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ABSTRACT

Fiber reinforced polymer (FRP) composite rods appear very promising to be used as an
alternative to steel in prestressed concrete structures and ground anchors, especially for
applications exposed to corrosive environments. The objectives of this study are to investigate the
bond behavior of FRP rods to grout filled in steel tubes and hence to develop a competent bondtype anchorage system for post-tensioning applications with FRP multirod tendons. The research
program includes pullout tests of grouted FRP rods and proving tests of the developed anchorage
system for post-tensioning applications. Modeling the bond behavior and predicting the load
bearing capacity ofbond-type anchorage systems are also involved.

Numerous (over 50) pullout tests were conducted and discussed to better understand bond
mechanisms and the influence of type of fiber, outer surface, and other significant parameters
(i.e., confining stiffness, grout type and curing condition) on bond performance. Modeling of
bond-slip behavior of grouted FRP rods is examined to assess its adequacy to reproduce the
experimental bond behavior. Based on the monitoring results of strain distribution along the bonded
length, the working mechanism ofbond-type anchorages for FRP tendons is discussed. A conceptual
model for calculatmg the bond stress at the tendon-grout interface and the tensile capacity ofbond-type
anchorages for FRP tendons is established.

A new bond-type anchorage system has been developed for post-tensioning applications
with FRP tendons. Evaluations of the developed anchorage system have been conducted in
anchorage models with CFRP mono- and 9- rod tendons under tensile and sustained loading
conditions. Furthermore, the developed anchorage system has also been used as an anchor head for
post-tensioning of a full-scale FRP anchor model. Primary test results have indicated that the
developed bond-type anchorage performs well for post-tensioning applications with FRP tendons.
Conclusions and recommendations are made on the design of bond-type anchorages and posttensioning applications ofFRP tendons. Six related papers have been published in referred journals or
international conferences, including two papers in the ASCE Journal of Composites for Construction,
one in Construction and Building Materials (UK), one in the Canadian Journal of 'Civil Engineering,
and two in the international conferences.
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RESUME

Les tiges en composites a base de polymeres renforces de fibres (PRF) semblent tres
prometteuses a utiliser comme alternative a 1'acier dans les structures en beton precontraint et les
ancrages, particulierement pour des structures exposees a des environnements corrosifs. Les
objectifs de cette etude sont 1'investigation du comportement a 1'adherence des tiges en PRF et
des coulis a Pinterieur de tube en acier et par consequent pour developper un systeme d'ancrage
ideal pour des applications de stmctures en post-tension. La modelisation du comportement a
1' adherence et la prediction de la capacite de charge de ces systemes sont aussi etudiees.

Plusieurs essais d'arrachement (plus de 50) ont ete realises et analyses pour mieux
comprendre les mecanismes d'adherence et 1'influence du type de fibres, de la surface exteme, et
d'autres parametres significatifs (rigidite de confinement., type de coulis et conditions de cure)
sur la performance d'adherence. La modelisation du comportement a 1'adherence et du
glissement de tiges en PRF noyees dans un coulis est examinee pour evaluer son adequation dans
la reproduction du comportement experimental de 1'adherence. Base sur les resultats de la
distribution des contraintes sur la longueur d'ancrage, Ie mecanisme d'ancrage des tendons en
PRF est discute. Un modele conceptuel pour calculer la contrainte d'adherence a 1? interface et la
resistance a la traction des ancrages a ete etabli.

Un nouveau systeme d'ancrage a ete developpe pour des applications post-tension avec
des tendons en PRF. L'evaluation du systeme d'ancrage developpe a ete realisee sur des modeles
d'ancrage avec des tendons en PRFC (mono-tendons ou 9 torons) sous des charges statiques et
soutenues. Par ailleurs. Ie systeme d'ancrage developpe a aussi ete utilise comme tete d'ancrage
en post-tension d'un modele d'ancrage en PRF de grandeur nature. Les resultats des premiers
essais out indique que Pancrage developpe performe bien pour des applications post-tension avec
des tendons en PRF. Des conclusions et des recommandations ont ete etablies sur Ie design des
ancrages et des applications post-tension de tendons en PRF. Six publications scientifiques, dans
des revues ou des conferences intemationales, ont ete publiees (Journal of Composites for
Construction, Construction and Building Materials, Revue CanacHenne de Genie Civil).
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1. INTRODUCTION

1.1 General
The construction industry has used steel bars as a reinforcing medium for structural
concrete members for more than 100 years. Reinforced concrete is a very common building
material for the construction of facilities and stmctures. Concrete has a high compressive
strength, but a very limited tensile strength. To overcome these tensile limitations, reinforcing
bars are used in the tension side of concrete stmctures. Steel rebars have been and are an effective
and cost-efficient concrete reinforcement, but are susceptible to oxidation when exposed to
aggressive environments, in which case deterioration of the structure mainly due to corrosion of
the steel can be quite rapid and dramatic.

Steel reinforcement can last for decades without exhibiting any visible signs of
deterioration if properly protected from ion attack. However, insufficient concrete cover, poor
design or workmanship, and the presence of large amounts of aggressive agents all can lead to
cracking of the concrete and corrosion of the steel rebar. During the 1960's, the corrosion
problems began to surface with steel reinforced concrete in highway bridges and structures (ACI
440 1996). Road salts for deicing in colder climates or marine salt in coastal areas caused
corrosion of the reinforcing steel, which in turn would swell causing the concrete to fracture and
fail. It has been found that many steel reinforced concrete structures have experienced serious
damage due to contact with sulphates, chlorides and other corrosive environments. Repair and
replacement of damaged concrete structures have cost millions of dollars in North America as
well as in other parts of the world. In the United States, more than 35,000 bridges, 40% of

highway bridges, need to be replaced or rehabilitated annually (Wolchuk 1988). The repair cost is
estimated at nearly $50 billion, while for fixing all the concrete structures in the US, it has been
forecast to cost 1 to 3 trillion dollars. In Canada, more than 40% of the bridges were built over 30
years ago and most are in urgent need of replacement or rehabilitation. The cost of rehabilitation
or repair of the existing parking structures has been estimated to be $4 to $6 billion. In Europe,
steel corrosion has been estimated to cost £1000 million per year. The Department of Transport
of UK has avoided the use of grouted steel prestressing tendons because of fears of tendon
corrosion. Reinforcing bar corrosion has become a multi-billion dollar problem as well as an

environmental issue (Bedard 1992; Brown and Bartholomew 1993; Lees et al. 1995; Reda et al.

1997; Rizakalla and Labossiere 1999).

The mechanisms by which steel reinforcing bars corrode in concrete structures have been
under investigation since the 1920s, but little was done systematically to prevent corrosion from
taking place until recently. During the last two decades, considerable research efforts have been

made by different groups around the world with the view of better understanding and controlling
concrete deteriorating problems caused by corrosion of reinforcing bars. It has been found that
sufficient oxygen present and some moisture are necessary to start the corrosion process.
Carbonation of concrete and/or chloride ions can destroy the protecting coatmg/cover of the steel
and initiate the corrosion of steel. The corrosive ions may come from sea/de-icing salt water,
from admixtures, water and coarse aggregates used in the concrete mix. These ions can reach the
reinforcing steel from an external source through cracks and joints in the concrete and/or by
permeating through the concrete. The rate of such permeation of ions into the concrete depends
on the permeability of the concrete and the amount of moisture present to transmit the ions. Good
quality concrete can protect reinforcing steel through its low permeability and high alkaline
environment. The high pH of concrete provides a protective oxide coating on the steel
reinforcing. Concrete, which is saturated with water and kept completely submerged will have
only a minimal amount of corrosion. This is because of the slow transfer of dissolved air through
water filled pores in the concrete.

To prevent steel from corrosion, various measures have been proposed, tested and
executed, e.g., protection of steel through epoxy coating, cathode protection and use of
impermeable membranes and sealers. Summarily, there are two strategies, which have been
employed in the construction industry, to mitigate the problem of steel corrosion (Chawla 1994,
ACI committee 1995). One is to develop and use a concrete which will totally protect the steel
from corroding, and the other will be to protect the steel assuming that the concrete will not
provide adequate protection. The first strategy can be applied by increasing the concrete cover for
the reinforcing steel, producing high performance concrete, employing cathode protection by
conductive coating on the concrete surface, and applying waterproofing members, overlays and
other surface coatings. The second strategy can be applied by employing cathode protection for

the reinforcing steel, using zinc coated steel, using epoxy-coated steel, and some combination
thereof. Both strategies are very much dependent on the workmanship and quality of the work
force.

However, the protective solutions recommended for curing problems in existing structures
and preventing them in new structures leave the main ingredient - steel reinforcing bars essentially the same. Therefore, in the presence of oxygen, water, and chloride ions, the potential
for corrosion problems remains. Moreover, as the principle behind these solutions is to prevent
corrosive agents from reaching the steel, the effectiveness of protective measures may vary
considerably in the long run.

The first and most logical solution to the corrosion problem was a galvanised coating
applied to the reinforcing bars. This solution soon lost favor for a variety of reasons, principally
because of an electrolytic reaction between the steel and zinc-based coating leading to a loss of
corrosion protection. In the late 1960's several companies developed an electrostatic-spray fusion
bonded (powdered resin) coating for steel oil and gas pipelines. Further research led to the
current use of epoxy coated steel reinforcing bars. Epoxy-coated steel reinforcement has been
considered as the cure of this problem and can resist corrosion very effectively if no voids exist in
the epoxy coating. However, recent studies have shown that the epoxy coating does not perform
consistently in chloride environments, even when coated to specifications and properly handled
and installed. In the manufacturing, shipping, handing and construction processes, the epoxycoated bars are nicked and the coating is often damaged. Careful handling can reduce the number
of damaged areas, but they cannot be completely eliminated. So with the hypothesis mentioned
above about the starting of the corrosion process at any nick or exposed steel, it is not practical to
expect even the epoxy-coated steel bars to be free of corrosion.

Other approaches have been tried. Stainless steel has excellent corrosion resistant
properties, but cost considerations have precluded its large-scale usage as concrete reinforcement.
Increasing the thickness of the concrete covering the rebar is an effective, but clearly expensive,
answer to the problem. Another solution is to use cathodic protection, such as impressed current

and sacrificial anode technologies. These methods significantly increase the cost and complexity
of the concrete system.

Since protective measures for steel reinforcement are only effective for a limited period of
time, membranes wear out or crack with time, sealers must be re-applied every few years, and
even epoxy-coated steel bars have lost their corrosion resistance after less than 10 years of
service in some case (Bedard 1992). To fully eliminate the problem, attention has been directed
to the complete replacement of steel rebars with new corrosion-resistant materials. The
construction industry needs to seek alternatives to steel reinforcement. That results in the rapid
development of new advanced, non-metallic materials - Fiber Reinforced Polymers (FRPs).

1.2 Development and main attributes ofFRP composites
In the United States, the concept of short glass fiber reinforcement in cements was first
introduced in the 1930's but was not developed into long fiber reinforcement for nearly two
decades. By the 1950's and 60's the U.S. Army Corps of Engineers was sufficiently interested in
long glass fibers for reinforcement that a series of comprehensive reports was complied.

However, research and site applications were limited (ACI 44012000). In the 1970's corrosion of
concrete structures led to a renewed interest in design strategies that would reduce structural
susceptibility to corrosive environments. Research started in earnest to determine if the
composites were a significant improvement over epoxy-coated steel. Interest continued to grow
in the 1980's in the corrosion resistant properties of non-metallic bars and tendons. Most
important is the development of both high-volume production techniques to reduce fiber and
composite cost and construction techniques to fully exploit fiber/matrix properties. In Europe, the
University of Stuttgart in Germany initiated important research activity on FRPs in the 1970's. In
1978, a joint venture between German contractor Strabag-Beau and the German chemical

producer Bayer resulted in a glass fiber (GFRP) based prestressing tendons (termed Polystal)
using glass fibers pultruded with resin to form a round rod. In the Netherlands in 1983, AKZO (a

chemical producer) and HBG (a contractor) jointly developed araimd fiber (AFRP) based
prestressing tendons, called Arapree, in the form strips and rods (Taerwe and Matthys 1999).
Around 1980, research and development began in Japan on production techniques for FRP
reinforcements. Since then, various FRP reinforcements have been developed with fibers in

straight, strand, and braided configurations, and with fiber woven into surface or with sand
adhered on the surface to increase bond (Fukuyama 1999). The Canadian Society for Civil
Engineering Technical Sub-Committee on Advanced Composite Materials (ACM) was formed in
1989. The committee has organized technical missions to Europe and Japan with comprehensive
state-of-the-art reports on advanced composite materials (Mufti et al. 1991 and 1992), and held
an international conference series (Neale and Labossiere 1992; El-Badry 1996; Humar and

Razaqpur 2000). The Advanced Composite Materials in Bridges and Structures (ACMBS)
Network was formed in 1993 to enhance relationships between researchers and industry. The

Intelligent Sensing for Innovative Structures (ISIS Canada) Network was formed in 1995 to
develop sensing technology for structures built with advanced composite materials.

Numerous FRP products have been and/or being developed worldwide. Japan and Europe
are more advanced than North America and claim a larger number of completed field
applications. The high advancement achieved in the FRP industry offers a high performance
material of excellent mechanical and environmental behavior. Compared with prestressing steel,

the advantages ofFRP tendons are: (i) high corrosion resistance; (ii) high tensile strength (equal
or superior to prestressing steel); (iii) lightweight (about 15 - 20% that of steel); (iv) insensitivity
to electromagnetic fields; (v) excellent fatigue behaviour; and (vi) possible incorporation of
optical fibre sensors.

Fiber reinforced polymers have been considered as an alternative to steel in reinforced
concrete structures since two decades ago. FRP bars and tendons have been used in some
reinforced and prestressed concrete bridges and structures in North America, Japan and Europe.

That the interest in fiber composites for construction applications is growing very rapidly within
the research community, the government and private industry is attributed to its inherent
properties and the following four fundamental construction related problems which are now
adversely affecting the economics of Europe, Japan and North America.

First the serious corrosion of reinforced and prestressed concrete structures, which were
designed and constructed on the assumption that they would require only minimal maintenance,
is causing grave concern. The remedial work now predicted, which may require wholesale

replacement of the structures in some cases, will be very expensive and will cause massive traffic
disruption on already overcrowded infrastructure. This problem is so serious that it is beginning
to affect the predictions of economic growth and therefore governments are pushing for
alternative solutions using more advanced materials and systems for rapid repair and new
construction.

The second problem is that labor costs in construction are continuing to rise more rapidly
than material costs in all developed countries. The construction industry is still very labor
intensive and produces poor quality products compared with other industries such as aerospace
and car manufacture. Construction is also poor compared with other industries. Many of the
deterioration problems outlined above can be attributed to poor workmanship. Hence there is a
recognized need for a new approach to construction that uses high quality systems with reduced
labor costs, improved safety and higher construction speed, maybe using robotics. FRP
manufacturing offers a unique opportunity for the development of shapes and forms that would
be difficult or impossible with conventional steel materials. Lightweight advanced composite
materials, used on their own or with other materials, can be shaped into high quality modular
systems in the factory can be delivered to site faster and at lower cost and can be unloaded and
assembled more safely into large stmctures using robotics.

Thirdly there is a need to reduce energy consumption and pollution of the environment
caused by the construction and use of our structures. Advanced composites have advantages to
offer through low energy consumption during manufacture, the use of sustainable raw materials
and advantageous properties such as low thermal conductivity for reduced energy consumption
when used in buildings. Materials can also be recycled into useful construction products.

The last major problem is the loss of life and infrastructure caused by earthquakes, which
is increasingly affecting major economies, and it is clear that existing methods of construction,
particularly reinforced concrete, are often inadequate. Advanced composite materials with their
high strength to weight ratio are ideally placed to offer solutions to these problems using new
structural forms, and can be used for strengthening existing stmctures.

1.3 Potential applications ofFRP tendons
FRP tendons are particularly suitable for applications where weight, durability, corrosion
resistance, electromagnetic permeability, section slenderness, and impact resistance are relevant.

The following four categories of applications have been identified for which the characteristics of
FRP tendons make them a suitable alternative to steel tendons (Erld and Rizkalla 1993; Chawla
1994; El-Badry 1996; Taerwe 1997; JCI 1997; Saadatmanesh and Ehsani 1996 and 1998;
Karbhari and Seible 1999; Dolan et al. 1999; Humar and Razaqpur 2000; ACI 440 I 2000).
• Prestressed concrete and masonry structures, including internally and externally pretensioning and post-tensioning applications in bridge decks, parking structures, and
concrete cylinder pipes for transportation and distribution of water in municipal, industrial
and agricultural irrigation system;
• Cable stayed bridges and transmission towers for telecommunications and power supply;
• Externally strengthening and rehabilitating applications in existing concrete structures;
• Ground anchors as temporary and permanent structural members or for the strengthening
and rehabilitation of slopes and existing structures, including dams, retaining walls, and
bulkheads.

1.4 Applications to date
During the last two decades, there has been a surge of activities in the civil engineering
research community to test and demonstrate the viability of these new materials for the
construction of more durable structures and for the repair and strengthening of existing structures,
due to their resistance to electrochemical corrosion and their high-strength to weight ratio, and
having a good potential to solve many construction and infrastructure related problems. Since the
1980's, many creative applications ofFRP tendons have been developed by researchers around
the world and have resulted in many successful demonstration projects in North America, Japan
and Europe. Up to date, there are more than 23 cases of bridge constructions, more than 23 cases
of FRP ground anchor field applications and other projects using FRP prestressing tendons for

civil engineering practices, as shown in Tables 3.1-3.3 (ACC 1996; Machida 1993 and 1997;
Benmokrane et al. 1997; JCI 1997; Saadatmanesh and Ehsani 1996 and 1998; Rizkalla andNanni

1999; Humar and Razaqpur 2000). The following are typical applications of FRP tendon in
bridge strengthening and/or constructing and ground anchor practices.

The first actual structure to be constructed using continuous fibers as tendons was the

Ulenbergstrasse road bridge of West Germany built in 1986. It is the first heavy traffic bridge in
the world to use glass fiber composite prestressing (post-tensioned) technology. The bridge is a
continuous solid slab bridge with span widths of 21.30 m and 25.6 m. The 1.44 m high and 15.0

m wide superstructure received limited longitudinal prestressing with a total of 59 HLV
prestressing tendons (each consisting of nineteen 7.5 mm diameter Polystal rods and having a

working load of 600 kN) (Dolan 1990; Wolff and Miesseler 1993; Machida 1993). The BerlinMarienfelde pedestrian bridge (completed in 1988) was the first to use external prestressing
elements compressing GFRP tendons. This bridge was not only distinguished by the novel
prestressing method but was also the first building structure in Germany since the war to be
executed with external prestressing. The superstmcture consists of a two span, 1.10 m high, TT-

beam with span widths of 22.98 m and 27.61 m and is furnished with partial prestressing with 7
HLV prestressing tendons. The tendons run externally between the two main bridge beams, are
diverted at two points on each span and upwards along the central pier with aid of guide saddles,
and anchored through the two cross-beams at the beginning and the end of the bridge (Wolff and

Miesseler 1993).

The Beddington Trial Bridge, located in the suburb of the city of Calgary in Alberta,
Canada, was the first pretensioned girder bridge in North American using CFRP tendons to
pretension six precast concrete girders. Carbon fiber composite cables (CFCC) 15.2 mm in
diameter, produced by Tokyo Rope of Japan, were used to pretension four girders while the other
two girders were pretensioned using two 8 mm diameter Leadline rods tendons, produced by
Mitsubishi Kasei. The bridge is currently in service as an expressway bridge (Rizkalla and Tadros

1994; Machida 1997).
FRP ground anchors were first used to reinforce the abutments of the Birdie pedestrian
bridge in Japan in 1990. All anchors consisted of 9 (])8 mm-diameter Leadline indented rods and
were 15 to 20 m long. Sixteen ground anchors were installed for each abutment. It was estimated

that the load loss caused by rock creep and other factors could be 0.2 T (7^ is the design
working load). Therefore, all anchors were locked off at 392 kN (1.25T ) in order to achieve a
design load of 314 kN (0.42 7y, T^ is the ultimate load of the tendon). The immediate load loss
after locking was less than 10 kN (0.032 T' ). The load losses after one and half years of
installation were about 0.03 - 0.055 T^ (Mochida et al 1992).

There can be many uses of advanced FRP materials for civil engineering structures, both
as stmctural members and as reinforcing bars and strands in concrete members. The potential is
great. The inherent quality of FRP to resist corrosion in the concrete construction is the one that
will save the cost of maintaining the concrete structures in general and marine structures in
particular. The end users and owners of the structures are always looking for new materials and
structural concepts, which are less expensive, more durable and longer lasting than those

currently used. It can be predicted that the application of FRP material will become wider and
wider in civil engineering as the efficiency increases and the cost of FRP decreases in
manufacturing industry, the knowledge to FRP materials and the techniques fully to use FRP are
more advanced. Therefore, a lot of research and development work in FRP will have to be
accomplished and standards and design criteria developed.

1.5 Main challenges for FRP application
FRPs are relative new composite materials being used in civil engineering structures.
Unlike conventional steel reinforcements, there is no standardization of shape, surface
configuration, fiber orientation, constituent materials and proportions for the final products.
Similarly, there is no standardization of the methods of production, e.g., pultrusion, braiding,
filament winding, or FRP preparation for a specific application. Since the manufacturer may vary
the quantity of fiber relative to the matrix, there may be a wide variety of strength differences
reported, even when similar fibers are used. The quality control of the manufacturing process also
affects the ultimate stresses and strains of the tendons.

Materials research is not well advanced regarding the creep rupture behavior of FRPs
subjected to deteriorating environments or regarding multiaxial strength. In spite of the recent

successes in the limited use of FRP composites in the construction industry, a thorough
knowledge of the behavior of these materials is a prerequisite for continued and successful
application of these materials. In spite of the inherent advantages of FRPs, their use in structural
applications of civil engineering structures should be made with caution. Design of civil
engineering structures with FRPs is very complex and difficult, because FRPs have to carry
significant load for a long period of time and to face different and changing environments. The

main challenges for FRPs to be widely used in the construction industry include (i) no standards;
(ii) high cost (6 to 20 times the cost of steel); (iii) low modulus of elasticity (exhibiting large
deflection); (iv) no-ductility; (v) time dependent behavior; (vi) different bond and load transfer
mechanism from that of steel; and vii) absence of reliable anchorage systems.

1.6 Research objectives and significance
Fiber reinforced polymers are resistant to corrosion and have a high strength-to-weight
ratio. It appears very promising to use FRP rods as an alternative to steel rebars in prestressed
concrete structures and ground anchors, especially for applications exposed to corrosive
environments. However, they react sensitively to simultaneous high axial tension and normal and
shear stress acting on the tensile element's surface. Appropriate anchorage systems have to be
developed effectively to anchor FRP rods for prestressing applications. The anchorage system is
important because the anchorage system rather than the tendon itself generally governs the
ultimate load bearing capacity of any post-tensioned system.

The main objectives of this study are: (i) to investigate the bond properties and failure
mechanisms of FRP rods embedded in cement grouts, including the bond strength and bond
stress-slip relationships; (ii) to develop a well designed and competent bond anchorage for fully
utilizing the tensile strength of FRP tendons; and (iii) to evaluate the service performance of the
developed anchorage with special reference to field applications and smart monitoring using strain
gauges and fiber optic sensors.

The research program consisted of investigating and modeling the pullout behavior of
FRP rods grouted in steel tubes, and developing new bond-type anchorages for anchoring FRP
tendons for post-tensioning applications, including laboratory evaluation and full scale model
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tests. The obtained results provide experimental information for the design of bond-type
anchorages for FRP rods and will also assist practicing engineers in the design of FRP anchorage
systems for a wide range of applications in civil and mining engineering. Figure 1.1 presents a
summary of the research program.

Selection of materials : FRP tendon type, filling grout, anchorage sleeve
C-^ Local bond-slip relation

Investigation of Bond behavior ofFRP rods —|

Affecting parameters

Analytical model

^

Design and evaluation of Anchorage for FRP mono-rod tendon

}

Design and evaluation of Anchorage for FRP multi-rod tendon

i

Semceability tests of the developed anchorage - Full scale model tests
Fig. 1.1 Scheme of research program

1.7 Structure of the thesis
This thesis comprises eleven chapters. Chapter 1 embraces a general introduction of the
current problem existing in the construction industry and the historical development of FRP
materials. The originality and importance of the study are discussed. Finally, the outline of the
thesis is presented.

Chapters 2 and 3 are a literature review of fiber reinforced polymer composite materials
and anchorage systems for FRP tendons, respectively. The important properties of FRP tendons
and their constituent materials are given introduced. New anchorage concepts, experimental and
theoretical studies and field applications are introduced and discussed.

Based on the literature review of FRP materials and anchorages, the selection of FRP
materials and anchorage type for the research are given in Chapter 4. The preliminary design of
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bond-type anchorage and anchorage grout were based on the literature. The characterization of
and basic properties of cement grouts designed are investigated in Chapter 5.

Chapter 6 discusses the bond behavior and modeling of FRP rods to grout. This research
was to investigate the local bond behavior of commercially available AFRP and CFRP rods to
grout embedded in a steel tube, and also intends to characterize the effects of rod type, grout type,
and bond length on the bond performance ofFRP rods.

Based on the previous studies, an analytical model is established for the prediction of the
tensile capacity of bond-type anchorages for FRP tendons in Chapter 7. A comparison of the
calculated and experimental results is made and discussed.

After summarizing the mechanics of stress transfer from FRP tendon to anchorage grout,
a new bond-type anchorage was designed and the feasibility of the anchorage system working as
anchor head is investigated using CFRP monorod tendons in Chapter 8. Evaluation of the
developed anchorage system for prestressed applications with FRP multirod tendons is conducted
in Chapter 9 using CFRP 9-rod tendons instrumented with strain gauges. The monitoring results
from instrumented strain gauges on the surface ofFRP rods are presented and discussed.

As an application example, the developed anchorage is used as the anchor head for posttensioning a full-scale FRP ground anchor model in Chapter 10. Extensive instrumentations are
realized with resistance strain gauges, embedded strain gauges, fiber optic sensors and LVDTs.
Monitoring results are presented and discussed.

Finally, Chapter 11 is a summary of the major findings of the research. Based on these
findings, recommendations for both bond-type anchorage systems and FRP ground anchors are
made.
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2. FRP COMPOSITE MATERIALS AND TENDONS
2.1 FRP composite materials
A composite material can be defined as a macro scopic combination of two or more

distinct materials with recognizable interfaces. The term FRP (Fiber Reinforced Plastic/Polymer)
describes a group of materials composed of inorganic or organic filaments embedded in a resin

matrix. The filaments consist of various kinds of load bearing fibers of high tensile strength and
high modulus of elasticity. At many institutions, advanced composite reinforcing materials have
been developed, typically consisting of aligned continuous fibers embedded in a resin and shaped
to form bar, ropes, grids or profiles of structural shape. This type of material is generally referred

to as a "Fibre Reinforced Polymer" (FRP) (Nanni and Dolan 1993; Taerwe 1995).

The selection of fibers is primarily based on considerations of cost, strength, rigidity, and
long-term stability. In the construction industry, only a few are suitable for high-strength tensile
elements. These fibers are organic aramid and carbon fibers, and inorganic glass fiber. The fibers
are very thin. Their diameter is in the range of 5 to 25 microns, depending on the fiber type.
Being very sensitive to transverse pressure, they are parallelly embedded in a polymeric matrix
resin. The matrix functions as a bonding material to hold the fibers together so as to maintain the
dimension stability and allow load transfer. It also acts as a barrier against the environmental
effects and chemical attack. The most commonly used matrices are polyester, epoxy and vinyl

ester resins (Clarke 1993; Saadatmanesh and Ehsani 1996 and 1998).

2.2 Reinforcing fibers
2.2.1 Aramid fibers
Aramid, an abbreviated term for aromatic polyamide, is made from para-type fibers with
straight-chain benzene nuclei (Minosaku 1992). Aramid basically is a man-made fiber, and was
first produced by DuPont in Germany under the name of Kevlar. Aramid fibers are almost fully
crystalline, strong in the longitudinal direction but have weaker bonds in the transverse direction
(Kasperldewicz et al. 1993). There are three main aramid fiber products: Kevlar by Dupont in the

US; Twaron by Aramide Maatschapij vof (AKZO + NOM) in the Netherlands; and Technora by
Teijin in Japan.
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Three types of kevlar fibers are available for fabricating FRP. These are Kevlar 149,

Kevlar 49 and Kevlar 29 with a modulus of elasticity of 179, 131, and 82 GPa, respectively
(Mallick 1993). Three types ofTwaron fibers: high modulus (HM) (120 - 130 GPa), intermediate
modulus (IM) (90 -100 GPa), and normal modulus (NM) (70 - 80 GPa) are available. Twaron
HM and NM fibers have mechanical properties similar to Kevlar 49 and 29 fibers. Technora
fibers are only available with an elastic modulus of 74 GPa, similar to that of Twaron NM and
Kevlar 29 fibers.

Aramid fibers have excellent impact resistance, high strength, high stiffness and thermal
stability. However, exposure to moisture will decrease their strengths and facilitate creep due to
the interaction of water and aramid fibers (Balds 1993). Aramid fibers are sensitive to ultraviolet
(UV) radiation; therefore, AFRP tendons must be protected during transportation and storage.

2.2.2 Carbon fibers

Carbon fibers are made from either petroleum or coal pitch and poly acrylic nitrile (PAN).
The fibers are an aggregate of imperfect fine graphite crystals. The composition and orientation
of the crystals determine the characteristics of the fibers. There are generally two types of carbon

fibers, namely isotropic-based (pitch) and polyacrylonitrile-based (PAN) fibers. Carbon fibers
can also be classified into four types based on modulus: low (230 - 250 GPa), intermediate (290 -

300 GPa), high (350 -380 GPa) and ultrahigh (480 - 760 GPa) (Mallick 1993). In general, the
low-modulus carbon fibers have lower density, lower cost, higher tensile and compressive
strength, and higher tensile strain to failure than the high-modulus fibers.

There are three types of PAN carbon fibers: Type I (the stiffest carbon fiber with the
highest modulus of elasticity 2?= 380 GPa, tensile strength o-u = 2000 MPa and ultimate strain
^ = 0.5% ), Type II (the strongest carbon fiber: E= 240 GPa, o-u = 2800 MPa and s, = 1%),

and finally Type III (the least stiff fiber of this category with its strength being between Type I
and Type II). PAN-based fibers have higher modulus of elasticity, whereas pitch-based fibers
have higher ultimate strain (E= 37.5 - 140 GPa, o-u = 765 - 2350 MPa and s, =2.1%). The
former is more expensive than the latter.
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The advantages of carbon fibers are their high tensile strength to weight and tensile
modulus to weight ratios, high fatigue strength, low coefficient of thermal expansion (CTE), and

excellent moisture and chemical resistance (Konldn 1985; Mallick 1993).

2.2.3 Glass fibers
Glass fibers are the most common of all reinforcing fibers for FRPs and are fabricated by
extruding molten glass through an orifice (Nanni 1993). The two types of most commonly used
glass fibers are E-glass and S-glass.

E-glass fiber has the lowest cost of all commercially available reinforcing fibers, and is
used for a general purpose where strength, electrical resistance, acid resistance and low cost are
important.

S-glass fiber has higher strength, stiffness and ultimate strain, but is more expensive and
susceptible to degradation in alkaline environments than E-glass (Aslanova 1985). It is used in
aerospace technology and space research, where extra high strength and high modulus of
elasticity are needed.

Other types of glass are C and alkali-resistant (AR). C-glass fiber has chemical stability in
acidic environments and is used in cement mortars and concrete as a reinforcing fiber. AR-glass
is developed to minimize weight and strength loss in alkaline environments. Furthermore, new
and improved types of glass fibers are constantly being introduced into market. The principal
advantages of glass fibers are low cost, high tensile strength and excellent insulating properties.

2.2.4 Comparison with steel
The physical and mechanical properties of aramid, carbon and glass fibers are shown in
Table 2.1. Fibers generally have a diameter ranging from 5 to 12 ^im. All fibers are typically
brittle and very strong. Unlike prestressing steel that yields plastically, the tensile stress-strain
relationships of all reinforcing fibers are linear up to the point of failure as shown in Fig. 2.1. All
fibers have an ultimate tensile strength well in excess that of prestressing steel. The modulus of

elasticity of carbon fibers is higher (290-758 GPa), whereas that of aramid and glass fibers is
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Table 2.1 Physical and mechanical properties ofaramid, glass and carbon fibers and prestressing steel

Aramid

Carbon

HM

IM

LM

Glass

Kevlar Technora Twaron

E-glass S-glass C-glass

(pitch) (PAN) (PAN)

AR-

Prestressing

glass

steel

Tensile strength (GPa)

2.41

2.90

5.65

3.4-3.6

3.5

3.0

3.45

4.3

3.03

2.5

1.86

Tensile modulus (GPa)

758

390

290

82-179 |

74

70-130

72.4

86.9

69.0

70.0

195

Ultimate strain (%)

0.32

0.7

1.8

1.9-2.8 |

4.6

3.6

6.0

Poisson's ratio

0.35

4.8

5.0

0.38

0.2

0.22

4.8

0.3

Diameter (^m)

10

6.5

5.1

11.9

12

12

10.0

10.0

4.5

Longitudinal CTE (10-6/°C)

-1.45

-1.13

-0.75

-2.0

-6.0

-5.0

5.0

2.9

7.2

59

RadialCTE(10-6/°C)
Density (g/cm^)

2.15

1.8

1.8

11.7

50

1.45

1.39

Note: Data from Benmokrane et al. 1996 and 1997.
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1.45

11.7
2.54

2.49

2.49

2.78

7.85

lower (70 to 179 GPa) than that of prestressing steel (195 GPa). All fibers are sensitive to
transverse pressure and have low shear strength. Both aramid and carbon fibers have a negative

coefficient of thermal expansion (CTE) in the longitudinal direction and a positive CTE in the
transverse direction.

5000
S-glass

4000

High strength carbon
E-glass

High mod^

carbon / Kevlar49

? 3000

Q-

Kevlar 29

0)

0
d)

o5 2000 -I

Prestressing steel

1000

0

0

1

234567
Strain (%)

Fig. 2.1. Stress-strain curves for glass, aramid and carbon fibers (Burgoyne 1993)

2.3 Polymer matrix
A 'polymer' is defined as a long-chain molecule having one or more repeating units of

atoms joined together by strong covalent bonds (ACI Committee 440 1995). A polymeric
material (i.e., a plastic) is a collection of a large number of polymer molecules of similar
chemical stmcture. In a solid phase, if the molecules are in random order, the plastic is said to be
amorphous. If the molecules are in combinations of random and ordered arrangements, the
polymer is said to be semi-crystalline. Moreover, portions of the polymer molecule may be in a
state of random excitation. These segments of random excitation increase with temperature,
giving rise to the temperature-dependent properties ofpolymeric solids.

17

Polymer matrix materials differ from metals in several aspects that may affect their
behavior in critical structural applications. The mechanical properties of composites depend
strongly upon ambient temperature and loading rate. In the Glass Transition Temperature (Tg)
range, polymeric materials change forms from a hard, often brittle solid to a soft, tough solid. The
modulus of the polymer can be reduced by as much as five orders of magnitude. The polymer
matrix material is also highly viscoelastic. When an external load is applied, it exhibits an
instantaneous elastic deformation followed by slow viscous deformation. As the temperature is
increased, the polymer changes into a mbberlike solid, capable of large inelastic deformation
under external loads. If the temperature is increased further, both amorphous and semi-crystalline
thermoplastics reach highly viscous liquid states, with the latter showing a sharp transition at the
crystalline melting point. In comparison to most common engineering thermoplastics,
thermo setting polymers exhibit greatly increased high temperature and load-bearing performance.

Normally, they char and eventually bum at very high temperatures (ACI 440 1996).

The effect of loading rate on the mechanical properties of a polymer is opposite to that
due to temperature. At high loading rates, or in the case of short durations of loading, the
polymeric solid behaves in a rigid, brittle manner. At low loading rates, or long durations of
loading, the same materials may behave in a ductile manner and exhibit improved toughness
values.

Polymer matrices used in FRPs can be classified as thermosetting and thermoplastic. A
thermosettmg polymer, when cured by the application of heat, undergoes a chemical change that
results in a substantially infusible and insoluble material. A thermoplastic polymer, on the other
hand, can be repeatedly softened upon heating and is more ductile and tough, but more
susceptible to degradation by solvents than thermoset polymers (Bakis 1993).

2.3.1 Thermo set resin
Polyesters, vinyl esters and epoxies are thermosetting resins. Thermoset polyesters usually
consist of an unsaturated ester polymer dissolved in a crosslinking monomer such as styrene
(Harper 1992). Depending on the mix of ingredients, the properties ofpolyesters can vary widely.
Polyester is resistant to fire, moisture, acids, and alkaline (Dudgeon 1987; Harper 1992). The
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main advantages of polyester for FRPs are low viscosity, fast cure time, dimension stability,
excellent chemical resistance, and moderate cost (Bakis 1993). The principal disadvantages of

unfilled polyesters are their high volumetric shrinkage during processing and are degraded by
chlorinated solvents (Harper 1992). The properties ofpolyesters are generally lower than those of
epoxy as shown in Table 2.2. However, the combination of low cost (approximately 0.5 to 0.75
of that of epoxies), excellent properties, and processability makes it the most widely used resin
for FRPs.

Epoxy resins are the most versatile matrices for FRPs and have a wide range of processing
conditions and, thereby, physical and mechanical properties (Table 2.2). Epoxy resins have high
strength and creep resistance, strong adhesion to fibers, excellent resistance to chemicals and
solvents, good electrical properties, high glass transition temperature, low shrinkage and volatile

emission during curing and processing (Balds 1993). The disadvantages ofepoxies are high cost
(approximately twice as expansive as polyester matrix) and long curing time.

Vinyl ester resins are produced by the reaction of a mono-functional unsaturated acid,
such as methacrylic or acrylic acid, and an epoxy resin. Vinyl ester resins possess high tensile
strength, excellent chemical resistance and high temperature resistance (Dudgeon 1987). They are
easier to handle during processing than both polyester and epoxy resins, and have better
resilience than polyester. They also have excellent wet-out and high interfacial strength. The
tensile properties of cured vinyl ester resin do not vary considerably with mixing (Table 2.2).
Vinyl ester resins are well suited for the manufacture of FRPs due to their low viscosity and short
cure time, but they are more expansive than polyester resins, and only exhibit moderate adhesive
strength and have larger volumetric shrinkage relative to epoxy resins during cure.

2.3.2 Thermoplastic resin

Polyvinyl chloride (PVC), polyethylene and polypropylene are thermoplastic resins.
Theomopastic resins offer several potential benefits over the thermoset resins when used as
matrix materials for FRPs. These benefits are either cost or performance related. Thermoplastic
resins have an infinite self-life at room temperature. The main advantages of thermoplastic FRPs
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over thermoset FRPs are improved toughness and, in cases, improved elevated temperature
stability. The properties of the thermoplastic resin PEEK are shown in Table 2.2.

