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Abstract

Corrosion is a major durability concern for conventional steel-reinforced and -prestressed 
concrete. Fibre-Reinforced Polymers (FRP) have been suggested as an alternative material 
for steel to be used in structural concrete. These materials have been selected primarily due to 
their corrosion resistance, as well as their strength-to-weight ratio.

FRPs exhibit differences in mechanical properties from steel, which naturally infers different 
design and construction approaches. Owing to their relatively low stiffness compared with 
steel, concrete structures containing FRP ought to be prestressed. In this way, the 
serviceability of the structure is improved and higher ultimate strength is attained. Relevant 
research into FRP-prestressed concrete is well established. However, the area of post- 
tensioned anchorage zones where the tendon force is transferred and tensile bursting stresses 
induced into the concrete, has received very little attention. The current research concentrates 
on investigating the feasibility of using Aramid FRP (AFRP) helical reinforcement in primary 
anchorage zones for post-tensioned concrete.

Over 80 patch-loaded concrete specimens (circular and rectangular cross-sections) have been 
tested. Specimens were loaded vertically through various sizes of circular bearing plate to 
simulate the post-tensioning action. Laboratory-made AFRP (Kevlar 49 and epoxy resin) was 
used in a circular helical form, so that sharp bends were avoided, preventing stress 
concentrations. It was found that the dimension between the reinforcing helix and the bearing 
plate is most influential to the post-elastic behaviour, and with the combined use of a helix 
and mat reinforcing systems, both higher ultimate capacity and ductility of the anchorage 
zones can be achieved.

A rational analytical approach has been developed using a plasticity-based model, in which 
equilibrium of the failing wedge formed underneath the bearing plate during the post-crack 
stage is considered. Good correlation is found with the test results where adequate 
confinement was provided by the reinforcement configurations. With such confinement 
present, significant load-maintaining capacity and ductility were exhibited, leading design 
recommendations for FRP-reinforced anchorage zones, an essential part of information to 
produce wholly non-metallic concrete structures.

It is concluded that both serviceability and ultimate limit state behaviour of such primary 
anchorage zones are predictable. The cracking behaviour can be predicted using elastic (FE) 
techniques, while the ultimate strength can be predicted using a plasticity-based model.

Key words: primary anchorage zones, prestressed concrete, advanced composites,
aramid, FRP, continuous helix, plasticity
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C h a p t e r  1 

In t r o d u c t io n

Steel reinforcement and prestressing tendons are conventionally used to overcome the 

deficiency in tension in structural concrete. Both materials have been used together 

successfully due to their structural compatibility and availability. However, there is a problem 

of steel corrosion, which undermines the durability of steel-reinforced and -prestressed 

concrete structures. With the development of advanced composite materials in civil and 

structural engineering, new materials have been considered as an alternative to conventional 

steel for concrete structures. Carbon, glass and aramid fibre-reinforced polymers (FRP) are 

considered to be appropriate as such alternatives. They are strong in tension, light and durable. 

Therefore, they have distinct advantages over steel as concrete reinforcing bars and tendons 

in both engineering design and construction aspects.

The 'non-yielding' property of these composite materials, however, means that they cannot be 

used as a direct replacement for steel for efficient and safe applications. Much research effort 

has been aimed at producing wholly non-metallic concrete structures, requiring that the

1



C h a p t e r  1 In t r o d u c t io n

problem be looked at rationally so that a complete understanding of the behaviour of the new 

overall material is obtained.

The relatively low stiffness of these polymeric materials leads to the suggestion that 

prestressing of FRP is necessary to remove much of their strain capacity, so that 

serviceability and efficient use of material is ensured. In order to pre-strain a tendon, it must 

be anchored at its ends. For post-tensioning applications, the anchorage will consist of some 

kind of mechanical lock. For pre-tensioning, the anchorage will be provided by bond over a 

transmission length. The present research deals specifically with the behaviour of anchorage 

zones in FRP-post-tensioned concrete structures.

Post-tensioned anchorage zones are areas where adequate reinforcement and well-compacted 

concrete are required. The stress distribution within the region is complicated, involving high 

transverse tensile stress. If such reinforcement for anchorage zones is to consist of FRP, it is 

essential that it is correctly designed to resist the tensile stresses in a safe manner. Moreover, 

the region should not be heavily over-reinforced, as this could lead to congestion and poor 

concrete compaction. For such reinforcement, a circular helix is the most logical form. It has 

been proven to be more effective than conventional stirrups to reinforce anchorage zones. It 

is also of benefit for FRP reinforcement as the transverse stresses are resisted through the 

confining action from the helix, and sharp bends are avoided, so that axial forces only are 

induced within the material.

So far, research specifically dedicated to anchorage zones reinforced with FRP is limited. The 

present research is aimed at the behaviour of post-tensioned anchorage zones reinforced with 

aramid FRP (AFRP) in the form of a helix. Various issues are considered in relation to the 

concentrated nature of the loads and the reinforcement configuration in order to determine an 

effective reinforcing system. Based on experimental results and observations, a theoretical 

analysis is developed to predict behaviour, so that design recommendations for post-
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tensioned anchorage zones reinforced with FRP (an essential part of the information required 

to produce wholly non-metallic concrete structures) may be drafted.

This dissertation begins with a literature review in Chapter 2. It contains general issues on 

post-tensioned anchorage zones and some existing theories for plain and steel-reinforced 

concrete. A review of the use of FRP in concrete structures (and relevant issues) are also 

included. Chapter 3 describes the whole experimental programme involved in the research. 

Chapter 4 discusses the important issues from the experimental findings and compares the 

results with some existing codes-of-practice predictions. In Chapter 5, the elastic behaviour 

of the specimens is modelled by finite element analysis. This is followed by Chapter 6 , where 

a plasticity-based equilibrium theory is developed, and design recommendations are made for 

FRP-reinforced anchorage zones. Lastly, an overall conclusion of the present study is drawn 

and recommendations for future work are provided in Chapter 7.

3



C h a p t e r  2 

L it e r a t u r e  R e v ie w

2.1 Introduction

In this chapter, existing information relevant to the current research is reviewed. Firstly, a 

general background to post-tensioned anchorage zones is considered. Secondly, relevant 

research on advanced composite materials is reviewed. This includes durability of the 

material, bond characteristics with concrete and general design philosophy for its application 

to structural concrete.

2.2 Post-tensioned anchorage zones

2.2.1 General background

In a post-tensioned concrete beam, the prestressing force from the tendon is applied as a 

concentrated load, over a limited area, at the end of the beam through an anchorage plate or 

cone. At some distance into the beam, the force becomes uniformly distributed over the full
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depth of the section. According to St Venant’s principle, this distance is generally accepted as 

being equivalent to the depth of the beam section, and is known as the ‘anchorage zone’. 

Stress distribution in the anchorage zone is complex and tensile stresses are induced. Thus, 

appropriate detailing of reinforcement is required to ensure the integrity and serviceability of 

the prestressed structure in this zone.

In practice, multiple anchors are usually employed in a prestressed concrete structure, such as 

a post-tensioned segmental bridge. In this case, although the anchorage zone is still generally 

accepted to be one depth of the beam section, two distinct regions are considered, namely the 

primary zones and the secondary zones. These are defined graphically in Figure 2.1, which 

shows an elevation of the end of a post-tensioned beam.

Primary zones 
(Primary prisms)

Secondary zones 
Primary zone (Primary prism)

Anchor plate

Concentration Ratio (CR) = a\/a

Figure 2.1 -  Definition o f primary and secondary zones using Guyon ’s partitioning method

There are two main types of tensile stress induced within anchorage zones. The first is 

bursting stress, critical for design of primary prisms. The second is spalling stress, which 

causes cracking due to the differential stress condition between loaded and unloaded areas.

5



C h a p t e r  2 L it e r a t u r e  R e v ie w

The geometrical term ax/a  for each individual primary zone is known as the concentration 

ratio (CR). This is the single most dominant factor for the capacity of primary anchorage 

zones (Guyon, 1954; Zielinski and Rowe, 1960; Ibell and Burgoyne, 1993).

The present research is focused on the behaviour of the primary zones, through which 

individual tendon forces are transmitted locally to the structure. Secondary zones connect 

primary zones together. In these secondary zones, compatibility cracking and/or shearing 

occurs between multiple anchors. The term ‘secondary zone’ should not imply that it is of 

lower importance than the primary zone. Both regions need to be reinforced adequately to 

ensure an efficient design, and good concrete compaction in both regions is essential.

In a typical post-tensioning application, the concrete is usually patch loaded, rather than strip 

loaded, so that there is usually some distance between the edge of the concrete and the edge 

of the bearing plate, all round. In other words, a complex 3-dimensional flow of stress occurs, 

rather than a 2 -dimensional one.

Consider a practical prestressed concrete structure involving multiple anchors, for example, a 

post-tensioned segmental bridge. The bearing plates located along the flanges or the webs of 

the section are located close to the edge (see Figure 2.2). Although the primary zone 

associated with each anchor is patch loaded, the overall behaviour of each anchorage is rather 

similar to that of the strip-loaded condition (Ibell and Burgoyne, 1993), where the bearing 

plate covers the entire width of the section, as shown in Figure 2.2.

In the strip-loaded case, the stress distribution is constant throughout the thickness of the 

flange or web. This leads to a simplified 2-dimensional (2D) analytical approach. In the past, 

some researchers considered the problem in 2D and modified their results to obtain the 3D 

patch-loaded solution (Guyon, 1974; Ibell and Burgoyne, 1994b). However, experimental 

testing has confirmed that lateral tensile stress and out-of-plane failure across the short
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dimension occur, even for strip-loaded specimens, if insufficient reinforcement is provided 

(Ibell and Burgoyne, 1993). This could lead to unsafe design as most of the 2D analyses 

ignore the potential stresses induced in the third direction.

Patch loaded

Strip loaded

Figure 2 .2 -  Patch- and strip-loading conditions in thin flanges or webs

Generally, two reinforcement types are used in primary anchorage zones, namely stirrups and 

helical reinforcement (see Figure 2.3). However, the mechanisms of resistance differ between 

the two. Stirrups resist the bursting stress directly in a two-dimensional manner, with stirrup 

legs usually crossing the failure planes of the wedge cone formed beneath the bearing plate 

(discussed later in Section 2.2.2).
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Cross links Thin web or flange

Stirrups with cross-links Continuous helix
(2D direct tension) (3D confining action)

Figure 2.3 -  Primary zone reinforcement: stirrups and continuous helix

In the case of helical reinforcement, 3D confinement of the anchorage zone occurs, and the 

reinforcement does not necessarily cross the failure planes. Research has confirmed that 

helically-shaped reinforcement is more effective than stirrups because it provides a better 

confining action in all directions (Zielinski and Rowe, 1960; Niyogi, 1975; Stone and Breen, 

1981). It has also been confirmed that out-of-plane failure can occur in stirrup-reinforced 

anchorage zones (Ibell & Burgoyne, 1993). This problem could be solved by adding links 

across the stirrup legs, as shown in Figure 2.3. Although they are designed to act in direct 

tension, cross-linked stirrups provide a certain amount of confinement and hence improve the 

anchorage zone performance (Ibell & Burgoyne, 1993).

2.2.2 Existing research into primary anchorage zones

All existing research reviewed here has been conducted to investigate plain or steel- 

reinforced prestressed concrete anchorage zones.
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Elasticity theory

The majority of the early work on problems relevant to primary anchorage zones is based on 

elastic theory. Generally, researchers determined the bursting stress in the zone by 

considering geometrically-assumed stress trajectories within the region (Bortsch, 1935; 

Magnel, 1949; Sievers, 1956).

The first approach to determine the stress condition in a strip-loaded elastic prism was put 

forward by Morsch (1924). He assumed that the compressive stress trajectories follow a 

parabolic law, as shown in Figure 2.4. He derived a formula for the total transverse tensile 

force, Z, in terms of the applied load, P, and the concentration ratio, a fa .

He suggested a correction to the anchorage zone length, 2a, for different values of 

concentration ratios. He also suggested that, in order to prevent tensile bursting, the use of 

well-compacted concrete is more important than tensile reinforcement.

[2.1]

y

X

P/2

b 2a

Figure 2.4 -  Morsch’s stress trajectories and transverse bursting force

9



C h a p t e r  2 L it e r a t u r e  R e v ie w

Bortsch (1935) assumed the compressive stress distribution under the bearing plate to vary 

according to a cosine function. He determined a set of equations for the state of stress within 

a rectangular strip-loaded prism. The theory showed that the maximum transverse stress 

appears on the centroidal axis of the block at a distance between 0.4a and 0.6a from the 

loaded face. But his solution only considered concentration ratios between 0 and 0.2, an 

impracticably small range for post-tensioning applications.

Magnel’s theory (1949) was the first to specifically offer a solution to the anchorage zone 

problem, rather than to a generic concentrated-load problem. He assumed that distribution of 

the transverse stress, cry, on any plane perpendicular to the tendon path varies as a cubic 

function. Using boundary conditions, he determined the transverse bursting stress caused by 

the prestressing force in terms of the bending moment within the plane of interest and the 

uniformly-distributed load at the end of the anchorage zone. He assumed that the longitudinal 

stress, erz, disperses at 45° into the beam from the loaded face.

Guyon (1953) produced a 2D elastic theory for the stress distribution in anchorage zones. He 

used a Fourier-series approach, combined with appropriate boundary conditions. He 

considered a point load applied to the finite edge of a semi-infinite rectangle and produced a 

set of tables which allow calculation of Oy, crz and ryz (y and z  axes are defined in Figure 2.4) 

for various concentration ratios. But his solution has been shown not to satisfy the equations 

of equilibrium (Iyengar, 1962), discussed later. Nevertheless, Guyon’s 2D stress solution 

allowed tensile stresses in anchorage zones to be estimated accurately for the first time. 

Further, Guyon modified his 2D predictions for solution of the 3D problem (Guyon, 1974).

Guyon was the first to propose the partitioning method in order to define the primary prisms 

in multiple-anchorage systems. He based this idea on the concept of a symmetric prism. This 

idea has been confirmed as accurate and realistic by researchers (Zielinski and Rowe, 1960)
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and widely accepted in European practice (Magnel, 1949; Guyon, 1954, 1974; Zielinski and 

Rowe, 1960; Clarke, 1976). The basic premise is that each anchorage plate bears on a specific 

primary prism portion of the end face, and that the assumed dimensions of these prisms are 

governed by local geometry.

Sievers (1952, 1956) extended Bleich’s (1923) theory, which had considered an Airy stress 

function approach to finding bursting stresses in a doubly-symmetrical loaded prism. The 

subsequent theory became known as ‘Bleich and Sievers’ theory’ (Sievers, 1956). Sievers 

applied Bleich’s theory to the equivalent truly 3D problem under the assumption of a 

modified block of variable thickness. The theory treats the block as having varying width in 

the transverse direction, according to the distance from the loaded face. Sievers developed an 

equation for the varying block width in terms of the geometry of the anchorage zone. His 

solution only provides the transverse stress, Gy, and once again, has been shown not to satisfy 

the equations of equilibrium (Iyengar, 1962). This solution provides higher predicted tensile 

stresses than those due to Morsch’s theory (1924). Siever’s theory states that the positions of 

both zero and maximum Gy are constant, regardless of the concentration ratio. This has 

subsequently been disproved by testing (Ban, 1957; Zielinski and Rowe, 1960; Sanders and 

Breen 1997), although the positions are within a close range between different concentration 

ratios.

Iyengar (1962) derived a 2D elastic solution for doubly-symmetrically loaded prisms. In his 

paper, he compared both Guyon’s and Bleich and Sievers’ theory and criticised their 

solutions in that neither satisfy the equations of equilibrium. In contrast, he derived a solution 

using Fourier series and boundary conditions, which indeed does satisfy the equations of 

equilibrium. Further, Iyengar (1966, 1971) derived a 3D elastic solution, based on the model 

of a circular cylinder. He found lower peak stresses compared with Guyon’s 3D analysis
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(1974) and Douglas & Trahan’s (1960) results. For the first time, an analysis considered the 

presence of a duct hole and confirmed its influence on the stress distribution.

Photo-elastic technique

The photo-elastic stress technique was first used to obtain anchorage zone stress data by 

Christodoulides (1955, 1957). He found that existing theories under-estimated the tensile 

stress in anchorage zones. For a doubly-symmetrically loaded end-block, he produced a set of 

linear relationships relating the maximum shear, maximum compression and maximum 

tensile stresses to the uniform compression at the end of the anchorage zone region. From the 

agreement between the photo-elastic and strain measurements, he indicated that Poisson’s 

ratio is not important to the stress distribution. However, a slight error in his analysis, which 

considerably alters the stress distribution, was found by Rasheeduzzafar and Saadoun (1984).

In fact, Poisson’s ratio for resin models used in the photo-elastic technique is rather different 

to that for concrete. The value of Poisson’s ratio has been found to be about 0.45 for photo

elastic models and typically between 0.125 and 0.20 for concrete (Yettram and Robbins, 

1969). Even so, photo-elastic investigations are still useful, given their demonstration of 

stress distribution patterns within the region.

Experimental data on anchorage zones

Ban (1957) conducted strip- and patch-loaded tests on rectangular concrete prisms, and 

obtained strain measurements on the surface of the prisms. The stresses that he measured 

were very much higher than those predicted using Guyon’s or Magnel’s theories, but fairly 

close to those of Bleich and Sievers. However, in contrast to Christodoulides, he concluded 

that the value of Poisson’s ratio is of critical significance to the stress calculations.
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In Ban’s test programme, unreinforced and reinforced specimens (containing a steel helix) 

were tested. He found that for helically-reinforced prisms, both the cracking and the ultimate 

load capacities were increased over the equivalent unreinforced specimens. Furthermore, the 

helix was found to be more effective when larger bearing plates were used. Ban’s equivalent 

experimental system set-up to model the anchorage consisted of loading the bearing plate 

through a single central screw-nut (Lee-McCall type). Therefore, the stiffness of the bearing 

plate itself was important for load transfer within the anchorage system, and he found that the 

bearing plate thickness plays a considerable role in that a thicker plate allows a more uniform 

stress distribution into the concrete, leading to higher capacity.

