materials including FRP
composites depending on the modes of failure, stress or strain concentration factors, materials and
structural system behavior, and combined load conditions. It must be noted for design purposes that
residual stresses are not accounted for in an ASD method unless incorporated in a direct or indirect
manner, that is, subtract the residual stress effect from allowable design stress values specified by
the engineer in charge of the project.

To overcome the inherent limitations of ASD, especially in terms of safety related to variability
of applied loads and strengths of FRPs and the probability of failure, LRFD has been introduced in
recent years for the design of structures made of FRP composites. The central theme of the LRFD
approach is to make sure that the product of the nominal resistance of a material and statistically
derived (characteristic value) resistance factor is greater than the sum of the products of different
load factors and the corresponding load types. Typical resistance factors correspond to uncertainties
in constituent material properties and manufacturing processes in addition to accuracy of equa-
tions predicting different strengths induced in a structure as well as the consequences of failure.
Similarly, uncertainties in load factors in any design consider type and magnitude of external loads
acting on a structure and their combinations. For example, proper accounting of statistical design
data for static, wind, and earthquake forces acting simultaneously at peak design magnitudes is
a design challenge. Additionally, the design limit states in LRFD account for service limit states
(limits on deformations and vibrations), fatigue and fracture limit states, and strength and extreme
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event limit states. Typically, probability of failure is arrived at using the safety index, commonly
known as “beta (f).” The LRFD code equations including load and resistance factors are calibrated
using reliability theories as well as fitting these factors based on experimental data and also on
practices adopted by other codes.

PRELIMINARY ANALYSIS

Analysis of structural response is required to proportion structural composite components. However,
for initial conceptualization of a design, approximate analysis based on statics may be adopted
for preliminary proportioning of structural member sizes. Once the preliminary proportioning is
done, more sophisticated analysis will be adopted and the member size refined accordingly. Highly
approximate analyses of elastic structural responses of an idealized structural element can be a
valuable tool to calculate internal forces under simple static conditions. Viscoelastic behavior needs
to be accounted for in the preliminary analysis and design using viscoelastic constants (e.g., rate of
decrease of elastic modulus with time, temperature, or stress) to enable the use of readily available
elastic formulae. For example, the elastic modulus needs to be appropriately adjusted to account
for sustained stresses. Also anisotropic material properties as well as section properties includ-
ing orientation of fibers have to be preliminarily approximated as orthotropic or even as isotropic
materials. Similarly, element configuration and load distribution are to be idealized to conform to
available structural response solutions. The structural response in a preliminary sense is determined
in terms of internal member stress, deformation and stability of a structural system, and even that
of a member. Some preliminary design aids related to structural elements under different load con-
ditions including time and temperature effects including aging have to be properly integrated into
the design. The designer must use certain understanding of structural behavior to make appropriate
modifications to the results of simplified analyses of preliminary design before carrying out more
refined analyses. Some of the approximations used in practical analysis are (1) adjusting the mate-
rial properties for varying time and temperature ranges including physical and chemical aging,
(2) approximating multilayer FRP laminates as non-layered materials with orthotropic material
properties that may be determined through coupon testing of samples extracted from composites or
through lamination theories, (3) determining in a preliminary sense the edge and interior stiffening
rib support as a type of boundary condition (i.e., simple, fixed, or semirigid support) based on their
strength and stiffness (bending, tensile, torsional, shear, and combinations) in these elements, and
(4) approximating buckling and dynamic responses of a complex shape by a beam element or an
equivalent plate or shell element of simple geometry such as cylindrical shell, that is, a longitudi-
nally loaded double-curved cylindrical shell.

SIMPLIFICATIONS FOR COMMON LAMINATE ANALYSES

In commonly used laminates, recent composite constructions are using directional symmetry in
order to simplify governing equations and to attempt to eliminate warping effects and coupling
terms. For example, for thin laminates, in composite plates, only properties within the plane of
the laminate will be used in the elastic analysis. Therefore, their elastic constants are only defined
for 2D structural elements. Stress—strain relations for planar orthotropic materials are defined
by four important elastic constants (moduli in longitudinal and transverse directions, in-plane
shear modulus and Poisson’s ratio). Typically reinforcement directions are symmetrically bal-
anced with respect to the middle surface of the laminate so that coupling terms vanish; thus, the
ensuing analysis can be simplified.

In laminates comprised of plies having directional orientation, both axial stiffness and
bending stiffness can be computed for the overall laminate in different directions based on the
orthotropic properties in each ply. But a less accurate approach is to estimate the overall stiff-
ness and cross-sectional properties for balanced symmetric laminates and use the transformed
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section method. Normally plies are fabricated using glass or carbon fabric, woven roving, or
filament winding, and elastic properties of individual plies are not determined. Instead, overall
tension, compression, torsional and flexural stiffnesses are determined from direct tests on the
full laminate in the directions of the principal axes of reinforcement. Alternatively, stiffness
properties of a 2D structural member in different directions can be found from the laminate
properties using classical lamination theory in the two (primary) principal directions. Equations
corresponding to complex laminates are given in Chapter 6 of the ASCE Structural Plastics
Design Manual (ASCE, 1984).

SUMMARY OF DESIGN

Typical design of an FRP structural component has three broad steps as follows:

1. Identify structural and performance requirements: size and shape of a component that is
subjected to static and other loads including thermal, wind, and seismic forces.

2. Identify service environment: corrosion resistance, fire safety, UV degradation rate, mois-
ture uptake, abrasion resistance, electrical and magnetic transparencies, etc.

3. Establish production and cost targets: volume and production rates, fabrication and instal-
lation anomalies if any, strength-to-weight ratio including cost per unit structural perfor-
mance, etc.

Based on the preceding evaluations, an FRP system configuration is selected for a structure and
preliminary design is carried out including the selection of constituent materials, manufacturing
process, structural response computations targeting design criteria before proportioning structural
components, and developing details for final analyses and design. After developing the final design
of components, a detailed evaluation has to be carried out including full-scale prototype structural
testing, that is, check for any such work was done in the past, under a given service environment.
In the design of any structural system made of FRP composites, the critical aspect is the join-
ing mechanism and various concerns exist in the design community regarding a total reliance on
chemical or adhesive bonding (joining) as opposed to mechanical fastening. An extensive amount
of work was done by Hart-Smith, Mosallam, and others in suggesting innovative ways of bonding
and jointing design methodologies (Hart-Smith, 1994; Mosallam, 2011). The Design Guide for FRP
Composite Connections by ASCE (Mosallam, 2011) has many excellent references for the design of
FRP composite connections.

CODES AND STANDARDS

Historically FRP components were designed, manufactured, fabricated, and repaired utilizing
general codes issued by standard specifying bodies (ASCE, EUROCOMP, CEN, etc.) with in-
depth design manuals published by individual companies based upon the typical products they
manufacture following strenuous testing and evaluation. The ASCE Structural Plastics Design
Manual was the standard for pultruded profiles in the United States, but is no longer in print.
For designs in Europe, the following guides are extensively used while others are available to
a lesser extent: Structural Design of Polymer Composites—EUROCOMP Design Code and
Handbook (Clark, 1986), Reinforced Plastic Composites: Specifications for Pultruded Profiles
by the European Committee for Standardization (CEN, 2002), and Guide for the Design and
Construction of Structures Made of Thin FRP Pultruded Elements by the National Research
Council of Italy (CRN, 2008). Additional standards exist depending on the country/jurisdic-
tion and application (i.e., pultruded components, wraps, concrete reinforcement including ACI
Committee 440, 2006; ACMA, 2012; ASCE, 1984; CEN, 2002; CRN DT 205/2007, 2008;
CUR, 2003; Kutz, 2011; Ramkumar et al., 1987; Clark, 1996).
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Manufacturer design manuals are available from nearly every producer, including Extren,
Creative Pultrusions, Fiberline, and Bedford Reinforced Plastics. A draft Pre-Standard for Load
and Resistance Factor Design (LRFD) of Pultruded Fiber Reinforced Polymer (FRP) Structures
is nearing public release from ASCE at this time (ACMA, 2012). As FRP codes and standards are
rapidly evolving, any codes, standards, or design guides should be verified for their current appli-
cability before use.

FUTURE PERSPECTIVES

FRP composite research efforts recently have been focused on marine, aerospace, civil, and mili-
tary infrastructure applications such as deckhouses for ships, airplane components (Figure 1.5),
wind turbine blades, cold-water pipes for Ocean Thermal Energy Conversion (OTEC) (Figure 1.6),
high-pressure composite pipes for natural gas transmission (Figure 1.7), carbon-cored aluminum
alloy conductor electric transmission lines, and utility poles up to 120 ft in height (Figure 1.8),
modular housing construction, and so on. Some of the current and future application details were
reported by GangaRao (2011).

FIGURE 1.5 DDGI1000.
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FIGURE 1.7 Pipe section during testing. (From Applied Plastics Engineering Handbook—Processing and
Materials, GangaRao, H\V.S., Infrastructure applications of fiber-reinforced polymer composites, Copyright
2011, from Elsevier.)

FIGURE 1.8 Utility pole.

BRrRIDGING

FRP composites can be floating bridges, underwater bridges, and even folding/unfolding bridges.
Movable bridges of 10 Ib/ft? self-weight can be developed in a cost-competitive manner. However,
some of these bridging systems have to be either anchored or balanced with dampers for stability.
For example, a novel rolling bridge system (Figure 1.9) was designed by Thomas Heatherwick
Studio, London in 2005. Similar advances made by the U.S. Army in lightweight bridging with
rapid deployment capabilities such as the Wolverine Heavy Assault Bridge System (FAS: MAN,
2000) and new developments in composite bridging are being pursued by USDOD (ONR BAA
04-009) in terms of lightweight expeditionary bridging capability.

SMART MATERIALS

The community of advanced composites development has been constantly assessing for self-healing
materials, including coatings as sensors and also self-cleaning functionality. For example, certain
surface coatings can reduce or even eliminate any algae growth on marine structures. Similarly
paints containing nano-bubbles can heal wall paints that might be damaged due to accidents. Recent
developments using carbon fibers as sensing and healing damage through polymers housed in nano-
fibers are another excellent example of the future research trends. Similarly, electrically conductive
coatings with wireless networks are being developed to detect fire and other structural hazards.
Examples of smart materials with shape memory (Figure 1.10) are being developed by Cornerstone
Research Group (CRG Technology Overviews, 2011). As fundamental R&D matures in shape
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FIGURE 1.9 Rolling bridge. (Photo courtesy of Steve Speller.)

FIGURE 1.10 Shape memory polymers.

memory polymers, a wide range of applications can open up for structural health monitoring and
even in the fields of health care, security, and altering and controlling human behavior patterns.
For example, a polymer that releases slow doses of insulin (commonly known as Humulin) is being
marketed extensively to control diabetes.

FIre

Fire-retardant properties of composites have to be quantified with special emphasis on chemical
reaction (including toxicity) of polymers to fire (ignition, flame spread, and heat release rate). This
is especially important when composites are filled with nanoparticles such as nanoclay or carbon
nanotubes or filaments and even traditional additives such as halogens or phosphorus. Even non-
toxic inorganic fillers are used to minimize smoke output and to retard the burn rate through the
thickness of a composite laminate. These additives can alter the mechanical and physical proper-
ties of polymers as well as composites. Therefore, protective coatings against fire using innovative
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materials are being considered. For example, nanofiber sheets in the form of coatings are being
researched by Zhao et al. (2009). These coatings have “bilayer structure,” with the top layer being
thermally conductive and expected to redirect the heat flux on the surface. Since the in-plane heat
flux is of several magnitudes higher than the through-thickness flux, fire-induced heat is dissipated
through the outer thin layer. The thermally insulated bottom layer will turn into char (silicon oxide)
due to an immense heat buildup from the top layer to the bottom; thus, the silicon oxide layer pro-
tects the polymer composite. In a somewhat similar manner, researchers are working on the use of
graphite to alter thermal properties of composites (Yu et al., 2007). Intertek testing services NA,
Inc has successfully conducted fire testing (ASTM E119) for WV U-CFC on a composite wall panel
consisting of intumescent coating and noise barriers in addition to gypsum board and natural resin
based FRP sheathings. The fire test results revealed a rating of 60 min. The ASTM EI119 is expen-
sive and we need economical fire test methods.

NATURAL FIBER COMPOSITES

Natural fibers with excellent specific mechanical properties cost around 40%—-60% of the cost
of common E-glass fiber, require only 20%—-40% of the embodied (production) energy, and are
sustainable. Even though several limitations of natural fibers are well documented (Dittenber and
GangaRao, 2012), many researchers have been advancing the state of the art of natural fiber com-
posites focusing on surface treatments of fibers and improving the fiber—matrix interfacial bond
strength properties. Advances in natural fiber composites are being made in such a way that a
class of natural fiber composites are yielding better mechanical properties than typical glass fiber
composites, albeit more expensive than GFRPs (Netravali et al., 2007; Dittenber, 2013). However,
research is being focused to reduce costs and improve performance characteristics so that they can
compete directly with GFRPs.

SUMMARY

Composites are composed of two or more constituent materials that remain distinct in the final
form but bond to create a product that has superior properties to the constituent materials.
Composite use dates back to the earliest civilizations, but the use of engineered composites has
dramatically increased in the last century. Codes and specifications are rapidly evolving to keep
up with the recent growth of composites in civil infrastructure; often the most detailed guides are
provided by manufacturers based on their testing and experience for specific products. With the
properties that can be completely customized to fit specific needs, the future prospects of FRP
composites are limitless.
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INTRODUCTION

Fiber-reinforced polymer (FRP) composites are a combination of two discrete phases: a matrix that
is often a resin and a fibrous reinforcing system. Along with the type and orientation of the fibers
used and the relative proportions of the constituent materials (matrix and fibers), the manufacturing
process plays an equally important role in determining the characteristics of the final composite
product. Hence, it is necessary to judiciously choose the manufacturing process that would result in
optimal properties of the composite as well as improved economics. The choice of the manufactur-
ing process will also depend on the user needs, performance and appearance requirements, size
and surface complexity of the desired product, production rate and available equipment/tooling
assembly. There are several manufacturing processes, which may be broadly classified into three
categories:

1. Manual processes, including methods such as wet lay-up and contact molding

2. Semi automated processes, including methods such as compression molding and resin
infusion

3. Automated processes, including methods such as pultrusion, filament winding, and injec-
tion molding

15
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All these manufacturing processes can also be fine-tuned by the manufacturer in terms of the total
cost involved in fabricating the composite part, the level of precision involved to obtain the desired
quality, varying degrees of compaction provided by the tools and pre-/post-cure of the resin.

MANUAL MANUFACTURING PROCESSES

WET LAY-UP AND PREPREG

The wet lay-up process is one of the oldest and simplest techniques used in the manufacturing of
polymer composites. In this process, resins are impregnated by hand into fibers that may be in the
form of woven, knitted, stitched, or bonded fabrics placed on a mold. The resin may be sprayed,
poured, or brushed onto the mold, which may be made of wood, sheet metal, plaster, or FRP com-
posites, as shown in Figure 2.1. An FRP composite mold that is shaped and fabricated from a
wooden master mold is most desirable since it can be made into any shape, has a good surface finish,
has no corrosion problems, and can be used over a long period of time. The mold may be of male
(plug) or female (cavity) types depending on the desired shape of the part.

In the wet lay-up process, a mold release agent is first applied to the mold to prevent the com-
posite from sticking to the mold. Next, the fabric is placed on the mold and impregnated with resin
using a roller until it conforms to the surface of the mold and is “wet out” with additional resin if
needed. Third, entrapped air and excess resin is rolled or brushed out and the process is repeated by
building layer upon layer (referred to as laminate construction) depending on the required thickness
and mechanical properties of the composite part. Finally, the composite part is then cured at room
temperature or external heating is used to accelerate the curing process. A promoter may also be
mixed with the resin just before application of the resin to speed up the curing of the composite.

There are three types of laminate construction: (1) sandwich lamination in which two high-
stiffness and high-strength outer layers are laminated over a lightweight and low-strength sand-
wiched core, which is usually foam, aluminum honeycomb cells, or balsa core; (2) all laminated
construction consisting of high-stiffness and high-strength layers bonded to each other; and (3)
fabric laminates bonded to a structural member to upgrade its properties or to retrofit the member
for increased demand. In all cases, the quality of the bond between the composite layers is the key
element in obtaining the required mechanical properties.

Given the increased use of polymer composites in retrofitting and strengthening civil infrastruc-
ture, the wet lay-up process can be used in order to bond the composite directly onto the surface
of the structure being rehabilitated or upgraded, as shown in Figure 2.2. In such instances, it is
imperative that the surface to which the composite is being bonded be properly prepared through
sanding, grinding, and cleaning so that the composite can adhere to the surface. The wet lay-up

Reinforcement
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Resin \ k\

J

L Gel coat

Contact mold

FIGURE 2.1  Schematic of the hand lay-up manufacturing process.
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FIGURE 2.2 Bonding of FRP composites to a reinforced concrete bridge deck.

process is currently being used extensively in the flexure/shear upgrading of strength and/or seismic
retrofitting of deficient civil structures because of its low cost compared to other processes, flexible
manufacturing in field conditions, and relatively low-precision and technical know-how required
for manufacturing. Also in applications where the composite part may be exposed to harsh environ-
mental conditions or fire/blast hazards, a resin-rich gel coat mixed with suitable admixtures may
be applied on the exposed surface of the composite. The gel coats may also be used in instances
where aesthetic requirements may need the composite part to be of a particular finish or color. It is
noted that the interface bond between the fibers and resin matrix or between two fiber layers is the
key to the strength and mechanical properties of the composite part, and hence, a gel coat should
be chosen that does not compromise the strength of the composite through chemical reaction with
the fibers or the resin.
The main advantages of using the wet lay-up are as follows:

* The processing cost is relatively low since no expensive tooling assembly is required.

* The parts can be made into any shape or size by choosing the proper mold over which the
material is layered.

* This method gives the designer the flexibility to use any fiber—resin combination and fiber
orientation.

e The start-up lead time and cost are minimal for the manufacturer because there is no
requirement for highly skilled technicians or worker training.

However, the inherent advantages of this method also result in some shortcomings:

e The method has a low production rate and the quality of the manufactured composite is
dependent on the skill of the technician.

» It can be a labor-intensive process with the cure times being governed by the environment.

e There can be a considerable waste of materials, particularly the resin, depending on the
skill of the technician.

» Itis very difficult to maintain consistent composite properties for multiple parts manufac-
tured using wet lay-up. Quality control becomes a major part of this process to ensure that
defects and voids are not left in the composite part.

A variation of the wet lay-up process is the prepreg method. In this method, the composite fibers are
pre-impregnated with the resin, either through solvent impregnation or through hot-melt impregna-
tion. In the solvent impregnation method, the dry fibers are passed through a resin bath and excess
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FIGURE 2.3 Impregnation of dry fabric via a resin bath.

resin is squeezed out, as shown in Figure 2.3. The impregnated fibers are passed through a drying
chamber and the prepreg is partially cured and rolled up on a drum. In the hot-melt method, the
resin is cast into a film and this film is applied on the dry fiber strips. The fiber strips and the resin
are then subjected to heat and pressure impregnating the resin into the fibers. Vacuum bagging and
sometimes autoclaving (discussed later) are often used with the prepreg method to drive out air
voids and excess resin. The rolled up prepreg composite strips can be directly laid out on the mold
or slightly melted with a blower before application. Prepregs usually have limited shelf life since the
resin starts to cure once it is applied on the dry fibers. The shelf life can be extended by including
additives in the resin that can slow the curing process or by keeping the prepregs refrigerated. A
better quality composite part can be manufactured using this process as compared to wet lay-up and
a higher production rate can be achieved. However, it still suffers from the inherent disadvantages
of the wet lay-up method as compared to automated composite manufacturing methods.

CONTACT MOLDING

In this method, improved composite properties can be obtained as compared to the wet lay-up or
prepreg process by encapsulating the molding and the composite part inside a vacuum (polymer)
membrane and applying up to 1 atm pressure on the membrane by pulling a vacuum. This extracts
the air along with excess resin and produces better compaction of the composite part, resulting
in fewer defects and voids. Figure 2.4 provides a schematic of a composite manufactured using a
vacuum bagging process.

In the contact molding technique, a mold release agent is placed on the mold and a perforated
release film such as peel-ply sheet is placed above and below the composite part to release the part
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Distribution media Peel ply
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FIGURE 2.4 Cross section of the vacuum bagging process.
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FIGURE 2.5 Configuration and elements of an autoclave.

and to allow the excess resin to pass through. A bleeder felt membrane with good absorption proper-
ties is placed between the peel ply and the vacuum bag to absorb the excess resin. A barrier layer or
resin trap may be used to prevent the resin from flowing into the vacuum tubes. A good seal around
the mold is necessary to obtain an airtight system. A leak caused by improper sealing or damage
to the vacuum bag is the most common problem with this method. Also uneven pressure over the
surface of the composite can impede the vacuum bag or bleeder membrane from conforming around
the composite part resulting in bridging, which results in nonuniform compaction of the part. Even
though in some instances vacuum bag composite parts are cured at room temperature, for most
high-production manufacturing, the composites are cured at elevated temperatures to reduce the
curing time and to improve properties of the composite. Also in order to avoid the recurring cost
of the expendable polymeric vacuum bag, some manufacturers use reusable silicone vacuum bags.
If used properly, a mix fiber—resin ratio by weight of about 55% can be achieved through this
process. A mix fiber—resin ratio by weight of about 65% can be achieved by applying a pressure of
about 3 atm in what is called a pressure bag process. An even higher pressure of about 6 atm can
be applied in an autoclave process, which can result in a mix fiber—resin ratio by weight of about
70% and considerable reduction of the voids and defects through better compaction. An autoclave
is usually a pressure chamber that can simultaneously apply heat and pressure, as shown in Figure
2.5. A compatible mold, vacuum bag, and special tooling that can withstand such high pressures are
necessary. The desired quality of the composite in terms of mechanical properties, aesthetics, and
related economics will determine which contact bagging method will be used by the manufacturer.

SEMIAUTOMATED MANUFACTURING PROCESSES

REesIN INFUSION UNDER FLEXIBLE TOOLING

Resin infusion under flexible tooling (RIFT) is a variation of the injection molding or resin transfer
molding (RTM) that will be described later in the section “Automated Manufacturing Processes.”
In this process, one of the mold faces is replaced by a polymer film or by a thin composite “splash”
mold tool to reduce the high tooling costs associated with RTM for large composite parts. This
process is also an improvement over the hand lay-up or vacuum bag processes in terms of limited
styrene emissions from the uncured resins, resulting in a better work environment and worker health
and safety. The basic principle is to infuse resin material into a dry fiber reinforcement placed inside
an evacuated vacuum-bagged tool that consists of a rigid male mold tool on one side and a semi-
flexible female tool on the outer surface. The infusion of the resin under partial vacuum conditions
results in good saturation of the dry fibers due to increased flow rate of the resin. The flexible tool
can either be a silicone rubber or nylon diaphragm bag, aluminum sheet metal, or glass-reinforced
polymer sheet. The choice of the flexible mold/bag material is a key parameter in this process; the
flexible tool should be reusable, tear resistant, heat resistant, and moisture resistant and should be
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FIGURE 2.6 Schematic of the SCRIMP manufacturing process.

able to elongate and conform to the shape of the composite part. The use of a silicone or nylon bag is
the most suitable for this process. However, nylon bags are sensitive to moisture, while silicone bags
have poor solvent resistance and high cost. Some manufacturers have used a flexible resin distribu-
tion membrane with an embossed pattern, thus eliminating the need for bleeder and breather peel
plies and thus increasing the production speed of the process.

There are several patented variations of the RIFT process, the most notable being the Seemann
Composites Resin Infusion Manufacturing Process (SCRIMP) and Vacuum Assisted Resin Transfer
Molding (VARTM). In the SCRIMP, the fiber preform is placed between a mold and a nylon vacuum
bag. The patented system includes a resin distribution mesh that is placed between the fiber and the
vacuum bag, thus eliminating the need to place a breather layer. The mesh also helps to uniformly
distribute the resin over the surface of the fiber. The SCRIMP process most commonly uses a nylon
vacuum bag that has to be replaced along with all the hoses, peel ply, and resin distribution mem-
brane after each resin infusion process as illustrated in Figure 2.6. However, some manufacturers
may use a reusable elastomeric vacuum bag that incorporates a built-in resin distribution membrane
and resin inlet tube. The VARTM is similar to the SCRIMP process and consists of a patented
textured polyester high-temperature vacuum bagging film with an embossed pattern that eliminates
the need for a breather or bleeder membrane. The resin is often cured with UV light with the areas
needing secondary bonding being cured less as compared to other areas of the composite part.

The RIFT method offers improved economics as compared to RTM while producing composite
components with better mechanical properties as compared to hand lay-up. It also uses a closed
molding technique to reduce the styrene emissions. However, this process is not fully automated,
and thus, variability in the process can result from variations in the fiber compaction or flow rate of
the resin through the fibers. Also, the process has a much lower production rate as compared to the
fully automated processes, such as filament winding or pultrusion, which will be described later.

COMPRESSION MOLDING

Compression molding is a manufacturing process where the molding material is placed in an open,
heated mold cavity along with a thermosetting resin. The molding materials include unidirectional
preform tapes, woven fabrics, randomly oriented fiber mat, or chopped strand. Even though this
process can be fully automated, manufacturers usually tend to use a combination of automation
and human workman to keep the manufacturing costs down by minimizing the use of expensive
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automated tooling equipment. The thermosetting resin is usually in a partially cured stage, either
in the form of granules, putty-like masses, or preforms. Depending on the type of molding material
used, the compression molding process is referred to as preform, sheet molding compound (SMC),
or bulk molding compound (BMC) molding. In preform molding, either a stitched or braided fiber
mat or chopped rovings held together by water-soluble binder are preformed into the desired shape
of the composite part and is placed inside the molds. In SMC molding, a sheet material is first
produced by compacting chopped fibers between two polyurethane films treated with a resin filler
paste. The sheet material may also be partially cured, stored, and then shipped to a separate facility
where the material can then be used between the molds for compression molding after removing the
polyurethane film backing. In BMC molding the chopped fibers and the resin/filler paste are formed
into a bulk dough that can either be preformed or made at the time of placing the material into the
molds. In order to ensure good and uniform fiber volume over the composite part, it is necessary to
choose a resin of proper viscosity and flowability so that the dough paste can be molded uniformly
without any voids or resin-/fiber-rich areas.

In the compression molding process, illustrated in Figure 2.7, the molding material is first placed
between the molds. Then, the mold is closed with a top force applied by a hydraulic ram, which
compresses and conforms the molding material to the mold shape. Generally the molds are made
of hard metal and are highly polished or are chromium plated. Next, platens hold the two sides of
the mold in place, while heat and pressure are maintained until the curing reaction occurs. Once
fully cured, the part is ejected from the mold. Quality compression molding results from the even
distribution of the molding material over the surface of the mold itself. The mold is then opened and
the part is removed from it by means of the ejector pin. If a thermosetting resin is used, the mold
may be opened in the hot state since the composite part can maintain its shape and dimension. If a
thermoplastic is molded, the mold and the molded part need to be cooled before opening. Also, if a
condensation type cross-linking is used for molding condensation polymers such as phenolics, the
molds have to be opened to allow the gases to escape.

The main advantage of compression molding is that it is a high-volume, high-pressure method
suitable for molding complex, high-strength fiberglass reinforcements into flat or moderately curved
parts. Since a finished male—female tool combination is used, the composite part will have good
inside and outside finished surfaces. The inexpensive overhead involved with compression mold-
ing, and the comparatively little waste material that results from the manufacturing process, makes
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FIGURE 2.7 Compression molding manufacturing process.
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compression molding a preferred manufacturing method. Also, compression molding produces
fewer knit lines and less fiber-length degradation than injection molding. However, the molding
cycle time, which is usually about 5 min, is longer than the injection molding cycle. Also, the equip-
ment needed makes the process more costly to operate than the hand lay-up or RIFT processes.

AUTOMATED MANUFACTURING PROCESSES

PuLTRUSION PROCESS

The pultrusion technique is a fully automated closed mold continuous process in which continuous
fiber, rovings, or mats are passed through a resin bath, drawn through a preforming die to form the
composite into a strip, and cured in a heated die. The various stages and components of the pultru-
sion process are illustrated in Figure 2.8. The automated process is designed such that the fibers are
uniformly distributed over the section of the composite, the fibers are completely wetted out with
the resin, and the composite is compacted in the die eliminating most voids and defects. The pultru-
sion process usually uses thermosetting polymers such as polyester, vinyl ester, or epoxy resins as
the matrix. The choice of the resin is guided by the tool, speed settings, and cure die temperature.
Usually a resin is chosen that can cure rapidly, has low viscosity, and shrinks little during curing to
aid in releasing the composite part from the die. Polyester with controlled styrene content is usually
the resin of choice in the pultrusion process because of its low shrinkage and ease of release from
the die. Epoxy resins, on the other hand, required the use of release agents or viscosity modifiers
to prevent the resin from adhering to the dies. Also several mechanical pulleys, usually in the form
of double clamp pullers, are used to direct the rovings through the resin bath and to maintain the
required tension. In some manufacturing processes, the fibers are injected through port holes in the
heated die as the continuous fibers pass through them. This process is usually used when the desired
shape of the pultruded part is not straight or if the rovings are pulled around heated mandrels to
form a hollow part. In such cases, the infusion of resin at the final stage has the advantage that the
fibers are in their final form before being wetted out.

The curing of the composite can be done either inside or outside a die. If the curing is done inside
a die, called die curing, a resin is used that can cure very fast and the die is heat controlled so that
curing of the composite part can occur as the composite passes through the die. Ceramic dies with
microwaves may be used to aid the curing process, but this tends to increase the manufacturing cost.
Also mechanical properties are often sacrificed when quick curing systems are used. More com-
monly the composite is cured outside the die by passing it through a temperature-controlled tunnel
oven. The composite is passed continuously through the oven with the length of the oven being
determined by the type of resin, part application, part size and thickness, and the speed at which the
composite passes through the oven.

Continuity and automation make the pultrusion process a high-production technique for qual-
ity manufactured composite parts with very little waste of materials. This process also results in

Mat creels
.~ Preforming die _-— Pullers
- RN
N 2
' - {\\ />
P
N\
: «>
Fiber rovings : T ‘. B

"~ Curing die
-
*~ Surfacing material

FIGURE 2.8 Components and stages of the pultrusion manufacturing process.
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high-fiber-content, high-quality (little defects and voids) parts. However, the parts must have con-
stant cross sections for every batch, and the rovings must be drawn in a predetermined pattern
resulting in composite parts of unidirectional fiber architecture, which tend to have low transverse
strength. Therefore, these parts have limited applicability for loading other uniaxial. One solution
to this problem is to impart transverse strength; a mat or stitched fabric may be folded into the
material package before it enters the die. A surface veil is usually incorporated to provide a resin-
rich exterior surface to protect the unidirectional fibers. A modified pull winding process has been
developed to counter these disadvantages, in which a pull winder is used in conjunction with the
pultrusion process. The winding machine is designed with heads to wind angled fibers around a
spindle between layers of unidirectional fibers pulled by the regular pultrusion machine. However,
these manufacturing techniques and tools are limited to very specific applications.

FiLAMENT WINDING

Filament winding is an automated process in which continuous spools of dry fiber (tows) are pulled
in a predetermined pattern by computer-controlled winding machines. Filament winding equipment
comes in a variety of sizes and configurations characterized by capacity, single/multiple spindles,
and a multi-axis carriage and payout eye. The spools of rovings are usually supported by a creel
and the fibers are maintained under constant tension. This tension is read by a computer as a signal
and is interpreted into the pattern and speed at which the winding machine pulls the fibers from the
creel. Automated monitoring of the tension ensures that the composite part is manufactured with the
desired fiber volume and without any voids or defects. The rovings are passed through a resin bath
that “wets” out the fibers; the wet fibers are then fed through a comb and payout eye and wound on
specially designed mandrel tool. It is necessary to choose a resin that is low in volatile content and
has the necessary viscosity so that the fibers can be completely wetted out without sticking to the
payout eye. Polyesters and epoxy resins are generally the material of choice for this process. Though
less common, a dry filament winding process is sometimes used in which instead of wetting the dry
fiber rovings through a resin bath, a pre-impregnated tow is used. The tow may be heated during
winding to improve its tackiness so that they do not slip when woven over the mandrel. Overall the
dry winding process is more expensive since the pre-impregnated tows are more costly. However,
the need for resin preparation and handling is eliminated and the quality of the composite part can
be better controlled.

The filament winding process, illustrated in Figure 2.9, is very flexible in terms of the geo-
metric shape of the composite part, depending on the shape of the tool, which can be manu-
factured from a variety of materials including steel, aluminum, ceramics, and composites. For
tubular structures, the mandrel is typically a steel or aluminum cylinder that has a carefully
machined outer diameter with a precision-polished surface to ensure easy extraction of the
composite tube. The filament winding machine can lay the fibers on the mandrel in any geo-
metrical pattern designated by the designer. Thus, it enables the designer to custom engineer
components by developing optimized materials, geometry, fiber—resin weight/volume ratios
and fiber pattern that result in the desired mechanical properties of the composite part. A typi-
cal filament winding pattern consists of both helical and circumferential layers. The circum-
ferential winding gives hoop or radial strength to the composite part, while the helical winding
gives axial, shear, and torsion strengths as necessary based on the design of the component.
The mandrel is held under tension and is spun at precise rates to ensure proper winding, while
a carriage containing the wet fiber spools travels back and forth along the length of the man-
drel. The tension control is important to ensure that the fibers are properly wetted out and are
then wound with minimum possible voids or defects. Successive layers at the same or different
winding angles are added until the composite part reaches the desired thickness. Other than the
initial start-up where an operator may manually splay the fibers onto the mandrel and monitor
the fiber bandwidth and part diameter, the process is fully automated.
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FIGURE 2.9 Schematic of the filament winding manufacturing process.

Upon completion of the winding process a nonstick polyurethane film may be wrapped
under tension around the composite part to provide additional compaction to the composite.
The composite is then cured, either at room temperature or in a computer-controlled oven
depending on the type of resin used in the process. Also, for some composite parts, an autoclave
may be used to attain further compaction of the part. The heating profiles are preprogrammed
to incrementally ramp and hold the oven temperature throughout various temperature cycles
until the composite is fully cured. Following the monitored cure, the mandrel is stripped out
from the composite part using specialized machinery that protects both the composite and the
tooling. A collapsible metal mandrel with proper release agents is usually preferred. For com-
plex geometrical shapes where it might be difficult to take out a mandrel, an inflatable mandrel
may be used, which can either be deflated and taken out or left inside as a liner material. Such
mandrels can also exert an internal pressure during the winding process so that the inner wind-
ings can stay under tension.

Filament winding is one of the most cost-effective methods for mass production of lightweight
and strong composite parts. The full automation of the process helps to reproduce identical compo-
nents at a very fast rate without compromising product quality. In fact, the automation leads to the
robust quality control as well as material and cost optimization. By using low-cost materials and
automation, the cost to reproduce components in bulk is substantially reduced. The process involves
less material, less labor, and less transportation costs than many other manufacturing methods. The
process also gives the designer full flexibility to use different techniques of winding and curing
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to achieve any winding pattern and fiber layout, including fabrication of complex engineered non-
circular composite parts. The process, however, requires careful programming and close quality
monitoring and control through the entire process.

REesIN TRANSFER MOLDING

RTM is a fully automated version of the RIFT process discussed earlier. A schematic configuration
and typical components in the RTM process are shown in Figure 2.10. In this process, a preformed
dry fiber part is placed on a tool or inside a mold cavity with rigid surfaces on both sides of the
composite part, and the whole assembly is encapsulated in a reusable vacuum bag. Thermosetting
resin is injected under pressure into the mold so that it wets out the dry fibers and fills the mold.
Vacuum is applied, which draws out the air voids and excess resin and compacts the composite part.
Reinforcements placed in the mold are usually in the form of binder-bound chopped mat, random
continuous strand-stitched mat, or woven cloth. The primary requirement is that the fiber be pre-
formed to the desired shape of the composite part. Resins with low viscosity are required in order
to be pumped in automatically; these resins included epoxy, vinyl ester, methyl methacrylate, poly-
ester, and phenolic. The mold has to be carefully designed so that it will allow the resin to flow and
wet out the fibers at a steady rate without disturbing the fibers. The success of the process depends
on the uniform distribution of resin throughout the composite part in a timely manner before the
onset of gelation. Proper venting should also be incorporated in the mold design so as to drive out
entrapped air and excess resin. Like the other processes, after the process is completed, the part can
be cured either at room temperature or inside an oven.

RTM allows production for intermediate volume applications in a wide range of sizes and shapes
and with different types, level, and orientation of fibers. The RTM process can provide considerably
faster molding cycles than open molding techniques, while achieving lower tooling and equipment
cost compared to conventional compression or injection molding. As a closed mold process, RTM
produces both highly reproducible part thicknesses and good surface aesthetics. The rapid introduc-
tion of the resin also allows faster gel and cure compared to open molding processes. A faster curing
cycle allows a high rate of output per RTM mold, compared to a hand lay-up mold. Environmentally,
the RTM system is also inherently cleaner than open mold techniques and release of styrene vapors

%esin pump

Catalyst pump
Clamp [ Vent port O S
o

Mixer/injector
head

Bottom mold \

Dry reinforcement

FIGURE 2.10 Components and representative configuration in the RTM process.



26 The International Handbook of FRP Composites in Civil Engineering

during RTM is lower. When necessary, this process allows for cores, inserts, or attachments inside
the fiber, before infusion of the resin. However, the primary disadvantage of this process is that the
mold has to be designed so that the resin can be uniformly distributed. The edges of the composite
parts often tend to be rich in resin and have to be trimmed out. Parts produced by this method tend
to have better mechanical properties and surface finish compared to wet lay-up; however, the prop-
erties are usually not as good as filament winding or pultrusion.

QUALITY ASSURANCE AND QUALITY CONTROL

Composites are unique in that their mechanical properties and surface aesthetics depend on the
design and manufacturing process as well as on the quality of the equipment, tooling, and inspec-
tion equipment used during the manufacturing process. Quality assurance and quality control
(QA/QC) thus form an integral and significant part of the manufacturing process in order to obtain
high-quality composite parts. An effective quality assurance for composite parts depends on care-
ful and systematic monitoring of the design process, the manufacturing tools and equipment, and
finished quality of the manufactured part.

The first step of quality assurance begins with validation of the critical design, geometric, mate-
rial and manufacturing parameters assumed by the designer, and by comparing those parameters with
the tooling, assembly, equipment, and labor constraints in the manufacturing plant. Weight, cost, and
productivity concerns are weighed to ensure that an optimized design and manufacturing methodology
has been chosen. The second step of QA involves verification of the tooling and mold dimensional tol-
erances, equipment and controller calibrations, assembly stability and fabrication/handling processes.
Component tests on the tooling assembly may include tests to validate aerodynamics, vibroacoustic,
mechanical, and thermal loading conditions during the manufacturing process. Tests on subcomponent
tool parts may include tensile and compressive coupon tests and damage tolerance tests. The third step
of quality assurance, which is the focus of this section, includes quality control of the manufactured
composite part through inspections and/or destructive/nondestructive testing (NDT) over the entire
manufacturing process. The main components of this step included (1) validation and characterization
of the properties of the raw materials used to produce the composite part, (2) monitoring the cure pro-
cess and post-cure machining, and (3) validating the physical and mechanical properties of the cured
composite part. Visual inspection is used to inspect bond lines that are visible in the various bond stages
and to detect any visible surface discontinuities and/or delaminations. Mechanical inspection and test-
ing are used to verify design dimensions and mechanical properties of the individual constituents as
well as the manufactured composite part as a whole. Numerical simulation and study of cure kinemat-
ics may be performed to monitor the curing process. Nondestructive evaluation is used for determining
defects and anomalies in the composite part and can be used as the final quality control tool before the
part is shipped out. The aforementioned quality control is deemed necessary to ensure that the manu-
factured part consistently meets the design specifications and is necessary in order to obtain ISO 9000
certification for the product.

VISUAL AND MECHANICAL INSPECTION

In most cases, the manufacturer of the composite part obtains the raw material components such as
fibers, resins, and additives from separate suppliers, who will generally provide the mechanical proper-
ties of the components. Thus, a visual inspection of the components can be used to observe presence
of visual defects, such as fiber fraying, breakage or twisting, yarn nonuniformity and misalignment of
fibers, uneven weight, and weaving characteristics. Fabric mats may be inspected for distortions, fuzz
balls, broken fibers, and stitching pattern. Visual inspections are also carried out periodically over the
manufacturing process to ensure proper mixing of the resin components, wet out or pre-impregnation of
the fibers, curing of the composite, and finished surface aesthetics. A visual inspection can often be the
precursor for carrying out further mechanical tests or nondestructive evaluation.
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Visual inspections may be supplemented with mechanical inspections to determine density,
volume fractions, and component characteristics. The density of the fibers provided by the supplier
is often accurate enough to be used directly by the manufacturer. However, the density of the matrix
provided by the supplier is usually that of the unreinforced bulk resin. For thermosets and semi-
crystalline thermoplastics that crystallize more readily when used to wet out fibers, the bulk resin
density is usually lower than that found in a composite matrix of the same material. Also many
resins consist of two parts that need to be mixed in specific proportions to produce the matrix. Thus,
the density of the matrix may need to be determined for use in calculations of constituent frac-
tions. ASTM D2734 (Standard Test Method for Void Content of Reinforced Plastics) and ISO 1183
(Plastics—Methods for Determining the Density and Relative Density of Non-Cellular Plastics)
test standards are commonly used for determining the density of the matrix and the fibers. Matrix
burn-off and matrix digestion are two of the tests most commonly used to determine the constituent
fractions of the composite. In matrix burn-off, the matrix is removed from the composite sample
through burning, while in the matrix digestion, the matrix is removed through chemical dissolu-
tion. Based on the weights of the dry fiber and the original composite sample, the weight fractions
of the fiber and the matrix can be obtained. The corresponding volume fractions can be obtained
based on the weight fractions and the densities. ASTM D2584 (Standard Test Method for Ignition
Loss of Cured Reinforced Resins) and ASTM D3171 (Standard Test Method for Fiber Content of
Resin-Matrix Composites by Matrix Digestion) are the recommended standards. The appropriate
method is chosen depending on how fibers are affected by oxidation or high temperatures during
burning such as carbon or aramid fibers, for which the matrix digestion method needs to be used.
Microscopy may also be used to determine the constituent fractions and for accurate determination
of void content. In this method, a composite sample with a very highly polished surface is placed
under a microscope that is often mounted with a video camera to record the image. This image may
then be analyzed using specific automated image processing programs and image enhancement
techniques to determine fiber area fractions, void content and distribution, characteristics of any
defects, fiber damage, and matrix-rich areas.

MEcHANICAL TESTING

Mechanical or destructive testing is often carried out on representative composite samples cut out
from larger laminates to determine several mechanical properties of the composite part or that of
its constituents, such as tensile, compressive, flexural, toughness, and shear properties. Tensile tests
are used to determine the tensile modulus, Poisson’s ratio, tensile strength, and ultimate tensile
strains. Specific details of the tensile test can be found in ASTM D3039, ASTM D638, and ISO
3268 standard tensile testing protocols. The mode of failure will usually be in fiber fracture or
fiber pullout when the sample is tested with fibers in the longitudinal direction, while matrix or
fiber—matrix interface failure will usually govern with fibers tested in the transverse direction. The
tensile, compressive, flexural, toughness, and shear properties can be obtained from a record of the
tensile load-displacement test data.

Compressive tests are used to determine the compressive modulus, Poisson’s ratio, compressive
strength, and ultimate compressive strains. The compressive tests can be carried out per ASTM
D3410, ASTM D695, and ISO 8515 testing standards. Depending on the type and modulus of the
matrix system used, the mode of failure can be (1) microbuckling of fibers, (2) transverse tension
failure or fiber splitting, and (3) compression failure of the reinforcement. The compressive proper-
ties are obtained using compressive load—displacement test data. Compressive tests may also be
carried out on test specimens that have been subjected to prior impact load to determine the effect
of delaminations caused by such loads.

Shear tests are used to determine the shear modulus, shear strength, and ultimate shear strains.
The most commonly used shear test is the short-beam shear test per ASTM D2344 and ISO 4585.
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The desired failure mode for this test is due to interlaminar shear failure between the plies, which
usually occurs for a specimen support span/thickness ratio of around 4 to 5, with the specimen
loaded in three-point bending. However, since the specimen is not loaded in uniform shear, it is
difficult to reliably determine the shear properties and is used more as a quality control test to deter-
mine interlaminar shear strengths between specimens. Other shear tests used to determine shear
properties of composites include double-notched shear test (ASTM D5379), double-cantilever beam
test, and rail shear test (ASTM D4255).