Table 2.2 Physical and mechanical properties of matrix materials
Polyester

Epoxy

Vinyl ester

PEEK

Tensile strength (MPa)

20 - 100

55-130

73-81

103

Tensile modulus (GPa)

2.1-4.1

2.75-4.10

3.0-3.5

1.1

1-6

1-9

3.5-5.5

30-150

0.20-0.33

0.37

Ultimate strain (%)
Poisson's ratio

Tg (°C)

100 - 140

50-260

144

CTE(10-6/°C)

55-100

50-80

55

5-12

1-5

5.4-10.3

Density (g/cm^)

1.0-0.45

1.2-1.3

1.12-1.32

Cost ($/kg)

2.0-3.0

4.0

Cure shrinkage (%)

1.3

Note: Data adopted from Balds 1993; and Mallick 1988.

2.3.3 Thermoset versus thermoplastic resins
The primary role of the matrix in FRPs is to provide lateral support to the fibers and to
protect the fibers from physical and chemical trauma due to the surroundings. The matrix may
also used to impart desired physical properties to the FRP. Some of the important material
characteristics to consider in selecting a matrix for a structural FRP are: stiffness, strength,
fracture toughness, thermal and electrical conductivity, upper use temperature, CTE, processing
temperature, chemical shrinkage during processing, ability to impregnate and bond to fibers,
flame resistance, and sensitivity to environmental factors such as moisture, chemicals, or
ultraviolet radiation. In addition, the selection of thermoplastic or thermoset resins may be

predetermined by the availability of proper storage and processing facilities. Finally, perhaps the
most important consideration for commercial applications is cost (Balds 1993).

Thermosettmg matrix polymers are low molecular-weight liquids with very low
viscosities. The polymer matrix is converted to a solid by using free radicals to affect crosslinking and curing. Thermosetting matrix polymers provide good thermal stability and cliemical
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resistance. They also exhibit reduced creep and stress relaxation in comparison to themoplastic
polymers. Thermosetting matrix polymers generally have a short shelf life after mixing with
curing agents (catalysts), low strain-to-failure and low impact strength.

Thermoplastic matrix polymers, on the other hand, have high impact strength, and fracture
resistance. Many thermoplastics have a higher strain-to-failure than thermoset polymers.
However, thermoplastic polymers are much more viscous and are difficult to combine with
continuous fibers in a viable production operation. Therefore, the progress of commercial
structural use ofthermoplastic matrix polymers has been slow.

Fillers, such as clay, calcium carbonate and milled fibers, can be added to thermosettmg
or thermoplastic polymers to reduce resin cost, control shrinkage, improve mechanical properties
and impart a degree of fire retardancy. In structural applications, fillers are used selectively to
improve load transfer and also to reduce cracking in unreinforced areas.

2.4 Manufacturing process
One of the biggest attributes of composites is the ability to use a variety of manufacturing
processes and materials. In addition, as the automotive manufacturers eventually recognized, it is
possible to make one composite part that replaces as many as ten individual parts. Although the
cost of the basic materials may be high, developments in the materials and technology are
occurring and the costs are steadily becoming less. Perhaps the most important factor to
remember is not the cost per pound of the materials, but rather what is the cost effectiveness of
the finished product, installed, and the life expectancy, and what are the costs of the alternatives

(Ballinger 1992).
There are several widely used methods such as layup, pultrusion, and filament winding for
manufacturing FRP components. Pultrusion is the widely used method for manufacturing FRP
tensile rods due to its fast speed of operation, good quality control, and relatively low cost.
Pultrusion is particularly suitable for manufacturing a composite with continuous, constant crosssectional profiles.
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The general pultrusion process used for manufacturing FRP composite rods is shown in
Fig. 2.2. First, the filament fibers in the form of strands pass through a series ofheaters to remove
any moisture condensation from fibers. During this stage, the fibers are pulled through a series of
guides where they are formed into the desired shape. Next, the fibers are passed through a resin
basin for impregnation. The resin is mixed with the necessary accelerators, catalysts, filler
materials and other required additives. The resin-impregnated fibers then pass through the heated
die where the excess resin is squeezed out of the rods. For thermoset resins, the heated dies
initiate the curing process. The dies are also ensuring uniformity of the finished dimensions and
maintaining the desired volume of resin in the rod. Just before entering the heated die, a set of
strands of resin-soaked fibers is helically wrapped around the rods to achieve a deformed surface;
or a coating of sand is added to the surface of rod. As the finished rod is pulled out of the

production line, it can be cut into the desired length using a saw (Ellyin et al. 1991).

Reinforcement supply
(glass fibers)

Squeeze and orientation
bushing
Surfacing material

-Resia dip tank
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Pull rolls
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-Cutoff saw
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Fig. 2.2 Pultrusion process of GFRP rebars

2.5 Main pultruded products
FRP rods are commonly used for pre- and post-tensioning of concrete structures and
prestressed ground anchors. The commercially available FRP tendons are Arapree, FiBRA and

Technora for aramid FRP (AFRP), CFCC and Leadline for carbon FRP (CFRP), and Polystal for
glass FRP (GFRP). A typical FRP tendon has 60-70% of fibers by volume, and is available in the
forms of rod or cable, rectangular strip, braided rod, and multi-wire strand (Erld and Rizkalla

1993; ACI Committee 440 1995; Machida 1997; Saadatmanesh and Ehsani 1996 and 1998).

Arapree (ARAamid PREstressing Element) was developed jointly by AKZO and
Hollandsche Beton Groep in the Netherlands, and manufacturing rights have been transferred to
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Sireg SpA of Italy (Gerntse 1993; ACI 440 I 2000). Arapree is made of Twaron HM aramid
fibers impregnated with epoxy resin using a pultrusion process. The composition is 45% Twaron
HM fibers and 55% epoxy resin by volume. Arapree tendons are available in rectangular strips
with cross sections of 1.5x20, 3.0x20 and 6.0x20 mm, and in circular rods with diameters of 5
and 7.5 mm, as shown in Fig. 2.3. The surface of the rods is sand coated to improve bond.

Recently, a new Arapree based on Twaron IM fibers was introduced (Scheibe and Rostasy 1995).

3

Fig. 2.3 Arapree rods and strips

Fig. 2.4 Fibra rods

FiBRA rods were developed by Mitsui Construction Company in Japan (Mitsui
Construction Company 1993). The rod is formed by the braiding of continuous fiber tows
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followed by epoxy resin impregnation (Fig. 2.4). FiBRA rods with both aramid (Kevlar 49) and
carbon (PAN type) fibers are available. The content of fiber and resin is 65% and 35% by
volume, respectively. Two types of FiBRA rods are produced, namely, rigid and flexible. Rigid
rods are used for concrete reinforcement, whereas flexible rods for prestressing tendons. The
diameters of the flexible rods are 10.4, 12.7 and 14.7 mm.

Technora rods were developed jointly by Sumitomo Construction Company and Teijin
Corporation in Japan (Noritake et al. 1993). Technora is fabricated by a pultmsion process and is
composed of Technora aramid fibers impregnated with vinyl ester resin. The content of fiber and
resin is 65% and 35% by volume, respectively. Both plain and wound rods with externally spiral
windings are available (Fig. 2.5). The available diameters ofTechnora rods are 3, 4, 6, 7.4 and 8
mm. Twisted seven-wire strands of 12.4 mm diameter are also available.

Fig. 2.5 Technora rods and strands

CFCC (Carbon Fiber Composite Cable) was developed by Tokyo Rope and Toho Rayon
Co. in Japan (Tokyo Rope 1993, ACI 440 I 2000). CFCC is composed of PAN type carbon fibers
impregnated with epoxy resin. The cable is formed by twisting a number of small diameter rods
similarly to a conventional strand. The content of fiber and resin is 64% and 36% by volume,
respectively. CFCC is available in single rods of 1.5 and 5 mm in diameter, or 7, 19, and 37 wire
strands with a diameter ranging from 5.0 to 40.0 mm (Fig. 2.6).
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Fig. 2.6 CFCC rods and strands

Leadline is manufactured by Mitsubishi Chemical Corp. in Japan. Leadline is composed
of pitch-based continuous carbon fibers and epoxy resin. The content of fiber and resin is 65%
and 35% by volume, respectively. There are several varieties of Leadline rods that differ in
pattern and method of fabrication of their surface deformations. As shown in Fig. 2.7, smooth
rods have no surface deformations. Indented rods have two shallow helical depressions in the
surface which spiral in opposite directions. Ribbed rods have either raised helical windings
similar to the indented pattern or a circumferential winding transverse to the longitudinal axis of
the rod. Leadline is available in 1,3, 5, 8, 12, and 17 mm diameters for smooth round rods and in

5, 8, 10, 12, and 17 mm diameters for deformed (ribbed or indented) surfaces (Mitsubishi
Chemical Corp. 1992; ACI 440 12000).

Fig. 2.7 Leadline rods
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Polystal is the result of a joint venture started in the late 1970s between two German
companies, Strabag Bau-AG (design/contractor) and Bayer AG (chemical). One rod has a
diameter of 7.5 mm and consists of 68% E-glass fibers by volume and 32% unsaturated polyester

resin. The glass fiber content by weight is about 80%. A 0.5 mm polyamide sheath is applied at
final production stage to prevent alkaline attack and provide mechanical protection during

handling. It is possible to integrate an optical fiber sensor directly into the bar material during
production with the purpose of monitoring tendon stress and strain during service (ACI 440

1996).
2.6 Characteristics of FRP tendons
FRP rods are anisotropic materials and factors such as type and volume of fiber and resin,
fiber orientation and quality control during the manufacturing play a major role in the mechanical
characteristics of the product. The matrix with its low strength does not significantly contribute to
the strength of the composite. Hence the strength and modulus of elasticity of a FRP mainly
depend on the properties of the fiber and its volume ratio. The physical and mechanical properties
ofFRP rods in comparison with those ofprestressing steel and steel rebar are listed in Table 2.3.

2.6.1 Basic mechanical properties of FRP rods

a) Axial tensile strength
The most important mechanical property of FRP rods is their axial tensile strength. For
the same diameter, FRP bars are stronger than steel bars. Generally, the tensile strength is
dependent on the length of the rod tested, anchorage system used and loading rate. The
guaranteed tensile strength of CFCC, Leadline and Technora is higher (approx. 1.13 to 1.18
times), whereas that of Arapree and FiBRA is approximately 25% lower than that of prestressing
steel. Generally, GFRP rods have a slightly lower tensile strength than steel bars.

b) Modulus of elasticity
Typical tensile stress-strain relationships of FRP rods in comparison with that of
prestressing steel are shown in Fig. 2.8 (Rostasy 1993). The significant difference between FRP
and prestressing steel is that the former does not exhibit yielding or ductility. FRP behaves
essentially as a linear elastic material up to failure. The modulus of elasticity of CFCC and
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Table 2.3 Physical and mechanical properties ofFRP and steel tendons

AFRP

CFRP
FiBRA

CFCC

GFRP

Steel

Prestressing

Polystal

rebar

steel

FRP type

Arapree

Fibre type

Twaron (HM)

Matrix

Epoxy

Vinyl ester

Epoxy

Epoxy

Epoxy

Polyester

Volume of fiber (%)

45

65

65

65

65

68

Mean tensile strength (MPa)

1365*

2140

1400

2120

2550

1800

(1220)

(1900)

(1255)

(1870)

(2250)

Modulus of elasticity (GPa)

64

54

65

137

147

Poisson's ratio

0.38

0.35

0.60

Strain to failure (%)

2.4

3.7

2.0

Longitudinal CTE (10-6/°C)

-2.0

-3.0

Technora

Technora Kevlar 49

Leadline

Carbon (PAN)|Carbon
Carbon (pitch)

E-glass

(450)
(1860)

53

200

195

0.3

0.3

1.6

1.6

3.3

15

6

0.60

0.7

9.9

11.7

11.7

11.7

11.7

Transverse CTE (10-6/°C)

50

Density (g/cm^)

1.25

1.30

1.28

1.50

1.6

2.0

7.8

7.85

Source

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

Note: values in parenthesis are characteristic strength (the minimum guaranteed ultimate tensile strength); *: based on circular rod

of([)7.9mm; [1]: Wolffand Miesseler 1993; [2]: Noritake et al. 1993; [3]: Mitsui and Shinko 1993; [4]: Tokyo Rope 1993;
[5]: Mitsubishi Chemical Corp. 1992; [6]; Rostasy 1993; [7]: Chaallal et al. 1992; and [8]: PTI1995.
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Leadline is lower (approx. 70-75%) than that of prestressing steel. The tensile modulus ofAFRP

and GFRP rods is approximately 25 to 35% that ofprestressing steel.
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Fig. 2.8 Stress-strain relationships of various FRP tendons (Rostasy 1993)

c) Compressive strength
FRP bars are weaker in compression than in tension. Higher compressive strengths are
expected for bars with higher tensile strengths. The compressive strength also depends on
whether the bar is smooth or ribbed. Compressive strengths in the range of 317 - 470 MPa have
been reported, for GFRP bars having a tensile strength in the range of 552 - 896 MPa (ACI

Committee 440 1995).

d) Compressive modulus of elasticity
Unlike the tensile stiffness, the compressive stiffness of GFRP bars varies with bar size,
type, quality control in manufacturing and length to diameter ratio of the specimens. The
compressive stiffhess is smaller than the tensile modulus of elasticity. A compressive modulus of
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34 MPa, which is approximately 77% of the tensile modulus for the same product, has been

reported (Bedard 1992).

e) Shear or transverse strength
Generally, the lateral compressive strength and lateral shear strength of FRP rods are
much lower than their tensile strength. A comparison made by Santoh (1993) on CFCC, AFRP,

and prestressing steel indicates that the lateral shear strength is 11%, 15% and 47% of their
tensile strength, respectively. The transverse compressive strength and interlaminar shear strength

ofArapree rods are about 5% and 1.5% of the tensile strength, respectively (Gerritse 1993). The
shear strength ofGFRP rod is approximately 9% to 26% of its tensile strength.

f) Tensile strain
The ultimate strain of CFRP (1.3-1.6%), AFRP (2.0-3.7%) and GFRP (1.8-4%) is much
lower than that ofprestressing steel (6%).

g) Poisson's ratio
The Poisson's ratio ofAFRP rods varies from 0.35 to 0.60, depending on fiber type; while
that ofCFRP and GFRP rods is 0.27 and 0.28, respectively, which is close to that of steel (0.30).

h) Density
The density ofFRP rods is about 15 to 20% that of prestressing steel. The light weight of
FRP bars leads to lower transportation and storage costs, and decreases handling on the job site
and installation time as compared to steel rebars.

2.6.2 Effect of loading direction on the tensile strength
When FRP rods is used as stirrups or prestressing tendons, tensile strength in an inclmed
direction to the rod axis and against bending must be studied. Tests indicate that, at 30 in relation
to angle 0 to the rod axis, rods with fibers wound around them register about 30% of tensile
strength for carbon fibers, about 45% for aramid fibers, and 65% for glass fiber rods. Twisted

carbon fiber materials register about 50% of the fiber strength in the direction of load (JSCE
1993). A comparison can be done with wood, which is also a fiber composite. When the direction
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of load is inclined more than 15° to the direction of fibers, a drastic fall of tensile strength is
registered.

2.6.3 Thermal characteristics
Since the thermal expansion coefficients of both steel and concrete are similar at 10x10
/°C, the effect of the materials on each other may be ignored. The expansion coefficient for
continuous fiber materials varies and for carbon fibers is about 1x10 /°C, for aramid fibers -6 to
-2x10 /°C, and for glass fibers about 10x10 /°C. Therefore, both aramid and carbon fiber
reinforcing materials are considered to call for much consideration in terms of the effect of the
expansion coefficient on thermal stresses.

When the fibers are impregnated with resin, the resin determines the temperature
resistance of the FRP rod, because it softens, melts or starts to deteriorate at about 200 °C. The
coefficient of radial thermal expansion of an FRP rod is also governed by the thermal expansion
of the resin. Furthermore, there is also a thermal dependency for strength and modulus of
elasticity of the fibers. In the temperature range 0 C to 60 C, each increase of 10 C lowers the

tensile strength by 50 to 100 MPa and the modulus of elasticity by 1 to 2 GPa. This behavior
must be considered in determining the safety factors (JSCE 1993).

2.6.4 Creep characteristics
Creep describes the change in strain as a function of time at constant stress. Under
sustained load and adverse environments, FRP tendons may suddenly fail after a time referred to
as the endurance time. This phenomenon is called creep mpture or stress rupture when it occurs
in air. Stress corrosion is a similar phenomenon occurring in a particular chemical environment.
Creep mpture exists for all structural materials including steel. However, it does not cause
concern for prestressing steel since it can endure a typical tensile load of 0.75 fpu (fpu is the
ultimate tensile strength) without any loss of strength. Creep in FRP tendons is a function of the
stress level. The higher the ratio of the applied load to short-term tensile strength, the shorter the
endurance time will be. Each type of FRP tendon has a unique creep behavior depending on the

loading degree (Uomoto 1995).
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Fibers have better resistance to creep than resins. Therefore, the orientation and volume of
fibers have a significant influence on the creep behavior of FRP tendons. Short-term creepmpture tests have showed that carbon has a lower creep-rate than glass and aramid (Hundley and
Dolan 1996). The creep behavior of Arapree and CFCC tendons is shown in Fig. 2.9. The
expected creep strain ofArapree (HM) is about 0.2% in air after 10 hours (approx. 100 years)
under an initial stress of0.5Pu, where Pu is the static short-term ultimate load (Gerritse 1993). The
creep strain of CFCC tendons is about 0.007% after 10 hours under an initial stress of 0.65fpu

(Santoh 1993). The creep failure load for 1 million hours for carbon FRP is estimated to be 0.5Pu.

0.25
test results
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Fig. 2.9 Creep behavior ofArapree and CFCC tendons in air

The environment has significant influence on the creep rupture strength ofAFRP tendons.
Typical creep mpture behavior ofArapree and Technora is shown in Fig. 2.10. The creep-mpture

strength ofArapree (Hlvj) is estimated to be about 0.64 and 0.51Pu after 10 hours in air and in an
alkaline solution at 20°C, respectively (Gen'itse 1993), and that of Technora is estimated to be
0.57Pu after 10 hours (Noritake et al. 1993). Creep tests conducted by Saadatmanesh and

Tannous (1999) on AFRP tendons subjected to a sustained load of 40% tensile strength for 3000
hours also indicated that creep strains were highest in acidic solution (pH = 3), and the lowest in
air.
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The effect of applied stress on creep behavior was studied by Uomoto (1999) from static
tensile creep tests on AFRP, CFRP, and GFRP with 70 to 90%, 66.7 to 94.5%, and 96.4 to
101.2% creep stress. Test results showed that the creep behavior depended on the FRP type.
AFRP and GFRP rods had quite similar creep properties, while CFRP sustained the stress longer
at the same stress ratio. Saadatmanesh and Tannous (1999) also found CFRP tendons exhibiting
good creep behavior with limited creep strains.

Creep tests in Germany on GFRP composites with various cross sections indicate that
creep rupture diminishes when the sustained loads are limited to 0.60fpu (Budelmann and Rostasy
1993). It was reported that the short term (48 hours) and long-term (1 year) sustained load on
GFRP and CFRP tendons at 0.50fpu at room temperature of 70°F showed very little creep, and the

modulus and ultimate strength after the creep test did not change significantly (ACI 440 1996). A
long-term strength of 70% of the short-term strength was assumed for Polystal rods and the

design working load was defined as 42.8% of the characteristic strength for the first application
ofPolystal rods in a highway bridge in Germany (Wolffand Miesseler 1993).
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Fig. 2.10 Creep mpture behavior of Arapree and Technora tendons
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2.6.5 Relaxation characteristics
Relaxation describes the change in stress as a function of time at constant strain. It is
influenced mainly by initial stress, temperature, duration and loading path. It can be noted that
the relationship between pure relaxation rate and time in logarithmic terms is linear for a load
level of 0.8 of the tensile failure load. When the relaxation is computed for the 30 years point, the

relaxation is about 14% for AFRP, CFRP and GFRP materials at 20°C, nearly identical to that of
PC steel wires and two times that of PC steel bars. When the temperature is raised to 60°C on
aramid fiber reinforcing material, the relaxation increases to 17% (JSCE 1993).

Under the same conditions at an initial stress of 0.4fpu and 0.60fpu, respectively, the

relaxation of FRP elements differs widely, with the following ranking from larger to smaller:
AFRP, GFRP and CFRP (Kato et al. 1993). The relaxation ratio ofAFRP and CFRP tendons was
4.6% greater than that of the PC steel material under an initial stress of0.65fpu in air at 20°C after

2000 hours (Kanda et al. 1993; Gerritse and Taerwe 2000).

Figure 2.11 shows the typical relaxation behavior ofArapree, FiBRA., Technora, Leadline
and CFCC tendons. The relaxation of Arapree appears to be independent of the applied stress
level (Gerritse 1993; Gerntse and Taerwe 1999). Based on relaxation tests for 5x10 hours, the
extrapolated relaxation after 106 hours for Arapree HM is about 16% in air and 20% in an

alkaline solution (Taerwe 1993; Gerritse 1993; Gerritse and Den Uijl 1995). The relaxation is
12% after 103 hours for FiBRA under an initial load of 0.6Pu (Tamura 1993) and is 14% for
Technora after 30 years under practical prestress (0.5-0.6Pu) CNoritake et al. 1993).

The relaxation of CFCC after 100 hours is 0.48%, 0.81% and 0.96% and is lower than that
of steel strand, which is 1.02%, 2.28% and 7.35%, under a load of 0.5fpu, 0.65fpu and 0.8fpu,
respectively (Santoh 1993). The relaxation ofLeadline is about 1.5%, 2% and 2.4%, respectively,
under a load of 0.5Pu, 0.6Pu and 0.7Pu after 100 hours in air, and is about 7.4% after 2400 hours

in an alkaline solution of pH 13 at 60°C (Mitsubishi Kasei Corporation 1992). Saadatmanesh and
Tannous (1999) also examined the relaxation behavior of Leadline and CFCC tendons in a
chemical solution. The loss in tensile force for 3000-hour test duration at stress ratios of 0.4 and
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0.6 was generally less than 10%, and it depended primarily on initial stress ratios, type and
environmental temperature.
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Fig. 2.11 Relaxation behavior of AFRP and CFRP tendons in air

The relaxation of GFRP is about 1.62% and 1.82%, respectively, under a load of 0.4Pu
and 0.6Pu in air at 20°C after 120 hours, and is about 2.52% under a load of 0.4Pu at 20°C after
1000 hours (Kato et al. 1993). It is reported that the stress relaxation for GFRP is expected to be

3.2% for a time period of 5xl03 hours under stress 790 N/mm2 (47%fpu) (Wolff and Miesseler

1993).
2.6.6 Fatigue strength
Fatigue is defined as a process of progressive permanent internal structural change in a
material subjected to repetitive stresses. This process can lead to failure of a material subjected to
repeated loadings at a stress lower than the ultimate stress under monotonic loading. Fatigue
loading on a specimen or segment of a structure may be thought of as a load, which varies
periodically, superimposed on a static load. The number of cycles to failure is a function of both
the static load and the varying superimposed load.
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Fig. 2.12 Fatigue behavior of (a) Leadline cables and (b) Technora rods

Good fatigue resistance is usually observed for composites with long fibers. It has been
found that many of such composites retain a high proportion of their short-term strength over 10;

cycles of loading. The fatigue strength of FRP elements differs widely, with the following
ranking: CFRP, AFRP, GFRP. After many millions of cycles, carbon will conserve up to 80% of

its static strength, aramid up to 40%, and glass up to 25% (Neale and Labossiere 1991). The
fatigue strength of AFRP and CFRP tendons well exceeds that of prestressing steel (as much as

three times higher than that of steel). Fig. 2.12 shows typical fatigue behavior ofLeadline and
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Technora tendons. Arapree (HM) can sustain over 2 million cycles with a mean stress of 0.4Pu

and stress amplitude of 0.2-0.6Pu without failure (Gerritse 1993). FiBRA did not fail after 2
million cycles under a lower limit load of 0.5fpu and a load amplitude of 0.29fpu (Tamura 1993).
Technora rods can sustain 2 million cycles under a lower limit load of 0.51fpu and load amplitude

of0.13fpu (Noritake et al. 1993).

Leadline and CFCC exhibited good fatigue strength for a stress range of 100 and 107
MPa, respectively (Saadatmanesh and Tannous 1999). Leadline tendons can sustain 10 million

cycles under an upper limit load of 0.55fpu and a load amplitude of 0.5fpu (Mitsubishi Kasei
Corporation 1992). CFCC can sustain 2 million cycles under a mean tensile strength of 0.69fpu

and a load amplitude of0.16fpu (Tokyo Rope 1993).

The fatigue strength of GFRP tendons is generally lower than that of steel (Schwartz
1992). However, GFRP bars do not fatigue when stressed to no more than 0.50fpu (Pleiman

1987). It has been reported that GFRP rods could withstand more than 4 million cycles of loading
before the failure initiated at the anchorage zone when subjected to a maximum load of 500 MPa

and arange of load of 350 MPa (ACI 440 1996).

The fatigue life of FRP tendons depends on the mean stress and the ratio of maximum to
minimum cyclic stress. Higher mean stress or higher maximum to minimum stress ratio will
cause a reduction in fatigue life. Moisture, alkalinity of concrete and salinity also reduces the

fatigue life and capacity ofFRP tendons (Rahman et al. 1997; Hayes et al. 1998).

2.6.7 Resistance to chemicals and residual strength
Superior to prestressing steel, CFRP is very resilient in all kinds of environments
encountered in practice. The residual tensile strength was 0.98Pu, l.OPu, and over 0.93Pu,
respectively, when CFCC tendons were immersed in an alkali solution (pH 13) at 60°C under a
load of 0.7Pu for 2500 hours, in an acid solution (3% sulfuric acid) at room temperature under a

load of0.5Pu for 52 weeks, and were long-term exposed (1500 days) inNaOH (0.4%, pH 13) and
NaCl (3.5%) solutions under a load of 0.6Pu (Tokyo Rope 1993). The strength retention of
Leadline cables was 100% when the cables were continuously sprayed with a 5% NaCl solution
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at 35 °C for one year, or when subjected to accelerate exposure at 63 °C after 10 hours

(Mitsubishi Kasei Corporation 1992).

AFRP also exhibits excellent chemical resistance in many aggressive environments. The
residual strength of Arapree (IM, Vf = 0.56) is equal to the short-term tensile strength after

fatigue testing up to 2 million cycles in air (Scheibe and Rostasy 1995) and is 0.84Pu after 10,646
hours when immersed in an alkaline solution ofpH 13 under a load of 0.7Pu (Gerritse and Den

Uijl 1995). The residual strength ofFiBRA rods exceeded 0.9Pu after 30 day immersion in acid,
alkali, artificial sea water, organic solvent and other solutions, except for samples in sulphuric

acid (H2S04) which had a residual strength of 0.8Pu (Tamura 1993), and was equal to the shortterm tensile strength after 11 months when samples were subjected to 0.6Pu at 60°C in an alkali
solution of pH 13 (Nairn! et al. 1992). Tests have showed that Technora has no decrease in tensile
strength when the tendons were tensioned at 1.1 GPa (0.58Pu) in an alkaline solution (pH 13)

after 200 days (Noritake et al.1993).

GFRP rods have high resistance to acids, but they can deteriorate rapidly in an alkaline
environment. It was found that the strength retention was 85% and 95% and the weight gain was
approximately 2.3% and 0.5% when exposed in a saturated calcium hydroxide-sodium chloride

solution and 40°C hot water for 85 days, respectively (Wolffand Miesseler 1993).

2.7 Summary
The success of fiber composites results from the ability to make use of the outstanding
strength, stiffness, and low specific gravity of fibers such as glass, carbon, or Kevlar. A unique
characteristic that distinguishes composites from other materials is that, in the case of fiber
composites, at the same time the structure or component is manufactured, the material structure
itself is being synthesized. When outstanding mechanical properties are combined with the
unique flexibility in design capacity and ease of fabrication that composites offer, it is no wonder
that their growth rate has far surpassed other materials. Composite materials have fully
established themselves as workable engineering materials and are now quite commonplace
around the world. Today, FRP composite materials are increasingly used in industries such as
aircraft, automobiles, sporting goods, electronics, and their usage will continue to grow.
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3. A REVIEW OF ANCHORAGE SYSTEMS FOR FRP RODS

3.1 Introduction
Corrosion resistance, high strength and advantageous strength-to-density ratios make fiber
reinforced polymer (FRP) tendons a promising alternative to steel. However, due to their

comparatively high initial costs and high tensile strength, FRP tendons are used mainly in
prestressed applications up to date. The establishment of an anchorage system with high
performance based on the knowledge of the behavior of both FRP tendons themselves and the
tendon-anchorage assemblage is essential for the introduction of FRP into prestressing
technology. The anchorage system is important because the anchorage system rather than the
tendon itself generally governs the ultimate load bearing capacity of any post-tensioned system.
During prestressing of FRP reinforcements, the tensile force is transferred to the anchor head by
the anchorage. Such force transfer entails lateral pressure and shear stresses both acting on the
tendon surface in conjunction with high axial tensile stress. This multiple-axial stress condition is
more important for FRP tendons than for prestressing steel tendons because FRP materials are
sensitive to transverse pressure and notch effects. Therefore, the establishment of an anchorage
system to develop the full tensile strength ofFRP tendons has been a subject of research.

This chapter presents a literature review of research results regarding anchorages for FRP
tendons. The performance requirement, failure mode, effect of parameters, available anchorage
types, experimental and theoretical investigations, and present development and field application
of anchorage systems for FRP tendons are summarized. Conclusions and recommendations are
made at the end.

3.2 Requirements for the performance of anchorages
FRPs are expensive materials. They must be utilized at a stress as high as possible in view
of the economic competition with prestressing steel. FRPs are an alternative to prestressing steel
due to their inherent corrosion resistance, especially in a severe environment. However, they will
be only used as an alternative to steel if they can meet certain basic requirements of reliability,
safety, serviceability and practicability with respect to their anchorages. The main requirements
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are summarized as follows (Rostasy 1993; Benmokrane and Xu 1996; Shrive et al. 1996; Reda et
al.1997):
• The tendon-anchorage assembly should not affect either the short-term tensile strength or the
dynamic tensile strength of the FRP tendons.
• The anchorage system should be of reliable mechanical and environmental durability. The
creep mpture strength of the tendon-anchorage assembly should not fall significantly below
that of the FRP tendons, taking into account the environmental effects.
• The static and dynamic stress fluctuations during service should not reduce the residual
tensile strength of the FRP tendon.
• The anchorage should be simple to assemble and use to provide an easy and effective
constructability.

3.3 Anchorage efficiency
FRPs are suitable for prestressed concrete application due to their high axial tensile
strength up to 1.5-2.0 GPa. However, they react sensitively to simultaneous high axial tension as
well as normal and shear stress acting on the tensile element's surface. Such a stress combination
exists within an anchorage due to the force transfer. There is little experimental evidence
regarding the triaxial strength. The maximum tensile strength of an FRP tendon is attained in the
absence of shear and lateral normal stress. The normal stress can increase the bond strength and
benefit the force transfer, and thus, a certain reduction of the axial tensile strength of the tendon
has to be expected and tolerated. This reduction is determined in the tensile mpture test on a
tendon with anchorages on both ends of the tendon and is explained with anchorage efficiency T|

TI=^
-u,c

(3-1)

where T, = measured rupture force of the tendon with tendon-anchorage assemblies; and T \ =
theoretical mean mpture force of all FRP elements comprising the tendon, without the anchorage.

The anchorage efficiency will be equal to or less than 100%. It should exceed 95% in
order to ensure the strength of FRP tendons being optimally exploited in view of economic
reasons and adequate ductility of infrastructure (Rostasy 1993; Rostasy and Bundelmann 1993).
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3.4 Failure modes of FRP anchorage systems
The most common failure modes of FRP anchorage systems can be summarized as

follows (Holte et al. 1993; Shrive et al. 1996; Reda et al. 1997):
• Rupture of the cable/rod within its free length. This indicates that the anchorage is working as

planned, and the tensile capacity of the FRP cable/rod is totally developed.
• Shear failure of the cable/rod in the anchorage zone. The cable/rod may be pinched due to the
large shear stress concentration that occurs with certain anchorage geometries and may cause
premature failure of the tendon.
• Bond failure between the epoxy/grout and the cable/rod. Due to bond failure, no load transfer
occurs between the cable/rod and the anchorage.
• Excessive deflection and/or long-term creep. The low elasticity modulus epoxy resin (epoxy
anchorage system) is very sensitive to high temperature and exhibits long term creep
deformation as well. As a result, the undesired longitudinal deformation resulting from these
two shortcomings may lead to significant loss ofpre-stressing force.
• Slip failure between the cable/rod and the grip. This type of failure is catastrophic and leads
to complete loss ofpre-stressing force due to cable/rod pulling out from the anchorage.

The required optimum performance of the anchorage system is fulfilled if a tendon fails
within its free length away from the anchorage zone. However, the shear failure of the tendon
material close to or within the anchorage zone is the most common mode of failure. This failure
is induced mainly by the anchorage geometry and the degree of stress concentration exerted by
the anchorage on the tendon. Bond and slip failure between the anchorage and the tendon is also
common.

3.5 Parameters affecting the capacity of anchorage
According to the force transfer mechanism and failure modes of FRP anchorage systems,
the parameters affecting the anchoring capacity are summarized as follows:
• The geometry of the tendons (rise, width and pitch of deformed ribs) and surface conditions;
• Type, constituent and strength of filling materials;
• Type and geometry of the anchorage and the confining conditions;
• Tendon anchorage length; and
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• Coefficient of expansion for expansive filling materials.

3.6 Anchorage concept and available for FRP tendons
The prestressing of FRP tendons is very different from that of steel. Tendons would break
during prestressing due to either bond failure at the anchorage sleeve or rupture of the strand at

the anchorage. It is difficult to find a suitable method to grip the tendon without introducing
detrimental stresses when tensioning FRPs. Simultaneous shear and compressive stresses on the
surface of the FRP element are expected to reduce the axial strength. This fact leads to novel
anchorage designs because conventional anchorage components such as steel wedges may cause
surface damage and notch effects. Three types of anchorage systems have been developed for
FRP tendons with respect to force transfer mechanism. They are clamp anchorage, bond
anchorage and wedge-bond anchorage. Several transfer mechanisms can be combined.
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Fig. 3.1 Scheme of clamp anchorage and stresses on FRP tendon (Rostasy 1 993)

In the clamp anchorage (Fig. 3.1), the FRP tendon is clamped between grooved steel
plates by prestressed bolts and springs. The force transfer is of the shear-friction type.
Intermediary layers (copper or aluminum sheets) between the FRP tendon and steel plate are used
for protecting the FRP tendon from shear failure. The steel plate can be segmented to minimize

the differential slip between it and the FRP tendon (Sippel 1992). Such anchorage type has
proved to be very efficient for tensioning ofFRP tendons.
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In the wedge-bond anchorage (Fig. 3.2), the FRP rod is glued in a steel sleeve that is
gripped by conventional steel wedges. This anchorage represents a combination of force transfer
by bond to the sleeve and by wedge action. By suitable pairing of materials and dimensions a

very high efficiency of about 0.97Fu (where Fu is the ultimate tensile capacity of the FRP tendon)
can be achieved (Rostasy 1994). Anchorages for multiple FRP tendons can be produced
additively as those for multiple prestressing steel tendons.
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Fig. 3.2 Scheme ofWedge-bond anchorage and stresses (Rostasy 1993)

The most widely used and tested bond anchorage is shown in Fig. 3.3. FRP tendons are
anchored within a steel house by a polymeric mortar. The force transfer occurs gradually by bond
and is controlled by transverse pressure.

Manufacturers and producers of FRP products such as Arapree, FiBRA, Technora,
Parafil, Leadline, CFCC and Lightline have developed anchorage systems to be used for tensile
tests and prestressing applications. Figure 3.4 presents a summary of the main methods (Dolan

1993; Erld and Rizkalla 1993; Holte et al. 1993; Nanni et al. 1996; Sln-ive 1996).
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Fig. 3.4 Typical anchorage configurations (Dolan 1993, Holte et al. 1993, Shrive et al. 1996)

43

3.7 Investigations of anchorage systems for FRP tendons
FRP materials have their unique physical and mechanical properties that enable them to
replace steel bars in infrastructure, especially in aggressive environments. Industries, engineers
and researchers have established methods to anchor FRP tendons with good performance for
post-stressing applications. New anchorage concepts are applied for FRP tendons. However, the
properties of these new anchorage concepts still need to be exploited and certified by
experimental tests and theoretical analyses.

3.7.1 Experimental tests

a) Split wedge anchorage
The most common system used for PC strands is the steel wedge anchor system, or a
similar method based on this principle. Since FRPs are sensitive to lateral or transverse
compression, most wedge anchoring systems are designed with a small taper angle in order to
minimize the transverse compression. A multiple-rod type anchorage system composed of 8

wedges covered with vinyl film has been developed to hold 8 CFRP rods (Koga et al. 1992). An
anchor head holds 8 wedges in its 8 drilled tapering anchor holes respectively and a ring locking
nut transfers the tensile force exactly by adjusting the distance between the anchor head and a
bearing plate. Experimental results indicated that the ratios of the deviated tensile force to the
average tensile force of 8 rods in each CFRP tendon are within 5% (which must be considered to
decide the permissible tensile force for the multiple-rods type CFRP tendon). Furthermore, a steel

wedge-type grip and a carbon fiber composite grip for FiBRA-rod have been developed (Mufti et
al. 1992; Erki and Rizkalla 1993a).

Steel wedge anchorage systems have successfully been used to anchor multiple CFRP
ropes by Tokyo Rope Mfg. Co., Ltd. and FiBRA rods by Mitsui Construction Company of Japan.
For the tendon-anchorage system tested for FiBRA. rods at high temperature, there were no

significant differences in behavior as compared to room temperature (Erki and Rizkalla 1993b;
Nanni et al. 1996). However, some local damage was visible in the portion oftendon surrounded
by the steel wedges inside the anchorage and might result in the shear failure of the tendon. To
avoid this failure mode, efforts were made through plastic wedges, aluminum split sleeves and
die-cast wedges.
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Nanni et al (1996) used plastic wedges to anchor Arapree and Carbon Stress tendons.
However, the tested anchorage system did not perform well. In comparison with the
manufacturer's breaking load, it attained 70-76% for flat-strip and 61 percent for round Carbon
Stress, and approximately only 40% for Arapree tendons. Test results also showed that grit
should be present on the wedge inner surfaces to ensure proper gripping of the tendons. A dry
lubricant coating on the exterior surface of the wedge can assist in setting and removal of the
wedge.

Mitsubishi Kasei Corporation presented a modified steel wedge anchorage system
comprised of an aluminum split sleeve surrounding the rods, two steel wedges encasing the
sleeve, and a cellophane sheet covering the outside of the wedges to facilitate sliding of the
wedges within a steel cone exterior. The test results were in good agreement with the
manufacturer's values, based on comparisons of strength and strain limits (Nanni et al. 1996).