Douglas and Trahair (1960) developed a 3D analysis model to determine the stress 

distribution in patch-loaded plain concrete cylinders. An experimental programme was 

carried out in conjunction with the analytical work. The effects of the presence of a duct hole 

were also considered. Based on the recorded failure load, the tensile bursting stress in the 

specimens at failure was found to be about 4 times greater than that of the corresponding 

cylinder tensile splitting strength, which indicates that enhancement is provided by the 

triaxial stress condition. Internal elastic strain readings within the specimens provided good 

agreement against the theoretical predictions. It was also found that the specimens behaved 

elastically up to about 75 to 85% of the ultimate load.

Zielinski and Rowe (1960) produced a comprehensive research report on many aspects of the 

anchorage zone problem. They considered different types of commercially-available 

anchorage systems, both embedded and external, with square and circular bearing plates. 

They varied the concentration ratio, they considered the effect of cable ducts and they studied 

the effectiveness of various forms of reinforcement. They found no significant differences 

amongst the types of anchorage system, in terms of stress distribution and crack patterns. The 

first visible crack always appeared along the central axis of the prism, coinciding with the
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measured maximum tensile strain. The concentration ratio was found to be the dominant 

factor for transverse stress distribution and ultimate capacity, just as Morsch had found 

previously. However, the concentration ratio was found to not significantly affect the position 

of maximum transverse stress.

They indicated that for a given percentage of steel reinforcement, a helical shape is more 

efficient than a mat. They stated that no increase in bearing capacity is possible when the 

contact stress exceeds 1.9 times the compressive cube strength of the concrete, regardless of 

the quantity of steel reinforcement added. This is because local crushing of the concrete 

beneath the loading plate occurs. It was found that the presence of a duct hole does not 

significantly affect elastic stress distribution, and sufficient accuracy can be achieved by 

considering the net area of the concrete prism (after subtraction of the duct hole area). This 

conclusion, however, contrasts with the finding of Douglas and Trahair (1960), who were 

interested in the ultimate load capacity. Zielinski and Rowe were more interested in the 

elastic strain distribution from the surface strain measurements.

There was considerable disagreement between Zielinski and Rowe’s test results and all 

existing theoretical predictions. The transverse tensile stresses found by Zielinski and Rowe 

were substantially greater than those predicted by Guyon or Magnel. It should be noted that 

Zielinski and Rowe compared their measured surface strains with the theoretical predictions 

of strain along the central axis of the prisms. This presumption was later found to be 

questionable when finite element analysis, carried out by Yettram and Robbins (1969), 

revealed considerable variation in strain across the width of a prism, discussed later. Zielinski 

and Rowe assumed uniform strain across the full width, subsequently shown to be 

excessively conservative. The consequent over-specification of reinforcement leads to 

congestion, which, in turn, leads to poor concrete compaction in anchorage zones.
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Prior to the 1960s, several researchers had noticed the formation of a wedge beneath the 

bearing plate at ultimate failure of the prisms (Meyerhof, 1953; Shelson, 1957; Au & Baird, 

1960). They suggested that the concrete directly underneath the bearing plate is subject to 

triaxial compression, which leads to formation of a rigid-body wedge.

Niyogi (1973, 1974, 1975) presented results from his experimental investigation into the 

bearing capacity of plain and reinforced concrete prisms, using both strip and patch loading. 

He considered effects due to specimen geometry, absolute size, concrete mix and type of 

reinforcement. He found that prisms with higher aspect ratios (ratio of height to breadth) tend 

to have a lower bearing capacity, possibly due to the reduced effectiveness of base friction, 

compared with prisms having a low aspect ratio. Size effect itself would also be a factor. 

However, he found that the failure sequence for all his specimens was always initiated with a 

central crack, followed by wedge formation under the bearing plate, a similar finding to that 

of Shelson (1957) and Au & Baird (1960). Moreover, Niyogi found that the major 

longitudinal cracks always propagated towards the remote end of each specimen. Niyogi also 

found that the ultimate bearing capacity of reinforced specimens was generally higher when 

helical reinforcement was used.

Fenwick and Lee (1986) conducted tests on strip-loaded rectangular- and I-section prisms. 

They found that the ratio of bursting force to applied load was always less than elastic-based 

predictions. Due to the change in anchorage zone stiffness between the pre- and post-bursting 

crack conditions, they applied a stress re-distribution approach, and found that the location of 

bursting force and its magnitude both change under increasing damage to the zone.

Stone and Breen (1981, 1984) conducted a comprehensive test programme, which involved 

both scaled and full-size specimens, representing thin box girder webs. Their investigation 

was mainly concerned with the tensile cracking behaviour in anchorage zones containing 

inclined and eccentrically-positioned tendons. Three-dimensional linear elastic finite element
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analysis was also conducted. They found that for inclined, curved tendons, cracking could 

occur at the point of maximum tendon curvature. This suggests that additional reinforcement 

is required within that region, which is usually remote from the anchorage zone itself. They 

concluded that helical reinforcement is more effective than orthogonal reinforcement for 

anchorage zone capacity, and the efficiency of a helical reinforcement layout is governed by 

the quantity, rather than the quality (strength), of steel reinforcement. These findings were 

further confirmed by Oh et a l (1997), who published similar results from their test 

investigation.

Sanders and Breen (1997) conducted a series of concentrically-loaded anchorage zone tests. 

Their anchorage zone specimens included the ‘local’ zone, the region immediately 

surrounding the anchorage device, helically reinforced to provide varying levels of local 

confinement. The ‘general’ zone, which covers the rest of the anchorage zone, was reinforced 

using various layouts of mat reinforcement. They developed a lower-bound strut-and-tie 

model (STM) to predict the capacity of the specimens. Conservative estimates were found. In 

their tests, the helix provided confinement, improving the compressive strength of the local 

zone. This helix is usually included in the hardware of the tendons (VSL, 1991). The 

contribution of the helix as a tension tie was neglected in the STM, because the helix usually 

does not provide a direct tension mechanism, as mentioned previously. Therefore, it seems 

that for a primary zone reinforced only with a helix, STM may not be a feasible analysis tool.

Finite element analysis

Yettram and Robbins (1969, 1970, 1971) carried out a comprehensive elastic finite element 

(FE) analysis of anchorage zones. They were able to predict the stress distribution in the third 

direction of the region. A significant stress variation in the third direction was found. The
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surface bursting stress was found to be significantly greater than the average bursting stress. 

This conflicted with Ban’s (1957) and Zielinski & Rowe’s (1960) assumption that measured 

surface stresses are representative of the through-section average stress distribution. From the 

FE analyses, close agreement was found with Iyengar’s 2D and Guyon’s 2D solutions for the 

predicted average bursting stress. Yettram and Robbins also stated that a variation in 

Poisson’s ratio between 0.125 and 0.20 is not significant, but that when a ratio of 0.45 is used, 

results are wayward. This sowed doubt regarding the earlier photo-elastic test results.

Since the stress distribution within anchorage zones is complex, FE analysis would appear to 

be a useful tool for this type of analysis. Such FE analyses are usually conducted in 

conjunction with a specific corresponding experimental investigation and analytical approach 

(Stone & Breen, 1981; Fenwick & Lee, 1984; Ibell & Burgoyne, 1994b). As expected, the 

majority of FE analyses tend to provide close agreement with the experimental results up to 

the first cracking capacity.

Plasticity theory

Plasticity theory was first used to model the bearing capacity of plain concrete prisms by 

Hawkins (1968) and by Chen and Drucker (1969). Both theories are based on application of 

the Modified Coulomb Failure Criterion for concrete failing along the shear plane between 

the wedge beneath the bearing plate and its surrounding concrete.

Hawkins (1968) carried out a test programme on patch-loaded concrete prisms and developed 

his plasticity approach based on these tests. He found that a wedge formed beneath the 

bearing plate at the ultimate load in all cases. Hence, basing the idea on equilibrium between 

the applied load and resistance due to the failure wedge, he predicted the bearing capacity by
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further assuming that the shear stress limit, r, along the wedge-concrete interface was given 

by:

r -  cc +cr tan (j) [2.2]

This is the Modified Coulomb Failure Criterion for sliding failure, where cr is the normal 

stress across the interface, cc is the cohesion and (j> is the internal angle of friction for concrete.

Chen and Drucker (1969) also considered the Modified Coulomb Failure Criterion for 

concrete along the wedge planes. They developed an upper-bound plasticity theory for plain 

concrete prisms under both patch- and strip-loaded conditions. Whereas Hawkins’ work 

considered equilibrium of the wedge only, the failure models used by Chen and Drucker took 

into account the length of the specimen. They proposed two failure modes, depending on the 

aspect ratio of the particular specimen, as shown in Figure 2.5. For each failure mode, by 

equating the rate at which external work is done to the rate at which energy is dissipated 

along the assumed failure planes, they produced a single equation for the bearing capacity in 

terms of the geometry of the failure model (i.e. the wedge angle /?), the internal angle of 

friction, fa and the ‘effective’ strength of concrete (see Section 6.2.2).

Of the two failure modes suggested by Chen and Drucker, later experimental investigations 

using concrete prisms (Niyogi, 1973; Fenwick & Lee, 1986; Ibell & Burgoyne, 1993) have 

indicated that, regardless of the aspect ratio, under both strip- and patch-loaded conditions, 

only failure mode I seems likely to occur. A limitation of Chen and Drucker’s theory was that 

it considered only plain, unreinforced concrete prisms.

18



C h a p t e r  2  L i t e r a t u r e  R e v i e w

H < 2 a

Frictionless base

u i

Velocity diagram

Failure mode I

H > 2 a

Frictionless base
Failure mode II

Figure 2.5 -  Chen & Drucker’s failure modes (1969)

Ibell and Burgoyne (1993) conducted a series of tests on strip-loaded steel-reinforced 

concrete prisms and devised a comprehensive analytical approach (1994a, 1994b). Elastic FE 

analysis was used to compare their experimental strain measurements from the steel. Good 

agreement was obtained at low loads up to first cracking. In order to predict the ultimate 

bearing capacity, they developed an upper-bound plasticity analysis, based on the failure 

wedge underneath the bearing plate. Although their analysis was conducted under plane
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strain conditions, they stated that sufficient confinement within the bursting area is essential 

in order to prevent out-of-plane failure.

They considered a total of three failure models. The first model considered uniform 

translation of the outer blocks (as had been assumed previously by Chen and Drucker (1969)), 

with straight-line wedge failure planes. Owing to rotation of the outer blocks about the base 

being observed in their test programme (Ibell and Burgoyne, 1993), they considered two 

further failure modes to deal with this rotation effect. One model assumed straight yield lines 

for the wedge, the other curved. The curved yield line model took into account the varying 

displacement caused by rotation of the outer blocks, and experimental observation of a 

curved wedge surface. The curved-surface model was found to be the most general failure 

case. They found that the uniform-translation model provided the lowest predictions (due to 

the lack of base friction), while the straight yield line model provided the highest, being on 

average 11% higher than the test results.

Ibell and Burgoyne (1994a) also presented plasticity-based equilibrium solution. By 

considering equilibrium of the assumed half model, as shown in Figure 2.6, the capacity of 

the specimen could be predicted. The external force, 7Y, includes the contribution from 

transverse yielding reinforcement (spread over a depth of Hr) and the optimum solution is 

obtained by varying the wedge angle p.
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Figure 2 .6 -  Ibell and Burgoyne’s (1994a) equilibrium model

For a strip-loaded specimen of breadth b, using Equation [2.2], they derived an expression for 

a, as shown below in Equation [2.3]. Fairly accurate correlation with test data was found.

albHcc + i  aa1bcc cot p  -  ̂  axbcc cot p  + Tt (H  -  H r/2)
a  =

1 1 2 1 1 2 axbH  cot p  -  ax bH  tan <j> —  aaxb tan (j) cot p  +—ax b tan (j> cot P — aal b + — ax b
[2.3]

For vertical equilibrium of the failure wedge:

axbP
—  =  T 
2 vsin P j

COS P  + <J axb 
^ sin P j

sin p [2.4]

Full details of the derivation are presented in Chapter 6, with inclusion of FRP reinforcement.

The above solution can be refined further for use in a more generalised case. By allowing the 

length of the model, H , to tend to infinity, Equation [2.3] tends to
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axb cot -  aYb tan <j>

Equation [2.5] provides a simplified approach to the calculation of cr. Hence, the capacity of 

the anchorage zone may be found (using Equations [2.2] and [2.4]), regardless of the length 

of the actual specimen. This is ideal for general design purposes.

2.2.3 Design philosophies for prim ary anchorage zones

In multiple anchorage systems, the entire anchorage zone is divided into primary and 

secondary zones, shown previously in Figure 2.1. The partitioning method (Guyon, 1954) 

treats each individual anchorage plate as bearing on a ‘primary prism’, and bursting 

reinforcement is designed for each individual prism. Secondary reinforcement is then added 

to maintain the equilibrium of the entire anchorage zone.

To define the primary zones for design purposes, Guyon’s partitioning method is suggested 

by many guides and codes-of-practice (Magnel, 1949; Guyon, 1954; Zielinski and Rowe, 

1960; Clarke, 1976). An exception is the American Concrete Institute code for structural 

concrete (ACI-318, 2002). This divides a multiple anchorage system into so-called ‘local’ 

and ‘general’ zones. The local zone is the region immediately surrounding the anchorage 

device, and is defined by the specified edge distance or required cover recommended by the 

manufacturer (Sanders and Breen, 1995). The general zone is the rest of the anchorage zone. 

Design of the local zone is governed by bearing capacity, and any bursting stresses induced 

are then resisted by the general zone reinforcement.

When designing primary prisms, there are two criteria, namely the local bearing capacity of 

the concrete, and the level of reinforcement required to resist the bursting stresses. The 

CIRIA design guide (Clarke, 1976) reviewed various codes-of-practice (at its time of
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publication). It provides equations for the bearing capacity, allowing for beneficial 

confinement provided by surrounding concrete. The equations are in terms of the 

compressive strength of concrete and the ratio between the overall primary prism area and the 

loaded area.

Generally, anchorage zone reinforcement is designed to resist all bursting stress because 

concrete has limited tensile capacity that, once called upon, is unavailable thereafter. The 

amount of reinforcement required by each design method varies substantially and is based 

upon the ratio between the total predicted bursting force, Z, and the prestressing force, P, as a 

function of the concentration ratio. The graph shown in Figure 2.7 shows the variation in Z/P 

with concentration ratio for various design approaches (Zielinski and Rowe, 1960; VSL, 1975; 

Clarke, 1976; ACI-318,2002).

Zielinski and Rowe (1960) suggested that a small portion of the bursting tension could be 

resisted by the concrete itself. This idea was suggested by Clark (1982) as an alternative 

design method used in BS5400. However, it requires the designer to use the relatively high 

Z/P ratios of Zielinski and Rowe (see Figure 2.7) if concrete is to be assumed to take any 

tension. This, in turn, would lead to a similar amount of reinforcement to that specified by the 

‘original’ BS5400 (1990) method, which considers concrete as taking no tension. Note that 

British Standard BS8110 (1997) provides the same Z/P ratios as BS5400.

Reinforcement for primary prisms is located in the region of 0.2a to 2.0a from the loaded 

face, the region of actual bursting tension. Ibell and Burgoyne (1993) confirmed 

experimentally that better crack control and ultimate load capacity could be achieved if 

reinforcement is spread out over a greater distance than 2a. This finding would also lead to 

better concrete compaction, much required for good anchorage zone behaviour.
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Figure 2.7 -  Z/P ratios against the concentration ratio

The design of stirrups and the design of helical reinforcement require different approaches, as 

might be expected due to their different reinforcing mechanisms. For conventional stirrups, 

the amount of reinforcement is determined according to the total bursting force induced by 

the prestressing force. Helical reinforcement, although suggested as being superior to stirrups 

in some design recommendations (VSL, 1991; Roberts-Wollmann and Breen, 2000), is in 

fact only used to improve the local bearing capacity of the concrete immediately underneath 

the bearing plate. No direct-tension component of the helix is included in its quantifiable 

design. Bursting stress is considered to be resisted only by stirrups or grid reinforcement in a 

conventional way.

While VSL design recommendations (1991) provide guidance for helical reinforcement, this 

is merely in keeping with the philosophy that the anchorage hardware manufacturer should 

take responsibility for the local zone reinforcement, while the structural engineer takes 

responsibility for the design of reinforcement in the general zone (Sanders and Breen, 1995).

Roberts-Wollmann and Breen (2000) proposed equations for the design of helically- 

reinforced local zones, based on the ACI-318 code. The bearing capacity of the local zone is 

enhanced by the lateral confining stress from reinforcement. However, once again, the
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equations are only for the enhancement of bearing capacity in the local zone. The induced 

bursting stresses still have to be resisted by the general zone reinforcement.

When helical reinforcement is to be included, none of the codes-of-practice provides a direct 

design approach. However, the CIRIA design guide (1976) suggests that the diameter of the 

helix should be a minimum of 50mm greater than the dimension of the bearing plate, in order 

to ensure effective confinement. Further details of primary zone design by various codes-of- 

practice are given in Section 4.2, where correlation against experimental results is presented.

Since crack control (serviceability) is a dominant design criterion in steel-prestressed 

concrete, the capacity of steel reinforcement is not fully mobilised under such a crack width 

criterion. Design codes limit the stress in the reinforcing steel to the lower of 0.87 times the 

yield strength or 200N/mm2 (BS8110, 1997). This approach is strain dependent and may also 

be applicable (with different values) to FRP reinforcement due to the relative low stiffness.

While corrosion is the main reason for crack-width limitation in steel-reinforced concrete 

anchorage zones, FRP suffers far less from such durability problems, so that crack width 

limitations may be eased, and determined fundamentally on the basis of serviceability and 

aesthetics (Kaneko et al., 1993). Therefore, a greater allowable strain may be assumed in the 

reinforcement when FRP is used. This would be essential for this material in any case, due to 

its lower elastic modulus.