Flexure tests are used to determine the flexural strength and modulus of the composite. The test is
similar to the interlaminar shear test, carried out using a three- or four-point fixture (ASTM D790).
However, the support span/thickness ratio is usually much larger to reduce the interlaminar shear
deformation and to ensure failure is in flexure. Since a flexural failure is due to a combination of
tensile and compressive forces, it is difficult to extract any inherent properties from the flexure tests
and they are used more as a quality control tool.

Toughness tests may be carried out for quality control and to estimate the crack propagation and
delamination characteristics of a composite sample under impact loads. The I1zod and Charpy pen-
dulum impact tests and the falling dart impact test are most commonly used.

MoNITORING CURE KINEMATICS AND DURABILITY

The ultimate strength and mechanical properties of the composite part depends to a considerable
extent on effective curing of the resin either under ambient conditions or inside controlled tempera-
ture and/or pressure chambers such as autoclaves. During the cure process if heat is applied par-
ticularly for thermoset and epoxy resins, there will be an initial decrease of viscosity for the matrix.
However, as the chemical cross-linking is initiated, the viscosity of the matrix will start rising,
which will eventually lead to gelation and produce the composite part in its desired shape. Polyester
resins are usually cured under ambient conditions since the curing reactions for these resins are
exothermic causing the temperature to rise initially.

The curing process of the resin may be monitored using thermocouples through methods such
as differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), and thermome-
chanical analysis (TMA). In the DSC method, the resin or composite sample is placed in a heat-
ing chamber along with a reference material, and the difference in the amount of heat required
to increase the temperature of a sample and reference is measured as a function of temperature.
Whenever there is a phase change of the resin, referred to as the glass transition temperature (T,),
there is a change in the heat capacity of the resin and thus either an exotherm (heat given off) or
endotherm (heat taken in) reaction will occur. Over the cure process of the resin, the T, advances to
higher temperatures and becomes fixed when the cure is complete. Thus, once the complete cure T,
of a particular resin has been determined, the extent of cure during the manufacturing of the com-
posite part can be monitored by monitoring the T,. In the DMA method, the sample is subjected to
sinusoidal loading and the displacement is monitored. The T, of the sample is taken as the point of
loading at which there is a considerable change in the storage modulus or loss modulus. In the TMA
method, the sample is subjected to sustained loading and change in length or thickness of sample is
recorded as function of temperature.

Although the short-term mechanical properties of composites are well researched and docu-
mented, long-term durability information is not always readily available. This is because the use
of composites is relatively new as compared to other materials such as steel, aluminum, and con-
crete. Also different types of composite deteriorate at different rates under different environmental
and loading conditions depending on their physical and mechanical characteristics. Experimental
observations indicate that for most fiber-reinforced plastics, long-term strengths are only a fraction
of the short-term strength. Parts made from glass and aramid FRPs will usually degrade in direct
contact with concrete, in the presence of moisture, and when subjected to UV radiation. Thus, this
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degradation has to be taken into account while designing the composite part for a particular design
life. Even though durability assessment is rarely performed by the manufacturer and is usually the
responsibility of the designer and the material supplier, the manufacturer may in some cases need to
include this information as part of the material data sheet for specific applications. The most com-
mon durability tests are to expose the composite parts to high temperatures, moisture, UV radiation,
and flammability in controlled environmental chambers. The degradation in the composite proper-
ties caused by the environmental exposures over time is monitored through mechanical tests. Since
it is not possible to determine the deterioration of the composites over its entire life span, usually
the baseline tests are run for a year to 2 years and the properties at the end of the life span of the
composite are extrapolated to design life using theoretical models.

NONDESTRUCTIVE TESTING

Since it is usually not feasible to carry out any of the mechanical tests on finished composite parts
because of size and shape constrains, nondestructive tests are ideally suited for quality control on
the factory floor. Even though most of the nondestructive tests are subjective and aim at detecting
anomalies and defects rather than quantifying them, these tests are very useful quality control tools.
Also with considerable advances in electronic recording, data processing, and image and acoustic
enhancement along with detailed numerical analysis and modeling, it is possible to use these non-
destructive methods as quantitative tools to determine the effects of any defects or anomalies on the
performance of the composite part.

Ultrasonic testing is the most common method for detecting defects, such as delaminations, voids,
disbonds, presence of foreign particles, and flaws in fiber orientation or thickness. In this method,
the part is subjected to ultrasonic waves and the reflected (pulse echo) or transmitted waves are
recorded and then compared to reference waves sent through a defect-free sample. The presence of
a defect acts as a material of lower density changing the wave pattern and its speed. Water is usually
used as a coupling medium between the transducer producing the wave and the composite part so
that very little energy is lost during transmission of the wave from the transducer to the composite,
which clearly identifies a void or a defect. However, this is also a drawback of this method, since a
testing chamber is needed to immerse the composite part in the coupling medium.

Vibrational (modal) inspection uses the natural frequency and modal characteristics of the compos-
ite to locate defects. The composite part is subjected to continuous or pulse excitation, through an
automated shaker or impact hammer, and accelerations are recorded, which can then be converted
into a natural frequency spectrum and mode shapes using vibrational analysis methodologies. These
can then be compared to reference frequencies and mode shapes of defect-free sample to qualita-
tively determine the presence of defects. If the information is recorded over the entire surface of
the part through well-placed accelerometers, the reference and actual vibrational characteristics can
be processed by automated NDT defect detection algorithms and numerical procedures to locate a
defect and quantify its damage severity.

Radiographic inspection is carried out by subjecting the composite part to radiation, most com-
monly using x-rays and neutron radiation. The flaws and defects can be detected by virtue of the
difference in absorption of radiation between defect-free composite parts compared to that with
defects due to the density differences between the two. The unabsorbed radiation is either detected
by a photographic film or through a camera. However, since many composites are transparent to
x-rays, low-energy rays need to be used and in some instances an opaque liquid penetrant may need
to be introduced into a defect. The radiography process is usually very expensive and may not be
suitable for use as a quality control tool for periodic inspection.

Thermographic inspection relies on the rate of thermal diffusion to locate a defect. In this inspec-
tion, the composite part is first subjected to heat on the surface either through a high-intensity flash
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heat impulse (such as a xenon flashbulb) or through gradual heating using a lightbulb or ambient
heating. The sample may also be heated uniformly in an oven and the loss of heat upon cooling may
be monitored. The flash impulse heating is usually preferred since the amount of heat input can be
monitored and replicated between samples. It also uses a portable system that can be used for peri-
odic inspection during the manufacturing process. The rate of diffusion of heat is different through
different materials and depends on the density of the material through which it passes. Thus, in the
presence of a defect that has a different density than that of the composite, there will either be a
buildup of heat (hot spot) in defects such as air voids or an absorption of heat (cold spot) at locations
of defects such as uncured resin or entrapped moisture. The thermal gradients over the surface of
the composite can be recorded by a thermographic camera. The presence of defects can be identi-
fied by peaks or troughs in the thermal gradient. Using image processing software that captures the
data from the camera over a period of time, it is possible to quantitatively determine the location
and severity of the defect. The resolution of the thermographic image is usually lower than that of
ultrasonic or radiographic inspections, particularly for unidirectional fiber composites in which the
heat conductivity in the fiber direction is much greater than that in the thickness direction. However,
the portability of the system and the relative ease of using it in a factory setting make it an attractive
tool for quality control of composites.

Acoustic emission inspection detects defects by “listening” to sounds emitted by the composite
sample when it is stressed either through mechanical or thermal loading. The sounds are emitted
due to micro-failures such as individual fiber fractures and progressive matrix micro-cracking. The
number of acoustic events over sustained loading will be much greater for a composite part with
defects. However, currently it is very difficult to quantify the location and severity of defects using
this method particularly in a factory setting.

CONCLUSIONS

The manufacturing processes, quality control of these processes, and the conceptual design of the
composite part are of equal importance. Careful consideration of quality control and the conceptual
design is necessary to determine the manufacturing process most suitable for a particular applica-
tion in terms of constructability, economics, production speed, and desired quality. Similarly, an
appropriate quality control methodology has to be developed by the manufacturer to ensure a qual-
ity product and to serve as a prerequisite for obtaining certifications from many government and
commercial certification agencies. This chapter is intended to give the reader an overview of differ-
ent manufacturing processes and quality control tools available for composites.

For additional information and details on manufacturing processes, quality control, and evalua-
tion of FRP composites, see Astrom (1997), Peters (1998), and Mazumdar (2002).
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INTRODUCTION

A composite material is a material consisting of two or more distinct parts. By this broad defini-
tion, nearly all materials occurring in nature can be classified as a composite material. Even atoms
can be considered a composite being composed of electrons, protons, and neutrons. A narrower
definition of a composite material is one where two or more chemically distinct and mechanically
separable materials, on the macroscale, having a distinct interface separating them, are combined to
give desirable overall properties. For example, concrete and steel are combined to form reinforced
concrete taking advantage of the high compressive strength of concrete and the high tensile strength
of steel. In the case of advanced composite materials, the matrix or fiber materials alone have a
limited structural value. The matrix of a composite serves to bind reinforcement together to form
a composite structure and protect reinforcement from physical damage and chemical attack, while
the fibers provide strength and stiffness. Therefore, the combination of fiber and matrix materials
provides a synergistic effect on the overall mechanical properties.

In civil infrastructure, the increasing use of composite materials has paralleled technological
development and advances in materials. Advanced systems and components such as suspension
bridges, aircraft, and even microcomputers are dependent on available materials with characteris-
tics to withstand service conditions and prevent failure. Irrespective of the industry or application,
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the final limitation on advancement depends on availability of materials. Composites can address
this limitation with their tailorable characteristics and properties to satisfy design criteria of any
complex engineered systems.

The existence of composite materials is arguably as old as life itself, with examples occur-
ring in nature, such as wood and bone. Man-made composites can be traced back in time to
approximately 4000 BC, where biblical references in the Book of Exodus state “do not give them
straw for their bricks, make them find their own straw,” indicating that straw was mixed with
clay to manufacture straw-reinforced bricks. This practice was so successful in ancient Egypt
that it is still in use in many parts of the world today. Later, ancient Romans invented concrete
and built many structures and monuments with it, including the Pantheon in Rome, which was
constructed more than 2000 years ago and stands to this day. Contemporary examples of man-
made composites include reinforced concrete and advanced composites such as those discussed
in this handbook.

CHARACTERISTICS OF COMPOSITE MATERIALS

A composite material consists of one or more discontinuous phases (reinforcement) embedded in a
continuous phase (matrix) with an interface between them; that is, a composite consists of reinforce-
ment in a matrix with the interface acting as the bond between them. Table 3.1 lists the description
of each of the three composite constituents.

The performance specific design of composite materials suggests that a wide range of factors
influence the properties of a composite. The following list provides a summary of possible factors
that can alter composite properties and influence performance:

* Properties of composite constituent materials

 Distribution of constituent materials

 Interaction (bonding) among constituents

* Geometry of the reinforcement, specifically its shape, size, and size distribution
* Reinforcement concentration or volume

* Homogeneity or uniformity of the composite system

* Orientation of constituents

MATRIX CONSTITUENTS

The matrix of a composite material serves to bind the reinforcement together, transfers loads to the
reinforcement, and acts as a barrier to minimize damage from environmental attack or during han-
dling. The matrix material also has the largest influence on the shear, transverse, and compressive

TABLE 3.1

Description of Constituent Materials

Composite Constituent Description

Reinforcement This is the discontinuous phase, which is strong and/or stiff

and typically lightweight

Matrix This is the continuous phase that transfers the load among
reinforcement, provides protection to reinforcement, and
is typically lightweight

Interface This provides bond between reinforcement and matrix and
can be strong or weak, depending on application
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FIGURE 3.1 Temperature range for different matrix materials.

strength of the composite. Matrices are typically polymers (thermosets or thermoplastics), metals,
or ceramics. The selection of matrix material is often influenced by the required temperature per-
formance of the composite; polymers are usually selected for lower temperatures and ceramics are
used in high-temperature applications. Figure 3.1 shows temperature ranges associated with typical
matrix materials.

Metal and ceramic matrices have not been used in civil infrastructure applications because of
cost. Polymers are the most commonly used form of matrix in civil infrastructure applications.
Advantages of polymer matrices include their low cost, ease of processing, low density, and good
chemical resistance. Disadvantages associated with the polymer matrix include low strength and
stiffness, low operating temperature, deterioration due to ultraviolet radiation exposure, and degra-
dation of mechanical properties due to moisture absorption.

Polymer matrices are classified into thermosets and thermoplastics, based on the way they
respond to heat. When heated, thermosets undergo permanent reactions, while thermoplastics only
undergo temporary physical change. Thermosets are formed by irreversible chemical reactions
between polymer chains (cross-linking), while thermoplastics are composed of long polymer chains
that can be heated, deformed, and cooled, with no chemical reaction occurring. A detailed discus-
sion of these two general classes of polymers follows in the ensuing sections.

THERMOSETS

Thermosets are cross-linked polymers that have undergone an irreversible chemical reaction to per-
manently connect all molecular chains with covalent bonds. This material sets (or cures) into shape
by adding a catalyst (or by heating). The processing of a thermoset involves an exothermic reaction
where the catalyst (or curing agent) is mixed with a polymer resin—both are generally liquid. The
resulting mixture is liquid and it begins to set (or gel). As the polymer gels, it undergoes an irrevers-
ible chemical reaction to form a 3-D network of cross-links, gaining a higher degree of rigidity.
During the cooling period, which follows the exothermic reaction, residual and shrinkage stresses
can occur. The properties of the matrix are dependent upon the degree of cross-linking and their
density. It is important to note that the rigid, 3-D molecular structure will not regain processability
under any circumstances; it has transformed permanently.

Typical thermosets include epoxy, polyester, and phenolic resins. This class of polymers is the
most widely used in civil infrastructure applications because they outperform thermoplastics in
terms of mechanical properties, chemical resistance, thermal stability, and overall durability. Also,
thermoset matrices have a stronger interface bond between polymeric chains. The disadvantages
include long cure times, not recyclable, and brittle behavior.

Temperature plays an important role in the properties of all polymer materials. In the case of ther-
mosets, exposure to elevated temperatures (close to but below the glass transition temperature, 7,)
greatly influences the mechanical properties and durability of the matrix. The glass transition tem-
perature, T, is the temperature at which a material transitions from a hard and brittle state into a soft
and rubberlike state. Therefore, when the exposure temperature reaches 7, of the matrix, a dramatic
reduction in stiffness is observed as illustrated in Figure 3.2.

The mechanical properties of thermosets are not only temperature dependent but also time
dependent. This makes the material viscoelastic, with stress—strain behavior, as shown in Figure 3.3.
This viscoelastic behavior makes polymer matrices susceptible to creep effects.
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THERMOPLASTICS

Thermoplastics are linear or branched polymers, with molecular chains that are connected or
formed by weak intermolecular bonds (van der Waals bonds). Unlike thermosets, thermoplastics
do not cure or set when heated; in fact, they soften and become more fluid as the temperature
increases. The processing of thermoplastics therefore involves softening/melting by applying heat;
as the material cools, it hardens into the shape of the mold containing it. There is no chemical
reaction or cross-linking as with thermosets; the material changes are entirely physical. Because
the changes are reversible, thermoplastics can be recycled and reprocessed, although after many
recycling iterations, the polymer tends to degrade.

The properties of thermoplastics are strongly dependent on crystallinity, temperature, and
time. Like thermosets, the stress—strain behavior of thermoplastics is viscoelastic, as shown in
Figure 3.4. In general, thermoplastics are more ductile than thermosets, as presented in Figure 3.4.
Thermoplastics can display failure strains much greater than 100%, whereas the failure strains of
thermosets are typically less than 10%. As displayed in Figure 3.4, the strength of a thermoplastic
is dependent on strain rate and temperature.

Typical thermoplastics include polyethylene, polycarbonate, nylon, polyether—ether ketone resins.
This class of polymers is rarely used in civil infrastructure applications because of their poor chemi-
cal resistance, unknown processing for composites properties, high shrinkage (as much as 20%), and
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FIGURE 3.4 Load-rate- and temperature-dependent stress—strain behavior of thermoplastic matrices

TABLE 3.2
Typical Properties of Thermoset and

Thermoplastic Polymers

Property Epoxy  Polycarbonate

Density, p (g/cm?) 1.2-1.3 1.0-1.2
Modulus of elasticity, E (GPa) 34 2.2-24
Ultimate strength, 6, (MPa) 55-130 45-70
Thermal expansion, o (10-%/°C) 45-65 70

1-8 50-100

Failure strain, &

poor durability (i.e., moisture plasticizes or softens the polymer chains). Also a comparison of the
properties of a thermoset (epoxy) and a thermoplastic (polycarbonate) shows that thermoplastics have
much lower stiffness and strength than thermosets (see Table 3.2). The advantages of a thermoplastic,
as compared to thermosets, include short melting times, easy processing (no catalysts needed during
processing), recyclable, and good fracture toughness (ductility).

Thermoplastics can be amorphous and semicrystalline. The stiffness of thermoplastics also
depends on temperature, with significant decreases in stiffness observed with exposure to tem-
peratures at or greater than the glass transition temperature, 7,. This dependence however is most
pronounced for amorphous than semicrystalline thermoplastics as exhibited in Figures 3.5 and 3.6.
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FIGURE 3.5 Logarithm of stiffness versus temperature for an amorphous thermoplastic matrix
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FIGURE 3.6 Logarithm of stiffness versus temperature for a semicrystalline thermoplastic matrix.

That is, the loss of stiffness at the glass transition temperature is not as severe in a semicrystal-
line thermoplastic, which displays a distinct melting temperature, 7,,. There is no noticeable 7,, for
amorphous thermoplastics (see Figure 3.5).

REINFORCEMENT CONSTITUENTS

As previously mentioned, improved properties over parent constituent materials are the most desir-
able characteristic of composites, for example, strength, stiffness, and toughness. These proper-
ties are actually highly dependent on the type and geometry of the reinforcement. Composites are
generally classified based on reinforcement geometry into fiber-reinforced composites or particu-
late-reinforced composites. Fiber-reinforced, or fibrous, composites have their properties derived
primarily from the reinforcement. As with the reinforcement, fibrous composites are typically
strong, stiff, and tough and can perform well at elevated temperatures. Particulate composite prop-
erties, on the other hand, are primarily derived from the matrix. In this section, we discuss a number
of reinforcement materials, with particular emphases on those used in civil infrastructure composite
applications.

Most of the materials used as reinforcement for composite materials consist of elements found in
the first two rows of the periodic table. The elements include beryllium (Be), boron (B), carbon (C),
magnesium (Mg), aluminum (Al), and silicon (Si). These elements are considered strong, stiff, and
light; they form covalent bonds and are brittle, which makes them sensitive to flaws. The specific
reinforcement and chemical composition include

* Glass (silica, Si0O,; calcium oxide, CaQO; etc.)
e Carbon (graphite, C)

o Kevlar®, Spectra® (organic, carbon based)

e Silicon carbide (SiC)

* Aluminum (Al,0O;)

* Boron (B)

e Beryllium (Be), which is highly toxic

The three most popular reinforcing materials are glass, carbon, and silicon carbide—in that order—
which directly correlate with cost. Glass and carbon are the most widely used reinforcement mate-
rials for civil infrastructure composite applications because of cost. For applications that require
large amounts of materials, glass is the most popular because it is the least expensive; for example,
most FRP structural sections fabricated by pultrusion are reinforced with fiberglass. However, there
are a number of applications where carbon is more cost effective because of its superior strength
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and stiffness as compared to glass. These applications include seismic retrofit of concrete columns
using carbon fiber wrapping to enhance concrete confinement, where light weight and high strength
is required.

FiBROUS REINFORCEMENT

Fibrous reinforcement includes continuous fibers, discontinuous fibers, whiskers, and carbon nano-
tubes (CNTs). The most common types of fibrous reinforcement are glass, carbon, and aramid
fibers—other types of fibers include boron, silicon carbide (SiC), alumina, and sapphire, all of
which are used in special applications. The choice of fiber for a specific application depends on
the desired mechanical and environmental properties, but the most important deciding factor is
typically cost. Also, there a number of compatibility issues that must be taken into account when
combining these various types of reinforcement with matrix materials; the typical matrix selected
for different fibers is shown in Table 3.3.

Continuous fibers are available in long continuous fiber bundles, also known as yarns, tows,
strands, and rovings, with individual fibers having a length-to-diameter ratio that approaches
infinity and a diameter on the order of 10 wm (Astrom, 1997). For reinforcement, fibers are used
in bundles, configured as unidirectional, woven, or braided fabrics; these configurations also
affect the properties of the composite, with unidirectional being the most desirable based on
strength and stiffness, while the other two being more desirable from fabrication and handling
perspectives.

One advantage of using continuous fiber reinforcement is the reduction in the number of flaws
and flaw sizes in the material, both of which help the composite approach its theoretical strength.
On average, the theoretical longitudinal strength of a fiber is approximately 6, = E/2n =~ E/6.3,
whereas the typical measured strength of a fiber is approximately G, = E/15, where E is a fiber’s
longitudinal modulus of elasticity (Felbeck and Atkins, 1984). There are some material geometries
that approach the theoretical strength, for example, iron whiskers with a theoretical strength of
Gy, = 200 GPa/6.3 = 31.7 GPa and measured strength of ¢, 2 14 GPa. Note that measured strength
is approximately half of the theoretical strength in this case (Felbeck and Atkins, 1984). Another
example is multiwall CNTs, which contain walls with about 15 graphene layers (a single layer of
carbon atoms in hexagonal arrangement) forming a cylinder of 1015 nm outside diameter, 2—4 nm
inside diameter, and about 10-20 um long, capable of reaching a strength of 150 GPa and elastic
modulus of 800-900 GPa because of the defect-free structure.

An examination of fibers at the crystal level is useful when examining the results of theoretical
strength values. In an unstressed condition, the repulsive and attractive forces between atoms in a
crystal are in equilibrium for a given spacing of atoms. If a crystal is strained, however, the net force
resisting the external pulling force increases from zero as the atoms move away from equilibrium
positions. Eventually, a maximum force is reached and the force between atoms decreases as the
spacing between atoms increases. The ideal strength of the material in terms of cohesion is related
to that maximum value. Figure 3.7 depicts a typical curve for applied force or stress versus distance
at the atomic level—the springs represent the bond between two atoms.

TABLE 3.3
Fiber Choice for Different Matrix Materials
Matrix Fiber Choice

Polymer  Glass, carbon, aramid (Kevlar, etc.)
Metal Silicon carbide, boron, alumina (large diameter)
Ceramic Silicon carbide, alumina, and sapphire
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FIGURE 3.7 Applied stress versus displacement at the atomic level.

Since the force or stress, o, is periodic, the relationship between stress and displacement can be
expressed as follows:

21X
=G o SIN| 3.1
G =0 s1n( %) (3.1

where
A is an artificial wavelength
x is the displacement relative to the interatomic equilibrium spacing, a,, during a unidirectional
tensile loading condition

For small displacements, x, the crystal strain is defined as de = dx/a,. In the elastic region around
the origin, from Hooke’s law, do/de = E. Substituting the strain definition into Hooke’s law yields
the following:

as = £ (3.2)
dx a,

From Equation 3.1,

d—c—z—nc cos 21
e A ™ A

Since 2mx/A < 1.0, cos(2mx/A) ~ 1.0. Therefore, for small values of x/A, combining Equations 3.1
and 3.2 results in a maximum theoretical fiber strength of

AE
2ma,

cl'l'lZlX =

If it is assumed that A and a, are approximately the same size (i.e., A = a,), then

E
2n

Omax =

The discrepancies between theoretical and measured tensile strength of brittle fibers can be attrib-
uted to the presence of microcracks or flaws within the fiber. Statistically, a flaw of a given size is
less likely to occur in a small lump of material as opposed to a larger quantity of the same mate-
rial. For instance, the size effect is evidenced by lower measured tensile strengths of thick rods
versus thin fibers. Flaws in the fiber act as stress concentrations that raise local stresses around the
flaws to the theoretical maximum although stresses remain relatively low away from flaw locations.
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Bonds adjacent to a flaw or crack tip can be broken, and crack opening occurs as illustrated in
Figure 3.8. All missing bonds due to crack opening are redirected to the two atoms adjacent to point
B at the crack tip giving rise to a stress concentration, as shown in Figure 3.8.

Fiber reinforcement does not follow a classification system based on physical properties (like
matrices); rather, fibers are classified based on their material composition. As indicated earlier, there
are a number of materials that have been used to produce fibers. A detailed discussion of the most
important fiber materials ensues in the following sections.

Glass Fibers

Glass fibers are typically used in low-cost applications of polymer matrix composites. The primary
advantages of glass fibers are their low cost and high strength, along with typical glass properties
such as hardness, corrosion resistance, and chemical inertness. However, glass fibers also possess
some disadvantages, including

* Low modulus of elasticity, typical of all glass fibers.

* Poor abrasion resistance, where rubbing of fibers together results in surface flaws, thus low-
ering strength. Consequently, glass fibers are manufactured with various protective coatings.

* Poor adhesion to polymer matrix resins, especially in the presence of moisture. The poor
adhesion requires the use of chemical coupling agents such as silane.

There are different types of glass fiber available for various applications, including “A” or “AR” glass
for alkaline resistant, “C” glass for corrosion resistance, “E” glass with enhanced electrical properties,
“S” and “R” glass for high strength and stiffness, and some other specialized compositions. E-glass
offers high tensile strength and excellent durability characteristics, which is the reason it serves as
a general purpose grade of glass fiber and is the most widely used type of glass (Astrom, 1997). S-
and R-glass display higher strength, stiffness, and temperature tolerance when compared to E-glass;
however, the cost of S- and R-glass can be three to four times that of E-glass. Table 3.4 provides an
overview of the properties of various glass-fiber types. All glass fibers are composed of an amorphous
silicon oxide, SiO, (or silica), as the main constituent molecule. Other constituent molecules include
those listed in Table 3.5. These constituent oxides typically have a 3-D isotropic structure (unlike car-
bon and organic fibers, which are discussed later) that gives glass its strength and stiffness.

Structure of glass is based on a silicon dioxide, SiO,, backbone in the form of (SiO,), tetrahedral
because SiO, molecules analogous to carbon dioxide molecules do not exist. Instead, in nature, SiO,
is often found as a crystalline solid with the structure shown in Figure 3.9.
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TABLE 3.4

Typical Properties of Glass Fibers

Properties E-Glass A-Glass S-Glass C-Glass R-Glass D-Glass  High Modulus

Density, p (g/cm?) 2.54 2.45 2.49 2.45 2.58 2.14 2.89

Tensile strength, 6, (GPa) 3.45 3.30 4.58 3.31 4.40 2.50 3.40

Elastic modulus, E (GPa) 72.4 69.0 85.5 69.0 84.8 55.0 110.4

Diameter, d (um) 3-20 — 8-13 — — — —

Thermal expansion, o 5.0 — 29 6.3 — 3.1 —
(10%/°C)

Max operation temp. (°C) 550 — 650 600 — 477 —

Sources: Adpated from Chawla, K.K., Composite Materials: Science and Engineering, 2nd edn., Springer-Verlag, New
York, 1998; Agarwal, B.D. and Broutman, L.J., Analysis and Performance of Fiber Composites, 2nd edn., John
Wiley & Sons, New York, 1990; Hull, D. and Clyne, T.W., An Introduction to Composite Materials, 2nd edn.,
Cambridge University Press, New York, 1996; Tsai, S.W., Composite Design, 4th edn., Think Composites,
Dayton, OH, 1988; Mathews, FL. and Rawlings, R.D., Composite Materials: Engineering and Science,
2nd edn., Woodhead Publishing Limited, Boca Raton, FL, 1999.
4 Virgin strength values of fresh-drawn fibers (measured by ASTM D3379) can yield up to 3.5 GPa for E-glass and
4.8 GPa for S-glass, but actual values are only 1.74 GPa for E-glass and 2.1 GPa for S-glass (which constitutes about
50% reduction) because of damage produced during the various stages of processing.

TABLE 3.5
Typical Composition of Different Types of Glass Fibers
% Weight
Material A-Glass C-Glass E-Glass S-Glass
Silicon oxide (SiO,) 64 65 54 64
Aluminum oxide (Al,O5) 1 4 15 25
Zirconium oxide (ZrO,) 13 — — —
Calcium oxide (CaO) 5 14 17 —
Magnesium oxide (MgO) — 3 5 10
Sodium oxide (Na,O) 14 8 0.6 0.3
Boron oxide (B,0;) — 5 8 —
Titanium oxide (TiO,) 3 — — 0.2

Sources: Adpated from Chawla, K.K., Composite Materials: Science and
Engineering, 2nd edn., Springer-Verlag, New York, 1998; Agarwal,
B.D. and Broutman, L.J., Analysis and Performance of Fiber
Composites, 2nd edn., John Wiley & Sons, New York, 1990; Hull,
D. and Clyne, T.W., An Introduction to Composite Materials, 2nd
edn., Cambridge University Press, New York, 1996.

Every silicon atom is bonded to four oxygen atoms tetrahedrally; thus, every oxygen atom is
bonded to two silicon atoms. SiO, in this crystalline form is called silica, which is often identified as
quartz (large crystals) or sand (miniscule crystals). In order to manufacture glass, silica particles are
heated until melting and then cooled down quickly. During the melting process, the silica and oxygen
atoms break out of their crystal structure. If the cooling process is slow, the atoms slowly line up back
into their crystalline arrangement, whereas in a quick cool down, silica atoms are stopped in their
current position and are unable to return to the crystalline arrangement. For structural application,
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FIGURE 3.10 Silica glass network structure after sodium carbonate (Na,O) is added.

most glass fibers are manufactured by melting sand and adding sodium carbonate. The sodium ions
are ionically linked to the oxygen atoms but are not part of the network, as shown in Figure 3.10.

Glass can be tailored to various applications with the addition of oxides to the basic composition,
as shown in Table 3.4. The typical materials used to produce glass are sand, limestone, and alumina.
These materials are melted in a refractory furnace at 1260°C, and at this stage the glass is also
refined. The melted glass then passes through platinum bushings so as to form the fibers. Next, the
fiber surface is chemically treated with a protective coating and a chemical coupling agent, called
size, to promote adhesion to the matrix material. The chemically treated glass fibers are then wound
onto a spool at a high speed or, in some cases, chopped for further processing.

The chemical treatment is necessary to reduce damage sustained when fibers rub against one
another during processing. The protective coating or size, in addition to helping minimize fiber
damage, also improves adhesion between fiber and matrix. Two general types of sizes are available
for glass fibers: starch—oil sizes that are temporary and compatibility sizes that serve as coupling
agents. A temporary size acts as a lubricant to prevent abrasive wear during processing and imparts
antistatic properties and must be removed prior to bonding with matrix materials. A compatibility
size acts as a coupling agent and protects the glass fiber from moisture effects. Organo-functional
silanes, X;Si(CH,),Y, are commonly used as compatibility sizes that are chemically linked between
the glass surface and the matrix. As shown in Figure 3.11, the organo-functional group, Y, is intended
to react with a polymer matrix to form strong covalent bonds and may also form physical bonds or
van der Waals bonds. The hydrolysable group, X, is essential for generating intermediate silanols
to establish hydrogen bonds with the glass-fiber surface. Basically, X bonds to the glass fiber, while
Y bonds to the matrix (Agarwal and Broutman, 1990).

Glass-Fiber Terminology

Composite glass-fiber reinforcement is available in bundles of individual fibers or filaments called
strands or ends, which consists of 204 filaments. The strands are further bundled into groups
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called rovings, which are wound onto a spool for packaging. These rovings are then stitched together
to form a band used in composite fabrication. Rovings can also be used directly in composite fab-
rication, particularly pultrusion, filament winding, and other manufacturing techniques, which are
discussed in Chapter 2. For some manufacturing techniques, it is more practical to use glass fibers
in forms other than bands and rovings, including chopped strands, chopped strand mat, and woven
fabric or cloth, woven fabric being one of the most commonly used forms.

Woven fabrics are constructed of interlaced yarns (rovings or bands) usually in a planar structure.
Typical glass-fiber fabrics are manufactured by interlacing warp (lengthwise direction) yarns and fill
(crosswise direction, also known as weft) yarns on conventional weaving looms (see Figure 3.12).
These fabrics can be woven into a variety of structures with exact control over thickness, weight, and
strength. The main factors that define a given fabric structure are weave, density of yarns in the fabric,
fabric count, characteristics of warp and fill yarn, characteristics of fibers, and factors introduced dur-
ing weaving, such as yarn crimp. The fabric count refers to the number of warp yarns per inch (ends)
and the number of fill yarns per inch (picks). The weave of fabric refers to how warp and fill yarns
are interlaced. Weave determines the appearance and some of the handling characteristics of a fabric.
Among the most popular weave patterns are plain, twill, crowfoot satin, leno, and unidirectional.

There are two general categories of fabrics used in composites: woven and unidirectional. Woven
fabrics combine warp yarns along the major axis and fill yarns across the fabric (Figure 3.12).
Unidirectional fabrics have most of the yarns along the warp direction and only nominal fibers in
the fill direction to keep the longitudinal fibers in a plane, with specific properties controlled by
varying the number of filament ends per inch and type of yarn.

Properties of woven fabric can also affect the type of weave used. Although woven fabrics are
more expensive than unidirectional fabrics or tape, significant cost savings can be realized in appli-
cations with complex molding operation because labor requirements are reduced. Complex shaped
part requiring careful positioning of the reinforcement can benefit from the use of the more work-
able woven forms of fiber (see Figure 3.13). The plain weave is the most cost-effective of the fabric

Selvage edge

FIGURE 3.12 Glass-fiber fabric weaving directions.
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FIGURE 3.13 (a) Plain and (b) satin weaves.

types because it has superior stiffness properties and is more open, which is useful when infusing
resin. However, the satin (crowfoot or multi-harness) weave provides better draping for conforming
to contoured surfaces than plain weave.

Carbon Fibers

Compared to glass fibers, carbon fibers have found only limited application in construction. Carbon
fibers are characterized by high specific strength, high specific stiffness, and high cost; the first two
attributes make these fibers ideal where lightweight is important, such as aerospace applications.
Despite the high cost, carbon fiber—based composites have been used in many critical civil infra-
structure applications, including seismic rehabilitation, retrofitting, and repair of structural systems
such as concrete beams and columns.

This type of fiber is classified as graphite- or carbon-based on the corresponding elemental carbon
content. Fibers containing 90% or more elemental carbon are identified as graphite fibers, whereas
carbon fibers are those containing 80%—-90% elemental carbon—the second type being far more
abundant. The carbon content in a fiber is a function of the heat-treatment temperature during pro-
cessing. The processing temperature also controls the internal structure of the fibers. Carbon fibers are
anisotropic with higher strength and stiffness in the longitudinal direction of the fiber compared to the
transverse direction. They are composed of small crystallites of turbostratic graphite. In each graphite
single crystal, the carbon atoms are arranged in hexagonal arrays, as shown in Figure 3.14. Atoms in
the basal planes are held together by strong covalent bonds, while weak van der Waals forces exist

Carbon atom Covalent bond

/— Basel plane

/— Basel plane

waal bonds

7 | Basel plane
e

FIGURE 3.14 Lattice structure of graphite.
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FIGURE 3.15 Cross-sectional structure of carbon fibers.

between layers. This indicates that the basic crystal unit in a fiber is anisotropic. Carbon fibers display
a high modulus in the plane of the basal planes, depending on the degree of alignment, and lower mod-
ulus transverse to the basal planes in the direction of the van der Waals bonds. Consequently, the longi-
tudinal fiber modulus of elasticity, E}; , ranges from 250 to 390 GPa and the transverse fiber modulus of
elasticity, E\, ranges from 12 to 20 GPa. High strength of carbon fibers is achieved by good alignment
of the basal planes in the fiber direction. Also, the arrangement of layer planes in the cross section
influences the transverse and shear properties of the fiber. Figure 3.15 illustrates the cross-sectional
structure of several types of carbon fibers. Fiber structure is highly influenced by fabrication method.

Carbon fibers are categorized by fabrication method. Fabrication of carbon fibers involves ther-
mal decomposition (pyrolysis) of the raw material (or precursor). Common precursors for carbon
fiber are polyacrylonitrile (PAN), rayon, or pitch, the latter being a complex mixture of thousands
of different species of hydrocarbon and heterocyclic molecules. These raw materials are primarily
derived from petroleum and asphalt by-products.

To fabricate PAN carbon fibers, first the PAN precursor is spun into a fiber and stretched to produce
molecular alignment. The stretched fiber is then heat treated in an oxygen-rich environment. Next,
carbonization takes place at 1500°C to drive out non-carbon elements and form a carbon ring structure.
Finally, graphitization takes place at 3000°C to convert carbon to turbostratic graphite. The modulus
and strength of the fiber depend on this final heat treatment, which governs the crystallite size and align-
ment. Similar to the fabrication process for glass fibers, the carbon fiber surface is chemically treated
with a protective coating and a chemical coupling agent before any further processing. The chemically
treated carbon fibers are then wound onto a spool, or in some cases, the matrix is applied to the fibers to
produce unidirectional prepregs that can be used in the manufacturing of composite components. These
prepregs typically are pre-impregnated with a thermoset and frozen to slow down the setting process.

The pitch fibers are produced by spinning the molten pitch. The orientation of the fibers depends
on the spinning conductions. The fibers are oxidized and carbonized at temperatures around 2000°C.
Crystal size is greater than in PAN-based fibers. Rayon-based fibers are oriented by stretching dur-
ing graphitization. Carburized fibers of rayon, pitch, or PAN are stretched during the graphitization
stage at very high temperatures. Graphite layers slide over each other and further orient the layers.

Carbon fiber properties can be optimized for a specific application through processing. Type I
PAN fibers are graphitized to give maximum stiffness, while Type II PAN fibers are graphitized to
give maximum strength. There is a trade-off between strength and stiffness, which is influenced by
heat treatment, as shown in Figure 3.16. However, the strength and stiffness of these fibers are well
below theoretical values due to poor alignment and flaws introduced during manufacturing. Also,
carbon fiber strength has high variability and follows a Weibull distribution. A list of properties for
carbon fibers is given in Table 3.6.
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FIGURE 3.16 Heat-treatment effects on strength and stiffness of carbon fibers.

TABLE 3.6
Typical Properties of Carbon Fibers

PAN
Properties Typel  Typell Pitch  Rayon
Density, p (g/cm?) 1.95 1.75 2.0 1.7
Tensile strength, 6, (GPa)? 24-27 34-45 155 2.50
Long. elastic modulus, E; (GPa) 380 230 380 500
Trans. elastic modulus, E; (GPa) 12 20 — —
Diameter, d (um) 7-10 8-9 10-11 6.5
Long. thermal expansion, oy (10-%/°C) 0.5 -0.5 -1.0 -0.9
Trans. thermal expansion, o (10-¢/°C) 7-12 7-12 8 7.8

Sources: Adpated from Chawla, K.K., Composite Materials: Science and Engineering,
2nd edn., Springer-Verlag, New York, 1998; Agarwal, B.D. and Broutman,
L.J., Analysis and Performance of Fiber Composites, 2nd edn., John Wiley &
Sons, New York, 1990; Hull, D. and Clyne, T.W., An Introduction to Composite
Materials, 2nd edn., Cambridge University Press, New York, 1996.

2 Virgin strength value of fresh drawn fibers, measured in single fiber tests may yield
up to 3.5 GPa for E-glass and 4.8 GPa for S-glass; however, the values cannot be
realized due to fiber damage during processing. Actual values are 1.75 GPa for
E-glass and 2.10 GPa for S-glass.

Carbon Fiber Terminology

Composite carbon fiber reinforcement is available in bundles of individual fibers or filaments called
tows, which consists of 12,000 filaments for PAN fibers and 2,000 for pitch fibers. These tows are
then stitched together to form a band used in composite fabrication, such as pultrusion, filament
winding, or other manufacturing techniques discussed in Chapter 2.

Organic Fibers

Aramid fibers are the best known organic fibers, and of these, Kevlar® (produced by DuPont) is the
most commercially recognized brand. Others include Spectra®, Technora, and Twaron. All aramid
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TABLE 3.7

Typical Properties of Kevlar Fibers

Properties K29 K49 K68 K119 K129 K149
Density, p (g/cm?) 1.44 1.44 1.44 1.44 1.45 1.47
Tensile strength, 6, (GPa) 29 3.0 2.8 3.0 34 2.4
Long. elastic modulus, E; (GPa) 70.5 112.4 101 55 100 147
Diameter, d (um) 12 12 12 12 12 12
Long. thermal expansion, o, (10¢/°C) 4.0 -4.9 — — — —

Sources: Adapted from Chawla, K.K., Composite Materials: Science and Engineering, 2nd edn., Springer-
Verlag, New York, 1998; Mathews, FL. and Rawlings, R.D., Composite Materials: Engineering
and Science, 2nd edn., Woodhead Publishing Limited, Boca Raton, FL, 1999; Tsai, S.W.,
Composite Design, 4th edn., Think Composites, Dayton, OH, 1988; Hull, D. and Clyne, T.W., An
Introduction to Composite Materials, 2nd edn., Cambridge University Press, New York, 1996;
Agarwal, B.D. and Broutman, L.J., Analysis and Performance of Fiber Composites, 2nd edn.,
John Wiley & Sons, New York, 1990.

fibers are characterized by high toughness, which makes them ideal for impact and ballistic pro-
tection applications. It is a low-density fiber offering high strength-to-weight and high stiffness-
to-weight ratios. The disadvantages of aramid fibers are similar to those of the parent polymers,
namely, low compressive strength, susceptibility to creep, moisture absorption, sensitivity to UV
light, temperature-dependent mechanical properties, and high cost.

Organic fibers are produced by an extrusion or spinning process. First, an acid solution of polymer is
extruded through a hot die, which has small holes to evaporate the solvent. Next, the polymers are
stretched to improve the strength and stiffness. Kevlar is an aromatic polyamide polymer (paraphen-
ylene terephthalamide) with stiff polymer chains that align along the fiber axis in a radial fashion as
sheets. Like in the case of carbon fibers, weak bonds exist between sheets. This implies transverse
anisotropy, which leads to low compressive strength. Table 3.7 provides a summary of the properties of
various grades of Kevlar. Spectra fibers are made from ultralightweight polyethylene by a solution and
gel spinning fabrication process, which results in very light, low-density fibers. Unfortunately, these
fibers have a low melting point (150°C) with a maximum useful temperature of 100°C. However, the
most important property of aramid fibers is their high toughness resulting from their high ductility.

Organic Fiber Terminology

Composite Kevlar fiber reinforcement is available in bundles of individual fibers or filaments called
ends (or yarns), which consists of 768 filaments. Four yarns are further bundled to form a roving,
which are wound onto a spool for packaging. These rovings are then stitched together to form a band
used in composite fabrication.

CoMmPARISON OF VARIOUS TyPes OF FIBERS

In this section, the specific tensile strength, specific modulus, thermal stability, and strain to failure
of the various fibers addressed in this section are compared. With respect to compression proper-
ties, all fibers have lower compressive strength compared to tensile strength; Kevlar has the lowest
compressive strength, while glass typically has the highest.

Specific Strength and Stiffness

Figure 3.17 graphically shows plots of the specific strength versus specific stiffness of various fiber
types. The data are given in Table 3.8 along with a summary of other important properties. It is
clear from Table 3.8 and Figure 3.17 that fibrous materials are much stronger than bulk materials
(steel, aluminum, and titanium). More importantly, Figure 3.17 shows that when the properties are
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TABLE 3.8
Typical Properties of Fibers?
Specific Specific Thermal
Density, = Modulus, Poisson’s  Strength, Stiffness, E/p  Strength, 6,/p  Expansion,
Material p (g/cmd) E, (GPa) Ratio,v, ¢, (GPa) (GPacm?/g) (GPa cm?/g) oy (10-6/°C)
Steel 7.80 200 0.32 1.72 25.64 0.22 12.8
Aluminum 2.70 69 0.33 0.48 25.56 0.18 23.4
Titanium 4.50 91 0.36 0.76 20.22 0.17 8.8
AS4P 1.80 235 0.20 3.60 130.56 2.00 -0.8
T300° 1.76 231 0.20 3.65 131.25 2.07 -0.5
M8 1.80 310 0.20 5.17 172.22 2.87 -1
Boron 2.60 385 0.21 3.80 148.08 1.46 8.3
Kevlar 49 1.44 124 0.34 3.62 86.11 2.51 -2.0
Alumina 3.95 379 0.25 1.58 95.95 0.40 7.5
S-2 glass 2.46 87 0.23 4.58 35.37 1.86 1.6
E-glass 2.58 69 0.22 3.45 26.74 1.34 54
Sapphire 3.97 435 0.28 3.6 109.57 0.91 8.8

Sources: Adapted from Chawla, K.K., Composite Materials: Science and Engineering, 2nd edn., Springer-Verlag, New
York, 1998; Mathews, F.L. and Rawlings, R.D., Composite Materials: Engineering and Science, 2nd edn.,
Woodhead Publishing Limited, Boca Raton, FL, 1999; Tsai, S.W., Composite Design, 4th edn., Think
Composites, Dayton, OH, 1988; Hull, D. and Clyne, T.W., An Introduction to Composite Materials, 2nd edn.,
Cambridge University Press, New York, 1996; Agarwal, B.D. and Broutman, L.J., Analysis and Performance of
Fiber Composites, 2nd edn., John Wiley & Sons, New York, 1990.