Experimental and numerical studies conducted by Al-Mayah et al. (2000) with CFRP rods
indicated that the anchorage system with copper sleeves performed poorly at lower presetting
loads in comparison with aluminum sleeves. The displacement of the rod and sleeve decreased
with the increase ofpresetting loads. The effect ofcyclic loading on slip behavior of the rod was
minor with no effect on the slip of the sleeve even after 2 million cycles under a mean load of 60
kN and stress ratio of 0.9. No significant effect of reusing anchorage barrier and wedges was
found. The drawback may require a more complex and time-consuming anchor assembly.
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Fig. 3.5 Die-cast wedge anchorage Method (Rizkalla and Erld 1991)
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Tokyo Rope Mfg. Co., Ltd. has developed single and multiple types of die-cast wedge
anchorage systems. A soft metal sleeve such as aluminum or aluminum alloy is permanently
bonded or melted on the tendons (Fig. 3.5).

b) Grouted anchorage
The grouted material can be resin or cementitious mortar. The efficiency of resin sleeve
anchorage systems has been reported to be 100% for CFCC and Technora tendons but 60-73 %

for Lightline 7-rod strand (Noritake et al. 1993, Santoh 1993, Namii et al. 1996). Extensive
studies concerning the bond bearing behavior of GFRP-bars processed with mortar showed that
the bond failure of pull-out tests did not take place on the boundary interface between the bar
surface and resin mortar, but only in the section of the GFRP-elements near the surface between
resin cover and wrapping on one hand and the 'glass core' on the other hand. The ranges of
failure were characterized by the fact that resin cover and wrappings were sheared off the glass
core and that many of the bare fibers did have cracks (Faoro 1992). In order to avoid these kinds
of damages that always lead to an early failure within the anchorage, the relative displacements
and the bond stresses of the bars need to be limited. This can be realized through a so-called
segmentation of the anchoring length or through special protective measure regarding the bar

surface (Faoro 1992; Rizkalla and Erld 1991). Optimization of the anchorage design led to a high
and consistent anchorage efficiency of 96% with ultimate strains in the range of 3%. The
coefficients of variation of the axial tensile strength of the FRP and the mpture force of the
tendon-anchorage assembly were very similar and about 2% (Rostasy and Bundlman 1993).

The selection of mortar is very important for the success of a bond anchorage. There are
contradictory design requirements for resins. A resin with a low modulus of elasticity can limit
the peak shear stress during load transfer, whereas one with a high modulus of elasticity is better
for long-term creep control. The modulus of elasticity of the resin can be changed by adding a
gradient material such as aluminum oxide ceramic granules with typical diameter of 2 mm into
the resin at different position along the anchorage zone. The modulus of elasticity is lower at the
load side of the anchorage and continuously increases until reaching a maximum. The high and
medium moduli of the mortar are achieved by using uncoated and coated granules. Test results

showed that the anchorage efficiency was 92% (Meier 1996).
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Pull-out investigation on the performance of dry versus submerged installations showed
that the resin potted anchor represented substantially lower tensile load capacity for the
submerged installations, while cementitious grout indicated consistent performance (McDonald
1996). Resin creeps with time, and may deteriorate, especially in a moist environment. This fact
has led cementitious, especially expansive cementitious grouts, to be introduced as bonding
materials in bond anchorages.

The use of expansive grout for anchoring FRP tendons is successful both in terms of ease
of installation and performance under quasi-static tensile tests. The expansive pressure
considerably increases the bond strengths at the grout/tendon and sleeve/grout interfaces,
resulting in an increase in anchorage efficiency (Aoyagi et al. 1994; Lee et al. 1995; Khin et al.
1996; Nanni and Thomas 1996). An anchorage system for CFRP rods or multiple-tendons (3 to
9) has been developed with non-shrink cement mortar. The experimental test results of
proportioning of the filler constituents show that the suitable sand content is 0.5 to 1.5 of cement
by weight; the optimum water/cement ratio is 0.3 to 0.4. The smaller the water/cement ratio, the

higher is the pullout resistance (Mochida et al. 1992). Other tests indicated that the parallel rib
deformation type was the best shape to resist the pulling-out force, and that the maximum bond
stress increased in proportion to the rib height on the CFRP rod surface, but this was not a
primary linear relationship and assumed to have upper bounds. Thirty-two anchorages of this
type, each containing nine 8 mm-diameter CFRP rods with 15 to 20 meters long, were installed in
each abutment of a new stress-ribbon bridge in Japan. The anchorage efficiency was reported to

be 94% (Mochida et al. 1992; Mochida and Hoshijima 1996).

It has been observed that the shear strength increases with hydrostatic pressure (MohrCoulomb behaviour) (Kim and Meier 1991). Thus, designing an anchorage system that is under
internal pressure is a possible way to improve the load capacity of the anchorage. One possible
design is a cone-shaped anchorage in which high radial compression is generated as the rod is
loaded. This results in the investigation into the performance ofresin socketed (potted) anchorage
systems.
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Tests indicated that the reliability of conic resin-potted (resin socket) anchorage systems
was questionable because numerous bond failures occurred. Further experimental and analytical
work found that unbonding the epoxy from the metal sleeve and varying the internal geometry of
the socket improved the reliability of the anchorage performance. Bond release could be achieved
during fabrication by lubricating the surface of the sleeve before the anchorage was potted. By
debonding the resin cone from the sleeve, the hoop stresses in the resin cone changed from zero
values to substantial compression (Holte et al. 1993). Using a parabolic surface and a bond
release agent allowed comparison with conic anchorages and a variation of epoxy resin. Pull-out
test results indicated that the parabolic tapered anchorage presented the best performance in
developing the full capacity of the tendon and that a segmental anchorage gave a much lower
value of peak shear stress and a better distribution of the shear stresses over the anchorage length.

The parabolic anchorage was 100% successfully in the full tensile strength ofAFRP, CFRP and
GRRP small diameter tendons with a Sikadour 35 resin (Holte et al. 1993; Dolan, 1993). The
success of the parabolic anchor is attributed to its ability to control the shear concentrations at the
entrance of the anchorage. The bond failure that has been seen in the linear anchorages showed
that the peak shear stress at the front of the linear anchorages introduced a progressive bond
failure propagating towards the tail of the anchorage. The tests also showed that the rod did not
have to be lined up perfectly in the center of the segmental anchorage for the anchorage to

perform well (Holte et al. 1993). This will be advantageous in the case of field installation.

c) Swaged anchor (damping anchorage system)
For short-term bond tests of single CFRP rods, a clamping anchorage system referred to
as steel plate grips has been developed. The steel plates sandwich the CFRP rod and are clamped

with high strength bolts (Jerrett and Ahmad 1995). Taking as a starting point the action for single
rods, a segmented damping sleeve anchorage system has been developed for bundles of eight

glass fiber rods (Fig. 3.6) (Sippel 1992). The function of the anchorage system is based on the
principles of injection or combinations of injection and damping systems. The force transfer is
influenced by variation of the mean parameters, such as transverse pressure, surface quality, and
geometry of the clamp blocks, and can be controlled by the stiffness and bond relationship of the
anchorage.
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Applying transverse stresses can control the bond behaviour between single FRP rods and
mortar as well as between the damping sleeve and the anchor plates. Sandblastmg or greasing
can change the surface of the clamping blocks, and therefore the friction or bond behaviour.
Segmenting (subdividing the sleeve into sections or segments) can decrease the axial stiffness of
damping sleeve. In this manner, the strain differences and the relative slip between the surface of
the rods and the mortar will be decreased. The bearing behaviour of this anchoring system has
been investigated under short-term, long-term and pulsatmg tension loading by Sippel (1992).
The short-term tests showed an almost zero-loss transfer of force, with a degree of effectiveness
T| equal to 98% up to rod failure. On an average, the load tests to 80% of the rod failure load gave
a 10% longer endurance compared to long-term single rods. The pulsatmg tension tests, however,
gave fewer cycles to failure than for single rods due to the production inaccuracies of clamping
blocks, which caused a fretting fatigue failure in the rods.

MU (8.8)
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Fig. 3.6 Geometry of the damping sleeve and the anchoring system (Sippel 1992)
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Extensive experimental investigations into the effects of soft layer and transverse pressure
on the load bearing capacity of clamping anchorage systems for single CFC-cable showed that
using a suitable intermediary layer such as abrasive-coated paper mounted on the CFC-cables
could enlarge the small transverse compression surface resulting from the cable construction, and
simultaneously protect the stranded cable against high local loads, as well as increase the
adhesion friction. By applying a lower torque on the damping screws at the beginning of the
damping zone, small transverse compressive loads of the cable were reached to achieve a soft
load transfer (Noisterning and Jungwirth 1996). Figure 3.7 shows the effects of the clamp surface
condition on the anchoring loads for three differently treated cables. An optimization of the
surface treatment of the clamps and the torque on the claming screws will lead to a cable

breaking outside the anchoring zone in the free length of the CFC-cable (Noisteming and
Jungwirthl996).
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3.7.2 Theoretical analysis
Theoretical efforts have also been made to get insight into the stress distribution of
anchorage systems for FRP tendons. Analyzing the computed results would quickly and

efficiently provide a new design of anchorage provided that a suitable finite element method
could be used. The necessary coefflcient of friction was obtained from experimental tests.
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Noisterning and Jungwirth (1996) did numerical parameter investigations for a better
understanding of the complex stress distribution inside the anchorage system and for a reduction
of the critical load by using the FE-program ANSYS. Numerical calculations proved that the
peak stress of the clamping anchor system with CFC-element could be considerably reduced with
an optimized compressive stress distribution along the damping length. Such a soft transition
from the CFC-element to the damping components was produced in experimental tests by
surface treatment and/or applying a lower torque on the clamping screws at the beginning of the
clamping zone. For potting anchorage systems, the reduction of the peak stress could be achieved
by changing the geometry of the steel anchorage tubes. The analytical results are shown in Fig.
3.8 and have been used to develop a conical potting system for a bundle of seven CFRP wires

(Noisteming and Jungwirth 1996 1998).
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Numerical results from finite element models showed that the peak shear stress of epoxy
socketed anchorages increased with the modulus of elasticity of the cone for the unbonded and
bonded models, while the bonded model had higher value. An anchorage with a bond release
between the resin plug and the metal socket produced a substantial reduction in the interlaminar
shear stress at the tendon surface. Using a softer modulus of elasticity at the front of the resin
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cone significantly reduced the peak shear stress at the front of the anchorage. By using a soft
material for just the front elements, the peak shear stress was reduced by about 50% for both
bond and unbonded models (Fig. 3.9). Furthermore, an anchorage with a segmentally or
parabolically varying taper was superior to a linear taper. Not only did the peak shear stress
decrease with the variable taper anchorage, but the shear stress was more evenly distributed over
the length of the anchorage and it decreased to zero at the tail end of the anchorage. The
segmental-taper and parabolic-taper anchorages behaved in a similar manner and were far less
sensitive to resin modulus (Holte et. al. 1993). This fact will be useful in manufacturing the test
anchorage and allows the designer substantial latitude to select resins suitable for field
performance or specific applications.
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Fig. 3.9 Shear stress distribution in resin socketed anchors (Holte et al. 1993)

Modeling the non-linear behavior of an anchorage system by using a finite element
method is often considered to be too complex. Analytical methods using the theory of elasticity
have also been developed, which allow more practical modelling of the non-linear behaviour. The
deformation behaviour of the FRP bar and of the steel cylinder can be assumed elastic. The

behaviour of the bond bar can be described by the well-known differential equation of bond
which is derived on the basis of the material laws of the steel, the GFRP bar and the bond, and by
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taking into consideration the equilibrium and compatibility conditions. This differential equation
is given by Eq. 3-2 (Rostasy and Budelmann 1993; Homayoun and Dennis 1996).
d^) _ _,_ ^(1-mn)

~^~=<S^)~^D~ (3-2)
where Ey, A^. == axial tensile Young's modulus, cross-sectional area of the FRP, respectively;
Es, A^ = axial Young's modulus, cross-sectional area, of steel housing, respectively; m = E^./
E,; andn=A^./A,.

Based on the experimental results, the following theoretical bond-slip relationships for
grouted FRP tendons have been presented in the literature (Malvar 1995; Cosenza et al. 1995,

1996 and 1997):
a) Malvar model
T___F(S^S^+_(G-I)(S_/S^

(3-3a)

r., l+(F-2)(S/S,)+G(S/S,.)2

with
T.

/,

= A + B[l- exp(-CP If)}: S,,= D+EP (3-3b)

where T^, S^= the peak bond stress, slip at peak bond stress initiation; P = confining
axisymmetric radial pressure; f ^ = tensile concrete strength; A,B,C,D,E,F,G = empirical
constants determined for each bar type.

b) B.E.P. model
-^=(^-)°;

S^S,,

(3-4a)

S,,<S<S,

(3-4b)

^ V5,/

r=r.,;

^=^-^—^-(S-S,) ; S,<S<S, (3-4c)
»3 -02

T=

7-3;

<S>^
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(3-4d)

where a = an experimental based parameter that to be meaningful, has to be less than 1. 82 = the
maximum bond slip at the peak bond stress; 83 = slip at residual bond stress initiation.

c) C.M. R. model

-^ = [1 - exp(-S /^)]° , 5 <5« (3-5a)

—=l--P-|^—l|, S^SSS, (3-5b)
rm ^^m

T=T,,

S>S^

(3-5c)

where S,., P and a are parameters based on the curve-fitting of experimental data.

An elastic equation to predict the distribution of unit shear stress along the bond
anchorage zone has also been established by Khin et al. (1996). Results indicated that the
analytical and experimental data on CFRP showed similarity at low prestressing level but not at

high level.

3.7.3 Development of anchorage system for FRP tendons
Based on the previous experimental and analytical results, new anchorage design methods
have been developed and tested. The main methods are presented as follows.

a) New steel wedge anchorage

Sayed-Ahmed and Shrive (1998) have developed a new steel anchorage system by
merging concepts from the split-wedge, the plug-in and the soft metal overlay anchorages. This
new anchorage system is resin-free and consists of four-piece wedges (spike) and a thin copper
inner sleeve with sand-blasted outer surface. The outer sleeve is a high strength stainless steel
conical socket with very smooth and greased inner surface. The spike has smooth outer surface
and rounded edge inner surface with a central sand-blasted surface hole. There is a small slope
difference between the outer sleeve and the spike. The inclination angle of the outer of the spike
(2.0 ~ 2.1°) is slightly larger than that of the inner surface of the outer sleeve (1.95 ~ 2.0°). Test
results showed that this anchorage system exhibited excellent mechanical and durable
performance and passed the fatigue test successfully.
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b) Plastic wedge anchorage
The principal cause of a premature failure of FRP rod in the conical steel wedge
anchorage system is a powerful compression on the rod as it enters the conical wedges. The
internal bending of the individual fibers occurs first at the entrance of the anchorage. To avoid
this premature failure, replacing the steel wedges by plastic wedges with a lower elastic modulus
would reduce this compressive force. Furthermore, introducing a slope difference between the

wedges and housing, where the inclination angle of the outer of the spike is slightly larger than
that of the inner surface of the outer sleeve, could result in a compression that will start at the
rear end of the wedge but not at the entrance. An anchorage based on the above principles has
been designed and investigated. Test results showed that the anchorage system could achieve

90% of the breaking strength without breaking for CFRP rods (Kerstens et al. 1998).

c) Resin potted anchorage system with different fillers
The Swiss Federal Laboratories for Material Testing and Research (EMPA) is currently
working on the development of the anchorage for single and multiple wire CFRP cables. The
anchorage design consists of an epoxy matrix cone with high-modulus ceramic and polymer
fillers. The combination of different filters, with a flexible epoxy resin, allows a variation of the
stiffness of the anchorage matrix. The study also targets the anchorage profile. It was
demonstrated in the analysis that the soft-zone concept could reduce the stress concentration and
lead to a better distribution of the stresses within the anchorage. An optimal solution would
comprise a continuous variation of the anchorage stiffness. EMPA and BBR Ltd., a Zurich based
R & D company, have developed a patented anchorage system for CFRP stay cables by using this
concept. The casting material consists of equally-sized granules made of aluminum oxide coated
with a layer of epoxy resin. The transition from lower at the anchorage load side to a maximum
modulus is accomplished by varying the thickness of the epoxy coating. The space between the
granules is filled by vacuum-assisted resin transfer molding using epoxy resin (Fig. 3.10). The

anchorage containing 241(|)5 mm CFRP wires produced by Stesalit Ltd. has been used in the
"Storchen" Bridge (Switzerland) (Taenve 1997).
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Cross Sect ion A-A
241 Cf-Wires »5 nnr

GF Fabric

Fig. 3.10 Potting anchorage for CFRP stay cables (Taerwe 1 997)

d) Non-metallic anchorage system
A non-metallic anchoring device for FRP tendons using highly expansive material has
been developed to make full use ofFRP properties (Harada et. al. 1995). The anchorage is made
of epoxy resin mortar, CFRP rods and CFRP spiral hoop as shown in Fig. 3.11.

(mm)

~\_

A

CFRP rod/straod
(5 mm/7.5 mm)

CFRP spiral
(5 mm)

CFRP spiral
(3 mm)

A-A section

Fig. 3.11 Arrangement of CFRP reinforcement in non-metallic sleeve (Harada et al. 1995)
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One of the features of this anchoring system is that there is no stress concentration at the

grip and at the same time the FRP is firmly gripped due to the action of uniform pressure up to 50
MPa by using a highly expansive material. Experimental results indicated that the double layer
CFRP spiral reinforcement was able to resist the inner expansive pressure up to 40 MPa of the
expansive material. The CFRP spiral hoop inside with congested pitch was also effective to resist
the tensioning the force oftendon. The length of the sleeve, when the CFRP strand broke and the
expansive pressure reached more than 40 MPa, was found to be 25 cm (Harada et al.1995).

Furthermore, based on the new steel wedge anchorage concept, Reda et al. (1997) are
developing a non-metallic wedge anchorage system with high reliability from both mechanical
and environmental points of view. A comprehensive testing program is currently on going.
However, how to lock this non-metallic sleeve is still a research project.

e) Cementitious grout anchorage system (with or without expansive agents)

Experimental tests indicated that the use of highly expansive materials for anchoring did
have a soft touch on the FRP tendons without inducing stress concentration (Aoyagi et al. 1994,
Lee et al. 1995). Monitoring tests on the stress distribution along the anchoring zone conducted
by Khin et al. (1996) show that (a) the maximum values have almost the same magnitude under
different load levels, which can be explained by the fact that the value of the maximum shear
stress depends on the shear strength between the tendon/grout interface, and (b) the shear stress
distribution along the anchoring zone is more uniform with an increase of load level. This
suggests that shear stress redistribution occurs on the tendon/grout interface once the maximum
shear stress is reached. Therefore, this anchorage system with a suitable anchoring length has an
ability to develop the full strength of the FRP tendons. The comparison between anchorages
using highly expansive materials and epoxy resin was made after 20 cycles of repeated loading
and the stress distribution graphs showed that there was less stress concentration at the former.

Creep tests at a load of 114 kN for 1000 hours indicated that the loss of prestressing force is
negligible in practice when the CFRP strands is 10 m long (Harada et al. 1999).

At the University of Sherbrooke, Benmokrane is leading a group to develop a cementbased bond-type anchorage system for FRP tendons. The experimental program includes
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investigating the effects of types of FRP tendons, grouts and host media on the bond behavior of
the anchorage. Experimental results showed that the load capacity of the anchorage increased
with increasing compressive strength of cement grouts and elastic modulus of host medium. The
indentation or surface deformation produced in the FRP tendons played a major role on the bond
strength as well as the load-slip behavior. A larger deformation profile gave higher bond strength
and stiffness. The introduction of sand and some additives such as a swelling agent to the cement
grouts appeared to improve the bond strength (Benmola'ane and Chennouf 1997; Benmokrane et
al.2000).

Part of wedge-type anchor
Wedge-type anchor system

Part ofbond-lype anchor

Grouting material

LeadJine rods

m.

Ring lock nut ^Bearing plate Anchor body(Steel vessel) Guide pipe (Sheath)

Fig. 3.12 Finalized compound-type anchorage system (Koga et al. 1997)

f) Wedge-bond compound anchor system
Since the superstmcture of a cable-stayed bridge is constructed with the stepwise in-situ
concreting method during suspending it by stay-cables, stay cables and their anchorage systems
are requested to be set easily into the anchor boxes installed on the superstructure in accordance
with a construction schedule without delay. Therefore, a wedge-bond compound anchorage type
has been developed and planned to be used in the construction of a cable-stayed prestressed
concrete bridge with stay cables made of CFRP rods in Japan (Fig. 3.12). The compound
anchorage system consists of two-phase anchoring methods. At the first phase, a wedge-type
anchorage method is applied, which can be easily installed according to the construction steps on
site and can work against the stepwisely increasing dead load during the construction of
superstructure. At the second phase, a bond-type anchor method is employed, which is formed

58

with an injection of highly-expanded grouting material after the completion of the superstructure
and can work against the live load. This compound-type anchorage system showed good
performance under both static and dynamic fatigue loading tests in the stay cable (Koga et al.

1997).
3.8 Applications of FRP prestressing tendons in Civil Engineering
3.8.1 Applications in ground anchors
FRP tendons such as Arapree, Technora, FiBRA, CFCC and Leadline have been used as
ground anchors to stabilize slopes, retaining walls and bridge abutments. Since the first FRP
ground anchors were used to reinforce the abutments of a pedestrian bridge in Japan in 1990

(Mochida et al. 1992), 23 cases of field applications for civil engineering in Japan have been
reported (Table 3.1). In these field applications, Bond-type anchorage systems were used as the

anchor head to transfer the prestressed force from FRP tendons to the bearing plate (ACC 1996;
Benmokrane et al. 1997; Machida 1997).

3.8.2 Applications in bridges
FRP tendons have been used in prestressed concrete and masonry bridges and cablestayed bridges. Since the first post-tensioning application of 59 fibreglass tendons, each
containing nineteen 7.5-mm diameter pultmded rods (Polystal), with bond-type anchorage (resinmortar) in the Ulenbergstasse bridge, built in Dusseldorf, Germany, in 1986, more than 23
projects have been reported (Table 3.2). Bond-type and wedge anchorage systems were used to
anchor the prestressed FRP tendons.

3.8.3 Applications in other stmctures
FRP tendons have been used with anchorages to prestress other structures such as marine
structures, water channel walls, and airport pavements, as shown in Table 3.3. In the
rehabilitation of Mairie d'lvry Metro-station (Paris), considerable cracking over a length of about
110 m had occurred in the approximately 70 year old concrete vault arch owing to one-sided
excavation directly adjacent to the metro-station. 36 HLV-prestressing tendons assembled with
resin mortar filled anchorages were installed to strengthen the vault. The service load per tendon

equals 650 W (Wolffand Miesseler 1993).
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Table 3.1 Field applications ofFRP tendons as ground anchors with bond-type anchorage system in Japan

Completed Anchor
Project

year

number

Ultimate

Design

Total

Bond

Hole

Rock

Tendon

load (Pu)

load

length

length

size

type

size

(kN)

(%Pu)

(m)

(m)

(mm)

0.60

12

Ref.

Tecbnora FRP ground anchors
Temporary shoring for grade

1991

19(|)6

separated bridge, Kagawa

Slope stabilization, Meishin

1994

36

slate

9(|)7.4

673

0.59

19-30

6.5

115

[2]

1995

65

soft rock

9(|)7.4

673

0.59

7.8-11

3.0

115

[4]

expressway, Osaka
Slope stabilization, Kumamoto

[3]

FiBRA FRP ground anchor^
Retaining wall, Hokkaido

1996

17

9.2 -17.4

Retaining wall, Saitama

1996

13

9.2-17.4

[3]

[3]

Leadline FRP ground anchors
Bridge abutments, Ibaraki

1990

New Studio, Tokyo

1995

Retaining Wall, Chiba

1995

Slope protection, Kyoto

1996

Slope stabilization, Fukuchiyama |

1996

32

9(|)8

745

0.42

[5]
[3]
[3]
[3]

15-20

(()10

28.5, 29

8

(|)8

9.5 -12.5

243

(|)8

7.2-21.2

2((>8

7.0-21.0

3.0

115

[6]

Source: [1] The anchorage type of FiBRA FRP ground anchors was not indicated in the literatire. [2] Tokumaru et al. 1995; [4] Asai

1995; [5] Mochida et al. 1992; and [6] Ando 1996
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Table 3.1 Field applications ofFRP tendons as ground anchors with bond-type anchorage system in Japan (continued)

Completed Anchor
Project

year

number

Ultimate

Design

Total

Bond

Hole

Rock

Tendon

load (Pu)

load

length

length

size

type

size

(kN)

(%Pu)

(m)

(m)

(mm)

Ref.

[1]
[2]
[2]
[2]
[2]
[2]
[2]
[2]
[2]
[2]

CFCC FRP ground anchors
Slope stabilization, Hokkaido

1993

22

Volcanic

6(j)12.5

852

0.58

20.5-24.5

7.5

115

Slope stabilization, Niigata

1993

42

Granite

6(()12.5

852

0.60

10.5

6.5

115

Slope stabilization, Niigata

1994

4

Mudstone

3(()12.5

426

0.46

16.5

3.5

115

Retaining wall, Toyama, Toyama

1994

6

Sandstone

3<|)12.5

426

0.22

11-17.5

3.0

115

Revetments, Sokusen, Gifu

1995

46

Gravel soil

3(|)12.5

426

0.55

9.2-17.5

115

Slope stabilization, Ito, Shizuoka

1995

20

Soft rock

4(()12.5

568

0.63

9-11.5

115

Slope stabilization, Nazusa, Gifu

1995

30

Soft rock

3(|)12.5

426

0.43

7.6-10.6

115

Slope stabilization, Ishikawa

1995

40

Soft rock

6({)12.5

852

0.57

10-11.5

115

Slope stabilization, Yamanashi

1996

10

Soft rock

3(()12.5

426

0.53

7.3

115

Slope stabilization, Kyoto

1996

10

Soft rock

2(])12.5

284

0.66

7.3-17.3

115

Slope stabilization, Kanagawa

1996

1

Landsite

6(()12.5

testmg

46.5

115

Slope protection, Kyoto

1996

10

(|)12.5

7.25-17.25

Slope stabilization, Kyoto

1996

8

(|)12.5

18.8

Source: [1] FRP International 1995; [2] Koyama 1996; and [3] ACC 1996

61

[2]
[3]
[3]

Table 3.2 Field applications ofFRP tendons in prestressed and cable-stayed brid ges

Built
Project
Nakatsugawa Pedestrian

Overbridge

year

1989

Chiba Pref., Japan
Bachigawa-Minami-Bashi

Bridge

1989

Kita-kyushu City, Japan[4]

Birdie Bridge

Ibaraki Pref., Japan

1990

Tabras Golf Club
Pedestrian Bridge

Type of

Project type

anchorage

Epoxy filled
steel pipe

Length: 8.0m

Multi-rod Steel

Girder

wedges
Expansive

mortar filled

Simple-slab

Width: 2.5m

Span:Ll:L2=18.25:17.5m

Width: 12.3m
stress ribbon

Length: 54.5m

sleeve

Width: 2.1m

Sleeve and

Girder

Material

CFCC

Tendon size

Quan.

0.60 Pu

strands

CFRP

Leadline

AFRP
Arapree

Pre-tensioning

8(|)8

8

8 flats

16

(4.86x19.5)

FiBRA

(|)13

Arapree

4.86x19.5

wedges

Initial prestressing
force/type

0.55 Pu
post-tensiomng

0.5 Pu

(0.33 Pu at service)
Post-tensioning
0.5 Pu

Pre-tensioning

Tochigi Pref., Japan

South Yard Contry Club
Suspension Bridge

1990 Mortar filled

suspended slab

1992 Resin filled

Cable stays

sleeve

Span: 25.7m; Width: 3.0m

GFRP

7(|)8
7(|)8

2

2

0.3 Pu
Partially stressed

Mortar sleeve

Box girder

Technora

19(])6
7(|)6

10

Post-tensioning

sleeve

0.43 - 0.33 Pu

Post-tensioning

Ibaraki, Japan

Konaji Bridge

Yohigi, Japan^]

Road Bridge

Length: 25.0m

Tochigi Pref., Japan1-]

Hisho Pedestrian Bridge

Aichi Pref., Japan[3]

CFRP

Width: 3.9m

1993

die-cast wedges
Resin Socket

Cantilevered girder
Span: 99.0m, Width: 3.6m

CFCC

6-(|)12.5

[1] Honda et al. 1993; [2]; Noritake et al. 1993; [3] Hosotani et al. 1993, Machida 1997;[4] Koga et al.1992.

62

6

0.6 Pu

Post-tensionmg

Table 3.2 Field applications ofFRP tendons in prestressed and cable-stayed bridges (contmued)

Project
Lunen' sche-Gasse

Bridge

Built
year

Type of

anchorage

1980 Grouted type and
other three types

Project type
Single-span slab
Length: 6.55m

Tendon
Material

size

Polystal

(|)7.5

Polystal

19(|)7.5

Initial prestressing
Quan.

force /type

Dusseldorf, Germany
Ulenberg-Strasse

Bridge

1986

mortar filled

steel cylinder

Dusseldorf, Germany

Marienfelde Bridge

Polyester resin

Two-span slab
Span:Ll:L2=21.3:25.6m
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Width: 15.0m

1988

Same as above

Double-T beam
Span:Ll:L2=22.98:27.6m

subsequent bond

Polystal

19(|)7.5

7

Beam width: 5.0m

Bridge

1990

Same as above

Triple-span slab
Span: LI =L3= 16.3m

Polystal

19(|)7.5

27

Width: 9.7m

1991

Same as above

Kamten, Austria

Triple-span slab
Span: LI =L3 = 13.0m

Polystal

19(|)7.5

41

CFRP

241(|)5

2

L2= 18.0m

Thickness: 0.75m

Storchen Bridge

1996

Resin mortar
socket with

Cable stays
Span: L1:L2= 63.0: 61.0m

granule filler

[1] Taerwe, 1997; all others: Wolffand Miesseler 1992 and 1993.
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600 KN per unit)
subsequent bond

Width: 12.0m

Winterthur,
Switzerland^3

0.47 Pu (working force
post-tensioning with

Thickness: 1.12m

Notsche Bridge

600 KN per unit)
tensionmg

L2 = 20.4m

Leverkusen, Germany

0.47 Pu (working force
Externally post-

Beam thickness: l.lm
Schiessbergstrasse

600 KN per unit)

post-tensioning with

Thickness: 1.44m

Berlin, Germany

0.47 Pu (working force

same as above

Table 3.2 Field applications ofFRP tendons in prestressed and cable-stayed bridges (continued)

Project
Oppegaard Footbridge
Oslo, Norway

Brick Footbridge at

Built

Type of

year

anchorage

1996

Spike anchorage

Box Lane Bridge at

Pedestrian Bridge at

Parafil

Pre-tensioning

1997

Cable stays

CFRP

Resin mortar

socket with

granule filler

1997

Steel bolt

Resin mortar
socket with

Luceme, Switzerlands

granule filler

Verdasio Girder

Resin mortar

Bridge

socket with

1999

Beddington Trail
Bridge, Calgary

1993

McKinnon Creek

1996

granule filler

Steel wedges

Bridge length: 51m
Cable stays

Bridge length: 40.3 m
Bridge width: 3.2 m
Prestressing tubular steel
tmss

Span: 46 m

Prestressing lower chord of
two-span steel box girders

Headingly, Manitoba

1997

6

100x100

8

CFRP

91(j)5

2

CFRP

19(|)5

4

61(|)5
7(|)5

16

Post-tensioning

(|)15.2

4x6
2x12

Pre-tensioning

GFRP

Cable stays and bridge deck
Bridge length: 80 m

CFRP

Six concrete girders

CFCC

Span: LI :L2= 22.8: 19.2m

Steel wedges

6H5

mm

Leadline

Wood log bridge deck
Bridge length: 11.6m

GFRP

Four concrete girders

CFCC

Span: 31.2 m

(|)10

Externally posttensionmg
Externally posttensiomng
Externally posttensiomng
Externally posttensiomng

Span:Ll:L2=69:69m

Ontario

Taylor Bridge

Externally post-

AFRP

Footbridge

Bridge, Northern

AFRP

force/type

Brick box girder deck
Bridge length: 7 m
Bridge width: 1.45 m

Emmenbrucke

Heming, Denmark

Quan.

1996 Spike anchorage

Denmark

Heming Footbridge

Initial prestressing

tensionmg

Strandhus, Kolding,

Ticino, Switzerlands

size

Parafil

Stroke-on-Trent

Staffordshire, UK

Single span arched beam

Tendon

Span: 10m

Trmg, Hertfordshire,

UK

Project type

Material

6

Transversely pre-

tensiomng

Leadline

(|)15.2

Pre-tensioning

<|)10

Braestmp 1999; Burgoyne 1999; Christoffersen et al. 1999; Erki 1999; Taerwe and Mattys 1999; and Yeung andNaylor 1996.
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Table 3.3 Field applications ofFRP tendons in other structures

Project
Floating Marine
Structure

Completed
year

1987

Type of

anchorage

Project type

Multi-type

Concrete block

wedges

connection

Multi-type

Concrete beams

Tendon material and size

Initial prestressing
force/type

Leadline: 8(|)8

Post-tensioning

Leadline

Post-tensioning

CFRPandAFRP

Post-tensioning

Kanagawa Pref., Japan

Super Wall

1988

Ibaragi Pref. Japan

wedges

Airport Pavement

Resin casting

Haneda, Japan

and wedges

Prestressed Concrete

Jetty

1991

Bond-type
and nut

1993

Sage Pref., Japan
Nakagoh Dramage
Culvert Works

1993

Bond-type

L-shaped precast wall

and nut

Channel length: 30.0m

Bond-type

Culvert works

and nut

Hyogo,Japan

width: 5.7m
Culvert length: 25.Om
Channel width: 5.7m

Sage,Japan

Retrofitting work

hollow girder

Jetty length: 8.76m
width: 13.8m

Ehime, Japan
Water Channel

Concrete simple

1995

Bond-type

External cable anchor

and nut

block lateral fastening

Source: ACI 440 1996; Machida 1997; Burgoyne 1999; and Erki 1999.
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Technora deformed rod: 4(|)6

Pre-tensionmg

Arapree: 2(4.9x19.5)

Technora deformed rod

Post-tensiomng

Technora deformed rod: 4(])6

Post-tensionmg

3(|)6

Arapree: 2(4.9x19.5)

Technora deformed rod: 9^6

Pre-tensioning

3.9 Summary
Clamping anchorages can be used to anchor FRP rods for laboratory tests. An
optimization of surface treatment of the clamps and torque on the clamping screws may achieve
100% anchorage efficiency.

Wedge anchorage system can be used to anchor single and multiple FRP tendons for static
tests and pre-tensioning applications. There is no significant difference in behavior between room
temperature and high temperature. Wedges with grooved and sand-coated inner surface and
lubricant-coated exterior surface can improve gripping the FRP tendons. Using plastic wedge,
aluminum split or die-cast inner sleeve can avoid local damage caused by steel wedges to the
portion of the tendon inside the anchorage. It appears that plastic wedge anchorage systems with
slope difference between the wedges and housing have a better load transfer and higher
anchorage efficiency.

Bond-type anchorage is suitable for all types of FRP tendons. Resin sleeve anchorage
systems have 100% anchorage efficiency for CFCC and Technora tendons. Resin-based grout
with different filters can create a soft zone to reduce the stress concentration and lead to a better
stress distribution at tendon-grout interface. In resin socket anchorages, using a bond release
agent and /or varying the internal geometry of the socket improves the reliability of the anchorage
performance.

In cement-based grouted anchorages, the indentation or surface deformation produced in
the FRP tendons and the radial stiffness at the tendon-grout interface plays a major role on the
bond strength as well as the load-slip behavior. The load capacity of the anchorage increases with
increasing the deformation profile, compressive strength of the grout and the elastic modulus of
host medium. The introduction of sand and expansive agent to cement grout appears to improve
the bond strength. Expansive cement grouted in the sleeve to grip the tendons can significantly
increase the bond strength at the tendon/grout or grout/sleeve surface and result in a soft-touch
and a uniform stress distribution on the surface of the tendons. The suitable sand content is 0.5 to
1.5 of cement by mass and the optimum water/cement ratio is 0.3 to 0.4.
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It is recommended to use plastic wedge anchorages with a slope difference between the
wedges and the socket and bond-type anchorage to anchor FRP tendons, especially for multiplerod tendons. However, the fulfillment of the requirements of anchorage system requires extensive
testing as the ultimate proof. The effects of elastic modulus of the plastic wedges and the slope
difference on the anchorage performance should be extensively investigated so as to achieve an
optimal design. For the bond-type anchorage system, the bond-slip relation should be established
on the basis of extensive test results. Test variables may include tendon type and constituent,
grout type and constituent, and the stiffness of the anchorage sleeve.
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4. MATERIAL AND ANCHORAGE SELECTION
4.1 FRP tendon type
The primary interest in FRP composites is in the fact that they do not ordinarily cause
durability problems such as those deriving from steel reinforcement corrosion. The cost of FRP
bars is higher than that of epoxy-coated steel, but other features of FRP bars, such as light weight
and longer service life, could make them more economical than epoxy-coated steel bars. FRP
reinforcement is particularly suitable for applications where weight, durability, corrosion
resistance, electro-magnetic permeability, section slendemess, and impact resistance are relevant.

However, the FRP elements of a tendon are primarily subjected to long-term static stress,
in combination with the relevant environmental effects. Experiments show that long-term static
stresses may reduce the tensile strength ofFRPs. The admissible permanent tensile stress ofFRPs
must take into consideration the phenomena of creep rupture strength and of strength retention or
fatigue strength. Furthermore, FRP tendons have to compete with prestressing steel tendons with
respect to structural reliability, performance and certainly also with respect to costs. In
consequence, extensive acceptance tests become necessary. Their results must meet the following
basic requirements for tendons (Rostasy 1994; Benmokrane et al. 1997):
• The tensile rupture strength of the FRP tendon - with anchorages on both ends - must not be
significantly less than the mean tensile strength of the FRP material. This demand relates to
an adequate ultimate strain at failure, to structural design, and to economy.
• The long-term static prestressing force and its fluctuation due to live load should not
significantly reduce the static tensile strength of the material. Adequate dynamic strength
must also be available.
• The creep rupture strength is the relevant resistance for the stipulation of the admissible
prestressing force. It must be adequately high. In tests, the relevant environment of future
applications must be taken into account.

GFRP is the cheapest of the FRP tendons (slightly higher than epoxy-coated steel rebars)
and has the most potential to be used in civil engineering structures. Practices have shown that
GFRP performs well as an external reinforcement. However, GFRP's mechanical properties are
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disappointing compared with the other two types ofFRPs. As shown in Table 4.1, GFRP has the
lowest tensile strength, is much more sensitive to stress-multiaxiality than AFRP and CFRP
(Rostasy 1994), and is very sensitive to fatigue damage. After many millions of cycles, glass

conserves 25% of its static strength compared to 40% and 80% for AFRP and CFRP, respectively
(Mufti et al. 1991). GFRP suffers creep rupture more than the other two types where midterm

failure is observed at 33% of the ultimate load compared to 50% and 80% for AFRP and CFRP,
respectively. Furthermore, GFRP is more vulnerable to an alkaline environment, while cement
concrete is highly alkaline with a pH value of 13 or so. GFRP may lose much of its strength when
exposed to moisture and/or increased temperatures, respectively (Shrive et al. 1996). Therefore,

the use of GFRP in civil engineering is limited.