2.3 Advanced composite materials for concrete structures

2.3.1 Introduction

Corrosion in conventional steel-reinforced concrete poses a major problem in terms of 

durability. This is particularly so where de-icing salts are used on highway bridges, or salt
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water is in contact with marine structures (Clarke, 1993). Though much money and time have 

been spent to repair such corroded structures, this problem remains unresolved unless an 

alternative strategy of reinforcement is adopted. Because of the well-known properties and 

behaviour of steel in reinforced and prestressed concrete, there is a reluctance to stop using it, 

so that there has been a push to improve its corrosion resistance. Such improvements have 

included the use of galvanised or stainless steel, epoxy coatings and cathodic protection. 

These methods are summarised by Clarke (1993).

An altogether new approach was finally introduced in the late 1970s. This was the 

development of advanced composite materials to be used in the construction industry. Much 

interest was shown in these novel materials as an alternative to steel for the reinforcement of 

concrete structures. This was not only because of their corrosion resistance but also because 

of their favourable strength to weight ratios (benefits in construction). Hence, it seems logical 

to produce wholly non-metallic concrete structures to extract the above advantages. However, 

the mechanical properties of advanced composites are very different from those of 

conventional steel. Most noticeably, advanced composites behave elastically to brittle failure 

and do not yield. They also exhibit relatively low stiffness, generally. Therefore, a complete 

understanding of the behaviour of concrete structures, which are reinforced and prestressed 

with these new materials, is necessary. This includes fundamental structural behaviour, as 

well as long-term durability, under differing environmental conditions.

2.3.2 Fibre-reinforced polymers

Fibre-reinforced polymers (FRP) are the most common form of advanced composite used in 

the construction industry. FRP materials are made of two components, the fibres and the 

matrix. The main mechanical properties (i.e. tensile strength and elastic modulus) of the
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composite are dominated by the type of fibre. The matrix binds the fibres together and 

protects them from the external environment. However, the matrix is also vital to the 

structural performance of the composite, as it transfers load between the fibres.

Various types of fibre are used for FRP, usually impregnated with epoxy or vinylester resin. 

The most common fibres are carbon, glass and aramid (CFRP, GFRP and AFRP respectively). 

They are chosen because of their strength, adequate stiffness, good creep performance, high 

durability, non-magnetism and lightness on site. FRPs for concrete structures are usually 

made in rod or strand form as reinforcing bars or prestressing tendons, or in tape or sheet 

form for strengthening and retrofitting applications. Bars of rectangular cross-section are also 

made for use in some prestressing applications (Gerritse, 1993).

A very popular manufacturing method for FRP is pultrusion. It allows practically any shape 

of uniform cross-section to be made. This is ideal for concrete reinforcement and tendon 

production. The process allows a high fibre content to be achieved, typically 70% (Clarke, 

1993). Hence, high strength and stiffness are possible. In the pultrusion process, continuous 

fibres are impregnated with a suitable resin in a bath. They are then pulled (in a controlled 

manner) through a die of the required cross-section in order to remove any excess resin. The 

die is heated to act as a curing and setting device. The pultruded section is then cut to the 

required length. Other than the fibres and resin, the fibre placement, the die temperature and 

the pulling speed are all critical aspects to the manufacturing process in order to ensure the 

properties specified for the product (Kim, 1995).

An initially-smooth surface on the pultruded section is produced, and any surface treatment is 

carried out after passing through the heated die. Surface treatment of the FRP reinforcing bar 

or tendon is vital. It directly affects the bond characteristics with concrete. This is critical to 

the overall structural behaviour (see Section 2.5).
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Properties such as tensile strength and stiffness are different amongst various FRPs. Of the 

three commonly-used fibre types, carbon fibres offer the best performance in terms of 

strength and stiffness, followed by aramid, then glass fibres. All fibres have a greater tensile 

strength than conventional steel, but with a lower elastic modulus, except for certain specific 

carbon fibres. However, both tensile strength and elastic modulus of the equivalent FRPs 

made up of such high modulus fibres are lower, due to the inferior properties of the resin, 

which makes up at least 30% of the cross section.

Glass FRP

The main advantages of GFRP are its high tensile strength and low cost. E-glass and S-glass 

fibres are the two most commonly used fibres for GFRP in structural applications. Both fibres 

have different chemical compositions. S-glass provides greater tensile strength and stiffness 

than E-glass but, generally, GFRP has the lowest elastic modulus of the three types of FRP 

under consideration here. Alkali resistance of GFRP is low (Uomoto, 2001; Sen, Mullins and 

Salem, 2002). This creates major doubts in using GFRP rods for concrete reinforcement, 

although its use in the USA is becoming more widespread (Ehsani, 1993). Durability of 

GFRP and other types of FRP are discussed later in Section 2.4.3.

Aramid FRP

There are three commercially-available AFRP bars which have been investigated for 

structural concrete applications, namely FiBRA, Technora and ARAPREE. They are made 

from different types of aramid fibre (Kevlar, Technora and Twaron respectively) and with 

various types of resin matrix. Surface appearances between the three AFRP bars are very
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different, affecting their bond behaviour radically (Lees & Burgoyne, 1999b). Properties of 

the three types of AFRP bars are outlined below.

FiBRA -  This contains Kevlar 49 as the fibre and epoxy resin as the matrix. The fibres are 

braided and then impregnated with resin, leading to a surface appearance similar to that 

shown in Figure 2.8(a). FiBRA has an Elastic Modulus of about 69GPa, tensile strength of 

1480MPa and a fibre volume content of 65 to 70% (Lees & Burgoyne, 1999a). Kevlar fibre 

was developed during the 1970s by Du Pont and Kevlar 49 is the high modulus (HM) version, 

which is used for most structural applications (also see Parafil rope below).

Technora bars -  This is also the name of the fibre involved. A vinylester resin is used for the 

matrix. After the pultrusion process, and before the resin is cured, the bar surface is wrapped 

with helically-wound fibres. See Figure 2.8(b). The bar surface is deformed in this way to 

improve the bond strength with concrete. The fibre volume content is about 65% (Lees & 

Burgoyne, 1999a).

ARAPREE (Aramid Prestressing Element) -  Twaron (HM) fibres used in ARAPREE have 

properties similar to Kevlar 49 (Gerritse, 1993). The tendons consist of parallel filaments 

impregnated with vinylester resin, having 50% fibre volume content. The surface is sanded to 

improve bond strength with concrete. Bars of round and rectangular cross-section have been 

developed for pre-tensioned concrete applications (Gerritse and Taerwe, 1999). ARAPREE 

was developed during the early 1980s in Holland by AKZO and HBG (Hollandsche Beton 

Groep) and presently is supplied by Sireg S.p.A. in Italy. The mat systems used in the current 

experimental programme (Chapter 3) are made of ARAPREE bars of 5.5mm diameter.
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_ . . . . Winding fibre Securing fibreBraided surface ^  \

Longitudinal securing fibre

Figure 2 .8 -  Surface treatment o f AFRP bars: (a) FiBRA; (b) Technora bar

Generally, AFRP bars exhibit better alkali resistance than GFRP bars (Uomoto, 2001). 

However, they degrade in ultra-violet light, which means they are not suitable for external 

use.

Parafil ropes

The feasibility of aramid fibres used solely as structural tension elements has been 

investigated by Burgoyne (1993). The system was developed by Linear Composites Ltd in 

the UK. The rope contains Kevlar fibre filaments arranged in parallel inside an extruded 

polyethylene sheath. The sheath protects the fibres from ultra-violet light and other 

environmental conditions, making it suitable for external applications. For structural 

applications, Parafil Type G with Kevlar 49 filaments is usually used. It has a tensile strength 

of 1926MPa and an Elastic Modulus of 126.5GPa (Linear Composites Ltd).

A prestressed masonry footbridge has been erected in Tring, Hertfordshire (Shaw et al., 

1995), using Parafil ropes as prestressing tendons. The construction of the bridge was 

successful, even although the span is only 7 metres.

Norway’s Oppegaard Bridge (Grostad et al., 1997) was constructed as a full-scale trial 

structure as part of the Eurocrete project (Clarke and Waldron, 1996). GFRP was used as 

bending and shear reinforcement, while Parafil ropes were used for the post-tensioning as 

internal unbonded tendons.
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One purpose of both bridges is to monitor the real-life behaviour, both immediate and long 

term, of structures containing Parafil prestressing rope.

Carbon FRP

Carbon provides the best structural performance of the three types of reinforcing fibres under 

consideration. It is also the most durable under usual conditions which occur in concrete 

structures (see Section 2.4.3). This has attracted interest in its use for structural applications, 

for internal reinforcing of concrete structures, but also particularly for external strengthening 

applications, where its use is now the preferred strengthening scheme for bridges and 

buildings in many countries (Ballinger et a l, 1993; Meier et al, 1993; Hosotani et al, 1997; 

Lees et al, 2000; De Lorenzis and Nanni, 2001 Pilakoutas and Mortazavi 2001). See Section 

2 .8.

2.4 Research into FRP in concrete structures

2.4.1 FRP-prestressed concrete

The relatively low stiffness of FRP (compared with conventional steel) means that high 

tensile strength can be achieved only at large strain. Therefore, when using FRP bars as 

initially-unstressed reinforcement for concrete structures, cracking is widespread and 

deflections are large. This clearly is unacceptable at the serviceability limit state. Wide cracks 

are not only undesirable in terms of ingress of water and other chemicals, but the large 

associated deflections lead to incompatibility with fixings. In order to get around this 

serviceability problem, and to increase ultimate capacity simultaneously, the use of FRP- 

prestressed concrete has been suggested (Burgoyne, 1997).
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Since the working strain capacities of steel and concrete are similar, conventional reinforced 

concrete may be used in an efficient way. However, for FRP bars, prestressing would allow 

more efficient use of the materials. Figure 2.9 shows two stain distribution diagrams: (a) for 

an FRP-prestressed concrete beam, and; (b) for an FRP-reinforced concrete beam. For the 

prestressed beam, much of the strain capacity of the tendons is removed, leading to similar 

flexural strain levels between the concrete and FRP. For the FRP-reinforced beam, in order 

for both the concrete and FRP to reach their full capacities, only a small amount of concrete 

is in compression. This results in under-use of the concrete and a high neutral axis, leading to 

unacceptable bending curvature. This results in the problems described before.

£c

Prestrain

£r

(a) Prestressed (b) Reinforced
Figure 2.9 -  Strain distributions for FRP-prestressed and -reinforced concrete beams

Further improvements in the behaviour of the FRP-prestressed beam are possible if the 

compressive strain capacity of the concrete is extended to its confined strain capacity, ecc, as 

shown by the dotted lines in Figure 2.9(a). This is achieved by confining the compression 

zone using stirrups, hoops or continuous helices. Research has shown that an arrangement 

with helices in the compression zone provides true plastic-based ductility in such structures 

(Sheikh, 1982; Mander et al., 1988; Whitehead and Ibell, 2001; Leung and Burgoyne, 2001).
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Further details of the internal confinement of concrete using FRP, and the issue of ductility in 

FRP-reinforced and -prestressed concrete structures, are discussed in the next section.

Lees and Burgoyne (1999a) investigated concrete beams, pre-tensioned using FiBRA and 

Technora bars. They studied behaviour under different bond characteristics between the 

tendons and concrete, namely fully bonded, intermittently bonded and fully unbonded. Some 

tendons were also coated with a resin adhesive of low shear strength, in order to consider 

controlled bond strength along the entire length of tendon. They showed that when tendons 

are fully bonded, the ultimate load capacity is high but there is insufficient rotation capacity 

prior to brittle failure. When the tendons are completely unbonded, a high rotation capacity is 

achieved but at the expense of load capacity. They concluded that with intermittent bond 

along the tendons, or with controlled bond, both high ultimate load and large rotation 

capacity can be achieved. Figure 2.10 shows the schematic load-deflection curves for 

comparison between specimens containing fully-bonded, unbonded and intermittently- 

bonded tendons.

Intermittently 
bonded- high load, 
high rotation 
canacitv

Unbonded- low 
load, high rotation 
capacity

 ►

Deflection

Figure 2 .10- Schematic load-deflection curves showing the effect o f intermittently-bonded
tendons, after Lees and Burgoyne (1999a)

Fully bonded -  
high load, low 
rotation capacity

Load
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2.4.2 Ductility concerns in FRP-reinforced and -prestressed concrete structures

The requirement for ductility to be exhibited by concrete structures is a crucial aspect of the 

design process. Because of FRP’s linear elastic behaviour up to ultimate tensile rupture, 

ductility in FRP-reinforced and -prestressed concrete structures cannot be provided in the 

same way as with steel. Adequate ductility needs to be provided by something else.

Burgoyne (1997) suggested that the required ductility for an FRP-prestressed beam may be 

provided by confined concrete in the compression zone, where the member is designed so 

that the concrete will ‘yield’ when the structure is over-loaded. This implies that such beams 

must be over-reinforced in order to ensure that ductile concrete compression failure occurs 

before the tendons rupture in a brittle manner.

Leung and Burgoyne (2001) tested an 8m long post-tensioned concrete T-beam containing a 

series of interlocking AFRP helices (Kevlar 49 with epoxy resin), embedded in the 

compression flange. Unbonded Parafil ropes were used externally as the main tendons. The 

presence of the AFRP helices was to prevent explosive concrete failure, which had been 

found to be the failure mechanism for beams with no confinement in the compression zone 

(Burgoyne et al., 1991; Abdelraham and Rizkalla, 1997).

The result showed that good ductility was exhibited prior to progressive failure, which was 

initiated by snapping of the confining helices, implying an initial compression zone failure. 

They also noticed that, on unloading and reloading the beam after initial flexural cracking, 

the beam experienced a further reduction of stiffness due to the crushing of concrete outside 

the confining helices. Although this led to a lower load capacity of the beam, the failure 

mechanism of the FRP-prestressed beam was improved and genuine ductility was achieved.

This finding agrees well with Taniguchi et a l (1993), who found similar results using carbon 

FRP. They first looked at the uniaxial compressive behaviour of concrete prisms containing
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CFRP reinforcement as internal confinement in either circular or square helical forms. They 

then extended the idea to use such confinement in the compression zone of prestressed beams 

containing CFRP tendons. The results for uniaxial compression indicated that good ductility 

could be achieved, especially with close circular helical pitch spacing (30mm). In the beam 

tests, sudden compressive failure did not occur. Instead, at post-peak, the applied load 

dropped to around 80% of the maximum capacity, and was maintained under increasing 

displacement until failure. The drop in applied load was suggested to be due to the separation 

of the concrete from the helices, as found by Leung and Burgoyne (2001).

Ductility index

Large deflections ought to occur in concrete beams reinforced or prestressed with FRP, due 

to the low elastic modulus of the material. This has been confirmed experimentally (Lees and 

Burgoyne, 1999a; Whitehead and Ibell, 2000). However, large deflection does not necessarily 

imply ductility. It is possible that substantial elastic energy is stored in a structure that shows 

large deformation, as shown schematically in Figure 2.11. Such elastic energy would be 

released at failure, possibly leading to devastating collapse.

Naaman and Jeong (1995) addressed this problem and proposed a rational approach to define 

the ductility index (or factor) for prestressed concrete beams containing FRP tendons. The 

method is based on consideration of the ratio of dissipated plastic energy to total energy 

(stored elastic plus dissipated) at failure (see Figure 2.11). Clearly, a high ratio implies good 

ductility, while a lower ratio implies more brittle failure. They compared several results for 

prestressed beams containing FRP and steel tendons. They found that FRP-prestressed beams 

indeed show low ductility indices under the new method, despite large deformations. They 

also proved that when confinement in the compression zone is present, ductility is improved.
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Similar conclusions were drawn by Morais and Burgoyne (2001), who developed a computer 

program to predict moment-curvature plots for beam sections containing steel or AFRP 

tendons. They were able to determine the level of energy dissipation before failure and they 

confirmed that good energy dissipation is found in over-reinforced beams. They adopted the 

stress-strain relationship for AFRP-confined concrete from Leung and Burgoyne (2001) and 

confirmed the importance of confinement in the compression zone on ductility. Very usefully, 

the program allows unloading behaviour to be predicted at the point immediately before 

failure, something which may not always be possible during experimental testing.

Total energy = Inelastic + elastic energy

Inelastic
energy Elastic

energy

Deflection

Figure 2.11 -  Inelastic (dissipated) and elastic (stored) energies in FRP-prestressed beams 

2.4.3 Durability of FRP

One of the main deterioration problems for conventional concrete is the chloride-induced 

corrosion of steel reinforcement and tendons (Clarke, 1993). FRP generally has good chloride 

resistance. However, other issues still have to be addressed to ensure the overall durability of 

the material used in a concrete environment (Uomoto, 2001). For internal FRP reinforcement, 

alkali resistance is the primary durability concern (Sheard et a l,  1997). Owing to the 

relatively new application of FRP in concrete structures, the majority of durability tests have 

been short-term and accelerated, using high-concentration alkaline solutions and extreme
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temperatures to predict the long-term durability of such bars. It has been argued that these 

accelerated tests do not necessarily represent real conditions in embedded concrete (Gerritse, 

1993).

Uomoto (2001) summarised many durability investigations conducted in Japan for CFRP, 

AFRP and GFRP bars. Durability under various environmental conditions was studied, 

including resistance to alkalis and acids, freeze-thaw, ultra-violet and high temperature (fire 

aspects). He concluded that, under accelerated tests for alkali resistance, GFRP suffered a 

substantial loss in strength compared with CFRP and AFRP bars. Nevertheless, GFRP bars 

have been used as concrete reinforcement in America since the mid-1980s (Ehsani, 1993). A 

recent paper by Sen et a l (2002) suggests that GFRP made of E-glass fibre and vinylester 

resin is not suitable for concrete reinforcement. Although glass fibres are very sensitive to an 

alkaline environment (Katsuki and Uomoto, 1995), Benmokrane et a l (2001) and Dejke & 

Tepfers (2001) state that good quality control over the reinforcement surface (elimination of 

voids and holes, together with fully cured resin) improves the alkaline resistance of GFRP 

bars to acceptable levels.

Sheard et a l (1997) suggest that a good interface between the fibre and resin matrix is 

essential for environmental protection. Benmokrane et a l (2001) suggest that GFRP can be 

used in structural concrete provided that the working stress of the bar is under 25% of its 

guaranteed design strength. ACI-440 (2001) limits the long-term stress in GFRP bars to just 

20% of their design strength, but this limit relates to prevention of creep rupture.