2 Please note that the sources for the data contained in this chapter include fiber manufacturers’ brochures, the list of

references at the end of the chapter, and other industry sources generally available to the public through the Internet. The
authors have not performed independent studies to warrant the validity or accuracy of these data. Use caution when

using these data for any application. The authors selected the most commonly used products or representative classes of

products for this chapter. Our selection of any product does not represent an endorsement on our part.

b Carbon-based fibers.
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TABLE 3.9

Thermal Stability of Fibers

Fiber Spectra  Kevlar E-Glass C-Glass S-Glass  Carbon
T,.. (°C) 100 250 500 600 650 2000

@ If oxygen is present, T, = 500°C.

> & max

normalized with respect to the density, bulk materials are much heavier than fibrous materials, which
is the most important advantage fiber-reinforced composite materials have over traditional materials.

Thermal Stability

Table 3.9 shows the thermal stability of fibers based on the temperature at which the mechanical
properties of the fiber start to change drastically, T,,,,. Based on these values, carbon fibers are an

excellent choice for high-temperature applications (in an inert atmosphere); however, in the pres-
ence of air, carbon starts to oxidize at temperatures above 500°C.

Strain to Failure

Table 3.10 provides the ranges of failure strain for various fiber types with the most ductile behavior
displayed by Kevlar fibers followed by glass and carbon. Figure 3.18 shows the stress—strain behav-
ior of various reinforcing fibers.

PARTICULATE REINFORCEMENTS

Particulate reinforcements are tiny particles that are near spherical, cubic, or tetragonal in shape. This
type of reinforcement is often used as filler in composites in order to reduce the volume of matrix and
thereby reduce cost, particularly when matrix costs are greater than the particulate costs. In some
cases, particulates are able to enhance the stiffness of the composite. Particulate reinforcement is also
available in the form of flakes that are available as platelets made of clay particle or metallic. Flakes
typically are used in electrical and heating applications. Particulate reinforcement typically is not used
where strength is a critical attribute because the particulates induce stress concentrations that reduce
the strength of the composite, unless interface bonds between particulate and matrix are strong.

The primary role of particulate reinforcement is to improve the properties of the matrix. Particulate
reinforcement can improve thermal and electrical conductivity of composites, increase wear and

TABLE 3.10
Strain to Fracture of Fibers

Fiber Spectra  Kevlar E-Glass C-Glass S-Glass  Carbon (PAN)
€ (%) 2.9-39 3.0-4.0 4.8 4.8 5.7 0.6-1.1

‘max

Sources: Adapted from Chawla, K.K., Composite Materials: Science and Engineering,
2nd edn., Springer-Verlag, New York, 1998; Mathews, F.L.. and Rawlings, R.D.,
Composite Materials: Engineering and Science, 2nd edn., Woodhead
Publishing Limited, Boca Raton, FL, 1999; Tsai, S.W., Composite Design, 4th
edn., Think Composites, Dayton, OH, 1988; Hull, D. and Clyne, T.W., An
Introduction to Composite Materials, 2nd edn., Cambridge University Press,
New York, 1996; Agarwal, B.D. and Broutman, L.J., Analysis and Performance
of Fiber Composites, 2nd edn., John Wiley & Sons, New York, 1990.
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FIGURE 3.18 Stress—strain behavior of various fibers.

abrasion resistance, improve machinability, increase surface hardness, reduce shrinkage, and, most
importantly, reduce costs. Discussion on particulate composites will be limited in this chapter since
they are typically analyzed with traditional methods for homogeneous, isotropic materials.

OTHER TYPES OF REINFORCEMENTS

There are a number of other types of reinforcement materials that have become available recently,
including short fibers, whiskers, and nanomaterials. Short fibers (also known as discontinuous fibers)
are obtained by chopping continuous fibers or produced directly as short fibers. Short fibers are defined
as those with length-to-diameter ratio of less than 10. Short fibers are sometimes randomly oriented in
a composite in order to obtain isotropic behavior. Whiskers are elongated single crystals with diameters
less than 1 wm and lengths in the order of 100 wm. Whiskers are characterized by high tensile strength
and used in ceramic matrix composites and metal matrix composites. Recently, the development of
CNTs has introduced an entirely new class of reinforcement for composite applications. These materials
are very strong and possess excellent mechanical and electrical properties. One of the primary chal-
lenges to their adoption in civil infrastructure is cost. Dispersing these materials in a matrix is also a
considerable obstacle and the topic of much current research as of 2012. As the cost of these materials
and the technological challenges are resolved, the potential to make a great impact in the construction
industry exists—from electromagnetic interference shielding to ballistic-resistant building components.
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INTRODUCTION

Recall that a composite is formed by combining reinforcement plus matrix plus interface. Therefore,
composite properties depend on the properties of these three constituents as well as the size, shape,
orientation, and distribution of reinforcement. Regardless of the constituent properties, the geom-
etry and arrangement of the reinforcement is the most critical characteristic, and is, therefore, used
to classify composites into three categories based on the aspect ratio of the reinforcement I/d, where
[ is the length and d is the diameter:

1. I/d — o, the composite is classified as unidirectional (continuous fibers).

2. l/d = 1, the composite is classified as particulate.
3. I/d < 500, the composite is classified as short fiber.

51
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FIGURE 4.1 Levels of analysis for composite materials.

The primary focus of this chapter is on the mechanics of unidirectional composites, since they are
the most commonly used in civil infrastructure applications.

The following nomenclature is used in the analysis of unidirectional composites. Figure 4.1
depicts a layer (ply) also known as a lamina (plural is laminae), which is the combination of matrix
and fiber constituent materials and the interface between the two—the analysis of the lamina is
based on micromechanics. A combination of several laminae, stacked in a specified sequence of
orientation, form a “laminate” that will meet design strength and stiffness requirements (see Figure
4.1)—the analysis of which is based on macromechanics.

Notice, in Figure 4.1, that the structure of the composite lamina shows different properties in the
direction along the fiber (longitudinal direction denoted with L) and the direction transverse to the fiber
(transverse direction denoted with 7). This is an orthotropic material system with principal axes 1, 2,
and 3. However, this is not a fully 3-D orthotropic material system; it is a transversely isotropic system.
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A

FIGURE 4.2 Lamina transverse isotropy.

The behavior in the 2 and 3 directions is nearly equal and different than the behavior along the longitu-
dinal direction. Figure 4.2 shows the transverse isotropy of a lamina. It is clear that the fiber distribution
in the lamina is nonuniform, which makes it difficult to distinguish between directions 2 and 3.

MICROMECHANICS OF COMPOSITES

In this section, properties of unidirectional composite in terms of the individual constituent material
properties are discussed; in particular, properties pertaining to stiffness, strength, and hygrothermal
effects are covered. First, an issue that is common to all micromechanical properties is introduced,
the relative proportions of constituent materials based on a representative volume element.

VoLuME (AND WEIGHT) FRACTIONS

The most important factors governing the properties of a composite are the relative proportions of
fiber and matrix (and to a lesser extent voids). These relative fractions of material used in theoretical
analysis are based on volume fractions of the constituent materials; however, it is more convenient to
obtain the weight fraction obtained through experimental procedures. The process entails determin-
ing the weights of individual materials by the chemical matrix digestion method (ASTM D-3171) or
the burn-off method (ASTM D-2584) (in both methods the matrix is consumed leaving only fibers, the
weight of which is then determined). The volume fraction of the fibers is computed from

Vo= Pos @.1)
pfwm + pmwf

where
V,=vlv,is the fiber volume fraction
w,is the weight of fiber material
p,, 18 the density of matrix material
Py is the density of fiber material
v;is the volume of fiber material
v, is the volume of composite material
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d
(@) (b)
FIGURE 4.3 (a) Square and (b) hexagonal fiber packing configurations.

Also, the matrix volume fraction is given by V,, = v, /v, where v,, is the volume of matrix material.

m c?

The volume fractions of all constituents and voids are given as follows:
Vi+V,+V,= 10 4.2

where V, is the volume fraction of voids or defects and can consist of 5% of the total volume or more
depending on the quality of the processing technique. Voids are formed in the composite because of
gasses and volatiles trapped in the matrix during fabrication. The void content can be obtained from
the difference in the measured and theoretical composite densities according to ASTM D-2734.
Or V, can be obtained in terms of densities and weights using Equation 4.2:

VV=1_(Wf/pf+Wm/Pm)Pc (43)

W,

Here the weight of the composite, w,, and the density of the composite, p., must be accurately
measured.

The upper bound of the fiber volume fraction may be determined using a theoretical fiber packing
analysis. As an example, two packing models are presented, square and hexagonal—representative
composite area (shaded area in Figure 4.3) is used instead of volumes, given that the length of the
fibers and matrix is equal. For the square packing, the area of the fibers enclosed by the shaded
square is equal to the area of a single fiber, nd?/4, and the area of the square is d?; therefore, the
fiber volume fraction V; < (nd*/4)/d* = 7t/4 = 0.785. For the hexagonal packing, the area of the fibers
enclosed by the shaded triangle is equal to the area of a half of a single fiber (given that the interior
angles must be 60°), nd?/8, and the area of the triangle is \/§d2/4; therefore, the fiber volume frac-
tion V, < (nd? /8)/(\/§d2 /4) = TE/2\/§ = 0.907. Theoretically, the maximum fiber volume fraction
attainable is 90.7%; in practice, V;is lower than this—in the range of 10%—-60%, depending on the
manufacturing process.

DensiTY oF COMPOSITES

The density of a composite can be estimated using the volume fractions and densities of the con-
stituent materials. Recall that density is given by the mass of a body divided by the volume it occu-
pies. As discussed earlier, the mass of a composite is a combination of the masses of the constituent
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materials, while the volume is the sum of the volumes of the constituent materials plus that of any
voids. Thus, composite density can be obtained as follows:

M: (ijf +pme)

=p,/Vi+p,V, 4.4
v v pVi+p “4.4)

p.=

MICROMECHANICAL PROPERTIES OF LAMINA

Unidirectional continuous fiber composite properties depend on constituent material properties,
distribution of constituents (volume fractions), and physical and chemical interactions between con-
stituents (which is dominated by the interface constituent). Two formulations are common, theo-
retical and semiempirical; both are relatively accurate for longitudinal properties but give poor
correlation for transverse properties when compared to experimentally obtained properties.

Stresses and Strains

Composite stresses, ©;, and strains, €, can be obtained by averaging the constituent stresses and
strains over the composite volume:

Si = gﬁVf + 8,,,,-V,,, (46)

where
the subscripts f and m represent fiber and matrix, respectively
the subscript i represents any given load step

Constitutive Constants

There are several expressions within the framework of linear elasticity to characterize the constitu-
tive behavior of a material: anisotropic behavior requires different properties in different directions,
orthotropic behavior that has three mutually orthogonal planes of material property symmetry,
transversely isotropic (laminated composites) behavior that has infinite planes of material property
symmetry about one axis, and isotropic behavior that has infinite planes of material property sym-
metry. The constitutive behavior of an isotropic material can be fully characterized using two inde-
pendent constants, Young’s modulus, E, and Poisson’s ratio, v—sometimes the shear modulus is used
in mechanics, which may be derived from the two independent properties as follows: G = E/2(1 + V).
The other extreme is an anisotropic material, which requires 21 independent constants to character-
ize its constitutive behavior; composites are a special case of anisotropic materials, requiring only
9 independent constants in their most general form—orthotropic. Fortunately, unidirectional con-
tinuous fiber composites behave transversely isotropic and their constitutive behavior can be fully
characterized with five independent constants, including the longitudinal modulus of elasticity, E,;
the transverse modulus of elasticity, E,; the in-plane shear modulus, G,; and two Poisson’s ratios,
V,, and V,;. The other four properties can be derived from the five independent quantities as follows:
E,=E,, G5 = G5, V;5 = V,, and the transverse shear modulus, G,; = E,/2(1 + V,;). As discussed
previously, the notation used in this chapter is one of two popular notations used to represent the
constitutive properties of a transversely isotropic material; the other uses subscripts L, T, and 7" for
directions 1, 2, and 3, respectively (see Figure 4.1), that is, the longitudinal modulus of elasticity,
E,; the transverse modulus of elasticity, E;; the shear modulus, G, ; and the two Poisson’s ratios,
vy and V.
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The constitutive properties of a composite also depend on the properties of its constituent ingre-
dients and distribution. Experimental methods to determine properties may be used to obtain com-
posite properties; however, many tests are needed to fully characterize each variable. On the other
hand, theoretical methods and semiempirical methods can be used to predict properties using con-
stituent properties. There are many proposed property prediction theories, including the following:
netting analysis; mechanics of materials approach; elasticity solutions (which include bounding
techniques, exact solution, and self-consistent method); statistical, discrete element; and semiem-
pirical methods. The general assumptions used in these theories include the following:

. Each ply is macroscopically homogeneous, linear elastic, and generally orthotropic.

. The matrix and the fibers are linear elastic and homogeneous.

. Matrix and fibers are free of voids.

. The interface between matrix and fibers provides a perfect bond.

. Each ply is initially in a stress-free state.

. The fibers are uniform in properties and diameter, continuous and parallel throughout.

AN AW~

A reasonably accurate prediction of the longitudinal stiffness properties is given by a simple
mechanics of materials model—assuming iso-strains (€, = €= ¢,,), for example, constituents loaded
in parallel to obtain the longitudinal modulus of elasticity:

where
E, is the modulus of elasticity of the fibers
E, is the modulus of elasticity of the matrix

This relationship is based on the so-called rule of mixtures, which can be used to obtain other prop-
erties. This rule of mixture relationship gives the upper limit for the modulus of elasticity, which
may be proven from the principle of minimum potential energy (Jones, 1998). Notice that depend-
ing on the volume fraction, V;, the stress—strain diagram for the composite may follow that of the
fibers or that of the matrix. For low fiber volume fractions, it would be expected that the composite
behavior would be nonlinear since the stress—strain behavior for the matrix is typically nonlinear.
However, the composite behavior can always be assumed to be linear because of the dominate
behavior of the fibers.
One other property that can be predicted with the rule of mixtures is the major Poisson’s ratio:

Via =V V4V, V, =V “4.8)

This model, however, fails to predict the shear modulus and transverse properties accurately when
compared to experimental results. A semiempirical model, more specifically the Halpin-Tsai
model, provides a more accurate prediction for these properties:

PC = Pm m (49)
I-nV;

where

_ PP, -1

= 4.10
P;/B, +§& @10
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and P can take either of the properties E, or G,,. The parameter & depends on the fiber geometry,
packing geometry, and loading conditions. For circular fibers, the following estimates have been
proposed: for E,, § =2, and for G,,, § = 1. These values were obtained by comparing the results of
Equation 4.9 with exact elasticity solutions (Jones, 1998). This relationship predicts values for E,
and G,, quite adequately for practical volume fractions less than 0.7. Notice that the Halpin-Tsai
relationship can also be used to obtain the rule of mixtures; as & goes to infinity, Equation 4.9
approaches the rule of mixtures.

The transverse Poisson’s ratio can be obtained from Poisson’s ratio of the matrix, v,,, as follows:

Va3 =V, @.11)

Also, Poisson’s ratio relating the longitudinal and transverse strains when the composite is loaded in
the transverse direction is known as the minor Poisson’s ratio, v,,, and is given by

E,
2= Ve (4.12)

Earlier, the upper limit on the modulus of elasticity was introduced as the value given by Equation
4.7, the rule of mixtures. The lower limit for the modulus of elasticity is given by a relationship
obtained from mechanics of materials assuming iso-stresses (G, = ;= G,,); that is, constituents are
loaded in series:

I/ 4.13)
E, E, E,

The proof for this case is based on the principle of minimum complementary energy (Jones,
1998). All perditions of the modulus of elasticity will fall between the upper and lower limits
given by Equations 4.7 and 4.13, respectively. Lastly, there are a number of restrictions on
these constants to ensure that they are thermodynamically admissible; see Jones (1998) for
details.

Lamina Constitutive Relations

The stress—strain relations for a transversely isotropic material are given as {c} = [Q] {€}; that is,
there are six stress components, six strain components, and the constitutive matrix, [Q], which is
six by six. Since composite laminae are rather thin, a state of plane stress is applicable, which in
contracted notation is given as

G O On 0 €
0, =|0n Oxn 0 & (4.14)
T2 0 0 Oss | V12

where
o, and G, represent the normal stresses
T,, is the shear stress
€, and g, represent the normal strains
Y1, 1s the shear strain
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The constitutive matrix components are given as

E
Q="
1=Vipvy
_ VyE
="
1=Viavy 4.15)
E
sz = :
1=Vvpvy
O = Gip

Strength Properties

Predicting composite strength from constituent materials is much more difficult than predicting
stiffness properties. Strength is highly dependent on the failure mode of the composite—and
there are many failure modes for each type of loading. For this reason, composite strength is
usually determined experimentally, using composite specimens with layups similar to those for
the intended application. However, for routine applications, this is cost prohibitive, and an esti-
mate of the strength must be established using constituent strength properties. In composites,
internal material failure generally initiates before any macroscopic appearance or behavior
change.

Different strength values are associated with different loading conditions. For transversely
isotropic materials (plane stress), the following five different loadings are of interest: longitu-
dinal tension and compression, transverse tension and compression, and shear. The strength
associated with each of these five loadings is influenced by a number of factors, including mis-
alignment of fibers, fibers of nonuniform strength, discontinuous fibers, and residual stresses.
FRP composites have excellent longitudinal tensile strength (and stiffness) because fibers gen-
erally carry most of the load in this direction. For the other four loading conditions, the load
is about equally shared between fibers and matrix. The strengths associated with these load
cases are highly dependent on the matrix strength since it tends to be much lower than that of
the fibers. Also, the interface between constituents plays a major role in strength because in
order to achieve material failure, stresses must be much higher compared to stresses involved
in determining stiffness properties. In cases with equal load sharing between constituents of
unequal stiffness, the interface may become the weakest link and fail prematurely, governing
the overall strength of the composite.

Longitudinal tensile strength, 6,7, can be determined using the rule of mixtures, accounting for the
appropriate stress level in the constituent materials. Depending on V,, FRP composites can fail when
fibers are loaded to their fracture strain (when the fracture strain for the fiber is less than that for the
matrix) or for low values of V, when the matrix strength is exceeded. When loaded in axial longi-
tudinal tension, most composites will behave linear up to fracture, which indicates fiber-controlled
failure, and the longitudinal strength can be estimated as follows:

Oiry =0 Vs +0,,V, 4.16)

where
Gy, is the strength of the fiber
G, 18 the matrix stress at the fiber fracture strain
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For the matrix-controlled case (very low V, values), there is actually polymer strength degradation
caused by stress concentrations resulting from the constraint placed on the matrix by the fibers. So, in
order to strengthen the polymer, the following minimum critical fiber volume fraction must be provided:

O — Gmf

Vierie = 4.17)

S =Om

This formulation assumes that all fibers are making up the composite fracture at the same stress
level and longitudinal position. However, since the fibers act in a bundle in parallel and are prone
to random imperfections, fiber strength varies statistically and is usually characterized with a
Weibull distribution. See Jones (1998) for further details on statistical analysis of longitudinal ten-
sile strength.

Longitudinal compressive strength, G,cy, can be estimated based on one of the following failure
modes:

1. Transverse tensile failure in the matrix or interface. This is caused by transverse tensile
strain resulting from Poisson’s effect. When the transverse strain exceeds the matrix failure
strain, cracks form at the interface in the matrix. The longitudinal compressive strength
can be estimated by

E
Giew =&, (1-V}") 4.18)
A%

12

This mode tends to happen first and the strength predicted by Equation 4.18 correlates well
with experimental results (Agarwal and Broutman, 1990).

2. Fibers act as long columns on an elastic foundation and microbuckle in phase (all
fibers buckle in the same direction) or out of phase (fibers buckle in a mirror image
of each other). Either case may happen depending on the relative volume content of
fibers; for low Vi the fibers microbuckle out of phase, while inphase microbuckling
happens when V; is high. The out-of-phase case is similar to the last failure more, in
that transverse extension causes longitudinal cracking of the matrix. The longitudinal
compressive strength for the out-of-phase case is governed by an extension failure and

can be estimated as
0.63E,E,V,
Cicv ey =2V, |2 L L 4.19
(Gic0)ea =2V, | ) @.19)

The 0.63 factor has been added to obtain a better correlation with experimental data and is
theorized to account for the inelastic behavior of the matrix (Jones, 1998). This factor may
vary depending on the fiber architecture and can be as high as 0.97 for fiberglass cloth.

The inphase case results in shear failure in the matrix. The longitudinal compressive
strength for the inphase case is caused by a shear failure and can be estimated as

0.63G,,
1-V,

4.20)

(GICU )shear =

The longitudinal compressive strength is the smallest value obtained from Equations 4.18
through 4.20.
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Transverse tensile strength, Gy, is assumed to be controlled by the strength of the matrix. There
are several failure modes that can be used to estimate G,;,; matrix tensile failure is the most com-
mon, for which the transverse tensile strength can be estimated as

Oy
N

4.21)

Oory =

where S is a strength reduction factor and is always greater than one. This factor depends on the
relative properties of the constituent matrix and fibers, as well as the fiber volume fraction. From a
mechanics of materials standpoint, neglecting Poisson’s effect, S can be considered a stress-concen-
tration factor given as

_ 1-V,A-E,E))
1-J4V,/m(1-E, /E;)

4.22)

This semiempirical equation may yield inaccurate predictions. However, because transverse loading
is not as critical as longitudinal loading, little research has been devoted to finding a more accurate
formulation for this case (nor the transverse compressive strength, which is discussed next).

Transverse compressive strength, G, is assumed to be controlled by matrix shear failure (in some
cases accompanied by fiber crushing and fiber—matrix interface failure). None of the empirical
formulations give good results when compared to experimentally obtained data. For design, either
use the compressive strength of the matrix, 6,-, = ,,.,» Or determine the strength experimentally.
Barbero (1999) gives the following relationship:

mcu?

4VV 1/3 E2
Cocy =OCpeu| 1 — | ————— [(1-V," | == 4.23
s V) (1-v%) 4.23)

This relationship could also be used to determine G,;,, by replacing the matrix compressive strength
with its tensile strength.

Shear strength, T,,,;, is assumed to be controlled by matrix shear failure and/or constituent debond-
ing. Again, none of the empirical formulations give good results when compared to experimentally
obtained data. For shear strength, a clear distinction must be made between the various shear stress
components, T,;, Ty,, and T;;. The stress component of interest is the in-plane shear stress, T,,. For
design, either use the in-plane shear strength of the matrix, T,,, = 7,,. or determine the strength
experimentally. Barbero (1999) gives the following relationship:

[ 4y, G
T =Tou| 1- . 1+(V, =V - 4.24
12U Tt(l—Vf) ( A f)( GfJ ( )

Expansion Properties

Two expansion agents are of interest, temperature and moisture. Any change of either of these
agents produces a proportional change in dimensions of the body. The associated expansion is char-
acterized by a material-dependent constant, and since composites are orthotropic, these constants
are direction dependent, similar to other composite properties.

Thermal expansion is characterized with the thermal expansion coefficient, o, which is the change
in linear dimensions of the body per unit initial length, per unit change in temperature. The strain
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associated with this change in length is the thermal strain and is obtained by multiplying o by the
change in temperature. Thermal behavior of transversely isotropic composites can be characterized
with two constants, the longitudinal thermal expansion coefficient, o, and the transverse thermal
expansion coefficient, 0. o is highly influenced by the fiber thermal expansion coefficient, o,
while o is mostly influenced by the matrix thermal expansion coefficient, a.,; therefore, o, is
smaller than oy because o, < ..

Assuming free expansion and no mechanical strains, a reasonably accurate prediction of o,
is given by a simple mechanics of materials model based on a parallel response of the fibers and
matrix—iso-strain response (g, = €,= €,,). The result is

'm>

1

Note that since o, and o, are different, some residual stresses will be induced because of the bond
between the matrix and the fibers. These residual stresses are usually small and can be neglected in
estimating the strength.

A prediction of o, based on a self-consistent model was derived by Schapery using the principle
of minimum potential energy (the simple mechanics of materials model results do not correlate well

with experimental data). Schapery’s relationship is

or =A+vpo,V,+(1+v,)o,V, —o v, (4.26)

This equation satisfies the elasticity field equations and correlates well with experimental data.

Moisture expansion is characterized with the hygroscopic (or hygral) expansion coefficient, 3, which
is the change in linear dimensions of the body per unit initial length, per unit change in moisture
concentration. The strain associated with this change in length is the hygral strain and is obtained by
multiplying p by the change in moisture concentration. The hygral behavior of transversely isotropic
composites is characterized with two constants, the longitudinal hygral expansion coefficient, f3,,
and the transverse hygral expansion coefficient, f,. The effect of moisture is usually determined
experimentally by obtaining the moisture concentration in the material, C, which is the weight of the
moisture present divided by the weight of the dry body—this is discussed further in the “Transport
Properties” section. Moisture expansion is analogous to thermal expansion and the equations for
o, and o, apply. However, there is an important difference; inorganic fibers (most fibers) do not
absorb moisture, that is, B~ 0. Also, since E, /E, < 1.0, Equation 4.25 for hygral expansion reduces to

B, =0 @.27)

The presence of moisture causes most of the swelling in the matrix (which may be as high as 8% for
epoxies), so a reasonably accurate prediction of f, can be derived using Schapery’s equation earlier
(Equation 4.26). The result is

Br =B.V.(1+v,) @.28)

Transport Properties

Transport phenomena such as heat conduction, moisture permeability, and electric conductivity
are generally important in the design of composites. The first two (the only ones discussed here)
are particularly important in assessing the durability of composites used in civil infrastructure
applications. The associated effects of these phenomena are characterized by material-dependent
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constants, heat conduction for thermal conductivity, and moisture permeability for mass diffusivity.
Thermal conductivity is a measure of how quickly a material can transfer heat, while mass dif-
fusivity is a measure of how quickly moisture concentration changes inside the host solid. These
constants are direction dependent since composites are orthotropic, similar to other composite prop-
erties. Therefore, transport phenomena constants can be determined using constituent properties.

Heat conduction of transversely isotropic composites can be characterized with two constants, the
longitudinal thermal conductivity, C,, and the transverse thermal conductivity, C, (the through-
thickness conductivity, C;, is equal to C,). C; can be determined from the thermal conductivities
of the composite constituent and the fiber volume fraction as outlined in Agarwal and Broutman
(1990). A reasonably accurate prediction of C, is given by the rule of mixtures:

C, =V,C;+V,C, (4.29)

where
C;is the thermal conductivity of the fiber material
C,, is that of the matrix material

The Halpin-Tsai relationship, with § = 1, gives a reasonable prediction for C,. That is,

1 V
,=C,, & @.30)
1-nV;
where
_CCu—1 @231
C,IC,+§

Moisture diffusivity of transversely isotropic composites can be characterized with two constants,
the moisture diffusivity, D,, and the transverse moisture diffusivity, D, (the through-thickness dif-
fusivity, D5, is equal to D,). D, can be determined from the moisture diffusivity of the matrix and the
fiber volume fraction as outlined in Agarwal and Broutman (1990). A reasonably accurate predic-
tion of D, is given by the rule of mixtures:

D, =V,D;+V,D, 4.32)

where
D;is the moisture diffusivity of the fiber material
D,, is that of the matrix material

The Halpin-Tsai relationship, with § = 1, gives a reasonable prediction for D,. That is,

1
D, = p, LS 4.33)
1-nV;
where
_ M @.34)

© DyID, +E
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MACROMECHANICS OF COMPOSITES

The individual plies (or laminae) are usually too thin to be useful in an engineering system; there-
fore, a number of laminae are bonded together to create a laminate. The properties of each lamina
can be chosen such that they meet the laminate design requirements (which must meet the structural
design requirements). Laminate properties can be predicted from the properties of the constituent
laminae, which can be obtained using micromechanics as discussed earlier. For each ply &, we
have ply properties E,, (fiber-direction stiffness), E,, (transverse stiffness), v,,, (major Poisson’s
ratio), G, (shear stiffness), o, (fiber-direction coefficient of thermal expansion [CTE]), o,,, (trans-
verse CTE), B,,, (fiber-direction moisture expansion coefficient [MEC]), and §,,, (transverse MEC).
Collectively, these properties characterize the constitutive behavior of a transversely isotropic mate-
rial through the constitutive matrix [Q], which relates the stresses to the strains (see Equation 4.14).
This relationship is for a lamina oriented in principle direction of orthotropy (the natural axis of the
material or lamina coordinates), which may not coincide with the structural coordinates (coordinate
directions that are geometrically natural to the solution to the problem). In general, fibers may be
aligned at an angle 6, to the structural x-axis, as shown in Figure 4.4. Therefore, the material prop-
erties must be transformed from lamina coordinates to structural coordinates. Also, the structural
coordinates serve as a common coordinate system for all laminae. First though, the stresses and the
strains are transformed using tensor transformation laws. The stresses are transformed as follows:

G, cos’ 0 sin’ @ —2sinBcosH || o,
o,¢r=| sin*0 cos’ 0 2sinBcos® |{ o, 4.35)
Ty 2sinBcos® —2sinBcos®  cos’O—sin’O | |1,

This equation can be written in matrix form as {G} = [T]™ {c}. Similarly, the strains can be trans-
formed as

Ex cos’0 sin’ @ —2sinBcos || &
& L_| sin%0 cos’ 0 2sinBcos® |4 &2 (4.36)
Y;V 2sin@cos® —2sinOcos®  cos’O—sin’O %

In matrix form, {€"} = [T {€}.

/horZh
n

z

FIGURE 4.4 Composite plate.
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The ¥2 factor for the shear strain in Equation 4.36 is required in order to transform the engineer-
ing shear strain using the same transformation relationship as stress; the factor is a result of the
fundamental difference between the definitions of engineering and tensorial strains. The following
relationship is typically used to simplify the transformation process:

e.] [1 o o]l®
e, b=lo0 1 of{® 4.37)
Yo
Xy 0 Th
¥ 2

S|
€ 1 0 0
€
e =0 1 0] 4.38)
Y12
2 L
Y12 0 0 )

In matrix form, {€} =[R]{€"}. Combining Equations 4.14 and 4.35 through 4.38, we attain the stress—
strain relations for a lamina of arbitrary orientation as

(O On 0On Oslle
0, r=|0n On 0Ox|\8& 4.39)
Ty Oe6 Ox O ||Vw

where
011 =0y, 08" 0+ 2(0, + 204 ) sin* Ocos® 8+ 0, sin* 6
01> = (0y + 0y — 404 ) sin” O cos” 0+ O, (sin* B+ cos* )
Oy = 0y, sin 0+ 2(0y, + 204 ) sin® O cos? 0+ Q,, cos* 6
Q16 = (Q11 — Q1> —2Q46)8in 00’ 8+ (O, — Qs +2Q44) sin” Bcos O
Qs6 = (O11 — 011 —2Q¢)sin’ B¢cos 0+ (Q), — Or, + 204 )sinBcos’ O

Oss = (011 + 020 — 201> — 204 ) sin* 0 cos? 0+ Oy (sin” B + cos* 0) (4.40)

In matrix form, {G} = [Q1{€} and [Q] = [T [OIT]".

CrAssicAL LAMINATION THEORY

A laminate is formed from two or more laminae bonded together to act as a homogeneous struc-
tural element. The principal material orientation, thickness, and material type for each lamina can
be specified so as to produce a structural element with any desired properties. This information
may be conveyed in compact form following a convention for stocking sequence, discussed in the
next section.
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Laminate Orientation Codes

The description of a laminate construction, individual layer thickness, principal material property
orientations, and overall stacking sequence may be represented in a simple concise fashion using
the following codes:

* For regular laminates, with equal thickness layers, a listing of the laminae and their orien-
tation suffices. For example, [0°/90°/45°] represents a laminate with three layers of equal
thickness, oriented at 0°, 90°, and 45°, from top to bottom.

* For irregular laminates with layers with different thicknesses, the layer thicknesses must
be appended to the laminate stacking notation. For example, [03/902,/45;,] represents a

three-layer laminate with the thickness appended to the orientation angles as subscripts.

e Laminates that are symmetric about the midplane can be represented with the top half
of the stacking sequence and the symmetry indicated with a subscript s after the closing
bracket. For example, [0°/90°/45°/45°/90°/0°] can be represented as [0°/90°/45°]..

* Laminates with reoccurring ply orientation can be contracted, as shown in the next exam-
ple. For example, [0°/0°/0°/90°/90°] can be represented as [0;/90;].

* Laminates with repeated sequences of laminae can be contracted, as shown in the next
example. For example, [0°/90°/45°/0°/90°/45°] can be represented as [09/90°/45°],.

Laminate Constitutive Relations

The mechanical response of a laminate can be characterized with a set of equations relating
the stress resultants (forces and moments) to the in-plane deformations (strains and midplane
curvatures). These relations are derived by combining equilibrium, kinematics (strain—displacement
relations), and stress—strain relations (Equation 4.39). The results are a set of force—strain—curvature
relationships

y = A An  Ax V& (t+| By  Bn  Byn 1K, 4.41)

xy

My = 321 322 B23 8), + D21 D22 D23 Ky (442)
M,, By, By By Y;y D;y Dy, Dsy||Ky

These two sets can be written in matrix form as {N} = [A]{€'} + [B]{x} and {M} = [B]{€'} + [D]{x}

where
{N} is the force stress resultant (or force) vector, N
{M} is the moment stress resultant (or moment) vector, N m
{€’} is the midplane laminate strain vector
{x} is the curvature vector, 1/m

N
[A]l=A4; = Z Q’; (hy — hy_,) is the extension stiffness matrix, N/m

k=1
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N
_p lz A (22 ) o ,
[Bl=B; = > 2 0; (hk hk—l) is the coupling stiffness matrix, N

N
1 - . . . .
[D1=D; = 3 E Q,«’; (h,f —h,?,]) is the bending stiffness matrix, N m
k=1

Note that when the laminate is stretched, the [B] matrix causes curvatures (stretching/curva-
ture coupling), and when the laminate is bended, the [B] matrix causes extensions (bending/
extension coupling). Also, A,, and A, cause shear—extension coupling, while D, and D,
cause bend—twist coupling. B, and B, further couple stretching to twisting and bending to
shearing. The coupling between bending and extension caused by [B] is a phenomenon not
found at the lamina level, while the shear—extension coupling from A, and A, is analogous
to that caused by the 16 and 26 components of [Q] at the lamina level. These coupling effects
are usually undesirable and can be eliminated by selecting special layups. Some of these
layups include

* Symmetric laminates, which do not in general have extension—bending or bending—stretch-
ing coupling. That is, B; = 0.

* Cross-ply laminates, [0°/90°],, have A = A, = D), = D, = 0.

* So, symmetric cross-ply laminates, [0°/90°],, have no coupling.

* Unidirectional laminates [0°], behave like symmetric cross-ply laminates and experience
no coupling.

* Angle-ply laminates (also known as balanced or antisymmetric), [+0],, only have bend-
ing—twisting coupling, B, # B, # 0.

* Quasi-isotropic laminates have no coupling, and the [A] matrix is isotropic. For this case,
A=Ay, Ay ="Y2(A;, —A),), and A\, = A, = 0. For the laminate to behave quasi-isotropic,
it must be constructed with three or more plies; each ply must have identical stiffness prop-
erties and thickness, and layers must be oriented at equal angles (the angle between two
adjacent plies must be ©/N, where N is the total number of plies).

We can solve Equations 4.41 and 4.42 for the strains and curvatures (which can then be used to find

the laminae stresses)
e] [A B|'[N
= 4.43)
K B D M

With the midplane strains {€} and curvatures {k}, lamina stresses in general coordinates at the top
and bottom of each lamina can be determined as (say for lamina k of N laminae)

Oy éu le le ExF 2K,
O, =|0u On O 8; + 2K, 4.44)
O Os> Oss B Y;y +2K,, .
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where z is the distance to the top or bottom of laminae k, measured from the midplane /,. The
stresses in principal material directions can be obtained using Equation 4.35. That is,

G cos’ 0 sin’ @ 2sinBcosO G,
G = sin’ 0 cos’0 —2sinBcosO o, (4.45)
Tpf, |-2sinBcos®  2sinBcos®  cos’O—sin’ 6 ol

HYGROTHERMAL EXPANSION STRESSES

Recall that a change in temperature (A7) or moisture content (AC) in a lamina causes a change in
its dimensions. The change in dimensions is proportional to the change in temperature or moisture
content, the initial dimensions, and the coefficients of thermal and moisture expansion (Equations
4.25 through 4.28). These dimensional changes can be quantified with unit deformations, strains,
both thermal and hygroscopic strains—¢e’ = AT and €” = PAC, respectively. These strains in prin-
cipal material directions are

el = o, AT
e = a;AT
(4.46)
e’ =B, AC =0
gy = BrAC

These strains can be transformed to arbitrary coordinates using the transformation relations. First, the
total strains are a combination of the mechanical strains caused by load and the hygrothermal strains:

Total Mechanical Hygro-thermal
1 1 1

82 = 82 + 82 (447)
Y12 Y12 0

Recall Equation 4.36, {€’} = [T]~'{€’}, which is used to transform the total strains. This relationship
can also be used to transform the hygrothermal strains. The result for the thermal strains yields the
coefficients of thermal expansion in laminate coordinates:

o, =0 cos’ 0+ 0, sin’ 0
o, =0, sin” O+ 0t cos’ O (4.48)

o, = 2sinBcosO(0, —0tr)

Similarly for the MECs,

B, =P cos’0+p;sin*@ =P, sin* O
B, =B, sin”@+P; cos’ O =P, cos’ O (4.49)
Y

B, =2sin6cosO(B, —Pr) = 2P, sinOcosO
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Hygrothermal strains do not produce stresses when the body is completely free to expand, bend,
and twist, but deformation restraint occurs because of the difference in coefficients between
laminae. From constitutive relationships, the total stresses (including hygrothermal effects) in the
kth laminae are

Oy On On O €. +2K, — AT —B,AC

6yt =0y  On Ol & +2x,—0,AT —B,AC 4.50)
Tol, Qo Qo Qe |, Yo + 2K, — 0, AT =B, AC .

From a stress result analysis similar to that used to derive the classical lamination theory (CLT)
equations, we arrive at the resultant thermal forces and moments:

N! o,

N
N =ATY 040, b (h—hi)) @.51)
N:V k=t (X'W k
MZ AT N Oy
M! :72@ o, ¢ (nt—ht) 4.52)
T —
M,, k=1 Oy,

The resultant hygroscopic forces and moments are

N)f] N Bx
NI H=ACY O3B, t (h—hi)) (4.53)
Ng = Bxy X
Mf N Bx

AC —
M ZTZQ;; B, t (nt-nt) 4.54)
Mij k=1 B»o .

Therefore, the total stress resultants (forces and moments) are
{N} = [AKe}+[BI{} —{N"} —{N"} and {M} = [ BI{e'} + [ D]{x} —{M"} —{M"}

LAMINATE STRENGTH

For design purposes, the load-carrying capacity of a structure or component must be estimated.
This can be done by comparing the stresses computed using Equation 4.45 to the strengths of the
material using a failure criterion. Two of the most popular criteria include the maximum stress
theory and the maximum work theory, both of which examine the onset of failure in the structure—
but not the failure mode.
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The maximum stress theory postulates that failure will occur when one (or all) of the stresses
reaches a respective maximum value of ultimate strength, which can be estimated experimentally as
discussed earlier. The criterion states that failure initiates when any one of the following inequali-
ties is false or violated:

G, <Oy
O, < O,y ¢ Normal stresses are tensile 4.55)

T2 <Tiu

When the longitudinal or transverse stresses are compressive, the corresponding ultimate compres-
sive strengths are used. There is no interaction among modes of failure with this theory. This crite-
rion is popular with designers because of its simplicity of concept and ease of use, not its validity.
The maximum work theory was derived by Tsai from a yield criterion for anisotropic materials
proposed by Hill, which is often referred to as Tsai—Hill criterion in literature. This criterion is
more accurate than the maximum stress criterion. The theory is based on the maximum distortional
energy, and it postulates that ply failure initiates when the following inequality is false or violated:

I, <1 4.56)

where

ot Y otct Y ()
I = Ll ——2 4| 2| +| =% |, the TsailHill failure index
Oy (o) Ory Trry

When the stress in the lamina for the transverse or longitudinal direction is compressive, the appro-
priate ultimate compressive value should be used. When Equation 4.56 is violated, the ply under
consideration has failed. The advantages of this theory over the maximum stress (1) include rela-
tively consistent agreement between theory and experimental results, (2) consider the interaction
between failure strengths producing lower strength than the maximum stress criterion, and (3) offer
a simple equation with strength parameters that can be determined experimentally without the need
for complex experimental techniques required by other theories, such as the Tsai—-Wu theory, which
requires biaxial testing to determine some strength parameters.

PROGRESSIVE FAILURE

Progressive failure analysis accounts for the strength of all the laminae in a laminate to determine
the laminate strength. The strength analysis in the previous section is usually referred to as first-ply-
failure (FPF) analysis. However, FPF does not provide the ultimate strength of a laminate because
after FPF, it is likely that reserved capacity in the remaining laminae exists to continue carrying
additional load. This means that failure of a single ply does not necessarily constitute failure of the
entire laminate, despite the fact that the laminate will experience a significant change in stiffness.
This type of analysis requires knowledge of the stress state in each lamina throughout the analy-
sis process. Stress analyses need to be repeated several times as different plies fail and relinquish
their stiffness contribution, until the laminate is unable to carry higher loads. After each lamina
fails, there are several approaches to account for ply failure, such as the total ply discount and the
ply failure distribution. Total ply discount is a conservative approach that assumes a failed ply only
contributes volume to the laminate and no stiffness properties. To determine the state of stress after
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ply discounting, the CLT A;, B;, and C; matrices are modified by setting Q,; for this lamina equal
to zero. In ply failure distribution, knowledge of the failure mechanism of the ply is assumed to be
known. For example, when matrix failure occurs in a ply, the transverse properties of that ply are
omitted, and when fiber failure occurs in a ply, that ply can be treated as having zero stiffness for
the subsequent analysis—as in the total ply discount approach.

Regardless of the approach to account for ply failure, the analysis process entails the following
steps:

1. Determine the load (normal forces and moments) at which FPF occurs assuming that the
response of the laminate is linear (between two-layer failures).

2. Modify the A;, B;, and C; matrices to account for the FPF by setting the Q;; for this lamina
equal to zero (say, for the total ply discount case). That is, a new set of A, B;;, and C;; matri-

ces is obtained using Q,(FPF) = 0:

i

N
[A]= Ay = 0, (FPF)+ )" O} (he ~hy 1)

k=1

N
(B1= B, =~ 0, (FPE| (W77} =(hiZ ) [+ " 03 (-2

N
(D)= D, =~ 0, (FPB| (71 (45 |+ Y 0F (4 -

3. With the modified matrices, the load increment that causes the second ply to fail is

computed:
AN| |A B|jA¢
AM[, |B DJ|ax],

4. The total load after the second ply fails is computed by adding the load from step 1 and the
load increment from step 3.

5. The midplane strains and curvatures can then be computed by adding the strain and cur-
vature at FPF from step 1 and the increment in strain computed in step 3.

6. Steps 2-5 are then repeated for all subsequent plies until the change in load is relatively
small; at that point, the laminate is considered to have failed.

The ultimate load of a laminate based on progressive failure analysis correlates well with experi-
mental data. The deflection, however, is larger in the experimental data. The reason for this is
the progressive failure analysis discussed here does not account for the increase in deflection that
occurs when each ply fails and relinquishes its stiffness.