Table 4.1 Properties ofFRP and prestressing steel tendons (Shrive et al.1996)

GFRP

AFRP

CFRP

Minimum fiber volume ratio

0.55

0.6

0.63

Density (g/cm^)

2.1

1.38

1.58

7.85

1080

1280

2280

1865

Transverse tensile strength (MPa)

39

30

57

1860

Longitudinal modulus(MPa)

39

78

142

190

Transverse modulus(MPa)

8.6

5.5

10.3

190

In-plane shear strength (GPa)

89

49

71

In-plane shear modulus (GPa)

3.8

2.2

7.2

73.1

Major Poisson's ratio

0.28

0.34

0.27

0.3

Minor Poisson's ratio

0.06

0.02

0.02

0.3

Maximum longitudinal strain (%)

2.8

1.5

1.5

4.0

Maximum transverse strain (%)

0.5

0.5

0.6

4.0

Longitudinal CTE (10-6/°C)

7.0

-2.0

-.0

11.7

TransverseCTE(10-6/°C)

21

60

27

11.7

2-3

8

Property

Longitudinal tensile strength (MPa)

Relaxation ratio(%)
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Prestressing steel

Although CFRP may be the most expensive FRP tendons, they have the highest tensile
strength and modulus of elasticity, excellent fatigue and corrosion characteristics, and very low
stress relaxation values (less than 4%) and thermal expansion coefficient. All of those make
CFRP an ideal material for slender tension elements subjected to high-amplitude loads.

AFRP has also excellent relaxation behaviour and corrosion characteristics, and higher
fatigue strength than prestressing steel. The price is moderate. However, the tensile strength and
modulus of elasticity of AFRP rods are lower than those of prestressing steel. The shear strength
and modulus are lowest, compared with GFRP and CFRP. The durability of aramid fibers in
water is questionable. AFRP begins deterioration after absorbing water in temperatures above
150 °C.

The suitability of a specific type of FRP to work as a prestressing tendon for
concrete/masonry stmctures and/or grouted ground anchors is governed by many factors. These
include the tensile strength, the modulus of elasticity, the ductility behaviour, the fatigue
performance, the stress relaxation values and the associated cost. Based on the considerations
above, CFRP Leadline and Isorod rods are chosen as prestressing tendons in the on-going
anchorage specimen tests.

4.2 Anchorage type
The economic and efficient use of FRP elements for tendons necessitates the development
of suitable tendon-anchorage assemblies (TAs). The TA has to be designed in such a way that
the tensile strength of the FRP is not significantly reduced by anchorage effects when subjected
to static and dynamic actions. The mechanical behaviour of the TA depends on that of the FRP
elements and the intermediary materials, on the design and on the mechanism of force transfer of
the TA.

Steel wedges in a tube with an inner conical profile and an outer cylindrical surface have
been used as a means to grip tendons and are easy to install. Either the wedges or the bar can be
treated to produce a rough surface and improve the grip. Steel wedge anchorages have been used
successfully to anchor multiple CFRP ropes and FiBRA rods, but some local damage is visible in
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the portion of the tendon surrounded by the wedges inside the anchorage. The wedges induce
axial stresses, lateral compressive stresses and shear stresses which may lead to premature failure
in the anchorage. The need to reduce lateral stresses means to that the wedges are much larger
and shallower than that would be needed for steel tendons. Other efforts, such as using plastic
wedges, intermediate aluminum split sleeve and steel spikes with different slopes from the inner
profile of the sleeve, have been made to improve the anchorage efficiency, but manufacturing
these anchorages is complex and time-consuming, and some of these types perform unstably.

The use of wedge anchorages is problematic due to the long term stability of the
necessary intermediate layers and due to the high friction abrasion of the bars within the anchor
elements. Clamp anchorages do not have these disadvantages. Clamp anchorages with an
optimization of surface treatment of the clamps and torque on the clamping screws may achieve
100% anchorage efficiency. In case of an appropriate construction they can guarantee an
anchoring without any loss and this under short term, long term and non-static load (Faoro 1992).
But this kind of anchorage requires a very high expenditure on the manufacture. Therefore, the
possibilities of application - useful from the economical point of view- are very limited.

Bond-type anchorages have the disadvantage that the tendon and its anchorages have to
be supplied as a pre-assembled unit. This could be inconvenient if any designs are made because
the entire tendon/anchorage unit must be replaced in the field. Bond-type anchorages also pose
difficulties if they ever need to be replaced during their service life. However, bond type
anchorages can be used with any types of continuous fiber reinforcing bars, regardless of the
shape and diameter of the bars. Bond-type anchorages can be produced in a very economical way
by bonding the bar bundle in a profiled sleeve with a mortar, without the need for mechanical
processes such as swaging or threading. This process can be controlled very easily and does not
demand high technical requirements from the manufacturer.

Bond-type anchorages have been found to be reliable, and have been used almost
exclusively over wedge-type anchorages in structures prestressed with FRP rods (Erld and
Rizkalla 1993; Benmokrane et al. 1997). The performance of the anchorage depends on the
geometry of the tendon and steel tube, the properties of the grout, and the embedment length of
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the tendon. Furthermore, the FRP tendon strength, which is a function of the anchoring device
used during testing, for bond-type anchorages is 24% higher than the value reported by the
manufacturer for wedge-type anchorages (Nanni and Thomas 1996). Therefore, bond-type
anchorages are chosen to be used in the further tests and their performance to anchor the FRP
tendons in post-tensioning applications will be investigated.

4.2.1 Anchorage sleeve
The anchorage sleeve is usually a cylindrical stainless steel house (sleeve) whose inside
face is serrated to increase bond strength and outside surface is threaded for the locking nut. The
steel sleeve prevents the swelling and splitting of the filling mortar and also works as a device for
fastening the tendon to the structure. The shape of the sleeve's inner profile can be straight, conic
or parabolic. Experimental and theoretical results have shown that the stiffness of the anchorage
sleeve greatly influences the load bearing capacity of the anchorage. The anchorage sleeve with
higher elastic modulus increases the confining pressure on the grout, and as a result improves the
bond of the FRP rod to the grout. However, the effect of the stiffness of the host medium is not
significant when it is greater than a certain value (Benmokrane 1994; Benmokrane and Chennouf

1997).
It has also been observed that the shear strength increases with hydrostatic pressure (Mohr
- Coulomb behaviour) (Kim and Meter 1991). Thus, designing an anchorage system that is under
internal pressure is a possible way to improve the load capacity of the anchorage. One possible
design is a tapered, such as conic, segmental and parabolic shape, anchorage in which high radial
compression is generated as the rod is loaded.

Pull-out test results have indicated that the parabolic tapered anchorage presents the best

performance in developing the full capacity of the AFRP, CFRP and GRRP small diameter
tendons with a Sikadour 35 resin (Holte et al. 1993; Dolan 1993). A segmental anchorage gives a
much lower value of peak shear stress and a better distribution of the shear stresses over the
anchorage length. However, the reliability of conic resin-potted (resin socket) anchorage systems
is questionable and numerous bond failures in the linear anchorages have shown that the peak
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shear stress at the front of the linear anchorages introduces a progressive bond failure propagating
towards the tail of the anchorage.

Further experimental and analytical work has found that debonding the epoxy from the

metal sleeve and varying the internal geometry of the socket improved the reliability of the
anchorage performance (Holte et al. 1993). Using a parabolic surface and a bond release agent
allowed comparison with conic anchorages and a variation of epoxy resin.

However, manufacturing tapered anchorages will be complex, and will entail high
expenditure and high technical requirement. The larger cross section of the socket needed to
make the internal geometry appears to be unpractical. Cylindrical bond-type anchorages are
simple and easy in manufacturing and quality control, and have been developed and used
successfully in laboratory tests and engineering practice. Therefore, cylindrical steel tubes will be
used as the anchorage sleeve.

a) Inner diameter
The diameter of the anchorage sleeve depends mainly on the size and type of the FRP
tendon. Pullout test results have shown that, as the grout cover decreases, the deformation in the
grout decreases for a given load. This would tend to restrain the rod, thereby increasing the
anchor stiffness. This increase in stiffness results in an increase of load capacity, up to the

limiting rod strength (McKay and Erki 1993; Chennouf 1998). It is recommended that the crosssectional area ratio of the tendon to sleeve should be more than 0.16 to ensure an anchorage
having a higher tensile stiffness and hence capacity. Therefore, the inner diameter of the steel
tube can be determined from the following equation:

^=JM
n^>

(4-1)

where Z^ = the inner diameter of the steel tube; At = the cross-sectional area of the tendon; and ^
= the cross sectional area ratio of the tendon to tube hole.
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Meanwhile, the diameter also depends on the shear strength of the grout and /or the bond
strength between the grout and sleeve. The inner diameter of the sleeve must be large enough to
avoid shear failure at the grout-steel interface:

D,

S

TTLT^

-^—

(4-2)

where Tu = the ultimate tensile load of the tendon; L = the anchorage length; and T^ = the
bond/shear strength at the tendon-grout interface.

b) Thickness
The clear thickness of the anchorage sleeve (t) depends mainly on the tensile strength of
the sleeve and the magnitude of the prestresing force applied to the tendon, in addition to the
surface deformation for locking and improving the bond strength of the grout to tube. It should be
large enough to prevent tensile failure of the sleeve itself. Accordingly

^-,

(4-3)

where cr^ = the tensile strength of the sleeve; and tz = the serrated/threaded height in the inner
surface of the sleeve.

Hence the outer diameter of the anchorage sleeve (Z>j) is
2)3

=D^+t^+t+t^

(4-4)

where ts = the threaded height in the outer surface of the sleeve.

4.2.2 Bond length
The anchorage bond length depends mainly on the bond strength between the tendon and
grout and the required prestressing force. It can be calculated from the following equation:

L
>.
^-A ^

-^—

(4-5)

where L = anchorage bond length; D] = the diameter of the tendon; and T^ = the average bond
strength between the tendon and grout.
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In view of literature (Tokyo Rope Mfg. Co. Ltd. 1993; Machida 1997; Benmokrane and
Chemiouf 1997), the primary parameters of the steel tubes are suggested as shown in Table 4.2.

Table 4.2 Primary dimensions of anchorage sleeves (steel tubes)
Tendon

L

Ds

D2

Anchoring

Lo

Tensioning

Ll

configuration

(mm)

(mm)

(mm)

screw

(mm)

screw

(mm)

1-^

300

35

24

M35xL5

100

2-4 -^

400

52

39

M52x2

350

M39xl.5

50

5-9-(|)

550

75

52

M75x3

450

M52x2

70

10-12-())

700

90

60

M90x4

550

M60x3

100

Note: L = anchorage total length; D 2, Ds = inner diameter and outer diameter of steel tube,
respectively; Lo and Lj = threading length for anchoring nut and tensioning nut,
respectively.

4.2.3 Grout
The grouted material can be a resin or cementitious mortar. The selection of the mortar is
very important for the success of bond anchorages. The grout in bond-type anchorages bonds the
tendon to the sleeve and transfers the force between the tendon and sleeve. It also protects the
tendon from damage. The mechanism of bond is comprised of three main components: chemical
adhesion, friction, and mechanical interlocking between bar ribs and grout (rib support or

bearing). Adhesion is partly microscopic interlocking of the paste into imperfections of the bar
surfaces and is initially the main resisting mechanism for lower bond stress levels. Rib supports
perpendicular to the rib surface arise as the tendon is loaded and tries to slide. This support, in
turn, gives rise to frictional forces along the tendon-grout interface. It is expected that a grout
with high value of adhesion C and frictional angle ^ as well as radial pressure P can achieve a
high bond strength. The bond strength can be expressed by the following equation for tendon
pull-out failure:

T=C+Ptan(^)

(4-6)

where Cis the adhesion of the grout to tendon; P= the radial pressure acting on the surface of the
tendon; and ^ is the frictional angle between the grout and tendon.
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There are contradictory design requirements for resins. A resin with a low modulus of
elasticity can limit the peak shear stress during load transfer, whereas one with a high modulus of
elasticity is better for long-term creep control. Resin or resin mortar has a high strength and
excellent chemical resistance, a fast cure, and low shrinkage. The efficiency of resin sleeve
anchorages has been reported to be 100% for CFCC and Technora tendons (Noritake et al. 1993;

Santoh 1993; Naimi et al. 1996), and 96% for GFRP Polystal multirod (6 to 19 (|)7.5) tendons
with ultimate strains less than 3% (Rostasy and Budelmann 1993).

However, resin creeps with time, and may deteriorate, especially in a moist environment.
The deterioration of the resin may result in bond failure between the resin and the tendon and loss
of strength at elevated temperatures. Pull-out investigations on the performance of dry versus
submerged installations have shown that a resin potted anchorage represented substantially lower
tensile load capacity for the submerged installations, while cementitious grouts indicated
consistent performance (McDonald 1996). This fact leads to cementitious grouts being
introduced as bonding materials in bond-type anchorages.

The cement grouts are favoured because they have the lowest cost, and are easily
available and prepared. The grouted anchorages can provide an adequate and simple mechanism
for gripping FRP rods/tendons. The performance of the cementitious grout anchorages is found to
be dependent on the degree of the confinement, the moisture of the curing, and the stiffness
properties of the grout.

Experimental tests have indicated that the filling mortar should have a non-shrinkage
character to provide good bond. The use of expansive grouts for anchoring FRP tendons is
successful both in terms of ease of installation and performance under quasi-static tensile tests.
The expansive pressure considerably increases the bond strengths at the grout/tendon and
sleeve/grout interfaces, resulting in an increase in anchorage efficiency. Moreover, the use of
highly expansive materials for anchoring do have a soft-touch on the FRP tendons without
inducing stress concentrations (Aoyagi et al. 1994; Lees et al. 1995; Khin et al. 1996; Nanni and
Thomas 1996). From the fatigue tensile tests, it has been found that the characteristics of CFRP
strands using highly expansive material (HEM) anchorages is more advantageous than those
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using epoxy resin anchorages. The reason is believed to be that shear prestress exists in the

process of unloading and the slippage between the FRP tendon and HEM due to the fact that the
expansive pressure is still acting and makes the load amplitude in the anchorage for the HEM
smaller than that for the epoxy resin (Harada et al. 1997). Therefore, cementitious grout will be
used as the filling material to anchor the FRP tendons.

4.3 Cementitious grout composition
4.3.1 Requirements of grout

The ideal characteristics of grouts for this application would include the following
(Lankard et al. 1993):
• Adequate fluidity to facilitate pumping and spread into place and insure full coating of the
tendons

• Sufficient open time (delayed set) to assure that the fluidity remains at the desired level for a
sufficient period of time
• Acceptable consistency to minimize the potential for bleeding, segregation and voids
• Adequate strength to assure transfer of the stress from the tendon to the stmctural member
• Resistance to damage from the effects of freeze/thaw cycling

4.3.2 Portland cement

Portland cements are produced by pulverizing clinker consisting essentially of hydraulic
calcium silicates, usually containing one or more of the forms of calcium sulphate as an
interground addition (ASTM Designation: C 150 - 92). For practical purposes, Portland cements
may be considered as comprising four principal compounds, constituting 90% of the mass of
cement. These follow, with their chemical formulas and abbreviations: (1) Tricalcium silicate

3CaO.Si02 (€38); (2) Dicalcium silicate 2CaO.Si02 (€28); (3) Tricalcium aluminate SCaO.AliOs
(CsA); and (4) Tetracalcium alummofemte 4CaO.Al203.Fe203 (C4AF). Generally, the relative
percentages of these compounds determine the particular type of Portland cement. Each type
conforms to the respective standard chemical and compressive strength requirements prescribed
in ASTM Designation: C 150-92 (1992). In ordinary Portland cement the amounts of these four
principal clinker minerals (€38, €28, CsA, and C4AF) usually range between 45 and 60%, 15 and
30%, 6 and 8%, and 6 and 8%, respectively.
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Portland cements are hydraulic cements which set and harden by reacting with water. This
reaction process, called hydration, combines cement and water to form a stonelike mass. The type
of cement used will obviously vary with different installation procedures and service
environmental conditions. Different types of Portland cement are manufactured to meet different
normal physical and chemical requirements for specific purposes. For instance, Type 10 Normal
Portland cement is a general-purpose cement. It is suitable for all uses where the special
properties of other types are not required. Type 30 high-early-strength cement provides high
strength at an early period, usually a week or less. It is used when forms are to be removed as
soon as possible or when the structure must be put into service quickly. In cold weather, its use
permits a reduction in the controlled curing period. Type 10SF Portland silica fume cement is a
blend of Portland cement and silica fume in which the silica fume content does not exceed 10%
by mass of the total Portland silica fume cement. The basic physical and mechanical properties of
these three types of cement from the manufacturer are shown in Table 4.3.

Table 4.3 shows that the initial and final setting time of Type 10SF cement is less than
that of Type 30 cement. The compressive strengths at 3 and 28 days respectively for Type 10SF
cement are almost equal to those for Type 30 cement; while the compressive strength at 7 days
for Type 10SF cement is smaller than that for Type 30 cement. Pull-out test results have
indicated that Type 30 cement grout may induce the reduction in bond strength due to the
autogenous shrinkage, in comparison with Type 10 cement grout (Benmokrane et al. 2000).

Table 4.3 Basic physical and mechanical properties of cements from manufacturer

Setting time (min.)

Compressive strength (MPa)

Cement type

Initial

Final

3 days

7 days

28 days

Type 10

120

225

27.7

32.4

40.1

Type 10SF

110

215

29.9

37.4

47.7

Type 30

125

230

29.4

40.4

48.3
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4.3.3 Water and water-cement ratio (W/C)

Water which is suitable for drinking (except for the presence of bacteria) is generally
considered suitable for cement grout formulation. The proportion of water to cement in a grout
rather than the quality of water is the most important determinant of grout properties. Excess
water causes bleed, low strength, increased shrinlcage and poor durability.

It has been reported that the fluidity of the cement /water mix is very sensitive to the

water-cement ratio (W/C). At 25% water the mixture was only just sufficiently fluid to fill the
tube, and then with difficulty. It was necessary to stir the cement to expel trapped air. At 27.5%
water it was adequately pourable in laboratory conditions but was probably too stiff to be
practical on site. At 28.5% water the mixture was easily pourable, and so would be more practical

(Leesetal. 1995).

Pull-out tests on FRP anchorages have indicated that the smaller the W/C, the higher the
pullout resistance. The optimum W/C is 0.3 to 0.4 (Mochida et al. 1992).

4.3.4 Sand
Previous investigations on the effect of sand on the performance of the grout have shown
that the higher the sand content the worse the mjectability. However, the incompressibility of
sand can reduce the porosity and shrinkage of the grout and give rise to the dilatancy of the
cement grout. The introduction of sand into the filling cement-based grouts appears to improve
mortar strength and frictional bond resistance and hence improve the bond characteristics up to a
certain point. The suitable sand content is 0.5 to 1.5 of cement by weight (Mochida et al. 1992;

McKay and Erki 1993).

4.3.5 Admixtures and supplementary cementitious materials
ASTM C 125 - 92a defines an admixture as a material other than water, aggregates,
hydraulic cements, and fiber reinforcement, used as an ingredient of concrete or mortar and
added to the batch immediately before or during mixing. Chemical admixtures have often been
employed particularly those to prevent shrinkage, to permit a reduction of the W/C while
ensuring fluidity, to accelerate or retard setting, and to prevent bleeding which in turn affects
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corrosion protection of post-tensioned tendons. However, the use ofadmixtures for grouts is still
very much an art. Care should be taken to ensure that the basic grout materials are compatible
and, except under carefully considered and controlled conditions, different types of admixture
should not be included in the same grout.

Investigations have indicated that silica fume intervenes in the cement paste according to
two mechanisms: by a granular effect related to the form and the extreme smoothness of the
powder; and by a pozzolanic reaction due to its high amorphous silica content. The incorporation
of silica fume (SF) in a cement-based material can modify the rheological properties of fresh
grout, mortar and concrete, and improve their resistance levels to bleeding, segregation, and
water dilution. The addition of SF can also enhance mechanical properties, such as strength,
adhesion to reinforcement, etc., and it can lower deformations caused by drying shrinkage and
creep. The use of SF can greatly reduce the permeability of cement-based materials which can

improve durability in aggressive environments (Khayat 1996). However, a high dosage of SF
may have undesirable effects on grout/concrete properties, especially rheology, plastic shrinkage
and air void characteristics. Thus, specifications frequently restrict the level of SF that can be
used in normal grout/concrete practice. In Canada the maximum level of silica fume that can be
added to conventional concrete is limited to 10% by mass of cementitious material (Canadian

Standards Association, 1994).

Pull-out experimental results have shown that the introduction of an expansive agent, such
as aluminium powder, to the filling cement-based grouts appears to improve the bond

characteristics (McKay and Erld 1993; Benmokrane and Chermouf 1997). Geddes and Sorroka
(1964) have concluded that aluminium-based expanding agents improve grout workability while
increasing the 'confined' compressive strength (i.e. where expansion has been restrained on
setting). This latter effect increases the bond capacity of the grout. Leech and Pender (1961) have
also favoured the use of aluminium powder in an amount of 0.005% by weight of cement and

they stipulated that bleeding was also inhibited. Pender et al. (1963) have advocated that a 2%
expansion of grout volume is desirable: this figure can be attained by using 0.002 ~ 0.005%
aluminium powder (Littlejohn and Bmce 1977). In practice, the proportion of aluminium powder

is often limited to 0.007% by weight of the cement (Benmokrane 1994).

80

However, a warning on the use of aluminium powder has also been sounded. The great
sensitivity of grout mix properties to the amount of aluminium powder added and its efficiency in
dispersion and mixing has been emphasized. A high proportion of aluminium powder causes a
high volume and results in high porosity and low mechanical strength of the hardened grout, and
therefore a lower bond strength. In Germany, the use of any additive is rare, and only those which
increase workability of the grout are employed. In Italy, moderately expanding additives are used
but air entraining or metallic expanding types are banned, as are rapid hardening agents
(Littlejohn and Bruce 1977). The volume change of the cement grout with aluminium powder
occurs prior to the grout setting due to gas formation. A grout, for which the volume expansion is
delayed until after the grout partially sets, should be used to improve the bond performance and
reduce the variability in strengths. Expansive cements may be used for this purpose. However, it
should be noted that shrinkage compensating cements can compensate only for the shrinkage
effect and not for the volume changes of the fresh grout, such as those resulting from bleeding
and sedimentation (Benmokrane 1994).

High-range water reducers (superplasticizers) can be used to reduce water content (12% to
30%) and cement content as well as W/C, or to improve the workability without changing the
W/C ratio. The effect of most superplasticizers in increasing workability or making flowing
concrete/grout is short-lived, 30 to 80 minutes, and is followed by a rapid loss in workability.
Setting times may be accelerated or retarded based on the individual admixture chemistry, dosage
rate, and interaction with other admixtures presented in the concrete/grout mix (Kosmatka et al.
1991). The dosage of superplasticizers is recommended to be 0.25% to 1.0% in powder by weight
of cement (0.5 ~2.0 litres in liquid per 100 kg of cement) for a typical naphthalene-base
superplasticizer.

4.4 Summary
Based on the above review of the literature, the cementitious grout used as the bonding
material in the later anchorage specimens consisted of Type 10SF cement with 50% of sand by
mass of cement. The water-cement ratio is specified to be 0.3. Superplasticizer is also used to
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improve the workability and bond behaviour of the cement. The primary compositions of cement
grouts are summarised in Table 4.4.

Table 4.4 Primary composition of grout used

(by weight)

Grout type

CM

EM

Water

0.3 (30 C %)

0.3 (30 C %)

Blended Portland cement (Type 10 SF)

1

1

Solid superplasticizer (for 100% on SP)

0.01(1.00%)

0.01 (1.0 C%)

Ottawa sand C 109

0.5 (50 C %)

0.5 (50 C %)
0.00004 (0.004 C %)

Expansive agent (Aluminum powder)
Water/Cement

0.30

0.30

Note: C: the weight of blended Portland cement; R: the weight of epoxy resin; CM: cement
mortar; and EM: expansive cement mortar.
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5. LABORATORY TESTS ON THE CHARACTERIZATION OF CEMENT GROUT
5.1 Introduction
The requirement of the grout for injection is that the grout should have an adequate

fluidity to ensure the grout to completely fill the entire bond length as designed, without
introducing air bubbles, and that the grout should have a strength capable of transferring the
prsetressing stress from the FRP tendon to the steel sleeve. The cement and admixture should be

compatible and stable, and have little separation and sedimentation during injecting and curing of
the grout. The physical and mechanical properties of the grout have to be investigated by
laboratory tests. After the cement and W/C are selected, the cement-superplasticizer combination

has to be optimized (Ai'tcin 1998).

The objective of this study is to ensure that the developed grout fulfills the requirements
for bonding FRP tendons to the steel sleeve, as stated in Section 4.31. Laboratory tests consist of
Marsh cone tests, minislump tests, viscosity tests, stability tests, setting time tests and
compressive tests.

5.2 Determination of saturation point
Superplasticizers are used for three reasons: (1) to increase the workability of mixtures

with the same W/C, making it possible to produce fluid mixtures; (2) to produce the combined
effect of a lower W/C and greater workability, thus enhancing strength and durability; and (3) to
reduce the W/C. Superplasticizers allow the quantity of mix water to be reduced by up to 30%

without scarifying any workability (ACI 212.4R 1993). Plasticizers work in two primary ways:
they disperse cement particles, thus preventing the flocculation of the cement grains in the
solution; and they are absorbed at the interface between the water and the cement grains, thereby

preventing the flocculation of the grains (Ai'tcin 1998).

Superplasticizers have contributed to a substantial technical development and
improvement in the quality of Portland cement injection grouts. In theory, there is no way to
predict how an admixture will behave with a given cement. Only laboratory tests will make it
possible to determine the right cement/admixture combination using available cements and
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superplasticizers. These tests involve two stages: the first is to determine the saturation point of

each superplasticizer; and the second is to determine the change in the fluidity (rheology) of each
cement/superplasticizer combination over time so as to select the best superplasticizer. In this
research, the superplasticizer employed was Disal produced by Handy Chemical Company

(Quebec).

Studies have shown that there is an optimum quantity of superplasticizer beyond which
any additional superplasticizer does not further improve the fluidity of the paste. On the other
hand, the setting time and stability of the cement can be affected. This quantity is called the
saturation point. Basically, two simplified methods are widely used to determine the saturation
point, the so-called "minislump" and the Marsh cone methods. The advantage of the minislump
method is that it requires less material, but the grout is evaluated in a rather "static" behavior,
while in the case of the Marsh cone method, more material is needed and the grout is tested in a
more "dynamic" condition (ATtcin 1998). In this study, both methods are simultaneously used
because different rheological parameters are predominant in both tests.

5.2.1 Marsh cone tests
The principle of the Marsh cone method consists of preparing a grout and measuring how
long it takes for a certain volume of the grout to flow through a funnel having a given diameter.
In most cases, a modified Marsh cone with a capacity of 1200 ml and an oriflce 5 mm in diameter
is used. For details of sample preparation and Slow time measurement, see Mnif (1996), Aitcin

(1998), and Khayat and Yahia (1998). Flow time is proportional to the friction between the fluid
and the sides of the cone and therefore the viscosity of the fluid. The Marsh cone must first be
cleaned and calibrated. The flow time of 1 liter of water should be 28 ±0.5 s in accordance with

the prescribed procedure (CSA A23.2-1B).

Cone flow time depends on the W/C, the nature of cement, and the admixtures. For a
cement paste made with Type 10 SF cement (St-Lawrence Company) and Disal superplasticizer,
typical time-volume curves at different elapsed times after mixing are shown in Fig. 5.1. The
curves are nonlinear, implying that the variation of paste volume in the cone during the test has
an effect on the flow of the paste. The smaller the paste volume, the more the time needed to flow
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100 ml of paste. Fig. 5.1 also shows that the time needed for transportation results in the increase
in flow time.

0 100 200 300 400 500 600 700 800 900 1000
Volume of grout (ml)
Fig. 5.1

Typical cone flow time-volume curves of Type 10 SF cement paste (W/C = 0.3, SP
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Fig. 5.2 Change in Marsh cone flowing time of Type 10 SF cement paste over the content of

superplasticizer (W/C =0.3)

85

Figure 5.2 shows the flow time curves in relation to the superplasticizer contents at a W/C
= 0.3. The intersection of these two curves corresponds to what is called the "saturation point". It
appears that the saturation point is 1.4% superplasticizer by mass of the cement for Type 10 SF
cement at a W/C = 0.3.

5.2.2 Mini slump cone test
The mini slump cone test is generally used to study the change in fluidity of grout as a
function of time at low shear rate, which makes it possible to predict the behavior of the grout
during injection. It is based on the same principle as the slump cone used to evaluate the
consistency of concrete. It involves measuring the spread diameter of a given volume of grout
placed in the cone on a Plexiglas plate at various time intervals after the grout is prepared (Fig.
5.3). Studies have shown that there is a correlation between the spread of the grout and its yield
value (cohesion), which is the minimum energy required to move the grout. For more details

about the sample preparation and testing, see ATtcin (1998) and Khayat et al. (1999).
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Fig. 5.3 Changes in mini slump of Type 10 SF cement paste over time (W/C = 0.3)

Considering that the larger the content of superplasticizer, the longer the setting time of
the grout, 1.0% and 1.2% of superplasticizer were selected to investigate the changes in mini
slump over time of Type 10 cement paste with a W/C of 0.3. As shown in Fig. 5.3, the paste with
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1.0% superplasticizer in solid by mass of the cement presents a mini slump of more than 143 mm
even at 30 minutes after mixing. Therefore, 1.0% superplasticizer in solid by mass of cement was
selected as the best combination with Type 10 SF cement at 0.3 W/C. Furthermore, other grout
tests have shown that 0.8% superplasticizer in solid by mass of the cement is the best

combination with Type 10 SF cement at 0.33 W/C.

5.3 Measurement of Viscosity
Cement grout generally behaves in the same manner as a Bingham fluid. Viscosity is
defined as the resistance of a fluid to uniform flow. It can be measured using a viscometer, which
makes it possible to continuously determine the viscosity while increasing the rotating speed of
an element immersed in the grout. The coaxial cylinder viscometer seems to be the best suitable
for cement paste. It has six speeds of rotation and a rotating cylinder immersed in cement grout in
a cup container with a graduated mark of 350 ml. When the external cylinder rotates, the cement
grout placed between the two coaxial cylinders applies a frictional force to the walls of the
stationary coaxial cylinder. The frictional force gives the viscometer a shearing moment
proportional to the viscosity of the grout, the size of the cylinder and the shear rate.

For a Bingham fluid (cement grout), shearing stress can be expressed by
T=To+^-r

(5-i)

where T = shearing stress (Pa); TO = shearing threshold, a constant which corresponds to the yield

value (Pa); // = coefficient ofviscosity (Pa); and y= shearing rate (s ).

The shear rate is proportional to the rotating speed of the viscometer (N), expressed in
rotations per minute (rpm). The shearing stress exerted by the friction of the grout on the walls of

the stationary coaxial cylinder is determined by the torsion of the spring (6) which is proportional
the rotated angle of the stationary coaxial cylinder. Therefore, the values of the shearing stress
and shear rate are then obtained by the following formulae:
T=C,'0
Y=C,-N
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(5-2)
(5-3)

where 0 is the reading of the graduation of the viscometer in degrees; Ci and €2 are constants
which depend on the characteristics of the viscometer. For the viscometer used, Ci = 0.511

(Pa/degree) and €2= 1.7023 (1/rpm.s).

Following the test procedures as detailed by Mnif (1996) and Chennouf (1998), one must
read the deviation of the needle of the viscometer for each rotating speed. From Eq. (5-1), the

plastic viscosity and shearing threshold (yield value) are calculated as follows (Chennouf 199 8):
^n=Tlo^~T!^
~p 1020-510

(5-4)

T0 = T1020 — •Z^T1020 — T510

where T^Q and 7^20 are ^e shear stresses at a shear rate of 510 s-l and 1020 s , respectively.

For Type 10 SF cement grout with a W/C of 0.3, the plastic viscosity and shearing
threshold (yield value) are 0.11 Pa-s and 8.18 Pa for 1.0% superplasticizer in solid, and 0.09 Pa-s
and 4.60 Pa for 1.2% superplasticizer in solid, respectively. The increase in superplasticizer
involves a reduction in the viscosity and shearing threshold (yield value).

5.4 Stability test
The use of a high W/C is necessary to obtain a grout with good workability and good
penetrability. However, the quantity of water for such mixtures should not exceed the amount
necessary for hydration of the cement, as sedimentation could result. There are two types of tests
for assessing the stability of cement grouts or, in other words, to measure bleeding: static

bleeding and induced (forced) bleeding tests.

Standard ASTM C-940-87 (CSA A23.2-1B) prescribes the procedure of a static bleeding
test that consists of placing 800 ml of the cement grout at rest in transparent graduated cylinders
with a capacity of 1000 ml and measuring the rate of sedimentation or the quantity of bleed water
at various time intervals. The final bleeding value, which corresponds to the stability of the grout,
can be calculated by using the following formula:

Final bleeding(%) == H- x 100 (5-6)

where His the final height of bleed water (mm), and L is the initial height of the grout (mm).

The same procedure is also used to measure any expansion in the case of expansive
cement or cement that contains an expansive agent (CSA A23.2-1B). Therefore, the height of the
grout at time t may be positive or negative depending on whether bleeding or expansion occurs.
Bleeding or expansion as a function of time can be calculated by using the following formula:

Bleeding (%) = H- x 100 (5-7)
where Ht is the height of the grout at time t, mm.

Table 5.1 summarizes the static bleeding test results of cement mortars made of Type 10
SF cement and sand with 1.0% superplasticizer in solid by mass of cement and a W/C of 0.30.
Grout is considered stable if there is less than 5% of bleeding water over two hours of testing

(Mnif 1996). It is shown that all the tested cement mortars are stable, and that there is very little
standing bleed water and sedimentation under static conditions. Table 5.1 also shows that cement
mortars CM 1 and CM have less than 1.0% shrinkage, while cement mortar exhibits 3.9%
expansion.

The resistance of the fresh grout to induced bleeding was evaluated using a pressure filter.
The test involves the placement of a 200-ml grout sample in a pressure vessel with a Type AE
glass filter at the bottom that is capable of retaining 95.7 percent of all particles greater that 1
mm. Pressure is applied at the top of the vessel using nitrogen glass. The induced bleeding was
monitored under a sustained pressure of 0.55 MPa over a 10-min period. The collected bleed
water is expressed as a fraction of the total water percent in the 200-ml grout sample. Test results
indicated that all the tested cement mortars exhibited good resistance to induced bleeding with
volumes of 12.2, 11.5, and 10.8% of the total water content for cement mortars CM1, CM, and
EM, respectively.

5.5 Setting time test
As soon as the cement comes into contact with water, hydration reaction begins. The
speed of the reaction depends on the chemical composition of the cement, the various additives
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(setting accelerator, superplasticizer, etc.) used in the mixture, and the W/C. This last factor plays
an important role since grouting requires working with a fairly high W/C.

The setting time test is carried out using a Vicat apparatus in accordance with standard
ASTM C953-87. The test procedure consists of placing a sample of grout in a conical ring of
standard size and then measuring the penetration of a needle of standard size and mass in the
sample as a function of time. The initial setting time is said to take place when the penetration of
the needle becomes 25 mm. The cement paste acquires a certain rigidity. The final setting time is
obtained when the cement paste becomes completely rigid, corresponding to zero penetration.
The test results are summarized in Table 5.1.

5.6 Compressive strength and modulus of elasticity
The simple compressive strength is the maximum stress that a grout sample can support at
failure. It is very important to know the strength of a grout before injecting, especially for
consolidation groutmg. Previous test results have indicated that the grout strength should be more

than 50 MPa (Chennouf 1998). Low strength grout injected into a structure subjecting to
considerable stresses will be the weak point of that structure. Compressive strength tests are

performed according to standard ASTM C942-86 /ASTM C 109-77 on cylinder samples
measuring 50 x 100 mm after 7, 28 and 91 days of curing in water with a standard laboratory

atmosphere (23 ± 3 C and 50 ± 10 % relative humidity, considering that cubic samples will not
have the desired dimensions (50-mm cubes) due to the sedimentation of grouts with high W/C

(Mnifl996).
Figure 5.4 shows typical compressive strength-curing time relationships of the cubic and
cylinder grout samples. It shows that the compressive strength of the grout increases with the

curing time. The grout gains its strength rapidly during the first 7 days after mixing and then
increases slightly with curing time. As expected, the shape and dimensions of the grout samples
have an effect on the test values. The 28-day compressive strength of the grout from cylinder
samples is 53% of that from cubic samples. It should be noted that data from cylinder samples is
usually 80% that from cubic samples.
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Fig. 5.4. Typical compressive strength-curing time curves of cement mortar EM

Table 5.1 Physical and mechanical properties of cement grouts
Comp.

Elastic

Mini

strength,

modulus,

Expa.

slump

[c

E

Poisson's

Setting
Grout

time

Water bleeding

Grout

temp.

(hr)

(%)

type

(°C)

Init.

final

Static

Induced

(%)

(mm)

(MPa)

(GPa)

ratio, v

CM1

23

9.75

11.50

0

12.2

-1.0

136

70.1±3.7

24.5±0.7

0.22±0.00

CM

23

8.25

9.75

0

11.5

-0.8

136

74.2±2.9

26.6±2.1

0.22±0.01

EM

24.8

8.00| 9.50

0

10.8

3.9

159

55.5±6.7

22.6±0.9

0.24±0.02

'-'

The average results of compressive strength (ASTM C 109-77) and modulus of elasticity
(ASTM D 3148-86) for the three cement grouts, namely, CM1, CM, and EM, are presented in
Table 5.1. The compositions of grouts CM and EM are given in Table 4.4. Grout CM1 has the
same composition as CM but with 30% sand by mass of cement. The values are the average of
three cylinder samples at 28 days of curing. It is shown that the introduction of sand increases the
compressive strength and elastic modulus of the grout, confirming the previous test results
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(Mochida et al. 1992; Chennouf 1998). However, there is no apparent difference in fluidity (mini
slump) and Poisson's ratio between the two cement mortars CM 1 and CM.

5.7 Summary
From the grout test results reported herein, it can be concluded that Type 10 SF cement
paste appears to have a saturation point of 1.0 to 1.4% superplasticizer by mass of cement. 1.0%
superplasticizer in solid by mass of cement can be considered as the best combination with Type
10 SF cement at 0.3 W/C. The cement paste has a plastic viscosity of 0.11 Pa's and a shearing
threshold (yield value) of 8.18 Pa, and presents a mini slump flow greater than 143 mm after 30
minutes of age. All the designed cement mortars, made of Type 10 SF cement and sand, with
1.0% superplasticizer in solid by mass of cement and 0.3 W/C, are stable, and possess a mini
slump of more than 136 mm and 28-day compressive strength of more than 55 MPa, fulfilling the
requirements of the grout for post-tensioning applications in terms offluidity and strength.
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6. BOND BEHAVIOR AND MODELING OF FRP RODS TO GROUT

6.1 Introduction
Bond stress refers to the stresses along the tendon-grout/concrete interface that modify the
tendon stresses along the length of the tendon by transferring load between the tendon and the
surrounding grout/concrete. It is defined as a shear force per unit area of tendon surface between
two sections along the tendon which is calculated from the change in tendon tension per unit
length of the tendon divided by the circumference length of the tendon. Bond stress at any
location along the interface, at any load, is thus proportional to the slope of the tendon strain
distribution curve at that point and load. Since there is no direct protocol to experimentally
measure bond stress, most researchers rely on the difference in strains between closely spaced
strain gauges to determine bond stress. The pullout test, however, is a simple test and has been
used by many researchers to study the influence of different parameters on bond behavior. Due to
the lack of uniformity in the bond stress distribution, no theoretical method currently exists for
evaluating bond strength ofatendon embedded in grout/concrete. Hence, 'average/nominal bond
stress/strength' from pullout tests for specified bond length is used in codes of practice.