Although Uomoto (2001) concluded that carbon and aramid FRPs generally have good alkali 

resistance, Takewaka and Khin (1996) found that strength reduction must be expected for 

AFRP bars (more specifically, FiBRA and Technora bars) under long-term stress conditions 

when immersed in an alkaline solution. They found that FiBRA (Kevlar 49 fibres) 

experienced about a 15% loss in strength when immersed in an alkaline solution of pH 13 for
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2000 hours (just under 3 months). Technora bars fared better. Alkali resistance of ARAPREE 

bars has been studied by Gerritse and Den Uijl (1995). Through accelerated tests, they found 

that about half of the characteristic failure load of ARAPREE bars can be maintained for 100 

years at 20°C.

Uomoto and Ohga (1996) reported deterioration of aramid-based FRPs under ultra-violet rays 

(the aramid fibre type was not specified). About a 20% loss in tensile strength was found 

after 6 months, and 30% after 3 years’ exposure. This suggests that AFRP is only suitable for 

internal use in concrete. However, even so, attention should still be paid to the possibility of 

exposure to sunlight during the construction period or storage on site.

As well as the tensile capacity of the reinforcement, the bond strength between FRP bars and 

concrete is important (discussed next), particularly should environmental effects alter this 

behaviour. Mashima and Iwamoto (1993) discovered from pullout tests under cyclical freeze- 

thaw conditions that AFRP bars experienced a noticeable reduction in bond strength.

2.5 Bond behaviour between FRP and concrete

2.5.1 Introduction

It is important that sufficient bond strength is developed between FRP reinforcement and 

concrete. Surface treatment of FRP bars during the manufacturing process is mainly aimed at 

providing high bond strength with concrete. Such treatments include deforming the surface of 

Technora bars or sanding the surface of ARAPREE bars.

Burgoyne (1993) suggested that high bond strength between FRP bars and concrete may not 

be suitable. At a crack location, if  the bond strength is too high, a local over-strain occurs. 

Because of the linear elastic behaviour of the FRP, this local over-strain translates to local

38



C h a p t e r  2  L it e r a t u r e  R e v ie w

over-stress, leading to possible premature snapping. Therefore, the extent to which the bond 

is released as the bar stretches is a crucial aspect, and this bond must be controlled.

This was confirmed by Ibell and Burgoyne (1999). They investigated the shear behaviour of 

concrete containing AFRP, GFRP or steel shear reinforcement. From a series of pushoff 

shear tests, they concluded that, for good shear behaviour, both the geometry and the bond 

characteristics of the reinforcement must be carefully chosen. Debonding of reinforcement 

from the concrete at the post-crack stage is necessary in order to avoid the possible 

occurrence of high stress concentrations, which would otherwise cause sudden snapping of 

the reinforcement.

2.5.2 Bond mechanisms

From the investigations discussed previously, the correct level of bonding between FRP and 

concrete is necessary if it is to be used efficiently. Pre-tensioned tendons require adequate 

bond to transfer the high prestressing force and maintain stiffness in high-moment regions 

(Lees and Burgoyne, 1999a), while transverse reinforcement (e.g. for shear resistance and/or 

confinement) requires necessary bonding to transfer loads, but necessary debonding 

properties to avoid local snapping (Ibell and Burgoyne, 1999).

The shear and transverse properties of FRP bars govern bond behaviour, so that such 

behaviour depends squarely on the relevant properties of the resin matrix used (Achillides et 

a l, 1997). This is different from steel, which is an isotropic material. Hence, for the same 

type of fibre, a different type of surface treatment or resin matrix will have a significant effect 

on bond behaviour.

In general, there are three types of bond mechanism, namely mechanical interlock, friction 

and chemical adhesion (Cosenza et a l , 1997; Lees and Burgoyne, 1999b). Mechanical
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interlock applies to FRP bars with deformed surfaces, which resemble conventional steel 

rebars (e.g. FiBRA bars and Technora bars). Friction relies very much on surface roughness 

and depends on the resin matrix and surface texture used (e.g. the sanded surface of 

ARAPREE bars). Chemical adhesion is the bond that is developed at the interface of the bars 

and concrete, thus providing the initial bond resistance of the bar. Once the chemical bond is 

lost at initial slip, either mechanical interlock or friction becomes the effective bond 

mechanism, depending on the bar configuration (Hognestad and Janney, 1954).

2.5.3 Existing experimental data for bond behaviour

Pull-out tests

The direct pull-out test is the most common set-up to investigate the bond behaviour between 

FRP bars and concrete, because of the simplicity of the test. It involves an FRP bar embedded 

in a concrete block with a portion of the bar being bonded to the concrete. The block rests on 

a fixed plate and the bar is pulled. The slip of the bar at the loaded and unloaded ends is 

recorded. A schematic diagram for direct pull-out tests is shown in Figure 2.12.

Nanni et a l (1995) conducted direct pull-out tests on carbon and glass FRP bars. The bars 

were manufactured so as to provide primary bond resistance through mechanical interlock 

and friction. They found that those bars which rely on mechanical interlock (with a deformed 

surface) have far greater bond strength than those bars which rely on friction. All deformed 

FRP bars failed in shear by sliding of the deformed rings. The load would suddenly drop as 

each ring sheared off, increasing again until the next ring sheared off. The bond resistance 

was found to depend on the shear strength of the bar deformations, directly related to the 

properties of the resin matrix. This was confirmed when they found that the concrete 

compressive strength had no influence on the bond strength or the failure mode in the tests.
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However, Achillides et al. (1997) pointed out that a substantially lower bond strength is 

found for low-strength concrete, as this concrete is crushed locally by the deformed surface.

The presence of transverse reinforcement around the bonded bar was found to be of benefit to 

the bond strength in pull-out tests (Kanakubo et a l , 1993). The maximum bond stress 

increases because the concrete splitting mechanism is prevented by this reinforcement. Such 

concrete splitting failure is usually associated with pre-tensioned tendons carrying high 

tensile force. This is discussed in Section 2.5.4.

Concrete block

Bonded

Fixed p la te \  

\
^  Unbonded

TTT TTT
1 Pullout force

Figure 2.12 - Schematic direct pull-out test set-up (cross-section)

Chung (2000) conducted pull-out tests to investigate the bond characteristics of sheathed 

Parafil rope (Kevlar 49). The smooth polyethylene sheathing of the rope provides virtually no 

bond resistance. In order to induce load into such sheathed rope, friction must be developed 

between the rope and the concrete at bends or loops (Whitehead and Ibell, 2001). This bond 

mechanism is a little different from the three previously mentioned.

In the tests, the rope was embedded in the concrete block and ‘anchored’ by continuous 

helices, as shown in Figure 2.13. His results showed that a significant portion (70%) of the 

ultimate tensile capacity can be developed through friction over 1.5 helical loops. Details of
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Chung’s pull-out test results are provided in Section 6.3.3, where the reinforcement bond 

parameters for the analytical model used in the present work are developed.

Concrete
block

Parafil ropeEmbedded 
helices \

Figure 2.13 -  Parafil rope anchored by circular helices, after Chung (2000)

Beam tests

Besides the pull-out test, beam tests have been given some attention, because the test set-up 

allows the actual bond stress condition in a flexural member to be modelled directly. 

Maximum bond stresses from beam tests have been found to be lower than those from 

equivalent direct pull-out tests (Benmokrane et a l , 1996). A typical set-up for the beam test 

involves a metal hinged connection in the compression zone, as shown in Figure 2.14. From 

the geometry of the specimen and the positions of the loads, the tension in the FRP bar, and 

its slippage, may be calculated. The stirrups are used to avoid concrete splitting failure.

Load
Metal hinge

Stirrups

Bonded

Unbonded

Figure 2.14 - Schematic beam test set-up, after Makitani et al. (1993)
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Makitani et al. (1993) carried out beam tests using CFRP, AFRP and GFRP bars, to 

determine their bond-slip relationships. They stated that, with a bond length of 40 times the 

bar diameter, the full tensile strength of the bar can be developed. They also found that, 

despite the ascending and descending parts of the bond-slip curves being dependent upon the 

surface treatment of the bars, once the maximum bond stress is reached, regardless of the 

surface treatment, the bond stress decreases gradually with further slippage.

2.5.4 Modelling of the bond-slip ( zr- s )  behaviour of FRP bars

It is important that the bond-slip ( tr-s)  behaviour between FRP bars and concrete can be 

modelled. This allows accurate analysis of the entire FRP-reinforced concrete structure.

Existing modelling techniques for the bond-slip curves of FRP bars usually involve some 

empirical constants. Malvar (1994) proposed an overall bond-slip relationship in terms of the 

tensile strength of concrete and seven empirical constants, defined according to his bond 

experiments on different types of GFRP bars. The model allows prediction for the entire 

bond-slip behaviour. The maximum bond stress, t\, and the corresponding slip, si, can also 

be determined according to the empirical constants for the bars. However, as there are seven 

empirical constants, generalised use of the model for different types of FRP bars may be 

impractical.

Cosenza et al. (1995, 1996, 1997) proposed a more general bond-slip model for FRP bars. 

This utilised the ascending branch of the Bertero-Popov-Eligehausen (BPE) Model developed 

previously for steel rebars (Eligehausen et a l , 1983). The original BPE model included a 

second branch of constant bond stress at the maximum level before the descending (softening) 

branch began (see Figure 2.15(a)). However, based on their comparisons with experimental 

data, Cosenza et al. (1997) stated that FRP bars do not experience the second branch of
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constant maximum bond stress. Therefore, they ignored the second (constant) branch and 

proposed that a descending branch occurs immediately after the maximum bond stress is 

reached for FRP bars, as shown in Figure 2.15(b).

▲ Bond stress

Slip

4  Bond stress

si Slip
(a) (b)

Figure 2.15 -  (a) Original BPE model for steel; (b) Modified BPE model for FRP bars, after
Cosenza et al. (1997)

The ascending branch for both models is represented by

■ R _
\ S\ J

for (s < s\) [2.6]

where t r  is the bond stress, s is the corresponding slip and a  is a curve-fitting parameter, 

determined empirically. When the second branch of maximum bond stress is ignored for FRP 

bars, the slope of the linearly-descending branch of the modified BPE model between slips 5 i 

and S3 is given by

R _=  1 - / 7 for (s\ <s <si) [2.7]

where p  is another curve-fitting parameter, determined empirically. Finally, for slips greater 

than 53, the bond stress remains steady as

t d = r, for (s > S3 ) [2.8]
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Cosenza et a l (1997) reviewed many sets of experimental data (from either pull-out or beam 

tests) on the bond-slip behaviour of carbon, aramid and glass FRP bars with different surface 

treatments. These included results published by Makitani et a l (1993), Malvar (1994) and 

Nanni et a l (1995), amongst others. Thus, they determined empirically the curve-fitting 

parameters, a  and p, leading to good correlation with experimental results for each type of 

FRP bar reviewed.

Although the modified BPE model requires only two empirical constants, modelling of any 

part of the bond-slip curve would be impossible without relevant data, which can only be 

obtained from experiments. Valuable data include the maximum bond stress, r\, the steady 

bond stress, Z3, and their corresponding slips. If the manufacturers of FRP could provide such 

relevant data obtained from standard testing, designers could use the model in a generalised 

sense.

Cosenza et a l (1995,1997) proposed a refined model (CMR model) as an alternative solution 

to their modified BPE model for the ascending bond-slip branch only. The new model is 

defined by the following expression:

- r \
1 -  exp s-----

< s\>

in which q> is a curve-fitting parameter. Comparisons between this model, Malvar’s model 

and the modified BPE model show that the CMR model indeed gives the best correlation 

against experimental results (Cosenza et a l , 1995,1997).

Cosenza et a l  (1995, 1997) state that the majority of structural problems are related to the 

serviceability limit state, so that refinement of the ascending branch benefits the overall 

analysis. However, it can also be argued that the bond behaviour at large slip is at least 

equally important. For instance, in primary anchorage zones, contribution from the FRP
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reinforcement becomes effective only in the post-elastic stage (Choi and Ibell, 2000). In this 

case, the values of the steady bond stress, Z3, and the corresponding slip, S3 , are vital. 

Consequently, the bond-slip behaviour before the maximum bond stress is reached may not 

be critical and a linear ascending branch could be assumed. Along similar lines, Rostasy and 

Budelmann (1993) suggested a crude, simple tri-linear model (linearly ascending, linearly 

descending and steady frictional bond stress) to describe their pull-out tests on GFRP bars.

2.5.5 FRP reinforcement of anchorage zones in pre-tensioned concrete

Concrete splitting is a common type of bond failure in concrete members, especially when 

high tensile stress is developed in the bars, such as within the transfer zone of pre-tensioned 

concrete. Here, longitudinal cracks appear along the path of the tendon. Owing to the high 

Poisson’s ratio of FRP, during de-tensioning of the tendons the large radial expansion of the 

bars causes high tensile stress in the concrete. This leads to the concrete splitting, known as 

the Hoyer effect (de Sitter and Vonk, 1993; Lees and Burgoyne, 1999b).

Moreover, the radial coefficient of thermal expansion for FRP bars is greater than that in the 

longitudinal direction, as the radial coefficient is governed by the properties of the resin 

matrix (Taerwe and Pallemans, 1995). The splitting capacity is therefore affected by 

environmental exposure and this should be taken into account. Taerwe and Pallemans (1995) 

investigated the temperature effects on an AFRP-pre-tensioned beam. Nanni et aV  s (1992b) 

blanketing system (see below) was used to reinforce the end zones. Under temperature cycles 

between 20°C and 50°C, it was found that the higher temperature did not induce any extra 

tensile strain, which would have caused visible cracking in the end zones. This is owing to 

the low modulus of the material itself, hence low stresses were induced.
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In some of the pull-out and beam tests for bond behaviour mentioned previously (Kanakubo 

et a l , 1993; Makitani et a l , 1993; Nanni et a l , 1995), stirrups or a helix were used around 

the bar to prevent concrete splitting. Nanni et a l (1992b) investigated such reinforcing 

systems for pre-tensioned beams to limit the longitudinal crack length and width. Braided 

AFRP bars (Kevlar 49 and epoxy resin) were used as the tendons throughout the whole 

investigation. Three different systems were used in the end zone to eliminate possible 

longitudinal cracking. These included closely-spaced steel stirrups, a carbon FRP helix of 

50mm diameter, manufactured in the same way as the AFRP tendons to provide a braided 

surface, and the blanketing system, which involved intermittently debonding the tendon ends 

using self-bonded tape, so that the radial expansion during de-tensioning was reduced.

Strain gauges were attached to the tendons, the stirrups, the helical reinforcement and the 

concrete surface. All the specimens contained compression and shear reinforcement (made of 

steel). Shear links were used throughout the entire length (including the end zones) of all the 

beams.

From strain measurements on the concrete, they showed that for the same amount of prestress 

force release, the blanketing system limited the concrete tensile strain to the lowest level. 

This was followed by the CFRP helix system (25mm pitch) and the steel stirrup system 

respectively. Carbon was preferred to aramid because of its higher stiffness. The CFRP helix 

was more effective when using a closer helical pitch. They also suggested that a deformed 

inner surface of the helix could improve the splitting resistance. Visible longitudinal cracks 

along the tendon path were found in the helical system when a larger pitch spacing (40mm) 

was used. Such cracking also occurred when steel stirrups were employed. This indicates that, 

to control the crack propagation, it is more important to modify the surface of the tendons, so 

as to reduce the radial stress, rather than to provide different reinforcing systems to limit the
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crack. This is particularly useful for FRP tendons as the transfer length of FRP is shorter than 

conventional steel tendons (Nanni et a l, 1992a).

Nanni et a l (1992b) developed an analysis tool for the end zones for FRP-pre-tensioned 

beams, but the theory is not completely applicable to the post-tensioned situation, as it is 

based on transfer bond stress and radial stress induced into the tendon-concrete interface. For 

post-tensioning however, the bursting stress is induced through a concentrated load from a 

mechanical lock (plate or cone), as reviewed in Section 2.2.

2.6 Codes-of-practice for FRP-reinforced and -prestressed concrete 

structures

It is essential that appropriate design guidance is available to engineers in order to encourage 

the use of FRP materials in the industry. The Japanese have been the pioneers in this respect. 

Commissions established by the Japan Society of Civil Engineers (JSCE) began in 1989 to 

produce state-of-the-art reports and design recommendations, including specification for 

reinforcement and test methods. These documents later became available in English (JSCE, 

1993,1997; Machida etal., 1995).

In North America, both Canada and the United States established commissions regarding 

FRP for concrete structures in 1989 and 1991, respectively. State-of-the-art reports and 

design recommendations were published by the Canadian Society of Civil Engineers (Bakht 

et a l, 1996) and the American Concrete Institute (ACI Committee 440,1996,2000).

The Eurocrete project, started in 1993, is a collaborative research programme involving 

several countries in Europe, including the UK, the Netherlands, Norway, France and 

Switzerland (Clarke and O’Regan, 1995; Clarke, 1996). The consortium involves academics,
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manufacturers and representatives from the industry, covering a broad range of aspects for 

the use of FRP as concrete reinforcement. This comprehensive study has considered aspects 

from the fundamentals, such as selection of fibre and matrix types, to experimental testing 

and full-scale structure monitoring (Clarke and Waldron, 1996). Extensive durability 

investigations (Sheard et a l , 1997) have also been carried out to establish reliable design 

values for this new type of reinforcement. Instead of deriving a completely new design 

method, the Eurocrete consortium used available experimental data to develop modifications 

to the current codes for steel-reinforced concrete. From their work, a publication resulted 

from the Institution of Structural Engineers (1999) for suggested modifications to clauses in 

BS8110 (1997) and BS5400 (1990) when FRP reinforcement is to be used.

These modifications account for the low elastic modulus of FRP (see Section 4.3), as well as 

other effects. Various partial safety factors for different fibre types are applied. These are 

based on the different mechanical properties, as well as durability. Though this is not the 

most economical way to use the new materials, such an approach is considered appropriate in 

order to speed up their acceptance by industry, and to make them more familiar to designers 

at large. The I.Struct.E. guidance also includes issues regarding the manufacture of FRP and, 

crucially, the conceptual philosophy associated with the design of concrete structures 

containing FRP materials.