TRANSPORT PROPERTIES

Thermal conductivity transforms in the same manner as stresses and strains, via tensor transfor-
mation rules. Therefore, the thermal conductivity tensor, k;, for a laminate (layup of N laminae)
can be calculated from ply thermal conductivities (longitudinal, C;; transverse, C,; and through
thickness, Cj, discussed earlier); the tensor consists of four nonzero elements, &, (or &, for short), ky, k.,
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and k,,. In order to combine the thermal conductivities of each ply to obtain k, and k, (since rotation is
about z-axis, k. does not change), C, and C, must be transformed to global coordinates by transforming
the heat flux from the balance of energy (McManus and Springer, 1992). Then the laminate conductivi-
ties can be obtained as follows:

h cos’ 0 L sin” 9,
kx = C] = N +C2 = N
h, h,
IS !
N N
_h sin” 9, h cos’ 0
ky = Cl = N +C2 = N
_h _
Jj=1 j=1
k,=C; 4.57)

where
h; is the individual ply thicknesses, mm
0; is the ply orientation with respect to the fiber direction, positive counterclockwise

The thermal conductivity coupling term k,, = sin ; cos8,(C; — C,) will usually be equal to zero.
Moisture diffusivity also transforms in the same manner as stresses and strains, via tensor trans-
formation rules. Therefore, the moisture diffusivity tensor, &/, for a laminate (layup of N laminae)
can be calculated from ply moisture diffusivities (longitudinal, D,; transverse, D,; and through
thickness, D,, discussed earlier); the tensor consists of four nonzero elements, ki, (or k' for short),
ky', k;', and ky,. In order to combine the moisture diffusivities of each ply to obtain k" and k;' (since
rotation is about z-axis, k" does not change), D, and D, must be transformed to global coordinates
using a balance of mass (McManus and Springer, 1992). Then the laminate diffusivities can be
obtained as follows:

N 2 v 2
~ hjcos™0; ~ h;sin®Q;
k= Dy +D, =L
j=lhj 2]:111]
2 v 2
~ h;sin” Q; ~ hjcos™0;
k)szl i1 N +D2 = N
j=lhj 2]:]11]
k' = Dy (4.58)

where
h; is the individual ply thickness, mm
0, is the ply orientation with respect to the fiber direction, positive counterclockwise

The moisture diffusivity coupling term k;; = sin®; cos0;(D, — D,) will usually be equal to zero.
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TRANSPORT PHENOMENA

Transport phenomena are important in the study of composite durability and life prediction analy-
ses. There are a number of degradation mechanisms that depend on transport agents, such as mois-
ture and temperature, to cause permanent damage of the materials. In this section, we present the
analysis required to determine the temperature and moisture concentration in a composite material
for the given hygrothermal environmental conditions.

THERMAL ANALYSIS

Temperature is assumed to be governed by anisotropic transient heat conduction. The general 3-D
relation is

oTf 9 [ k; oT
Rl N R 4.59
ot dx; (pc axj) .59

where
T is the temperature, °C
p is the density of the material, kg/m?
c is the specific heat of material, J/kg-°C
X;, X; are the material directions x, y, or z, as shown in Figure 4.4
kij is the thermal conductivity tensor of material, given earlier, W/m - °C

Typical laminated structures are much longer (and wider) compared to the thickness, L, > h, where
L, is the length of the structure. As a result, thermal gradients through the thickness, 1-D, are
of primary interest. The geometry—orthotropy nondimensional parameter £, (also known as the
Lauren parameter) is used to assess if modeling of lengthwise diffusion is needed. From Crews and
McManus (1997),

2
L, = IIEZZ; (4.60)

If £,. is much less than 1.0, the geometry can be modeled as 1-D. If the width (y direction size) needs
to be considered, use Equation 4.60 with x replaced by y in all subscripts. Note that this is true for
most structures. Therefore, a simplified 1-D (through thickness) solution is sufficiently accurate in
most cases. This solution can be found in Kreith and Bohn (1986) and is summarized in the follow-
ing paragraphs.

For 1-D with constant thermal conductivity, Equation 4.59 reduces to the form (Fourier’s
equation)

oT 9T

where o = k_/pc is the thermal diffusivity (represents a measure of the rate at which temperature
changes inside the material), m?%/s.

To solve this equation, we need boundary conditions, which can be convective or adiabatic
(insulated), depending on the condition at the surfaces. The front face of the composite is always
assumed to be convective, while the back face can be either convective or insulated (no heat flow).
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The convective boundary condition at the surface is expressed by setting the heat convected into the
surface equal to the heat conducted into the surface, that is,

hc(Tsurface - TM) = _kz %7:

where
h, is the convective heat transfer coefficient, W/m?-°C
T., is the temperature of convective environment, °C

The adiabatic boundary condition at an insulated surface for a flat plate exposed on one side (or the
midsurface of a flat plate exposed on both sides) is expressed by the specified surface (or midsur-
face) temperature.

The analytical solution to Equation 4.61 (temperature distribution through the thickness as time
changes) is derived in Kreith and Bohn (1986) as

oo

T@ﬂ=h+§:E$Mﬁm®£) 4.62)

n=1

where
§,tan(8,) = Bi (this is a transcendental equation with an infinite number of discrete values of J,
satisfying it)
Bi = h h/k = Biot number, nondimensional
Fo = ou/h? = Fourier number, nondimensional
& = z/h, nondimensional

_ ATi- T..)sin(3,)
"8, +sin(S,)cos(S,)

T, is the initial temperature of the body, °C
h is the thickness

Note that the temperature 7(z,7) is expressed in terms of dimensionless quantities, Fo, Bi, and &. This
relationship can be used to determine the through-thickness temperature distribution of a flat plate
with thickness & exposed on one side or a plate of thickness 2/ exposed on both sides (for this case,
we need to replace h with 2 earlier).

A practical issue for analyzing the thermal state of composite structures is deciding if a full
heat transfer analysis is necessary. The Biot nondimensional parameter, Bi, physically represents
the ratio of internal (conduction) thermal resistance to the surface (convection) thermal resistance.
Bi can be used to assess the through-thickness temperature variation as a structure is heated or
cooled over time using a thermal gradient applied to its surface.

If the thermal response of the structure is considerably faster than the changes expected in the
thermal environment, transient (or cyclic) thermal analyses will not be required. That is, the temper-
ature of the structure can be assumed to track the temperature of the environment. If the condition
that Bi < 0.1 is satisfied, then the structure can be assumed to have a constant internal temperature,
but a simple calculation is required to determine the temperature lag between the structure and the
environment. The temperature lag can be calculated from a simple transient thermal analysis, the
lumped-heat-capacity analysis

T(t)=(T,-T.)e ®™ +T. 4.63)
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The time constant associated with the lag is approximately

2
T= hep forBi<0.1 and 1= 4h2]:p forBi>0.1 4.64)
c K,

If the environment temperature varies with time interval, Af, and the condition T < At is satisfied,
the structure can be assumed to track the environment temperature, and no thermal analysis is
required. If this condition is not satisfied, a full thermal gradient calculation using Equation 4.62
is required to obtain the temperature of the material. The implication of a uniform temperature
distribution throughout the laminate (even with varying surface temperature) is that changes in sur-
face temperature propagate through the material rapidly and stresses caused by through-thickness
thermal gradients are negligible.

When a full analysis is required, it can also be simplified depending on the value of the Fourier
nondimensional parameter, Fo, which physically represents the ratio of the rate of internal (conduc-
tion) heat transfer to the rate of energy storage in the system. For Fo greater than approximately 0.2,
Equation 4.62 can be reduced to only the first term without loss of accuracy:

T(z,0)=T. +e ™A cos(5,8) (4.65)

In order to conduct a full thermal analysis, a set of parameters must first be determined. Depending
on the importance of the parameters, their value may be assumed, estimated from available data for
a similar material/condition, or may need to be determined experimentally.

HYGRAL ANALYSIS

The diffusion of moisture into the composites (amount of moisture as a fraction of the dry mass) is
assumed to be governed by Fick’s second law and is discussed in Tsai (1988). The 3-D relation is

9Cy _ 0 [k'” acm] (4.66)

ar  ax| " ox

where
C,, is the moisture concentration, dimensionless—usually expressed as a percentage of the dry
mass of the host solid
X;, X; are material directions x, y, or z, as shown in Figure 4.4
ki is the moisture diffusivity tensor (which represents a measure of how fast moisture concentra-
tion changes inside the host solid), given earlier, m?/s

A practical issue for analyzing a composite structure is deciding if a full moisture transport
analysis is necessary. Similar to heat transfer analysis, a number of nondimensional param-
eters are used to evaluate the accuracy of the simplifying assumptions. Moisture gradients
will always exist for some period of time; therefore, there is no need for analog Biot or Fourier
numbers. The relevant nondimensional parameters for this case include the moisture diffusion
time constant

2
= ;7 4.67)
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and the geometry—orthotropy parameter (also known as the Lauren parameter)

_ k'L
K"

L (4.68)

These parameters were developed by analogy to the aforementioned thermal parameters by Seth
et al. (2007). If the time constant is much less than the time interval of interest, moisture transient
calculations can be omitted, and the moisture can be assumed to be in equilibrium with the environ-
ment. If not, transient moisture calculations must be carried out, which is usually the case. Also,
for L7 > 1, the geometry can be modeled as 1-D. If width (y direction size) needs to be considered,
Equation 4.68, with x replaced by y in all subscripts, applies.

The platelike geometry of the model used in the code, along with the assumption that the
through-thickness temperature and surface moisture exposure are constant, allows us to use a
1-D analysis to determine the moisture gradient through the thickness (Foch, 1997). Equation
4.66 in 1-D is

aC, ..[9°C,
5 = k! ( 32 J (4.69)

The through-thickness moisture diffusivity k" is assumed independent of time, does not vary
through the thickness, and is dependent on temperature according to an Arrhenius exponential
equation:

m

-E
k' =kl exp( RTA ) 4.70)

where
k' is the reference diffusion constant, m?/s
EY is the activation energy, J/mol; given that k" strongly depends on temperature, the results
from at least two different temperatures are fit to Equation 4.70 in order to obtain the tem-
perature this factor
R is the gas constant, 8.3143 J/mol - K
T is the absolute temperature in Kelvin, K

The moisture transport properties (reference diffusion constant, k;', and the activation energy)
needed to obtain the moisture diffusivity, &', as a function of temperature using Equation 4.70 can
be reduced by measuring specimen weight gain per ASTM D-5229. First, the pre-saturation data are
plotted against the square root of time and the slopes extracted by a linear fit. Equation 4.75 can then
be used to obtain the moisture diffusivity for different temperatures. The coefficients in Equation
4.70 are then fit using a least-squares error criterion.

Notice that the form of Equation 4.69 is the same as that of Equation 4.61. Given the dependence
of k" on temperature, the two equations appear to be coupled. However, temperature reaches equi-
librium much faster (at a rate of 10°) than moisture concentration (ASTM D-5229) since for most
composite applications, the thermal diffusivity, o, is about six orders of magnitude greater than &.".
Thus, material temperature can be assumed to track the environmental temperature—decoupling
the two equations.
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The initial and boundary conditions for a plate exposed to the same moisture environment on
two sides are as follows:

For ¢t <0, C,, = C,,; (assumed uniform throughout)

Forall >0, C,(z=0,1)=C.(¢#) and C,(z=h,1t)=C.(t)

where 4 is the thickness of the plate.
The following analytical solution to Equation 4.69 is given by Shen and Springer (1976):

T~ 1L Qj+Dng Qj+ 1)kt
C,(z,t)=C,; +(C.—C,;))| 1 —— sin exp| -~ 4.71
@) ( ) 422j+1 h XP( e ®.70)

J=0

This equation can be used to determine the moisture distribution through the thickness of a flat plate
as a function of time. However, of great practical importance is the total moisture content (or weight
gain), which can be used to obtain the through-thickness moisture diffusivity empirically. First, the
average moisture concentration is obtained by integrating Equation 4.71 over the thickness:

h
= 1
C,)= h-(!.Cm (t,2)dz

-
=Cot(ComC)| 1= 5

J=0

. 2. 21m
_(2J+1)Ttkzt) @7

1
— > €X
Qj+1)7 p[ h?

Note that at t = 0, C,, = C,,, because we assumed C,, to be uniform through the thickness, and at
t =, C, = C., which is the moisture equilibrium state. The series in this relationship converges
slowly for short times (f = T"); however, for sufficiently large values of ¢, the relationship may be
approximated by the first term of the series. An approximate solution to Equation 4.72 for short
times is given by Tsai and Hahn (1980):

1/2
C,(1)=C,, +4(C. ~C,, )( k’h ! J 473)
T

If we multiply both sides of this relationship by the thickness 4 for plates exposed on two sides (or by
thickness 2h for plates exposed on one side only), we arrive at the moisture content of the material;
thatis, M,,=C,,- h,M,,=C,,;- h,and M, = C_ - h. Rearranging Equation 4.73 in terms of moisture
content,

ém - Cmi m
C.-C,, -

M,
. —M,,; nh?

%
i =4( ke ) Ji 4.74)

Obviously plotting (M,, — M, )I(M,, — M,,) vs. Jt will result in a straight line, the slope of which can
be used to obtain the through-thickness moisture diffusivity, .. Per ASTM D-5229, the slope can
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be obtained by using two weight gain points and the square root of the corresponding times. The
following relation is then used to determine the diffusivity using experimental data:

kg"zn( h ){\1/‘@ fJ @4.75)
where

M, is the effective moisture equilibrium content (the maximum moisture uptake), %
(M, —Ml/\/g—\/Z) is the slope of moisture absorption in the linear portion of the curve

n time™

The two points used to find M, and M, must be based on at least five specimen weighings per condi-
tion, with a minimum time interval specified in ASTM D-52209.

The maximum moisture uptake depends on the moisture content of the environment and
may be obtained following the procedure listed in ASTM D-5229 (essentially by measur-
ing the average moisture content until it changes by less than 0.01%) or from the following
relationship:

M, = AD® @.76)

where
@ is the environmental concentration (usually expressed as a relative humidity)
B is the material constant, may be assumed to be 1.0
A is the constant that represents the percent moisture in the material at equilibrium with a satu-
rated (@ = 100%) environment, also referred to as the saturation moisture concentration

A and B can be determined by conducting a series of tests at different relative humidities and plot-
ting M, as a function of @, on a logarithmic scale, In(M,,) = B-In(®) + In(A).

In order to conduct a full hygral analysis, a set of parameters must first be determined. Depending
on the importance of the parameters, their value may be assumed, estimated from available data for
a similar material/condition, or may need to be determined experimentally.

SUMMARY

In this chapter, we presented relationships that can be used to predict the properties of FRP com-
posite materials using the properties of individual constituents. Also presented are relationships for
hygroscopic and thermal transport properties. These relationships in conjunction with the material
properties should assist the infrastructure engineer in the design of FRP composite systems for con-
struction. For additional information, a number of resources are cited in the reference list that can
provide in-depth guidance on topics discussed in this chapter.
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INTRODUCTION

Polymers have found at an ever-increasing rate their places in the engineering world. Nowadays,
polymers are used in civil structures, automobiles, aircrafts, and even kitchen appliances. This
expansion of applications of polymers has come at the expense of often heavier materials, such
as steel, die cast, and aluminum alloys. It is not surprising that polymers themselves have evolved
over time and represent a current popular research area. In this chapter, we look at special types of
polymers, electroactive polymers (EAPs), that have some interesting features and a lot of promise
for future applications not only in civil engineering but also in other fields of engineering. As these
polymers find their way into the daily engineering world, it is important that civil engineering prac-
titioners have basic understanding of these materials. We will highlight properties of a few selected
EAPs and provide some key performance data. In addition, we attempt to provide a glimpse into the
future and forecast potential applications civil engineering practitioners may find in the near future.

In this chapter, we will first review some of the basic terms and definitions fundamental to the
understanding of the operation of EAPs. In the “Classification of EAPs” section, we discuss basic
operational functionality and properties of two classes of EAPs: ionic EAPs and electric EAPs. As
examples for the first category can be listed ionic polymer—metal composites (IPMCs) and carbon
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nanotubes (CNTs), while to the second category belong liquid crystal elastomers (LCEs) and elec-
trostrictive graft elastomers (EGEs). The “Future Application of EAPs” section discusses future
potential application of these materials in the field of civil engineering.

FUNDAMENTALS

The polymers we are presenting in this chapter are considered primarily to be of use in a dynamic
environment. By this we mean that dynamic properties such as shape or simple dimensional changes
due to input to the polymers are used to address dynamic problems commonly found in engineering.
For example, consider structural vibration, which is either human-induced, machinery-generated, or
caused due to environmental interaction. Mitigation of such dynamics can be achieved in many dif-
ferent ways, one of which is the use of smart materials. EAPs belong to the class of smart materials.
The term smart material is defined by the ability of the material to drastically auto-alter one or
more of its properties. In addition, this change in property is controlled by physical events, such as
electrical or mechanical stimuli. There are a number of different smart materials (some of which
have made their mark in everyday engineering application), such as piezoelectric materials, shape
memory alloys (SMAs), and magneto- and electrorheological fluids. Commonly, smart materials
not only have the property of actuating and therefore interacting with its environment but also have
the ability to sense changes such as deformation, charge, etc.

In this section, we will establish some of the basic fundamentals that can be used to characterize
properties that allow a material to be classified as a smart material. Further, we will restrict our-
selves to properties that are descriptive of EAPs.

DipoLES

One of the key driving elements for some of the EAPs is based on dipole moments. In this section,
we will briefly review the concept of an electric dipole and how it affects the functionality of some
EAPs. Considering a positive and a negative charge ¢ separated by a distance L (Figure 5.1a), apply-
ing an electric field £ (Figure 5.1b) results into forces at each charge in accordance with the field, as
depicted in Figure 5.1c.

The magnitude of the force generated is ¢ x E, and hence, the moment generated by the dipole
is equal to

M = dx gE sin(0) G.1)

PoLARIZATION

Considering the resulting electric dipole of some material, the polarization is defined as the vec-
tor describing the direction and magnitude of the moment per unit volume. If no electric field E is
applied to the specimen, the polarization results in the charge per unit surface area of the material
(Kim and Tadokora, 2007).
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FIGURE 5.1 Dipole illustration, (a) positive and negative charge, (b) applied electric field E, and (c) resulting
forces.
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PIEZOELECTRICITY

A number of materials including EAPs have the property of piezoelectricity, that is, the ability
to respond to electrical stimuli when deforming its shape and vice versa: generating an electrical
charge due to external forces that cause the material to deform. Thus, this reversible effect can be
utilized as a sensing device and as an actuation mechanism. For example, in actively engaging and
changing the behavior of some civil structures to control structural vibration, for which case, it is
most advantageous to have sensor and actuator collocated. The collocation avoids the inclusion of
an additional transfer function, thus making the control problem simpler and more efficient. A com-
mon piezoelectric material used in structural vibration control is the lead zirconate titanate crystal,
also commonly known by its abbreviation PZT.

Consider the electric displacement D, given by D = €E, where € is the permittivity (ability of
a material to polarize in response to an applied field) and E is the applied electric field. We can
quantify the piezoelectric effect using Hook’s law, which is presented here in a slightly different
form than the standard form by utilizing the compliance s (measure of flexibility): S = s7, where
S is the strain and 7 corresponds to the stress. This effect is given by relating S and T coupled
with E and D:

S=Exd and D=Txd 5.2

where d is the piezoelectric coefficient. Now using Hook’s law to relate the two equations, we arrive
at the piezoelectric constitutive equations:

Slj = deEk + SiJE'lekl
(5.3)
D, = eE, +dyTy

This formulation (Nye, 1987) is in tensor form where the superscript indicates the condition under
which the constant was evaluated. For example, the exponent E indicates that the measurement was
conducted under a constant electric field, while T indicates constant stress. The indexes i, j, k, and [
are set from 1 to 3, corresponding to the tensor notation. Also note that the permittivity has F/m as
units, the piezoelectric coefficient is given in m/V, and the elastic coefficient (compliance) is given
in m?*/N.

It is quite useful to view relationships (5.3) in matrix notation, by converting the tensor indices
(#7) and (k/) into matrix indices p and g. This can be easily accomplished using Table 5.1:

In this form, Equations 5.3 will transform into

D, =¢e}E, +d,T, G4
and
Sy = duEy + 5,7, (5.5)
TABLE 5.1
Conversion between Tensor and Matrix
Notation

ij or ki 11 22 33 230r32 3lorl3 12 or 21
porg 1 2 3 4 5 6
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To illustrate the use of these two equations, we utilize a PZT material. The compliance matrix s,
piezoelectric coefficient matrix d, and the permittivity matrix of PZT are given as follows:

S11 S 83 0 0 0
S12 Sn S13 0 0 0 0 0 0 0 ds 0
e 0 d=lo 0o 0 ds 0 0
“Mlo 0 0 sy O 0 “
0

0 0 O 0 Saq
0 0 0 0 0 2su-s0)]

and

€

()
(e

€x=|0 5] 0
0

The coefficient matrix d entails the properties of a PZT used to specify the material. Using a sim-
plified version of the equation earlier, we can compute the estimated change in dimension of the
piezoelectric material:

AL=x*EXd; XL, (5.6)

where L, is the original length. Hence, the direction of polarization and use of the material will
determine which index of the piezoelectric coefficient matrix d is to be used. For example, d; is
used to describe the strain parallel to the polarization vector—or thickness—of the ceramics;
d,, corresponds to the strain orthogonal to the polarization vector—that is, the width.

SUPRAMOLECULAR ASSEMBLIES

In supramolecular chemistry, one is concerned about bonding interactions of molecules, where the
chemical bonding mechanism is between macromolecules rather than sharing of electrons.

Amorphous

Many polymers are described as amorphous materials. The adjective indicates that the material is
not organized in a thermodynamically favorable crystalline state. This is often accomplished by
rapid cooling of the material or by adding chemicals that prevent the position of the atoms to form
in a long-range order.

Joule Heating

Heat is generated when an electric current flows through a conductor. This process is called Joule
heating. The name can be traced back to Joule’s first law, where heat produced is proportional to the
electric resistance in the conductor. The physical mechanism of heating in this process is based on
the movement of electrons and atomic ions within the conductor. Joule heating is sometimes also
called ohmic heating or resistive heating. Joule heating is used to activate LCEs.

lons

If a group of atoms lose or gain electrons, they become charged. For example, losing an electron makes the
group negatively charged. lons play a fundamental role in IPMCs, as we will discuss in the next section.

Nematic Liquid Crystal
These crystals have their molecules more or less aligned along a common axis.
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CLASSIFICATION OF EAPs

As mentioned earlier, only a brief segment of the vast area of smart materials is covered in this
chapter; even within EAPs, there is a wide variety of different configurations and working prin-
ciples. A comprehensive comparison of all EAPs is difficult because of the various material specifi-
cations. This chapter is intended to be a short overview of EAPs, and as such, we can only compare
these materials with some of the more popular smart materials. In Table 5.2, we compare EAPs with
other popular smart materials such as SMAs and piezoelectric materials.

As discussed earlier, EAPs can be classified into two categories depending on their activation
mechanisms: electronic and ionic (Bar-Cohen, 2001). Ionic polymers require low driving voltages
(less than 7 V) to achieve large strains (more than 300%) but need to be kept hydrated for its elec-
tromechanical operation. In contrast to the electronic type, this class of materials cannot sustain
direct current (DC)-induced displacements (Bar-Cohen, 2004). Examples of such materials include
conductive polymers/polyaniline actuators, CN'Ts, IPMCs, and ionic gels (Bar-Cohen et al., 2001).
Electronic-type polymers are dry and have greater mechanical energy density and can be operated
in air, vacuum, or water in a wide temperature range with no major constraints (Bar-Cohen, 2001).
Also, these materials require high voltages (>100 MV/m) to achieve longitudinal deformations of
order 4%-360% (Bar-Cohen et al., 2001). Unlike ionic polymers, electronic polymers can be made
to hold the induced displacement under activation of a DC voltage, which makes them prime candi-
dates for civil applications (Bar-Cohen, 2004). This category includes piezoelectric, electrostrictive,
and ferroelectric materials (Bar-Cohen et al., 2001). In the next two sections, we provide a more
detailed overview of these two types of polymers.

loNnic EAPs

Within the ionic EAPs, we will briefly describe properties and working principles of IPMCs and
CNTs.

lonic Polymer—Metal Composites

IPMCs are an interesting class of EAPs that promises a wide variety of potential applications
because they exhibit very large bending strains (>10%) under relatively low applied voltages
(1-7 V), as shown in Figure 5.2; they are lightweight (density 1-2.5 g/cc), have minimal energy
consumption, and are electromechanically efficient (>25% for actuation and >90% for sensing)
(Bar-Cohen, 2004). Though there are several different types of IPMC, all of these materials are
manufactured in a similar manner (Bar-Cohen, 2001; Shahinpoor and Kim, 2001). The pro-
cess entails taking an ionic polymer such as Nafion®, soaking it in an ionic salt solution of an

TABLE 5.2

Key Properties Comparison for Smart Materials
and EAPs

Property PZT SMA EAP

Strain achieved (%) <0.1 <8 >300

Force generated (MPa)  >100 200 <40
Voltage required (V) >50V 5V Tonic EAP  Electronic EAP
<7V <150 V/um

Source: Bar-Cohen, Y., Electroactive Polymer (EAP) Actuators as Artificial
Muscles: Reality, Potential, and Challenges, 2nd Edn., SPIE Press,
Bellingham, WA, 2004.
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(@ (b)
FIGURE 5.2 IPMC before (a) and after (b) application of a 2 V step input.

appropriate metal (such as platinum), and then chemically reducing it to draw the metal to the
surface of the polymer yielding a composite that consists of the polymer sandwiched between
two thin sheets of metal. The large bending strains that are observed in Figure 5.2 are driven by
ion exchange within the polymer as cations are attracted to the cathode surface of the polymer
under an applied voltage.

While this bending characteristic has been demonstrated many times, it has also been shown
that a linear relationship exists between the voltage output and the displacement applied at the
tip of an IPMC strip (Shahinpoor, 1999). Given these characteristics, [IPMCs have the potential
to be useful in a variety of different applications, albeit primarily sensing and actuating. Some
examples that are currently under investigation for IPMC as actuators are mechanical light-
weight robotic grippers, 3D beam actuators, morphing actuators, fluid flow actuators (such as in
arobotic fish), linear actuators, contractile serpentine actuators, diaphragm mini pumps, MEMS
actuators, nonmagnetic electromechanical relay switches, and continuous variable aperture mir-
rors and antenna dishes (Shahinpoor and Kim, 2005). In the area of biomedical engineering,
a variety of future applications are possible, including artificial ventricular- or cardiac-assist
muscles, surgical tools, peristaltic pumps, artificial smooth muscle actuators, artificial sphinc-
ter and ocular muscles, and aiding refractive error correction of the human eye (Shahinpoor
and Kim, 2005). Great steps have been taken since the discovery of this novel material toward
devising a system to characterize and accurately control the response of an IPMC to an input
voltage (Mallavarapu and Donald Leo, 2001; Bar-Cohen et al., 2002; Bhat and Won-jong, 2003;
Richardson et al., 2003; Lavu et al., 2005). However, the actuation of IPMCs remains relatively
simple, consisting of a voltage applied at a single point at the edge or at some central location
on the polymer surface, which results in a simple cantilever motion such as the motion observed
in Figure 5.2.

The main drawbacks of IPMCs are that these materials do not offer an appreciable power
output (estimated at 10 W/kg) (Wax and Sands, 1999) as compared with the natural muscle
(1000 W/kg), pneumatic, piezoelectric, or hydraulic components; operation at higher voltages
is prohibited due to concomitant electrolysis of water, which in turn may contaminate an oper-
ating platform; presence of a hydrated environment for operation, lack of which curtails the
migration of cation species; sample contamination from competing cationic species; lack of
consistency of processing of these materials; and the manufacturing cost, which is quite high
(Bar-Cohen, 2004).

Carbon Nanotubes

CNTs are a very recent addition to the field of EAPs (though not technically a polymer, though
when added to polymers can render the host materials conductive, provided that the CNT
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loading is above the percolation threshold). This particular configuration of CNT-loaded poly-
mers is a very promising material because of their superior mechanical and electrical properties.
Applications of CNTs will be plentiful in the near future, spanning from nanosized actuation
and sensing systems to reinforced composite materials. CNTs belong to the class of allotropes,
where the most popular allotrope is probably the diamond. The CNT’s walls can be as small
as one atom thick; the cylindrical shape can have diameters in the nanometer scale, that is,
1/50,000 of a human hair—hence the name carbon nanotubes. This carbon configuration can
have length to diameter ratios of over 10,000 (the length can reach several millimeters), result-
ing in a high-strength nanostructure possessing desirable electrical, mechanical, and thermal
properties. There are two types of CNTs, single-walled nanotubes (SWNTs) and multi-walled
nanotubes (MWNTs).

Single-Walled Nanotubes

SWNTs are the more promising of the two types of CNTs. This form of the material is more dif-
ficult to achieve due to impurities such as amorphous and graphitic forms of carbon and carbon-
encapsulated catalytic metal nanoparticles. Impurities have degenerative results on the array of
applications of SWNTs; that is, the quality of SWNTs is crucial for applications in nanostructured
composite materials (Zhou et al., 2002).

The structure of the one-atom-thick SWNT is made up of benzene rings, which are hexago-
nal carbon units. There is a double bond between two atoms, a single bond on the other side of
the atom and one free bond per atom (see Figure 5.3). Since CNTs are very receptive of van der
Waals forces, they tend to align themselves into chains and can structure themselves to substantial
lengths.

Multi-Walled Nanotubes

MWNTs appear in two different configurations. One configuration has several SWNTSs aligned
in concentric cylinders, each SWNT with a different diameter. The other configuration of
MWNTs is by rolling an SWNT in itself (similar to a gift paper roll). For either model, the dis-
tance between the cylinders or layers is in the order of 3.3 A. MWNTs are in general easier to
produce than SWNTs. A particular MWNT is the double-walled nanotube (DWNT), which has
a specific advantage over the other MWNTs and the SWNTs. A DWNT has the capacity to alter
its chemical functionality without changing much of its carbon structure. This is accomplished
by chemically altering (grafting chemicals to the sheet of graphite). SWNTs and other MWNTs
are susceptible to damage in the form of “holes” in their carbon structure due to breaking of
some of the carbon bonds; however, DWNTs provide a more robust structure for the grafting
since only the outer wall is modified.

Since CNTs are relatively new materials, the potential applications of these materials will be
explored as neat material as well as a material that can be used in combination with others. In
Table 5.3, the basic properties of CNTs and other commonly found material in civil engineering
practice are compared based on the most common mechanical properties.

Carbon atom

FIGURE 5.3 Benzene rings that function as the fundamental building block for SWNTs.
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TABLE 5.3
Basic Properties of Carbon Nanotubes
Compared with Some Other Materials

Young's Tensile Density
Material  Modulus (GPa)  Strength (GPa)  (g/cm?d)
SWNT 1054 150 —
MWNT 1200 150 2.6
Steel 208 0.4 7.8
Wood 16 0.008 0.6
Epoxy 3.5 0.005 1.25

ELectrONIC EAPS

In contrast to ionic EAPs, electric EAPs are driven by either an electric field or coulomb forces. We
will focus on electric-field-activated EAPs. In general, electronic EAPs require high activation elec-
tric fields (>150 V/um) and are capable of holding their shape/displacement with a constant electric
field, in contrast to ionic EAPs. Also, another advantage over ionic EAPs is the lack of hydration
for electronic EAP materials. Their main application currently is in solid-state electromechanical
actuators and motion sensors. There are numerous electric EAPs, including ferroelectric polymers,
which are driven by the field-induced dipole action; dielectric elastomers, the motions of which are
governed by Maxwell stresses; electrostrictive paper, which is in essence silver laminated paper
activated by a strong electric field; and electroviscoelastic elastomers, which are a special form of
electrorheological. In this section, two of the more commonly electronic EAPs will be reviewed,
LCEs and EGE:s.

Liquid Crystal Elastomers

LCEs have piezoelectric properties and can be set in motion through Joule heating. These materi-
als are in general supramolecular ordered assemblies made of a monodomain nematic LCE with
conductive polymers spread within the network structure (Bar-Cohen, 2004). The Joule heating
causes phase changes, which in turn have the effect of alignment changes of the liquid crystals and
ultimately produce stresses within the LCE that make the polymer change its shape. Figure 5.4
depicts the actuation mechanism of LCEs. The main limitation of these materials is based on the

Cooling
—

—
Heating

FIGURE 5.4 LCE response to thermal activation.
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TABLE 5.4
Basic Electrical Properties of LCEs
Response Blocked Stress Appl. Elec. Film Thickness
Time (ms)  Strain (%) Value (kPa) Field (MV/m) (um)
LCE ~10 >400 460 1.5-25 >1

Sources: Springer Science + Business Media: Electroactive Polymers for Robotic Applications:
Artificial Muscles and Sensors, 2007, Kim, K.J. and Tadokora, S.; Bar-Cohen, Y.,
Electroactive Polymer (EAP) Actuators as Artificial Muscles: Reality, Potential, and
Challenges, 2nd Edn., SPIE Press, Bellingham, WA, 2004.

thermodynamics occurring within the actuation mechanism. In particular, the heat transfer time
constant limits the rate of change. A rough (rule of thumb)-type relationship between the time con-
stant and the thickness is given by Kim and Tadokora (2007) as

L

T=c¢
t2

where
T is the time constant
¢ a proportionality coefficient
t the thickness of the LCE

From this, we see that the thicker the material is, the smaller the time constant. Another factor is
related to the application of heat to one or both sides of the LCE, which in the latter case can reduce
the time constant drastically. LCEs are in general spherical in the isotropic state and stretch when
they are thermally activated to the nematic state. The vector n (nematic) points along the long axis
of the shaped spheroid (Warner and Terentjev, 2003) (see Figure 5.4).

Some basic response-based properties of LCEs are given in Table 5.4.

Electrostrictive Graft Elastomers

Electrostrictivity refers to change of shape in electrically nonconducting material due to applied
fields; hence, EGEs belong to the class of electronic EAPs. The basic components are given by flex-
ible macromolecular chains and crystallizable side chains that can be attached or “grafted” to the
flexible macromolecular chains. Figure 5.5 illustrates the basic configuration of the EGEs.

' / Macromolecular chain
Vemadaa, /

e

! Graft polymer

=7

FIGURE 5.5 Electrostrictive graft elastomer molecular structure.
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TABLE 5.5
Common Properties of EGEs
Young's Output Energy Dielectric
Strain (%)  Modulus (MPa)  Power (MPa)  Density (J/kg) Constant
Graft elastomer 4 550 22 247 11

Source: Su, J. et al., Proc. IEEE Int. Symp. Appl. Ferroelectr., 2, 811, 2000.

The grafted elastomers linked to the macromolecular chain can crystallize and form physical
cross-linkages, which result in electric-field-sensitive polar crystal domains. These domains rotate
while exposed to an electric field and align with the field due to dipole action. This alignment causes
the macromolecular chains to change shape and thus change the EGE’s shape as well. Some of the
electromechanical properties of this material are given in Table 5.5.

FUTURE APPLICATION OF EAPs

EAPs are best suited for dynamic environments. The inherent damping properties of these
polymers and their adaptive nature make them ideal for vibration attenuation. In the field of
structural engineering, research is currently being conducted for drag/oscillation reduction of
large shell structures (EMPA, 2007a). Another potential application is the use of EAPs in long-
span, lightweight bridge structures (EMPA, 2007b). The bridge vibrations caused by traffic,
rain, and wind are best controlled by adaptive systems that may include integration of distrib-
uted EAPs in the structural system. For example, by using EAPs, it may be possible to alter the
structural natural frequency to avoid resonance at a given loading frequency or dissipate energy
through excitation of higher modes that may not cause damage or disturb the occupants (e.g., in
the case of long-span pedestrian bridges). Piezoelectric polymer sensors such as polyvinylidene
fluoride (PVDF) have also been recently developed for structural health monitoring. These
sensors are capable of identifying defects as well as dynamic changes in structures (Gu et al.,
2005; Vinogradov et al., 2005).

Since civil engineers may be involved in design of aerospace structures, we will briefly men-
tion applications in this area. Ongoing work includes development of novel propulsion system
for blimp structures that are used for transportation, observation, and stratospheric platforms
(WW-EAP Newsletter, 2006). With the help of electrically activated elastic polymer films, the
blimp surface can change shape by bending and stretching, simulating motion of a fish in a
stream. In another application, controllable inflated EAP reflectors were proposed for use with
lightweight optical and microwave systems that are placed in low-gravity space environment
(Bao et al., 2005). Changes in temperature or slight defects in fabrication make the surface of
such systems (e.g., a space mirror) distorted; thus, the use of EAPs is proposed to correct for
these deviations.

CONCLUSIONS

This chapter’s discussion of EAPs is intended to provide some ideas about the future potential of
these materials. As polymers continue replacing some traditional engineering materials, EAPs
will inevitably become options as well. In the area of civil infrastructure, they have a great poten-
tial to affect the dynamics of civil structures, particularly when coupled with other technologies
such as control systems. In many instances, EAP can provide actuation and sensing mechanisms
that may be used to alter a structure’s property with little intrusion or added weight.
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INTRODUCTION

Civil infrastructure provides the basic framework for a functioning society. It has directly and
indirectly influenced our civilization with the sole purpose of raising our standards of living through
increased global interaction. However, infrastructure systems are under increasing strain because of
rapid population growth, system aging, and natural disasters, all of which have resulted in increased
demands on performance and cost, even without consideration for the environmental and social
impacts associated with construction and infrastructure maintenance management. For example,
the fabrication of cement results in large quantities of CO, emissions (Kendall, 2004) that amounted
to 71.3 million metric tons in 2008 (van Oss, 2010). To mitigate the effects of emissions, new materi-
als and production methods are under development, such as engineered cementitious materials and
fiber-reinforced polymer (FRP) composites.

In many countries, the strain on civil infrastructure has been exacerbated by increasing popula-
tion and a disparate investment pace in new infrastructure systems; in many cases, maintenance
needs are not sustained consistently with the rate of population growth. These conditions require
entities responsible for construction, repair, maintenance, and rehabilitation of infrastructure sys-
tems to choose between various competing systems. In order to prioritize the replacement, repair,
or maintenance of systems, engineers must have tools available to ensure safety and optimize cost.
One such tool is life cycle cost (LCC) analysis. Also, the true total cradle-to-grave cost of systems
must include environmental and social cost along with monetary cost. This is typically referred to
as the triple bottom line, which is one of the fundamental pillars of sustainability. The costs associ-
ated with environmental and social impact are rather tenuous but are beginning to be quantified and
documented in the literature. This has been driven by the so-called green building movement and
can prove to be beneficial in the financial decision-making processes.

91
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The increased use of FRP composites in infrastructure is primarily driven by the investments
made in research to develop applications for composites. During the first few decades of this
research, it is estimated that the American federal government spent $30 million developing com-
posites for use in infrastructure applications (Mu et al., 2006). Although the use of FRP materials in
infrastructure is relatively recent, composites have a long history (since World War II) in a number
of other commercial industries, such as the aerospace and sporting goods industries. Many of the
attributes that make composites ideal in these industries can also benefit civil infrastructure. For
instance, some of the advantages of composites over traditional infrastructure materials include
high specific properties (strength-to-weight and stiffness-to-weight ratios), corrosion resistance, and
low-cost erection/maintenance. A more detailed description of each of these advantages is provided
as follows:

* High specific properties are particularly important in civil infrastructure; for example,
FRP bridge decks weigh approximately 20% of the weight of an equivalent reinforced
concrete deck. This allows a reduction in dead load requirements, which in turn reduces
the strength requirements for the sub- and superstructural elements. For existing bridges,
a replacement FRP deck with a high strength-to-weight ratio can increase the live-to-dead
load ratio, potentially resulting in adjustments to any imposed bridge load restrictions.
Also, in seismic prone regions, a lighter system will generate smaller seismic forces on the
supporting systems.

» Corrosion resistance is critically important in infrastructure systems exposed to corrosive
and deicing chemicals. In fact, corrosion of steel reinforcement is the primary cause of
structural deficiency in reinforced concrete infrastructure systems. Since FRP composites
are not susceptible to degradation at the same rate as steel, the use of FRP materials should
result in a longer service life and lower maintenance costs, all of which contribute to lower
associated LCCs (Nelson, 2005).

* Low-cost erection/maintenance is important for highly trafficked bridges, where the indi-
rect costs from traffic delays and lost productivity are estimated at 10 times the direct costs
(Nelson, 2005). FRP bridge decks can be installed in approximately half the time of an
equivalent reinforced concrete bridge deck (Nelson, 2005). The faster installation time
results in a lower economic impact.

There are also some disadvantages associated with using FRP materials:

* Material unit cost when compared to reinforced concrete is much higher. The range of
costs found for composites is two to three times higher compared to concrete. Although,
there is potential cost savings over the extended service life of FRP materials, engineers
are always hesitant to change designs to an unfamiliar material (Nelson, 2005).

*  Low ductility results in little to no warning of failure, which can be potentially catastrophic
(Nelson, 2005). Properly detailed reinforced concrete provides system ductility allow-
ing some warning before failure; this can be seen in routine inspections, for example, as
excessive deflections (Nelson, 2005). Due to this danger, inspections of FRP bridges are
conducted every year as opposed to every 2 years for bridge decks of accepted material
characteristics (Telang et al., 2006).

While the advantages and disadvantages of composite materials are well defined with respect to
mechanical and hygrothermal properties, the challenge of characterizing the LCC of a material
requires integrating environmental, social, and economic factors with traditional engineering
measures of safety and performance. In this chapter, the LCC of composite materials is exam-
ined. First, sustainability is introduced in the context of FRP composites and the need for life
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cycle analysis is described; then, an overview of environmental impacts of FRP composites that
focuses on the effects of constituent materials is examined; and finally, the theoretical frame-
work of LCC analysis is presented.

SUSTAINABILITY AND FRP COMPOSITES

The sustainability concept, as described in the Common Future (World Commission on Environment
and Development, 1987), states that:

Sustainable development is a process of change in which the exploitation of resources, the direction of
investments, the orientation of technological development, and institutional change are all in harmony
and enhance both current and future potential to meet human needs and aspirations. Sustainable devel-
opment “... meets the needs of the present without compromising the ability of future generations to
meet their own needs.”

While numerous metrics have been developed to assess the sustainability of materials and systems,
in general, each emphasizes or weighs factors for the following characteristics:

1. Minimum resources use

2. Low environmental impact

3. Low human and environmental health risks
4. Sustainable site design strategies

5. Higher performance

The ideal sustainable material or system would have a closed life cycle where renewable energy and
resources are used with zero waste and zero social impact. Certainly, there are few materials that
could qualify as ideal sustainable materials and still satisfy structural performance requirements.
Even more challenging are the demands of sustainable design, which essentially seeks to achieve
tailored design, construction, and maintenance plans depending on impact priorities, regional
issues, and economic requirements.

CoMPOSITE MATERIAL SUSTAINABILITY

The fabrication of constituent materials for FRP composites, namely, matrix and fiber, is the primary
area of concern when considering that most polymers (excluding biopolymers) are derived from
crude oil, natural gas, chlorine, and nitrogen (Gerdeen et al., 2006). The most commonly used fiber
reinforcements in civil infrastructure, glass and carbon fibers, require high temperatures (1400°C
for glass; 1200°C-2400°C for carbon) during production and in some cases require petroleum by-
products as precursors. However, it is worth noting that the production of traditional civil engineering
materials (cement and steel) is accompanied by high environmental costs as well (Hollaway, 2010).
During the manufacture of cement, intense heat is required, as high as 1870°C, fueled by coal and
natural gas that are used to transform raw materials into clinker. In steel, the refining process involves
the use of a blast furnace using coke and limestone to heat iron ore to a temperature of 1600°C.

When considering only energy and material resources, on the surface, it appears that the argu-
ment for FRP composites in a sustainable built environment is questionable. However, such a con-
clusion needs to be evaluated in terms of the potential advantages of FRP composites related to
considerations such as the following:

* Higher strength
* Lighter weight
* Higher performance
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* Longer life

» Rehabilitating existing structures to extend their life
* Seismic retrofits

e Defense systems unique requirements

* Space systems

* Ocean and other highly corrosive environments

In the case of FRP composites, environmental concerns appear to be a barrier to its feasibility as
a sustainable material, especially when considering fossil fuel depletion, air pollution, smog, and
acidification associated with their production. In addition, the ability to recycle FRP composites
is limited, and unlike steel and timber, structural components cannot be reused to perform a
similar function in another structure. However, quantifying the benefits of FRP composites in
infrastructure applications through a life cycle analysis may potentially balance adverse environ-
mental impacts.

Lire CycLE ASSESSMENT

The life cycle assessment of a material, component, or system involves examining the inputs and
outputs from design, fabrication, operation, and decommissioning. There are five categories to con-
sider when ascertaining the life of an asset or the selection of material (Woodward, 1997):

1. Functional life: period of time for which the asset is needed

2. Physical life: period of time the asset is expected to last without replacement or major
rehabilitation

3. Technological life: period until it is determined that the asset is obsolete and a new superior
alternative is needed

4. Economic life: period until the state of the economy dictates that a lower-cost alternative is
needed

5. Social and legal life: period until human desire or legal requirement dictates a replacement

The initial costs of a material or structure involve capital resources, environmental, and social
impact resulting from a material’s production and installation. While lower initial costs might
be attractive in the present, capital and environmental resources used as well as the social
impact during maintenance and replacement of a material must also be considered. It is impor-
tant to note that the selection of FRP composites will not be governed by the economic, envi-
ronmental, or social impacts of the material alone; rather, the selection of FRP composites will
depend on the contribution of the material to reducing the overall LCCs associated with an
entire structural system.