The efficiency of bond can be conveniently quantified by studying the bond stress versus
rod slippage curves that represent the change in local stress in the rod versus the total movement
of the rod relative to the surrounding grout. The bond-slip relationship is a constitutive law that is
directly analogous to the stress-strain law for grout/concrete or tendon and has the role of a
constitutive relation — relating stress and kinetic quantities— in studying the distribution of
tendon stresses or bond stresses at the tendon-grout interface.

From a bibliographic search, it emerges that, even though many experimental programs
have been conducted to examine the bond characteristics of FRP rods to concrete, very little work
has been published on analytical modeling of this behavior. The use of available bond models
developed for steel bars cannot offer the optimal solution since FRPs and steel have different
material properties and bond failures. Hence, there is a pressing need for the development of
analytical bond models based on the specific properties and modes of bond failure of FRP rods.
The objective of this research was to investigate the local bond behavior of commercially
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available AFRP and CFRP rods to grout embedded in a steel tube. The research also intends to
characterize the effects of FRP rod type, grout type, and bond length on the bond performance of
FRP rods. The experience gained from the experimental work helped to enhance the
understanding of the bond behavior of FRP rods to grout, and is guiding the analytical work in
progress and the design of a bond anchorage system for prestressing applications ofFRP multirod
tendons.

6.2 Experimental program
6.2.1 Variables
The test variables were tendon type, grout type, tube size and bond length. There were
four types of FRP rods, commercially named Arapree, Technora, Leadline and CFCC, used for
this research project. An overview of the FRP rods is shown in Fig. 6.1.
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Fig. 6.1 Overview of FRP rods in the study

The Arapree rod (coded AR) is of a circular cross-section with a diameter of 7.5 mm and
sand-coated surface. The Technora rod (TE) has a smaller bundle of fibers spirally wound around
the rod and attached with resin to improve the bond. The diameter of the rod is 8 mm. The
Leadline rod (LE) is in a rib shape with a circumferential winding transverse to the longitudinal
axis of the rod. The nominal diameter is 7.9 mm. The CFCC (CF) is a 7-twisted wire strand with
a nominal diameter of 7.5 mm. The mechanical properties of the FRP rods were determined using
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specimens cut from the same rods as the ones used in the pullout tests and are summarized in
Table 6.1.

Table 6.1 Physical and mechanical properties ofFRP rods

Tendon

Surface

type

condition

Arapree

Round

Nom.

Cross

dia.

section

(mm) (mm2)
7.5

46.5

sanded

Technora

Spiral

8

50.2

wound

CFCC

1x7x7

7.5

30.4

twisted

Leadline

Indented

7.9

46.1

Ultimate

Ult.

Young's

Data

load

elong.

modulus

Poisson's

source

(kN)

(%)

(GPa)

ratio

Rep.11'2J

60.8 (66.6)

2.40

62.5

0.38

Test 1

64.1

2.45

59.2

0.38

Test 2

61.1

2.25

61.5

0.37

Test 3

63.9

2.34

61.8

0.38

Test mean

63.0

2.35

60.8

0.38

~Rspw~

86.1

3.7

54.0

0.35

Test 1

44.3

Test 2

42.7

Test mean

43.5

-Rep?]-

63.4 (56.9)

1.57

137.3

Test 1

69.2

1.60

140.6

Test 2

65.7

1.56

138.7

Test mean

67.5

1.58

139.7

~R^pTIr

104.0 (120)

1.60

150.0

Test 1

135.0

1.80

168.0

Test 2

134.0

1.70

162.0

Test 3

133.0

1.86

160.0

Test mean

134.0

1.79

163.3

n.a.

n.a.

Note: n.a. = non-available; Values in parentheses are average value with wedge anchorage

system; Source: [1]. JSCE 1997; [2]. Hassani and Khan 1993; [3]. Noritake et al. 1993.

Experimental results have shown that the FRP rods exhibit a linear stress-strain
relationship up to a stress near failure, without exhibiting any yielding like that observed for steel,
as shown in Fig. 6.2. The characteristic tensile strength of CFRP CFCC or Leadline rods or
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AFRP Technora rods is equal to or higher than that of prestressing steel, while the characteristic
tensile strength ofAFRP Arapree rods is 73% that ofprestressing steel. The modulus of elasticity

of FRP rods is lower than that of prestressing steel by 29.7% for CFRP rods and by 72% for
AFRP rods, respectively.

One type of resin grout (coded RM) and two types of cement-based grouts CM and EM
were used as bonding agents. The resin grout is a traditional resin mortar, consisting of five parts
of epoxy resin, one part of hardener and five parts of Ottawa sand, by weight. The two types of
cement grouts have a water-cement ratio of 0.3 and 1.0% of superplasticizer solids, by mass, of
cement. The cement grout CM was made from Type 10 SF cement (Blended Type I cement
containing 8% silica fume) and 50% of sand by mass of cement. The cement grout EM was made

by adding 0.005% of swelling agent by mass of cement to grout CM. The physical and
mechanical properties of the cement grouts are presented in Table 5.1.

,/ / Prestressing steel

0.0 0.4 0.8 1.2 1.6 2.0 2.4

Tensile strain (%)
Fig. 6.2

Typical tension stress-strain behavior ofFRP and steel tendons

The anchorage sleeves were a cylindrical steel tube with 25.4 mm (1 in.) inner diameter
and 35 mm (1.375 in.) outer diameter. The modulus of elasticity and Poisson's ratio are 195 GPa
and 0.3 respectively. According to the theory of a thick wall cylinder, the modulus of elasticity of
the equivalent infinite rock medium with a Poisson's ratio of 0.25 is 73 GPa. The bond lengths
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used were 40 mm and 80 mm. From the preceding description, if a specimen has the following

characteristics: rod type (AR), grout type (RM), and bond length of 40 mm, the designation of
this specimen would be ARRM40. Tables 6.2 and 6.3 indicate the designations for all the
specimens.

6.2.2 Test Specimens
Fourteen groups of anchorage types were tested. All FRP rods were cut into 1500 mm
lengths, inserted into the steel tube and axisymmetrically bonded with the grout as the anchorage
model at one end of the rod. The bond length in the different specimens was varied by placing a
plastic sleeve around the rod as a bond breaker between the rod and grout (Fig. 6.3) and sealed
with silicon for preventing water evaporation. At the other end, the rod was embedded in a
traditional resin grout for anchoring. Three or more specimens of each group were tested at 28
days after grouting. A list of the specimens, indicating rod type, grout type, and bond length, is
provided in Tables 6.2 and 6.3.

6.2.3 Test Procedure
The pullout tests on the anchorage types were conducted following a procedure similar to

the Standard Test Method for Bond Strength ofFRP Rod (ACI 440K 1999). Each specimen was
inserted into the test frame of a universal testing machine and the anchorage specimen was seated
on a steel-bearing cylinder with a 25 mm hole in the center. A hollow spherical seat against the

moving platen of the testing machine supported the steel plate with the rod passing through the
hole. At the other end, two steel wedges locked against the fixed platen of the test machine
gripped the resin bond anchorage. Static, monotonically increasing loads were applied at a rate of
10-20 MPa/min during the test. The internal load cell monitored the pullout load. Rod
displacements were measured using two Linear Voltage Differential Transducers (LVDTs) fixed
on the surface of the rod at a predetermined distance from the surface of the grout at both the
loaded end and the free end. Measurements of load and displacement were taken every 5 seconds
by a computer controlled data acquisition system. Fig. 6.4 shows the set-up of the laboratory
pullout tests. The measured displacement results from two superimposed factors: the elongation
of the FRP rod itself, and the slip of the rod with respect to the surrounding grout.
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Table 6.2 Summary ofpullout test results of specimens for AFRP rods

Maximum
load

Residual
load

Residual slip

Failure slip

(mm)

(mm)

(kN)

Loaded end

Free end

Loaded end

Free end

13.30

4.80

1.10

0.87

3.24

3.01

ARCM40-2

11.57

5.10

1.58

1.34

2.93

2.69

ARCM40-3

13.70

5.30

0.76

0.44

2.53

1.83

ARCM40-4

17.10

5.30

1.72

0.07

2.00

ARCM40-5

12.20

5.00

1.28

0.02

2.10

ARCM40-6

11.30

3.20

1.18

0.02

1.20

AREM40-1

17.30

4.00

1.15

0.91

3.21

2.04

AREM40-2

17.30

4.00

0.61

0.0

3.42

0.95

AREM40-3

14.60

4.20

1.91

1.26

3.12

1.66

AREM40-4

12.30

3.20

1.25

0.07

1.32

AREM40-5

10.80

3.30

1.08

0.06

1.23

AREM40-6

11.70

3.50

1.18

0.08

1.35

AREM40a-l

11.80

3.70

1.27

0.06

AREM40a-2

12.70

2.90

1.33

0.08

AREM40a-3

11.10

2.70

1.20

0.01

ARCM40P-1

8.90

3.30

0.73

0.29

1.38

ARCM40P-2

8.90

3.20

0.89

0.19

1.46

ARCM40P-3

10.40

4.80

1.13

0.09

1.38

AREM80-1

19.90

5.00

1.25

1.18

3.84

2.34

AREM80-2

24.20

5.00

1.78

0.78

4.88

3.97

AREM80-3

17.60

4.80

1.07

0.77

4.61

2.89

AREM80-4

17.80

4.80

1.78

1.83

AREM80-5

18.50

5.20

1.89

2.10

AREM80-6

23.70

7.30

2.42

2.56

ARRM80-1

27.70

6.80

3.74

2.46

6.21

4.93

ARRM80-2

23.30

6.05

0.98

0.53

5.18

3.96

TERM80-1

12.8

0.76

0.68

4.96

2.42

TERM80-2

12.4

0.74

0.13

3.26

1.57

TERM80-3

13.9

2.47

1.26

3.85

2.01

Specimen

(kN)

ARCM40-1

5.6

Note: All specimens failed by pullout, except specimen ARRM80-1 that failed due to the low
anchoring capacity of the grip. Specimens for Technora rods failed due to the detachment of the
spirally wound fibers, a = grout curing in air without sealing, and P = steel pipe with an inner
diameter of 21.4 mm and wall thickness of 2.6 mm.
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Table 6.3 Summary ofpullout test results of specimens for CFRP rods

Maximum
load
Specimen

(kN)

CFCM40-1

Residual
load

Residual slip

Failure slip

(mm)

(mm)

(kN)

Loaded end

Free end

Loaded end

Free end

9.3

2.8

1.31

0.40

27.44

26.55

CFCM40-2

10.63

4.1

0.97

29.99

27.57

CFCM40-3

9.78

4.7

0.5

0.2

26.16

25.54

CFRM80-1

36.6

6.0

1.39

0.48

8.12

5.40

CFRM80-2

37.3

5.0

1.46

0.22

8.05

5.72

CFRM80-3

36.8

7.4

LECM40-1

21.54

LECM40-2

24.10

7.00

4.55

4.30

8.50

8.10

LECM40-3

16.70

6.70

4.78

4.62

9.45

9.02

LECM40-4

22.00

7.50

4.13

3.96

9.02

8.83

LECM40-5

20.92

5.50

LECM40-6

30.08

10.00

LECM40-7

24.83

3.70

LECM40-8

28.48

LECM80-1

43.4

15.1

4.52

4.42

8.10

7.90

LECM80-2

45.7

15.0

4.57

4.12

8.76

7.43

LECM80-3

47.4

14.7

4.44

4.19

8.26

6.56

LEEM40-1

26.3

12.0

3.73

3.44

7.2

6.85

LEEM40-2

25.5

11.4

3.75

3.26

7.45

6.68

LEEM40-3

16.50

6.50

5.18

4.58

9.03

8.36

LEEM40-4

19.80

7.00

5.35

LEEM40-5

24.20

7.50

3.95

8.38

LEEM40-6

16.00

3.60

3.07

9.66

LEEM80-1

36.1

16.7

4.41

3.95

7.76

6.59

LEEM80-2

38.5

14.0

4.26

0.88

7.75

5.37

LEEM80-3

36.3

LERM80-1

29.6

13.6

4.42

3.67

9.15

8.60

LERM80-2

27.6

7.5

2.42

LERM80-3

25.6

10

4.27

3.82

9.63

8.54

3.58

8.80

9.67

Note: All specimens failed by pullout, except specimen LEEM40-2 that failed due to the low
anchoring capacity of the grip.
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6.3 Bond behavior of cement grouted anchorage for FRP tendon
In the pullout tests, the load and displacement values were used to calculate the
corresponding nominal bond stress and slip. The values of nominal bond stress were calculated as
the pullout resistance force divided by the surface area of the tendon embedded in the grout with
the assumption of uniform bond stress distribution along the bond length. Accordingly:

T

7=-—

(6-1)

ndL

where T = applied pullout load; d = tendon diameter; and L = bond length of the tendon.

The slip values were calculated as the net displacement after taking into account the
elastic elongation of rods:
8=8mea—8rod

(6-2)

in which 8 = total slip of rod inside grout; <s) = measured total displacement; and 8rod = rod
elastic elongation.

The values of 8^ were measured continuously at increasing loads and at a distance from
the surface of the grout by the two LVDTs as indicated in Fig. 6.4. The rod elongation was

calculated as 8^ = (TS)/(E^ A^), where T = applied pullout load; S = the distance between the
top of the bond length and the measuring point of the LVDT; A^ == the cross-sectional area of
tendon; and E^ = the elastic modulus oftendon.

Failure was defined as the point of maximum pullout load. The corresponding maximum
nominal bond stress and slip values were then defined as those values occurring at the point of
failure. The ratio of maximum load to slip at failure at the loaded end is defined as nominal
anchorage stiffness, which is expressed by:

k,=^
;

c>

~~

"(

or

k,=^
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(6-3)

Steel tube

Free end

Loaded end
FRP tendon

&V "aiSWS-.

f Plastic sealer

40 (80)

T

Cement grout \ plastic tube

50
-^\^ —— ^4

A-A

Fig. 6.3 Geometry of anchorage specimens for local bond tests (unit: mm)

LVDT
Anchorage
specimen

Steel plate
Spherical seat
Testing machine
Data acquisition
system

FRP Tendon

LVDT
Bond anchorage

Fixed support

Fig. 6.4 Set-up of laboratory pullout tests
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Residual load was defined as the average of the pullout resistance when the rod slips
constantly after failure. The corresponding nominal bond stress is defined as the residual one.
The values are given in Tables 6.2 and 6.3. The average values for each group are shown in Table
6.4.

Table 6.4 Average values of pullout test results of specimens

Maximum

Residual

Failure slip

Residual slip

Anchorage

(mm)

(mm)

stiffness

bond stress bond stress
Specimen

(MPa)

ARCM40

(MPa)

Loaded end

14.00

5.08

1.15

0.88

2.90

ARCM40P

9.97

4.00

0.92

0.19

1.41

AREM40

14.85

3.93

1.22

0.72

3.25

AREM40a

12.59

3.29

1.27

0.05

AREM80

10.76

2.84

1.37

0.91

4.44

3.07

14.84

ARRM80

13.53

3.41

2.36

1.50

5.70

4.45

10.81

TERM80

6.48

2.79

1.32

0.69

4.02

2.00

9.85

CFCM40

10.51

4.10

0.93

0.30

27.86

26.55

10.69

CFRM80

19.58

3.25

1.43

0.35

8.09

5.56

25..80

LECM40

23.75

6.78

4.49

4.29

8.99

8.65

5.26

LECM80

22.92

7.52

4.51

4.24

8.37

7.30

10.09

LEEM40

21.54

8.06

4.22

3.76

7.89

7.30

5.07

LEEM80

18.62

7.73

4.34

2.42

7.76

5.98

8.53

LERM80

13.90

5.22

4.35

3.75

9.39

8.57

6.35

Free end Loaded end Free end
2.51

(kN/mm)
11.51
10.25

1.55

11.44
9.37

6.3.1 Pullout load-slip behavior
The pullout behavior of cement-grouted anchorages was expressed by load-displacement
curves. As can be seen in Tables 6.2 and 6.3, all specimens failed when the FRP rods were pulled
out of the grout, with the exception of specimens ARRM80-1 and LEEM40-2, in which the rods

slipped from the grip. Typical load-slip relationships of the FRP tendons installed in steel tubes
are shown in Figs. 6.5 and 6.6. The load-slip curves present ascending (pre-peak) and descending
(post-peak) phases. In the ascending phase, a linear relationship between load and the slip is
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identified, testifying to an elastic relationship. At a certain point, the curve deflects from linearity

with additional slip and load, the load increases significantly for a given increase in slip at the
loaded end until the maximum pullout (peak) load is reached. The load transfer from the FRP
tendon to the grout depends mainly on adhesion and mechanical interlock. The latter contributes
most to the total load for tendons with a deformed surface. The ultimate tensile capacity occurs
once the slip begins at the free end, while the corresponding slip has apparently happened at the
loaded end. It implies that the bond stress distribution at the tendon-grout interface is non-

uniform along the bond length. The peak bond stress initiating at the loaded end of grouted
anchors introduces a progressive bond failure propagating towards the tail of the anchorage.

In the descending phase, grouted FRP anchors exhibit a sharp decrease in pullout capacity
with an increase in slip and thereafter present a lower and oscillating residual pullout capacity.
This implies that the residual pullout capacity depends not only on the friction resistance, but also
on the mechanical interlocking between the rod and grout.

It is observed from the pullout test results that the performance of grouted FRP anchors
differs from that of the grouted steel strand anchors investigated by Benmokrane et al. (1995).
First, the pullout behavior in the post-peak phase is different. Grouted FRP anchors exhibit a
sharp decrease in the pullout capacity with an increase in slip, and thereafter present a lower and

oscillating residual pullout capacity, while grouted steel anchors exhibit a higher and almost
constant tensile capacity, even though the slip increases significantly. Secondly, the bond failure
mode is different. The bond failure of grouted steel strand anchors is due to crushing of the grout
and is controlled by the strength of the grout, while the bond collapse of grouted FRP anchors is
due to detachment of sand grains (Arapree rods) or the spiral fibers (Technora rods), or due to the

longitudinal shear of the FRP rod deformations and/or the injected grout flutes (Leadline rods and
CFCC). FRP failure typically governs the FRP/grout bond. Chaallal and Benmokrane (1993) also
found a difference of bond behavior between FRP and conventional deformed steel
reinforcements. The bond strength ofFRP rods does not vary linearly with the square root of the
concrete compressive strength as in the case for steel reinforcement. Such a difference in bond
behavior between FRP and steel rods is due to the fact that the mechanical properties and shapes
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of the FRP rods can strongly influence their pullout behavior, and that FRP rods are not
homogenous like steel, but have good chemical adhesion to grout.

(a) Arapree

40

35 4

Loaded end

30

10

--••-• Free end

25

?0

'^

p^

5

10

15

20

25

30

Slip (mm)

40

(b)

Technora

Loaded end
- Free end

5 ^^s^s-^^t-s^^a^^^f^
10 15 20

25

Slip (mm)
Fig. 6.5 Typical pullout behavior of grouted anchorages for AFRP rods
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(a) CFCC

Loaded end
- - Free end

10 15 20

Slip (mm)

25

30

25

30

(b) Leadline
40
Loaded end
" - Free end

10 15 20

Slip (mm)

Fig. 6.6 Typical pullout behavior of grouted anchorages for CFRP rods

6.3.2 Effect of tendon type
The effect of different FRP tendon types on the bond behavior is shown in Fig. 6.7.
Different types of FRP tendons have their own maximum load carrying capacity and
corresponding slip. The mechanical and physical properties of the external layer of FRP rods
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have an important effect on the bond of these rods to grout. Tendons with a larger deformation
profile (Leadline) give higher bond stress, larger failure slip, but smaller anchorage stiffness, in
comparison with smooth sand-coated rods (Arapree), as shown in Table 6.4.

Resin mortar, steel tube, L = 80 mm

-CFCC
Arapree
Technora
•x- — Leadline

10 15 20 25

30

35

Slip at loaded end (mm)
Fig. 6.7 Typical effect oftendon type on the pullout behavior of grouted anchorages

Generally, the bond of FRP rods to grout is controlled mainly by chemical bond, friction
due to surface roughness of FRP rods, and mechanical interlock of the FRP rods against the
grout. In the case of grain-covered rod Arapree, the composition of the resin rich surface layer
and its smoothness are the critical parameters, and bond depends mainly upon the chemical
adhesion and after slip upon friction between grout and rod surface. The bond failure mechanism
involved shearing of the outer coating of the rod, as found by Nanni et al. (1995), and Freimanis

et al. (1998). Sanding provides many small anchoring points distributed over the surface and
leads to an increase of chemical bond, thus resulting in a large increment of bond strength. The
average maximum bond stress of the grouted Arapree rods with 40 mm bond length is up to 14
MPa, close to the results (12.2 - 13.8 MPa) by Katz (1999). Pullout test results from Freimanis et

al. (1998) further indicated that higher bond strengths, similar to those obtained with deeper
indentations, could be obtained with heavier sand coatings. However, sand-covered continuous
fiber rods show good bond performance initially, but the interface between sand grains and rods
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detaches abruptly, with a brittle bond failure. The same findings were also obtained by Maldtani
et al. (1993) from bond tests with beam specimens, and Rossetti et al. (1995) and Katz (1999)
from pullout tests with FRP rods embedded in concrete blocks.

For deformed rods, the deformed configuration of the ribs/indentations is an important
parameter affecting both rib/indentation shear and grout shear, and bond depends mainly on the

mechanical interlocking (rib support/bearing) and friction (Mochida et al. 1992; Nanni et al.
1995). The differences in geometry and in the mechanical properties of fibers and resins,
resulting in the activation of different mechanisms, generate rather different bond resistance.
Therefore, bond anchorages for different types of deformed FRP rods present different pullout
failure mechanisms, nominal bond stress, slip at failure and nominal anchorage stiffness. The
deformed Leadline rods presented indentations obtained by creating grooves in the form of a
single spiral on the surface with impression of a die during manufacturing process, while the
basic circular cross section is maintained. Observations of specimens after the tests showed that
the grout flutes were crushed to a 'compacted powder', which became lodged in front of the
indentations. The rod indentations were also partially sheared off. This failure mode indicated
that a bearing-type (mechanical interlocking) mechanism was activated. In fact, during the
pullout tests, the rod is directly sustained by the interaction between surface deformations and the
grout matrix. Transverse compression and shear deformation in a plane containing the radial and
longitudinal directions must be developed. The longitudinal shear modulus of the rod in this
plane is the ruling constitutive parameter for such action. Therefore, bond behavior depends on
the manner in which the interlocking interaction possibly activates. This is influenced by the rod
geometry (spacing and dimension of indentations), the grout properties, and mainly the
mechanical characteristics of the rod.

In some conditions, deformed rods do not develop interlocking mechanism. Deformed
Technora rods obtained by gluing a fiber spiral on the outer surface, presented a bond behavior
similar to that of smooth rods with little mechanical interlock. The bond collapse is due to the
detachment of the spiral, while the grout remains uncrushed. The maximum bond stress is lower,
only 6.48 MPa. An analogous behavior have been reported by Chaallal and Benmokrane (1993),

and Malvar (1995) from pullout tests on GFRP smooth rods around which glass-fiber strands
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were wrapped and bonded with polyester resin. Katz (1999) further found that, when the external
layer of the rod was thick and was made of a different polymer with low mechanical properties,
small values of bond were obtained (4.0 MPa).

For CFCC specimens, bond collapse was due to unwinding of the twisted CFCC stands.
Observation of the interface indicated that the grout surface remained not cmshed significantly,
whereas the outer surface of twisted cable was strongly damaged. CFCC stands develop bond by
friction between the grout and their uneven surface, demonstrating the same friction resistant type
as braided shaped rods. The same findings were also obtained by Kanakubo et al. (1993),

Yamasald et al. (1993), and Hattori et al. (1995).

6.3.3 Effect of anchorage bond length

-LECM40-2
-^-LECM80-2

10 15 20 25

30

35

Slip at loaded end (mm)
Fig. 6.8

Typical effect of bond length on the pullout behavior ofgrouted anchorages (Leadline

rods)

Tests with two bond lengths were conducted to investigate the effect on the tensile
capacity and bond behaviour. Pullout test results on Arapree and Leadline tendons indicated that
the bond length has an insignificant effect on the shape of the load-slip curves, however both the

108

tensile capacity and anchorage stiffness increase, while bond strength decreases with the increase
in bond length as shown in Fig. 6.8 and Table 6.4. This implies that the bond stress distribution is
not uniform along the bond length for FRP tendons. That also agrees with the monitoring test

results by Khin et al. (1996). The larger the bond length, the less uniform is the stress
distribution. This can explain the decrease in the average maximum bond stress with the increase
in bond length, even though the maximum tensile capacity increases. Therefore, the bond length
for investigating local bond properties should be as short as possible.

The pullout tests on CFCC tendons presented an irregular result for the shorter anchorage
specimens (40 mm long). The load-slip behavior presents a progressive drag after failure (Fig.
6.9) and the nominal bond stress is lower than that for longer specimens (Table 6.4). The fact is
that the bond anchorage specimens were just placed on the spherical seat of the testing frame, and
were not fixed from rotation of the specimen. Based on the observation of the tests, the shorter
anchorage specimens rotated to unscrew the cable due to friction between the twisted
deformation of the cable and grout during pullout loading. The pullout load was progressively
decreased with the decrease of the restraining force for the rotation of the specimen, giving rise to
a lower nominal bond stress than that for the longer specimens. Hence, the progressive
unscrewing with the pullout of the cable results in the anchorage having a decreasing tensile
capacity - a drag load-slip curve. This test phenomenon indicates that the fixity condition of the
specimens has an effect on the pullout behavior, especially for twisted strand tendons. On the
other hand, the bond length should not be too short to represent the actual bond characteristics
and failure mechanisms in practice. For the tested CFCC, the twisted pitch is about 80 mm.
Anchorage specimens with 80 mm bond length appear better to reflect the bond behavior of

CFCC to grout than that with 40 mm bond length. It is recommended that the bond length should
be more than one time of the pitch for the tendon consisting of twisted cable strands, and five

times the diameter of the FRP rods. Laldji and Yong (1988) have also observed the same
phenomenon from pullout tests of steel strands embedded in 100 mm grout cubes and found that
a progressive tightening or wedging action appears to operate above a threshold embedment. The
increase in resistance to motion with slip is more likely to be due to 'lack of fit' of the strand in
the grout channel. The marked resistance is generated with bond lengths of 51 mm or above.
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Fig. 6.9 Typical pullout load-slip curves of 40 mm long anchorage for CFCC

6.3.4 Effect of grout type
The grout type has an effect on the bond characteristics, but not on the shape of the loadslip curves, for bond anchorage ofFRP rods as shown in Fig. 6.10. Test results also indicate that
the introduction of a swelling agent in grout EM decreases its compressive strength, modulus of
elasticity, but increases its Poisson's ratio, in comparison with those of grout CM as shown in
Table 5.1. The bond strength and anchorage stiffness are increased by using EM to bond the
AFRP Arapree rods, but decreased for CFRP Leadline rods, as shown in Table 6.4. Previous
pullout test results have also indicated that using non-shrinking and expansive cement grouts can

achieve higher bond strength (Aoyagi et al. 1994; Khin et al. 1996; Lees et al. 1995; Nanni and
Thomas 1996). It is likely that the swelling agent creates swelling pressure during curing, which
effectively improves the frictional bond resistance at the tendon-grout interface. Therefore, the
grouted Arapree rods using EM mortar exhibit slightly higher bond strength and anchorage

stiffness due to the fact that the coated FRP rods develop their bond strength mainly by the
adhesion and frictional shear resistance at the rod-grout interface. The composition of the resinrich surface layer and its smoothness are the critical parameters. On the other hand, deformed

FRP rods like Leadline develop bond strength essentially by mechanical interlock mobilizing the
full column of cement grout in shear (bearing of the rod indentation against the grout). The
deformed configuration of the ribs/indentations is an important parameter affecting both
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rib/indentation shear and grout shear (Mochida et al. 1992; Namii et al. 1995). This point was
also confirmed by visualizing the failure modes at the rod-grout interface when rods were pulled
out of the grout column. Higher strength grout would improve the bond behavior of deformed
FRP rods. Therefore, Arapree rods behave differently in terms of bond strength due to their sandcoated surface in comparison with other deformed rods.

As shown in Table 6.4, the designed cement grouts CM and EM have slightly lower bond
strength for Arapree rods, but higher bond strength for Leadline rods, in comparison with
conventional resin grout (RM). It can be concluded that the designed cement grouts are suitable
and have adequate strength to bond FRP rods.

LEEM80-1
LECM80-1
LERM80-1

10 15 20 25

30

35

Slip at loaded end (mm)
Fig. 6-10. Typical effect of grout type on the pullout behaviour of grouted anchorages (Leadline

rods)

6.3.5 Effect of anchorage confinement
Pullout tests were also conducted to investigate the effect of anchorage confinement on
the bond behavior of grouted Arapree rods. As shown in Table 6.4, Arapree rods grouted in steel
pipes with 21.43 mm inner diameter and 2.6 mm thick wall have an average bond strength of
9.97 MPa, lower than those grouted in steel tubes with 25.4 mm inner diameter and 4.8 mm thick
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wall (14.0 MPa), although the former has thinner grout cover. From the equations of elasticity of
a thick-walled cylinder, the modulus of elasticity of an equivalent infinite rock mass in reference
to performance as a ground anchor can be calculated from the following equation:
1+v, r^-r^

Er=E!''^^-2.^^ (6-4)
where Er = the modulus of elasticity of the equivalent rock mass; Est = the elastic modulus of
anchorage sleeve (steel tube or steel pipe); r^ = inner radius of anchorage sleeve; r? = outer radius
of anchorage sleeve; Vr = the Poisson's ratio of the equivalent rock mass; v st = the Poisson's ratio
of anchorage sleeve.

The modulus of elasticity of the equivalent rock mass with a Poisson's ratio of 0.25 is 73
GPa for the steel tube and 57 GPa for the steel pipe, respectively. It can be concluded that the
elastic modulus of the equivalent rock mass greatly influences the pullout behavior of the grouted
anchors. The higher the elastic modulus of the rock mass, the higher the tensile capacity, bond
strength and stiffness for the tested grouted Arapree anchors. In fact, the equivalent rock mass
with higher elastic modulus increases confinement or radial stress on the grout. This prevents the
propagation of cracks in the grout and as a result improves the tensile capacity of the grouted
anchors. Earlier theoretical and experimental results also confirm these findings (Benmokrane
1994; Benmokrane et al. 2000).

6.3.6 Effect of grout curing condition
The pullout tests were also conducted on AFRP Arapree rods grouted with EM in steel
tubes unsealed and sealed with silicon. Test results as shown in Table 6.2 indicate that anchorage
specimens sealed with silicon have higher bond strength and stiffness in comparison to those
unsealed, under the same conditions. In fact, the unsealed grout loses water from evaporation so
that the cement has not enough water for hydration and hence the grout has lower strength,
resulting in the unsealed grouted anchorages having lower bond strength and stiffness. It may be
expected that the anchorage specimens cured in a moist environment will present better bond
properties.
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6.4 Empirical modeling
Bond of FRP bars in concrete/grout includes three contributing mechanisms: adhesion
between the surface of the rod and the cement paste, friction caused by the microtexture on the
surface of the rod, and mechanical interlocking produced by the rod deformations. There is no
attempt to experimentally decouple these mechanisms but, in the instances where rod slip takes
place, it can be assumed that adhesion degrades and the remaining bond strength depends mostly
on friction and interlocking. Fig. 6.11 presents a typical pullout load-slip relation ofgrouted FRP
rods. When the applied load is low, the deformations are continuous between the tendon and

grout in all directions and all materials perform elastically. The bond efficiency is controlled by
the chemical adhesion between the rod and grout. No measurable slip of the rod occurs at this
stage. After point A, the chemical adhesion breaks down and bond behavior depends on the
bearing of the rod deformations against the grout. It is believed that microcracks originate at the

tips of rod deformations and this permits the loaded end of the rod to start slipping. The
geometric mismatch between the rod and cement flutes results in grout lateral displacement,

which is determined by the radial stiffness of the confining medium (Hyett et al. 1992;
Benmokrane 1994; Benmokrane et al. 2000). When the radial stiffness is low, the lateral
displacement of the grout annulus is large and the favorable failure mechanism is grout splitting.
If sufficient radial confinement is present, the dilation is suppressed and the failure is more likely
to occur by shear of either the grout flutes and/or the FRP rod lugs/deformations, depending on
their shear strengths. Since the steel sleeve in bond-type anchorages provides a high radial
stiffness, the splitting mode of failure is prevented and the bond development reaches point B
where the free end of the rod starts slipping. After this point, an increase in the rate of rod
slipping is observed due to the progressive shearing of the rod deformations and/or grout flutes.
The rod reaches its maximum bond strength at point C and after point C, failure occurs
progressively on the surface of the rod by shearing off part of the mismatch between the rod and
grout. The bond in this stage is controlled by the frictional action between the partly damaged
surface of the rod and the partly damaged grout surface which contains residuals from the rod.

Since the three mechanisms are not isolated in the experimental procedure, the bond
behavior considered herein is the combined effect from all of them. From the pull-out test results
and analytical models of bond between FRP rods and concrete or mortar (Larralde et al. 1994;
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Malvar 1995; Cosenza et al. 1997; Tighiouart et al. 1998; Benmokrane et al. 2000), the general
shape of local bond stress-slip relationship for FRP rods grouted in steel tubes can be simulated
by the model shown in Fig. 6.11. This model consists of a curvilinear ascending branch, a linear
descending branch, and a flat tail. It includes five parameters (characteristic bond stresses
TO , T^ and T^ , and slips s^ and s^), to be derived empirically. The suggested equations are as
follows:

'm
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Bond slip
Fig. 6.11 Proposed model (Z. B. model) ofbond-slip relationship for grouted FRP rods

For the ascending branch of the bond-slip (s <: Sm)

(6-5a)

T=^0+^n,-T^
5.

For Sm < s < S2, a linearly descending branch given by:

T = T... -

m ' res

S2 ~sm

(6-5b)

(.-„)

and, for s > 82, an horizontal branch given by:

(6-5c)
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Fig. 6.12 Comparison between models and experimental results of ascending branch
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Fig. 6.13 Typical experimental vs. analytical bond stress-slip curves (Arapree rods)
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Fig. 6.14 Typical experimental vs. analytical bond stress-slip curves (Leadline rods)
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Figure 6.12 presents a comparison of analytical models with experimental results. It is
observed that, in comparison with the B.E.P. and C.M.R. models (refer back to Section 3.7.2 for
details of these models), the proposed model (Z.B. model) gives the best agreement with the data,
appearing to be the most suitable formation for the ascending branch. The average values of the
five parameters (characteristic bond stresses Ty, T^ and r^ , and slips s^ and s^) based on the
tested results of this chapter are shown in Table 6.4.

Typical experimental and corresponding analytical local bond stress-slip relationships are
shown in Figs. 6.13 and 6.14. It is observed that the bond behavior ofFRP rods can be simulated
by applying the proposed model relationships for the entire constitutive bond-slip curve.

6.5 Summary
In this investigation, experimental results and modeling on bond properties of cementgrouted anchors have been reported. These results also provide experimental information for the
design of bond-type anchorages for FRP tendons, and also assist practicing engineers in the
design of FRP bond-type anchorages for a wide range of applications in civil engineering. Based
on this study, the following conclusions can be drawn.

The pullout behavior of a bond anchorage for FRP rods differs from that for steel. First, in
the post-peak phase of the pullout test, grouted FRP anchors exhibit a sharper decrease in tensile
capacity for a given increase in slip, and thereafter possess a lower and oscillating residual tensile
capacity. Second, the bond failure modes of steel and FRP anchors is different. The bond failure
of grouted steel strand anchors is due to crushing of the grout and is controlled by the strength of
the grout, while the bond collapse of grouted FRP anchors is due to the detachment of the fiber
spiral or sand grains, or due to the longitudinal shear ofFRP rod deformations and/or the injected
grout flutes. FRP failure typically governs the FRP/grout bond behavior.

The bond behavior and pullout capacity of the grouted FRP rods are influenced by many
factors such as the rod's surface deformations, properties of grouts, bond length and the radial
stiffness of anchorage sleeve (tube). For the conditions of the tests reported herein, FRP tendons

with a larger deformation profile have a higher bond strength and failure slip, but lower
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anchorage stiffness. The tensile capacity and anchorage stiffness increase, but the
average/nominal bond strength decreases, with the increase in bond length. The introduction of
sand to cement grouts appears to improve the bond characteristics. Cement-based grouted
anchorages should be sealed from water evaporation or cured in moist environment throughout.
The tensile capacity of bond anchorages using the designed cement grouts appear to be equal to,
or higher than, that using conventional resin grout.

The addition of swelling agents to a cement grout appears to improve the bond behavior of
"friction type" FRP rods, but to decrease the bond of "rib-bearing type" FRP rods. Both surface
deformations and indentations are acceptable for bond purposes. Deformations merely glued to
the surface are not recommended, since they may become debonded and thereafter fail to provide
any bond per se.

An empirical model (Z.B. model) was developed for predicting the local bond stress-slip
relationship of FRP rods tested in this investigation. It is in better agreement with experimental
data than both B.E.P. and C.M.R. models. The proposed model is thought to be useful for

theoretical analysis for predicting the pullout capacity of grouted FRP rods and in the design of a
bond anchorage system for prestressing applications ofFRP tendons.
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7. PREDICTION OF THE TENSILE CAPACITY OF BOND ANCHORAGES FOR FRP
TENDONS

7.1 Introduction
Currently many anchorage systems have been developed for FRP tendons. Essentially,
they can be classified into three types: clamp anchorage, bond anchorage and wedge-bond
anchorage, depending on the force-transfer mechanisms. Manufacturers and producers of FRP
tendons, such as Leadline, CFCC, FiBRA and Arapree, have developed anchorage systems
suitable for tensile tests and pre-tensioning applications. Industries, engineers and researchers
have established methods to anchor certain types ofFRP tendons with good performance for post-

tensioning applications (Erki and Rizkalla 1993; Holte et al. 1993; Nanni et al. 1996). However,
the available results are limited, the properties of these new anchorages still need to be exploited
and certified through experimental tests and theoretical analyses. There is a primary need for
development of analytical models, calibrated to the experimental results, which a rational
approach to the design of FRP anchorage systems is to be based on. To this purpose, this chapter
presents an analytical model in view of the past test results on the bond behaviour and load
transfer mechanism of grouted FRP tendons. The characteristic bond strength and corresponding
slip are determined from the pullout test results of anchorage specimens with a bonded length of
100 mm, assuming a uniform stress distribution over the bonded length of the rod. A comparison
of the calculated with experimental results are made to demonstrate the effectiveness of the
proposed model.