In 1996, the fib  (Federation International du Beton) Task Group 9.3 was formed (Taerwe et 

al, 2001) Their aim was to produce unified design guidelines for FRP reinforcement that 

would follow the format of the existing codes. Two bulletins are included in the task group. 

The first one deals with externally-bonded FRP reinforcement and has recently been 

published (fib bulletin 14, 2001). The second bulletin deals with internal FRP reinforcement 

and is due to be published this year, 2 0 0 2 .
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2.7 Strengthening of existing structures using FRP materials

While the internal reinforcement and prestressing of concrete structures using FRP materials 

has been discussed mainly here due to its direct importance to this project, the use of FRP 

materials for strengthening existing concrete structures has been extraordinarily successful, 

and is worthy of mention.

Such strengthening activity of existing structures has been a major part of research activities 

worldwide in recent years (Ballinger et al., 1993; Meier et al, 1993; Nanni et al, 1993; 

Saadatmanesh, 1995; Maruyama, 1997; Katsumata, 1999; Arya et al, 2001; Taerwe et al, 

2001). By taking full advantage of FRPs, i.e. high strength and low density, the whole 

strengthening process benefits from the saving in installation time and ease of application.

Extensive research work has been carried out using CFRP plates to strengthen existing 

concrete bridges (Ballinger et a l , 1993; Meier et al, 1993; Lees et al, 2000; De Lorenzis and 

Nanni, 2001; Pilakoutas and Mortazavi, 2001), with great success. The concept of using 

pretensioned CFRP laminates has been explored by Meier et a l (1993), and consequently, 

Stocklin and Meier (2001) developed a pretensioning system for CFRP plate strengthening 

which deals with the problem of high peeling stresses.

Shear strengthening schemes using FRP plates/sheets, laminates and bars have also been 

developed and applied in practice (Kamiharako et al, 1997; Taerwe et al, 1997; Lees et al, 

2000; Kesse et a l, 2001; De Lorenzis and Nanni, 2001). External wrapping of concrete 

columns (in buildings and bridges) using FRP materials has also been used extensively for 

seismic upgrade, axial enhancement and/or vehicle impact resistance (Saadatmanesh, 1995; 

Hosotani et al, 1997; Seible et al, 1999; Pilakoutas and Mortazavi 2001; Prota et al, 2001). 

The strengthening of many other types of structure have also been carried out using FRP
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materials, and its use is now well-established (Meier et al, 1993; Laursen et al., 1995; Roko 

etal., 1999).

2.8 Concluding remarks

The literature reviewed in Section 2.2 has shown that adequate confinement is essential to 

resist bursting stress and out-of-plane failure in any anchorage zone. Conventional stirrups 

provide a certain amount of confinement due to their hoop appearance, but helical 

reinforcement has been proven to be more effective.

It has been shown that anchorage zones behave elastically up to some point before visual 

cracks occur. Linear FE analysis can predict the stress distributions up to this point 

reasonably. Thereafter, it seems that plasticity theory gives close agreement with test results 

when predicting the ultimate capacity of steel-reinforced, ductile, prestressed concrete 

anchorage zones.

Although very little research has been conducted on anchorage zones reinforced with FRP, 

research concerned with other aspects of FRP may be of benefit to the problem. Internally- 

confined concrete prisms (using FRP helices) have shown good ductility under compression. 

However, this does not fully represent the condition of primary anchorage zones. Anchorage 

zones are loaded through bearing plates of limited area. Thus, stress distributions are different 

and cause varying strain levels within the reinforcement whereas, theoretically, constant 

strain should be developed when prisms are loaded over the entire area. This difference may 

not be as significant for steel as it is for FRP, as local over-strain in steel leads to yielding and 

an automatic spreading of the strain to adjacent stiffer parts. For the FRP situation, local 

over-strain may not necessarily be easily redistributed.

Since both bond and geometry of FRP reinforcement are vital to the structural performance, 

this difference may prove to be significant. Hence, ductility cannot yet be guaranteed for
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anchorage zones reinforced with FRP helices. The present experimental investigation, which 

is described in the next chapter, examines the feasibility of wholly non-metallic concrete 

structures, by studying the use of FRP reinforcement in post-tensioned anchorage zones.

Although FRPs are considered to be corrosion free, the durability of FRP material under 

various environmental conditions must be guaranteed. This is particularly true for alkaline 

environments, where the use of glass FRP for internal concrete reinforcement is very 

debatable. Carbon FRP offers the best performance but is much more expensive, whilst 

aramid FRP, though it has reasonable good alkali resistance, suffers degradation under ultra

violet rays which may limit its use in in-situ applications.

As it is an anisotropic material, FRP has a weakness when it is shaped into a bend, as a stress 

concentration occurs here, and its tensile strength is reduced. However, reinforcement using a 

circular helical form avoids such stress concentrations. Coincidentally, such a shape is 

already recognised in practice as an effective form of reinforcement for post-tensioned 

anchorage zones.

Because it is rational to prestress concrete using FRP, it seems logical that the required 

anchorage zones of such concrete structures should be reinforced using FRP material. This 

dissertation considers post-tensioned anchorage zones, reinforced using FRP material. While 

it is appreciated that anchoring FRP tendons themselves under post-tensioned conditions can 

be problematic, the use of a Parafil rope post-tensioning system is practical, so that research 

of this nature is required if FRP-post-tensioned anchorage zones are to be designed rationally, 

and guidelines included in European design guides.
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3.1 Introduction

If fibre-reinforced polymers (FRPs) are to be used as anchorage zone reinforcement, the use 

of a continuous helical shape seems to be logical. As concluded in the previous chapter, a 

helix is the most effective form of reinforcement for primary anchorage zones and such a 

shape is also ideal for FRP, as it avoids the problems of sharp bends and possible stress 

concentrations within the material. This also ensures that confinement of the concrete in the 

primary zone is achieved, a vital advantage for non-metallic prestressed concrete. Although 

much research has been conducted on confinement of concrete using conventional steel, and 

on the use of external FRP wrapping of concrete structures, little work has been carried out 

on the confinement of concrete using internal FRP helices. Even less has been attempted in 

situations similar to primary anchorage zones, where a concentrated load is applied through a 

bearing plate of limited area. Therefore, it was decided to cany out an experimental 

programme specifically designed for the FRP-reinforced primary anchorage zone situation,
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but with notable differences from previous research on FRP-confined concrete specimens, 

namely using limited load area and limited depth of reinforcement within the bursting stress 

region.

Substantial research (see Section 2.2.2) has been conducted into the behaviour of primary 

anchorage zones containing steel reinforcement, including studying such variables as 

specimen scale, inclined tendons, anchorage moulding type, reinforcement positioning, 

presence of ducts, etc. Generally these tests have been aimed at improvement in the details of 

current design procedures.

The main issue here is to look at the fundamental behaviour and the feasibility of reinforcing 

anchorage zones with FRP material. It was therefore decided that a simple experimental set

up would be used. Test specimens were designed to simulate post-tensioning action by 

applying load vertically through circular bearing plates of various diameters to provide a 

range of concentration ratios (CR). Other, more detailed effects, such as those previously 

considered for the steel-reinforced case, were not considered here.

3.2 Construction details of specimens

3.2.1 Concrete

Concrete prisms of circular or rectangular cross-section were tested. The same concrete mix

design was used throughout, with target compressive cube strength of 60MPa at an age of 7

days. Mix proportions were as follows:

<>

Stone 1030 kg/m 10mm rounded river gravel

Sand 683 kg/m3 builder’s sand

Cement 545 kg/m3 OPC
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Water 183 litres/m3

Plasticiser 8.18 litres/m3 Complast 337, Fosroc

The plasticiser was used to improve the workability of the mix. Several trial mixes were 

conducted to confirm both strength and workability.

During the period of 2 years over which the test programme spanned, aggregate supplies 

were not perfectly consistent. Different aggregate types were delivered on occasion, though 

the size of aggregate remained constant. Checks were made to ensure that the concrete 

strength was maintained within close values. Since overall behaviour of the specimens is the 

main issue, variation in the aggregate used is thought not to have influenced the results 

greatly.

All cylindrical specimens were 152mm in diameter and 305mm high. They were cast in 

batches of three in standard cylindrical moulds. The dimensions of the rectangular specimens 

were 150mm by 300mm by 450mm in height. They were cast in batches of three in timber 

form work as shown in Figure 3.1.

Figure 3.1 -  Timber formwork for rectangular specimens 

3.2.2 Reinforcement

Two types of polymer-based reinforcing materials were considered in this research, both are 

commercial products (Section 2.3.2), namely Parafil rope (sheathed or unsheathed) and
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ARAPREE bar. Helical reinforcement was made in-house out of either sheathed or 

unsheathed Parafil rope dipped in epoxy resin. This was done due to the flexibility of the rope. 

ARAPREE bars of 5.5mm diameter were used in the later mat reinforcement systems. 

Manufacturers for Parafil ropes and ARAPREE bars are Linear Composites Ltd. UK and 

Sireg S.p.A. Italy respectively.

The particular Parafil rope used here contains Type G high modulus aramid yams -  Kevlar 

49. The smooth plastic sheath used to protect the Kevlar has little or no bond strength (Chung, 

2000). This lack of bond provided significant benefit in the current case when fully-sheathed 

helical rope reinforcement was considered. The lack of bond strength meant that any local 

cracking in the concrete would not lead to local overstrain and overstress in the reinforcement, 

as mentioned in the previous chapter. However, some bonding of the reinforcement was 

nonetheless required at the ends for anchorage of the helix. This was achieved by removing 

the sheath locally over a length of 40mm or 100mm (according to reinforcement group) and 

by applying epoxy resin to the exposed fibres. As the experimental programme progressed, 

such helical rope reinforcement would later be bonded along its entire length. This was 

achieved by completely impregnating the unsheathed Parafil rope in epoxy resin (details are 

provided in Chapter 3.4.4.3), effectively creating an FRP helix.

Apart from the bond strength, the structural properties of the epoxy-impregnated unsheathed 

Parafil rope are assumed to be the same as those for the sheathed Parafil rope. This implies 

that both the plastic sheathing and the epoxy resin are assumed to provide no structural 

contribution. General manufacturers’ properties of the Parafil rope (Linear Composites Ltd) 

and ARAPREE bar (Sireg S.p.A., 2000) used here are shown in Table 3.1. The nominal 

breaking load for Parafil rope was obtained in the standard termination provided by Linear 

Composites Ltd UK. It is to be expected that this breaking load is somewhat lower than 

expected from the actual material itself due to termination problems (Burgoyne and Brown,
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1997). The values for the ARAPREE bar represent the overall properties of the composite, 

containing about 50% fibre content and provided by Sireg S.p.A., Italy.

Table 3.1 -  General properties of the reinforcement used

Reinforcement
Nominal
diameter

(mm)

Nominal fibre 
core diameter 

(mm)

Nominal 
breaking 
load (kN)

Ultimate 
tensile stress 

(GPa)

Elastic
modulus

(GPa)

Parafil rope 4.0 3.0 7.5 1.9 126.5

ARAPREE bar 5.5 - 32 1.4 60.0

3.3 Testing procedure

Initially, specimens were tested using an Avery-Denison concrete compression testing 

machine. The applied load and vertical displacement were recorded manually. However, it 

was found that changes in load and displacement near to peak capacity occurred rather 

rapidly so that manual recording quickly became impossible. Reasonable results could be 

obtained for plain specimens where no post-peak behaviour was expected. However, it was 

believed that due to the relatively low stiffness of the material, the helical reinforcement 

would only begin to become effective in the post-peak stage when strains were high. 

Therefore, for reinforced specimens, a full load-displacement plot was required, especially 

during the post-peak stage. Thus, a Dartec 2000kN loading machine was used, allowing an 

electronic output reading of the applied load and displacement. These were then collected by 

a System 5000 data logging machine.

A range of four to six cubes (100X100X 100mm3) and a cylinder (1520X152mm) was cast 

with each batch of concrete as control specimens for compressive cube strength and tensile 

splitting strength respectively. Together with the test specimens, they were de-moulded 24 

hours after casting, and wrapped in plastic sheeting in the laboratory. Two days before testing,
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wrappings were removed and all the specimens were left to dry before being painted white. 

Necessary marks were also made on each specimen for machine-positioning and bearing- 

plate locations.

To ensure uniform distribution of load and horizontal alignment through the circular bearing 

plate, a layer of dental plaster was placed between the bearing plate and the loaded face for 

all specimens.

All bearing plates were circular and made of 25mm thick mild steel. The compression platen 

of the loading machine was in direct contact with the bearing plate, so that the stiffness of the 

bearing plate was irrelevant. The 25mm thickness allowed adequate space for vertical 

deformation during testing.

A range of different concentration ratios (CRs) was used. Each CR was defined as the 

diameter of the bearing plate divided by the breadth of the specimen. A summary of all CRs 

used is shown in Table 3.2. These ratios will be referred to from now on as CR1, CR2, etc 

according to this table. Figure 3.2 shows the size of bearing plates in relation to the specimen 

dimensions. Cylindrical specimens were tested over the range of all CRs. For rectangular 

specimens, only CR3 and CR4 were investigated.

Table 3.2 -  Concentration ratios

CR Number Actual bearing plate 
diameter, 2a\ (mm)

CR for cylindrical 
specimen, 

(2a= 152mm)

CR for rectangular 
specimen 

(2tf=300mm)

CR1 25.4 0.17 -

CR2 50.8 0.33 -

CR3 76.2 0.50 0.25

CR4 102 0.67 0.34

CR5 127 0.84 -
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CR1
25.4mm

CR2
50.8mm

CR3
76.2mm

305mm

152mm

CR4
102mm

CR5
127mm

Figure 3.2(a) -  Cylindrical specimens
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150mm

CR3
76.2mm

CR4
102mm

450mm

300mm

Figure 3.2(b) -  Rectangular specimens

Since FRP behaves linear-elastically up to failure, it was important to ensure that actual 

energy dissipation occurred during the loading process. Therefore, for some specimens, a 

cyclic loading regime was carried out, described in Section 3.4. This would indicate whether 

plastic energy had indeed been dissipated and true ductility displayed.

3.4 D etails o f  te s t specim ens

All specimens were divided into six main groups. The first group consisted of plain 

unreinforced specimens, while the other five contained various types of reinforcing 

arrangements. For the reinforced groups, helical reinforcement was located between 0.2a and 

2.0a from the loaded face of the specimen. This is the region of maximum tensile bursting
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stress and is widely used by various design codes (Clarke, 1976) for the length over which 

primary anchorage zone reinforcement is placed.

One of the largest differences between variables in the experimental groups was the bond 

characteristics of the helical reinforcement. This was particularly important for the primary 

anchorage zone situation where load would be applied through a limited area, because this 

would lead to variation of strain through the depth of the specimen, causing varying strain 

levels within the reinforcement. The bond characteristics of the reinforcement would become 

important here as different strains at varying depths might lead to reinforcement slippage. 

This is rather different to the situation where load is applied through the entire area of the 

specimen (i.e. ax/a = 1 ); in this situation, the theoretical strain through the depth of the 

cylinder would be constant with no slippage of the reinforcement occurring (assuming no 

local cracking occurs to alter reinforcement strains locally).

3.4.1 Group P -  Plain unreinforced

Three identical plain specimens were cast and tested for each concentration ratio for 

cylindrical specimens. This was done to provide information on the possible scatter of 

subsequent results, so that the number (if any) of necessary repeat tests could be estimated.

Plain specimens are labelled as CP-x or RP-x. The first two letters indicate the cross-section 

of the specimen and the reinforcement type, CP for cylindrical plain, and RP for rectangular 

plain. The last number* is the CR number defined in Table 3.2.
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3.4.2 Group UB -  Unbonded reinforcement

The first attempt at reinforcing the specimen was through the use of unbonded helical 

reinforcement (fully-sheathed Parafil rope). The entire length of the helix was unbonded to 

the concrete, except the ends where end anchors were required to hold the helix in position 

and transfer the applied load. These end anchors were achieved by applying epoxy resin to 

40mm de-sheathed ends of the Parafil rope, as mentioned in Section 3.2.2. Only cylindrical 

specimens were tested in Group UB. The helical diameter was 125mm in all cases and the 

pitch spacings were chosen to be 20, 30 or 50mm in this group.

Again, the reinforcement was located between 0.2a and 2.0a from the loaded face of the 

specimen. This was measured between the start of the unbonded parts from the two end 

anchors. Figure 3.3 shows an unbonded helix with 30mm pitch. All specimens in this group 

were tested in the Avery-Denison concrete compression testing machine.

Figure 3.3 -  Unbonded helical reinforcement

Specimens containing unbonded reinforcement are labelled as UBx-sr. UB indicates 

unbonded reinforcement, x represents the CR number (Table 3.2) and sr is the helical pitch in
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mm. Details of the reinforcement configurations are shown later in Table 3.5 together with 

the results (Section 3.5.2).

3.4.3 Group IB -  Intermittently-bonded reinforcement

Lees and Burgoyne (1999a) have suggested intermittent bonding to improve the flexural 

behaviour of concrete beams containing FRP tendons. Therefore, it was thought that it might 

be beneficial if intermittent bonds (anchor points) were provided along the length of 

otherwise unbonded, sheathed helical rope reinforcement. In this case, the length of the 

sheathed, unbonded Parafil rope between the end anchor points was reduced, so that less 

overall strain was required to develop its full capacity in highly-stressed regions, thus leading 

to better confining action. The anchor points were made by removing locally the sheathing at 

relevant points (with extreme care to avoid damaging the yams) and then applying epoxy 

resin for the necessary ‘FRP’ bond to the concrete.

Only cylindrical specimens were tested in this group. The level of intermittent bond is 

indicated by the number of anchor points which includes the two end anchors. These 

intermittent anchor points were positioned equal-distant apart throughout the entire length of 

reinforcement. It is assumed that a constant strain level was developed within each portion. 

Each anchor point was of length 40mm and the end anchors were 100mm. In this group, the 

helical reinforcement diameter was 125mm at a pitch of 20mm. All specimens were tested in 

the Dartec 2000kN testing machine.