Perhaps the best solution for a sustainable environment is not to rebuild or replace an exist-
ing structure but to extend its physical life, thereby minimizing energy use and waste produc-
tion that result from demolition of the existing structure and construction of a new structure.
This scenario lends itself to the use of FRP composites for repair and strengthening of existing
structures so that they can continue serving their function or support changes in use require-
ments. The development of new FRP or hybrid infrastructure systems requires a design that
considers the useful life of the system in every phase of design and maintenance. A key aspect
to life cycle assessment of rehabilitated or new infrastructure systems is the ability to estimate
the service life integrating durability data. An estimation of service life is integral to evaluat-
ing performance, economic, environmental, and social LCCs associated with any material or
system. Figure 6.1 provides an illustration of how performance of a rehabilitated system can be
integrated with time-dependent parameters to select materials or designs based on remaining
service life of options a, b, and c.
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FIGURE 6.1 Service life estimation based on a measure of structural performance.

ENVIRONMENTAL IMPLICATIONS OF FRP COMPOSITES

Significant advantages in FRP composites exist over conventional materials; however, since
FRP materials are synthetic, doubt exists about how manufacturing these materials will affect
the environment. The primary environmental concerns include health, safety, emission of vola-
tile organic compounds (VOCs), energy consumption, and toxicity. Most fabrication and manu-
facturing processes consist of multiple steps that result in the use of energy, materials, and water
resources, generating large air, water, and land emissions. Each phase of the manufacturing
process from material choice, mold preparation, preparation of materials, application of materi-
als, mold operations and consolidation, curing and post curing, and trimming the component to
cleaning and disposal of equipment needs to be considered for adverse environmental impact.
It is worth noting that only through a comparative life cycle analysis from cradle to grave of
a specific material or system that a judgment can be rendered on the superiority of a material.
The intent here is to draw attention to the manufacturing and processing aspects of composite
materials in civil infrastructure applications that are likely to result in adverse environmental
impacts. The remainder of this section highlights areas associated with the manufacturing of
constituent materials and methods of processing of composite materials that are prevalent in
civil infrastructure and presents the most significant sources of environmental impact of FRP
composites.

ENVIRONMENTAL IMPACTS OF THE MATRIX

The three most common thermosetting resins used in infrastructure applications are polyester,
vinylester, and epoxy. Due to the use of fossil-based materials, polymers are often the primary cause
of environmental impact because of the considerable environmental impact associated with raw
material extraction; fibers have a much lower impact (Anderson et al., 2004). Table 6.1 summarizes

TABLE 6.1

Summary of Matrix Environmental
Impacts

Matrix Environmental Impact

Polyester Use of fossil fuels, peroxide, and styrene
Vinylester ~ Use of peroxide and styrene
Epoxy Use of fossil fuels, use of hardeners
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FIGURE 6.2 Relative environmental impact of resins compared to polyester. (From Anderson, J. et al,,
Green Guide to Composites: An Environmental Profiling System for Composite Materials and Products, BRE
Bookshop, Hertfordshire, U.K., 2004.)

environmental concerns for matrices that are prevalent in civil infrastructure. Curing and polym-
erization of resins, which is the process of bonding monomers to form polymers or long chains of
monomers, requires high amounts of energy input. Much of this energy requirement results from
the necessity of high heats for production.

Polyester is used for its low cost and high corrosion resistance and can serve as a fire retardant.
The polymerization reaction for polyester usually takes place in the presence of a catalyst,
such as peroxide (Bank, 2006). Peroxide is toxic and can irritate eyes and skin. Styrene,
a cross-linking agent, poses health concerns since it evaporates and can be inhaled dur-
ing the mixing and application of the resin (Anderson et al., 2004). In addition, prolonged
exposure can lead to brain damage and changes in blood cells (Astrom, 1997). Figure
6.2 provides relative comparisons of environmental impact between polyester, epoxy, and
polyester with two different types of fillers.

Vinylester is a premium resin that has advantages with respect to high heat and moisture
resistance and is highly effective in corrosive environments. In addition, vinylester resin
is very workable, cures quickly, and is known to develop good bond characteristics with
fibers. During production of vinylester resins, styrene and a peroxide catalyst have similar
emission and health concerns as in polyester production (Bank, 2006).

Epoxies are one of the more expensive types of resin but are attractive because of their work-
ability, adhesive properties, low shrinkage, and environmental durability. Epoxy resins
are typically supplied in two parts, resin and hardener. The resin itself is known to be
toxic, while the hardeners are known to cause disease and damage to the liver and kidneys
(Astrom, 1997). Table 6.2 provides a summary of environmental impact during production
of a typical epoxy resin (Joshi et al., 2004).

ENVIRONMENTAL IMPACTS OF THE FIBER

The three most common types of fibers used in FRP composite materials are glass, carbon, and
aramid fibers. Depending on the manufacturing process, the fiber volume fraction of composites
ranges from 10% to 65%. In general, the production of fibers is associated with high temperatures,
and both carbon and aramid fibers require the use of petroleum by-products as precursors. Table 6.3
provides a brief summary of the environmental impacts during fiber production.
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TABLE 6.2
Environmental Impact of Production
of Epoxy Resin

Environmental Impact Epoxy Resin
Energy use (MJ/kg) 140.71
Carbon dioxide emissions (kg/kg) 5.90
CO emissions (kg/kg) 2.20
SO, emissions (g/kg) 19.00
NO, emissions (g/kg) 35.00
Particulate matter (g/kg) 15.0
BOD to water (mg/kg) 1,200
COD to water (mg/kg) 51,000
Nitrates to water (mg/kg) 1
Phosphates to water (mg/kg) 220

Source: Joshi, S.V. et al., Compos. Part A, 35,
371, 2004.

TABLE 6.3
Summary of Fiber Environmental Impacts

Fiber Environmental Impact

Carbon Use of petroleum pitch, high energy use
Glass Dusty processing, high energy use, use of fossil fuels
Aramid  High energy use, use of petroleum by-products

Carbon fibers are manufactured from three different constituents: rayon, polyacrylonitrile
(PAN), and petroleum pitch. Fibers are initially drawn and oxidized at temperatures below
400°C. After this process, the fibers undergo pyrolysis (heated above 800°C). Finally,
graphitization is carried out with fibers heated to temperatures in excess of 1000°C. Clearly,
carbon fibers require high temperatures to manufacture; therefore, compared to glass and
aramid fibers, carbon fibers have the greatest environmental impact due to energy require-
ments during production. However, it should be noted that due to their excellent properties,
a lower quantity of material is often needed to achieve the same performance for a longer
duration than glass or aramid fibers, which may potentially offset their adverse environ-
mental impact (Anderson et al., 2004).

Glass fibers include E-glass and S-glass, two commonly used types of glass fibers. The
primary material of glass fibers is silica; to effectively produce these fibers, the ingre-
dients must be melted in a furnace at temperatures of about 1370°C. Like carbon fibers,
glass fibers require high temperatures to manufacture, using large quantities of energy
and fossil fuels. To produce a glass fiber mat, a total of 54.7 MJ/kg of nonrenewable
energy is used (Joshi et al., 2004). This includes energy used for each step, including
raw materials extraction, mixture, transport, melting, spinning, and mat production.
In addition, glass processing is dusty, which makes the production of glass fibers a
contributor to air pollution (Daniel and Nagtegaal, 2001). In order to assess the sustain-
ability of glass fibers, the amount of carbon emission and by-products produced during
manufacturing needs to be quantified for all fibers and all other basic construction
materials.
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Glass fibers are a popular choice as reinforcement due to their low cost and many advan-
tageous properties, such as high strength (tensile strength of approximately 3.40 GPa)
and tolerance to high temperatures and corrosive environments. However, glass fibers
have a relatively low stiffness. Typically, values of stiffness for glass fibers range from
approximately 70 to 90 GPa, whereas the stiffness of carbon fiber can range from 230 to
830 GPa. Additionally, glass fibers are very sensitive to moisture; in a study conducted
by Abdel-Magid et al. (2005), the strength of a glass fiber specimen decreased by 35%
(767-499 MPa) when exposed to water at room temperature while under a constant ten-
sile load. This is a concern if glass fibers are to be considered for areas that are particu-
larly humid.

ENVIRONMENTAL IMPACTS OF PRODUCTION

It has been emphasized throughout this chapter that an adequate comparison of environmental
impacts due to material choice requires a life cycle analysis that depends on the component or sys-
tem being constructed over its entire expected service life. Each material choice is characterized by
its respective production stages. Figure 6.3 illustrates a typical production process for a component
or system constructed of FRP composites within the framework of life cycle assessment. Most
composite manufacturing processes require the use of energy, raw materials, and water resources

Material choice

Matrix Fiber

Mold preparation
Preparation of materials

Application of materials

Mold operations and
consolidation

Curing and post curing

Trimming the component

Cleaning and disposal of
equipment

FIGURE 6.3 Overview of composite manufacturing process. (From Anderson, J. et al., Green Guide to
Composites: An Environmental Profiling System for Composite Materials and Products, BRE Bookshop,
Hertfordshire, UK., 2004.)
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Mold release agent

Gelcoat (embodied) |

Gelcoat (application) | [l

o m
Matrix (embodied)

Matrix (preparation)

Matrix (application)

Core (embodied)

Consolidation
Curing
Trimming

Post production

Mold cleaning

Equipment clean/disposal

Low High

Environmental impact

FIGURE 6.4 Range of environmental impact of composite production phases. (From Anderson, J. et al.,
Green Guide to Composites: An Environmental Profiling System for Composite Materials and Products, BRE
Bookshop, Hertfordshire, U.K., 2004.)

and can result in various forms of emissions to air, land, and water. Each stage of the manufactur-
ing process has an environmental impact that contributes to the total impact of the composite com-
ponent; there are multiple options in each manufacturing stage that results in varying magnitude
and range of environmental impact (Anderson et al., 2004). Figure 6.4 provides a qualitative chart
illustrating the varying magnitude and range of environmental impacts for each step in the manu-
facturing process.

While Figures 6.3 and 6.4 provide a qualitative guide to material selection for composite mate-
rials from a life cycle context, the need exists for quantitative analyses regarding input resources
and emissions for all materials for a given product in order to maximize the sustainability of
civil infrastructure components and systems. Some researchers have initiated the process of
comparing the economic, environmental, and social costs of constructing civil infrastructure
systems using FRP composites versus conventional materials such as steel and concrete (Daniel
and Nagtegaal, 2001; Halliwell, 2010). For instance, Daniel and Nagtegaal (2001) compared ini-
tial construction costs, maintenance costs, embodied energy, and environmental impact for the
replacement of a corroded steel pedestrian bridge. Five materials (structural steel, stainless steel,
glass FRP composites, aluminum, and concrete) were analyzed and compared to find the mate-
rial that offered the most sustainable solution. It was found that for combined initial construction
and maintenance costs, structural steel was the least expensive followed by FRP composites,
aluminum, and stainless steel. In terms of embodied energy, the FRP composite consumed the
least amount of energy at 120,000 MJ, while all other material options consumed at least twice
as much. The FRP composite was also found to have the least environmental impact in terms of
emissions to air and water.
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The study by Daniel and Nagtegaal (2001) substantiates the competitiveness of FRP composites
in a specific application compared to traditional materials. In general, materials that compete with
composites are more susceptible to degradation, which can lead to more maintenance or the need for
frequent material replacement. This clearly indicates that composites have a lower adverse impact
on the environment compared to their competitors, since they require less energy due to a lower
need for replacement. FRP bridge decks, for example, have three times greater service life, on aver-
age, than that of concrete (Hollaway, 2010). Therefore, less waste is generated from FRP composites
because replacement is necessary after a longer duration of time.

The lower density of FRP composites helps facilitate installation by minimizing the need for
heavy equipment. In addition, FRP composite components for structural systems are manufactured
in factories as opposed to cast-in-place. This allows for the quality of the composite to be monitored,
unpleasant weather to be avoided, and use of light lifting cranes. Other benefits of heavy equipment
not being required are that much energy, time, and costs are saved (Hollaway, 2010). Less labor
(included in cost) and traffic control are needed than for using competitor materials. Also, fewer
emissions are released to the environment because the equipment will be used for shorter durations,
if used at all.

LIFE CYCLE COST ANALYSIS

We can define LCC as the total costs (including direct and indirect costs) of a system or component
from cradle to grave. The time period from cradle to grave is defined as the life cycle of the system
or component. For cost comparisons, the life cycle can be assumed to be the period of time over
which the investment in the system/component is evaluated as compared to a comparable alterna-
tive. In this context, a key aspect of the LCC analysis is determining the financial performance of
the competing systems in order to rank the different alternatives. The different competing systems
will have different streams of costs and benefits over a set time horizon, which when monetized can
be expressed as cash flows. In order to compare and rank different systems that may be proposed
for a project, the concept of the net present value is useful. To be able to perform a net present-value
analysis, any future costs or revenues must be discounted to their present value, which requires
consideration of the time value of money. There are a number of reasons why money will be less
valuable in the future, versus today, particularly, opportunity cost, inflation, and risks. To account
for these factors and adjust the value of money over time, we usually use the discount rate, which is
the fraction (in percent) of the reduction of future cash flows (costs and revenues) at present value.
Therefore, the discount rate can be used to precisely relate the future value of a cash flow to its
present value as follows:

where
Cpy 1s the cost discounted to present value
Cp is cost at current price
n is the time period in years
(1 + r)™is known as the discount factor
r is the discount rate (Biondini and Frangopol, 2008)

The choice of discount rate is the most important factor in LCC analysis of projects with large initial
investments where benefits are achieved over a long period of time. The relationship between C,,,
and C, yields exponentially diminishing returns as the discount rate or the period increases. That is,
the present value for a given future value decreases exponentially with discount rate, period, or both.
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The discount rate is also used to quantify the actual return on the investment of anything that can
be monetized and depends on the time horizon of a particular investor. In this context, the discount
rate is considered the minimum acceptable rate of return (MARR). Therefore, an entrepreneur
will only invest in a project if its MARR is attractive compared to other potential investments.
For instance, government agencies typically invest in projects that are not expected to have a large
return on the investment over any specific time period but rather provide a benefit to the public they
serve. Private investors on the other hand expect a significant return on their investment over rela-
tively short periods of time because of the large number of competing investment ventures available,
some of which can yield very large returns over very short periods of time. For both groups, there
are four key dates of the life cycle, the baseline date (beginning of the investment), the service date
(beginning of operation), the maintenance date (date of major reinvestment to keep the system at an
acceptable performance level), and the end date (end of investment period at which point the system
is replaced and the cycle must be restarted).

For investments by government agencies, the discount rate may be defined as the difference
between the rate of return on a risk-free investment (such as the interest rate on 1 year Treasury bills)
and the inflation rate (Chen and Lui, 2005). An analysis provided in Chen and Lui (2005) uses his-
torical discount rates from years 1962 to 2002, with an average discount rate of 2.1%. Other publica-
tions quote values 5%-10% (Martland, 2012). For a more detailed discussion of discount rate and life
cycle analysis, see Martland (2012).

LCC analyses are used to evaluate the economic performance of different options, which can
be assessed based on total cost of different construction, inspection, maintenance repair, and reha-
bilitation expenditures that are incurred at different points in time, along with any revenue over
the same period of time. The present-value LCC (Cpy, ) can be used to compare the alternatives
over a given life cycle (N) over which different expenditures (C;) are incurred at different points
in time (¢, t,, t5, ... t;), assuming a constant discount rate (r). The relationship that gives Cpy, - is
(Hawk, 2003)

N

_ G R
Cpyre =Gy +Z A+ A+r)

ti=1

where
C, is the initial construction cost (including design costs)
Cy(t,) is the ith expenditure at time #; (inspection, maintenance, repair, demolition, and disposal
costs)
r is the discount rate
N is the life cycle
R, is the residual (or salvage) value at the end of the life cycle

In competing cases where the service lives are of different periods, the life cycle for analysis pur-
pose should be taken over a common period, either the longest service life or a common multiple
of the two service lives. That is, in the first case, the shortest service life system is assumed to be
replaced with a similar system at the end of its service life. In all cases, there is a residual (salvage)
value for some components that are taken as negative value in LCC calculations.

For a detailed comparison of LCCs to evaluate the economic feasibility of an FRP bridge deck
compared to a steel-reinforced concrete (SRC) bridge deck, see Kawahara et al. (2012). The study
is focused on short-span bridges with a total span less than 10 m, which make up over half of all
bridges in the United States. The FRP bridge deck consists of four self-supporting FRP honeycomb
sandwich panels. Though the comparison is made for the deck only (the supports and foundations
are assumed to be identical), the lighter FRP composite deck would require a smaller foundation,
leading to a lower cost than that for the SRC deck.
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SUMMARY

In this chapter, the sustainability concept was introduced with an emphasis on the factors that are
critical in understanding the role that FRP composites can have in a sustainable built environment.
The assessment for material selection for new designs or rehabilitation requires examining the LCCs
of an engineered system that considers performance, economic, environmental, and social factors.

An overview of the environmental implications of FRP composites was also provided in this
chapter with respect to constituent materials and production processes for composites. While it was
noted in this chapter that evidence exists showing FRP composite systems to have minimal emis-
sions to air and water versus conventional materials, the high heats of production for fibers, the use
of materials derived from crude oil, and human health factors will call into question the viability
of FRP composites as a sustainable alternative. The widespread adoption and integration of FRP
composites in sustainable infrastructure is predicated on evaluating materials and systems based on
resource use, environmental impact, public health, sustainable design, and performance throughout
their life cycle. Currently, there are numerous studies in literature regarding the structural feasibil-
ity of composite materials in civil infrastructure; however, the need exists for extensive quantitative
research on the economic, environmental, and social feasibility of these materials from the perspec-
tive of a life cycle approach.
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MATERIALS

Between 2002 and 2007, the price for steel rose 200% and the price for aluminum increased 187%. These
cost trends had driven equipment prices up by 60%—90% during that time period. This upward cost trend
may stabilize, but with the volatility of the world oil prices, it will definitely continue to fluctuate.
These dynamic market forces have altered the existing market segmentation in the composites
industry and have created new and favorable conditions for all composite structures and components.
This section will provide a basic background on materials, on the main manufacturing processes for
thermoset materials, and it will give a bird’s-eye overview of thermoplastic manufacturing processes.

Example 7.1

A rectangular strip with dimensions 101 x 4.82 x 500 mm (4 in. x 0.19 in. x 19.7 in.) needs to be
manufactured of E-glass fiber and vinylester resin.

An important element, as seen from a manufacturing point of view, is whether 2 or 20,000 of
these components are needed. This will be discussed in the “Manufacturing Processes” section,
which specifically deals with composite manufacturing.

Although a rectangular strip is an example of a greatly simplified component, this example
serves to bring out the profound differences between designing and manufacturing composites as
opposed to their metal counterparts with which most engineers are more familiar.

Figure 7.1a shows a shop drawing of a desired 101 x 4.82 mm (4 in. X 0.19 in.) rectangular section
in steel, whereas Figure 7.1b shows the drawing of that same part, with the same dimensions, but
this time for fabrication in E-glass fiber and vinylester resin.
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It should be noted that E-glass fiber-reinforced resins are expected to be at best one-quarter of
the stiffness of equal-size aluminum and barely one-tenth as stiff as equal-size steel parts. For this
reason, the industry will use many other fibers such as S-glass, HM-carbon and HS-carbon, and
Kevlar. The use of these other fibers and possibly of other resins does not change the fundamentals
of the underlying discussion.

It is striking that the shop drawing for the metal part is very simple since it only needs to give
the dimensions, the tolerances, the surface roughness, the steel alloy, and the number of parts that
are needed. Once this drawing is released to manufacturing, the raw material bar stock can be
purchased from a supplier, and the strips can be cut and/or machined to the right dimensions and
surface roughness requirements.

The drawing shown in Figure 7.1b is strikingly more complex. Not only are the dimensions and
their tolerances specified but also the details of a dozen fiber-reinforced layers of different kinds
that make up the cross section. In other words, whereas for the steel part, the designer only needs to
specify the steel alloy, for the composite, he or she also needs to design and build the material itself
on the basis of a designer-selected number of plies of various types. These ply types are determined
by the type of loading the part is being designed for, and this suggests an integrated design approach
of the ply-level materials for the load conditions at hand. Since the materials bloc in Figure 7.1b is
too small for this level of details, it is provided in tables, which are positioned on the main body of
the drawing.

Figure 7.2 is an enlargement of the rectangular composite strip for which the designer
has chosen 12 layers of 4 different types of material (1 = surfacing veil, 2 = mat, 3 = 0° roving,
4 = woven fabric).

Each material has a fiber type (i.c., glass fiber, carbon fiber, Kevlar) and a thickness, expressed in
grams per square meter or ounces per square yard. Additionally, a glass fiber orientation is specified
as explained later.

Good handbooks to assist the designers in selection of fibers and fabrics are provided by the
suppliers [1,2].

Material #1 shown in Figure 7.3a is identified in the composites industry as a surfacing veil.
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FIGURE 7.2 Twelve individual glass fiber layers identified. (Courtesy of CSSI, San Pedro, CA.)
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(b)

FIGURE 7.3 Materials #1 and #2. (a) Material #1 = surfacing veil and (b) material #2 = continuous strand
mat. (Photo courtesy of Dr. Clem Hiel, CSSI, San Pedro, CA.)

One will note from the laminate identification in Figure 7.2 that this veil is only used for the top
and bottom surface of the strip. The function of the veil is to provide a smooth surface appearance
and prevent print-through of the underlying layers. The veil is rich in resin, which is the key to its
texture blocking capability. In other applications, the designers may elect to use a gel coat in order
to create a desired smooth surface appearance.

Material #2, shown in Figure 7.3b, is called a “continuous strand mat,” which means that the
fibers are randomly swirling in the plane but do not have a preferential direction. It is common
practice to use this layer either next to a layer of veil or next to a gel coat layer. Similar mate-
rial exists in the form of chopped strand mats. This material consists of fibers that are chopped
into short lengths and held together with a resin-soluble binder. The saturation of the mat with
resin dissolves the binder and allows the mat to conform to tight curvatures and other specific
mold details.

Material #3 is unidirectional (UD) glass fiber roving, as shown in Figure 7.4a. The transverse
(horizontal) glass threads that are shown function to keep the UD material together.

It is these UD tows that form the “muscle” of the laminated strip. Figure 7.4 also shows that one
cannot look through the layer because it is dense with UD tows.

Material #4 is bidirectional also called woven, as shown in Figure 7.4b. This ply is also not trans-
parent because it contains a heavy 2D distribution of fibers.

In many instances, one will use a layer of mat to separate each of the layers of woven fabric and
UD material.

(a) (b

FIGURE 7.4 Materials #3 and #4. (a) Material #3 = UD roving and (b) material #4 = fabric. (Photo courtesy
of Dr. Clem Hiel, CSSI, San Pedro, CA.)
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TABLE 7.1
Individual Aerial Weights of Each of the 12 Layers

Ply# Type Mass (oz/yd?) Mass (g/m?)  Fiber Density (g/cm®)  2.52

1 Veil 1 34 Panel thickness 4.83 mm
2 Mat 9 305 Resin density 1.22 g/cm?
3 0 13 441
4 Woven  26.63 903
5 0 13 441
6 Woven  26.63 903
7 Woven  26.63 903
8 0 13 441
9 Woven  26.63 903
10 0 13 441
11 Mat 9 305
12 Veil 1 34
Total 178.52 6053
Volume fraction 0.50
Mass fraction 0.67
Density composite 1.87

Table 7.1 provides the overview of the individual weights of each of the 12 layers.
The table adds up all the weights of the individual plies to a total of 6053 g/m?. This weight
allows us to determine the volume fraction on the basis of the following formula:

_ Total mass of fiber
! 1000p,1
where
pyis the fiber density (g/cm?)
t is the laminate thickness (mm)
Thus,
6053

Vf =
1000(2.52)(0.19 x 25.4)
V, =0.50

The significance of a 50% volume fraction can be appreciated from the following approximate
formula:

where
D is the fiber diameter
d is the distance between fibers
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TABLE 7.2

Material Microstructure Details
Fiber diameter, D (m) 22
Volume fraction, Z 0.5
Distance, d (Lm) 5.57

‘ Fiber
N7

(Matrix)

FIGURE 7.5 Material microstructure.

Table 7.2 indicates that the spacing between 22 um fibers is only 5.57 um for a volume fraction
of 0.5.

This conclusion has formidable consequences for the manufacturing process as illustrated in
Figure 7.5.

Shown is the cross-sectional configuration for the 50% volume fraction composite, which
we looked at previously. This creates a fiber-to-fiber distance of no more than 5.57 um. These
are the dimensions between the fibers in which the polymer resin needs to be transported
by using one of several manufacturing processes. This will not be done perfectly except in
laboratory conditions. The degree of imperfection is measured by the void content in the
microstructure.

The void content is a measure for how well the manufacturing process has accomplished this
ideal goal. For aerospace parts, this is typically less than 1%, whereas for civil engineering con-
struction, it is desirable to be less than 5%.

The matrix material selected was a vinylester with a density of 1.22 g/cm3. The mass fraction of
fibers can be obtained as follows:

my = Vips
Pr +Vf(pf _pr)

where p, is the resin density (g/cm?)
Thus,

. 0.50(2.52)
77 1.22+0.50(2.52 -1.22)
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The density of the laminate is given by the following formula:
Peomp = prf + pr(] — Vf)
Peomp = 2.52(0.50) +1.22(1-0.50)

Peomp = 1.88 (g/em’?)

The density of the composite laminate is thus only one-fourth of the density of steel!

An interesting picture emerges if we estimate the number of fibers that is actually aligned with
the load and as such is determined. For the case of the tensile strip from Figure 7.1, the number of
fibers that participates in carrying the load is found by the following formula:

nD

fo=2.79%10"m

w=101.6x10"m

D=22x10"m

v = 20.5)2.79% 107)(101.6 x107%)
(22 x107%)?

N =372,850

ForD=10x10"%m
N =1,804,590

This simple exercise indicates that sizable structural engineering members may easily have billions
of fibers contained in their cross section. The manufacturing challenge is to manage the process of
starting from dry fibers and create a fully cured fiber-reinforced cross section, with all the fibers
pointing in the right direction and being fully supported and surrounded by resin with no or virtu-
ally no voids to interrupt this support.

A first estimate of the tensile strength of the laminate is given by the following formula:

o, =115(0.50)(0.58)

6, = 34 (kg/mm?) or 340 MPa

where
G, is the fiber tension strength
k is the fraction of zero degree fibers parallel to applied load (=58%)
C, is the resin tension strength (neglecting the second term)

In comparison the tensile strength of steel would be 551 MPa. Therefore, a tensile member with
twice the cross section of steel would weigh only half as much and carry 123% of the load that steel
would be able to carry.
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The following problem provides a more formal way for the designer in trading of weight and cost.

PROBLEM 7.1

The glass fiber/vinylester tensile structural member needs to support a failure load of 166,710 N over
a length of 0.5 m, as illustrated in Figure 7.6.

The material purchase cost of the glass fiber composite is $2.5/kg. What is the mass required to
use glass fiber composite for this application, and what is the cost?
The formula for the mass is

mass = Load - Lengthp""—m”

Gc()mp
mass = 166,710(0.5)@

340
mass = 0.46 kg

The cost of the support member is

Cost =0.46 kg@ =$1.52
kg

The cross section would be 490 mm? (0.15 in. x 4 in.), which is exactly the size of the sample that is
shown in Figure 7.1b. Figure 7.7 shows that part weighing out at about 460 g.

- A,

500 mm
(19.68 in.)

(0.19in.)

| 101.6 mm T
™ ; ~ (@00in) . F 4.82 mm
166,710 N
FIGURE 7.6  Glass fiber/vinylester tensile member subject to 166,710 N.

FIGURE 7.7  Glass fiber/Vinylester strip of Figure 7.6 (a) placed on a precision balance and (b) readout of the
weight (640 g). (Photo courtesy of Dr. Clem Hiel, CSSI, San Pedro, CA.)
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As we calculated earlier, this cross section has 372,850 filaments, which are each 22 um in diam-
eter to help support the tensile load. The contact area between the resin and the filaments is obtained
from the following formula:

1%
Acontact =4 Ef WIOZ

0.5 _3 _3
et = 44— (101.6 X 10)(2.79 x 107°)(0.5
Acontact 23 %10 < ( X )(0.5)

Ac'umuct = 1288 m2
forD=10x10"°m
Aconraer = 28.34 m’
This derivation indicates that as the fiber diameter decreases to 10 wm, the contact area between

fibers and resin tends quickly to the square footage of a 40 ft shipping container (320 ft?).
The same problem earlier when using galvanized construction steel would come out as follows:

Mass = 166,710(0.5) >
551

Mass =1.18kg
The cost of the support member is

Cost = 1.18kg£= $1.30
kg

The needed cross section is now only 302 mm?. As shown in Figure 7.8, the galvanized steel mem-
ber could have the same thickness, but the needed width would only be 62.5 mm (2.46 in.).

The mass of the composite is thus 41% (0.46/1.18 x 100) of the mass of steel. The designer is now
in a position to trade-off mass against other performance properties such as fatigue life. A quick check

500 mm
(19.68 in.)

— | 625 mm

‘m! 246in) - 482 mm
* (019 1in.)

166, 710 N

FIGURE 7.8 Steel tensile member subjected to a load of 166,710 N.
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confirms that the composite part as drawn in Figure 7.6 does not have comparative fatigue life with the
steel part drawn in Figure 7.8. However, when doubling the thickness of the composite strip, we still
save 20% in weight relative to the steel strip, but the composite outperforms the steel by almost an order
of magnitude in fatigue performance. This is shown in Figure 7.9 in which the relative scale, at which
the tensile members are drawn, indicates the more bulky nature of the composite strength member.

In the design trends, compactness and greater load transmission opportunities are provided for
more exotic fibers such as carbon and Kevlar fibers.

The fatigue performance is very much tied to the “sizing” of the fibers. The “sizing” means that a
submicron thick layer on the fibers applied at the time they were manufactured. It determines the level of
adhesion between the fibers and the resin. Over the years, as the sizing types were developed, the number
of fatigue cycles went from tens of thousands to hundreds of thousands, and subsequently to millions. An
interesting anecdote illustrates this aspect of composite part manufacturing. One company had bought

Tension-compression

Tension Tension fatigue .
fatigue
Steel
166,710 N
125,033 N (tension) 125,033 N (tension)

g2 P2 b A ko
Ay

125,033 N (compression)

a| Ll Cycle

Z 7 2

=L 7 ¢

166,710 N 125,033 N 125,033 N
1 Cycle (static failure) 25,000 Cycles 2000 cycle
Composite

125,033 N (tension)

125,033 N (tension) % 125,033 N (tension) %
% ii ij ij ij t? tj —-| |——1cycle

—-l |——1 Cycle ——l |——1 Cycle

125,033 N (compression)

\/ Composite strip
« (20% lighter than steel)

Ly

166,710 N (50% UTS) 125,033 N (37% UTS) 125,033 N (37% UTS)

&
.
S

20,000 Cycles 2,000,000 Cycles 20,000 Cycles

FIGURE 7.9 Fatigue performance illustrates a 20% lighter glass vinylester tensile member outperforming a
steel member by almost and order of magnitude.
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several hundred square feet of surplus glass fiber fabric at an auction. The fabric was old and had several
dirty coal or grease-like spots on its surface. The new owner decided to “steam clean” the glass before
using it in his production. By doing this, he unknowingly took off the fiberglass sizing, thereby building
a finished part that had grossly inadequate performance when subject to moisture and fatigue.

The data in Figure 7.9 also explain the underlying reason for the replacement of metal helicopter
rotor blades by fiberglass blades. The trade-off of weight versus fatigue performance becomes espe-
cially advantageous when replacing aluminum alloys, which do not have the benefit of the “Wohler
plateau” that mild steel has.

Further weight reduction in combination with improved fatigue performance is obtained by
designing with carbon fibers instead of glass fiber. The drawback of carbon fibers is, however, that
they are 5-10 times as expensive as glass fiber despite the promise over the years that the cost would
come down substantially.

The true design advantage of both glass fiber and carbon fiber composite materials is in inte-
grated components and structures [3—6]. Figure 7.10 shows the example of a truss structure that
has been built up from snap-together parts. Figure 7.10a shows a picture of a joint as it engages by
utilizing the elasticity of the composite material. The term “structural” applies here because this
connection is capable of carrying a 54,500 N tensile load.

Figure 7.10a also illustrates the steps in the engagement of the connection, which is very simi-
lar to nonstructural snap fits for plastics. Figure 7.10b shows the commercial pultruded electri-
cal transmission tower application for which this connection was used. This early technology has
already been successfully commercialized and continued development and improvement will lead
to increasing technical and commercial viability.

The competitive advantage of this structural snap-fit technology over the traditional bolting and riv-
eting is that the assembly takes only 15% of the time and that there are no assembly defects. The entire
tower snaps together as a Lego set and is assembled in 20% of the time it takes to assemble a steel
tower. In addition, the weight of the composite tower is only one-half of the weight of a steel tower.

Designers need to be well aware that the material properties of the polymer resins may have sig-
nificant temperature dependence. This dependence is shown for the “workhorse” resins in Figure 7.11.

The corrosion industry, for example, makes extensive use of low styrene emission vinylester res-
ins. Besides these resins, there are a number of higher-temperature and higher-performance resins
available from which the designer could choose for specialty applications. These resins come at a
higher purchase price and may add significant processing difficulties for the manufacturing engineer.

FIGURE 7.10 “Structural snap-fit” connection. (a) Steps in the snap-fit engagement. (b) Commercial
pultruded electrical transmission tower in which the “snap-fit” connection was used. (Photo courtesy of Dr. Clem
Hiel, CSSI, San Pedro, CA.)
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FIGURE 7.11 (a) Resin temperature limits. (b) Temperature rise of a surface exposed to an ambient solar expo-
sure cycle. (Courtesy of Dow Chemical Co., Midland, MI.)

In manufacturing it is important that the cure characteristics of the resin be well understood. For
example, certain resins can be applied at room temperature and they will then “cold cure” after a
given amount of time. The time during which they can be worked is called the “pot life”” of the resin.
Once the pot life has been used up, the viscosity of the resin has increased to such an extent that it
is no longer fit to create the micron size narrow spaces between the fibers.

MANUFACTURING PROCESSES

The section that follows reviews the manufacturing processes of composites in the following categories:

* Continuous reinforcement processes (pultrusion, filament winding, and braiding)
* Hand layup processes

* Molding processes (matched-die molding, vacuum bagging, autoclave molding)
* Resin injection processes (resin transfer molding, reaction injection molding)

* Processes for thermoplastic composites

CoNTINUOUS REINFORCEMENT PROCESS

Pultrusion

If the number of strips that needed to be made was in the order of 20,000, then the pultrusion pro-
cess would be a natural choice. The principles of pultrusion are outlined in Figures 7.12 through
7.16. The process is described in great detail in Refs. [7,8].

The first contributing innovations to the pultrusion process emerged in the late 1940s at one of
the fabricators shop floor upon receiving an order for many thousands of feet of structural shape
with constant cross section. Continued innovation in reinforcing materials, resins, machinery, and
tooling has created the modern process that is described in the following.

Figure 7.12 shows 12 material supply spools, each of which contains 1 of the 4 materials, which
we discussed earlier.

One notices that the various materials hang in a catenary shape as they come off the supply rolls
and make their way toward the impregnation section and into the pultrusion die.

The next step in manufacturing of the rectangular strip is that the 12 layers of material need to
be impregnated with a resin. The type of resin is also specified in the materials bloc. For most com-
mercial applications, this is polyester, vinylester, or epoxy. The precise resin formulation needs to
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FIGURE 7.12 Pultrusion infeed with 12 supply spools according to the drawing of Figure 7.1. (Photo cour-
tesy of Dr. Clem Hiel, CSSI, San Pedro, CA.)

be specified in a separate process specification because a resin has curing agents, UV inhibitors,
fillers, and other elements in precisely defined concentrations. Therefore, the design of the resin is a
separate element in the definition of the manufacturing process.

Figure 7.13 is a view from the top of the impregnation tank as the 12 layers are moving through
the tank.

As the individual plies come through the tank, they are wetted and make their way toward the
entrance of the pultrusion die. As the plies enter the heated die, they are compressed, and the excess
resin is squeezed out. As the laminate proceeds toward the middle of the die, it starts curing and
develops an exotherm. Upon curing, the part experiences some thermal shrinkage and pull away
from the pultrusion die prior to exiting.

Figure 7.14 shows the actual shape of this simple pultrusion die entrance.

Figure 7.15a through ¢ shows the composite strip as it is exciting the mold.

Once the length of composite is enough, a set of hydraulic grippers take over and pull the mate-
rial in an automated mode. The pull force for this configuration is about 1200 Ib. Specifically Figure
7.16b shows a clear transition from dry glass fiber material to cured material. As the cured compos-
ite moves forward, equilibrium is established between the heat necessary to cure the material, and
the heat transported out of the mold. Because the pultruded strip has been subject to the confine-
ment of a die upon curing, it exits the pultrusion die with a smooth surface on both sides.

The pultrusion process can be utilized to fabricate components of many different shapes as is
shown by the airfoils in aramid fiber (Kevlar) and glass fiber that are emerging from the die, as
shown in Figure 7.16.

Pultrusion is basically a process for profiles with constant cross section. There are innovations
and adaptations that have attempted to remove this obstacle, but they are not discussed in the realm
of this basic description. More information can be found in Ref. [8].

Figure 7.17 shows a hollow pultruded part.

This part is produced by cantilevering two mandrels and depositing all the necessary plies on
these mandrels. As the plies proceed, they are impregnated with resin.

The filament winding process that is described later also creates hollow shapes and also makes
use of mandrels.
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(a) (b)

(c)

FIGURE 7.13 (a) Lamina moving between impregnation stations. (b) Top view of an impregnation sta-
tion. (c) Final impregnation prior to entering the pultrusion die. (Photo courtesy of Dr. Clem Hiel, CSSI,
San Pedro, CA.)

FIGURE 7.14 Cross section of a simple pultrusion die. (Photo courtesy of Dr. Clem Hiel, CSSI,
San Pedro, CA))
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(c)

FIGURE 7.15 (a through c) Composite strip as it is exciting the mold at a rate of 4 ft/min. (Photo courtesy of
Dr. Clem Hiel, CSSI, San Pedro, CA.)

(a) (b)

FIGURE 7.16 Airfoil parts in (a) Kevlar and (b) glass fiber. (Photo courtesy of Dr. Clem Hiel, CSSI, San
Pedro, CA)



122 The International Handbook of FRP Composites in Civil Engineering

FIGURE 7.17 (a) Hollow, as produced part. (b) Pultrusion setup to produce the part. (Photo courtesy of
Dr. Clem Hiel, CSSI, San Pedro, CA.)

Filament Winding

This process is not a candidate for making rectangular strips but has proven to be very efficient for mak-
ing hollow cylindrical parts with complex fiber architecture. The process is rapid and capable of laying
down hundreds of pounds of composite material per hour. The filament winding process was patented in
1946 by R.E. Young [9,10]. This was part of larger patent umbrella in the development of rocket motors.

Since the late 1930s, gasoline was stored in metal tanks; nevertheless, in the late 1960s and
1970s, Owens Corning produced thousands of filament wound tanks for underground fuel storage
and later sold the business to Fluid Containment Inc. of Conroe, Texas.

The principle of this process is illustrated in Figure 7.18.

The best analogy is that of a lathe in which the part that is normally machined is replaced with a
rotating mandrel and the cutting tool has been replaced with a fiber delivery eye. It is actually a thin
band of fibers that is dispensed onto the mandrel. The fibers either go through a resin bath, which is
most common, or are dispensed dry and the resin is added later.

o <90°
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FIGURE 7.18 Principle of filament winding.
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(b)

FIGURE 7.19 (a) Filament wound part, with ropelike surface. (b) Close-up of the surface. (Photo courtesy
of Dr. Clem Hiel, CSSI, San Pedro, CA.)

The resins that are used the most are epoxy, vinylester, and unsaturated polyester. Often “heavy”
tows consisting of 50,000 individual filaments are used in order to strike a balance between product
requirements and processing speed. In most instances, the outer surface of the wound part is left
alone, and its smoothness is therefore dependent on the filament tow size that has been used. Larger
tows create a ropelike appearance on the outside of the part, as shown in Figure 7.19.

Figure 7.20 is an example of a square filament wound part. Again the ropy surface is shown on
this production part.

(b)

FIGURE 7.20 (a) Square filament-wound part. (b) Close-up of the surface. (Photo courtesy of Dr. Clem Hiel,
CSSI, San Pedro, CA)
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HAND LAyur PrOCESS

Hand Laminating

Hand laminating is the oldest and cheapest technique available. It could be used if only a limited
number of strips would need to be made. The dry plies are placed onto a mold surface one by one
and impregnated with resin. This resin may be a “cold cure resin” or one that needs a heat cure
cycle. Therefore, the resin-heating requirements will determine the mold and tooling materials that
need to be used. In case of a “cold cure” resin, the molds are often made of wood or low from other
“cold cure” materials. This allows the manufacturer to create relatively cheap molds with complex
curvatures. The drawback of the molds is that they are only good for a limited number of parts
and that depending on the complexity and materials used, they need almost continuous repair and
maintenance after every molding cycle. The disadvantage of hand laminating is that it is an artisan
type process. It is very difficult to train a variety of workers to fabricate a consistent and guaranteed
high-performance product in the way this could be done with metal workers.

If the laminating resin needs to be cured at elevated temperature, then the molds need to be
metal, high-temperature composites, concrete, ceramic, or other specialty molding materials.

The laminating process as described earlier only provides one smooth surface. If one needs two
smooth surfaces, then the matched-die process needs to be employed as discussed later.

If a few hundred strips needed to be made, the most economical way would be to fabricate 4.82
mm (0.19 in.) thick and 1524 mm (60 in.) wide plates, which would later be cut in strips. Figure 7.21
shows what this process would look like.

The 1524 mm (60 in.) width is determined by the commercial width of the roles that are available
for the 12 materials that were identified earlier.

Since we needed both sides of the strips smooth, one notices the matched-die press on the right-
hand side in Figure 7.21. Since a heat cure resin is used, the platens of the press are capable of being
heated at a programmed heating rate.

The dry reinforcements come off the rolls, which are placed at the left in Figure 7.21. As each
layer is placed on top of the next, technicians roll in the liquid resin with a roller. As such, this is an
open mold process, and the volatile organic compounds (VOCs) that come off the resin are inhaled
by the technicians, which is not desirable. It is important that personnel protection be provided
when using these processes. It is very important to put technicians through a training class in order
to foster their personal hygiene and protection when working with organic resins.

The first step is to coat the mold with a release agent. This coat needs to be sufficient to keep
the part from bonding to the mold or being damaged when taken out of the mold. It needs to be
sufficiently thin to transfer mold details onto the part. For many elevated temperature applications,

(@)

FIGURE 7.21 (a) Fabrication of panel. (b) Press and layup hardware used for panel fabrication. (Photo cour-
tesy of Dr. Clem Hiel, CSSI, San Pedro, CA.)
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FIGURE 7.22 Spray-up.

the release agent is sprayed or brushed onto the mold and the mold is taken through an elevated
temperature “baking” cycle, so that the release agent is “baked onto the mold.” Depending on the
mold complexity, the release agent will work for 15-50 parts. The design of molds is a specialty,
which is too involved to review in the limited space available. Details can be found in Refs. [11,12].

Spray-Up
The basic setup of spray-up equipment is very similar throughout the composites industry. The
principle of spray-up is shown in Figure 7.22.

The essential equipment includes

* Pumps for resin and pumps for pressure ports and catalyst
* Chopper gun

* Head for spray gun

* Air regulators, gages, hoses, possibly boom and dolly

* Solvents for flushing the system

Getting the exact glass-to-resin ratio each time is a question of technique and skill. There are best
practices available for that industry. The one piece bathtub shower is a typical part that is made by
spray-up.

The spray with binder-only approach is excellent for creating a preform. The binder is based on an
epoxy or polyester formulation. The preform is then transferred to a closed mold, or a bag is pulled over
the perform, to allow a liquid molding phase without the release of VOCs. The binder that was introduced
is formulated so that it dissolves into actual resin and wets the material during the liquid molding phase.