7.2 Bond behavior of bond anchorages
7.2.1 Bond anchorages
A bond anchorage consists of a steel sleeve, filling mortar and FRP tendons, as shown in

Fig. 7.1. The single or multiple FRP rods are bonded by filling mortar inside a stainless steel tube
(sleeve) in parallel or conically. The inner surface of the sleeve is serrated to increase bond
strength and the outer surface is threaded for the locking nut. The steel sleeve prevents the
swelling and splitting of the filling mortar and also works as a device for fastening the tendon to
the stmcture. The inner surface of the sleeve can be straight, conic or parabolic.
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Fig. 7.1 Scheme of bond anchorages for FRP tendons

The filling mortar of a bond anchorage can be a resin or cement grout. The selection of the
mortar is important for the success of a bond type anchorage. A resin with a low modulus of
elasticity may limit the peak shear stress during load transfer, whereas one with a high modulus of
elasticity is better for long-term creep control. Due to the creep deformation and sensitivity of the
resin to thermal loading and moisture, many companies and engineers prefer to use cement grout,
which is less affected by environmental conditions, to bond FRP tendons to the steel sleeve.
Moreover, non-shrinking and expansive cement mortars are used to achieve higher bond strength
and reduce the anchorage length (Harada et al. 1995; Lees et al. 1995; Khin et al. 1996).

A bond anchorage is suitable for all types of FRP tendons and is most commonly used for
post-tensioning applications. This type of anchorage has been used for CFCC, Leadline and
Technora tendons with a capacity up to 6, 9, and 19 strands/rods, respectively. It has also been
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developed for rectangular type tendons such as Arapree (Erki and Rizkalla 1993; Tokyo Rope
1993;Nannietal. 1996).

The anchorage efficiency, which is the ratio between the tensile strength developed
respectively by the anchorage and the tendon, has been reported to be 100% with CFCC tendons

and Technora rods (Erki and Rizkalla 1993; Nanni et al. 1996). Rostasy and Budelmann (1993)
have successfully designed a bond-type anchorage, named the HLV-anchorage, to anchor 6 to 19
(|)7.5 GFRP Polystal rods. Static mpture tests proved that the anchorage had an anchorage

efficiency of 96% with an ultimate strain of 3%. EMPA and BBR Ltd., a Zurich based R & D
company, have developed a patented anchorage system for CFRP stay cables by using a gradient
potting material, which is composed of equally-sized granules made of aluminium oxide coated
with a layer of epoxy resin. Test results have shown that the anchorage efficiency is 92%. Two
anchorages of this type, each containing 241(|)5 parallel CFRP rods, have been used for a stay

cable bridge in Switzerland (Meier and Meier 1996).

7.2.2 Load transfer mechanism
For a bond-type anchorage, there is a contact element (or a so-called transition zone) at the
interface of the tendon and grout. TMs contact element transfers the displacement and stress between
the tendon and the grout. When the tendon is tensioned, shear stresses and radial pressures actmg on
the surface of the tendon and the grout are induced through the contact element. Unless the strains of
the grout and tendon are the same and constant over a length, the tendon attempts to move or slip in
relation to the surrounding grout.

When the tensile load is low, no debonding occurs and the anchorage system performs
elastically. The load transfer between the tendon and grout depends mainly on adhesion up to the
initial bond strength. Slip occurs once adhesion is destroyed. However, this movement is
restrained by mechanical interlocking due to the geometric mismatch between the tendon and the
grout flutes. The bond stress increases significantly with a given increase in slip right up to the
peak value. The load transfer from the tendon to the grout depends mainly on mechanical
interlocking.
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After the peak bond stress is reached, the mechanical interlocking between the tendon and
the grout disappears progressively due to the shearing off of the geometric mismatch and/or grout
cracking, depending on the radial stiffness of the confining medium. When the radial stiffness is
low, the lateral displacement of the grout annulus due to shear dilation is large and the resulting
failure mechanism is grout cracking. When the radial stiffness is high, the dilation is suppressed

and the failure is more likely to occur by shearing off of either the grout flutes or the FRP rod
deformations, depending on their shear strengths. Since the steel sleeve in bond anchorages
provides a high radial stiffness, the latter failure mode is more common. Therefore, the tendon
will be pulled out along a cylindrical frictional surface with a constant residual bond strength. The
load transfer from the tendon to the grout depends mainly on the friction acting on the grouttendon interface.

7.2.3 Parameters affecting the bond behavior of FRP tendons
A pull-out test is a practical method to investigate the effect of different parameters on the
bond behaviour of an FRP tendon in concrete or anchorage mortar. Under monotonic loading
three types of bond failures are typical: the shear of the FRP rod lugs (ribs or surface deformation
by fibers wound spirally), the shear of the concrete/mortar flutes, and the crack splitting of the
concrete/mortar (Hyett et al. 1992; Mochida et al. 1992).

Previous results have indicated that the bond of FRP rods to concrete/mortar differs from
that of conventional steel rods (Larralde and Silva-Rodriguez, 1993; Malvar 1995; Uppuluri et al.
1996; Benmokrane and Chennouf 1997a and 1997b). Steel rebars are completely homogenous;
while FRP rods have a fiber reinforced polymer core enveloped by a resin rich outer layer, which
may have embedded sand particles or fibers wound spirally in order to create undulations on the
surface of the rod. These indentations are different from the deformations in steel rebars and are
generally shallower. Thus the bond with concrete is more dependent upon the friction and
adhesion between the rod surface and the concrete. Steel rebars have not significant chemical
adhesion to concrete, and the predominant bond mechanism is the interlocking between the rod
ribs and the surrounding concrete.
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The pullout test results of bond anchorage specimens have also indicated that the filling
mortar should have a non-shrink character to achieve good bonding. The lower the water/cement
ratio, the higher the pullout resistance with an optimum water/cement ratio of 0.3 to 0.4 (Mochida
et al. 1992). The introduction of sand and a swelling agent to the cement-based filling grouts

appears to improve the bond characteristics (Mochida et al. 1992; McKay and Erki 1993).
Furthermore, the host medium (anchorage sleeve) with higher elastic modulus increases the
confining pressure on the grout, and as a result improves the bond of FRP rods to the grout.
However, the effect of the stiffness of the host medium is not significant when it is greater than a
certain value (Benmokrane 1994).

Based on previous studies, the main parameters affecting the bond behaviour of bond
anchorages for FRP tendons are 1) the mechanical properties and surface conditions (rise, width

and pitch of deformed ribs) ofFRP tendons; 2) the type, constituent and strength of filling grout;
and 3) the type and geometry of anchorage sleeve.

7.3 Bond stress and tensile capacity of bond anchorages
The bond stress distribution of a bond anchorage can be obtained by monitoring the axial
strain variation of the FRP tendon in a pull-out test. Fig. 7.2 typically shows the bond stress
versus embedment depth of grouted anchorages for CFRP strands under different load levels
(Khin et al. 1996). Pull-out test results indicated that the strain gauges near the loaded end
registered strains immediately after the load was applied, while those farther away registered
strains at a higher load level. Bond resistance was first developed near the loaded end of the rod.
The greater the load, the longer the bond stress distribution zone. The strains and the
corresponding bond stresses increased as the pull-out load increased. The bond stress near the
proximal end first reached the maximum/peak bond stress. Afterwards, it decreased progressively
with the load increase. The point of the peak bond stress progressively moved away from the
proximal end as the pull increased, but the magnitude of the peak bond stress kept almost

constant (Littlejohn and Bruce 1977; Khin et al. 1996).
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Fig. 7.2 Bond stress distributions from loaded end (Khin et al.1996)

In light of the load transfer mechanism mentioned above and reference to the schematic

distribution of stresses by Rostasy and Budelmann (1993), the bond stress distribution typically
consists of three parts as shown in Fig. 7.3 for a bond anchorage with bond failure. The ultimate
tensile capacity of a bond anchorage occurs when the bond stress at the free end, Tp;ls mobilized
to equal the magnitude of the residual bond stress, r^ . This ultimate stress distribution is
essential to the theoretical model proposed in this chapter for determining the tensile capacity of a
bond-type anchorage.

From Fig. 7.3, the following equations are derived:
r.,=r,+7,+7-3

/=/i+^+/3

(7-1)

(7-2)

where T^ = the ultimate tensile capacity ofabond-type anchorage; T^ = the tensile load of part j
(j = 1, 2 and 3); 1 = the total bonded length of the anchorage; and lj = the length of part j, /, < /.
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a) Partl:CuryeA-BinFig.7.3(0^^<^)
In Part 1 the anchorage system performs elastically and no debonding occurs. Since the
modulus of elasticity of the steel tube (E ) is about an order of magnitude greater than the grout

and the elastic tensile rigidity of the steel tube is much higher than that of the FRP rod, the FRP
rod may be regarded as an elastic anchor (modulus of elasticity Ep) surrounded by a shearable

grout (modulus of rigidity Gg ) symmetrically positioned in a rigid host medium. If a tensile force
is applied to the rod, this will be transferred to the grout through bond or shear stresses at the
rod/grout interface, causing differential rod extension and grout shear along the anchor. At a thin
diametrical slice between x and x+dx (Fig. 7.4) this transfer may be represented by

dT±
dx

(7-3)

= 27rr^ r

where T is the axial tensile force of the tendon at distance x,
du,

(7-4)

_^_

lp=cp/lp^x
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considering that the deformation is assumed to be elastic; x = the distance from the free end of the
anchorage; r^ = the radius of the tendon; and r = the shear stress at position x of the grouttendon interface, u = tendon displacement at position x from the free end; and A = the crosssectional area of the tendon.

?-<r^

c^

Tp

Tp +dTp

Tendon

Tp
dx

^

Fig. 7.4 Schematic diagram of forces acting on the unit tendon and grout

Hence Eq. (7-3) becomes:
d2u, 2

(7-5)

-T. =0

dxl E^ 'p

If the grout is thin (^-^<^i), the shear stress (Tp) at the rod/grout interface will be
representative of the shear stress in the annulus; otherwise Tp will be affected by radial changes
in shear stress:
u,

r'-G^

(7-6a)

where
c=r2 ~r\ or r\ ' ln(r2 / r\) (7-6b)
depending on the grout annulus thickness (Farmer 1975); and r^ = the inner radius of the steel
tube (sleeve).
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Substitution ofEq. (7-6a) into Eq. (7-5)leads to
d2u^

"P 7.2

-klu,=0

dx2 " "^

(7-7)

with the standard solution:
u

=c,ekx+c,e~kx

(7-8)

where

kl=^JEpr^

(7-9)

Eq. (7-8) can be solved for any boundary conditions. At lower tensile load levels, no
debonding occurs within the whole anchorage zone. In this case, T = 0 when x = 0; T = T
when x = I. Hence,
C1=C2=^

2EpApk'sii

,

il^Ul.l\

(7-10)

which when substituted back into Eq. (7-8) and then into Eqs. (7-4) and (7-6) gives:
,^sinh(^
^_^
11>=^W
('~l

_ kT cosh(hc)

Tp=27rn

sinh(^)

<</~1

Eq. (7-12) presents the bond stress distribution of a bond anchorage at different load
levels, which decays from the loaded end toward the free end and is very similar to the test results
in Fig. 7.2 at low load levels. The local bond stress increases with the increase of the tensile load.
When the peak bond stress occurs at the loaded end, the corresponding load is the initial
debonding tensile load or the maximum tensile load of Part 1, T^ :

T^=2vm"
k cosl

smh^

(7-13)

With the increase of the tensile load, debonding occurs and propagates toward the free end. The
position of the peak shear stress shifts from the loaded end into the anchorage zone. The
boundary conditions become T p= 0 at x = 0; and Tp = T^ at x= /i. Therefore,
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c-=c2=4%cco^,)

<7-14)

rp=^%,Tsinh(fo) (7-15)
Tm
Tp==
_T^ ^Ycosh{kx) (7-16)

cosh(A:/i)

iTTHTm Sinh(^/l)
k

cosh^/i)

^/-1

The inverse of Eq. (7-16) gives the length over which the shear stress increases from
r^=T,aix=OioTp= T,,, at x= 1,:

1, = ^' ln(m + Vm2-l) (7-18)
k
-;-

where m = -m-, the ratio of the peak shear stress ( T^ ) to the shear stress at the free end (Tg).
Tn

Eqs. (7-6b), (7-9) and (7-18) show that the magnitude of li depends mainly on the
dimensions of steel tube, modulus of rigidity of the grout, elastic modulus and diameter of the
tendon, and bond properties of the tendon to the grout. When TQ is equal to 0.01 T , the
corresponding l^ is equivalent to a transfer length, l^ (Farmer 1975) given by:

/.=5^

(7-19)

b) Part 2: Line B - C in Fig. 7.3 (x^<:x<x^)
Within this range of ^ ^ x < x^, the mechanical interlocking will progressively
disappear. Assume that the bond stress at the grout-tendon interface decreases linearly from the
peak bond strength at x to the residual bond strength at x^, while the corresponding slips are
8 and 8^, respectively (Fig. 7.3). At position x,

T,=^-^T^(^-/,)
'"1

128

(7-20)

(7-21)

^-/,)+2r,,

T =Tj + [2^-rj T dx=T^ +7Tr^(x-l^)
Therefore,

(7-22)

T,=^r,l^+T,J

The magnitude of length 7? varies with the bond slips 8 and 8^. As defined as follows,
slip is measured as the movement of the rod relative to some fixed reference frame, minus the rod
elastic elongation within the distance between the top of the bonded length and the measuring
point. Therefore, bond slip includes the elastic deformation of the rod within the bonded length
plus any rigid body motion of the rod relative to the grout. The axial deformation of the rod may
be calculated by:

^

(7-23)

". = Joff^ = I-;
10 EA
where s is the tensile strain of the tendon at position x.

The bond slip at peak bond stress, 8 , is

(7-24)

(?"=A+io"AE,A,

where A is the rigid body motion of the rod relative to the grout.

From Eqs. (7-21), (7-23) and (7-24), the bond slip within Part 2 is

^

s=s~ + \',,~^Tdx=s" +^lT\T^X-^+^r^x-1^
E.A.

E^

3r... -

T». -T

/.

2^-,,)

where 8 = the rod slip at position x from the free end. Hence,
<?2=<?«+

1
E.A.

2

T,^+^r,(T^+2^)—

(7-26)

or
',=

rlnr,

^+2r^9Tll+n7rEPAP r'^"+2r")^-<?J-37'.) (7-27)
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(7-25)

Eq. (7-27) shows that the magnitude of 7^ depends mainly on the related bond-slip curve
of the anchorage, and the elastic modulus and diameter of the tendon. Therefore, the decreasing
slope of the bond stress within Part 2 and the magnitude of 7? are constant for a given anchorage
system, having no relation with the load levels and bonded length.

c) Part 3: Line C - D in Fig. 7.3 (x ^ x^)
With the increase of the axial deformation of the tendon, the radial and axial
displacements of the grout resulting from the mechanical interlocking reach their ultimate values
and create a constant radial pressure on the tendon on one hand. On the other hand, the transition
element is completely sheared off and conveys a constant bond stress resulting from friction at the
tendon-grout interface (Fig. 7.3). Therefore,

T,=

^

(7-28)

T,=27rr,l,r^

(7-29)

The residual tensile capacity (T^) of the anchorage occurs when the contact element is
sheared off through the whole bonded length, i.e. ,3 = /:
T^=^r,lT^

(7-30)

If the related bond-slip relationship is known, the ultimate tensile capacity of the bond
type anchorage for a single FRP tendon can be calculated from the above equations. The tensile
capacity for multiple tendons is equal to the tensile capacity for a single tendon multiplied by the
number of tendons and a factor considering the interaction between tendons to affect the bond
strength. Therefore, the bond stress-slip relations, especially the characteristic bond strength and
the corresponding slip, are essential to the calculation of the tensile capacity of bond anchorages.

7.4 Experimental verification test
7.4.1 Experimental program
The objective of the pull-out tests was to investigate the bond behaviour of bond
anchorages and to verify the effectiveness of the proposed model. The test program involved
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three types of FRP tendons named Arapree, Technora and Leadline, four types of cement-based
grouts CG1 to CG4 with a water-cement ratio of 0.4, and three bonded lengths of 100, 200 and
350 mm.

The Arapree rod (ARAmid PREstressing Element) is in a circular form with a diameter of
7.5 mm. The surface of the rods is sand coated to improve bond. The Technora rod has a smaller
bundle of fibers spirally wound around the rod and attached with resin to improve the bond. The
diameter of the rod is 8 mm. The Leadline rod is in an indented shape with a circumferential
winding transverse to the longitudinal axis of the rod. The nominal diameter is 7.9 mm. The
physical and mechanical properties of the FRP rods are summarized in Table 6.1. It is shown that
the tested mean ultimate capacity is slightly (5%) lower than that of the reported Arapree rods,
and about 10% higher than the reported Leadline rods.

The cement grout CG1 was a plain grout made from Type 10 Portland cement (ASTM I).

CG2 was also a plain grout but was made from Type 30 Portland cement (ASTM II) with 1% of
superplasticizer solids by weight of cement. CG3 was made by adding 40% of sand by weight of
cement to CG1. CG4 was made from Type SF cement (Blended Type I cement containing 8%

silica fume) with 0.004% of swelling agent by weight of cement and other additives. The physical
and mechanical properties of the four cement grouts are presented in Table 7.1.

The anchorage sleeve was a cylindrical steel tube with 57 mm outer diameter and 3 mm
wall thickness. The FRP rod was inserted into the tube and bonded with the cement grout. The
bond-free length of 50 mm above the bonded length was obtained by covering the rod with a thin
plastic tube (Fig. 7.5). Four samples of each type of anchorage specimen were tested using a
Universal Testing Machine at 28 days after groutmg. The rate of loading was fixed at 22 kN/min.
During the tensile tests, the applied load was monitored with a load cell. The FRP rod
displacements were measured using two LVDTs on the surface of the rod at a predetermined
distance from the surface of the grout. The readings from the load cell and LVDTs were collected
using a data acquisition system. More details about the experimental tests and procedures for
measuring the loads and displacements are presented in Fig. 6.4 (p. 101) and Chennouf(1998).
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Table 7.1 Physical and mechanical properties of cement grouts at 28 days
Compressive

Tensile

Young's

Grout

Cement

strength

strength

modulus

Poisson's

type

type/constituents

(MPa)

(MPa)

(GPa)

ratio

CG1

Type 10

62.6±0.1

3.3±4.0

17.4±0.9

o.n±o.oo

CG2

Type 30

63.5±2.6

3.8±0.3

18.6±2.0

0.11±0.01

CG3

CG1+ sand

57.7±2.8

4.1±0.2

22.9±1.4

0.10±0.01

CG4

Type SF +

41.0±3.8

4.5±0.5

16.7±0.0

0.12±0.00

swelling agent

Free end

Steel tube

Loaded end

2r2 =51
2r, =57
-^

-<-

100(200,350)

50

-^1^—^4

A-A

Fig. 7.5 Geometry of bond anchorage models (unit: mm)

7.4.2 Expression of test results
The pull-out behaviours of cement grouted anchorages were expressed by load-slip curves,
characterized by maximum and residual loads. The slip values were calculated as

(7-31)

s=smea-sbar
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in which 8 = rod slip along the bonded length; 8 = measured total displacement; and 8^ = rod
elastic elongation.

The values of 8^ were measured continuously with the corresponding loads by the

LVDTs. The rod elongation was calculated from 8^ = (T S}/\E A ), where T = the applied
load; and S = the distance from the top of the bonded length to the measuring point of the LVDT.

Bond stress (shear stress) refers to the stresses along the rod-grout interface, which modify
the rod stresses along the length of the rod by transferring load between rod and the surrounding
grout. Therefore, bond stress, T, is defined as a shear force per unit area of rod surface between
two sections along the rod. It is given by:

^

1 dT^

=—-^

(7-32a)

ITT; r^ dx

Due to non-uniformity in the bond stress distribution, no theoretical method currently
exists for calculating the bond strength of FRP rods embedded in concrete or mortar. An average
bond stress/strength obtained from the pull-out tests is used in current practice (JSCE 1997). In
this chapter, bond stress was calculated by dividing the pull-out resistance force by the surface
area of the tendon in contact with the grout with the assumption of uniform bond stress
distribution for a bonded length of less than 13 times rod diameter:

T?
IKY^

=

^-7

(7-32b)

where 1 is the bonded length of the tendon.

Tables 7.2 to 7.4 show the pull-out test results of the specimens. Typical relationships
between the applied load and corresponding slip at the ends of the FRP anchors are shown in Fig.
7.6. The solid line represents the relation of the applied load to the slip at the loaded end of the
tendon. It consists of ascending (pre-peak) and descending (post-peak) phases. The dotted line
represents the relation of the applied load to the slip at the free end of the anchor, consisting of a
descending (post-peak) phase only. In the ascending phase, the load increases significantly with a
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given increase in slip at the tendon head until the peak load is reached. Different types of FRP
tendons have their own peak load and corresponding slip. Tendons with a larger deformation
profile, such as Leadline, give a higher tensile capacity and initial stiffness. In the descending
phase, the load decreases sharply for a given increase in slip, and the residual load depends not
only on the friction resistance but also on the mechanical interlock between the tendon and grout,
showing an oscillating behavior. The ultimate tensile capacity occurs when slip has occurred at
the loaded end, but not at the free end. It can also be deduced and confirmed that the bond stress
distribution at the tendon-grout interface is non-uniform along the bonded length. The peak bond
stress at the front of the anchorage introduces a progressive bond failure propagating towards the
tail of the anchorage.

Table 7.2 Pull-out test results of bond anchorages with a 100 mm bonded length
Maximum

Residual

Slip at loaded end

Tendon

Grout

bond stress

bond stress

Sn,

s,

type

type

(MPa)

(MPa)

(mm)

(mm)

Arapree

CG1

8.2±0.2

2.8±0.1

1.31

3.86

CG2

7.9±0.6

2.5±0.5

1.05

6.10

CG3

8.4±0.5

3.1±0.2

0.72

5.60

CG4

8.7±0.6

2.6±0.3

0.66

4.18

CG1

12.3±0.5

3.3±0.2

2.34

7.66

CG2

7.9±1.9

2.4±0.2

2.30

6.48

CG3

12.3±0.4

3.3±0.4

1.78

7.8

CG4

13.2±1.2

3.8±0.7

2.50

6.50

CG1

13.1±2.1

4.1±0.2

3.32

9.6

CG2

10.6±0.7

3.1±0.3

2.97

9.95

CG3

12.4±2.3

4.4±0.8

2.61

8.70

CG4

14.4±1.9

5.6±0.3

2.90

6.40

Technora

Leadline
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Table 7.3 Theoretical and experimental results with 100 mm long anchorage specimens
e rrif

ult ^ ult

T:,

Tendon

Grout

T.n

type

type

(MPa)

(MPa)

(kN)

(kN)

(%)

Arapree

CG1

8.2

2.8

19.4

17.18

11.4

CG2

7.9

2.5

18.6

17.14

7.8

CG3

8.4

3.1

19.9

18.25

8.3

CG4

8.7

2.6

20.6

17.58

14.7

CG1

12.3

3.3

30.9

27.74

10.2

CG2

7.9

2.4

20.0

18.09

9.6

CG3

12.3

3.3

31.0

27.92

9.9

CG4

13.2

3.8

33.3

29.2

12.3

CG1

13.1

4.1

32.6

30.67

5.9

CG2

10.6

3.1

26.7

25.0

6.4

CG3

12.4

4.4

30.8

29.13

5.4

CG4

14.4

5.6

35.8

33.16

7.4

Technora

Leadline

res

T:,,

-?,

ult

Note: T^ and T^ are the experimental and theoretical ultimate load bearing capacities
respectively ofabond-type anchorage.

7.5 Comparison of theoretical and experimental results
The test results of anchorage specimens with a bonded length of 100 mm are summarized
in Table 7.3 and used to define the characteristic bond strength and corresponding slip of the
bond anchorage in this chapter. It is observed from Tables 7.1 to 7.3 that the strength of the
cement grouts has an insignificant effect on the bond characteristics. The cement grout CG2
shows poor bond strength probably due to the autogenous shrinkage of this grout made from Type
30 cement. The introduction of sand and a swelling agent to the grout (CG4) improves the bond
behaviour. Every type ofFRP rod has its own bond behaviour with cement grouts. Bond strength
depends mainly on the condition and quality of the mated interface of the tendon and grout. The
indented deformation (Leadline) shows the highest bond strength in comparison with the sand
coated (Arapree) and fiber wound (Technora) types.
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Table 7.4 Theoretical and experimental results of bond anchorages with grout CG4

Bond

'e

^n:

ulf

res

^,
Hit

•e rj^t

ulf JL ult

T:,,

Tendon

length

type

(mm)

(MPa)

(MPa)

(kN)

(kN)

(%)

Arapree

100

8.7

2.6

20.6

17.58

14.7

200

26.9

29.16

-8.4

350

37.1

38.85

-4.7

33.3

29.2

12.3

200

55.6

50.21

9.7

350

67.9

67.9

0.0

35.8

33.16

7.4

67.6

60.94

9.9

Technora

Leadline

100

100

13.2

14.4

3.8

5.6

200

Note: TJ and T^ are the experimental and theoretical ultimate load bearing capacities
respectively of a bond anchorage.

The theoretical tensile capacity of the anchorage is determined from the equations
established above. There are two cases of 1 > (li + y and 1 < (li + \z) in calculating the tensile
capacity. In the former, the capacity can be calculated directly by applying the equations
established above. In the latter, the ultimate tensile capacity occurs when the bond stress at the
free end, TQ , is equal to the bond stress at the loaded end, which is larger than the residual bond
strength. From Eqs. (7.2), (7.18) and (7.20), TQ is determined by the following function:

(7-33)

—•lnlm+A/mz -11-/+

The lengths of Part 1 and Part 2 are then obtained from Eqs. (7.2) and (7.18)
/,„=/-/,

(7-34)

where ,3 = the actual length of part 2 in the case of 1 </i + ,3.
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Fig. 7.7 shows the two typical theoretical ultimate bond stress distributions of bond
anchorages with different anchorage lengths. For the case of 1 < /i + ,3, the bond stress
distribution is related to the anchorage length. The shorter the anchorage length, the more uniform
the bond stress distribution. Therefore, the characteristic bond strength for a bond anchorage can
be obtained by pull-out tests for a shorter anchorage length. Fig. 7.7 also shows that the longer the
anchorage length, the less uniform is the stress distribution. This explains why the average
ultimate bond stress decreases while the anchorage length increases, even though the ultimate
tensile capacity increases.

Table 7.3 shows the theoretical tensile capacities of 100 mm long bond anchorage
specimens for different types of FRP tendons and grouts. In comparison with the experimental
data, the theoretical model provides lower magnitudes oftensile capacity with a difference of less
than 15% of the test values. Therefore, the test results of the anchorage specimens with 100 mm
bonded length may be used as the bond law of the anchorage system to determine the tensile
capacity of relevant anchorage systems.

Table 7.5 Theoretical and experimental results of bond anchorages for Technora-6 rods

Steel pipe

Bonded

•e rrt

^—"^xlOO
T:,,

Outer dia.

Inner dia.

length

(mm)

(mm)

(mm)

(kN)

(kN)

(%)

41

36

250

35.8

40.1

-12

400

39.3

50.8

-29

250

38.3

40.1

-5

400

51.8

50.8

2

48

43

e

^,
ult

Hit

Note: Experimental results obtained by McKay and Erki (1993).

Table 7.4 shows the experimental and theoretical results of the anchorage specimens with
different bonded lengths. The comparison of the calculated versus experimental results shows a
difference of less than 15% for the tested specimens. The test data in Table 7.5 were obtained from the
work ofMcKay and Erki (1993). The anchorage specimens were made from single Technora-6 rod
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Fig. 7.7 Calculated stress distributions of bond anchorages at ultimate loads
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grouted with non-shrinkage cement mortar inside a steel pipe. The Technora-6 rod has a diameter
of 6 mm with a spiral wound surface. The modulus of elasticity and Poisson's ratio are 52.95 GPa
and 0.35, respectively. The calculated results are based on the assumption that the non-shrinkage
cement mortar has the same bond behaviour as grout CG4, considering that their constituents are
almost same. Theoretical versus experimental results show that most of them have good
agreement with a difference less than 12%, except one with 29%. The larger discrepancy may be
caused by the lower experimental results.

7.6 Summary
A conceptual model for predicting the tensile capacity of bond anchorages for FRP
tendons has been presented. The study involved experimental verification tests and a theoretical
calculation of the tensile capacity of bond anchorages. A comparison of theoretical versus
experimental results has been reported. It should be noted that many parameters affect the bond
behaviour of grouted FRP tendons, including dimensions and properties of the steel cylinder,
geometry and properties as well as constituent of the tendon, and grout properties. Further
extensive tests are required to fully disclose the effects of different parameters on the local bond
behaviour and stress distribution so as to improve the analytical model fully dedicated to FRPs.
Based on the study, the following conclusions are drawn.

The characteristic bond strength and the corresponding slip of a bond anchorage with a
thick steel tube depend mainly on the surface conditions of the tendon and the mechanical
properties of the grout, having no relation with the bonded length and load level. The transfer
length and the slope of the bond stresses from peak bond stress to residual bond stress due to
debonding are constant for a given anchorage.

The bond stress distribution at the ultimate loading state is related to the anchorage length.
The longer the anchorage length, the less uniformity in the distribution; and vice versa. This
explains why the average ultimate bond stress of an anchorage decreases with the increase of
anchorage length, even though the ultimate tensile capacity increases. This also confirms the
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assumption that the bond strength of a bond anchorage can be obtained by pull-out tests with a
bonded length of less than 13 times rod diameter.

Based on the pullout test results of anchorage specimens with a 100 mm bonded length,
the comparison of the calculated and experimental results shows a good agreement. The
difference between the theoretical and experimental results is less than 15% for 100 mm, and

10% for 200 and 350 mm bonded lengths. The proposed analytical model and equations can be
used to predict the tensile capacity of bond anchorages.

When the type and constituent of FRP tendons and the cross-sectional sizes of steel tubes
are selected, the characteristic bond properties of the FRP tendon to grout may be determined by
simple pull-out tests. Therefore, the proposed model may be used to determine the critical bonded
length of the anchorage for developing the ultimate tensile capacity ofFRP tendons.
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8. INVESTIGATION OF NEW BOND-TYPE ANCHORAGES

8.1 Introduction
The recent increase in the use of FRP rods as concrete reinforcements and prestressing
tendons has resulted in renewed interest in the bond, upon which the load capacity of a reinforced
and prestressed structure ultimately depends, which is mobilized at the interfaces between the
FRP rod and grout (or concrete). The bond resistance is a key issue in the analysis of the behavior
of prestressed and reinforced concrete structures; in fact, for an effective reinforcing action, it is
necessary that the rods bond effectively to the concrete. For prestressed structures, the
prestressing forces should be transferred by bond to the structure via bonded length (pretensioning structures) or bond type anchorages (post-tensioning structures). Bond between FRP
rods to concrete/grout is difficult to quantify, yet critically important to the performance of a wide
variety of structures and bond type anchorage for post-tensioning applications with FRP rods.
This bond has been assessed with many different laboratory tests. One commonly used method is
the pull out test. In such tests, a tensile load is applied to the reinforcement and transferred to the
grout by the deformation ribs of the rebar.

A considerable amount of data has lately been obtained on the bond of FRP rods to
concrete/grout such as bond values, complete slip behavior during pullout obtained by analyzing
curves of pullout load or bond strength versus slip of the rod, and the distribution of the bond
along the rod. It is possible to observe that the bond of FRP performs differently from that of
conventional steel because of the different manufacturing of the outer surface and of substantial
material differences in both longitudinal and transverse directions. FRP rods are generally
manufactured by pultrusion where the longitudinal fibers are drawn through a resin bath and then
pass through a die, which gives the rod its final shape. Unless additional treatment is given, the
pultrusion process results in rods with a fairly constant cross section and a smooth surface, which
prevents good adhesion, or bonding, to the surrounding grout or concrete. Moreover, some
manufacturers add a protective coating on the rod at the end of the manufacturing process that
makes the rebar surfaces even smoother. Thus additional means, such as embedding sand
particles and wrapping a fiber string around the rod before the resin sets, are usually needed to
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improve the bond. However, the undulations on the surface of FRP rods differ from the
deformations in steel rebars and are generally shallower. The bond of FRP rods to concrete is
more dependent upon the friction and adhesion between the rod's surface and the concrete than
on the mechanical interlocking between the rod deformations and the surrounding concrete.
Furthermore, FRP rods are anisotropic materials. Shear and transverse properties of the rod are
dominated by the resin while longitudinal properties are influenced by the fibers. Resindependent strength may be lower than the concrete/grout compressive strength, thus resulting in a
different bond interaction from that of steel reinforcements with failure due to damage of the
rod's undulations instead of cracking of the concrete. FRP failure typically governs the
FRP/concrete bond (in the case of adequate cover). The bond strength of FRP rods depends
mainly on the shear strength of the rod deformations (lugs). In steel bars, the predominant bond
mechanism is the interlocking between the bar lugs and the surrounding concrete. Bond failure
occurs when the surrounding concrete cracks. Therefore, the bond strength depends considerably
on the tensile and shear strength of the concrete, which are related to -^f where f^, is the
unconfmed compressive strength. In contrast, FRP bars may undergo considerably more slip
before cracking occurs in the surrounding concrete.

With a brief literature review of the mechanics of stress transfer from FRP tendons to
anchorage grout, this study investigates the performance of bond-type anchorages for CFRP
monorod tendons. The test program included pullout tests, cyclic loading tests and creep tests.
Experimental results and discussion are presented. Recommendations for designing a bond-type
anchorage system are made for multirod tendons.

8.2 JVlechanics of stress transfer from FRP tendon to anchorage grout/concrete
The mechanics of stress transfer by bond between FRP rods and concrete/grout has been
investigated by many authors, with reference to several types of rods characterized by various
surface configurations, by different quality and quantity of fibers, and by the use of different
resins as binders. From the experimental results it is possible to observe that the bond of FRP
rods to concrete/grout is controlled by several factors, mainly by the type (mechanical properties),
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size and surface deformation patterns of FRP rods, properties of grout/concrete, and the degree of
confinement on the FRP rods.

Under monotonic loading of FRP rods embedded in concrete, two failure modes are
typical: shearing failure of the rod deformations when ample confinement is provided to the rod,
and splitting failure of the concrete cover when the cover or confinement is insufficient to obtain
a pullout failure. The splitting failure is obviously fracture dominated and caused by the wedge
action of the rod deformations. The wedging produces confining pressure from the surrounding
concrete and is balanced by circumferential tensile stresses around the rod. These stresses cause
formation of radial splitting cracks that lead to a sudden loss of bond resistance (Bazant and
Sener 1988). Splitting failure depends mainly on the strength of concrete, the thickness of
concrete cover, and the pattern and geometry of rod deformations.

Shearing failure occurs after the rod deformations shear or cmsh the concrete/grout in the
front of the rod deformation, thus producing a pullout along a cylindrical frictional surface. The
shearing failure is also of a fracture mechanics type since it is propagating and progressive. The
shearing failure starts from the loaded end and then propagates toward the free end as one
deformation after another shears or crushes the concrete in front of the deformation. After the
shearing has progressed over the entire length of the embedment of the rod, the force drops and

then the remaining pullout is resisted only by friction, which is nonsoftening (plastic) in nature
but occurs at a force lower than its previous maximum (Bazant and Sener 1988). Shear failures
depend primarily on the pattern and geometry of rod deformations, the shear strength of the resin
and grout, and the degree of confinement on the rod.

In engineering practice, splitting failure should be prevented and shearing failure is
expected. Bond between a FRP rod and grout can be attributed to adhesion, mechanical interlock
and friction, depending upon the stage of bond development and the nature of the rod surface.
Adhesion is related to the shear strength of the rod-grout interface, and is the result primarily of
the physical and chemical interlock between the microscopically rough rod surface
(imperfections) and the cementitious material. Bearing forces perpendicular to the deformation
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face arise as the rod is loaded and tries to slide. These bearing forces, in turn, give rise to
frictional forces along the rod-grout interface. During initial pullout, the chemical bond
(adhesion) is the main resisting mechanism. No real slip occurs, and the observed slip is
comprised of local deformations adjacent to the bar surfaces. The bond stress versus slip curves
for a rod loaded monotonically and failing by pullout of rods is very steep and linear, testifying to
an elastic relationship. As the loading continues, stress concentrations occur at the front of the rod
deformations and initiate shear cracks in the rod deformations and/or in the grout flutes. The
shearing of the weaker material eventually disrupts adhesion and friction and/or mechanical
interlock come into action. At this time, significant slip may be observed. The load-slip curve
deviates from linearity with additional slip and load, until maximum load is obtained. The
magnitude of the slip at which the maximum bond is attained has a very large scatter, and will
depend primarily on the initial bond stiffness. This, in turn, depends strongly on the deformation
patterns and confining conditions of the rod. Because of friction and interface shear, some
capacity will exist even if the slippage is large (Zellers et al. 1996). Based on previous test results
and observations, the mechanism of load transfer along the interface between FRP rods to
concrete/grout may be classified into two types: one is the friction-resistant type, while the other
one is the bearing-resistant type (when the mechanical interlock becomes dominant).

8.2.1 Friction-resistant type FRP rods
Friction-resistant type FRP rods include plain rods (smooth, grain-covered, sand-blastedtype rods), spiral glued-type rods, braided rods, and twisted strands. Bond for plain rods depends
mainly upon chemical adhesion and after slip upon friction. There is also some interlocking due
to the roughness of the rod surface. Results from previous studies have indicated that the bond
between smooth rods and concrete is governed mainly by the contact pressure between them, the
coefficient of friction and the transverse modulus of elasticity of the FRP. The shape of the bond
stress-slip relation is characterized by a low value of maximum bond strength and by a flat branch
after the peak value. The bond strength is not dependent on the concrete strength; in fact the
concrete around the rods is stressed lowly by the bond mechanism and microcracks are absent.
Moreover, experimental tests with varying the fiber and the resin of FRP rods have shown that
the friction component of bond strength essentially depends on the resin quality; in fact the
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difference in smoothness of the resin influences the bond. The finish and composition of the resin
rich surface layer of an FRP rod are the critical parameters. As a confirmation, Nanni et al.(1995)
studied the experimental behavior of smooth glass-vinyl ester rods after removing the resin-rich
layer. The experimental results showed an increase in the bond strength (five times higher than
unaltered smooth rods) due to the "skin-removed-effect", proving that the rod surface condition
clearly affects the bond strength.

The influence of the smoothness of the outer surface on the bond behavior of plain rods is

confirmed by the experimental results for sanded rods obtained by Makitani et al. (1993) from
bond tests with beam specimens, and Rossetti et al. (1995) and Katz (1999) from pullout tests
with FRP rod embedded in concrete blocks. In fact, sanding provides many small anchoring
points distributed over the surface and leads to an increase of chemical bond, thus resulting in a
large increment of bond strength. Pullout test results from Freimanis et al. (1998) further
indicated that higher bond strengths, similar to those obtained with deeper indentations, could be
obtained with heavier sand coatings. However, sand-covered continuous fiber rods show good
bond performance initially, but the interface between the sand grains and rods detaches abmptly,

with a brittle bond failure.