Specimens containing intermittently-bonded reinforcement are labelled as IBx-Sr-n. IB 

indicates intermittently-bonded, x  represents the CR number (Table 3.2), sr is the helical pitch 

in mm, and n is the number of anchor points. Figure 3.4 shows two intermittently-bonded
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helices with a) 4 anchor points and b) 12 anchor points. Details of the reinforcement 

configurations are shown later in Table 3.6 together with the results (Section 3.5.3).

(a) 4 anchor points (b) 12 anchor points

Figure 3 .4 -  Intermittently-bonded helical reinforcement

3.4.4 Group FB -  Fully-bonded reinforcement

Reinforcement in this group was made using Kevlar 49 yams (unsheathed Parafil rope) in the 

form of a helix, fully impregnated with epoxy resin. It is assumed to have the same 

longitudinal structural properties as Parafil rope, as mentioned previously.

Both cylindrical and rectangular specimens were tested in this group. Circular cylinders were 

used initially to consider the effects of various reinforcement configurations, such as helical 

pitch, helical diameter and multiple helices. Rectangular specimens were then tested as the 

more realistic situation in post-tensioned concrete structures. Within this group, two series 

were tested for both cylindrical and rectangular specimens, one with a single and one with a 

double helix system.
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For the rectangular specimens, owing to the cross-section, it was considered likely that the 

specimen would behave in a 2 -dimensional strip-load manner rather than in a 3-dimensional 

patch-load situation, as discussed in Chapter 2. Nonetheless, only helical reinforcement 

(either a single or a double helix) was added to the rectangular specimens in this group.

Single helix system

Helical reinforcement was varied according to different helical pitches and diameters, so that 

the effect of different levels of strength, confinement and post-peak ductility could be found. 

Helical pitches were chosen to be 20, 30 or 50mm and the diameter of helices was 75, 100 or 

125mm.

Specimens reinforced with a single helix system are labelled as Cx-sr-Dr or Rx-sr-Dr The first 

letter indicates the cross-section of the specimen, C for cylinders or R for rectangular. The 

number x  is the CR number (Table 3.2), while sr is the helical pitch and Dr is the diameter of 

the helix, both in mm. Details of the reinforcement configurations are shown in Tables 3.7 

and 3.9 together with the results (Section 3.5.4).

Double helix system

A double helix system was also considered. The system contains a fully-bonded helix of 

small diameter located inside a larger one. This is shown in Figure 3.5, which is a photograph 

of formwork containing a double helix before casting. A similar system was investigated 

previously using steel helices to improve the strength in cube specimens (Niyogi, 1975).

In the current case for primary anchorage zones, it was believed that the inner helix, with its

diameter the same or very close to the bearing plate diameter, would confine the central core

and delay its lateral deformation when compared with plain concrete. The outer helix then
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would act to maintain integrity of the surrounding concrete, thus improving the deformability 

and possibly the capacity of the entire specimen.

D ro = 125mm

Dri = 50, 75 or 100mm

Figure 3.5 -  Double helix system

Diameters for the inner helix were 50mm, 75mm or 100mm depending on the corresponding 

CR, and 125mm for all the outer helices. The helical pitches between the two were varied in 

order to determine the most efficient form in terms of total material use.

For the double helix system, specimens are labelled as Cx-Sn-Dn-Sro-Dro or Rx-sri-DrrSro-Dro. 

The first letter indicates a cylindrical or rectangular specimen while sr and D r are the helical 

pitch and diameter respectively. The helices are represented by the subscript i for the inner 

helix and o for the outer. Details of the reinforcement configurations are shown in Tables 3.8 

and 3.9 together with the results (Section 3.5.4).

AFRP helical reinforcement construction

For the fully-bonded FRP helical reinforcement, unsheathed Parafil rope (Kevlar 49) 

containing 24 aramid yams was used. It was cut to the required length and passed through a 

bath of epoxy resin, the chosen matrix for the composite. Once the yams were fully
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impregnated with the resin, they were passed through a 3mm diameter hole in order to 

remove any excess resin. The yams were then wrapped around lubricated circular pipes to the 

required helical pitch. They were then left at room temperature for 24 hours for the resin to 

set. A piece of plastic sheeting was placed between the pipe and the Kevlar yams to ease 

removal of the helix when the resin had set. Thus, the inner (flat) surface of the helix turned 

out to be smoother than the outer (curved) surface, certainly affecting the overall bond 

characteristics. This was looked at in some detail during the test observations. Four 

ARAPREE bars of 2.5mm diameter each were then attached to the helix using plastic cable 

ties in order to hold the helical shape during the casting progress. Figure 3.6 shows a series of 

photographs of the above manufacturing process.

(a) Unsheathed Parafil rope (Kevlar 49)

(b) Wrapping around pipe (c) Final AFRP helix

Figure 3 .6 -  Construction o f the AFRP helices
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3.4.5 Group M -  Mat reinforcement system

Three mat reinforcement systems were investigated in this group, involving only rectangular 

specimens. The three mat layouts, marked A, B and C are shown in plan in Figure 3.7. They 

were made using 5.5mm diameter ARAPREE bars. Cables ties were used to secure the 

position of the bars. Minimum force was applied in order to avoid any stress concentration 

with the bars. In comparison with layout A, layouts B and C each had two additional bars on 

each layer but in orthogonal directions. As mentioned previously, such mat reinforcement 

shapes were chosen to help resist the predominantly 2-dimensional bursting nature of the 

rectangular specimens.

The mat reinforcement cages consisted of 4 identical layers located at 15mm, 60mm, 105mm 

and 150mm from the loaded face, as shown in Figure 3.8(b).

260 120

120  ̂40 40 40

Layout A Layout B Layout C

Figure 3.7 -  Mat reinforcement layouts
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(a) Formwork for the rectangular specimens (b) Layering o f the mats

Figure 3 .8 -  Mat reinforcement

Specimens are labelled as MxN, where M  indicates group M specimens, x is the CR number 

from Table 3.2 and the last letter represents the mat layout (A, B or C), according to Figure 

3.7.

3.4.6 Group MH -  Combined mat and helical reinforcement system

In order to assess both the 2- and 3-dimensional localised bursting resistance of FRP 

reinforcement, both a mat and a helical form were combined in this series. This would 

provide a realistic situation.

Only two specimens were tested in this group, one for each of CR3 and CR4. In order to 

accommodate both mat and helical systems within the specimen, only type A mat layout was 

used. For the helical system, the most effective configuration from Group FB was employed.

Since only 2 specimens were involved in this group, specimens are labelled as MH3 and 

MH4, where the last number represents the CR number. Reinforcement arrangements for 

both specimens are shown in Figure 3.8.
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(a) MH3 (b) MH4

Figure 3.9 -  Combined mat and helix system

3.5 Experimental results

Two non-dimensional factors, kc and ku (corresponding to the first cracking and ultimate 

situations respectively), were introduced to compare the results between specimens 

containing different reinforcement configurations. These factors are defined as:

* • - £ [ 31]

K =  [3-2]

and generally,

k = [3.3]

where Pc is the applied load to cause first cracking, Pu is the ultimate load, Ac is the total 

cross-sectional area of concrete and f cu is the compressive cube strength. These expressions 

take into account the scatter in strength between different concrete batches. Equation [3.3] is 

presented for the general use of a A; factor at any applied load P, referred to in load- 

displacement plots later.
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3.5.1 Group P -  Plain unreinforced

Initially, for these cylindrical specimens, both axial displacement and applied load were only 

recorded manually using an Avery-Denison testing machine. Sufficient data was obtained to 

determine the cracking loads, Pc, and ultimate loads, Pu, together with their general failure 

modes over a wide range of concentration ratios. These results are summarised in Table 3.3 

and are the average results from three identical plain specimens.

Best attempts were made to observe the earliest cracking in each specimen, although it is 

conceded that this was particularly difficult for the cylindrical specimens, leading to possible 

inaccuracies. This is because the first crack could form at any location around the specimen.

Within each of the three identical tests, it was found that the maximum deviation of an 

individual result from the average value was 10%. But generally, the 10% deviation only 

occurred for the smallest concentration ratio, where capacity is dependent purely upon the 

tensile strength of the concrete (see Chapter 5). For the other CR values, the deviations were 

always less than 5%. This range was considered low. Therefore, it was decided that only one 

specimen of a particular reinforcement configuration would be tested in the later test groups.

Table 3.3 -  Group P results for cylinders only

Specimen f e u

MPa
P c

kN
k c P u

kN
k u

CPI 68 166 0.14 166 0.14

CP2 6 6 263 0 .2 2 274 0.23

CP3 68 367 0.30 368 0.30

CP4 72 578 0.44 589 0.45

CP5 60 645 0.59 671 0.62
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Another set of Group P specimens (CP2, 3 and 4) were tested in a Dartec 2000kN testing 

machine in order to obtain a complete load-displacement plot (Figure 3.10) for comparison 

with those of the subsequent reinforced groups. This set of Group P cylinder results is not 

included in Table 3.3. Instead, they are shown in Table 3.4 and again in Table 3.5 together 

with other reinforced specimens. Unsurprisingly, the ku values between the two sets of results 

were found to be very similar.

Table 3.4 -  Group P result, Dartec 2000kN testing machine

Specimen fe u

MPa
P c

kN
k c P .

kN
ku

CP2 57 230 0.22 230 0.22

CP3 65 365 0.31 369 0.31

CP4 71 550 0.43 551 0.43

RP3 70 492 0.16 506 0.16

RP4 72 630 0.19 748 0.23

Group P cylinders

0.5

—  CP4

— . CP3

—  CP2

0.4

0.3

0.2

0.1

0.0 1.0 2.0 3.0
cone ingression (mm)

4.0

Figure 3.10 -  k-displacement (cone ingression) plot, Group P, cylinders

For cylindrical specimens, regardless of the concentration ratios, the general failure sequence 

began with a thin vertical crack appearing on the surface of the specimen, starting about 10 to
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15mm below the loaded face. The crack then propagated vertically in both directions. Almost 

immediately after this, several vertical cracks formed around the specimen and the load 

dropped off rapidly. These cracks were fairly evenly distributed, indicating that the load was 

probably applied centrally and uniformly across the bearing plate. For all CPI and CP2 

specimens, three evenly-distributed vertical cracks formed, far fewer than in other specimens 

with greater concentration ratios.

In every case, a wedge-shape shear cone beneath the loading plate was found when the 

surrounding concrete was removed after the test. Although load was applied under a circular 

patch loading case, the cone was not perfectly circular. The cone itself appeared to be of a 

planar form, more like a ‘wedge-shape’ cone, with its width reducing towards the tip of the 

cone, as shown in Figure 3.11. The wedge faces were found to be crushed and dusty, 

indicating compressive shearing along the cone-concrete interface. The wedge cone was 

pushed downward by the applied load, leading to lateral expansion of the surrounding 

concrete as a rigid body across the base of the specimen (Chen and Ducker, 1969; Ibell and 

Burgoyne, 1993). This is confirmed by observation of cracks which propagated to the bottom 

of the specimens after failure. The angle at the tip of the cone was found to vary within a 

range between 46 to 6 6  degrees. However, such measurement was difficult to obtain for small 

concentration ratios as the cone was small and the margin of error became greater.

From previous research (Ibell and Burgoyne, 1994a), it is believed that the behaviour of the 

shear cone is an important issue in anchorage zones, affecting capacity and ductility at the 

ultimate stage. From Table 3.3 previously, it can be seen that additional applied load after 

initial cracking could only be sustained by those specimens with medium to high 

concentration ratios. This implies that failure of these specimens does not occur due to 

‘bursting stresses’, which would imply ‘tension failure’. If this were the case, first cracking 

would signal immediate failure for all specimens. Instead, the interface between the imminent
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shear cone and the surrounding concrete in fact provides the entire resistance after the initial 

cracking load. This interaction between the shear cone and surrounding concrete will be 

considered in more detail in the following chapters. However, results from these plain 

cylindrical specimens do not show much difference between Pc and Pu, implying very brittle 

behaviour, amply demonstrated in Figure 3.10 previously.

Figure 3.11 -  Wedge-shape shear cones

Only one rectangular specimen was tested for each of concentration ratios CR3 and CR4, 

using a Dartec 2000kN testing machine. Results for these two rectangular specimens are 

shown in Table 3.4 previously and again later in Table 3.9, together with the reinforced 

rectangular specimen results. The failure sequence was very similar to that for the cylindrical 

specimens. The first visible crack appeared in the middle of the long face of each specimen 

below the centreline of the bearing plate. On further loading, shear wedges again formed 

underneath the plates, as observed in the cylindrical specimens.

Although the rectangular specimens were patch-loaded, the failure mechanism of each very 

much resembled that of a strip-loaded (2-dimensional) case. The crack pattern is shown in 

Figure 3.12. Crack propagation in the shorter direction is evident.
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Figure 3.12 -  Crack pattern for rectangular specimens 

3.5.2 Group UB -  Unbonded reinforcement

Results for Group UB are shown in Table 3.5. Generally, there are no marked improvements 

on Pc and Pu over the equivalent plain specimens. Unfortunately, the full load-displacement 

plots were not recorded for the specimens in this group (the Avery-Denison testing machine 

was used), so that comparative behaviour due to different helical pitches can only be 

described by observations during testing.

The ku values were found to decrease slightly when closer helical pitches were used, 

particularly for concentration ratio CR3, which is surprising. This is possibly due to the 

negligible transverse stiffness of the unbonded rope causing local premature deformations. 

However, unlike the plain specimens, the applied load could be maintained at a certain level 

after the peak load Pu. This maintaining load is termed Pm and is shown in Table 3.5. Judging 

by these residual loads, the closer helical pitches provided rather better behavioural 

characteristics, with almost 80% of the initial peak load maintained for 20mm pitch in the 

CR3 specimen.

The unbonded reinforcement clearly only became truly effective in the post-peak stage, as 

expected. Failure was initiated in the same way as for the plain specimens. Vertical cracks 

formed around the specimen and propagated in both directions. Due to the presence of the
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helical reinforcement, horizontal cracking occurred, possibly due to lateral (horizontal) 

expansion of the reinforcement under high transverse (vertical) compression. Figure 3.13 

shows the specimens after testing.

Table 3.5 -  Group UB results

Specimen CR Sr
mm

fe u

MPa
P c

kN
k c P u

kN
k u P m

kN
P J P u

UB2-50 2 50 64 241 0.21 253 0.22 80 0.32

UB2-30 2 30 64 234 0.20 245 0.21 110 0.45

UB2-20 2 20 64 235 0.20 246 0.21 140 0.57

UB3-50 3 50 55 342 0.34 342 0.34 150 0.44

UB3-30 3 30 55 330 0.33 330 0.33 200 0.61

UB3-20 3 20 55 315 0.32 315 0.32 250 0.79

The vertical cracks were again followed by the formation of a wedge-shape shear cone 

beneath the bearing plate. The cone was pushed down causing lateral expansion of the 

surrounding concrete, as in Group P. For these reinforced specimens, strain build-up in the 

reinforcement was slow due to its unbonded nature and was developed only at greater cone 

ingression. This provided confinement to the central core, improving the deformability, but 

not the capacity of these specimens. Although ultimate deformations were not recorded here, 

much improved deformability over the plain specimens was clearly evident.

(a) Concentration ratio CR2 
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UB3-50 UB3-30 UB3-20

(b) Concentration ratio CR3 

Figure 3.13 -  Group UB specimens, after testing

Lateral expansion of the surrounding concrete is confirmed in the displacement profiles 

shown in Figure 3.14. The measurement was obtained by a series of SGDTs (Strain Gauge 

Displacement Transducers) located along one side of the specimen to measure the lateral 

displacement of the concrete surface. They were located at 15, 60, 105, and 150mm vertically 

below the loaded face. Figure 3.15 shows this test set-up in the Avery-Denison machine. It 

was difficult to achieve consistency in such measurement, as cracks formed in random 

locations around the cylindrical specimens. Each plot in Figure 3.14 corresponds to the lateral 

displacement profile recorded at the particular level of cone ingression between 1.5mm and 

5mm. The profile at the ultimate load, Pu, is also shown for comparison. It is clear that lateral 

displacement only became apparent after Pu had been reached and when subsequent cracks 

had started to open up through cone ingression.
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Lateral displacement profile 
UB2-20

Lateral disp. (mm)

at Pu

1.5mm

■ ■a — 2.0mm
i i a :-O

3.0mm

4.0mm

5.0mm

Lateral displacement profile 
UB3-30

Lateral disp. (mm)

at Pu

1.5mm

■ - a  —  2.0mm

3.0mm

. . . o - - .  4.0mm

5.0mm

(a) UB2-20 (b) UB3-30

Figure 3 .14- Lateral displacement profiles

Figure 3.15 -  SGDTs for lateral displacement 

3.5.3 Group IB -  Intermittently-bonded reinforcement

Results for group IB specimens are shown in Table 3.6. The maintaining loads, Pm, are not 

included here, but they are clearly shown in the full load-displacement plots obtained from 

the Dartec 2000kN testing machine, shown in Figure 3.16.

Failure of all specimens was initiated very much the same way as for Group UB specimens. 

Vertical cracks appeared, followed by horizontal cracking along the helical reinforcement and
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formation of the wedge cone under the bearing plate. Figure 3.16 shows a series of k -  

displacement plots for specimens containing 4 and 12 anchor points loaded with different 

concentration ratios. From these load-displacement plots obtained, applied load was 

maintained to a certain extent during the post-peak stage, similar to the behaviour described 

for group UB specimens. Ultimate failure occurred at reinforcement rupture. This took place 

either in the bonded or the unbonded portions, depending on the relative locations of the 

bonded region along the length of the vertical cracks.