A recent adaptation of the spray-up process is known as P4 technology. The spray equipment is
mounted onto a computerized robot arm and a thermoplastic powder binder is used. Depending on
the mold location that is spayed, the direction and the length of the fibers can be adapted. This pro-
cess is being developed by the automotive industry, and a more recent adaptation P4A (A for aero-
space) has been under development for aerospace use where the short fiber are carbon, rather than
glass fiber. The fiber distribution on the mold is a preform that needs to be supplied with resin. This
is done by resin transfer molding, which is especially easy because the pressurized resin pumped
into the matched-die mold and the short fibers allow easy impregnation.
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MoLDING PROCESS

Matched-Die Molding

Figure 7.23 shows the matched dies as they are ready to close.

The tool used for this particular case is steel, but tools have been built in aluminum, concrete,
polymer concrete, composite, and wood. Other tooling materials have been brought to market.

There are troubleshooting procedures available in every plant to adjust to when the molding does
not come out correctly.

Once the layers have been impregnated one by one, the mold is moved into a press via a
transfer system. This is the compression molding stage and the platens of the press put a prede-
termined pressure, which is typically 50-200 psi, and go through a heat cycle to cure the part.
The advantage of the matched-die process is that the two sides of the part are fully finished.
Additionally the compaction pressure squeezes out sufficient resin to reach volume fraction of
50%—-60%.

Resin Transfer Molding

Resin transfer molding is a more general term for the technique of placing preformed laminates with
long fibers into a matched-die mold and afterward injecting the resin. The resin viscosity is a very
important parameter in this process. Once the injection is completed, the mold goes through a heat
cycle, and the part cures and is demolded, cleaned up, and eventually further integrated with other
parts. As in matched-die molding, both sides of the part will be smooth.

Vacuum Bagging
As discussed earlier, one can fabricate laminated components with high volume fraction by using
only one mold half and a vacuum bag as schematically shown in Figure 7.24.

In this case, only the mold surface will be smooth.

The pressure created by the atmospheric air surrounding the vacuum bag pushes the plies
together, and fiber volume fraction of 50% can readily be achieved.

This process has the advantage that the equipment costs are relatively low; as such, it is appro-
priate for low production runs. The work only requires semiskilled labor. A disadvantage is that

25

FIGURE 7.23 Contact molding and compression molding. (Photo courtesy of Dr. Clem Hiel, CSSI,
San Pedro, CA.)
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FIGURE 7.24 Vacuum bag placed over the finished layup. (Photo courtesy of Dr. Clem Hiel, CSSI,
San Pedro, CA.)

the process involves a fair amount of waste. As the part comes out of the mold, it may need to be
trimmed or be moved to another manufacturing phase for integration and assembly with other parts.
Compression molding can also be used for thermoplastic composites. With these materials it
is possible to start out from a flat sheet that has been extruded and the matched die will make it
conform. One application is the tailgate of a DaimlerChrysler minivan. An added difficulty in the
automotive industry is that an A-class finish is required.
For a number of applications, one makes a “preform.”

Vacuum Molding

A flexible sheet or bag is used to cover a single cavity mold that contains either the dry or the wet
fiber layup. The edges of the flexible sheet are clamped against the mold to form an envelope and
seal the member. A catalyzed liquid plastic resin is introduced into the envelope or bag interior to
wet the fiber. A vacuum is applied to the bag interior via a vacuum line to collapse the flexible sheet
against the fiber and surface of the mold, while the resin-wetted fiber is pressed and cured to form
the fiber-reinforced structure. Resin fumes from the process are prevented from escaping into the
ambient workspace.

A vacuum method where the resin is introduced into a preform requires a network of veins or
arteries that are embedded between layers of fabric and become an integral part of the final prod-
uct. Other techniques allow for the artery structure to be broken away from the finished part. The
complexity of the part determines the number of resin supply points.

This technique provides a good “void-free” part.

Autoclave Molding

Industry has used autoclaves for the drying of wood and for bonding of wood aircraft components.
As the composites aerospace industry emerged, it very quickly embraced the use of the autoclave
as a means to provide pressure on a laminate. Many times, the industry uses simultaneous vacuum
bagging to assure the possibility of void-free structures. Using an autoclave is a slow process, and it
can only be justified for integrated designs in which one composite part replaces hundreds of metal
components and thousands of rivets.
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FIGURE 7.25 Centrifugal molding process.

In later years, the aerospace industry has embraced non-autoclave technologies in an effort to
increase production speeds and get away from the size limitation of autoclaves.

Centrifugal Molding
An alternate non-autoclave way to provide pressure on a laminate is to spin it around and let the
centrifugal pressure move the resin into the laminate plies.

Figure 7.25 illustrates this centrifugal molding process.

First the reinforcement is placed into the mold. One way of doing this is to roll it onto a light stick
and bring the stick into the mold cavity. As the mold starts rotating, the dry reinforcement unwinds
and starts pressing against the inside of the mold. Once this step is completed, the resin is allowed
to enter. The resin impregnates the plies, and since the part has a slight taper, it can be removed
from the mold with a slight hammer tap or with a demolding tool, depending on the size of the part.

This creates parts with a smooth surface appearance. Many tubular poles and masts are made
using this technique.

MACHINING

It is very important to realize that glass is a very hard substance. Table 7.3 shows the Mohs scale,
indicating that glass is harder than steel.

From a standpoint of hardness, we do know that glass fibers are as hard as steel, as shown in
Table 7.3, which is the Mohs scale (from the website of the American Federation of Mineralogical
Societies, Inc.: http://www.amfed.org/t_mohs.htm).

This table explains why glass fiber with a Mohs hardness of 7 is capable of scratching a pultrusion
die and why a pultrusion die surface needs to be chromed and why regular carbide cutting tools wear

TABLE 7.3

Moh Hardness Scale
2.5 Fingernail
2.5-3 Gold, silver

3 Copper penny
4-4.5 Platinum

4-5 Iron

5.5 Knife blade
6-7 Glass

6.5 Iron pyrite

T+ Hardened steel file
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out very quickly. An anecdote related to this is that the president of a pultrusion company noticed the
piles of sawdust under the cutoff saws at the end of his machines. One weekend he concocted the idea
of using this sawdust as filler for his or her resin. After some days passed, his or her personnel reported
that the dimensions of the parts produced on this machine had gone outside the specification range;
he or she realized the damage he or she had done. By adding the highly abrasive sawdust, he or she
had worn his or her pultrusion die very badly. It suffices to say that he or she never tried this again.

Cutting with a band saw—type setup produces the least dust. Alternatively a diamond-coated
rotary cutoff saw with water spray keeps the dust down and is known to give excellent results.
Nevertheless, if the part needs to be subsequently bonded, surface coated, or painted, it is advisable
to dry the wetted surface, so that all the moisture has been removed prior to secondary processing.
Especially when cutting carbon, this dust may short-circuit electrical machinery. It is therefore bet-
ter to use air tools when trimming and cutting carbon composites.
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INTRODUCTION

Basic approaches for design of FRP structural members include allowable stress design (ASD),
limit state design (LSD), load and resistance factor design (LRFD), and performance-based design
(PBD). All of these approaches require structural analysis for the designed section, member, or
structure. FRP composite materials are brittle and exhibit little or no ductility prior to failure. FRP
materials also have higher strength-to-stiffness ratio compared to steel or concrete. This implies
that when the strength requirements are satisfied for a design, the requirements for stiffness may not
be fulfilled. FRP structural members usually exhibit low resistance in the wall’s through-thickness
direction. In an FRP structure, failure may occur locally due to local bucking or wrinkling or due
to local damages such as local delamination or cracking. The design of FRP structures shall take
into account the basic material characteristics of FRP composites by ensuring that a serviceability
limit state is reached prior to its ultimate limit state for the mode of failure being considered or by
providing reasonable and adequate warning of failure prior to reaching an ultimate limit state. This
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requires a good understanding of the mechanical and structural behavior of the FRP structure sub-
jected to the design loads and service environment. This chapter provides bases for the mechanical
and structural analysis of FRP structural members, including the determination of deformation,
stress, strain, stability analysis (buckling analysis), vibration, and delamination.

Some assumptions must be made for the mechanical and structural analysis of FRP materi-
als and structures. In the micro level, fiber-reinforced composite materials are heterogeneous in
nature, and the material properties vary from point to point. In macromechanical analysis and
structural analysis, we usually deal with a scale that is much larger than the fiber diameter, and
the material may be treated as homogeneous with equivalent properties calculated from the fiber
and matrix properties through some micromechanics approaches. Micromechanics is the study
of a composite’s behavior wherein the interaction of the constituent materials (fiber and matrix)
is examined in detail as part of the definition of the behavior of the heterogeneous composite,
whereas macromechanics and structural mechanics examine its behavior wherein the material is
assumed homogeneous, which implies that the properties are taken to be the same at every point
and the effects of the constituent materials are detected only as averaged apparent properties of
the composite.

The analysis of FRP composite structural members is based on the theory of elasticity of aniso-
tropic body. Under normal and isothermal conditions, FRP materials are considered as ideally elas-
tic, that is, the body recovers its original form completely upon removal of the forces causing the
deformation, and there is a one-to-one relationship between the state of stress and the state of strain.
This does not include creep at constant stress and stress relaxation at constant strain. The analysis
of viscoelastic behavior of FRP composites can be found elsewhere. In this chapter, it assumes that
FRP structural members are ideally elastic.

The governing equations describing the motion of a solid body can be classified into four
basic categories: kinematics, kinetics, constitutive equations, and thermodynamics. Kinematics
studies the geometric changes or deformation (displacement and strains) in a body, with no
consideration of forces that cause the geometric changes or deformation. Kinetics studies the
static or dynamic equilibrium of forces acting on a body. The constitutive equations describe the
constitutive behavior of the body and relate the dependent variables introduced in the kinetic
description to those in the kinematic and thermodynamic descriptions. The thermodynamic
principles (first and second laws of thermodynamics) describe the conservation of energy and
relations among heat, mechanical work, and thermodynamic properties. The mechanical analy-
sis of a solid body is to find solutions to these basic equations supplemented by appropriate
boundary and initial conditions of a specific problem. The equations and procedures can be
found in various books for isotropic materials and FRP composite materials (Hyer 1998; Jones
1999; Kollar and Springer 2003; Reddy 2004).

COORDINATE SYSTEMS

Continuous FRP composites often have easily identifiable preferred directions associated with their
fiber directions or symmetry planes. Each individual ply of an FRP laminate may be an anisotropic
body, that is, different values of material property in different directions at a point. Therefore, it is
convenient to employ two coordinate systems: a local material coordinate system defined accord-
ing to the principle directions of reinforcing fibers or the axes of symmetry and a global coordinate
system attached to a fixed reference point for ease of understanding for a specific problem. Figure
8.1 shows a lamina with global and local material coordinate systems.

Local coordinate system is often denoted by axis of x;, x,, x5 (or z) or simply 1, 2, 3. Direction x;
refers to the direction in which highest stiffness or strength exists. Direction x, refers to the direc-
tion perpendicular to the x; direction but remains in the lamina or laminate midplane. Direction x,
(or ) often refers to the through-thickness direction. The x, direction is called longitudinal (princi-
pal) direction; the x, direction is called transverse direction; the x; direction is called the vertical
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X1

X

FIGURE 8.1 Global coordinate system (x, y, z) and local coordinate system (x;, x,, X3).

TABLE 8.1
Notations for Strains and Stresses
Strain Notations Stress Notations
Normal Shear Normal Shear

Global System (x, y, z)

Tensorial €.8,€, §.&. €&  0,06,0, 0,0,.0,

Engineering ¢ ¢ ¢, Yoz Yee Yo 0,0,0, Ty, T Ty

Contracted €8 € €, & & 6,0,0, 6,0,0;
Local System (x;, x,, x5)

Tensorial €1€n8; €3€3€, 010,03 053030,

Engineering &, ¢, & Y3Mi3%2 010,03 Tos Ti3 Tiz

Contracted € €, 8 €,€5 & G, 0,03 G, 05 O

direction or through-thickness direction. Because axes x, and x, are in the midplane of a lamina or
laminate, this plane (x,—x,) is referred as in-plane, the other two planes formed by axes x,—x; and
X,—x, are called out-of-plane. The displacement field is denoted as («, v, w) in the global system and
(uy, u,, uy) in the local coordinate system. The denotations of strains and stresses in different coor-
dinate systems are shown in Table 8.1.

In analysis of FRP composite, the global coordinate system in general does not coincide
with the local (material) coordinate system. In addition, laminates have several layers; each
has different orientation of their principal material coordinates with respect to the global lam-
inate coordinate. Thus, there is a need to establish transformation relations among stresses,
strains, and material coefficients in one coordinate system to the corresponding quantities in
another system.

When we consider two Cartesian coordinate system (x, y, z) and (', y’, z°), the orientation of the
primed system with respect to the unprimed system can either be given by nine direction cosines or
be specified in terms of three angles that denote consecutive rotations of the primed system about
the x-, y-, z-axes (Kollar and Springer 2003).

ConsTITUTIVE BEHAVIOR OF FRP COMPOSITE MATERIALS

In FRP composites, the fibers may be oriented in a predesigned or arbitrary manner. The mate-
rial may behave differently in different directions depending on the arrangement of the reinforc-
ing fibers. The constitutive relationships of a generally anisotropic material can be described by
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the generalized Hooke’s law. By using the contracted notation (see Table 8.1), the stress—strain
relationships for a generally anisotropic material in the (x, y, z) global coordinate system can be
expressed as

[o.] [Ch Cn Cs Cu Cs GColle]

Oy Cyi Cyn Gy Gy GCys Cxlle

G| _ ?31 ?32 ?33 ?34 ?35 ?36 € @.0)
Ty Cy Cp Cu Cu Cis Cul|l|¥x

Te Csi Cs;, Cs3 Cs; Css  Csgl||Ve
| T | _661 Coo Cs Cou Cs 666_ Vo ]

where C_’,-j @ j=1,2,3, ..., 6) are elements of the stiffness matrix [5] in the global system. The
inverse of (8.1) results in the following strain—stress relationship:

{e}=[S1{c} (8.2)

where S ;@G Jj=1,2,3,..., 6)are elements of the compliance matrix [S]in the global system and [S]is
the inverse of [C], that is, [S]=[C]". The values of S ; can be determined through standard tests (Kollar
and Springer 2003). It can be shown that § ;= S ; and C;; = C};, and there are only 21 independent ele-
ments in both [S] and [C] matrices. When the elastic coefficients [S] or [C] at a point remain unchanged
for every pair of coordinate systems that are mirror images for each other in a plane, that plane is called
a plane of material symmetry. Accordingly, FRP composites may be characterized as generally aniso-
tropic, monoclinic, orthotropic, and transversely isotropic (Jones 1999; Reddy 2004).

EQUIVALENT SINGLE-LAYER LAMINATION THEORIES FOR FRP STRUCTURES

In general, the walls of FRP structural members have their planar dimensions one to two orders
of magnitude larger than their thickness. We can call these walls laminates. FRP laminates are
often treated as plate elements. From solid mechanics point of view, FRP beams or columns can
be treated as special 1-D laminated plates. However, the analysis of thick-/thin-walled FRP beams
requires special attention. The analysis of FRP laminates or structures has been based on one of the
following approaches (Reddy 2004): (1) 2-D equivalent single-layer (ESL) theories, including clas-
sical laminate theory and shear deformation laminate theories; (2) 3-D elasticity theories, including
traditional 3-D elasticity formulations and layer-wise theories; and (3) hybrid or multiple model 2-D
and 3-D methods, including finite element modeling.

The ESL lamination theories are those in which a heterogeneous FRP laminated plate is treated
as a statically equivalent, single layer having a complex constitutive behavior. They are derived from
the 3-D elasticity theory by making suitable assumptions concerning the kinematics of deformation
or stress state through the thickness of the laminate. In general, the ESL theories are developed by
assuming the form of displacement field or stress field as a linear combination of unknown func-
tions and the thickness coordinates. The simplest ESL laminate theory is the classical laminated
plate theory (CLPT), which is an extension of the Kirchhoff (classical) plate theory to laminated
composite plates. Another ESL laminate theory is the first-order shear deformation theory (FSDT),
which extends the kinematics of the CLPT by including a gross transverse (or through-thickness)
shear deformation, that is, the through-thickness shear strain is assumed to be constant with respect
to the thickness coordinate.

In both CLPT and FSDT, the plane-stress state assumption is used and the plane-stress-
reduced form of the constitutive law is employed. In both theories, the inextensibility and/or
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straightness of transverse (or through-thickness) normals can be removed. Such extensions lead
to many second- and higher-order ESL theories (Reddy 2004). The higher-order theories pro-
vided a slight increase in accuracy relative to the FSDT solution, at the expense of a significant
increase in computational effort. In addition to their inherent simplicity and low computational
cost, the CLPT and FSDT theories often provide sufficiently accurate description of global
response for thin to moderately thick laminates, for example, global deflection, critical buckling
loads, and fundamental vibration frequencies and associated mode shapes. The CLPT is the
simplest; however, the accuracy is largely reduced for some moderately thick plates. The FSDT
provides the best compromise of solution accuracy, economy, and simplicity. The CLPT applied
to FRP beams corresponds to the Euler beam theory and the FSDT applied to FRP beams cor-
responds to the Timoshenko beam theory.

ALL-ComposITE FRP StTrRucTurRAL MEMBERS IN CIvIL
ENGINEERING AND THEIR MATERIAL PROPERTIES

In the civil engineering domain, most all-composite FRP structural members are manufactured
by the pultrusion process. Pultruded members such as rods, grids, beams, columns, plates and
panels have been widely used in pedestrian and vehicular bridges, building structures, towers,
walkways, and offshore platforms. Standard pultruded FRP structural members include I sec-
tion beams, T section beams, wide-flange (WF) beams, square tubes, rectangular tubes, circular
tubes, channels, angles, plates, and multicellular panels. Customized structural shapes can also
be produced, such as double-web beams, sandwich beams, and sandwich plates. By joining
simple FRP structural members, primarily through adhesive bonding, one can create secondary
structural members: such as the bonding of two C channels or two L channels to form beams
or columns with symmetric sections and the bonding of square tubes with skin plates to form
multicellular bridge deck panels.

The internal fiber architecture of pultruded FRP members consists of roving bundles, mats,
and fabrics and is often arranged such that the laminate is both balanced and symmetric. Such a
structural member can be considered as a specially orthotropic laminate. The orthotropic axes of
the laminate coincide with the structural axes of the pultruded section. In this case, since no shear—
extension coupling and bend—twist and bending—extension couplings exist, the effective laminate
stiffness approach can be applied, that is, the laminates can be characterized with effective lami-
nate stiffness, E,, E,, G,,, V,,, etc. Most pultruded FRP structural members can be characterized
this way. Therefore, this chapter primarily deals with FRP structural members with orthotropic and
symmetrical layup of wall segments.

The effective material properties of structural members can be found in manuals from the mate-
rial providers. These properties are usually lower bound values to provide safety margins. These
properties may be used during the design stage; however, a preferred alternative is to conduct tests
according to certain standards on representative specimens. Micromechanics model may be used to
estimate material properties. The estimations via micromechanics should be verified by experimen-
tal testing. Table 8.2 provides a summary of recommended ASTM testing standards for determining
material properties (Bank 2005). Mechanical and structural analysis can be conducted after the
required material properties are obtained.

ANALYSIS OF FRP BEAMS

In civil engineering structures, all-composite FRP beams are often thin-walled or sandwich
structures. When applying CLPT or Euler—Bernoulli beam theory to the analysis of beams, it is
assumed that planes of the beam’s cross section remain plane and perpendicular to the mid-axis.
For thin-walled and sandwich beams, the assumption that planes of cross section remain plane is
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TABLE 8.2
Recommended ASTM Testing Standards for FRP Structural
Members
Recommended ASTM Test
Measured Property Methods
Mechanical Properties
Strength
Longitudinal tensile strength D 3039, D 5083, D 638
Longitudinal compressive strength D 3410, D 695
Longitudinal short beam shear strength D 2344
Longitudinal bearing strength D 5961, D 953
In-plane shear strength D 5379, D 3846
Impact resistance D 256
Transverse tensile strength D 3039, D 5083, D 638
Transverse compressive strength D 3410, D 695
Transverse short beam shear strength D 2344
Transverse bearing strength D 5961, D 953
Stiffness
Longitudinal tensile modulus D 3039, D 5083, D 638
Longitudinal compressive modulus D 3410, D 695
Major (longitudinal) Poisson’s ratio D 3039, D 5083, D 638
In-plane shear modulus D 5379
Transverse tensile modulus D 3039, D 5083, D 638
Transverse compressive modulus D 3410, D 695
Physical Properties
Fiber volume fraction D 3171, D 2584
Density D 792
Barcol hardness D 2583
Glass transition temperature/heat distortion E 1356, E 1640, D 648, E 2092

temperature

Water absorbed when substantially saturated D 570
Longitudinal coefficient of thermal expansion E 831, D 696
Transverse coefficient of thermal expansion E 831, D 696
Flash ignition temperature D 1929

Source: Revised from Bank, L.C., Fiber-reinforced polymer composites, in Handbook
of Structural Engineering, W.F. Chen and E.M. Lui, eds., CRC Press, Boca
Raton, FL, 2005.

reasonable. The latter part of the assumption may no longer be valid because the cross section does
not necessarily remain perpendicular to the axis. Therefore, shear deformation should be included,
and FSDT or Timoshenko beam theory should be applied to these orthotropic FRP members.

STRUCTURAL ANALYSIS OF FRP Beams

Axial Tensile Load

We introduce a (x, y, z) coordinate system with its origin at the beam centroid and its x-axis along the
beam, as shown in Figure 8.2. We consider orthotropic beams of arbitrary cross sections subjected
to axial tensile force N, (or the stress resultant due to the applied axial tensile forces) at the centroid.
The centroid is the point that an acting axial load does not change the curvature of the axis passing
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FIGURE 8.2 Coordinates for bending analysis of FRP beams.
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through the centroid. Since N, is applied at the centroid, no eccentricity is considered, and the mem-
ber is assumed to be under a uniform axial tensile stress o,:

o, = Ns (8.3)
Ao
where A, is the cross-sectional area of the beam.
The relationship between the axial force N, and the axial strain €, is
N, =EA-¢, (8.4)

where EA is the beam’s tensile stiffness. The tensile stiffnesses of various thin-walled beams are
shown in Table 8.3. The axial deformation J, is

5. =L.g, =k 8.5)

The critical tensile strength (G,,) of the beam’s gross section is equal to the tensile strength of the
material (6,). The design stress is calculated using the gross section area. When cutouts are pres-
ent (e.g., due to the presence of holes for bolting), the critical tensile strength is reduced because of
the stress concentration around the cutouts. The stress concentration around cutouts is discussed in
detail in Chapter 10. The critical tensile strength for a net section can be in the form of

G, = ko, (8.6)

where k is a reduction factor and k < 1. The factor is taken as 0.9 in the EUROCOMP design code
(Clarke 1996). When cutouts are presented, the design stress should be calculated over the net cross-
sectional area.

Axial Compressive Load

When an FRP member is loaded by axial compressive forces at the centroid, the calculation of
stress, strain, and deformation is the same as provided in (8.3) through (8.6), but the axial force N,
should take a negative sign to distinguish compression from tension. Under axial compression, the
member will undergo global or local buckling.
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TABLE 8.3
Cross-Sectional Properties of Thin-Walled and Sandwiched FRP Beams
Tensile Stiffness (EA), the Coordinates of Centroid (y.), and Bending Stiffness (El)
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TABLE 8.3 (continued)
Cross-Sectional Properties of Thin-Walled and Sandwiched FRP Beams

Tensile Stiffness (EA), the Coordinates of Centroid (y.), and Bending Stiffness (El)
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- EA= i} + ib (where superscript ¢ is top flange and b is
Ve an an
bottom flange)
5 1 bd
V, =
J - L EA af,
~ 3 3
N AL ) L N S
Tody 12a;, aj), 12

©
X

S —
e b

Source: Revised from Table A.1, Kollar, L.P. and Springer, G.S., Mechanics of Composite Structures,
Cambridge University Press, Cambridge, U.K., 2003.
The layup of each wall segment is orthotropic and symmetrical. a;, and d,; are elements of the compliance
matrix of symmetrical laminates, that is, [a] = [A]™, [d] = [D]™' (where [A] is the in-plane stiffness
matrix and [D] is the bending stiffness matrix), evaluated at the midsurface.

Global Buckling

In structural design, the cross sections of FRP members are often symmetrical (having one axis of
symmetry, say z-axis) or doubly symmetrical (having two axes of symmetry, say y- and z-axes). If
the cross section is doubly symmetrical, a beam may undergo flexural bucking in the planes of sym-
metry as well as torsional buckling. The buckling loads (N,,,, N,,., and N,,,) of beams with doubly
symmetrical cross sections are given in Table 8.4.

An orthotropic beam with symmetrical cross section may undergo flexural buckling (or Euler
buckling) in the plane of symmetry (x—z plane) and combined flexural-torsional buckling. The
buckling load corresponding to buckling in the plane of symmetry (x—z plane) is the same as N,
in Table 8.4. The buckling loads corresponding to flexural-torsional buckling are the roots of the
following equation (when shear deformation is not considered):

5 0 1
Now o 9 1N, “el=o ®.7)
0 Naolo isc ly

where || denotes the determinant and Nfiy, N, fiz, and Nfiw are given in Table 8.4. The aforementioned
equation can be rewritten as

N2 (i3 =23 )~ N (NE + NE, )i2 + NENE,i2 =0 (8.8)

The two values are approximate when one end of the beam is fixed and the other end is simply sup-
ported (SS). The buckling load of interest is the lowest of Nf,y and the two values from (8.8).
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TABLE 8.4
Buckling Loads of Slender FRP Beams with Doubly
Symmetrical Cross Sections

Buckling Load

BCs No Shear Deformation ~ With Shear Deformation
Hinged-hinged NE= nLE? Nlﬁ = NLgJ'é
Fixed-hinged o= 0n7E71{2 le_ = ng +%
Fixed—fixed NG = OT_CSELIZ N1 - NIB +%
Fixed-free NG = 1;? Nlﬂ - Nlﬁ +%

Source: Revised from Table B.l, Kollar, L.P. and Springer, G.S.,
Mechanics of Composite Structures, Cambridge University Press,
Cambridge, U.K., 2003.

For buckling in the x—z plane, N, = El= E,,, and §'=S_; for buckling
in the x—y plane, N, = N,,, El= Em, and S = §,;
buckling, N, = N,, + (a, /i,f,), El = Elo/i2, and S = S, /i2, where
i,, is the polar radius of gyration of the cross section about the shear

center, i3 = z3c + Vi + [(E}-y + Ezz)/ ﬁ]

cr

for torsional

When the cross section is unsymmetrical, an orthotropic beam undergoes combined flexural—
torsional buckling. The buckling loads are given by the solution of the following equation:

NE. 0 0 1 0 Zsc
0 N 0 |-N,|O 1 —ysc =0 8.9)
0 0 N frwl}i Zsc —Ysc i(i

The solution results in three values of which the lowest value is of interest. In (8.9), the coordinate
systems y and z must be in the principal directions such that EI,; = 0.

When shear deformation is considered, the buckling load can be obtained using the formulas in
the third column provided in Table 8.4 after the corresponding buckling loads without shear defor-
mation are available through (8.8) and (8.9). One can calculate the critical deformation, stress, and
strain at buckling according to the equations given in (8.4) through (8.7) when the critical buckling
loads are available. Taken from Zureick and Scott (1997) and Zureick and Steffen (2000), Bank
(2005) also provided the formulation for the calculation of critical stress for global Euler buckling
considering the effect of shear deformation.

Local Buckling

Thin-walled beams can fail due to local buckling of the compressive flange or web. Local buckling
of analysis of thin-walled beams is generally performed by modeling the wall segments as long
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plates together with assumed boundary conditions (BCs) on the segments’ edges. A conservative
assumption is to consider the restrained edges as SS. The local buckling resistance N. , of a cross
section is

Nc,d = Aeﬁ"ccr (810)

where
A, s the effective area of the cross section
G,, is the least critical buckling resistance (stress) of the individual elements of the section

The buckling resistance of individual elements in a section is determined through the buckling
analysis of the plates. The analyses of local buckling of axially loaded thin-walled, closed-section
rectangular beam and open-section I beam are illustrated in Kolldr and Springer (2003). Bank
(2005) provided local buckling analysis of both local compressive flange buckling and local com-
pressive web buckling.

When the restrained edge of a flange is assumed to be SS (and the other opposite edge is free),
the critical stress at local buckling for flange elements in compression is

2 2
_[ b2 Des
G”’_(bf/zJ [Qm( p ) +12 nZ] 8.11)

where
t¢is the flange thickness
by is the entire flange width
a is the half wave length of the buckle and is taken as the unbraced length of the flange
0., and Qg are stress-reduced stiffnesses of the flange (when it is considered as a plate) and are
given in (8.19)

The first term in the square bracket is negligible if the unbraced flange is long.
If the restrained edge is assumed to be fixed, the critical stress can be approximated as

2
Ut E
o, =|—=110.9350.. f—y —-0.656v,,0,, +2.082 8.12
[bf/Q) |: Q E, Y Q Q66 ( a)

where
E, and E, are the compressive moduli in the longitudinal and width directions, respectively
V,, is the Poisson’s ration in the width direction

The length of the half-buckle wavelength is

b
a=14620 ,[Ex (8.12b)
2\ E,
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It was shown that local buckling stress for I beams is higher than that predicted by this assump-
tion and is lower than predicted by assuming the edges is fixed (Bank et al. 1995). Bank (2005)
proposes an approximation that the critical local buckling stress for a compression flange is taken
as average of the SS and the fixed conditions given in (8.11) and (8.12).

When both longitudinal edges are restrains, such as box beams, the BCs are assumed to be either
SS or fixed on both restrained edges (Bank 2005). When both are assumed SS, the critical buckling
stress and the half wavelength are

§174 E,
o, = ( bffJ lQm ,EX + V3, O +2Q6(,:|, a=by 4{E—y (8.13)

When both are assumed to be fixed, the critical buckling stress and the half wavelength are

O, = 2.52 ntf Q)cx y +0. 543\’)me +1 086Q66 , a= 0. 67bf4 E (814)
b, E, E,

The calculation of critical stress for webs is identical to that of flanges. One only needs to replace
the material properties and geometry of the flange with the web.

If the width-to-thickness ratio of the flange or web is small, or the local and global buckling is
prevented, the structural member may fail due to compressive crushing of the FRP material. Local
compressive crushing of FRP laminates is a complex phenomenon. One simple design criterion is
to consider the critical compressive strength of the member equal to the compressive strength of the
FRP material in the flange or web.

Transverse Load (Bending)

The applied transverse forces on FRP structural members result in bending moment and transverse
shear force in the members. The deflection is due to both bending and shear deformation and can
be expressed as

G

= (8.15)

where
EI is the bending stiffness
S is the shear stiffness of the beam
the functions f;(x) and f,(x) depend on loading and BCs

The functions f,(x) and f,(x) for some common loading and BCs are provided in Table 8.5.
Assuming loading in the x—y plane and y and z are principal axes, the axial flexural stress 6, and
transverse shear stress can be obtained as

(8.16a)



Analysis of FRP Structural Members

143

TABLE 8.5

Transverse Deflections of FRP Beams

Support Conditions
Hinged—Hinged

Central point load

Uniformly distributed load

Fixed-Fixed

Central point load

Uniformly distributed load

Fixed—Free

Central point load

Uniformly distributed load

€

48

(&)

24

&1

48

&)

24

Deflection, w,(x)

ARG RBIEE

) b

Maximum Deflection

[SE] a
—+—atx=—
48 4 2

S5¢ 8 a
—+—atx=—_
2

Source: Revised from Table 6.3-1, Reddy, J.N., Mechanics of Laminated Composite Plates: Theory and Analysis,
2nd edn., CRC Press, Boca Raton, FL, 2004.

¢, ==Fbd’lEL,, ¢, =~qoba*lEIL,, s, = -F,balKG bh, and s, = —q,ba’/G bh, where F, is the value of the point load
and ¢, is the value of the uniformly distributed load, and K is the shear correction coefficient. For a homo-
geneous beam with rectangular cross section, K = 5/6. The K value for a general laminated beam depends

on the lamina property and lamination scheme.

where

M, is the resultant moment

y is the distance to the centroid

I.. is the second moment of area with respect to the z-axis

V, is the resultant transverse force
Q. is the first moment of area with respect to z-axis

t is the wall thickness

Global and Local Buckling

(8.16b)

The critical loads for global flexural, torsional, and combined flexural-torsional buckling of
orthotropic beams subjected to transverse loads can be determined in the similar way as pre-
sented in the previous section for axially loaded orthotropic beams, that is, Equations 8.3
through 8.9 and Table 8.5. When subjected to transverse load, at certain applied loading level,
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the beam can also buckle laterally, while the cross sections of the beam rotate. This phenom-
enon is called lateral-torsional buckling. Equations for studying the lateral-torsional buckling
of isotropic beams can be used for orthotropic FRP beams provided the appropriate values of
material properties and stiffnesses are used. The equation to determine the critical lateral-tor-
sional buckling stress without shear effect for open-section I or WF beams is given in Equation
16.16 in Bank (2005).

The determination if local compressive buckling in flange or web segments under transverse
load is identical to that of members subjected axial compressive load as given in (8.10) through
(8.14). When subjected to transverse load, deep webs may be susceptible to flexural buckling
in the plane of the web due to the linearly distributed flexural stress along the web, and the
vertical web of a WF or box beam may buckle in shear at locations of high shear forces. Bank
(2005) provided formulas for web flexural buckling and web shear buckling, though no experi-
mental evidences of these buckling modes were observed in common pultruded FRP structural
members.

When the structural member is subjected to a concentrated transverse load, the web or flange seg-
ments may crush under the concentrated load. When global or local buckling is prevented, because
of either small width-to-thickness ratio or the presence of stiffeners, the flexural member may fail
due to compressive crushing or tensile rupture. In these cases, the critical crushing strength can be
assumed to be equal to the compressive strength of the material in the web or flange, and the critical
tensile strength can be assumed to be the tensile strength of the material in the web or flange. This
assumption can also be used for analyzing shear failure in the flange and web, that is, the critical
shear strength can be taken as the in-plane shear strength of the FRP material in the web or flange.
For flange segments, the interlamina shear strength may be the critical shear strength. In this case,
one may calculate the out-of-plane shear stress and compare it to the interlamina shear strength of
the material (Bank 2005).

Combined Axial and Transverse Loads

When members are subjected to combined axial and transverse loads, such as combined com-
pression—bending and tension—bending, a linear interaction between the axial and transverse load
effects are assumed according to several available codes or manuals.

Vibration

The natural vibration frequencies of double symmetrical cross-sectional orthotropic FRP beams
or columns are given in Table 8.6. The fundamental frequencies of beams with unsymmetrical
cross section are given by the solution of the following equation (Kollar and Springer 2003):

o 0 0 1 0 (26 — 25¢)
0 o 0 |- 0 1 V6 —ysc) | =0 (8.17)
0 0 o % —(z6 —zs¢) (Y6 = Ysc) %

where
,, ®, O, are given in Table 8.6
Ysc and zge are the coordinates of the shear center
p is the mass per unit length
vi and z;; are the coordinates of the center of mass
O is the polar moment of mass about the shear center
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TABLE 8.6
Natural Frequencies of FRP Beams with Doubly Symmetrical
Cross Sections

1 1 1
() i)

(i=1,2,3, ..., where i =1 belongs to the First Mode)

No Shear Deformation

2 E mg; N
=%

No Bending
Deformation

3%

BCs

Hinged-hinged W = iT Wy = UG = iT

Fixed-hinged U = (i +0.25)m W =Ug =im

Fixed—fixed Ug =4.730, Uy = (i + 0.5)1 Ug = U = iT

Fixed—free Wy = 1.875, wy, = 4.694 Ug = U = (i = 0.5)1

Wy = (i = 0.5)m

Free—free g =4.730, Uy = (i + 0.5)1 Ug = Ug; = 6.283
U, = Uy = 8.987
W = Hg = (@ + Dn

Source: Revised from Table B.2, Kollar, L.P. and Springer, G.S., Mechanics of
Composite Structures, Cambridge University Press, Cambridge, U.K., 2003.

For vibration in the x—z plane, ®,; = ®, El = Eyy, and S = EZZ; for vibration in the
x-y plane, ®,; = , El = Ea, and § = S for torsional vibration,

Yy

(0y)* = ® +(G1/®) (g /LY, Ellp=El /0, and §/p = 5 0w/©.

ANALYSIS OF FRP PLATES AND PANELS

INTRODUCTION

In building and bridge structures, multicellular panels, sandwich plates, and grating panels made
with FRP composite material are often used. A plate or panel member is primarily used to resist
transverse load. Due to constrains on their boundaries, in-plane and torsional loads can also be
present. FRP plate or panel members for civil engineering applications often have unidirectional
or cross-ply fiber architecture, especially when the members are produced through the pultrusion
process. Therefore, most structural components can be considered as orthotropic. In most cases,
bending—extension coupling is undesirable in the design and construction. Therefore, the contribu-
tion from bending—extension coupling coefficients B;; can be neglected in structural analysis, that
is, we can set B;; = 0 when applying laminated plate theories (Reddy 2004).

The analysis of orthotropic FRP plate and panel members can be classified into the analysis of
two basic types depending on the bending—twisting coupling coefficients. The first type is referred
as specially orthotropic, whose global coordinate axes are in coincidence with their principal ortho-
tropic material axes and no bending—twisting coupling exist (i.e., D,, = D, = 0). The second type
can be referred as generally orthotropic, where B; = 0 but D,, #, D4 # 0. Most plates and panels
(including multicellular FRP panels) for civil engineering applications fall into the first type.

In CLPT, the transverse normal and shear stresses are neglected. The stress field in CLPT is suf-
ficiently accurate for homogeneous and thin plates, but not accurate when plates are relatively thick,
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that is, the side-to-thickness ratio a/h < 20, where / is the plate thickness and a is the minimum in-
plane dimension (width or length). For relatively thick plates or panels, it is necessary to use FSDT.
Both CLPT and FSDT assume a plate is in a plane-stress state.

The design of FRP structural members is driven by stiffness and serviceability limit states;
therefore, the global behavior of FRP members is of primary interest. When detailed local stress
and strength analysis is required, numerical efforts through finite element analysis (FEA) can
be used.

ANALYsIS OF FRP PrLATES

The analysis of FRP plates presented in this section is based on CLPT, and interested readers can
find related information on analysis of FRP plates using FSDT in Reddy (2004). We introduce a
single-layer, specially orthotropic FRP plate, with the coordinate system shown in Figure 8.3. The
thickness of the plate is /.

Bending of FRP Plates

The governing equation for the static bending of a rectangular, specially orthotropic plate in the
absence of hygrothermal effects and in-plane forces, can be expressed as

a4W0 a4W0 a4W0
D,——+2(D,, +2D +D =
ax4 ( Xy s6) axzayz yy 8y4

q(x,y) (8.18)

where
w, is the bending deflection
q(x,y) is the applied transverse load

Q;; are the plane-stress-reduced stiffnesses of the specially orthotropic plate; they are given in terms
of the engineering constants (moduli and Poisson’s ratios) as

Ey
= o= 0 =V, 0, =V, =G, 8.19
Q 1— nyny Q}, l—nyVyx Q y y. Q )ny Q66 Xy ( )

Therefore, four independent material properties are required for the bending analysis of specially
orthotropic plates using CLPT: E,, E,, G,,, and v, (v,,/V, = E /E, for orthotropic materials). The

xy' Vyx

procedure to obtain the solution to (8.18) depends on the BCs (Reddy 2004).

X, U

»v

FIGURE 8.3 Coordinates for bending analysis of laminated FRP plates.
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Simply Supported FRP Plates

When all the four edges are SS, the solution for an a x b rectangular plate can be obtained using
the Navier method (Lekhnitskii 1968; Reddy 2004), the transverse deflection at the midplane are
given as

wo(x,y) = ZZ%sinaxsin By (8.20)
n=1 m=1 mn
where
o= mmnl/a
B =nn/b

dyy =1 [(Dum's* +2(D,, +2Dgg)m’n’s> + Dyyn* |IW*

s = W/L

the coefficients Q,,, varies according to loading types as given in Table 8.7

mn

When the plate is subjected to a rectangular patch load g, that is, a uniformly distributed load
on a 2¢ x 2d (where ¢ parallel to x-axis and d parallel to y-axis) central rectangular loading patch
centered at (x, = L/2, y, = W/2),

wo(x,y) = 16‘210 2 Z ! -sin X ~sin@- sin mnXo -sin Yo -sin e -sinM (8.21)
T mnd,,, L w L w L w

n=1 m=1

The bending moment can be calculated as

sin ”bﬂ (8.22a)

M= 30N (D02 + D W, sin
a

n=1 m=1

TABLE 8.7
Coefficients for Calculating Transverse Deflections of SS FRP
Plates

Load g(x,y) Coefficients Q,,,
164,

Uniformly distributed load ¢ = ~q, Qs =——3
o mn

(m,n=1,3,5,...)

Point load g(x, y) = =Qy at (¥, Yo) Oy =—%sm’ﬂ0 in 70
a

sin—— (m,n=12,3,...
b ( )

4q, .
_ 4490 sin nmyo

Line load g(x, ) = =g at y = y, O = (mn=1,2,3,..)
Tbm
. __ Y __ 8 _
Hydrostatic load g(x,y) = —q, = O =——5 —cosnt  (m,n=13,5,...)
b T mn

Source: Revised from Table 7.2-1, Reddy, J.N., Mechanics of Laminated Composite
Plates: Theory and Analysis, 2nd edn., CRC Press, Boca Raton, FL, 2004.
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M, = ZZ(DN + D)W, sin " sin Zy (8.22b)
n=1 m=1
VAN mmx nmy
M, =-2 oPDgsW,,, cos CcOS —— 8.22¢
, ;;;;666 ™ cos " (8.220)

The in-plane stresses for the kth layer of the laminated plate can be computed as

9*w, [, _ _ ]
*) - " ax20 (Qf{‘)ocz + Ql(lz{)Bz)Sin@SinnTm
[ O O 0 e o e a
— _ N N Wo — )2 0 A2 .- mnx Lﬂiy
6,¢ =-2|0n Oxn 9 P ZZZ (Q12 o +05nB )sm » sin p (8.23)
Ty 0 0 Q66 5 n=1 m=1 - nty
2 9" wo —20BO% cos —— cos—=
0xdy | | a

The maximum normal stresses occur at (x, y, z) = (a/2, b/2, h/2), and the shear stress is maximum
at (x, y, 2) = (a, b, —h/2).

The interlaminar stresses are identically zero when computed from the constitutive equations
in CLPT. However, they can be calculated using 3-D stress-equilibrium equations. For any —h/2 <

7 < z;,, after introducing the stress BCs and considering the continuity of stresses at layer inter-
faces, we have

NN TOW cos ™™ g MY
X(Z)ZZTIZ W,,, COS . sin )
(k) n=1 m=1
T,
T =- Y(Z)Z Z T$'W,,, sin " cos@ (8.24a)
GZ" n=1 m=1 b
Z(Z)ZET;; W sin ™ gin Zy
n=1 m=1 ]
where
2 2 3
- {2 =% Ch oz o
X(Z)—Y(Z)—[ 5 j Z(2) = [ 24+6(Z 3Zk)] (8.24b)

T = o’Qf +ap? (20 +0). T =p'0% + B (204 +0F).

T3 = olyy + BTy’ (8.24c)
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For single-layer plates, the expression in (8.24a) can be simplified to

n’ 27 N mmx . nmy
—|1-[== YW, cos sin—=
RGP
Ty x )
[ { ( Z) ]ZZTI(UWWSIn cos (8.24d)
GZZ n=1 m=1
n 22\ 22\ O . mMmX . AWy
-1+ ] [-3]1+— TSW,,, sin———sin —=
48 “ ( h ) ] ( h Z; . a b

In integrating the stress-equilibrium equations, it is assumed that the stresses (t,, T,,, G,,) are
zero at the bottom surface of the plate (z = —h/2). Because of the assumptions of the laminate
plate theory, they will also be zero at z = h/2. The transverse shear stress T, is the maximum at
(x, y, 2) = (0, b/2, 0), 1, is the maximum at (x, y, z) = (a/2, 0, 0), and the transverse normal stress G_.
is maximum at (x, y, z) = (@/2, b/2, h/2).