Spiral glued-type rods, obtained by gluing a fiber spiral on the outer surface, present a
bond behavior similar to that of plain rods with little mechanical interlock. The experimental

results obtained by Chaallal and Benmokrane (1993), and Malvar (1995) from pullout tests on
GFRP smooth rods around which glass-fiber strands were wrapped and bonded with polyester
resin have shown that the bond collapse is due to the detachment of the spiral, while the grout
remains uncrushed. The bond resistance is due to the adhesion and friction, and the peak bond
values are similar to the smooth rod's values, confirming the observed mechanical behavior. Katz
(1999) further found that, when the external layer of the rod was thick and was made of a
different polymer with low mechanical properties, small values of bond were obtained (4.0 MPa).

An analogous behavior was also observed by Kanakubo et al. (1993) and Hattori et al.
(1995) in the case ofpullout tests of braided rods and twisted stands embedded in concrete cubes.
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Observation of the interface after testing indicated that the concrete surface is not significantly
crushed, whereas there is strong damage to the rod surface. The bond is developed by friction
between the concrete and rod's uneven surface, showing a very low dependence on concrete
strength.

8.2.2 Bearing-resistant type FRP rods
Bearing-resistant type FRP rods include indented rods and ribbed-type rods. Bond for
these deformed rods depends primarily upon strength and the mechanical action of deformations
on the rod surface rather than on adhesion and friction. The effect of chemical adhesion is small
and friction does not occur until there is slip between the rod and concrete, which can occur in
two ways: (1) the ribs can split the concrete by wedging action, and (2) the ribs can cmsh the
concrete (Tepfers 1979).

Rib parameters are a significant factor in bond performance. The bond tests developed on
deformed or stressed rods by different researchers show better performance with much higher
values compared to the smooth rods; nevertheless a large scattering of the bond strength is
present due to the different manufacturing of the outer surface, including different materials
(fibers and resins) and different geometry (spacing and size of ribs), since no standards have been

developed so far (Mochida et al. 1992; Cairns and Abdullah 1994; Al-Zahrani et al. 1996).

During pullout tests, the rod is directly sustained by the interaction between the surface
deformations and the concrete matrix. For indented and ribbed rods to be pulled through the
surrounding rigid concrete, transverse compression and shear deformation in a plane containing
the radial and longitudinal directions must be developed. The longitudinal shear modulus of the
FRP rod in this plane is the ruling constitutive parameter for such action. Therefore, bond
behavior of the indented and ribbed rods depends on the manner the interlocking interaction
possibly activates; this is influenced by the rod geometry (spacing and dimension of
indentation/ribs), the concrete properties, and mainly the mechanical characteristics of the rod, as
pointed out by Cosenza et al. (1997).
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Concrete properties influence the bond ofFRP rods only when the surface deformations of
the rod have a sufficient bearing strength. In fact, it is possible to observe that, when the surface
deformations of FRP rods do not posses the strength and stiffness characteristics to produce
cracks in the surrounding concrete, the bond of the rod is independent of the concrete strength, as

confirmed by the pullout tests conducted by Chaallal and Bemnokrane (1993) on glass fiber
deformed rods embedded in high strength concrete and in normal strength concrete, and Al-

Zahrani et al. (1996) on machined glass-vinyl ester rods (deformed rods obtained by machining
the smooth rod with a lathe) embedded in concrete with different compressive strengths. When
FRP rods have the right characteristics (i.e. high shear strength, high stiffness, optimum
deformation geometry) to provide enough lateral confinement through rib bearing, there is a
dependence of bond strength on the compressive strength of concrete; however this influence is
lower than for steel rebars, whose bond behavior is influenced by the strength of the concrete

matrix only (Malvar 1994; Hattori et al. 1995).

The inclination of the bearing face of the ribs affects bond behavior. Ribbed rods with a
steep rib face slope tend to slip less than similar bars with less steep ribs. Previous studies on a
deformed steel rod in concrete have shown that ribs having face angles of 90° (with respect to the
rod axis) cannot push the concrete outward (no wedging action). The friction between the rib face
and the concrete is sufficient to prevent relative movement at the interface when face angles are
larger than 40°. The consequence is that slip is due almost entirely to the progressive crushing of
the concrete paste structure in front of the ribs. A wedge of crushed concrete (compacted powder)
becomes lodged in front of the rib and moves along with it. This, in effect, produces ribs with
face angles of 30 to 40°. The movement is therefore independent of the rib face angle when this
exceeds about 40°. If the rib face angle is reduced below 30°, the friction between rib face and
concrete is insufficient to prevent slip on the rib face. Slip is therefore due primarily to the
relative movement between the concrete and the steel along the face of the rib, and secondarily to
some crushing of the mortar (Lutz and Gergely 1967; Tepfers 1979). These findings are helpful to
explain why the deformed FRP rods with different face angles show different bond behavior.
With face angles less than 30°, stressed rods, braided rods and twisted strands show a friction-
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type bond; while indented and ribbed rods (face angles more than 40°) show a bearing-resistant
type bond.

8.3 Experimental program

The objectives of this study are to investigate the critical bond length and service
performance of the bond-type anchorage system. The obtained results also provide information
for the design of FRP multirod anchorages for post-tensioning applications in practice. The test
program included pullout tests, cyclic tensile tests and creep tests on anchorage specimens for
FRP monorod tendons. One type of CFRP deformed rod, commercially named Leadline,
manufactured by Mitsubishi Chemical Corporation in Japan was used for this study. The CFRP
rod is an indented shape with a circumferential winding transverse to the longitudinal axis of the
rod and has a nominal diameter of 7.9 mm, as shown in Fig. 8.1. The manufacturer's published

properties of the CFRP Leadline rod are given in Table 8.1 (Mitsubishi Kasei Corporation 1992).
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Fig. 8.1 CFRP deformed rod used in the study

Table 8.1 Published CFRP rod properties
Volume of fiber (%)

65

Guaranteed capacity (kN)

106

Mean ultimate capacity (kN)

120

Longitudinal modulus(GPa)

147

Poisson's ratio

Ultimate strain (%)

1.44

Relaxation ((30 years)(%)

2-3
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On the basis of previous pullout test results, the anchorage sleeve was a cylindrical steel
tube with 25.4 mm (1 in.) inner diameter and 35 mm (1.375 in.) outer diameter. The modulus of
elasticity and Poisson's ratio are 195 GPa and 0.3, respectively. According to the theory of a thick
wall cylinder, the modulus of elasticity of the equivalent infinite rock medium with a Poisson's
ratio of 0.25 is 73 GPa. The inner surface of the sleeve is serrated to increase bond strength to
grout and outer surface is threaded for the locking nut, as shown in Fig. 8.2.

Fig. 8.2 Bond-type anchorage developed for FRP monorod tendons

One type of cement-based grout (CM) was used as bonding agents. The grout was made

from Type 10 SF cement (blended Type I cement containing 8% silica fume) and 50% of sand by
mass of cement with a water-cement ratio of 0.3. The CFRP rod was cut into 1500 mm long
sections, and then inserted into the steel tube and axisymmetrically grouted with the cement
mortar to an assigned bond length at one end of the rod (named loaded end), as stated for the
pullout specimens of grouted FRP rods in Section 6.2.2. At the other end (free end), the rod

protmdes 100 mm length for attaching LVDTs.

Based on the previously established equations for predicting the ultimate bearing capacity
of bond-type anchorages (Chapter 7), the anchorage system with 250 mm bond length can anchor

a load of 112 kN, larger than the guaranteed strength of the CFRP rod (106 kN). Therefore, three
bond lengths of 250, 300 and 500 mm were selected for pullout tests to investigate the critical
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bond length for the anchorage system. Three anchorage specimens were tested for each type of
bond length.

Furthermore, to obtain information about the course of the load transmission from tendon
into tube via the grout, CEA-13-240UZ-120 precision strain gages manufactured by the MicroMeasurements Division, Measurements Group, Inc., were used for monitoring the strain variation
of the tube, as shown in Fig. 8.3. The strain gauges were glued on the outer surface of the steel
tube by M-bond AE-10 adhesive and waterproofed by M-coated G polysulfide-epoxy compound.

Fig. 8.3 Typical instrumentation of anchorage sleeve using strain gauges

8.4 Experimental results and discussion
8.4.1 Pullouttest
The pullout tests on the anchorage models were conducted following a procedure similar

to the Standard Test Method for Bond Strength ofFRP Rod (ACI Committee 440K 1999). The
specimen was inserted into the test frame of a universal testing machine and the anchorage model
was seated on a steel-bearing cylinder with a 25 mm hole in the center. A hollow spherical seat
against the moving platen of the testing machine supported the steel plate with the rod passing
through the hole. At the other end, two steel wedges locked against the fixed platen of the test
machine gripped the resin bond anchorage. Static, monotonically increasing loads were applied at
a rate of 22 kN/min during the test. The internal load cell monitored the pullout load. Rod
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displacements were measured using two Linear Voltage Differential Transducers (LVDTs) fixed
on the surface of the rod at a predetermined distance from the surface of the grout at both the
loaded end and free end, respectively. Measurements of load and displacement were taken once
per 5 seconds by a computer controlled data acquisition system. Fig. 8.4 shows the set-up of
laboratory pullout tests. The measured displacement results from two superimposed factors: the
elongation of the FRP rod itself, and the slip of the rod with respect to the surrounding grout.

WAST Wl
t M*:"l •i^,SA'*i Ktl
;w, rrfs^vmiwi
'a.... 13'

Fig. 8.4 Laboratory pullout test set-up of anchorage specimens

Pullout tests were continued until the specimen failed either by pullout or mpture of the
tendon. Typical relations between the applied load and corresponding slip of the CFRP rod
grouted in the steel tube are shown in Fig. 8.5. It is indicated that the pullout load increases

significantly with the slip until mpture of the tendon. The slip at loaded end is larger than that at
free end, indicating that the elastic extension of the tendon within the anchorage tube, dependent
on the modulus of elasticity of the tendon, influences the slip value of the rod at loaded end. This
phenomenon is also found in previous research (Benmokrane et al. 1999).
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Typical pullout behavior of anchorage specimens (300 mm bond length)

Fig. 8.6 shows typical strain and corresponding shear stress distributions along the
anchorage tube of a 500 mm long anchorage specimen at different load levels. The shear stress is
defined as the axial force variation per shear-bearing area of the tube. Fig. 8.6a indicates that the
strain distribution along the anchorage tube is an exponential style decay with larger strain
existing at the loaded end of the anchorage, demonstrating an elastic load transfer behavior from
the tendon to the tube under the applied load level up to tendon mpture. The length over which
strain occurs is small when the applied tensile load is small and increases with the applied load.
When the load is increased from 21.4 kN to 62.0 kN, the length recording strains increases from
150 mm to 350 mm. When the load is increased to 137.6 kN, which resulted in rupture of the
tendon, the strain occurring at the first half length of the tube from the free end is very small, only
400 |^£ at position of 250 mm away from the free end, and the corresponding tensile load

supported by this part is about 35.5 kN, only 25% of the total applied load. Fig. 8.6b also shows
that the shear stress distribution along the anchorage tube is a decreasing curve from the loaded
end to free end of the anchorage. Under various loading levels, the slopes of the shear stress
distributions along the tube are similar but different peak shear stress and strain-distributing
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length. The peak shear stress at mpture of the tendon is about 6.7 MPa, far lower than the bond
strength of steel threadbar to the grout (13.1 MPa) (Benmokrane et al. 1995). Therefore, a shorter
bond length is expected to anchor the tendon successfully.

Fig. 8.7 shows typical strain and corresponding bond stress distributions along the
anchorage tube of a 300 mm long anchorage specimen at different load levels. Fig. 8.7a shows
that the strain distribution of the tube is different from that of 500 mm long anchorage specimens

(Fig. 8.6a). With the locking nut at the free end (not like the test-set up of the 500 mm long
anchorage specimen with locking nut at loaded end), the style of bond stress distribution is a
saddle shape, exhibiting a higher bond stress near both ends, as shown in Fig. 8.7b. The bond
stress near the center of the tube is almost zero at lower loads and increases with applied load. In
fact, shear stress occurs with the relative displacement. Since the relative displacement of the tube
to grout at both ends of the tube is larger than that at the center due to locking nut anchoring in
one direction or the tendon stressing in another direction, the shear stress is larger at the both
ends. The value of shear stress at the center depends on the combination the two effects. It is also
implied that a shorter anchorage bond length may optimize the shear stress distribution to make it
more uniform.

Fig. 8.8 shows typical strain and corresponding shear stress distributions along the
anchorage tube from the free end of the 250 mm long anchorage specimens at different load
levels. Fig. 8.8a indicates that, at load levels of less than 40.1 kN, the load transmission occurs
mainly at the both ends of the tube where apparent relative displacement between the tube or
tendon and the grout occurs, similar to that of the 300 mm long anchorage specimen. The central
part of the anchorage tube has an almost constant tensile strain when the applied pullout load is
lower than 20 kN. The transmission length increases with the pullout load until the whole
anchorage length is activated. As shown in Fig. 8.8b, sharp changes in bond stress occur near the
free end where the pullout load is applied via the anchorage nut. However, the maximum bond
stress on the tube does not occur at the free end, but at position of 40 mm from the free end. This
fact indicates that the shear stress of the tube depends not only on the radial stress (related to the
surround confining strain) but also on the relative displacement to the grout.
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Typical monitoring results of 500 mm anchorage specimens
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250

All the tested anchorage specimens for mono-rod tendons failed due to mpture of the
tendons as shown in Table 8.2. The rupture of the CFRP rods all occurred at the entry of the
anchorage, around 10 mm inside the grout from the loaded end. The obtained mpture load ranged
from 125.7 to 142.0 kN, with an average value of 134.4 kN and a standard deviation of 5.5 kN,
showing a good agreement with the reported data from the manufacturer. Table 8.2 also shows
that when anchorage specimens fail due to rupture of the tendon, the anchorage capacity is
independent of the anchorage bond length. However, the anchorage stiffness increases with
anchorage length, as shown in Fig. 8.9. This finding also agrees with previous pullout test results
(Benmokrane et al. 2000). It is found that a 200 mm anchorage bond length can achieve an anchor
capacity higher than the tensile strength of the CFRP rods studied.
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Typical effect of bond length on anchorage stiffness

8.4.2 Cyclic loading tests
Cyclic loading tests were also conducted on 250 mm long anchorage specimens to
investigate the effect ofpreloading conditions on their pullout performance. Fig. 8.10 shows a
typical cyclic loading behavior of the developed anchorage for CFRP monorod tendons for 15

158

cycles of repeated loading. It indicates that the apparent anchorage stiffness (the maximum

applied load divided by corresponding slip of each loading cycle) upon reloading is higher than
that found initially, demonstrating that pre-loading conditions appear to benefit the pullout
behavior. This is also observed from the test results reported by Harada et al. (1996). The reason
for this is that during subsequent loading the indentation bears against a compacted nonporous
crushed grout as compared with the porous intact grout during the initial loading. After 3 cycles
of loading, the tested anchorage has a constant stiffness.

Table 8.2 Test results for tube anchorage specimens

Failure load (kN)

Failure mode

137.6

Rupture oftendon

131.5

Rupture oftendon

500-3

130.6

Rupture oftendon

300-1

132.7

Rupture oftendon

134.2

Rupture oftendon

300-3

125.7

Rupture oftendon

250-1

142

Rupture oftendon

141

Rupture oftendon

Specimens

Anchorage length (mm)

500-1
500-2

300-2

250-2

500

300

250

8.4.3 Creep behavior
Following the cyclic load tests, the 250 mm long anchorage specimens were subjected to
sustained load for creep tests. Fig. 8.11 shows typical creep behavior of the anchorage under three

different consecutive loading levels of 57.2 kN (0.54 fpu), 84.1 kN (0.80 fpu) and 104.8 (1.0 fpu)
for about 15 minutes each, where fpu is the guaranteed tensile strength of tendon. The
corresponding creep (increase in slip) of the tendon at the free end is 0.01 mm, 0.07 mm and 0.23
mm, respectively, demonstrating excellent creep behavior.
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8.5 Summary
From the preliminary test results reported herein, it is concluded that bond-type anchorage
systems are able to anchor FRP tendons for post-tensioning applications. The developed cementgrouted anchorages can provide an adequate and simple mechanism for anchoring the FRP rods
discussed herein. The steel tube anchorage with a critical bond length of 250 mm can achieve the
guaranteed tensile strength of the 8 mm diameter CFRP deformed rods with good creep
behaviour. The stiffness of cement-grouted anchorages appears to increase with the bond length
and preloading conditions.

It is recommended to use a bond anchorage system, consisting of a steel tube and a nonshrinking sand-cement grout, to anchor FRP rods. The steel tube should have a serrated inner
surface for improving its bond to grout and a threaded outer surface for the locking nut. The
locking nut should be within the second half part near the anchorage tail, as shown in Fig. 8.12.
The equivalent rock mass of the tube should have a modulus of elasticity of 78 GPa or higher for
good confining conditions. It is proposed that the grout cover be within 5 to 10 mm.

Bearing plate

Steel pipe

Head cap

Bond anchorage

Smooth sheath (PVC)

Tensioning nut
^ 400 mm

Fig. 8.12 Details ofbond-type anchorages as anchor head for the post-tensioning application of

FRP tendons
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9. EVALUATION OF BOND-TYPE ANCHORAGES DEVELOPED FOR
PRESTRESSED APPLICATIONS WITH FRP TENDONS

9.1 Introduction
Fiber reinforced polymers (FRPs) have been widely used in structural applications and
ground anchors since 1980. Two factors initiated the rapid growth of the utilization ofFRP bars
as structural reinforcements, especially in prestressing applications. The first factor is the fast
development of the FRP industry that provides a high performance material with excellent
mechanical and environmental behaviors. The second is the corrosion problem related to steel
reinforcement/prestressing bars in concrete and masonry structures. Reinforcing bar corrosion has
become a multi-billion dollar problem as well as an environmental issue worldwide. Various
methods, such as using epoxy-coated steel, cathodic protection, dense concrete topping, sealers
and membranes, have been used to provide protection against corrosion in steel tendons.
However, the solutions are temporary in nature or have limited scope, with a very expensive
proposition. Another alternative approach would be to replace steel completely with a material
that is more durable and can match the strength and stiffness properties of steel. Corrosion
resistance, high strength and advantageous strength-to-density ratio make FRP a potential
material to replace steel tendons, especially in prestressed applications and aggressive

environments (Neale and Labossiere 1992; Nanni and Dolan 1993; Taerwe 1995; El-Badry 1996;
Saadatmanesh and Ehsani 1998; Dolan et al. 1999; Humar and Razaqpur 2000).

The introduction of FRPs into prestressing technology requires knowledge about the
behaviour of both FRP tendons themselves and the tendon-anchorage assembly so as to provide a
system of very high performance. The anchorage system is important because the anchorage
system, rather than the tendon itself, generally governs the ultimate load bearing capacity of any
post-tensioned system. Because FRP materials are sensitive to transverse pressure and notch
effects, a new anchorage that can fulfill all the technical requirements of tendon-anchorage
assemblage becomes a must (Nanni et al. 1996; JCI 1997; Reda et al. 1997). Depending on the
load transfer mechanism, two types of anchorages are available for prestressed applications with
FRP tendons: wedge-type anchorages commonly used for short-term and prestressing
applications, and bond-type anchorages used for long-term and post-tensioning applications.
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Since the bond of FRPs performs differently from that of conventional steel because of the
different manufacturing of the outer surface and of substantial material differences in both
longitudinal and transverse directions, the current absence of a simple and reliable anchorage
system for post-tensioning FRP tendons constitutes a technical obstacle to the widespread use of
FRPs in post-tensioning structures and ground anchors.

Based on previous research work, a new bond-type anchorage has been developed for

post-tensioning applications with FRP multirod tendons in the Department of Civil Engineering,
University of Sherbrooke. The bond-type anchorage consists of a hollow steel tube inside which
FRP multirod tendons are inserted and then grouted using a certain type of cement-based grout.
As shown in Fig. 9.1, the inner surface of the tube is serrated to increase bond strength, and the
outer surface is usually threaded for the locking nut. The tube is welded to a steel barrel whose
inner surface is threaded (Fig. 9.2a) so that the prestressed force can be exerted through a steel
rebar as with conventional steel anchors. After the FRP tendons are grouted inside the tube, the
grout is sealed using silicone to prevent water from evaporating (Fig. 9.2a).

(a) Anchorage tube (b) Tendon-anchorage assembly
Fig. 9.1 New bond-type anchorage developed for FRP multirod tendons

The study reported herein investigated the pullout, tensile, and sustained loading
behaviours of the anchorage system with CFRP 9-rod tendons. The rod is the same type ofCFRP
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deformed rods with a nominal diameter of 7.9 mm as used for the tests described in Chapter 8.
The deformation of the rod was treated during the manufacturing process by impressing with a
die and creating grooves in the form of a single spiral on the surface, while the basic circular
cross section is maintained. It has been found that this type of CFRP rod has the most promising
configuration for prestressing applications. The CFRP 9-rod tendon has a guaranteed capacity of

906 kN, which is equal to the minimum capacity of a prestressing steel bar with a diameter of 35
mm (950 kN) or 4 prestressing 7-wire steel strands with a diameter of 15.2 mm (227 kN). The
latter two types of tendons are most commonly used as post-tensioned anchor tendons in practice

(Littlejohn and Bruce 1977).

(b) front end (loaded end)

(a) Back end (free end)
Fig. 9.2 Close view of anchorage ends

9.2 Pullout performance of multirod anchorages
Pullout tests have been conducted on the bond-type anchorages developed for CFRP 9-rod
tendons with a bond length of 95 mm. The objective was to investigate the pullout behaviour of
the anchorage for multirod tendons. The obtained results have been used to determine the bond

strength and the critical bond length of anchorage (the minimum bond length beyond which the
anchorage's failure load remains constant and equal to failure or ultimate load of the tendon) for
multi-rod tendons, in comparison with the results for the same type ofmonorod tendons.

The CFRP rods were cut into 1500 mm long sections and then nine rods were distributed
and assembled in parallel, and maintained using Nylon fasteners and plastic spacers. The spacers
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hold each rod in a designed space in relation to each other and ensure centering of the tendon in
the tube so as to facilitate the injection of the filling grout and assure at least a minimum grout
cover for each rod. The developed anchorage was installed at each end of the tendon, consisting
ofapullout test specimen, as shown in Fig. 9.3.

Pullout tests on the anchorage models were carried out using a loading frame as shown in
Fig. 9.3. The load was applied using a hydraulic jack and measured with a load cell. Two LVDTs
fixed at the predetermined position on the tendon from the loaded end were used to measure the
displacement of the tendon. Four CFRP rods of the tendon were instmmented with resistance
strain gauges on their surface outside the bond length to check whether the applied pullout load is
uniformly distributed to each rod. The load cell, resistance strain gauges and LVDTs were
connected to a computer-controlled data acquisition system for collecting readings.

Fig. 9.3 Pullout test set-up ofbond-type anchorages for CFRP 9-rod tendon

The pullout test was stopped when the tendon pulled out; this occurred at a maximum

pullout load of 300 kN. The bond failure was sudden with shearmg-off of the CFRP rod
deformations in combination with the crushing of the grout flutes. As shown in Fig. 9.4, the grout
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in front of the indentations was cmshed into compacted powder, and became lodged in front of
the indentation and moved along with it. The load transfer from the FRP rod to the grout depends
on both adhesion and mechanical interlocking due to geometric mismatch between the tendon
and the grout flutes. Fig. 9.5 shows typical stress-strain curves of the CFRP rods from the

monitoring of the results of the strain gauges fixed at the middle of the free length of the tendon.
As expected, the tensile stress-strain curves are practically linear at all stress levels of the test.
The 9 rods of the tendon were equally loaded with almost the same strain values at each loading
level. The obtained mean ofmodulus of elasticity of the CFRP rod, as obtained from the slope of
the stress-strain curve, is 146.3 GPa, which is in close agreement with the value from the
manufacturer (147 GPa).

Fig. 9.4 Typical pullout failure ofmultirod anchorages

The obtained nominal bond stress, the maximum pullout load divided by the surface area
of the rod in contact with the grout with the assumption of uniform bond stress distribution along

the bonded length, is 14.12 MPa, 62% of that of the CFRP monorod anchorage with a bond
length of 80 mm. Considering that the critical bond length of monorod anchorages is 250 mm
(Chapter 8), the critical bond length for multirod tendons may be expected to be about 400 mm.
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9.3 Proving test results of multirod anchorages
Two 400 mm long anchorages for CFRP 9-rod tendons were evaluated with monotonic
tensile tests, cyclic tensile tests and sustained load tests. As shown in Fig. 9.6, resistance strain
gauges were installed on the surface of the CFRP rods for strain monitoring so as to obtain
information about the mechanism of the load transmission from tendon to grout. The transfer of
forces across the interface by bond between the grout and the FRP rods is of fundamental
importance to many aspects ofFRP bond anchorages for post-tensioned applications. The internal
distribution of forces, tensile behavior and capacity of the anchorage relate directly to the
characteristics of the interfaces. The test specimen consists of two 400 mm long anchorage
models installed at the ends of the tendon. The test set-up is the same as that for the pullout tests
of the 95 mm long anchorages (Fig. 9.3).

9.3.1 Monotonic tensile behavior
Monotonic loading tests were stopped at 557 kN (0.60 fpu) for safety. Figures 9.7 and
Figures 9.8 show the test set-up and typical monotonic tensile load/stress-slip curves of 400 mm
long anchorages for CFRP 9-rod tendons. It indicates that the monotonic tensile behaviour of
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multirod anchorages differs from that of monorod ones. As the applied tensile loads increase,
multirod anchorages demonstrate bond-stiffening behaviour with an increase in anchorage
stiffness (the slope of tensile stress-slip curve); while the stiffness of monorod anchorages
slightly decreases (Fig. 8.9). In fact, multirod anchorages have an interaction effect among the
rods due to the mechanics of load transfer from the tendon to the grout. Bond for indented FRP
rods depends primarily upon the strength and the mechanical action of the deformations on the
rod surface. Longitudinal shear and radial compression stresses on the surrounding grout of the
rods thus occur due to mechanical interlock and increase with the load levels within a stress
range. The increase in radial stress would interact among the rods of the anchorage tendon and
results in an increase in confinement stress on the surface of the rod. This increase in confining
pressures can increase the bond strength of the grouted FRP rods (Malvar 1995). Therefore, the
stiffness ofmultirod anchorages would increase with the applied tensile load.

St<?el barrel Steel tube Strain gauges FRP rods

S. I [Ai\ L

Cement grout

50 100, 100 ^ 100 50
150 i501 100 . 250

50. 150

400

A-A

Fig. 9.6 Tendon-anchorage assembly and gauge positions for CFRP 9-rod tendon

Typical strain distributions in the rod due to various tensile levels are shown in Figs. 9.9a
and 9.10a. The strain distributions along the bond length of the rod exhibit an exponential style
decay with larger tensile strains existing at the loaded end, demonstrating an elastic load transfer
behaviour from the tendon to the surrounding grout under the applied load level. A similar
observation was also reported by Dunham (1976) and Benmokrane et al. (1995) from anchorage
tests of strain-gauged steel bars resin-bonded and cement-grouted, respectively. Figs. 9.9a and
9.10a also show that strains recorded on the central rod are almost equal to that recorded on the
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edge rods with a similar type of distribution along the bond length, indicating that the rods of the
tendon are uniformly loaded as found in the pullout tests.

Fig. 9.7 Overview of setup for tensile and sustained loading tests of 400 mm long anchorages
for CFRP 9-rod tendons

o Tensile stress

Total tensile load

0

Fig. 9.8

1

Slip (mm)

Typical tensile load/stress-slip curyes of 400 mm long anchorages for CFRP 9-rod

tendons

169

As expected, the strain in the free length is constant because no bond exists. In the free
length, the instrumented rods, including the central rod and three side rods, present almost the
same strain level under each loading, demonstrating that each rod of the tendon was equally
loaded. The obtained mean modulus of elasticity of the rod is 149.0 GPa, which agrees closely
with the previous test result and the manufacturer's reported value.

The gradients of the strain distribution curves represent the rate of load transfer (shear
stress) from the tendon to the surrounding grout. The corresponding distribution of bond (shear)
stress, defined as a shear force per unit area of tendon surface between two sections along the
tendon, and calculated from the change in tendon tension per unit length of the tendon divided by
the peripheral length of the tendon, is shown in Figs. 9.9b and 9.1 Ob. The strain value at the
loaded end of the tendon was set equal to the strain on the rod measured outside the anchorage (at
the free length) and that at the free end was considered to be zero. This indicates that, under
various loading levels, the profile of shear stress distributions along the rods are similar. There
exists a sharp tendon stress distribution in the first half part of the anchorage bond length from
the loaded end. The peak bond stress occurs near the loaded end (about 50 mm inside the
anchorage). The bond stress on the rod is almost uniform in the other half part. Normally, the
bond stress distribution is a decreasing curve from the loaded end to the free end corresponding
to the distribution of the rod's elastic elongation (pullout effect), on one hand. On the other hand,
the anchorage steel tube is supported at the free end and has a decreasing elastic elongation from
the free end to the loaded end, resulting in a corresponding longitudinal shear stresses on the rod
due to bond. This is almost the same effect as to push the rod into the grout. The combination of
these two effects (pullout and push-in) would make the bond stress more uniform than that when
the anchorage tube is supported at the loaded end. This finding has been confirmed by combined

pullout and push-in tests conducted by Abrishami and Mitchell (1996).

Monitoring of the results also shows that the largest peak bond stress among the
monitoring rods of the tendon is 10.1 MPa, which occurs in the central rod under a tensile load of
557 kN. Provided that the monotonic tensile load is increased until the peak bond stress at the
central rod proportionally reaches 14 MPa, the bond strength of the anchorage system for 95 mm

170

anchorage bond length, it is expected that the 400 mm long anchorage can support a tensile load
of at least 820 kN, 90% of the guaranteed capacity of the tendon.
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9.3.2 Cyclic tensile behavior
The two anchorage specimens were also evaluated following a procedure as described in
British Standard under the name of "Proving tests on ground anchors" (BSI 1989). The designworking load (T^) of the anchorage was defined to be equal to 0.50, (/ is the guaranteed
capacity of the tendon). The initial seating load or datum load (7^.) was about 0.05,^, and then
the load was increased in cyclic stages to 0.20 f^ , 0.30 f^, 0.40 / , 0.50 / , and 0.60 / , and
finally stopped for safety. The objectives were to check whether the tensile behaviour of the
anchorage is acceptable in accordance with existing codes of practice and that the bond losses are
low. The acceptance criteria are that the apparent free tendon length should be not less than 0.90
of the design free anchor length (0.9 Ld, lower limit) nor more than the design free anchor length
plus 0.50 of the design fixed anchor length (Ld + 0.5 Lf, upper limit) for composite anchorages

(BSI 1989; DIN 4125 1990). For the anchorages reported herein, the design free anchor length is
considered to be the distance from the measuring point of the LVDT to the grout surface, and the
apparent free tendon length is calculated from the load/elastic displacement data following
testing, to indicate the length of the tendon which is apparently decoupled from the surrounding
grout from the measuring point of LVDT. The apparent free tendon length for each loading stage
reveals the extent of debonding occurring at the top part of the bond length, and consequently the
effective load-transfer zone over the anchorage bond length can be determined.

The measured values of load and displacement from the tests can be illustrated by loaddisplacement curves Fig. 9.11 a. The total displacement and plastic displacement were monitored
by the LVDTs installed for each loading stage. The elastic extension displacement curve is
deduced from the load-displacement curve and used to see whether the variation of apparent free
tendon length satisfies the acceptance criteria. The slip curve (hysteresis of the load-unloading
curve) makes it possible to judge the quality of the host medium and tendon-grout interface. As
shown in Fig. 9.1 Ib, the apparent free tendon length remains almost constant up to a load level of
about Q.20f^, and then increases slightly with the applied load (the tensile load versus elastic
elongation curve becomes close to the upper limit). The elastic extension cmve of the anchorage
remains inside the limit range, demonstrating an acceptable tensile behaviour. The corresponding
anchorage stiffaess, the slope of the slip curve, increases with the applied loads up to 0.45 f^, and
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then decreases gradually. In fact, previous test results have indicated that the apparent free tendon
length increases with applied tensile load due to elastic elongation of the tendon within the
anchorage, and the anchorage stiffness decreases due to slip caused by crushing of the grout in
front of rod indentations and elastic shear deformation of the rod indentations (Benmokrane et al.
2000). On the other hand, due to the interaction ofradial compressive stresses on the surrounding
grout of the rods caused by load-transfer from tendon to grout, the bond behaviour of the rod
would be improved with an increase in anchorage stiffness as explained in the monotonic tensile
tests. This has a tendency to reduce the apparent free tendon length. The combination of these
two effects may reveal the above findings.
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Fig. 9.11 Typical cyclic tensile behaviour of 400 mm long anchorage specimens for CFRP 9rod tendons

9.3.3 Sustained load behavior
Sustained load tests were also conducted on the multirod anchorage specimens
immediately after the cyclic tensile tests. The anchorage was reloaded from the seating load to
0.55,^ and then the jack pump was locked off for long-term behaviour monitoring in
accordance with British Standard (BSI 1989). Both load-relaxation and creep-displacement are
important, but load is proposed as the major parameter to be monitored since anchorages are
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designed for structural purposes in the main and working loads with load safety factors specified.
Thus the client and engineer are concerned if the load reduces. In addition, load is relatively
simple to monitor and also sensitive to the displacement of the anchorage bond length. The
objective of this test is to investigate the losses of prestressed load in anchorages. The obtained
information is very important to re-evaluate the design load and factors of safety, and to ensure
that the anchorage load remains higher than the load necessary for adequate structural
performance.

BaseLVDT -A-TopLVDT -^ Nor. load

0

40
0

2468

10

Time (week)
Fig. 9.12 Typical changes in prestressed load of 400 mm long anchorage specimens for CFRP
9-rod tendons

Figure 9.12 illustrates the sustained loading behaviour of the anchorages over a period of
9 weeks. It should be noted that the monitored losses of the prestressed load result from two
superimposed factors: the relaxation of FRP rod itself, and the relaxation of the two bond-type
anchorage specimens. The load variation versus time curve clearly indicates that the long-term
behaviour of the prestressed anchorages consists of two distinct phases in terms of load changes
or rate of prestress losses: phase I, with a duration of up to 1 week after locking-off of the
anchorage, where rapid losses of load are recorded, and phase II where losses of load are small
with a small and constant rate of loss of load for the observed period. A substantial load loss up
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to 57% of the final load loss corresponding to a period of 9 weeks is observed at the end of phase
I. Benmokrane and Ballivy (1991) also reported a similar observation from the monitoring of
load losses on prestressed cement-grouted rock anchors. It was found that the load loss occurring
at 6 months (end of phase I) ranged from 51 to 75% of the load losses recorded at 62 months.

Figure 9.13 shows a diagram of load losses in the anchorage from readings of the load cell
within the first 10 days (15 000 min) and the corresponding acceptance criteria for residual loadtime behaviour. It shows that the rate of load loss for the specific observation periods is well
below the permissible losses of load after allowing for temperature, structural movements and
relaxation of the tendon, demonstrating a satisfactory sustained-loading performance in

accordance with British Standard (BSI 1989).
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Fig. 9.13 Comparison of prestressed load losses in 400 mm long anchorage specimens for
CFRP 9-rod tendon with acceptance criteria

9.4 Summary
A new bond-type anchorage has been developed for post-tensioning applications of FRP
multirod tendons in the construction and rehabilitation of concrete structures such as bridges,

176

buildings and parking garages. The developed anchorage system was evaluated by tensile test and
sustained load tests with CFRP 9-rod tendons. Monitoring of the load distribution of the
anchorages would provide a complete imagine of anchorage loading and re-evaluate the original
design and factors of safety. The developed anchorage system is also being used as the anchor
head of a full-scale model test of CFRP 9-rod anchors to investigate the serviceability for field
applications. The obtained results provide experimental information for the design of bond-type
anchorages for FRP rods and also assist practicing engineers in the design of FRP anchors for a
wide range of applications in civil and mining engineering. From the preliminary test results, the
following conclusions can be made.

The monotonic tensile behaviour of a multirod anchorage differs from that of a monorod
one. Multirod anchorages have an interaction effect among the rods of the tendon due to the
mechanics of load transfer from the rod to the surrounding grout, showing an increase in
anchorage stiffness with the applied load (bond-stiffening behaviour). However, the bond
strength of the developed multirod anchorage is 14 MPa for a bond length of 95 mm, which
corresponds to 62% of that ofmonorod anchorage with a bond length of 80 mm.

Monitoring results from the strain gauges bonded on the surface of the rod indicated that
the applied tensile load is uniformly distributed among the rods of the multirod tendon. The strain
distribution of the anchorage is exponential along the bond length, demonstrating elastic load
transfer from the tendon to surrounding grout under the tested load level. The corresponding
shear stress distribution is a descending curve with a sharp tendon stress distribution in the first
half part of the anchorage and a nearly uniform shear stress in the other half part. The peak bond
stress occurs near the loaded end (about 50 mm inside the anchorage).

The developed anchorage system is easy and economical to fabricate and assemble, and
has reliable performance. It would be suitable for other types of FRP tendons, including aramid
and carbon FRP rods with different deformations. 400 mm long anchorages show an acceptable
tensile behaviour for each loading stage investigated, and is expected to develop at least 90% of
the tensile strength ofCFRP (Leadline) 9-rod tendons.
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Monitoring of the long-term behaviour for up to 9 weeks of the prestressed anchorage
specimens indicates two distinct phases in terms of prestress losses. Phase I is reflected by a
stabilizing but fairly rapid loss of load with time, occurring within a period of one week.
Thereafter, a small and constant rate of load loss is observed (phase II). The anchorage shows
acceptable sustained loading behaviour for the specific observation periods in accordance with
existing codes of practice.
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10 FULL SCALE LABORATORY MODEL TEST OF FRP ANCHORS
10.1 Introduction
AFRP and CFRP tendons are currently used for prestressed ground anchors as a
permanent support in civil engineering, whereas GFRP rods are mainly used for rock bolts and
cable bolts as a temporary support in mining engineering (Aoyagi et al. 1996; Khan and Hassani

1993; Mochida and Hoshijima 1996; Noistermg and Jungwirth 1996). An FRP ground anchor is
typically composed of three parts: the anchor head, the unbonded anchor length and the bonded
anchor length. Since the surface deformation and mechanical properties of FRP tendons are
different from those of steel, sufficient experimental information about the service performance
characteristics such as bond strength with grout, tensile behavior, and long-term strength should
be made available.

Whilst data acquired in the field are invaluable to the understanding of anchor behavior in
a rock mass, a full-scale laboratory model offers a controlled and reproducible tool for
investigating the behavior of anchor systems during stressing. As a typical example of posttensioning applications, the developed anchorage was used as the anchor head of a full-scale FRP
ground anchor. The basic design philosophy for the anchor model involved simulating a rock
environment under laboratory conditions in order to investigate the service behavior of the anchor
system under cyclic and service loading.