Table 3.6 -  Group IB results

Specimens CR Sr
mm

n f e u

MPa
P c

kN
k c P u

kN
k u

IB2-20-4 2 2 0 4 69 250 0 .2 0 264 0 .21

IB2-20-12 2 2 0 12 69 230 0.18 251 0 .2 0

IB3-20-12 3 2 0 12 68 350 0.28 374 0.30

IB4-20-4 4 2 0 4 76 640 0.46 670 0.49

IB4-20-12 4 2 0 12 76 497 0.36 633 0.46

IB5-20-4 5 2 0 4 77 780 0.56 824 0.60

IB5-20-12 5 2 0 12 77 760 0.54 796 0.57

Table 3.6 shows that the k u values of these reinforced specimens were not increased from the 

plain concrete specimens. It is interesting to note that, for all concentration ratios, k u  values 

were always found to be the lowest when 12 anchor points were used. This was surprising, 

but the 12-anchor specimens generally exhibited greater load-maintaining capacity than the 

4-anchor specimens, despite the drop in load once the peak had been reached. This can be 

seen in Figure 3.16. The re-raising effect exhibited by the specimens at large cone ingression 

is evident for CR2 and CR3, whereas for greater concentration ratios, the intermittently- 

bonded helical reinforcement becomes ineffective. Electronic data for the specimen IB3-20-4
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is missing and is not included in either Table 3.6 or Figure 3.16. However, from test 

observations, it is highly likely that a similar type of plot to that shown in Figure 3.16(a) for 

IB2-20-4 would have been expected.

CR2
0.30

- - -IB2-20-4 
- — IB2-20-12

0.20

0.10

0.00
0.0 2.0 4.0

cone ingression (mm)
6.0

CR3

0.30

0.20
IB3-20-12

0.10

0.00
2.0

cone ingression (mm)
6.00.0 4.0

CR5
0.60

0.45
IB5-20-12

k 0.30

0.15

0.00
0.0 2.0

cone ingression (mm)
4.0 6.0

CR4
0.60

- - - IB4-20-4 

— IB4-20-120.45

k 0.30

0.15

0.00
0.0 2.0 4.0

cone ingression (mm)
6.0

(C)

Figure 3.16 -  k-displacement (cone ingression) plot, Group IB, 20mm pitch

Generally, it is evident that the greater the number of anchor points, the higher the level of 

load which could be maintained after the initial drop. However, Figure 3.16(a) and (c) also 

show that at greater ingression, the specimen with 12 anchor points lost capacity earlier than 

with 4 anchor points. This rather sudden drop in load occurred simultaneously with sounds of 

reinforcement rupture or slippage along anchor points. Figure 3.17 shows some examples of 

group IB specimens after testing. For the specimen with 12 anchor points, there was greater
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spalling of the cover concrete. However, due to the non-uniformity of bond along the entire 

helical reinforcement length, the spalling was also very irregular around the specimen.

Figure 3.17 -  Group IB specimens, after testing

3.5.4 Group FB -  Fully-bonded reinforcement

Besides the unpredictable failure action for the Group IB specimens, it is also believed that 

the system is rather impractical in terms of manufacture. The fully-bonded (FB) (fully resin 

impregnated) FRP helical system remains a possible solution. Therefore, most of the present 

test investigation concentrated on the fully-bonded system to establish whether such a system 

could be effective as a possible means to reinforce non-metallic concrete anchorage zones, 

especially in the post-elastic region.

Initially, four specimens (one for each of CR2, CR3, CR4 and CR5) were tested to justify this 

approach. Helical diameter and pitch were kept the same as for the IB series (20mm pitch, 

125mm diameter), but the helical reinforcement was fully bonded throughout the entire 

length. The elastic behaviour was expected to be the same as for the IB series. Comparison 

between the two systems is shown in Figure 3.18. The plots shown very clearly that for all 

concentration ratios, the fully-bonded system extended the elastic load capacity of the

81



C h a p t e r  3  E x p e r i m e n t a l  In v e s t i g a t i o n

specimens by about 10% on average, and provided a greater load maintaining capacity after 

the elastic peak. Thus, Group FB is more effective than Group IB. Further investigation was 

therefore concentrated on the FB system only.

CR3
0.40

0.30

k 0.20

C3-20-125
0.10

IB3-20-12
0.00

0.0 2.0 4.0
cone ingression (mm)

6.0

CR2
0.40

C2-20-125 

IB2-20-120.30

k 0.20

0.10

0.00
0.0 2.0 4.0

cone ingression (mm)
6.0

CR4
0.80

C4-20-125
0.60

IB4-20-12
k 0.40

0.20

0.00
0.0 2.0

cone ingression (mm)
4.0 6.0

CR5
0.80

C5-20-125
0.60

IB5-20-12
k 0.40

0.20

0.00
0.0 2.0

cone ingression (mm)
4.0 6.0

Figure 3 .18- Comparison between Groups FB and IB

Various configurations of the fully-bonded system were then carried out. The system was 

also extended to the double-helix system and used for specimens of rectangular shape. 

Results below are given separately for cylindrical and rectangular specimens. The results 

concentrate on the influence of different reinforcement configurations. Comparisons between 

the two cross-sections are made in Chapter 4.
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Cylindrical specimens

a) Single helix system

Table 3.7 shows results for specimens containing single helix reinforcement. Pu is the peak 

load of the specimens recorded before the post-elastic range, ku is the corresponding factor 

from Equation [3.1] and the fifth column is the volume percentage of reinforcement used, 

calculated based on the average cross-sectional area of the helix (assumed to be circular of 

diameter 3mm). Results from plain concrete specimens are also shown for comparison, 

repeated from Table 3.4.

By comparing the ku values in Table 3.7, when a greater amount of concrete was confined, i.e. 

a greater helical diameter, Dr, initial peak loads increased. This increase was also found to 

depend on the helical pitch spacing, with a closer pitch providing greater Pu.

For all CR2 specimens, ku values were similar, between 0.21 and 0.23 for the whole range of 

configurations (including the plain specimen). Post-peak behaviour can be seen in Figure 

3.19. It contains four ^-displacement plots, consisting of a plain specimen plot together with 

three plots for the single helix specimens with the same helical diameter (Dr = 125mm) but 

different helical pitch. From the graphs for the three reinforced specimens, the post-peak load 

dropped and it was maintained at about 67% to 90% of the initial peak load, depending on the 

pitch spacing. With further ingression, for the 20mm pitch case, enough strain was developed 

within the reinforcement for the maintaining load to be increased even above the initial peak 

load before ultimate failure, which was caused by rupture of the reinforcement (Figure 

3.20(a)). In the cases of the 30 and 50mm pitch specimens, the maintaining loads were kept 

roughly constant at very much lower load until failure; for both pitches, the ultimate failures 

were caused by loss of bond of the reinforcement at the top end of the specimen, as shown in 

Figure 3.20(b).
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Table 3.7 -  Group FB, cylindrical specimens, single helix results

Specimens CR Sr
mm

D r

mm
Vol
%

fe u

MPa
Pc
kN

k c P u

kN
h

C2-20-125 2 2 0 125 0.34 69 280 0 .2 2 287 0.23

C2-30-125 2 30 125 0.23 57 230 0 .2 2 236 0.23

C2-50-125 2 50 125 0.14 57 230 0 .2 2 235 0.23

C2-20-100 2 2 0 100 0.27 72 260 0 .2 0 281 0 .2 2

C2-20-75 2 2 0 75 0 .2 0 60 2 0 0 0.18 228 0 .21

CP2 2 - - - 57 230 0 .2 2 230 0 .2 2

C3-20-125 3 2 0 125 0.34 6 8 400 0.32 446 0.36

C3-30-125 3 30 125 0.23 65 390 0.33 425 0.36

C3-50-125 3 50 125 0.14 65 360 0.31 388 0.33

C3-20-100 3 2 0 100 0.27 72 390 0.30 398 0.30

C3-20-75 3 2 0 75 0 .2 0 73 300 0.23 330 0.25

CP3 3 - - - 65 365 0.31 369 0.31

C4-20-125 4 2 0 125 0.34 76 750 0.54 783 0.57

C4-30-125 4 30 125 0.23 71 630 0.49 665 0.52

C4-50-125 4 50 125 0.14 71 618 0.48 618 0.48

C4-20-100 4 2 0 100 0.27 72 430 0.33 521 0.40

C4-20-75 4 2 0 75 0 .2 0 73 480 0.36 518 0.39

CP4 4 - - - 71 550 0.43 551 0.43

C5-20-125 5 2 0 125 0.34 77 800 0.57 853 0.61

CP5* 5 - - - 60 645 0.59 671 0.62

* Result from Table 3.3, tested by Avery-Denison machine
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CR2 Group FB cylinders
0.25

0.20

0.15

-— C2-20-125
 C2-30-125
-— C2-50-125 
 CP2

0.10

0.05

0.00
0.0 2.0

cone ingression (mm)
4.0 6.0

Figure 3 .19 - k-displacement (cone ingression) plots for CR2 specimens, 
Dr = 125mm, sr = 20, 30 and 50mm

(a) Reinforcement rupture (C2-20-125) (b) Loss o f top anchorage (C2-50-125)

Figure 3.20 -  General failure o f Group FB specimens

For CR3 and CR4, ku values were generally improved when specimens were reinforced with 

a 125mm diameter helix. Figure 3.21 shows a set of ^-displacement plots for the three 

specimens loaded through CR2, 3 and 4, each containing the same reinforcement 

configurations (20mm pitch, 125mm diameter). It is clear that for CR2 and CR3, the post

peak curve is relatively flat after the peak, signifying considerable deformability. This 

behaviour may be compared with CR4, where a gradually descending branch occurs post

peak, signifying far less controlled deformability. Figure 3.22 shows three specimens loaded
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through CR3 with different helical diameters, but the same pitch (20mm). The graph shows a 

substantial increase in load-maintaining capacity when a greater Dr was used. Both Figures 

3.21 and 3.22 indicate that the effectiveness of the confining action due to the helix is 

strongly dependent on the relative diameters of the helical reinforcement and the bearing 

plate.

Group FB cylinders

------C5-20-125

—b—C4-20-125 

C3-20-125 

— C2-20-125
—

/yV _ i i —‘ -V — \

i*
T--- ------V ------

1
--------------i--------------------

0.0 2.0 4.0 6.0
cone ingression (mm)

Figure 3.21 -  Post-peak effect o f concentration ratios, Dr = 125mm, sr = 20mm

CR3 Group FB cylinders

0.40
— C3-20-125
— C3-20-100
— C3-20-75

0.30

k 0.20

0.10

0.00
0.0 2.0 4.0

cone ingression (mm)
6.0

Figure 3.22 -  Post-peak effect o f helical diameter, Dr = 75, 100 and 125mm, sr = 20mm

From Table 3.7 again, an interesting point is evident concerning the CR3 and CR4 specimens 

with small helical diameters. The bearing plate diameters, 2a\, for CR3 and CR4 are 75 and
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100mm respectively. When the diameter of the bearing plate and the helix were the same, i.e. 

for specimens C3-20-75 and C4-20-100, the ku value is lower than the equivalent plain 

specimen 0.31 for CP3, 0.25 for C3-20-75; ku= 0.43 for CP4, 0.39 for C4-20-100). Such 

a result implies that the diameter of the helical reinforcement should be greater than the 

bearing plate diameter, otherwise reduced capacity could be expected. This is thought to be 

caused by the surrounding concrete easily detaching from the confined core due to weak 

shear planes being created by the many helical windings. The resulting core then has a lower 

capacity with a smaller cross-sectional area (details are provided in Chapter 4). Together with 

the results in Figures 3.21 and 3.22, it is suggested that a 50mm difference between the 

diameters of the helix and bearing plate seems to be an ideal benchmark for the present scale 

of test specimens in order to ensure enhanced load capacity and effective post-peak behaviour.

In fact, spalling of the cover concrete at the ultimate limit state was found to be more 

apparent in all CR3 and CR4 specimens, thought to be due to the weakened vertical shear 

plane along the helical windings, corroborated as follows. It was found that when the pitch 

spacing was 2 0 mm, the cover concrete surrounding the helix spalled off almost completely. 

Less severe spalling was found for a pitch of 30mm. However, with a helix of 50mm pitch, 

only the concrete surrounding the top end of the helix came off, due to loss of end anchorage 

of the reinforcement. Photographs of the three specimens loaded through CR3 are shown in 

Figure 3.23. Similar behaviour was found for the CR4 specimens, as shown in the 

corresponding Figure 3.24. Ultimate failure of the specimens was usually caused by rupturing 

of the reinforcement (Figures 3.23 and 3.24), with about 2 to 3mm of vertical displacement 

having been developed.
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(a) sr = 20mm (b) sr = 30mm (c) sr = 50mm

Figure 3.23 -  Spalling o f cover concrete due to different pitch spacing, CR3

C4-30-125
(a) sr = 20mm (b) sr = 30mm (c) sr = 50mm

Figure 3.24 -  Spalling o f cover concrete due to different pitch spacing, CR4

The interface between the inner surface of the helix and the concrete core was closely 

examined after each test. It was found that the relatively smooth inner surface of the helix did 

not bond to the concrete core. This implies that during testing, sufficient bond would have 

had to be provided by the cover concrete to the outer (rougher) surface of the helix. However, 

premature spalling of this cover might have led to an immediate loss in bond due to the 

smooth inner surface not bonding to the inner concrete core. However, in fact, local snapping
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usually occurred before such complete spalling except when the helical pitch was 20mm, in 

which case complete spalling of the concrete occurred at an earlier stage without causing 

local snapping of the reinforcement. Deformability was naturally limited in this case as 

complete loss of bond occurred at spalling, as confirmed in Figure 3.25, which shows k- 

displacement plots for the above three CR3 specimens.

CR3 Group FB cylinders

0.40

— C3-20-125

 C3-30-125

— C3-50-125

0.30

k 0.20

0.10

0.00
0.0 2.0

cone ingression (mm)
4.0 6.0

Figure 3.25 -  k-displacement (cone ingression) plots, CR3, post-peak effect o f helical pitch,
Dr = 125mm, sr = 20, 30 and 50mm

Despite the rather less-effective post-peak load-maintaining profile compared with 

concentration ratios CR2 and CR3, Figure 3.26 shows that the helical pitch in CR4 specimens 

does indeed affect the post-peak behaviour. Apart from a greater initial peak load being 

achieved for a pitch of 20mm, the maintaining profile is also improved according to reduced 

pitch spacing. For the specimen with a 30mm pitch, the maintaining load profile is almost flat 

after a 25% drop-off from the initial peak load. It is interesting to note that although the 

specimen with the 30mm pitch has a lower maintaining-load level than that with the 20mm 

pitch, their capacities and deformabilities prior to ultimate collapse are rather similar.

89



C h a p t e r  3  E x p e r i m e n t a l  In v e s t i g a t i o n

CR4 Group FB cylinders

0.60

C4-20-1250.45
 C4-30-125

C4-50-125k 0.30

0.15

0.00
0.0 2.0 4.0

cone ingression (mm)
6.0

Figure 3.26 -  k-displacement (cone ingression) plots, CR4, post-peak effect o f helical pitch,
Dr = 125mm, sr = 20, 30 and 50mm

Wedge-shape shear cones were again found to have formed during the failure, leading to 

lateral expansion in the confined core. However, the presence of the helix meant that the 

concrete surrounding the wedge cones was well confined and difficult to remove.

b) Double Helix system

Table 3.8(a) shows the results for specimens containing the double helix system. This table 

contains two more columns for the extra set of helical pitch and diameter of the second helix. 

The helices are represented by the subscript i for the inner helix, and o for the outer one. The 

volume percentage is based on the sum of the volume of both helices.

The general behaviour of all specimens was similar to that of the single helix system. The 

elastic peak was reached, followed by the load-maintaining stage, signifying deformability. In 

some double-helix specimens, two peak loads could be considered. The first peak was the 

initial peak load, Pu, recorded before the load-maintaining stage, as shown in the previous 

result tables. The second peak occurred during the load-maintaining stage, Pm. These Pm
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capacities are shown in Table 3.8(b) together with the cracking load, Pc, and initial peak load, 

Pu, for each specimen. The two peak loads are also defined schematically in Figure 3.27.

p(k)

Cone ingression

Figure 3.27 -  Initial peak load, Pu, and maintaining peak load, Pm

Table 3.8(a) -  Group FB, cylindrical specimens, double helix results

Specimens CR Sri

mm
D ri

mm
Sro

mm
D m

mm
Vol
%

fe u

MPa
P u

kN
k u

C2-20-50-20-125 2 2 0 50 2 0 125 0.47 60 250 0.23

C2-20-75-20-125 2 2 0 75 2 0 125 0.54 60 270 0.25

C3-20-75-20-125 3 2 0 75 2 0 125 0.54 61 420 0.38

C3-30-75-20-125 3 30 75 2 0 125 0.47 64 450 0.39

C3-50-75-20-125 3 50 75 2 0 125 0.42 61 430 0.39

C3-20-75-30-125 3 2 0 75 30 125 0.43 64 430 0.37

C3-30-75-30-125 3 30 75 30 125 0.36 64 430 0.37

C3-50-75-30-125 3 50 75 30 125 0.31 57 390 0.38

C3-20-75-50-125 3 2 0 75 50 125 0.34 61 380 0.34

C3-30-75-50-125 3 30 75 50 125 0.27 57 350 0.34

C4-20-75-20-125 4 2 0 75 2 0 125 0.54 70 600 0.47

C4-20-75-30-125 4 2 0 75 30 125 0.43 70 602 0.47

C4-50-75-30-125 4 50 75 30 125 0.31 70 587 0.46

In Table 3.8(b), the initial peak capacity, kUi and the load-maintaining capacity, km, for C3-50- 

75-30-125 are relatively high compared with other specimens which had a similar level of
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reinforcement volume. It also confirms that ku and km are mainly dependent on the outer 

helical pitch, with lower values found when the outer pitch was 50mm. This confirms that a 

closer inner helical pitch does not improve the performance greatly and an inner pitch of 

50mm seems to be adequate to allow efficient use of the system. (This excludes the result of 

C3-20-75-20-125, which will be explained later when looking at the ^-displacement plots of 

these specimens).

Table 3.8(b) -  Group FB, cylindrical specimens, double helix results with Pm

Specimens
CR-Sr -Drr$ro~Dro

Vol
%

feu
MPa

Pc
kN

kc Pu
kN

ku Pm
kN

km

C2-20-50-20-125 0.47 60 230 0.18 250 0.23 294 0.27

C2-20-75-20-125 0.54 60 240 0 .21 270 0.25 307 0.28

C3-20-75-20-125 0.54 61 420 0.38 420 0.38 549 0.52

C3-30-75-20-125 0.47 64 340 0.29 450 0.39 491 0.42

C3-50-75-20-125 0.42 61 370 0.33 430 0.39 458 0.41

C3-20-75-30-125 0.43 64 350 0.30 430 0.37 484 0.42

C3-30-75-30-125 0.36 64 340 0.29 430 0.37 477 0.41

C3-50-75-30-125 0.31 57 390 0.38 390 0.38 418 0.40

C3-20-75-50-125 0.34 61 340 0.31 380 0.34 413 0.37

C3-30-75-50-125 0.27 57 330 0.32 350 0.34 376 0.36

C4-20-75-20-125 0.54 70 482 0.38 600 0.47 654 0.51

Figure 3.28 shows ^-displacement plots for CR2 double-helix specimens. The graph also 

includes a single helix plot for the same helix configuration as the outer helix, i.e. C2-20-125. 