Other Types of Boundary Conditions

Plates with two opposite edges SS and the other two edges having arbitrary BCs can be solved using
the Levy method (Reddy 2004). The solution to the problem that satisfies SS BCs on edges y = 0,
W can be represented as

wo(x, y) = z W, (x)- sin(’gy) (8.25)
n=1

where
W,(x) = W, (x) + W/} (x)

W, (x) is the homogeneous solution
W, (x) is the particular solution

The particular solution W,”(x) can be determined by expanding the solution and the load as Fourier
series. The homogeneous part can be determined as the following:

a. (Dy, +2Dg)* > Dy D, W' (x) = A, cosh A, x + B, sinh A, x +C, cosh A,x + D, sinh A,x
2, =p? [(D +2Dgs) £ (Dyy +2Dgs)* — DD, ]/DM

b. (D, + 2Dg)* = D,.D,, (isotropic plates): W, (x) = (A, + B,x)cosh Ax + (C, + D, x)sinh Ax
¢. (Dyy +2Dg)’ < D, D,,: W, (x)=(A,cos Arx + B, sin Ayx) cosh L x +(C,,cos Arx + D, sin A,x)
sinh A, x

0 =2 051 (D30 + 2057 | 205

The constants A,, B,, C,, and D, are determined from the BCs at the other two edges of the
plate. Reddy (2004) provides example calculations for the constants A,, B,, C,, and D,. Detailed
and complete calculations for the constants with case (a) and case (c) for all Levy plates were given
in Reddy (1999).

There are several other cases of BCs not covered in the solutions provided. For these plates,
approximate methods should be used to find solutions, such as the Rayleigh—Ritz Method (Zhou

2002; Reddy 2004).
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Buckling and Vibration of FRP Plates

We assume a plate subjected to in-plane compressive forces (N, < 0, N, < 0), and all other mechan-
ical and hygrothermal loads are zero. The equation governing the buckling deflection can be
expressed as

84W0 a4W0 a4W0 82W0 a2W0
D,, +2(D,, +2D +D,, =N, +N,, 8.26a
ox* (D, os) ox*ay 7 oy* ox* Y 0y? ( )
We denote
Ny,
N, =-Ny, N, =—kN,, k= N (8.26b)
When all the edges are SS, we have
Ny(m,n) = _ (8.27)
ST (@ kB ‘
where
o = mm/a
B =nmn/b

dpy = D" +2(D,, +2Dge)0’B* + D, B

For each choice of m and n, there corresponds a unique value of N,. The critical buckling load is the
smallest of Ny(m,n).
The governing equation for natural vibration of SS specially orthotropic FRP plates is

84W0 a4W0 a4W0 . 821;1}0 az\;{)o
D,, +2(D,, +2D +D,, +Iowy—1 + =0 8.28
A ax4 ( y 66) axZayg VY ay4 oo 2 axz ayz ( )
where
I, and I, are the mass moments of inertia
hl2
Iy :J pdz
—h/2

hi2
12 = J. Z2de

~h/2

p is the density

I, is called the rotary inertia, which is neglected in most books, and can contribute to higher-order
vibrations (Reddy 2004). The frequency of natural vibration ® can be obtained as

n pY bY
®2, = W{Dxxm“ () +2(D,, +2Dgs)m’n’ () + Dwn“] (8.292)
I,b a a o

0
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where [, = I, + L[(mn/a)* + (nm/b)]. For different values of m and n, there corresponds a unique
frequency and a corresponding mode shape. The rotary inertia /, has the effect of reducing the
frequency. When it is not zero, it is not simple to find the lowest natural frequency. When it is
neglected, the fundamental frequency of a rectangular specially orthotropic plate is

2

4 4
©2 = | Dym? (b +2(D,, +2Dgg)m*n’ b)
Iob i a

+ Dyyn“] (8.29b)
a

The buckling and vibration analysis for other types of BCs is more complicated than SS plates.
When two parallel edges are SS, the Lévy method can be used (Reddy 2004). For other combination
of BCs on the edges, one may use the Rayleigh—Ritz method with similar approximation functions
as for bending analysis (Reddy 2004). The solutions for buckling and vibration analyses of SS FRP
plates provide conservative design.

ANALYSIS OF FRP PANELS

Most FRP panels for civil engineering applications have relatively thick multicellular or sandwiched
cores. The side-to-thickness ratios range from 5 to 10. In experiments, significant local deformation
at locations adjacent to concentrated loads was observed. The structural analysis of these panels is
not as simple as single-layer orthotropic plates. Several possible methodologies are available for the
analysis of multicellular or sandwiched FRP panels: 2-D equivalent plate modeling, 3-D equivalent
continuum modeling, and 3-D detailed modeling through FEA.

The 2-D equivalent plate methods are based on the method of elastic equivalence (MEE).
These methods include ESL plate modeling (Aref et al. 2001) and discrete multilayer (DML)
modeling (Davalos et al. 2001). The ESL method is a global approximation model that
considers the multicellular or sandwich panels as ESL orthotropic plates. The analysis of
the ESL plates is performed by using ESL laminated plate theories such as CLPT or FSDT.
Single-layer 2-D equivalent plate is the easiest and can provide adequate accuracy for global
analysis such as bending, buckling, and vibration. In DML modeling, a multicellular or sand-
wich panel is divided into three (or more) layers, and piecewise approximations are made
in the through-thickness direction in each layer. The core and face sheets can be treated as
individual layers (or divided into more layers), and ESL plate theories are then applied to each
layer (Davalos et al. 2001).

In 3-D equivalent continuum modeling, a panel’s core and face sheets are replaced by equivalent
3-D homogeneous continua. Numerical methods such as FEA are often used to obtain solutions
(Davalos et al. 2001). In 3-D detailed modeling, the actual geometry of the multicellular or sand-
wich core and the face sheet layers can be considered (Zhou 2002; Chiewanichakorn et al. 2003).
With the help of layered composite element modeling, 3-D detailed modeling can give information
about the layer-wise response in each component (Zhou 2002).

HYGROTHERMAL EFFECTS

In FRP composites, temperature and moisture concentrations can cause change of material state and
may reduce the material’s strength, and stiffness, therefore, should be investigated. Hygrothermal
elasticity deals with the effects of temperature and moisture on the mechanical behavior of the
material. In hygrothermal elasticity, the moisture concentration problem is mathematically similar
to the heat transfer problem in thermoelasticity. When considering the effects of temperature and
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moisture on the mechanical behavior of FRP composites, the principle of linear superposition is
often applied to obtain the total strain {€} in the material as

{e}=[SHo}+{e"} and {€"}={0}T —Tp)+{BHc—cy) (8.30)

where
{e"} is the vector of strains in an unrestrained composite by uniform temperature and moisture
distribution (or vector of hygrothermal strains)
{a} is the vector of coefficients of thermal expansion
{B} is the vector of coefficients of hygroscopic expansion
T, and ¢, are reference values from which the strains and stresses are measured

In the global coordinate system, the strain—stress relationships considering hygrothermal effects of
a generally anisotropic material can be expressed as

>8x — —§11 §12 5‘13 §14 §15 3‘16— >Gx< ng
gy S S» Sun S S Sx|[|0y Eilvt
€. S5 S S;; S Sis Sy || O- el
a9 O Sm Sw S 9k + ;t O o
Yyz Sya o Sp Siz Su Sis Sis [Ty ¥yz
Ve Ssi S, Ss3 Ss4 Sss Sse || T e
Yy Se So  Se Se Ses Ses | |7 Yht
S 1 e Sued U 8.31)
el [on] B.
83’ oy E}
e o, B
- lmeg e lm-go
sz ayz ﬁyz
Y| |0 B.

The stress—strain relationship can be obtained by inversing the aforementioned equation. To con-
sider hygrothermal effects through CLPT, we have

Wy _[tar (81] )&% {N’”}}
= - 8.32
{{M}} [[B] [D]H{K}} {{M’"} (632
where {N"} and {M"'} are hygrothermal force resultants

= ZJ 01 ATd+ Y j 01 B Acde (8.33)
k=1 =k k=1 "

{M"y= 2 Jk [01P40® AT - zdz + z j * [O1P4BY ) Ac- zdz (8.33b)
k=1 %k k=1 =k
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and [Q](k) are transferred reduced stiffnesses and {o}(k) are transferred thermal coefficients,
with the assumption that temperature and moisture increment varies linearly, consistent with the
mechanical strains:

AT = To(x,y,t)+ 7-T'(x, v,t) and Ac= co(x,y,t)+ z-cl(x,y,t) (8.34)

and the strains in one layer including thermal strains are in the form of

el —ey° K, —ey!
=1 el b, =1 x, -l (8.35)
0 htO htl
Yoy — 2YK} Ky — 2'ny

STRENGTH OF FRP STRUCTURAL MEMBERS: LARGE-SCALE FRP STRUCTURES

The strength of laminated fiber-reinforced composite materials is usually analyzed on the basis
of several hypotheses: (1) linear elastic behavior to failure occurs for individual laminae, (2)
strengths and stiffnesses of the laminae are the same in tension as in compression, and (3) a cer-
tain criterion governs failure of a lamina. A detailed strength analysis of laminated FRP struc-
tural members requires the determination of local stresses and strains in the laminae. During
the design process, a simplified strength analysis can be carried out by assuming equivalent
orthotropic properties of FRP structural members and using appropriate failure criterion for
orthotropic materials, such as the maximum stress criterion or maximum strain criterion in dif-
ferent material directions.

For the analysis of large-scale structures made of FRP materials, such as a bridge superstructure,
one may choose simplified equivalent method or detailed finite element method (FEM) depending
on practical requirements of the analysis. The simplified equivalent method treats the large-scale
FRP structures as equivalent orthotropic structures. This method, however, only applies to lim-
ited cases when the FRP structures have regular structural shapes so that they can be simplified
as equivalent beams or plates and local effects on structural behavior (such as local buckling) are
negligible. When using FEM, no geometry limitations exist. Many commercially available FEM
programs also support analysis using layered composite elements, and strength analysis can be
performed using different failure criteria in the FEM software.
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ALL-COMPOSITE PANELS FOR BRIDGE DECK APPLICATIONS

Development of bridge decks fabricated entirely from polymer matrix composites has been largely
motivated by the modular concept for rapid construction and durability considerations. All-composite
panels have shown good potential in bridge deck replacements as well as in new bridge construc-
tions. Their advantages comparing to decks of conventional materials such as reinforced concrete
include lightweight, high strength, corrosion resistance, and rapid installation. Many all-composite
deck systems are currently available, such as Superdeck, EZ-Span, DuraSpan, Hardcore, Kansas,
ASSET, ZellComp, ACCS, X-shaped filament wound, cell core truss, and corrugated-core sandwich
systems (Cheng and Karbhari 2006; Hollaway 2010).

ADVANTAGES AND CHALLENGES

Lightweight: A fiber reinforced polymer (FRP) deck panel typically weighs approximately 20% of
a normal weight reinforced concrete deck. A lighter new deck translates to additional load-carrying
capacity for the bridge in cases of deck replacement. This advantage could be significant in long
span bridges, in which designs are typically governed by dead load, or moveable bridges, which are
weight critical.

Corrosion resistance: While most bridges in the United States are typically designed for 75 years,
certain portions of the bridges sometimes last significantly shorter. Decks in cold and coastal
regions, where chemicals from road salt and seawater are common, have a severe corrosion problem
in the steel reinforcement. In some extreme cases, bridge decks have to be replaced every 10 years
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due to corrosion. FRP composites have been proven to not corrode, thus has the potential of extend-
ing the service life of the bridge.

High strength: Glass FRP (GFRP) used in most composite decks have tensile strengths that are
much higher than that of steel and concrete, while its modulus of elasticity is much lower than
that of steel but comparable to concrete. Most FRP decks are softer than steel and concrete decks.
As a result, most FRP deck designs are stiffness-controlled and typically have significant factors
of safety.

Rapid installation: Due to the modular and prefabricated nature of these decks, FRP deck panels
can be installed very rapidly, which leads to reduced construction costs and minimal disruption to
public traffic.

Challenges: In spite of the attractive features, FRP composite deck panels have their challenges in
order to enter the mainstream construction market. The largest challenge is the cost, which is still at
least two to three times more expensive than conventional decks. Although they have the potential
of lowering the maintenance cost and extending the service life, so far this claim has not been sub-
stantiate by sufficient in-service records due to its short history and small number. In some cases,
the higher initial costs of FRP decks can be absorbed, particularly when a complete reconstruction
is necessary in the absence of a lightweight deck alternative (Bakis et al. 2002). One such example
is the potential benefit of replacing damaged open steel grid decks in moveable bridges, which are
less skid resistant when wet, damage prone, and expensive to maintain, with FRP decks (Zhao
et al. 2006). Furthermore, the current “lowest bid” selection practice adopted in most public works
project, not the life-cycle cost, has—to a large extent—hindered the use of FRP decks. In addition
to that, the lack of service record on durability of FRP decks and a mature design guideline has also
led to a slow adoption of this new technology. There is a need to develop universally accepted mate-
rial specifications in a non-proprietary manner and design codes (Bakis et al. 2002).

FIELD APPLICATIONS

Incremental progress has been made on implementing the FRP materials in deck replace-
ment in many states across the country, some use funding assistance from the Federal Highway
Administration through its past Innovative Bridge Research and Construction (IBRC) and the
current Innovative Bridge Research and Deployment (IBRD) programs (FHWA 2011a). The all-
composite deck systems have been installed in more than a hundred bridges in the field within the
United States and around the world (ACMA 2004; FHWA 2011b; Pawel 2011). To name a few, the
1999 Troutville Weigh Station Bridge in Virginia using Strongwell deck, the 1998 Laurel Run Road
Bridge in Pennsylvania using Superdeck, the 1999 Salem Ave Bridge in Ohio using Kansas deck,
the 2001 Mill Creek Bridge in Delaware using Hardcore deck, and more recently, the 2010 Redstone
Arsenal Bridge in Alabama, the 2010 Lunetten Footbridge in the Netherlands, and the 2011 Lleida
Footbridge in Spain, etc. Many of these bridges are further instrumented for monitoring the long-
term performance of the decks (e.g., Farhey 2004). Periodic field inspection is also recommended
for FRP decks in order to collect the important in-service data and help the industrial partners to
refine the technology. NCHRP Report 564 provides a detailed in-service inspection manual on field
procedures, evaluation guidelines, and reporting standards (NCHRP 2006).

MANUFACTURING PROCESSES

The typical manufacturing processes of composite panels for bridge deck applications can be
divided into the following categories.

Wet layup: The wet layup process is typically labor intensive; quality control on the laminates is
often more difficult. Laminates made with the wet layup process have low fiber content and high void
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FIGURE 9.1 Deck panel by SCRIMP.

content. Creep and long-term deflection are often the concerns related to the wet layup process. A num-
ber of pedestrian bridges built with the wet layup process in the 1980s in China had to be later removed
due to excessive creep in the FRP deck panels. On the other hand, the Miyun Bridge in China, which
is the first FRP vehicular bridge in the world and made with the wet layup process, did not have creep
problems after more than two decades in service (Keller 2003). Typically, wet layup is a useful method
for prototyping; its suitability for use in practical bridge structures needs to be further examined.

Vacuum assisted resin transfer molding (VARTM ): This process involves wrapping dry fabric around
preshaped foam core and placing them together. A vacuum bag is then applied to the assembly, which
is called “preform.” Vacuum is drawn from one side of the bag while resin enters the preform from
the other. An example of such construction is shown in Figure 9.1, where SCRIMP is for Seeman
Composites Resin Infusion Molding Process, a patented VARTM variation with a highly permeable
distribution medium incorporated as a surface layer on the preform. Triangular foam blocks are first
individually wrapped with stitched glass fabric and then assembled into a preform of 4.5 m long, 2.4 m
wide, and 0.2 m high. Additional fabric is added to the top and bottom flanges to build up additional
sectional stiffness. The entire assembly is “bagged” and infused with resin. While this process has
shown to produce good quality deck panels, many of which have been in service for more than a
decade, quality control problems have been reported. In the Salem Ave Bridge project in Ohio, one
of the four decks fabricated by this process showed significant delamination after only 2 months in
service and had to be eventually removed, “most likely” due to that the large sizes of the FRP panels
did not allow for full flow of resin into all the canals between the foam cores (Shahrooz et al. 2005).

Sandwich construction: Typical sandwich construction panels have two major components:
(1) strong, stiff face sheets that carry flexural loads and (2) a low-density, bonded core material
that separates the face sheets and ensures composite action of the deck. The design of the face
sheet and core materials can be changed in manufacturing to meet various design requirements.
E-glass mats and/or roving are commonly used in face sheets. Common core materials are rigid
foams (Sopal et al. 2012; Wlasak 2012), thin-walled cellular or honeycomb GFRP (Davalos
et al. 2001), filament-wound GFRP tubes (Williams et al. 2003), or corrugated GFRP with inter-
nal transverse diaphragms (Ji et al. 2010). Figure 9.2 illustrates some of these design concepts.
Changes in details related to materials, orientations, and thickness of the FRP face sheets or
core can be determined analytically (Shahawy 2003). While deck panels built with bonding face

Face sheet

Core

FIGURE 9.2 Examples of sandwich construction. (a) Honeycomb core panel and (b) truss (web) core panel.
(Revised from Cheng, L., Steel-free bridge decks reinforced with FRP composites, in R. Jain and L. Lee
(eds.), Fiber Reinforced Polymer (FRP) Composites for Infrastructure Applications, Springer, New York,
2012, pp. 143-162.)
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sheets to corrugated cores have shown sufficient capacity in laboratory testing, their suitability
for field installation, especially related to long-term performance, has not been proven. In the
Salem Ave Bridge project in Ohio, one of the four decks made from such a sandwich construc-
tion with a corrugated core had significant delamination and had to be unfortunately removed,
“most likely” due to “fabrication process of hand lay-up in conjunction with poor quality con-
trol” (Shahrooz et al. 2005).

Assembly of pultruded section: This is the most common type of all-composite panel construction that
has been studied and in use (e.g., Superdeck, DuraSpan, and ASSET). The pultruded elements are typi-
cally easy and cheap to fabricate, and of good quality. They are then joined and added with top and/or
bottom FRP plates with wet layup, adhesive bonding, mechanical fastening, or combinations thereof.
Several examples of FRP deck panels made with this process are shown in Figure 9.3. The pultruded
parts allow this type of deck panels to have high strength and stiffness in the longitudinal direction of the
panels, consistent and high quality, reduced fabrication time, and relatively low cost due to reduced labor.

Most commercially available deck panels use adhesively bonded top and bottom face sheets to
increase the strength and stiffness. The main advantage of such construction is that it allows for an effi-
cient use of the materials in terms of providing the maximum stiffness. It also helps achieving a rapid
on-site assembly of the system. However, it results in extra cost of bonding in addition to the pultrusion
itself. Difficulty exists related to joining the deck panels to girders due to the top being closed, which
also makes the in-service repair difficult. Some deck panel systems, such as that shown in Figure 9.3d,
are made of a pultruded bottom panels with several I-sections. Panels are mechanically fastened to
adjacent panels and to a top plate on site. The advantages of such designs include

* Low fabrication cost, since all parts are pultruded

e With an open top, grouting connections between the panels and the supporting beams
becomes simplified

e In service, if damage occurs to the deck, typically in the top plate or web, the top plate
could potentially be removed to allow for easy repair

On the other hand, their disadvantages are

e The need for substantial on-site drilling and mechanical fastening to join the various
pieces together

* Durability concerns related to extensive drilling, which could open passages for moisture
and salts to invade the laminates

» Stress concentration issues due to the holes, resulting in potential premature failure and
high margins of safety in the design

The geometries of the core of the FRP panels have a significant impact on the transverse (perpen-
dicular to the cells) force transfer and distribution. Trapezoidal cores such as Figure 9.3a and b and
triangular cores provide good lateral force transfer; allowing a larger area of the panel to participate
in load carrying. Rectangular cores such as Figure 9.3c and 3d, on the other hand, have very little
capability of lateral force transfer and distribution. Note that a wheel load is primarily carried by
the portion of the deck that is directly under the loading points. The designers need to be aware of
this difference between decks of different web profiles and calculate deck deflections accordingly.

PROPERTIES

All-composite deck panels are made of FRP laminates. The stiffness properties of such laminates
can be easily calculated using the Classical Lamination Theory (Jones 1999) or by material testing
methods such as ASTM D3039 and ASTM D5379 (ASTM 2005). Analyses using the calculated



Deck Panels and Girders for Bridge Applications 159

l
‘ / ’ / ’
////””””””/””}”, . I I e

Face sheet

\QW@

Face sheet *

/ZINIZINIZINI A/

Face sheet

]Wﬂﬂl

Face sheet +

Pultruded plate

'

It T A TV A T A

Thread rod *

(c) Pultruded plate

Mechanical fasteners

Panel 1 Panel 2 Panel 3
(d)

FIGURE 9.3 Assembly examples of pultruded shapes. (a) Lockheed Martin, (b) DuraSpan by Martin
Marietta. (c) Virginia Tech by Strongwell (Photo from Strongwell, Bridge components—Fiber reinforced
polymer composites), and (d) ZellComp.
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stiffness value have been found to be accurate when compared with experiment results. It should be
noted that the properties of FRP composite deck panels are highly orthotropic, i.e., the properties
of the panels in the longitudinal and transverse directions are very different. The strong (and stiff)
direction is typically in that of the cells of the panels.

The strength calculation shall follow the first-ply failure criteria, which assumes that failure of the
laminate occurs at the onset of the first ply failure in the laminate. Stress concentration around cutouts
in the laminates shall be carefully considered, and the nominal strength of the laminate shall be reduced
accordingly (Zhao and Karbhari 2005). Due to limited validation of design equations, all new panel
designs shall be experimentally validated, with specific attention paid to local buckling and joint failure.

In general, FRP deck panels have an excellent fatigue resistance with insignificant stiffness degra-
dation. This is partially because most deck designs are stiffness-driven. As a result, fatigue load lev-
els are typically less than 20% of the capacity of the deck panels. However, small fatigue cracking has
been seen at the deck’s free edges under real field traffic loading conditions. Some fatigue sensitivity
has also been reported in negative moment region of the deck and adhesively bonded regions of the
panel. The stiffness degradation of FRP decks is found to be more susceptible to the extreme temper-
atures in the environment than to the cumulative number of load cycles (Kwon et al. 2003). Whether
or not the dynamic load allowance factors established for conventional bridges (AASHTO 2012) to
all-composite FRP decks is still questionable. A small amount of creep is expected in some FRP
decks, especially in parts made with wet layup and/or with low fiber volume contents. For vehicular
bridges with FRP superstructures, there have not been reports of creep related problems.

TesTING

Material testing: The ASTM Standards have specified procedures for testing FRP laminates for
tension per ASTM D3039 (ASTM 2005) and short beam shear per ASTM D2344 (ASTM 2006).
However, these tests are typically designed for laminates that are much thinner than those used in
the final product of the FRP deck panels. In addition, geometry of the parts of the as-built panels
may only allow coupons be made in the direction of pultrusion. The designer should require the
deck supplier to provide test results from coupon tests done on the same or equivalent layup designs
using the same manufacturing process.

The in-plane mechanical properties of FRP can be accurately calculated following the micro-
mechanics and macromechanics in the Classical Lamination Theory if the fiber volume content
is determined. The fiber volume content of glass FRP and carbon FRP (CFRP) can be determine
use the burn-off test per ASTM D5630 (ASTM 2006) and the acid digestion test per ASTM D3171
(ASTM 2011), respectively. For GFRP pultruded profiles in structural applications, the European
Standard BS EN 13706 (2002) provides more guidelines on testing methods and minimum require-
ment for technical properties such as strength and stiffness of structural profiles.

Structural testing: Substantial amount of testing has been performed on various FRP deck
panel systems under various loading configurations (e.g., Davalos et al. 2001; Aref et al. 2005;
Alagusundaramoorthy et al. 2006; Ji et al. 2010). All tests have shown that FRP deck panels typically
have no difficulty achieving the AASHTO design loads, while the deflection of such deck panels
usually governs the design. Unlike the ductile load-versus-deflection relations of conventional steel
reinforced concrete decks, the load-versus-deflection relations of most FRP systems are linear elas-
tic up to failure, after which the load drops significantly. Figure 9.4a illustrates such a comparison
on the load-versus-deflection response of a simply supported reinforced concrete deck and that of
a FRP deck. However, it has been reported that when a FRP deck is tested in a continuously sup-
ported condition, substantial deflection capacity could be developed after the initial load peak (Zhao
et al. 2006). As shown in the curve in Figure 9.4b, a two-span continuous deck system has an initial
load drop but then quickly regains the load capacity and eventually fails at approximately twice the
deflection of that at the initial load drop.
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FIGURE 9.4 Load—displacement response of FRP decks. (a) Simply supported (linear elastic). (From
Zhao, L. and Karbhari, V.M., Lightweight composite deck systems for renewal, Engineering Mechanics:
A Force for the 21st Century, ASCE 12th Engineering Mechanics Conferences Proceedings, American Society
of Civil Engineers, San Diego, CA, May 17-20, 1998. With permission.) (b) Continuous (some ductility). (From
Zhao, L. et al., Testing of a FRP deck system for moveable bridges, The Third International Conference on
FRP Composites in Civil Engineering, Miami, FL, December 13-15, 2006.)

WEAR SURFACE ON FRP DEcks

Depending on the volume and characteristics of traffic, the needs for the type of wear surface on a
FRP deck are different. In the case of highway bridges that are subjected to heavy traffic, asphalt,
asphalt concrete, and resin-based polymer concrete have commonly been used. Earlier applica-
tions have shown problems with cracking in the wear surfaces, especially near the panel-to-panel
joints. Studies sponsored by the New York DOT (Aboutaha 2005) and the Oregon DOT (Barquist
et al. 2005) have reported problems on debonding and cracking. Among all the wear surfaces
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systems examined in the studies, some bonded better with FRP, others had better wear resistance
but did not bond as well. Workability and odor have also been concerns with some of the systems in
both lab tests and field applications.

More testing and field monitoring is necessary for the low-maintenance potential of the FRP
decks, which depends—to a large extent—on the durability of the wear surface. To avoid or mini-
mize cracking in the wear surface, special detailing must be considered at the deck-to-deck and
deck-to-abutment joints to accommodate nonuniform deflection at the joints. Due to the short his-
tory of using FRP decks, the performance of its wear surface has not been well documented. Before
selecting a wear surface system, the user is strongly recommended to contact prior users for techni-
cal references.

SKEW

Many highway bridge decks have a skewed configuration. FRP deck panels can be placed perpen-
dicular to the longitudinal girders, in which case additional pieces will be needed to cover the trian-
gular area near the approach, as shown in Figure 9.5a. This is also the case in a bridge in Maryland
(Robert et al. 2002) and a research project (Aref et al. 2005). Another placement approach was
experimented in a project in Florida (Zhao et al. 2006), in which case the longitudinal (principal)
direction of the deck panel is aligned with that of the skew, as shown in Figure 9.5b, eliminating the
need for additional pieces near the approach.

STRUCTURAL DESIGN

The flexural and torsional stiffness of a FRP deck can be estimated using a simplified method based
on an elastic equivalence method and the equivalent orthotropic plate properties (Zhou 2002). The
deck’s maximum deflections for various boundary and loading conditions can then be calculated
using the two-way orthotropic plate bending analysis method. In designing the layup of each deck
component, a procedure based on a failure function method and a ply-level strength analysis can
be followed for strength and failure of the FRP deck (Zhou 2002). This method considers various
failure modes and failure mechanisms of the deck and predictions thus obtained compared well
with the test results.

Triangular
area

i

N

Notes:

Support beams
—s=—» Deck panel's
principal direction

(a) (b)

FIGURE 9.5 Deck placement on skewed bridges: (a) Perpendicular placement to girders and (b) Placement
aligned with the skew.
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The primary (strong) direction of FRP decks is typically placed perpendicular to the girders.
When steel or reinforced concrete girders are used, the contribution of the FRP deck to the global
stiffness through composite action is small and thus can be conservatively neglected. However,
when FRP decks are supported by FRP composite girders, the composite action between the deck
and girder should be considered. This is because FRP girders typically have low stiffness and thus
cannot satisfy the AASHTO deflection criteria of L/800 on their own. Relaxed deflection criteria
have been suggested based on evaluation results (e.g., Neely et al. 2004). Several investigations
have also been conducted on the FRP girder load distribution factors (e.g., Moses et al. 2006; Stiller
et al. 2006). But all these results have not yet reach the mature state of being codified.

Two common design bases are available in the design of all-composite deck panels: allowable
stress design (ASD) and load and resistance factor design (LRFD). The stress levels in the FRP
deck under service load shall be no greater than 20% of the rupture stress. The strength reduction
factor, @, shall be determined by the engineer based on factors such as material type, manufactur-
ing process, environmental condition, support condition (simply or continuously supported), and
laboratory test results. In addition, the design of the all-composite deck system is seldom governed
by punching shear and fatigue. Catastrophic failure has not been reported in any all-composite
bridge deck systems studied in research and installed in the field. For all-composite deck systems
using pultruded profiles, other design details and requirements are suggested (e.g., Bank 2006; BS
EN 13706 2002).

ALL-COMPOSITE GIRDERS FOR BRIDGE STRUCTURES

Bridge girders made of all FRP composites can have a cross section with a circular, I-beam, chan-
nel, rectangular, or trapezoidal shape. Materials used have commonly been glass FRP, carbon FRP,
or hybrid of the two. However, application of FRP girders in bridge structures is less common than
the FRP decks. Due to the lower stiffness of FRP than steel, FRP girders typically need to be very
deep or placed very close to one another in order to meet the highway design deflection criteria of
L/800 (AASHTO 2012).

While the significant weight saving made possible by using FRP deck panels is well recognized,
the weight savings obtained by using FRP girders is not as significant. This is mainly due to that the
weight of a typical bridge superstructure is governed by that of the deck rather than the girders. So
far, there have not been established economic justifications to replace steel or concrete girders with
FRP girders in highway bridge structures. If the girders need replacement, new steel or reinforced
concrete girders can be installed as easily. However, there have been some research and field dem-
onstrations in the use of all-composite girders for bridges.

FIELD APPLICATIONS

The all-composite girders can be found in nearly 200 bridge field applications in the United States
and around the world (Keller 2003; Pawel 2011). The 20 m long single span Miyun Bridge (Seible
et al. 1993) used six 1.6 m wide and 1.65 m deep honeycomb box girders placed side-by-side with
no gap in between. The 9 m long single span bridge built in Idaho in 1995 and the 10 m long Tech
21 (Smith Road) Bridge constructed in Ohio in 1997 both used large wet layup box girders with
inverted hat sections (U-shaped girders that the FRP decks were glued onto). The 6 m long Tom’s
Creek Bridge in Virginia has twenty-four 0.2 m deep hybrid GFRP/CFRP beams (Strongwell DWB)
with 0.3 m spacing (Neely et al. 2004). The same type of girder but with a much deeper section
(0.9 m) has also been used with 1 m spacing in the Route 601 Bridge in Virginia (Restrepo et al.
2005). GFRP box section reinforced with a CFRP layer at the bottom was used in a full-scale bridge
superstructure in Toowoomba, Australia, in 2002. The bridge has a total length of 10 m and a width
of 5 m (Aravinthan and Manalo 2012). A series of bridges and footbridges using FRP girders has
been built in Spain in the last decade. Their experience showed that “FRP girder bridges can be
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feasible candidates as future bridges in the spans between 20 and 50 m, since they possess many of
the characteristics identified such as durability and rapid installation” (Hurtado et al. 2012).

MANUFACTURING PROCESSES

Several manufacturing methods have been used to produce FRP girders, e.g., wet (hand) layup,
filament winding, pultrusion, and resin infusion. Wet layup and pultrusion are by far the most com-
monly used manufacturing methods.

A hollow rectangular tubular cross section, as shown in Figure 9.6, was used in an experimental
investigation into the use of FRP girders as transverse girders for a long span bridge system (Cheng
etal. 2005). As a prototype, the wet layup method was employed in the fabrication process. The detail-
ing in the top portion of the cross section is for connecting the girder to a concrete deck that it supports.
The primary material used is GFRP in triaxial and unidirectional fabrics with the bottom plate of the
section integrated with a 6 mm thick CFRP plate to provide the needed stiffness. Four-point bending
test results showed linear-elastic response in the girder and the failure was at a level far exceeding the
demand. In a related study, a staged pultrusion concept was proposed for the same section.

Kansas Structural Composites fabricated a honeycomb core girder that is 32 ft long, 31.5 in. high
and 1.0 ft wide for the New York DOT (Toillion 2001). It was designed for the HS-25 loading. The
tests demonstrated that the girders had an excellent strength. One girder damaged during shipping
regained full strength after being repaired.

Pultruded profiles for all-composite girders are produced by many pultrusion manufacturers in
the United States and around the world. However, unlike conventional materials such as steel, using
FRP girders in bridges is still a very new technology and thus the types and dimensions of girders
are very limited. Most of the systems are proprietary. For instance, Strongwell produces an 8 in. deep
EXTREN DWB® section, as shown in Figure 9.7a, and a 36 in. deep section, as shown in Figure 9.7b,
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FIGURE9.6 Hybrid FRP girder with carbon at bottom. (a) Cross section and (b) fabrication. (From Cheng, L.
etal., J. Struct. Eng., 131(3), 498, 2005. With permission.)
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FIGURE 9.7 Strongwell pultruded girders: (a) 8 in. section and (b) 36 in. section. (From Strongwell
Corporation, EXTREN DWB® Design Guide, Bristol, VA, 2000, available at http:/www.strongwell.com/

PDFfiles/Extren/EXTREN%20DW B%20Design%20Guide.pdf, accessed on February 14, 2013.)
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both have gone through extensive testing and analysis, and have been used in a few field applications
(Strongwell 2000). They are pultruded sections and are designed for HS-20 loading. Studies have also
been done on other pultruded FRP box beams and girders with H-shape (Salim et al. 1995; Nagaraj
and GangaRao 1997; Smith et al. 1998).

Static and fatigue tests of six partially filament-wound GFRP box beams were performed,
each with a length of 3 m, a height of 188 mm, and a width of 118 mm (Meier et al. 1983). Good
load bearing properties were obtained. Hybrid GFRP/CFRP girders with an open cross-section
(trapezoidal shape without top flange) were installed in several bridges in Spain, e.g., Canary
Island footbridge (Hurtado et al. 2012). These girders were fabricated using resin infusion
process.

STRUCTURAL DESIGN

Since the technology of FRP girders is still at the stage of research and development, there is not
a uniformly accepted design specification. While it has been widely proven that FRP girder can
provide excellent strength, its lack of stiffness is typically governing the span length. The properties
of FRP depend on the materials and the volume fractions of each component. However, to quickly
estimate the weight and section properties of a FRP girder, the materials properties provided in
Table 9.1 could be used. It can be seen that the modulus of elasticity of GFRP is approximately 10%
of that of steel. Therefore, to achieve stiffness target typical of steel girders, the GFRP sections
needs to be much deeper. Fibers are typically oriented primarily in the longitudinal direction of the
girder with additional fabrics and mats added to the flanges and webs to increase the properties such
as shear in the transverse direction.

For thin-walled sections of pultruded FRP beams, the full-section stiffness (flexural and shear)
can be estimated using methodologies similar to the proposed ones (Bank 1989; Minghini et al.
2012). Warping has a negligible effect on the shear stiffness and only at very short spans and very
high degrees of orthotropy. The use of the section moduli in a Timoshenko beam theory is attain-
able in the design where the serviceability limit state shall be checked. Some existing studies on
fatigue life models indicate that fatigue will not be a major concern for the selected FRP girders
during their life of service (Neely et al. 2004); however, more research is needed to further validate
and generalize this claim.

To satisfy the strength limit states in the design, a simplified procedure for strength predic-
tions of a pultruded FRP beam by Hayes (2003) can be referred to. Governing failure modes
and mechanisms (such as tension, compression, and delamination) need to be properly identi-
fied and carefully considered in the design. For conservativeness, the first-ply failure criteria
should be used for the preliminary design of FRP components in the girder. The stiffness

TABLE 9.1

Materials Properties for Estimations of FRP
Girders

Property GFRP  CFRP Steel
Density (g/cm?) 1.8 1.3 7.8
Modulus of elasticity (GPa) 20 70 200
Strain at yielding N.A® N.A.  02%
Strain at rupture 2% 1% 10%—-15%

2 Not applicable.
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properties of FRP laminates can be estimated using an approximation for extensional stiffness
by neglecting the coupling terms in the following equations:

E, = 1* ©.1)

hA;;
1

E =— 9.2)
hA;,

G, = ! 9.3)
_ AI*Z

v, = 9.4)

where
A,j are the extensional compliance stiffness terms that can be calculated using the Classical
Lamination Theory
h is the thickness of the laminate

Potential designers should also consult with a fabricator to develop a design that best fits the needs of
the project. Some manufacturers actually offer proprietary in-house design manuals to aid the user
select their respective profile products based on design concepts, partial safety factors, measured
material parameters, etc. Representative examples include the Design Guide by Bedford Reinforced
Plastics (2010), the New and Improved Pultex® Pultrusion Design Manual by Creative Pultrusions
(2004), the EXTREN DWB® Design Guide by Strongwell (2000), and the Fiberline Design Manual
by Fiberline Composites, Corp. (2003).

General guidelines for composite pedestrian bridge design are made available by the AASHTO
Guide Specifications for Design of FRP Pedestrian Bridges (AASHTO 2008). Design loads and cri-
teria are specified related to deflection, vibrations, allowable stress limitations, fatigue provisions,
minimum thicknesses of structural members, bolted connections, etc.

REFERENCES

AASHTO. Guide Specifications for Design of FRP Pedestrian Bridges. American Association of State Highway
and Transportation Officials, Washington, DC, 2008.

AASHTO. LRFD Bridge Design Specifications, 6th edn., American Association of State Highway and
Transportation Officials, Washington, DC, 2012.

Aboutaha RS. Investigation of durability of wearing surfaces for FRP bridge decks. Reported submitted to
Transportation Infrastructure Research Consortium, New York State Department of Transportation,
Project #C-01-50, Albany, NY, 2005.

ACMA. Global FRP use in bridge applications, American Composites Manufacturers Association, 2004, avail-
able at http://www.mdacomposites.org/mda/bridge_statistics.htm, Accessed on February 18, 2013.
Alagusundaramoorthy P, Harik IE, Choo CC. Structural behavior of FRP composite bridge deck panels.

J Bridge Eng 2006;11(4):384-393.

Aravinthan T, Manalo F. Field applications and case studies of FRP in civil infrastructure: The Australian
experience. Proceedings of the 6th International Conference on FRP Composites in Civil Engineering
(CICE-6), Rome, Italy, June 13-15, 2012.

Aref AJ, Almpalli S, He Y. Performance of a fiber reinforced polymer web core skew bridge superstructure.
Part I: Field testing and finite element simulations. Compos Struct 2005;69(4):491-499.



168 The International Handbook of FRP Composites in Civil Engineering

ASTM D2344/D2344M. Standard Test Method for Short-Beam Strength of Polymer Matrix Composite
Materials and Their Laminates. ASTM International, West Conshohocken, PA, 2006.

ASTM D3039/D3039M. Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials.
ASTM International, West Conshohocken, PA, 2005.

ASTM D3171. Standard Test Method for Constituent Content of Composite Materials. ASTM International,
West Conshohocken, PA, 2011.

ASTM D5379/D5379M. Standard Test Method for Shear Properties of Composite Materials by the V-Notched
Beam Method. ASTM International, West Conshohocken, PA, 2005.

ASTM D5630. Standard Test Method for Ash Content in Plastics. ASTM International, West Conshohocken,
PA, 2006.

Bakis CE, Bank LC, Brown VL, Cosenza E, Davalos JF, Lesko JJ, Machida A, Rizkalla SH, Triantafillou TC.
Fiber-reinforced polymer composites for construction—State-of-the-art review. J Compos Constr
2002;6(2):73-87.

Bank, LC. Flexural and shear moduli of full-section fiber reinforced plastic (FRP) pultruded beams. J Test Eval
1989;17(1):40-45.

Bank LC. Composites for Construction: Structural Design with FRP Materials. John Wiley & Sons, Inc.,
Hoboken, NJ, 2006.

Barquist G, Lovejoy S, Nelson S, Soltesz S. Evaluation of wearing surface materials for FRP bridge decks.
OR-DF-06-02, Oregon Department of Transportation, Salem, OR, 2005, 34 pp.

Bedford Reinforced Plastics, Inc. Design Guide, July 2010, available at http://www.bedfordreinforced.
com/wp-content/uploads/2011/06/DesignGuide.pdf, Accessed on February 18, 2013.

BS EN 13706. Reinforced Plastics Composites—Specification for Pultruded Profiles, The European Standard,
BSI, London, U.K., 2002.

Cheng L. Steel-free bridge decks reinforced with FRP composites. In R. Jain and L. Lee (eds.), Fiber
Reinforced Polymer (FRP) Composites for Infrastructure Applications, Springer, New York,
2012, pp. 143-162.

Cheng L, Karbhari VM. New bridge systems using FRP composites and concrete: A state-of-the-art review.
Prog Struct Eng Mater 2006;8(4):143—-154.

Cheng L, Zhao L, Karbhari VM, Hegemier GA, Seible F. Assessment of a steel-free fiber reinforced polymer-
composite modular bridge system. J Struct Eng 2005;131(3):498-506.

Creative Pultrusions, Inc. The New and Improved Pultex® Pultrusion Design Manual, 2004, available at
http://www.reativepultrusions.com/products-solutions/fabrication-capabilities/pultexc2ae-pultrusion-
design-manuall/, Accessed on February 18, 2013.

Davalos JF, Qiao P, Xu XF, Robinson J, Barth KE. Modeling and characterization of fiber-reinforced plastic
honeycomb sandwich panels for highway bridge applications. Compos Struct 2001;52(3—-4):441-452.

Farhey D. Long-term performance monitoring of the Tech 21 all-composite bridge. J Compos Constr
2004;9(3):255-262.

FHWA. Innovative bridge research and development program, Federal Highway Administration, July 2011a,
http://www.thwa.dot.gov/bridge/ibrd/, Accessed on February 15, 2013.

FHWA. Current practices in FRP composites technology FRP bridge decks and superstructures, Federal Highway
Administration, 2011b, http://www.fthwa.dot.gov/bridge/frp/frppract.cfm, Accessed on February 13, 2013.

Fiberline Composites, Corp. Fiberline Design Manual, 2003, available at http://www.fiberline.com/read-more-
about-fiberline-online-tools, Accessed on February 18, 2013.

Hayes M. Structural analysis of a pultruded composite beam: Shear stiffness determination and strength and fatigue
life predictions. Ph.D. Dissertation, Virginia Polytechnic Institute and State University, Blacksburg, VA, 2003.

Hollaway LC. A review of the present and future utilization of FRP composites in the civil infrastructure with
reference to their important in-service properties. Constr Build Mater 2010;24(2):2419-2445.

Hurtado MA, Bansal A, Paulotto C, Primi S. FRP girder bridges: Lessons learned in Spain in the last decade.
Proceedings of the 6th International Conference on FRP Composites in Civil Engineering (CICE-6),
Rome, Italy, June 13-15, 2012.

Ji HS, Song W, Ma Z. Design, test and field application of a GFRP corrugated-core sandwich bridge. Compos
Struct 2010;32(9):2814-2824.

Jones RM. Mechanics of Composite Materials, 2nd edn. Taylor & Francis Group, Boca Raton, FL, 1999.

Keller T. Use of fibre reinforced polymers in bridge construction. IABSE Structural Engineering Documents,
No. 7, Zurich, Switzerland, 2003.

Kwon SC, Dutta PK, Kim YH, Lopez-Anido R. Comparison of the fatigue behaviors of FRP bridge decks
and reinforced concrete conventional decks under extreme environment conditions. KSME Int J
2003;17(1):1-10.



Deck Panels and Girders for Bridge Applications 169

Meier U, Muller R, Puck A. FRP-box beams under static and fatigue loading. Proceedings of the International
Conference on Testing, Evaluation and Quality Control of Composites, Butterworth Scientific Ltd., Kent,
U.K., pp. 324-336, 1983.

Minghini F, Tullini N, Laudiero F. Full-section properties of pultruded FRP profiles using bending tests.
Proceedings of the 6th International Conference on FRP Composites in Civil Engineering (CICE-6),
Rome, Italy, June 13-15, 2012.

Moses JP, Harries KA, Earls CJ, Yulismana W. Evaluation of effective width and distribution factors for GFRP
bridge decks supported on steel girders. J Bridge Eng 2006;11(4):401-409.

Nagaraj V, GangaRao VS. Static behavior of pultruded GFRP beams. J Compos Constr 1997;1(3):120-129.

NCHREP. Field inspection of in-service FRP bridge decks. National Cooperative Highway Research Program,
Report 564, Transportation Research Board, Washington, DC, 2006.

Neely WD, Cousins TE, Lesko JJ. Evaluation of in-service performance of Tom’s Creek Bridge fiber-reinforced
polymer superstructure. J Perform Constr Facil 2004;18(3):147-158.

Pawel BP. Use of fibre reinforced polymer composites in bridge construction: State of the art in hybrid and
all-composite structures. Master thesis, Universitat Politecnica de Catalunya, Barcelona, Spain, 2011.

Restrepo E, Cousins T, Lesko J. Determination of bridge design parameters through field evalua-
tion of the Route 601 Bridge utilizing fiber-reinforced polymer girders. J Perform Constr Facil
2005;19(1):17-27.