The main objectives of this laboratory study were:
(i) To evaluate the service behavior of the developed anchorage for post-tensioning

applications with FRP tendons; and
(ii) To study load distribution ofFRP multirod tendons in post-tensioning.

10.2 Design and construction
10.2.1 Rock mass simulation
For simplicity and to reduce the number of variables, the simulated rock mass has been
designed as a homogeneous grout mass. The essential properties considered are the unconfmed
compressive strength, modulus of elasticity and shear strength. Since the model had to be built
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and handled in the university laboratory, certain restraints were placed on the physical
dimensions, length and weight being the major factors. Based on thick wall cylinder theory, the
final design involved the use of a steel tube as the outer barrel and a grout annulus to simulate a
rock mass.

a) The outer barrel
The outer barrel was purchased as a single mild steel tube, 660 mm in outer diameter,
3500 mm long and 6.35mm thick, as shown in Fig. 10.1.

Fig. 10.1 Steel tube as outer barrel of anchor model

b) The grout annulus
The grout is a cement-sand mortar with a water-cement ratio (by weight) of 0.3, as shown
in Table 10.1. The cement used was a standard Portland cement Type 10 SF (Type 10 Portland
cement containing about 8% of silica fume) produced by the Lafarge Company. The mixture had

a flow of 115% to 120% after only 7 drops by the flow test according to ASTM C 230, and
provided an excellent condition for filling the grout into the metal barrels. The estimate volume
of the grout required filling the steel tube approximately to 1.2 mj, resulting in an annulus mass
of approximately 3000 kg. The grout mixture was prepared by a concrete company, Beton Aimee
Cote (Sherbrooke), and delivered to the university laboratory for pouring. The steel tube was
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placed vertically and fixed by ropes. A circular, wooden plug was placed at the bottom of the
tube, fixed with steel angles, and sealed with a silicone rubber gel, as shown in Fig. 10.2. The
grout was poured from the top of the tube by gravity. Great care was taken not to disturb the
alignment of the foam column for creating the borehole and the suspended embedded gauges for
monitoring strains of the concrete. Cube and cylinder grout samples were taken for strength and
modulus tests. The top of the barrel was covered with polythene and wet hessian sacks to
maintain a damp curing environment. The grout was left to cure, and the water was periodically
topped up for the first 7 days of grout curing.

Table 10.1 Composition of cement mortar for grout annulus
Materials

Density (g/cm )

Cement (Type 10 SF)

3.14

Sand

2.65

170

1335kg

Water

1.00

30

226.5 1

Euclid (Eucon 37)

1.21

1.0

7.881

Euco-Nivo "L"

1.22

0.1

7.571

Ratio to cement (%)

Composition per m grout

785kg

Note: the content in solid is 42% for Eucon 37 and 8.5% for Euco-Nivo "L".

After 90 days of curing, the time of the realization of the grouted anchor tests, five cylinder
samples of the mortar had an average compressive strength of 91.0 ± 3.5 MPa, elastic modulus of

35.7 ± 0.2 GPa (Chennoulf 1998).

c) Creation of the borehole
Two possible methods of creating a borehole in the grout annulus were considered,

namely (i) to drill through the grout mass once it cured or (ii) to create the borehole in the
annulus during casting.

Although drilling the grout mass would create a more realistic hole profile, the practical
problems associated with this technique under laboratory conditions outweighed the advantages.
A circular expanded foam (Styrofoam) column was therefore considered to be the best solution.
The foam column was placed vertically in the center of the barrel and fixed by a smooth steel bar
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with threads at the two ends. The steel bar was locked in tension by nuts on the steel angles fixed
at the center of the top and bottom of the steel tube before casting the mortar, as shown in Fig.
10.2. After 15 days of curing the mortar, the foam columns were extracted from the barrels. The
boreholes obtained were then cleaned over their whole length using a rotary electric bmsh in
order to create a very rough wall surface, which is necessary to avoid a mpture at the grout-host
medium interface during the anchor tests.

Fig. 10.2 Layout of circular expanded foam (Styrofoam) column and embedded strain gauges

10.2.2 Anchor design

a) Tendon design
The previously used CFRP deformed rod was used for the anchor tendon. The rod was cut
into 4500 mm long sections and then 9 rods were assembled in parallel and maintained using
plastic spacers at equal intervals of 400 mm along the tendon. To reduce the number of variables
and to provide the simplest database, the tendon configuration has been kept simple; there is no
strand noding and the strands are parallel along the whole length of the bonded anchor as shown
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in Fig. 10.3. The spacers allow the rods to be evenly distributed and played the role of

centralizers allowing a better centering of the tendon into the borehole and facilitating the
injection of the grout. The developed bond-type anchorage was used at one end of the tendon as
the anchor head. The CFRP deformed 9-rod tendon has a guaranteed capacity of 906 kN. On one
end of the tendon, the developed bond-type anchorage was installed as the anchor head for
stressing.

Fig. 10.3 Anchor tendon-anchorage assembly

b) Bonded anchor design
The design approach to calculating the anchor dimensions has seen little change since the
publication of the state-of-the-art report (Littlejohn and Bruce 1977). The grout-rock interface is

assumed to be critical at failure and uniform bond distribution assumed along the bonded length.
Littlejohn and Bmce (1977) observed that not only in Britain but also in other countries,
designers invariably assume a uniform distribution of bond along the anchor bonded length.
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Knowing the rock-grout bond stress ( T^ ), the ultimate load (T^) and anchor diameter (D), the

anchor bonded length (L) can be calculated using the following simple formula:
T^=7TDLr^

(10-1)

The ultimate load holding capacity of the anchorage (T^) is dependent on the following
factors including the (i) definition of failure; (ii) mechanism of failure; (iii) area of failure
interface; (iv) ground properties mobilized at the failure interface; and (v) stress conditions acting
on the failure interface at the moment of failure (BSI 1989).

It is generally recognized that the ultimate bond stress depends on the shear strength of

the rock, the method of construction and the grout strength (PTI 1990; Hanna 1982; BSI 1989).
Current UK practice (BSI 1989) requires that for rock with a uniaxial compressive strength

(UCS) less than TN/mm , the ultimate skin friction value used in the design should not exceed the
shear strength of the rock. In stronger rocks, the ultimate bond can be taken as 10% of the
compressive strength of the rock, but is not assumed to exceed 4 N/mm^ for UCS values

exceeding 40N/mm2. The CGS (1985) requires that the allowable bond strength should be
smaller than 1/30 times the UCS values of the rock or grout, which is 1/3 times that of the
ultimate bond strength as defined in BSI (1989). The values used in practice and recommended

for design can be found in the work of Littlejohn and Bruce (1997), Barley (1988), and BSI

(1989).
Investigation into the stress distribution along the bonded length has further strengthened
the argument that the stress is not uniformly distributed under tensile loading (Bruce 1976;
Jirovec 1978; Natau and Wallschlager 1983). Attempts have also been made to derive design
calculations associating pullout capacity with the roughness of the rock-grout interface (Pease

and Kulhawy 1984). Confirmation of these findings is needed together with further detailed
investigation for different rock types.

Currently, limited bond values at the FRP tendon and grout interface are available. Due to
different cable surface deformation and tendon configurations, the bond values may vary from
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one type to another. Previous laboratory uplift test results of larger anchor models using FRP 4rod tendons indicated that the FRP anchors could sustain a tensile load up to 0.66 fpu (where fpu is
the guaranteed tensile strength of the tendon) with an acceptable creep behavior, demonstrating a
minimum bond strength of 1.86 MPa for AFRP Aprapree tendons, 2.27 MPa for AFRP Technora
tendons, 1.70 MPa for CFRP CFCC tendons, and 3.36 MPa for CFRP Leadline tendons
(Benmokrane et al. 2000). The typical working bond values back-calculated from the field
application ofFRP ground anchors varies from 0.13 to 0.33 MPa and 0.44 to 0.96 MPa for CFCC
and Technora tendons, respectively (Benmokrane et al. 1997). Therefore, the bonded anchor
length and diameter were determined as follows.

• Anchor bonded length
BS8081: 1989 states that the anchor bonded length should not normally be less than 3m,
nor more than 10m; under certain conditions, it is recognized that much shorter lengths (than 3m)
would suffice, even after the application of a generous factor of safety. However, for a very short
anchor bonded length, any construction errors or inefficiencies may induce a serious decrease in
pullout capacity.

BSI (1989) recommends that unless full scale tests confirm that shorter bonded lengths
are acceptable, then the bonded length should not be less than 3.0m where the tendon is housed
in-situ, or 2m where the tendon is bonded under factor controlled conditions. The anchor bond
length used in the practical applications ofFRP ground anchors varies from 3.0 to 7.5 m. Based
on the monitoring results conducted by Natau and Wullschlager (1983) on a full-scale rock
anchor with 31 steel strands and the previous model test results of FRP 4-rod anchors
(Benmokrane et al. 2000), a 3000 mm anchor bonded length was used for this investigation.

• Anchor bonded diameter
There are little published data relating to the anchor diameter, however, it would appear
that this parameter is generally related to the type and size oftendon and size of drill bit or casing

that is available commercially. Barley (1988) found that borehole diameters in the bonded length
generally ranged from 87mm to 127mm where overburden drilling using a casing was required,

185

and 102mm to 204mm where direct access to bedrock allowed open hole drilling; in rock,
underdrilling can increase a 105mm diameter hole up to 300mm.

UK practice (BSI 1989) requires that the area of the steel tendon should not exceed 15%
and 20% of the borehole area for multi- and mono-unit tendons, respectively. For FRP tendons,
previous studies recommended that the cross-sectional area ratio of the tendon to borehole should
be 3-12%, provided that the minimum grout cover and clear spacing between the individual rods
of the tendon are 5 mm for parallel multirod tendons (Benmokrane et al. 2000). However, in
general tendon diameter and grout cover dictate the minimum borehole diameter; corrosion
protection may also have to be taken into account. The final borehole size will be chosen
according to the closest drill size available on the market. In this study, a 115 mm diameter was
chosen for the borehole, with a cross-sectional area ratio of the tendon to borehole of 4%.

10.2.3 Filling Grout
The most common and the cheapest material used for fixing and protecting ground
anchors is neat cement grout. In rock anchor technology, cement grout has three main functions:
(i) to transfer load from the tendon to the rock mass; (ii) to provide corrosion protection for the
tendon; and (iii) to fill voids and fractures in the rock surrounding the borehole. The ideal

characteristics of the grout for this application have been described previously (Chapter 5).

a) Cement type
The cement used in the grout can be ordinary Portland cement (Type 10), rapid hardening
Portland cement (Type 30) or sulphate-resistance cement (Type 50). Whichever type of cement is
used, it is required that the total sulfate content should not exceed 4% (m/m) SOs of cement in the
grout. The total chloride content of the grout derived from all sources should not exceed 0.1%

(m/m) of cement in the grout (BSI 1989).

b) Water-cement ratio
The water/cement (W/C) ratio is one of the most important factors influencing the grout
properties and can have serious effects on the performance of rock anchorages. Barley (1988)
reported that research work involving grouts with W/C of 0.45 and 0.6 in moderately strong
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bedrock showed no significant variation in ultimate rock bond capacity. However, a noticeable
increase in permanent displacement was detected at the tendon-grout interface for the higher
water/cement ratio. From tests on cable anchorages, Stillborg (1984) noted that the ultimate
capacity of a tendon in a 0.3 W/C grout was 20% greater than in a 0.5 W/C grout. According to a
survey, W/C ratios used in dam strengthening are in the range of 0.35 to 0.47 with a common
average W/C of 0.40 to 0.45 worldwide (Xu and Benmokrane 1996). It is required that the grout
have a minimum compressive strength before commencing any stressing. BSI (1989) requires a

minimum compressive strength of 40 MPa at 28 days, while the PTI (1990) recommends a 7-day
strength of 24 MPa.

c) Admixtures
There is no universal agreement on the use of admixtures in anchorage grouts except that
they should only be introduced when absolutely necessary. Admixtures acting as expanding
agents with an allowable expansion of about 5% (Benmokrane et al. 1992) may increase the
ultimate capacity of anchors due to swelling pressures during curing which increases the
confining pressure on the tendon. However, the expansive agents can reduce grout strength and
result in inconsistency in grout quality and corrosion potential.

In this study, a cement-based grout named CG1, already proved to be effective
(Benmokrane et al. 1995, 1996), was used as the filling grout. It was a plain grout made from
Type 10 Portland cement (ASTM I) with a water-cement ratio of 0.4 and superplasticizer content
of 0.6% in solids by mass of cement. After 28 days of curing at room temperature in water, the
grout developed a compressive strength of 62.6 MPa, modulus of elasticity of 17.4 GPa
(Benmokrane et al. 2000).

10.3 Instrumentation
Instmmentation used on field anchorages only reflects the behavior of the tendon or the
grout column in the hole during stressing. Using the full-scale laboratory model, instrumentation
can be placed in the rock mass surrounding the anchorage. Thus, when the anchorage is stressed,
information from the strain-gauged tendon can be related to that of the surrounding rock. To
measure the load distribution along the tendon, the instrumentation was required to be accurate,
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robust, reliable, and waterproof and easy to monitor. At the time of conception, four different
measuring systems were used on the anchor model:
(i). Resistance strain gauges glued on the surface of the FRP rod to monitor the stress
distribution along the bonded anchor tendons;
(ii). Fiber optic sensors glued on the surface of the FRP rod to monitor the stress distribution
along the bonded anchor tendons for comparison;
(iii). Embedment strain gauges embedded in the grout to monitor the stress distribution in the
simulated rock mass; and
(iv). LVDTs fixed on the surface of the tendon at a predetermined distance from the top and
bottom of the filling grout to monitor the anchor movement.

EA series gages developed by M&M Measurements Group, Inc. (USA) were used for
monitoring strain variations in the tendon. This type of gauge features polyimide-encapsulated
grids and exposed copper-coated integral solder tabs to which lead wires may be soldered
directly. The strain gauges were glued on the surfaces ofFRP rods by M-bond AE-10 adhesive
and waterproofed by M-coated G polysulfide-epoxy compound. The embedment strain gauges
(Fig. 10. 4) were also obtained from M&M Measurements Group, Inc., USA. The embedded
strain gauges were placed at selected locations along the bonded anchor length and connected
together using fine steel wires tensioned. At each location there were two gauges; one parallel to
the anchor measuring longitudinal strains and one perpendicular to the anchor measuring radial
strains, as shown in Fig. 10.2.

Fabry-Perot fiber optic sensors SFO gauges developed by Roctest Inc. (Canada) were also
used for monitoring the tendon strain in comparison with resistance strain gauges. The FabryPerot SFO sensor (Fig. 10.5) is a 50-mm long surface-mounted strain gauge designed to be arcwelded, clamped, or bonded to FRP composite and steel or concrete structures. This type of
sensor has been extensively evaluated in the laboratory and also applied in the field (Joffre
Bridge), and demonstrated good strain sensing under static and dynamic loading conditions
(Benmokrane et al. 2000 a and b). Fig. 10.6 shows a section through the anchor model and the
arrangement of the instrumentation.
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Fig. 10. 4 Embedded strain gauge used in the simulated rock mass

Fig. 10. 5 Fabry-Perot fiber optic sensor (SFO) used on the surface of FRP rod
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Fig. 10.6 Instrumentation scheme of the full-scale FRP anchor model
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10.4 Test procedure and data acquisition
10.4.1 Test procedure
The tensile tests were conducted following the procedure described in the British Standard
under name of "Proving tests on ground anchors" (BSI 1989). The design-working load (T' ) of
the anchorage was defined to be equal to 0.50,^ (/ is the guaranteed capacity of the tendon).

The load was applied using a hydraulic jack at a loading rate of 30 - 40 kN/min. The initial
seating load or datum load (7^.) was about 0.05, , and then the load was increased in cyclic
stages to 0.20,^, 0.30,^ , 0.40,^, 0.50,^, and 0.60/ , and finally stopped for safety. The
test set-up of the anchor model is presented in Fig. 10.7.

The use of a hand pump to drive the jack to the required loads as opposed to an electric
power pack proved successful. The hand mechanism, although more arduous, was considerably
more sensitive and allowed for greater accuracy in the load application.

10.4.2 Data Acquisition
Accounting for the embedment and tendon gauges, LVDTs and load cell, the anticipated
number of strain gauge outputs was approximately 60. To handle this amount of data a dedicated
computer-controlled data acquisition system with 60 channels developed by Roctest Inc.
(Canada) was chosen for the data collection. Furthermore, a computer-controlled Universal
Multicharmel Instrument UMI-8 developed by Roctest Inc. (Canada) was used for recording the
data of fiber optic sensors (Fig. 10.8). The acquisition system was set to record data automatically
every 20 seconds from the beginning of testing.

10.5 Analysis and discussion of results
10.5.1 Load-displacement data
The measured values of load and displacement from the tensile tests can be illustrated by
load-displacement curves as shown in Fig. 10.9. The elastic extension displacement curves are
deduced from the load-displacement curves. In accordance with the British Standard (BSI 1989),
the apparent anchor unbonded length (Z^) can be calculated from the load-elastic displacement
curve over the range 0.05 / to 0.80,^, using the manufacturer's value of elastic modulus and
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allowing for the temperature, bedding of the anchor head, and other extraneous movements as
shown in Equation 10-2.

(a) Installation of anchor model

(b) Close-up view ofanchorage-jack connection

^s^

/Kb

^"r

:s .. .'i1^^

(c) Overview test set-up of the anchor model
Fig. 10.7 Test set-up of anchor model
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(a) Connection data lines to acquisition system

(b) Data logging during tests

Fig. 10.8 Overview of data acquisition systems
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Fig. 10.9 Typical load-displacement diagram of the anchor model
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10

L^=A^
•app

(10-2)

where A = tendon elastic displacement, which equals the displacement monitored at the peak
cyclic load minus the displacement at datum load, after allowing for structural movement; and T
= peak cyclic load minus datum load.

The apparent anchor unbonded length for each loading stage reveals the extent of
debonding occurring at the top part of the anchored zone, and consequently the effective loadtransfer zone over the anchor bonded length can be determined. The objectives oftensile tests are
to check the load bearing capacity of a grouted anchor and to provide proof that the apparent
anchor unbonded length does not significantly differ from the design unbonded tendon length and
that bond losses in anchor bonded length are low. These requirements shall be deemed to be
satisfied if the apparent anchor unbonded length is not less than 0.90 of the design anchor
unbonded length (0.9 Ld, lower limit) nor more than the design anchor unbonded length plus 0.50
of the design anchor bonded length, or 1.10 of the design anchor unbonded length (1.10 L(}, upper

limit) (BSI. 1989; DIN 4125 1990). As shown in Fig. 10.9b, the elastic extension curve of the
anchor model remained inside the acceptance field, presenting acceptable tensile behavior under

the load levels tested (up to 0.60 f^, 543 kN).

The slip curve (hysteresis of the load-unloading curve) makes it possible to judge the
quality of the host medium and tendon-grout interface. Anchor stiffness (Kapp), defined as the
slope of the slip curve, can then be used as a comparative value to evaluate slip behavior for
various tendons considered. The slip curves of the grouted anchors generally present a non-linear
variation according to the applied load, as shown in Fig. 10.9b. The anchor stiffness increases
with the increase of applied load, due to interaction of the confining pressures on the rods caused
by tensioning the tendon, confirming the previous test results of FRP anchor models with 4-rod
tendons (Benmokrane et al. 2000).
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10.5.2 Strain gauge output
a) Real time strain gauge data
Strain gauge data obtained by logging every 20 seconds, provide an insight into the
development of load transfer as the tendon was stressed from datum to peak load. The strain data
in the anchor unbonded length have been converted into kilonewtons and presented as load-time
curves in Fig. 10.10.

Gage A6
Gage B6
Gage C6
Mean applied load

1000 2000 3000 4000 5000 6000

7000

8000 9000

Loading time (s)
Fig. 10.10 Typical real time strain gauge data for the first five loading cycles

As expected, the unbonded length gauges are seen to reflect the loads applied to each rod
of the tendon. At each load increment, a leveling of the curves is observed representing the period
in which load-displacement readings were recorded. It is shown that, at each peak load, the
tendon is not evenly stressed; while during each increasing and decreasing loading stages, each
rod of the tendon presents almost the same value as the applied load in mean, indicating that the
tendon is equally stressed. In fact, the tendon has a slight flexure with a downward curve due to
the borehole being not completely straight. When tensioned under lower loads, the load transfer

196

from tendon to grout occurs only with a shorter bond length and thus the tendon may equally be
stressed. With higher loads, the rod in the top of the curve needs to be stretched more for equal
movement and hence presents higher applied load than others.

b) Strain distribution of tendon
The typical strain distribution in the rod due to various tensile levels is shown in Fig.
10.11. The strain distributions along the anchor bonded length are an exponential style decay
with larger tensile strains existing at the top of filling grout, demonstrating an elastic load transfer
behavior from the tendon to the surrounding grout under the applied load level. As the applied
load increases with each cycle, the load registered in the rod at greater depths also increases.

Similar observations were also reported by Mochida and Hoshijima (1996) and Natau and
Wallschlager (1983) from model tests on instrumented FRP and steel anchors, respectively.
However, since the bond strength of grouted FRP deformed rods is higher that that of grouted
steel strands under the same conditions, the load transfer from the tendon to grout occurs with a

shorter bonded length than that reported by Natau and Wallschlager (1983). Furthermore,
previously experimental and theoretical results have shown that FRP rods with a smaller diameter
and higher confining pressure (higher radial stiffness) present higher bond strength. Therefore,
the load transfer length of the tested anchor is shorter than that observed by Mochida and

Hoshijima (1996) from the model tests ofFRP anchors consisting ofaCFRP 9x9.8 tendon and a
cement paste filled steel spiral sheath with a 0.6 mm thick and 800 mm in diameter to simulate
the confining effect of the ground.

Figure 10.11 also shows that the strain at position -400 mm from the top of filling grout is

initially higher than, and then is equal to that at position 10 mm from the top of filling grout with
the increasing in applied tensile loads. This phenomenon is common to all post-tensioned grouted
anchors and is known as "friction losses over the anchor unbonded length", as observed in
previous tests (Benmokrane et al. 2000).

The gradients of the strain distribution curves represent the rate of load transfer (bond
stress) from the tendon to the surrounding grout. The corresponding distribution of bond stress,
defined as a shear force per unit area of tendon surface between two sections along the tendon
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and calculated from the change in tendon tension per unit length of the tendon divided by the
peripheral length of the tendon, is shown in Fig. 10.12. It indicates that there exists a sharp
tendon stress distribution near the top of the filling grout and the length registering bond stress is
short, less than 1200 mm. With increasing applied tensile load, the bond stress on the tendon near
the top of filling grout increases up to the bond strength, and then debonding occurs and the peak

bond stress shifts from the top of the filling grout to about 250 mm inside the bonded anchor,
confirming previously monitoring test results on FRP multirod anchor models. The
corresponding residual and peak bond strength under a tensile load of 509 kN is 2.57 and 7.33

MPa, respectively. Mochida and Hoshijima (1996) also obtained a similar result with a residual
and peak bond strength of 1.0 and 6.6 MPa.
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Fig. 10.11 Typical strain distribution of the anchor tendons

The 7.33 MPa peak bond stress is still below the values obtained in the previous pullout
tests of FRP single- and 9-rod anchorage models (22.92 and 14 MPa, respectively). Therefore,
this peak bond stress will increase with the applied load until the maximum peak bond stress
(bond strength) is reached and then debonding occurs. It can be deduced from Figs. 10.11 and

10.12 that the load transfer length will be within 2000 mm for the tested FRP tendon when the
load is increased to 905 kN, which is the guaranteed tensile strength of the tendon. This length is
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comparable to the minimum anchor bonded length of 2.5 mm obtained by Mochida and

Hoshijima (1996) on a CFRP 9x9.8 anchor tendon embedded in concrete filled steel pipe.
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Fig. 10.12 Typical bond stress distribution along the anchor bonded length

10.5.3 Output of fiber optic sensors in comparison with strain gauges
Data from the instrumented fiber optic sensors were recorded at every 20 seconds. Figures
10.13 to 10.15 show the typical monitoring results of fiber optic sensors in comparison to those
of the resistance strain gauges at positions of 10, 400, and 800 mm from the top of the filling
grout. They indicate that the fiber optic sensors perform very well during the tests. The output
from the fiber optic sensors are in close agreement with that from the strain gauges, showing that
Fabry-Perot SFO sensors can be used for strain monitoring of FRP prestressing tendons. In fact,
previous laboratory tests and field applications have demonstrated that Fabry-Perot SFO sensors
have shown a good linearity in monitoring tensile and compressive strain of infrastructure
elements with good response to thermal variations, and static and dynamic loading conditions
(Benmokrane et al. 2000a and 2000b).
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Fig. 10.13 Typical monitoring results of fiber optic sensor in comparison with resistance strain

gauges (10 mm from the top of the filling grout)
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Fig. 10.14 Typical monitoring results of fiber optic sensor in comparison with resistance strain

gauges (400 mm from the top of the filling grout)
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Fig. 10.15 Typical monitoring results of fiber optic sensor in comparison with resistance strain

gauges (800 mm from the top of the filling grout)

10.5.4 Output of embedded strain gauges

Strain outputs from the longitudinal and radial embedded strain gauges in the simulated
rock mass have been briefly analyzed. Figures 10.16 and 10.17 show the strain distribution of

concrete in the longitudinal and radial directions. It is shown that the load is distributed directly
around the top meter of the concrete at the start of loading, and then deeper load transfer occurs at
the higher load increments, which forces the surrounding rock in the lower section into
compression. Tensile forces exist in the lower section due to the compression of concrete at the
top meter. The monitored strain of the concrete ranges within 73.1 p,s during the tests.

Similarly, the response of the radial embedded strain gauges appears to be close
agreement with the strain variation of the concrete in the longitudinal direction. Compressive
strains ranging within 38.9 p-s have been recorded during the tests.
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Fig. 10.16 Typical longitudinal strain distribution of concrete from embedded strain gauges
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Fig. 10.17 Typical radial strain distribution of concrete from embedded strain gauges
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10.5.5 Service behavior of the anchorage developed
The service behavior of the anchorage used as the anchor head was monitored using an
LVDT fixed on the tendon at a distance of 95 mm from the anchorage loaded end and resistance
strain gauges bonded on the surface of CFRP rods. Figure 10.18 shows the typical tensile
behavior of the anchorage from the monitoring results of the LVDT, demonstrating a close
agreement with that obtained from anchorage model tests. The anchorage used as the anchor head
for post-tensioning applications with FRP multirod tendons exhibits an acceptable tensile
behavior.
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Fig. 10.18 Typical tensile behavior of the anchorage developed

Typical strain monitoring results of strain gauges bonded on the surface of FRP rods are
shown in Fig. 10.19. The corresponding bond stress distribution on the FRP rods is shown in Fig.
10.20. The developed anchorage used as the anchor head for post-tensioning applications with
FRP tendons demonstrates similar strain and stress distribution styles respectively with those
obtained from anchorage model tests. The obtained maximum stress is about 8 MPa under a load

level of 453 kN (1091 MPa), equal to the value obtained from anchorage model tests under the
same load level.

203

10000
^p

1h

8000

d

6000 4 - -

g

4000

1-f

<+-!

I
0

M

Q

1—I

§ 2000

_<u

400

0 100 200 300
Distance from the free end (mm)
Fig. 10.19 Typical strain distribution ofFRP rods along anchorage bond length

'^

I
M
w

w

^ri
0

m

0
0

100 200 300

400

Distance from the free end (mm)
Fig. 10.20 Typical bond stress distribution ofFRP rods along anchorage bond length

204

10.6 Summary
A full-scale anchor model test has been conducted with CFRP 9-rod tendons. A cementbased mortar filled steel tube was used to simulate a rock mass environment. The behavior of the
anchor has been monitored with extensive instrumentations including resistance strain gauges and
fiber optic sensors glued on the surface of the tendon, embedded strain gauges embedded in the
mortar, and LVDTs fixed on the surface of the tendon with a distance from the top and the
bottom of the filling grout and from the loaded end of the anchor head. A large amount of strain

gauge data has been obtained through the 20 second logging procedure adopted for the cyclic
tensile tests of the FRP multirod anchor model. Due to lack of time, a detailed analysis of these
data will be carried out as part of an on-going research program. Furthermore, an extensive test
program including sustained load tests and monotonic tensile to failure tests will also be carried
out to fully investigate the behavior of FRP rods as anchor tendons and the serviceability of the
developed bond-type anchorage as anchor heads for post-tensioning applications with FRP
multirod tendons.

Primary test results indicate that the developed bond-type anchorage performs well for
post-tensing applications with FRP tendons. Full-scale anchorage models can be efficiently and
reliably used to investigate the service behavior of the anchorage. The CFRP 9-rod anchor tested
presents an acceptable tensile behavior under a load of 0.6 fpu in accordance with existing codes.
The FRP multirod anchor presents a similar strain distribution profile as that for conventional
steel anchors, except giving a shorter load transfer length. Furthermore, the stiffness of the

simulated rock mass and the bond strength of the FRP rods influence the behavior of the FRP
anchors in strain distribution and thus load transfer length. Smaller diameter FRP rods and
stronger rock masses give a shorter load transfer length from tendon to grout. The filling grout
should allow free expansion or shrinkage, and have a water-cement ratio of 0.4-0.45 and a
minimum compressive strength of 24 MPa at 7 days or 40 MPa at 28 days. It is expected that
CFRP 9-rod anchors require a minimum anchor bonded length of 2000 mm with plain cement
grouts. Furthermore, fiber optic sensors can be used for strain monitoring of FRP tendons with
good response and long-term reliability.
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11. CONCLUSIONS AND RECOMMNEDATIONS

11.1 Conclusions
11.1.1 Bond-type anchorage
• The bond behavior and pullout capacity of the grouted FRP rods are influenced by many
factors such as the rod's surface deformation, properties ofgrouts, bond length and the radial

stiffhess of the anchorage sleeve (tube). The indentation or surface deformation of the FRP
tendons and the radial stiffness at the tendon-grout interface play a major role on the bond
strength as well as the load-slip behavior. The load capacity of the anchorage increases with
the increase in the deformation profile of FRP tendon, compressive strength of the grout and
the elastic modulus of host medium.

• FRP failure typically governs the FRP/grout bond. The bond strength of FRP rods grouted in
a steel tube with 80-mm bonded length is 10.76-22.75 MPa, 1.3-2.4 times that of steel

strands. CFRP deformed FRP tendons Leadline and CFCC exhibit a maximum bond strength
of 13.9-23.75 MPa, much higher than AFRP Arapree sand-coated and Technora fiber-glued
rods (6.48-14 MPa). Deformations merely glued to the surface are not recommended, since
they may become debonded and thereafter fail to provide any bond per se.
• The developed cementitious mortar is competent to bond FRP tendons. Type 10 SF cement
grout appears to have a saturation point of 1.0 to 1.4% superplasticizer by mass of cement.

Grout with 1.0% superplasticizer can be considered as the best combination with Type 10 SF
cement at 0.3 water-cement ratio. After curing 28 days, the grout presents a compressive
strength of 74 MPa. The bond strength of FRP rods grouted with the cementitious mortar
developed appears to be equal to, or higher than that using conventional resin mortar.
• The introduction of sand to cement grouts appears to improve the bond characteristics. The
addition of swelling agents to the cement grout appears to improve the bond behavior of
"friction type" FRP rods, but to decrease the bond of "rib-bearing type" FRP rods. Both
surface deformations and indentations obtained by stressing an external helicoidal strand are
acceptable for bond purposes.
• The characteristic bond strength and the corresponding slip of a bond anchorage with a thick
steel tube depend mainly on the surface conditions of the tendon and the mechanical
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properties of the grout, having no relation with the bonded length and load level. The transfer
length and the slope of the bond stresses from peak bond stress to residual bond stress due to
debonding are constant for a given anchorage system.
An empirical model (Z.B. model) has been developed for predicting the local bond stress-slip
relationship of grouted FRP rods. It is in better agreement with experimental data in
comparison with the B.E.P. model and C.M.R. model.

The bond stress distribution at the ultimate loading state is related to the anchorage length.
The longer the anchorage length, the less uniform is the distribution; and vice versa. The

bond strength of a bond anchorage can be obtained by pullout tests with a bonded length of
less than 13 times of rod diameter, but more than the screw span for strand tendons and 5
times of rod diameter.
A conceptual model for predicting the tensile capacity of bond anchorages for FRP tendons

has been presented with the assumption of bond stress distribution along the bond length of
FRP tendons. Based on the pullout test results of 100 mm long anchorage specimens, the
comparison of the calculated and experimental results shows a good agreement. The
difference between the theoretical and experimental results is less than 15% for 100 mm, and
10% for 200 and 350 mm long anchorage specimens conducted. The proposed analytical
model and equations can be used to predict the tensile capacity of bond anchorages or to

determine the critical bonded length of the anchorage for developing the ultimate tensile
capacity ofFRP tendons.
A new bond-type anchorage has been developed for post-tensioning applications with FRP
multirod tendons. The developed anchorage system was evaluated by tensile tests and
sustained load tests with CFRP single- and 9-rod tendons. Monitoring of the load distribution
of the anchorages would provide a complete profile of anchorage loading and re-evaluate the

original design and factors of safety. A steel tube anchorage with a critical bond length of
250 mm can achieve the guaranteed tensile strength of the 8 mm diameter CFRP deformed
tendons and exhibits good creep behavior. The stiffness of cement-grouted anchorages
appears to increase with the bond length and preloading conditions.
The monotonic tensile behavior of multirod anchorages differs from that of monorod ones.
Multirod anchorages have an interaction effect among the rods of the tendon due to the
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mechanics of load transfer from the rod to surrounding grout, showing an increase in

anchorage stiffness with the applied load (bond-stiffening behavior). However, the bond
strength of the developed multirod anchorage is 14 MPa for a bond length of 95 mm, 62% of
that of a monorod anchorage with a bond length of 80 mm.
The developed bond-type anchorages demonstrate uniform distribution of the applied tensile
load among the rods of the multirod tendon. The strain distribution in anchorage tendons is
exponential along the bond length, demonstrating elastic load transfer from the tendon to
surrounding grout under the load levels tested. The corresponding shear stress distribution is

a descending curve with a sharp tendon stress distribution in the first half part of the
anchorage and a nearly uniform shear stress in the other half part. The peak bond stress
occurs near the loaded end (about 50 mm inside the anchorage).
The steel tube for anchorage sleeves should have a serrated inner surface for improving its
bond to grout and a threaded outer surface for the locking nut. The inner diameter of the steel
tube should have a clear space of 5 mm from the outermost surface of the tendon. The tube
should have a higher capacity than that of the tendon, taking into account the surface
deformations. The anchorage should have a minimum bond length of 400 mm.
The grout for a bond-type anchorage should be a non-shrinking cement mortar. The suitable
sand content of the cement mortar for bond-type anchorages is 0.5 to 1.5 and the optimum
water/cement ratio is 0.3 to 0.4. The minimum 28-day cylinder strength of the mortar should
be 50 MPa.
The FRP multirod tendon should be axi-symmetrically distributed and fixed with spacers.
There should be a minimum clear space of 5 mm between the individual rods of the tendon.
The prestressed force is evenly distributed among the rods of the multirod tendon. 400 mm
long anchorages show an acceptable tensile behavior for each loading stage investigated, and

are expected to develop at least 90% of the tensile strength of CFRP (Leadline) 9-rod
tendons.

Monitoring of the sustained loading behavior for a period of over 9 weeks of the prestressed
anchorage specimens indicates two distinct phases in terms of prestress losses. Phase I is

reflected by a stabilizing but fairly rapid loss of load with time, occurring within a period of
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one week. Thereafter, a small and constant rate of load loss is observed (phase II). The
anchorage shows acceptable relaxation behavior for the specific observation periods in
accordance with existing codes of practice.
• The developed bond-type anchorage performs well for post-tensing applications with FRP
tendons. Full-scale anchor models can be efficiently and reliably used to investigate the
service behavior of the anchorage for post-tensioning applications. The CFRP 9-rod anchor
tested presents an acceptable tensile behavior under a load of 0.6 / in accordance with
existing codes. The FRP multirod anchor presents a similar strain distribution style with
conventional steel anchors, except giving a shorter load transfer length.

11.1.2 Post-tensioning applications
• The developed anchorage system is easy and economical to fabricate and assemble, and has
reliable performance. It would be suitable for other constituents and types of FRP tendons,
including aramid and carbon FRP rods with different deformations. The developed
anchorage can be used with FRP multirod tendons in the construction and
rehabilitation/retrofittmg of concrete structures such as bridges, buildings, parking garages,
foundations and dams.
• Prestressing FRP tendons assembled with the developed anchorage can be realized as

stressing single DYWIDAG threadbar by using Bell anchor system developed by
DYWIDAG-systems international, Canada Ltd., if the tendon capacity is less than 1000 kN,

the ultimate strength of a DYWIDAG threadbar with a diameter of 36 mm. For a higher
tendon capacity, two of the developed anchorages could be used: the first anchorage is used
for post-tensioning FRP tendons; the second is used for locking the prestressing force (such
that the loading system and the first anchorage can be removed).
• For application of FRP tendons in ground anchors, the cross-sectional area ratio of tendon to
borehole should be 3-12%, provided that the minimum grout cover and clear spacing
between the individual rods of the tendon are 5 mm for parallel multirod tendons. The rods
of multirod tendons should be evenly distributed and maintained with spacers and
centralizers in around 500-mm intervals along the tendon so as to facilitate the injection of
the grout and assure all the rods of the tendon are equally loaded. The filling grout should be
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a plain cement grout, allow free expansion or shrinkage, and have a water-cement ratio of
0.4-0.45 and a minimum compressive strength of 24 MPa at 7 days or 40 MPa at 28 days.
The minimum anchor bond length should be 2.0 m.

Table 11.1 The properties of CFRP Leadline ieformed tendons
Nominal cross

Nominal

Guaranteed ultimate

sectional area

weight

tensile strength, fpu

Tendon size

(mm2)

(g/m)

(kN)

0.6/,„

0.5,,,,

0.4^

lx7.9mm

46.1

77

106

63.6

53

42.4

2x7.9mm

92.2

154

201

120.6

100.5

80.4

3x7.9mm

138.3

231

302

181.2

151

120.8

4x7.9mm

184.4

308

402

241.2

201

160.8

5x7.9mm

230.5

385

503

301.8

251.5

201.2

6x7.9mm

276.6

462

604

362.4

302

241.6

7x7.9mm

322.7

539

704

422.4

352

281.6

8x7.9mm

368.8

616

805

483

402.5

322

9x7.9mm

414.9

693

906

543.6

453

362.4

10x7.9mm

461

770

1000

600

500

400

Prestressing force(kN)

11.2 Recommendations
Results presented in this thesis indicate that there are two main areas requiring further
research:
• Consider changing the grout composition to meet the strength requirement of the grout for
post-tensioning applications to reduce the risk of autogeneous shrinkage;
• Long-term performance tests on the developed anchorage with smart monitoring, including
extensive fatigue and creep tests in particular field conditions; and
• Analytical modeling and finite element studies of the developed anchorage with multirod
tendons.
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