Robert J, Fu CC, Alayed H. Deck replacement for the skewed truss bridge on MD 24 over Deer Creek in
Harford County, Maryland utilizing a fiber-reinforced polymer (FRP) bridge deck. International Bridge
Conference, Pittsburgh, PA, June 10-12, 2002.

Salim HA, Davalos JF, Qiao P, Barbero EJ. Experimental and analytical evaluation of laminated composite
box beams. The 40th International SAMPE Symposium and Exhibition, Anaheim, CA, May 8-11, 1995,
pp. 532-539.

Seible F, Sun Z, Ma G. Glass fiber composite bridges in China. A state-of-the-art report to the Advanced
Composites Technology Transfer Consortium, University of California, San Diego, CA, Report number
ACTT-9301, April 1993.

Shahawy MA. Prefabricated bridge elements and systems to limit traffic disruption during construction.
NCHRP Synthesis 324, Transportation Research Board, Washington, DC, 2003.

Shahrooz BM, Reising RRMW, Neumann AR, Hunt VJ, Helmicki AJ. Field performance evaluation of mul-
tiple fiber reinforced polymer bridge deck systems over existing girders. An Interim Report to Federal
Highway Administration and Ohio Department of Transportation, State Job No. 14715(0). University of
Cincinnati, Cincinnati, OH, 2005.

Smith SJ, Parsons ID, Hjelmstad KD. Experimental study of the behavior of connections for pultruded GFRP
I-beams and rectangular tubes. Compos Struct 1998;42(3):281-290.

Sopal G, Rizkalla R, Solomon G. Performance of new 3D GFRP sandwich panels with corrugated GFRP sheets.
Proceedings of the 6th International Conference on FRP Composites in Civil Engineering (CICE-6),
Rome, Italy, June 13-15, 2012.

Stiller WB, Gergely J, Rochelle R. Testing, analysis, and evaluation of a GFRP deck on steel girders. J Bridge
Eng 2006;11(4):394-400.

Strongwell Corporation. EXTREN DWB® Design Guide, Bristol, VA, 2000, available at http://www.strongwell.
com/PDF-files/Extren/EXTREN%20DWB%?20Design%20Guide.pdf, Accessed on February 14, 2013.

Toillion SE, FRP Library—Kansas Division documentation report. Federal Highway Administration, October
2001, available at http://www.thwa.dot.gov/bridge/frp/frptrip.cfm, Accessed on February 13, 2013.

Williams B, Shehata E, Rizkalla SH. Filament-wound glass fiber reinforced polymer bridge deck modules.
J Compos Constr 2003;7(3):266-273.

Wilasak, L. Development of the concept of composite bridge decks. Proceedings of the Conference on Civil
Engineering Infrastructure Based on Polymer Composites (CECOM), Krakow, Poland, November
22-23,2012.

Zhao L, Karbhari VM. Lightweight composite deck systems for renewal. Engineering Mechanics: A Force for
the 21st Century, ASCE 12th Engineering Mechanics Conferences Proceedings, American Society of
Civil Engineers, San Diego, CA, May 17-20, 1998.

Zhao L, Karbhari VM. An approach for failure analysis of composite bridge deck systems. Int J Struct Eng
Mech 2005;20(1):123-141.

Zhao L, Vyas JS, Ansley M. Testing of a FRP deck system for moveable bridges. The Third International
Conference on FRP Composites in Civil Engineering, Miami, FL, December 13-15, 2006.

Zhou A. Stiffness and strength of fiber reinforced polymer composite bridge deck systems. Ph.D. dissertation,
Virginia Polytechnic Institute and State University, Blacksburg, VA, 2002.






’I O Connection Design for
FRP Structural Members

Aixi Zhou and Lei Zhao
CONTENTS
INEEOAUCTION ...ttt ettt ettt 171
Mechanically Fastened JOINES ......cc.ioieiiirieiirieie ettt ettt sae st sneesae e 173
Design of Mechanically Fastened JOINES .........cccveruiiieririeiieiesieeie et 173
Failure Modes and Critical Limit StAtes ........ccccoeruerieieieiiiniiieenesieeteseseerereee e 175
Stress Analysis for Designing Mechanically Fastened JOInts ............cccoooeeveiienenieienieeeee 176
Adhesively Bonded JOINES ........oouiiiiriieiiiiee ettt et et e b e st esae e nneeneens 178
Design of Adhesively Bonded JOINS .......ccoeiiiieriiiieiieieseee e 178
SrUCtUral AQRESIVES. .....evvirtitiiertitcte ettt sttt ettt ettt 179
Failure Modes and Critical Limit StAtes ........ccccoerierieieiriiiriiieereseetesieseeeerere et 180
Stress Analysis for the Design of Adhesively Bonded JOInts. ..........coocevieveiienenieiicieeeeee 182
Combined Fastened—Bonded JOINES .....c..co.eoiriiriiiiieiiieieiecccncseceseceeeee s 183
Joining of Large-Scale FRP StruCtUres..........ccveiiieiiiiiiieiiee e 184
Connecting Composite Girders and Panels to Other Bridge Components .............cccceeceereene. 184
Connecting FRP Bridge Deck Panels to FRP or Steel Girders .........c.cceocevveeneiienenienennnne 184
Connecting FRP Girders to Conventional Decks.........cccceoveiieiiiniiiinieieere e 185
Connections between Adjacent FRP Bridge Deck Panels..........cccocevieiiniiniiencieeee 187
Connecting Guardrails to FRP Deck Panels..........cccooooiiiiiiiiiiniiiieee e, 187
RELETEICES .....oviiiieicte ettt sttt ettt ettt 188
INTRODUCTION

Connections in fiber-reinforced polymer (FRP) composite structures can be classified into three
categories according to their functions (Clarke 1996): (1) primary structural connections, which
provide major strength and stiffness to an assembly for the whole service life of the structure
(the failure of such a connection has a substantial effect on the performance of the assembly and
would constitute major structural damage and hazard to life. This connection type demands high-
est requirements for strength, rigidity, and durability); (2) secondary structural connections, which
contribute some strength and stiffness to an assembly (the failure of such a joint would not endanger
life or cause major structural damage; the failure would be recognizable and easily repaired); and
(3) nonstructural connections, which usually do not provide strength or stiffness (the main purpose
of such a connection may be to exclude the external environment or for decorative purposes. The
failure of a nonstructural connection will not endanger life or cause structural damage). This chap-
ter deals with the first two types of structural connections.
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(a) (b)

() (d)

(®) (h)

FIGURE 10.1 Typical joint configurations. (a) Single-lap joint (fastened, bonded, or combined), (b) double-
lap joint (fastened, bonded, or combined), (c) lap-strap joint (fastened, bonded, or combined), (d) single-strap
joint (fastened, bonded, or combined), (e) scarf joint (bonded), (f) stepped joint (fastened, bonded, or com-
bined; stepped region varies), (g) butt joint (bonded), and (h) tee joint (fastened, bonded, or combined; tee
region varies).

Many joining techniques have been developed for structural connections involving FRP struc-
tural members: mechanical fastening, adhesive bonding, and combined joining technique using
both mechanical fastening and adhesive bonding. Some typical joint configurations are shown
in Figure 10.1. In this chapter, the connection design of FRP structural members is addressed by
types of joining techniques. The “Mechanically Fastened Joints” and “Adhesively Bonded Joints”
sections present the fundamentals for design and analysis of composite joints through mechani-
cal fastening and adhesive bonding. The “Joining of Large-Scale FRP Structures” section deals
with joining of large-scale FRP structural members, concentrating on connecting bridge structural
components.

Typical joint design involves the following procedures: (1) identifying joint design requirements,
(2) selecting joint category and joining technique (mechanical, bonded, or combined), (3) selecting
joint configuration, (4) detailed joint design, and (5) analysis and design verification.

Design requirements for FRP structural connections vary with the categories of connection and
the performance requirements of specific projects. In both primary and secondary structural con-
nections, the main objective is to ensure the integrity of the assembly and the load transfer effi-
ciency between the joined components and the reliability of the connection. A connection should be
designed to distribute internal forces and moments and carry the required loads and to satisfy the
specified stiffness, strength, stability, fatigue, durability, and reliability requirements. Connections
should also be designed for good constructability and ease of inspection (providing warnings of
failure) and repair. When all these structural performance requirements are satisfied, economic and
aesthetic issues should be considered. The advantages of advanced FRP composites would be lost if
the characteristics of the associated joints were not properly understood and the connections were
not properly designed.

The selection of joint type is determined by the following factors: (1) the required loads to be
transferred and the required joint efficiency, (2) geometry of the members to be connected, (3) suit-
ability of fabrication, (4) lifetime requirement and service environment, (5) the need for disassembly
(as bonding is usually good for permanent joints), and (6) the requirements for reliability and issues
related to aesthetics and cost. The importance of each factor can vary depending on the specific
requirements of a project.

The Structural Plastic Design Manual (SPDM) (ASCE 1984) and European Design Code and
Handbook (EDCH) (Clarke 1996) provided some guidelines for connection design of FRP structural
members. The EDCH guides are based on the limit state design philosophy. Available approaches for
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structural connection design of FRP members include the first principles of mechanics, elastic stress
analysis (considering material orthotropy and detailed structural geometry), numerical analysis (mainly
finite element analysis [FEA]), and testing of representative design cases or full-size connections.

MECHANICALLY FASTENED JOINTS

Mechanically fastened joints have been used in FRP trusses, beams, and braced frame structures,
as well as multicellular FRP bridge deck structures. Both metallic (usually galvanized or stainless
steel) and FRP bolts can be used as fasteners. Typical mechanically fastened joints include bolted
joints and riveted joints, in which cutouts are required in the FRP components. Mechanical key
connections use special design techniques and do not require cutouts. The design approach for
mechanical key connections shall be by testing following the principles of the design and verifica-
tion approach. This section deals with bolted and riveted mechanical joints where at least one of the
primary structural components to be joined is made of FRP materials.

DESIGN OF MECHANICALLY FASTENED JOINTS

The parameters related to joining design for mechanically fastened joints are summarized in
Table 10.1. A connection design shall be validated by either calculation or testing to satisfy the
performance requirements. When connecting FRP members using bolts or rivets, the joining
area should have solid laminate construction, preferably having balanced symmetrical section
and fiber orientations distributed in the laminate plane at different angles and through the
thickness (except for some pultruded members). To ensure reliability, there should be not less
than two fasteners in a line in the loading direction. Usually the fasteners should have the same
diameter. In the design process, any load transferred by friction between the joined members
should be neglected. It is assumed that all loads are transferred by the fasteners, and the condi-
tions of equilibrium shall always be fulfilled when determining fastener load distribution and
far-field and local stress distributions.

TABLE 10.1
Design Parameters for Mechanically Fastened Joints

Material parameters of the FRP  (a) Material properties, including anisotropy or orthotropy, inhomogeneity,

components viscoelasticity, environmental degradation, brittleness

(b) Fiber type and form, such as unidirectional, woven, random, or fabric

(c) Resin type, such as polyester, vinyl ester, epoxy, or phenolic resin

(d) Fiber architecture and scheme, such as stacking sequence and form of
construction (laminated or sandwiched)

Design parameters (a) Geometry, including geometry of the FRP components (thickness, width,
length), bolt or rivet size, cutout shape and pattern (circular or oval),
cutout size, edge distance, end distance, cutout spacing, and arrangement
(pitch and gage values)

(b) Joint type, such as single lap, double lap, tee joint, or other joint types

(c) Loading type (tensile, compressive, shear; concentrically loaded or
eccentrically loaded)

(d) Lifetime and environment, including dynamic fatigue loads,
environmental effects such as temperature, moisture, and possible
chemical solutions

Fabrication parameters (a) The fastener material (metallic or FRP)

(b) Fastener type (bolt, rivet, screw)

(c) Tightening (clamping force or bolting torque, clearance, and washer size)
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Several methods can be used for the design of fastened joints, including allowable stress design
(ASD), limit state design (LSD), and load and resistance factor design (LRFD). When using the ASD
method, the recommended safety factor (y) for all connection parts is 4.0 (Bank et al. 1996). The
EDCH provides guides for the determination of partial safety factors for fastened joints, including the
FRP material to be joined and the fasteners. For FRP components forming the joint, the partial safety
factor (y,) is the material’s partial safety factor, which is the product of three basic partial safety coef-
ficients related to the level of uncertainty of material properties from test values (y,, ;), the material and
production process (y,, ,), and environmental effects and duration of loading (y,, 5), that is,

Ym = ’Ym,l’Ym,Z’Ymﬁ (101)

Section 2.3.3.2 in the EDCH manual (Clarke 1996) specified the ranges of the three basic partial
safety coefficients as 1.0 <1, ; < 2.25 (the higher the level of uncertainty, the greater the v,, ; value),
1.1 <7,,, < 2.7 (the better the manufacturing quality, the smaller the v,, , value), and 1.0 <,,; < 3.0
(the longer the duration, the larger the v,, ; value). For building structures, the final value of y,, should
be greater than 1.5 and less than 10. For the fasteners, metallic or FRP, the partial safety factors
shall be in accordance with their corresponding standards or guides for these materials.

When the LSD philosophy is implemented, specific requirements for serviceability limit state
and ultimate limit state shall be satisfied. These requirements are summarized in Table 10.2.
Resistance factors through the LRFD method for bolting pultruded FRP members are given by
Prabhakaran et al. (1996). They adapted the LRFD procedure developed for bolted steel structures
for bolted pultruded composites considering only block shear and net-tension failure modes. The
ultimate design load P using LRFD is expressed as

P=%p Ppr+Yu P and P<R (10.2)

where
Yo, (and 7y, = 1.2) is the dead load factor
Y., (and y,, = 1.6) is the live load factor
P, and P, are dead and live service loads, respectively

TABLE 10.2
Limit States for Mechanically Fastened Joints

Serviceability limit states  (a) Deformation of the assembly due to slippage of fasteners or excessive
deformation of cutouts
(b) Onset of nonlinear load-deformation behavior of the joint under constant
static load
(c) Onset of increasing deformation under cyclic fatigue loading or
environmental effects (esp. the effects of temperature and moisture)
(d) Fiber debonding or matrix cracking under load or due to fabrication
techniques
(e) Fatigue resistance of FRP members and fasteners
(f) Weather tightness and durability of unsealed edges
Ultimate limit states (a) Maximum resistance of the complete joint
(b) Static failure of joined parts or fasteners
(c) Progressive failure of cutout edges
(d) Long-term endurance of FRP members and fasteners (under long-term
fatigue loading and environmental effects)
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The resistance R is determined by the failure mode of the joint and should be the smallest value
calculated from all failure models. For example, for block shear and net-tension failures, we have

RBS = (pBS(TuAn.Y + GuAnt) (1033)
Ryr = Qnr G, Au (10.3b)

where
T, and ¢, are nominal material ultimate shear and normal stresses
terms A, and A,, are defined as net area subjected to shear and net area subjected to tension,
respectively
Pgs and @, are set to be 0.50 on a tentative base
statistical variation in T, and G, values may require an adjustment of the ¢ values (Prabhakaran
et al. 1996)

nt

Failure analysis should be conducted and shall be based on the analysis of detailed stress distribu-
tion around cutout regions (Camanho and Matthews 1997). The failure analysis should evaluate
the following failure modes: bearing failure, net-section failure, shear-out failure, and the shear
failure of fasteners. The analysis should be validated by testing representative connections fabri-
cated according to the design. When testing is not applicable, more rigorous analysis such as finite
element analysis should be conducted to ensure the safety and reliability of the design. If the service
environment is a concern, measures should be taken to exclude the joint area from the environment;
otherwise, durability study should be conducted.

FAILURE MODES AND CRITICAL LIMIT STATES

Mechanically fastened FRP structural connections can fail in the fastener or in the joined FRP
structural member. For bolted connections, a fastener can fail in the following modes (Figure 10.2):
fastener shear failure, fastener tension failure, and bolt or nut thread shear failure. The FRP member
can fail in the plane of loading in the following modes: net-section tension failure, bearing failure,
shear-out failure, cleavage or splitting failure, or the combinations of the previously mentioned
modes. For pultruded FRP members, bearing failure in cutout edges of the FRP material is gener-
ally ductile in the pultrusion direction and can lead to progressive shear-out failure. In the transverse
direction, however, bearing failure may not be ductile and may lead to brittle net-tension failure of
FRP member in the transverse direction. An FRP member can also fail out of the plane of loading
due to punching or crushing.

Critical limit states of bolted or riveted connections include (1) bearing failure in FRP member,
(2) net-section tensile failure in the FRP member, (3) shear-out failure in the FRP member, and
(4) shear failure of fasteners. When FRP threaded fasteners are used in connections, the threads of
fasteners can shear off in the longitudinal direction. Such critical limit state is a function of longi-
tudinal shear strength of the fastener used. A general criterion for all these critical limit states is in
the form of

Oy = kclim (104)

where
G,, is the critical design stress (tensile, compressive, or shear)
o), refers to associate strength of material for each critical limit state to be considered
k is a factor considering stress concentrations (k = 0.9 for net-section tensile failure through the
cutout and k = 1 for all other cases)
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FIGURE 10.2 Typical failure modes in bolted composite joints.

Depending on failure mode considered, G,,,, can be the longitudinal or transverse bearing strength,
tensile or compressive strength, in-plane shear strength, or shear strength of fasteners.

STRESS ANALYSIS FOR DESIGNING MECHANICALLY FASTENED ]OINTS

The stress distribution near a circular hole in composite orthotropic plates under biaxial in-
plane loading has been examined by the complex variable mapping approach and the polynomial
approximation approach. When the dimension of the cutout is very small compared to the plate,
the following equations can be used for calculating the stress concentration factors (Soutis and
Filiou 1998):

Kznh — 1+}\«—'Y'0C; and Kgrth :l[_l_{_»y.(a_{-}\,)] (10.5)
o
where
Ey
o= [—
E.)’y
’Y =

A= [2(00=Vy)+—"

SR
BN

The coordinate system is shown in Figure 10.3. When the effects of finite dimensions are signifi-
cant, the calculations need to be modified by appropriate correction factors to account for finite
width effects (Tan 1994).
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FIGURE 10.3 Coordinates for a circular cutout in an infinite orthotropic flat plate. (From Zhou, A. and
Keller, T., Compos. Struct., 69(3), 336, 2005. With permission.)

The calculation of stress concentrations is more difficult for FRP members with curved or cylin-
drical walls than flat ones. For an orthotropic cylindrical shell whose axes of orthotropy (1,2,3)
coincide with the cylindrical coordinate lines (r,0,z) and with a free small circular cutout under
uniform in-plane loading (subject to p and ¢, uniform pressures in » and 0 directions respectively),
considering the far-field axial stress p as reference stress, the stress concentration factors at two
critical locations (8 = 0°,90°) can be approximately obtained as

e ATl 8)

Ny B o A= mB
K“M[(s'y D+ 5 5y 1)}+ 5 [(1 y)(l 5 H

(10.6)

where
Y = g/p, the ratio of the far-field biaxial uniform pressure loads
A = E,/E,, the orthotropy ratio
B% = B3> M1 = vi,v) /4R
a is the radius of the hole
h is the shell thickness
R is the radius (or curvature) of the cylinder

The previously mentioned approximation was derived for infinite cylindrical shells. In application,
it can be used for estimating the stress concentration factors in the initial design stage (Zhou and
Keller 2005).

When multiple cutouts are required in a connection design, measures must be taken to reduce
the negative effects of the interaction of cutouts. A recommended distance between cutouts would
be L/a > 3 (Zhou and Keller 2005). When close distances cannot be eschewed, measures must be
taken to arrange the cutout pattern in a reasonable manner to reduce local stress concentrations and
interactions.
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ADHESIVELY BONDED JOINTS

DEsIGN oF ADHESIVELY BONDED JOINTS

An adhesively bonded joint should be designed and analyzed as a system considering its FRP sub-
strates, adhesive, and the adhesive—adherend interfaces. The design of a bonded joint shall satisfy
the following conditions: (1) The failure of a joint should occur either in the adhesive or in its
adherends but not in the interfaces, (2) allowable shear stress and peeling stress of adhesive are not
exceeded, and (3) allowable through-thickness tensile stress and out-of-plane shear stress should not
be exceeded. The through-thickness tensile strength and out-of-plane shear strength of pultruded
FRP members are relatively low compared to those of their in-plane values. Therefore, attention
should be made on the through-thickness material properties of the adherends when designing
adhesively bonded joints with pultruded FRP members. The parameters should be considered in
designing adhesively bonded joints, as summarized in Table 10.3. The design of adhesively bonded
joints shall be validated by either calculation or testing to verify that the design can fulfill the per-
formance requirements. The limit states shall be satisfied in designing adhesively bonded joints and
are provided in Table 10.4.

TABLE 10.3

Design Parameters for Adhesively Bonded Joints

Material parameters of the FRP Almost the same as for mechanically fastened joints in Table 10.1. In
components addition, an important factor that influences the strength of a bonded joint is

the properties of the layer adjacent to the adhesive, especially fiber
orientation and the presence of reinforcement in the through-thickness

direction
Material parameters of structural (a) Mechanical properties: brittle or ductile, adhesion properties,
adhesives requirements for primer and surface preparation, pot life

(b) Requirements for curing
(c) Resistance to environmental parameters such as temperature and moisture
(or water)
Design parameters (a) Geometry: geometry of the FRP adherends (thickness, width, length),
surface area available for bonding, bondline thickness, overlap length
(b) Parameters concerning joint type, loading type, and lifetime and
environment are the same as for mechanically fastened joints
Fabrication parameters (a) The preparation before bonding: surface treatment
(b) Curing and post-curing: the control of environments, clamping pressure
(vacuumed assisted or not)

TABLE 10.4
Limit States for Adhesively Bonded Joints

Serviceability limit states  (a) Deformation of the bonded assembly
(b) Onset of nonlinear load-deformation behavior of the joint under
constant static load; onset of increasing deformation under cyclic
fatigue loading or environmental effects
(c) Fatigue resistance of adhesive and FRP members
(d) Weather tightness of joints and durability of adhesive
Ultimate limit states (a) Maximum resistance of the complete joint
(b) Static or progressive failure of adhesive joints
(c) Long-term endurance of FRP members, adhesives, and interfaces
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STRUCTURAL ADHESIVES

The properties of structural adhesives are important parameters for selecting adhesive types for a
design. These properties include mechanical properties and physical and chemical properties.
Structural adhesives can have thermoset or thermoplastic base. Common thermoset adhesives include
epoxies, phenolics, and thermoset polyurethanes, while typical thermoplastic structural adhesives are
acrylics and thermoplastic polyurethanes. Structural adhesives can be in the form of liquid, paste, and
film. The designer should have the following knowledge of the selected adhesives in the design: activa-
tion of curing, curing temperature, curing pressure, curing cycle, and post-curing. In practice, thermo-
set adhesives are usually modified and thermoplastic adhesives are toughened for structural bonding.
Table 10.5 summarizes the main strength and weaknesses of commonly used structural adhesives.

Structural adhesives have either brittle or ductile behavior. Thermoset adhesives are usually
brittle. They are stiffer and have better creep resistance than thermoplastic adhesives. The most
important mechanical properties of structural adhesives include shear modulus and strength, maxi-
mum shear strain, tensile modulus and strength, and maximum tensile strain. These properties are
usually obtained from the manufacturers. Whenever necessary, tests shall be performed to verify
the adhesive material data. Some standard testing methods are available for structural adhesives and
bonded joints and are summarized in Table 10.6. Environmental temperature, moisture, and chemi-
cals can affect adhesive mechanical properties considerably. Due to concerns about the long-term
performance of adhesives, adhesive bonding has been limited to noncritical structural connections.
This situation will change as more research has been devoted to this area, and we will gain better
understanding and confidence of the long-term performance of adhesives and bonded joints.

The selection of structural adhesive should be based on previous experience or follow a specific
selection process if it is available. Factors to be considered in adhesive selection are (1) adherend
materials (such as adhesion compatibility), (2) applied loading, (3) environmental conditions during
service, (4) geometry restrictions, (5) bonding and curing processes, and (6) costs and other special
requirements including health and personnel safety.

ECDH provided some guidelines about the partial safety factors for structural adhesives.
The overall safety factor (y,,) is the product of four partial safety factors considering the source
of adhesive properties (Y, ), the method of adhesive application (Y, ,), the type of loading (y,, 5),
and environmental conditions (y,, ,):

Ym = ’Ym,l : ’Ym,2 : Ym,3 . Ym,4 (107)

where the partial safety factors for various situations are provided in Table 10.7 (Clarke 1996).

TABLE 10.5

Advantages and Limitations of Commonly Used Structural Adhesives

Adhesive Advantages Limitations

Epoxy High strength, good solvent resistance, good gap-filling ~ Exothermic reaction, exact proportions
capabilities, good resistance at elevated temperatures, needed for optimum properties, short pot
wide range of formulations, relatively low cost life, require special care for storage and cure

Polyurethane ~ Varying cure times, tough, excellent flexibility even at Moisture sensitive, poor resistance at elevated
low temperatures, cure at room temperature or temperatures, short pot life, special mixing
elevated temperature, moderate cost and dispensing equipment required

Acrylic Good flexibility, goof peel and shear strength, no Low strength at elevated temperatures, toxic,
mixing required, bonding of dirty surfaces possible, flammable, odor, limited open time,
room temperature cure, moderate cost dispensing equipment required

Source: Clarke, J.L., Structural Design of Polymer Composites: Eurocomp Design Code and Handbook, E & FN Spon,
London, U.K., 1996.
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TABLE 10.6
Recommended Testing Standards for Adhesively Bonded FRP Composite Joints
Measured Property Recommended Testing Standard
Adhesive Characterization
Standard terminology ASTM D907-05, D4800-94(2005)
Physical properties ASTM D1084-97(2005), D7149-05, D2556-93a(2005)
Strength and shear modulus ASTM D3983-98(2004), D4027-98(2004), D905-03, D4896-01
Bonding characteristics ASTM D5868-01
Environmental aging ASTM D1183-03

Joint Characterization
Laminate surface preparation ~ ASTM D2093-03
Failure mode classification D5573-99(2005)

Tensile shear loading ASTM D5868-01, D3163-01, D3164-03, D3165-00; ISO 4587:2003

Tensile loading (butt joint) ASTM D897-01, D2095-96(2002); ISO 6922: 1987

Peel loading ASTM D1781-98(2004), D1876-01, D3167-03a(2004), D903-98(2004)

Flexural loading ASTM D1184-98(2004)

Cleavage loading ASTM D5041-98(2004), D950-03, D1062-02, D3433-99(2005),
D3807-98(2004)

Creep ASTM D1780-05, D2293-96(2002), D2294-96(2002)

Fatigue ASTM D3166-99(2005)

Durability ASTM D1151-00, D1828-01el, D2918-99(2005), D2919-01el,

D3762-03, D3632-98(2004), D1144-99(2005), D904-99(2005), D896-04

TABLE 10.7
Partial Safety Factors for Adhesively Bonded Joints

Source of Adhesive Properties (y,, )

Typical or textbook values 1.5

Values obtained by testing 1.25
Method of Adhesive Application (Y,,,)

Manual application, no adhesive thickness control 1.5

Manual application, adhesive thickness controlled 1.25

Established procedure with controlled parameters 1.0
Type of Loading (v,,3)

Long-term loading 1.5

Short-term loading 1.0
Environmental Conditions (Y, ,)

Service conditions outside the adhesive test conditions 2.0

Adhesive properties determined for service conditions 1.0

Source: Clarke, J.L., Structural Design of Polymer Composites: Eurocomp
Design Code and Handbook, E & FN Spon, London, U.K., 1996.

10.3.3 FaiLURE MoODES AND CRITICAL LIMIT STATES

A bonded joint, especially the adhesive, may be subjected to the following stresses: (1) shear stresses
produced by tensile/compressive, torsional, or shear loads imposed on its adherends; (2) peeling or
cleavage stresses at the joint’s edges or corners produced by out-of-plane loads acting on adherends
or due to unbalanced banding moment; (3) out-of-plane tensile/compressive stresses produced by
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out-of-plane tensile/compressive loads; and (4) in-plane tensile/compressive and shear stresses produced
by in-plane tensile/compressive and shear loads (depending on joint types). In general, a bonded joint is
simultaneously subjected to several of these stresses. Out-of-plane tensile, peeling, and cleavage stresses
should be evaluated with great care and should be avoided when possible. A main principle in designing
bonded assemblies is to ensure that the joint works in shear and to minimize out-of-plane peeling. For
the adhesive layer, a preferred design is that it is primarily stressed in shear or out-of-plane compression.

Failure may occur in the adhesive, the adherend, and their interface. A summary of major failure
modes of bonded joints is provided in Figure 10.4. Adhesive failure is the rupture due to separation at the
adhesive—adherend interface. This failure is mainly caused by insufficient adhesion, due to either mate-
rial mismatch or inadequate surface treatment. Failure related to the promoter has similar mechanism as
adhesive failure. One of the main design requirements is to ensure that failure in the interface (including
the promoter layer) should not happen. Cohesive failure of adhesive occurs when the applied stresses
exceed the adhesive strength and cause its failure. Adherends can also fail in the cohesive manner, which
is referred as fiber-tear failure to eschew any confusion with the cohesive failure in adhesive. A desirable
design is to have a bonded joint that fails in the adherends so that the joint’s weakness is only related to
the adherend material itself. Stock-break failure in FRP adherends rarely happens in reality. This mode of
failure would be the most desirable since the adherend material strength is fully utilized.

According to the discussion earlier, critical limit states for designing adhesively bonded joints
include (1) cohesive failure of adhesive due to either shear, peeling, tension (depending on joint
type), or their combination, and (2) fiber-tear failure in FRP adherends in the joining area. When
long-term performance is a concern, the durability of the joint should be examined.

The adhesive is usually considered as isotropic. Criterion for cohesive failure of adhesive may be
described by maximum stress criterion, that is, the maximum shear or tensile (including peeling)
stresses (T, Onmey 1N the adhesive shall be equal to or less than the maximum allowable adhesive
shear or tensile stresses (T, Cuiion):

max)

Tinax < Taltow and O max < G aitow (108)
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Adhesive failure Stock-break failure
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Cohesive failure Thin-layer cohesive failure
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Fiber-tear failure Light-fiber-tear failure

promoter

(a) Adhesive to adhesion promoter (b) Adhesion promoter to substrate

FIGURE 10.4 Typical failure modes in adhesively bonded joints. (a) Concrete-filled FRP girders and
(b) steel girders.
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FRP adherends have orthotropic (or anisotropic) material properties. The fiber-tear failure of
adherends can be considered as delamination in the FRP composites. Criteria for delamination in
adherends can be presented by the maximum stress or strain criterion in the through-thickness direc-
tion only or by many criteria considering the combined contribution of out-of-plane tension and shear
stresses. The maximum stress or strain criterion in the through-thickness direction takes the same
form as the second inequality in (10.8). Criteria simultaneously considering out-of-plane tension and
shear stresses can be noninteractive type or interaction type. The simplest noninteractive type is

—t——=1 (10.9)

GZ,allow sz,allaw

where

o. is the actual local through-thickness tensile stress at the adherends

T,. is the actual local out-of-plane shear stress

O. w10 18 the through-thickness allowable tensile stress, usually taken as the tensile strength
T, anow 18 the out-of-plane allowable shear stress, usually taken as the out-of-plane shear strength
The determination of out-of-plane tensile and shear strengths is not easy. Tensile strength can be obtained
by bonding metal blocks to both faces of a waisted composite specimen and pulling them apart. Shear
strength may be obtained by a double-notched specimen as specified in ASTM D5379. Equation 10.9
can be modified to consider the uncertainty of material properties and joint geometry variations. For
example, one can use a simple empirical shear—tension interaction criterion of Zhou and Keller (2005):

2 2
SEE. [ (10.10)
k(s : Gz,ullow kr . sz,allow

where factors k; and k_ are introduced to consider the differences of stress states in the joint edges
and the real stress states in the specimen when conducting tests to obtain out-of-plane material
properties. These factors are mainly related to the geometry of joint such as tapering of the adher-
ends and overlap length. They can be determined through curve fitting from experimental results for
specific materials and joint types. There are also other more complex failure criteria such as those
using the Tsai—Hill criterion, but these criteria use many material parameters that cannot be easily
measured. Criteria using fracture mechanics parameters such as strain energy release rate have also
been developed (Camanho and Matthews 1997).

STRESS ANALYSIS FOR THE DESIGN OF ADHESIVELY BONDED lOlNTS

The analysis of the structural behavior of adhesively bonded joints is often conducted by studying a
2D representation of the joints. A 3D analysis of adhesively bonded joints can only be accomplished
using numerical methods such as finite element analysis. In the 2D representation, the behavior and
strength of a joint can be described by normal stresses (6, and 6,) and shear stress (T,.) in the through-
thickness plane. The stress analysis of adhesive joints is usually used to describe and determine the
normal stresses and shear stress in the through-thickness plane in the adhesive and adherends.
Sources of stresses in adhesive joints include mechanical loading and hygrothermal loading.
Mechanical loading can be represented in terms of forces, moments, and torques in the substrates
arising from a wide range of external loads. These loads can be quasi-static or transient (including
dynamic fatigue and impact loads). Many written works are available for stress analysis of adhesive
joints subjected to mechanical loading (Camanho and Matthews 1997). In a 2D representation, the
local stress distribution within an adhesive joint can be obtained by considering three loads acting
in the FRP substrates at the end of the joint: the axial force, the shear force, and a bending moment.
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When considering stresses in the adhesive joints, the out-of-plane normal (or peeling) stress and
shear stress are two dominant components of stress.

Hygrothermal loading refers to loads originating from the effects of environmental conditions such
as the changes in temperature (thermal stresses) and the absorption of moisture (swelling stresses). The
long-term durability is much related to the effects of temperature and moisture. The effect of hygrother-
mal loading on the mechanical behavior and strength of adhesive joints has gained less attention than
that of mechanical loading. Severe thermal stresses can present when the FRP substrates have different
coefficient of thermal expansion (CTE). In general, the substrate with higher CTE expands or contracts
more and extends or compresses the other substrate. This transmission of load is achieved by introduc-
ing a shear stress through the adhesive layer that joins them together. The most significant temperature
change often occurs during the manufacturing and curing processes. It is possible that the induced
thermal shear stresses can cause joint fracture before any loading is applied. In most cases, however,
the FRP substrates have the same CTE, and the main stress in the adhesive is a longitudinal normal
stress as the adjacent substrates prevent the free thermal expansion or contraction of the adhesive. These
normal stresses are induced by shear stresses along the overlap interface. These shear stresses in the
adhesive are much lower than those induced when the FRP substrates have different CTEs.

Swelling stresses play an important role in the mechanical behavior and strength of adhesive joints
as both the adhesive and the FRP adherends absorb moisture and swell in a wet environment. The
study of swelling stresses can be treated in the same way as thermal stresses by replacing the CTE
with the coefficient of swelling and the temperature change with a moisture concentration (see the sec-
tion “Hygrothermal Effects” in Chapter 8). However, the concentration of moisture within a joint will
usually not be uniform as temperature, and the effect of swelling stresses will be more localized than
temperature. When the localized moisture effect is significant, stress analysis cannot be carried out by
similar procedures as thermal stresses but more general methods such as FEA. In addition to swelling,
the absorption of moisture alters the stress distribution by plasticizing the adhesive and the polymer
matrix in the FRP adherends. This adds more complexity to the analysis, which is often solved by FEA.

Most available analytical solutions for stress analysis of adhesive joints are for obtaining global
stresses or strains. Many local singularities exist in adhesive joints, such as the presence of fillers,
voids, and cracks in the adhesive, and the bi-material junctions that occur at the overlap ends or at a
substrate corner. In addition, in practice, the geometry of the FRP adherends varies (such as tapering
or curved surfaces) in overlap region and spew fillets usually present. It would be too complicated
to analyze the stress and strains in an adhesive joint considering its real geometry. It was shown
that stresses follow the local singular field up to a distance from the singular point that is of the
same order as the geometric irregularity (Adams and Harris 1987). It would be inappropriate to use
stresses or strains at such points of singularity as a criterion for failure. It would be more appropri-
ate to characterize the stress filed using stress at a distance or a critical generalized stress intensity.

CoMBINED FASTENED—BONDED JOINTS

The use of combined fastened—bonded joints may be due to (1) manufacturing requirements, such
as providing the required clamping pressure during the bonding and curing of adhesive joints;
(2) performance requirements, such as using the bonded connection to satisfy the serviceability
limit state requirements and the fastened connection to satisfy the ultimate limit state requirements;
and (3) enhanced security measures, such as using fasteners to prevent possible service-induced
bondline damages or cracks from growing.

The design of fastened—bonded joints assumes that only the bond or the fastener carry the joint
load. In general, structural adhesives provide a much stiffer load transfer path than fasteners; thus,
the adhesive practically takes all joint loads. When structural adhesives are used, the fastened—
bonded joint shall be designed according to the procedures for adhesive joints. When elastomeric
adhesives or sealants are used in a fastened—bonded joint, the load is assumed to be taken by fasten-
ers. The joint shall be designed according to the procedures of the corresponding fastened joint.
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JOINING OF LARGE-SCALE FRP STRUCTURES

In civil structural applications, such as bridge and building structures, the structural components to be
connected are usually large in scale (1-10 m). While the previous sections address the fundamentals of
mechanical fastening and adhesive bonding, the connecting of large-scale FRP structural components
may be quite different as discussed earlier. The joining of large-scale FRP structures can be performed
by mechanical fastening, adhesive bonding, and combined fastening—bonding. Although the basic
principles of safety and design requirements are the same as addressed in the previous two sections,
joining large-scale FRP structures requires special attention. The following section discusses some
important aspects of joining of large-scale FRP structures.

CoNNECTING ComPOSITE GIRDERS AND PANELS TO OTHER BRIDGE COMPONENTS

Connecting FRP Bridge Deck Panels to FRP or Steel Girders

FRP bridge deck panels have been used either as replacements for damaged concrete or steel decks
or in new constructions. They can be connected to FRP or steel girders by the following approaches:
(1) simply resting on girders, (2) adhesive bonding, (3) mechanical fastening, (4) shear studs or
dowels, and (5) combinations thereof. Examples of these connection types can be found in the fol-
lowing bridge projects:

The Magazine Ditch Bridge (1997) in Delaware has a foam core deck (by Hardcore DuPont)
that is carried by two prestressed concrete girders. The deck panels rest on elastomeric
pads placed near the edges of the girders (Chajes et al. 1998).

A bridge at the Idaho National Engineering and Environmental Laboratories (1997) uses three
inverted hat sections as girders, which are adhesively bonded to a cellular pultruded deck
system (by Lockheed Martin). The Tech 21 Bridge (1997) in Ohio, which is 10 m long and
7.3 m wide, utilizes a similar girder design to that of the Idaho bridge, except that the tops
of the hat sections are closed, making them trapezoidal box girders. A similar FRP deck
by Martin Marietta Composites is adhesive bonded to the top of the girders (Composites
Worldwide 1997). The Laurel Lick Bridge in West Virginia has a pultruded deck (by
Creative Pultrusions) adhesively bonded to six pultruded wide-flange FRP stringers (305 x
205 x 13mm). In the Wickwire Run Bridge (1997), the same deck system is adhesively
bonded to four 9.14 m long galvanized steel beams spaced at 1.83 m (Lopez-Anido 1998).
In most cases of adhesive bonding connections, mechanical fasteners are also used to close
the gaps between the deck and the girder to ensure a good bond (Lopez-Anido et al. 1998).

In high-volume highway bridges, the long-term fatigue and durability of adhesive bonding
between FRP deck and girders become questionable. Making connections with steel studs
or dowels has been used to address this concern. The King’s Stormwater Channel Bridge
(2001) in California uses dowels for making the connections, as shown in Figure 10.5a.
The dowels are first encased in concrete-filled carbon composite shell girders and then are
locally grouted in the cells of an FRP deck (by Martin Marietta Composites) with polymer
concrete, which also forms a saddle between the deck and the girder (Zhao 1999). The sad-
dle provides a uniform force transfer between the girder and the deck and minimizes the
risk of local stress concentration and fatigue failures. Continuous monitoring has shown an
excellent performance by the connection.

Connecting FRP decks to steel girders can be similarly achieved (Zhao 1999) by locally grouting
steel studs, which are welded to the top of steel girders, in the cell of the deck panels, as shown in
Figure 10.5b.

FRP girders, even when filled with concrete, are typically softer than steel I-girders. Therefore,
composite action between FRP decks and FRP girders is needed in order to meet the deflection
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FIGURE 10.5 Connection designs for FRP decks to girders. (a) Concrete filled FRP girders and (b) steel
girders. (From Zhao, L., Characterization of deck-to-girder connections in FRP composite superstructures,
PhD dissertation, University of California, San Diego, CA, 1999.)

criteria of bridges. Sufficient shear resistance at the deck-to-girder connection is critical to ensuring
a composite action. Steel girders, on the other hand, can typically on its own carry the live loads
without excessive deflection and thus the composite action is not necessary (Righman et al. 2004).
There is increasing interest of implementing adhesive bonding technology to connect to underneath
steel girders (Keller and Zhou 2006). But experiences have been limited to laboratory demonstration.

Connecting FRP Girders to Conventional Decks

FRP girders have been used to support concrete decks. As shown in Figure 10.6, the connection between
the girder and the deck can be made with steel dowels, which are first encased in the hollow-shell FRP

Reinforced concrete

197 . / L

D19 dowels
@ 610 mm
— Lightweight
concrete

559

362 10

FIGURE 10.6 Concrete-filled carbon composite girder connected to a concrete deck. All dimensions in mm.
(From Karbhari, V.M. et al., Appl. Compos. Mater., 7, 151, 2000.)
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girder and then cast in a reinforced concrete deck (Karbhari et al. 2000). The system was able to achieve
full composite action at the deck-to-girder interface and meet the strength and deflection criteria.

Carbon composite shear stirrups, which are first grouted in the grooves in the top of an FRP
girder and then cast in a concrete deck, have also been used for connecting an FRP girder to a con-
crete deck, as shown in Figure 10.7 (Zhao et al. 2001).

Other conventional decks, such as a glue-lam deck, can be mechanically fastened to closely
spaced pultruded FRP girders. An example of such applications is Tom’s Creek Bridge (Lesko et al.
1998) in Virginia. Its girders are made by Strongwell.

Connections between Adjacent FRP Bridge Deck Panels
Connections between adjacent FRP panels can be achieved by (1) pouring grout or polymer con-
crete into the space between them and form a shear key, as shown in Figure 10.8a, or (2) by engaging
each other with interlocking edges, as shown in Figure 10.8b.

Connecting Guardrails to FRP Deck Panels

The function of a guardrail is to prevent an errant vehicle from falling over the deck. The American
Association of State Highway and Transportation Officials (AASHTO) Code (AASHTO 1983)
requires that the top of a 1.2 m long guardrail section needs to withstand a horizontal force of at
least 44.5 kN. As shown in Figure 10.9, a guardrail can be constructed by first grouting “starter
bars” in the FRP deck and then casting a standard Jersey-type concrete barrier on the deck. This

Curb Concrete-filled shear keys

N .

L';‘G\LI INTZINT 1N LINTZINT ZINT Z TN L e T A [.)—J
Deck 1: G2 Deck 2: HD Deck 3: G1 Deck 4: RC

(unit: mm, 1 mm = 0.0394 in.)

2290 2290 2290 2290

(@

FRP1

Field splice plate
| ; ) |

L W - |
S

FRP3
I | E—

(b)
FIGURE 10.8 Deck-to-deck connections. (a) Grout shear keys (From Lopez-Anido, R., Wickwire run

bridge: First FRP-deck on steel-stringer bridge, 1998, http://www.umeciv.maine.edu/rla/, accessed on January
16, 2006) and (b) deck interlocking. (From Righman, J.E. et al., ASCE J. Compos. Constr., 8(4), 279, 2004.)
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Concrete

Steel

Polymer
concrete Lightweight
concrete
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FIGURE 10.9 Guardrail connection to FRP deck/girder.

design was experimentally validated with a full-scale test and then used on King’s Stormwater
Channel Bridge (Zhao et al. 2004).

On the Tech 21 Bridge in Ohio, a steel barrier rail is connected to the top of the FRP deck by
mechanical fasteners that penetrate the depth of the deck (Composites Worldwide 1997). On some
other bridges, the guardrails are connected to the steel beams below or built separately with steel or
concrete (Chajes et al. 1998; Lesko et al. 1998; Lopez-Anido et al. 1998), thus avoiding the relatively
complicated procedure of connecting it to an FRP deck.

It should be noted that in most jurisdictions, a new guardrail system can only be approved for use
after it passes the crash test, which typically is a long-drawn process. For guardrails on FRP decks,
it is generally easier to receive approval without crash tests if the guardrail sections themselves are
standard and widely accepted ones.
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