It is shown that by adding the inner helix (Dri equals or is greater than 50mm), the 

maintaining load is markedly improved without any drop in the initial peak load (as happened 

in the single helix specimens). Deformability between the two double-helix specimens is very 

similar; they both reach the peak load at a similar displacement of 3.5mm before gradually
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losing their load-maintaining capacity. No local snapping of reinforcement occurred in either 

specimen; failures were caused by loss of bond at the top part of the outer helix. Spalling of 

cover concrete only occurred within about 60mm from the top of the specimen, as shown in 

Figure 3.29 for specimen C2-20-75-20-125.

CR2 Double helix cylinders

0.30 C2-20-75-20-125

- ■ • C2-20-50-20-1250.25

C2-20-1250.20

k 0.15

0.10

0.05

0.00
0.0 2.0 4.0 6.0

cone ingression (mm)
8.0 10.0 12.0

Figure 3.28 -  k-displacement (cone ingression), CR2, double helix, 
Dri = 50 and 75mm, Dro = 125mm, srt and sro = 20mm

Figure 3.29 -  Spalling o f cover concrete, CR2 double helix system, C2-20-75-20-125

Different combinations of helical pitches between the inner and outer helices were looked at 

in CR3 specimens. The ku values in Table 3.8(b) show that initial peak loads were generally 

improved (ku = 0.30 for plain CR3 specimens). It is shown that when the outer helical pitch is
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50mm, a minimum ku of 0.34 is found, compared with 0.37 to 0.39 for the others. It seems the 

outer helical pitch largely controls the initial peak load.

The maintaining load, Pm, was reached with further cone ingression. It is shown that km 

values are generally about 0.02 to 0.05 higher than the ku values, apart from the specimen 

with 20mm pitch for both helices (C3-20-75-20-125), which has a substantial difference of 

0.14.

Three separate ^-displacement graphs are shown in Figure 3.30 for CR3 double-helix 

specimens. Each graph corresponds to different outer helical pitches. Note that all outer 

helical diameters are 125mm. Each graph also includes a single-helix specimen with the same 

outer helix configuration, so that the contribution of the inner helix may be inferred. From 

Figure 3.30, it is very clear that the double-helix system improves the load maintaining 

capacity in all cases. For the 20mm outer pitch specimens (Figure 3.30(a)), when the inner 

pitch is also 20mm, the maintaining load of the specimen was increased greatly until ultimate 

failure. For 30 and 50mm inner pitches, their load paths were maintained at a & value of about 

0.40. It is also shown that the deformability of these specimens, in terms of cone ingression, 

was roughly 3.5 to 4mm, compared with around 2.5mm for the single helix specimen. This 

means that both capacity and deformability are markedly improved by the addition of the 

inner helix. For the 30mm outer pitch specimens (Figure 3.30(b)), the level of inner pitch did 

not alter the load-maintaining capacity greatly and the k  value was also maintained at around 

0.40. However, it seems that deformability was improved when a closer inner pitch was used. 

Similar behaviour is also evident in Figure 3.30(c) for specimens containing a 50mm outer 

pitch, though a lower load-maintaining capacity of k equal to about 0.35 was found. However, 

overall, there is clearly a substantial improvement in load-maintaining capacity when an 

additional inner helix is used, in comparison with just a single helix specimen, as shown in all 

plots in Figure 3.30.
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CR3 Double helix 20mm outer pitch
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CR3 Double helix, 50mm outer pitch
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(a) sro = 20mm

(b) sro = 30mm
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Figure 3.30 -  k-displacement (cone ingression), CR3, double helix, cylindrical specimens,
Dri = 75mm, Dr0 = 125mm
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In Figure 3.30(a), a substantial increase in load-maintaining load over initial peak strength 

was found for specimen 3-20-75-20-125, which contained a 20mm pitch for both the inner 

and outer helices. However, this increase was achieved at a relatively large displacement. 

Therefore, due to serviceability considerations, the extra strength of this specimen needs to be 

considered with caution. If ultimate strength at such high deformation is forbidden in design, 

other configurations which contain lower volume percentages of reinforcement should be 

considered to have the same efficiency, as they provide a similar level of initial peak capacity, 

Pu, while Pm could be maintained using a lower percentage of reinforcement.

Ultimate failure of all specimens was sudden, with complete loss of load capacity. The failure 

mechanism was usually governed by loss of bond of the outer helix to the concrete. Shown in 

Figure 3.31(a) is a double-helix specimen under testing. Although cover concrete seems to 

still be intact around the specimen, in fact spalling had occurred and there was no significant 

bond between the outer helix and the concrete. The spalling pattern of the cover is similar to 

that of the single-helix system, where a closer pitch produced greater spalling, as shown in 

Figures 3.31(b), (c) and (d).

(a) -  CR3 Double helix system, C3-50-75-30-125, after testing
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(b) sro = 20mm (c) sro — 30mm (d) sro = 50mm
Figure 3.31 -  Spalling o f cover concrete for double helix system, CR3

For the double-helix system used in CR4, only three combinations of pitch were used, as 

shown in Table 3.8(a). The three combinations cover three levels of volume percentages of 

reinforcement. They also allow direct comparisons between different arrangements of pitch. 

These are the influence of the outer pitch when the inner pitch is the same (sri = 20mm), and 

the influence of the inner pitch when the outer pitch is the same (sro = 30mm). In Table 3.8(b), 

only one specimen was included for CR4 specimens. It was the only CR4 double-helix 

specimen to exhibit an increased maintaining load (Pm) over the initial peak load (Pu). This is 

the highly reinforced specimen using 20mm for both the inner and outer pitches. It is shown 

in Figure 3.32 that for the other two CR4 specimens, the maintaining loads gradually 

decreased after the initial peak. Both of them decreased to around 80% of the initial peak load 

before the first slip of reinforcement, which led to ultimate failure. No slip or rupture of the 

reinforcement occurred for the 20mm pitch specimen and the test was stopped for safety 

reasons. Also from Figure 3.32, as happened in CR3, a closer outer helical pitch improved the 

post-peak maintaining load of the specimens. However, the influence of the inner pitch was
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not so apparent, where only a slightly higher maintaining load was found for sri = 20mm, 

compared with sri = 50mm and sro = 30mm.

CR4 Double helix cylinders

k 0.30 C4-20-75-20-125

 C4-20-75-30-125

— C4-50-75-30-125 

 C4-30-125

2.0 4.0
cone ingression (mm)

6.0

Figure 3.32 -  k-displacement (cone ingression), CR4, double helix, Dri = 75mm, Dro = 
125mm, s„ = 20 and 50mm, sr0 = 20 and 30mm

For all cylindrical specimens in Group FB (both single and double helix system), the failure 

mechanism was different to that of the plain specimens. It was observed that for some 

specimens with a high percentage of reinforcement (20mm pitch helices in the double helix 

system) and small concentration ratios, vertical cracks were limited to the top part of the 

specimen, leading to an undisturbed bottom part, as shown in Figure 3.29. For the others, the 

vertical cracks on the surface did eventually extend to the bottom of the specimen, but cracks 

did not propagate into the core of the specimen. There was, however, substantial spalling, as 

shown in Figure 3.31(b). However, specimens C4-30-125 and C4-50-125, as clearly shown in 

Figures 3.24(b) and (c), did experience vertical cracking right through the core.

Note that although much of the attention here is aimed at the influence of configuration of the 

reinforcement on the post-peak behaviour, the capacity of the specimens still depends on the 

shear cone -  concrete interface as well as the confinement provided by the reinforcement.
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Thus the ku and km values which are in terms of the concrete cube strength are still valid to 

represent the capacity of the specimens.

Experimental results so far show that the group FB reinforcing system seems to have worked 

well in cylindrical specimens. The presence of the outer helix, having its diameter 50mm 

greater than that of the bearing plate, meant that the initial peak load could be improved and 

deformability ensured. With the addition of the inner helix, the maintaining load could also 

be improved after the initial peak.

Rectangular specimens

Rectangular-shape specimens, reinforced with either the single or double helix system, were 

also tested. Although the Group FB system seemed to be successful for cylindrical specimens, 

only limited spalling of cover concrete would be allowed in rectangular specimens, a very 

different situation to cylindrical specimens. This difference in spalling characteristics had 

previously been confirmed to be important in FRP reinforcement (Ibell and Burgoyne, 1999).

The failure sequence for plain rectangular specimens was documented in Section 3.5.1. For 

the reinforced equivalents, it was expected that failure would be initiated in the same way, 

but that the presence of reinforcement would alter and delay further crack propagation. Figure 

3.33 shows six reinforced rectangular specimens after testing. Crack patterns are very similar 

for both the single and the double helix systems (Figures 3.33(a) to (d)). This was to be 

expected, as the spalling of concrete cover is mostly dependent on the outer helix 

configuration. For CR3 specimens, after the central crack had formed, large numbers of small 

cracks formed around the bursting region. These cracks propagated and led to spalling of 

cover concrete around the region, as shown in Figure 3.33(f).
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R3-20-75/20-125

(a) (b) (c)

R3 50-75/30-125 R3-50-75/30-125

(d) (e) (j)
(a) -  CR3 single helix; (b) -  CR4 single helix; (c) -  CR3 double helix;

(d) -  CR4 double helix; (e) -  Central crack; (j) -  Spalling in bursting region.

Figure 3.33 -  Rectangular specimens, cover concrete spalling after testing

The helical reinforcement was found to rupture in all specimens at failure. This was markedly 

different to the previous cylindrical specimens, where failure was generally caused by 

complete loss of bond due to spalling of the cover concrete (Section 3.5.4). This clearly 

demonstrates the importance of the shape of the test specimens in terms of bond release. This 

has important ramifications for the design of FRP-prestressed flanged section concrete beams 

where local spalling would be limited. This is discussed in Chapter 4.
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Interestingly, rupture of reinforcement usually occurred where the concrete had spalled off 

along the long face of the specimen. However, there were occasions (some CR4 specimens) 

when surrounding concrete to one of the sides of the specimen became detached from the 

reinforced core, as shown in Figure 3.34. This happened in the later stages of testing, where 

integrity of the surrounding concrete had been lost. In a real situation, such failure would be 

countered by the secondary reinforcement (Gale and Ibell 2002).

R4-20-75/30-125

Figure 3 .34- Rectangular CR4 after testing -  detachment from the core

Table 3.9 shows the results for rectangular specimens containing single or double helix 

systems. Lower reinforcement volume percentages and ku values could be expected for the 

rectangular specimens, owing to their greater volume and cross-sectional area. For CR3 

specimens, regardless of the reinforcement system or configuration, ku values were always 

marginally improved by 0.02 over the plain specimen result. The full ^-displacement 

behaviour for CR3 specimens is shown in Figure 3.35. The two plots each represent a 

specific outer helical pitch (or the only helical pitch in the single helix case).
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CR3 Rectangular 30mm outer pitch

— R3-30-125 
— — R3-50-75-30-125 
 R3-20-75-30-125

k 0.10

0.0 2.0 4.0
cone ingression (mm)

6.0

(a) sro = 30mm

CR3 Rectangular 20mm outer pitch

0.20 R3-20-125

R3-20-75-20-125
0.15

k 0.10

0.05

0.00 1
0.0 2.0 3.0 4.0

cone ingression (mm)
5.0 6.0

(b) = 20mm

Figure 3.35 -  k-displacement (cone ingression), rectangular CR3, double helix,
Dn = 75mm, Dro = 125mm

For specimens containing a 30mm outer helix pitch, the load capacities dropped to about 85% 

of the peak load and more-or-less maintained this level until ultimate failure, as shown in 

Figure 3.35(a). Note that previously there had been no drop in initial load for cylindrical 

double helix specimens, but that there was now a definite drop for the rectangular specimens. 

It is, however, clear that the presence of the inner helix slightly improved the maintaining- 

load behaviour. Further, the maintaining load is modestly greater when the inner pitch is 

closer (20mm). Ultimate failure for all specimens was caused by multiple ruptures of the 

outer helix.
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Table 3.9 - Group FB, rectangular specimen, single and double helix results

Specimens Sri
mm

Dri
mm

Sro
mm

Vol
%

f e u

MPa
P c

kN
kc P u

kN
ku

RP3 - - - - 70 492 0.16 506 0.16

R3-20-125 - - 30 0.09 70 539 0.17 579 0.18

R3-30-125 - - 2 0 0.06 70 552 0.18 581 0.18

R3-20-75-20-125 2 0 75 2 0 0.15 65 450 0.15 535 0.18

R3-20-75-30-125 2 0 75 30 0 .1 2 65 436 0.15 526 0.18

R3-50-75-30-125 50 75 30 0.08 65 440 0.15 535 0.18

RP4 - - - - 72 630 0.19 748 0.23

R4-20-125 - - 30 0.09 72 630 0.19 841 0.26

R4-30-125 - - 2 0 0.06 72 650 0 .2 0 825 0.25

R4-20-75-20-125 2 0 75 2 0 0.15 58 600 0.23 653 0.25

R4-20-75-30-125 2 0 75 30 0 .1 2 58 496 0.19 635 0.24

R4-50-75-30-125 50 75 30 0.08 58 468 0.18 600 0.23

R4-20-100-20-125 2 0 100 2 0 0.17 59 561 0 .2 0 766 0.29

R4-20-100-30-125 2 0 100 30 0.14 59 532 0 .21 715 0.27

* All Dr (single helix) and Dro (double helix) = 125mm

When the outer pitch was 20mm, Figure 3.35(b) shows that there was no marked difference 

due to the presence of the inner helix, apart perhaps from a little increase in the deformability. 

These specimens also failed when multiple ruptures occurred in the outer helix.

Two additional double-helix configurations were carried out using concentration ratio CR4. 

Both of them contained an inner helix diameter (Dn) of 100mm at 20mm pitch. The outer 

helix diameter, Dro remained at 125mm with its pitch at 2 0  or 30mm. It was believed that 

such a configuration, in which the dimensions of the bearing plate and inner helix were the 

same, would provide greater efficiency of confinement of the inner core, leading to better 

post-peak capacity. This is confirmed in Table 3.9, as ku values were improved by 0.03 to

0.04 when a 100mm inner helix diameter was used instead of 75mm.
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CR4 Rectangular 30mm outer pitch

0.30 

0.25 

0.20 

k 0.15 

0.10 

0.05 

0.00
0.0 2.0 4.0 6.0

cone ingression (mm)

R4-30-125

R4-20-75-30-125

R4-50-75-30-125

R4-20-100-30-125

(a) sr0 ~ 30mm

CR4 Rectangular 20mm outer pitch

0.30
R4-20-125 

R4-20-75-20-125
0.25

0.20 R4-20-100-20-125

k 0.15

0.10

0.05

0.00
0.0 2.0

cone ingression (mm)
6.04.0

(b) sro ~ 20mm
Figure 3.36 -  k-displacement (cone ingression), rectangular CR4, double helix 

Dri = 75 and 100mm, Dro — 125mm

In the post-peak stage, CR4 specimens tended to lose their load-maintaining capacity 

gradually following the initial peak, as shown in Figure 3.36. The two plots again represent a 

different outer helical pitch. Figure 3.36(a) shows that the maintaining load profiles were 

very similar for both the single and double helix system when 75mm was used as the inner 

helix diameter for the double helix case. However, when the inner helix diameter was 100mm, 

the maintaining load is higher, although dropping gradually. Similar findings are evident in 

Figure 3.36(b) for the 20mm outer helical pitch. This suggests that the diameter of the inner
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helix ought to be equal to the anchorage plate diameter in order to offer some kind of 

contribution to the overall system.

Experimental results for the rectangular specimens confirm that there were fundamental 

differences in capacity and behaviour between the two cross-sections of specimen at the post

peak, post-crack stage. The presence of the inner helices did not seem to improve the load 

maintaining capacity as significantly as had been the case for the cylindrical specimens. 

However, from the plots in Figure 3.36, the greater inner helix diameter (Dri = 100mm) did 

extend the elastic range of the specimens, but the post-peak load was not maintained at a 

significant level, as had been the case before for the cylindrical specimens. Detailed 

discussion of the differences in results between the cylindrical and rectangular specimens will 

be discussed in Section 4.1.

After studying the detached surrounding concrete portion in the CR4 specimens, it was felt 

that the presence of secondary reinforcement (Group M) might improve the integrity of these 

specimens. This could lead to a better post-peak behaviour. Such an approach will be 

considered in experiment Group MH (Section 3.5.5).

For all rectangular specimens, it was observed that the major vertical crack propagated all the 

way to the bottom of the specimen. The ingression of the wedge cone eventually split the 

specimen along the base. This is different from the previous reinforced cylindrical specimens 

where the base of the specimen usually remained intact, even in cases where a large amount 

of spalling occurred in high concentration-ratio specimens. This indicates significantly 

different behaviour between the patch and strip loaded cases, an important aspect in 

theoretical analysis (Chapters 5 and 6 ).
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Ductility provided by the systems

Plastic behaviour appears to have been achieved during the post-peak stage by the reinforcing 

systems. However, since FRP behaves linear-elastically up to failure, it is important to ensure 

that actual energy dissipation did occur during the loading process in order to consider it as 

ductile behaviour.

To confirm energy dissipation, cyclic loading was carried out on some specimens, as shown 

in Figures 3.30, 3.32, 3.35(a) and 3.36. In these plots, when cyclic loading was carried out, 

substantial residual displacements were found when the load was reduced back to zero. This 

confirmed genuine plastic energy dissipation and ductility. This was achieved along the shear 

cone interface, with the confining force provided by the (elastic) reinforcing helix.

3.5.5 Group M -  Mat reinforcement system

Results up to this point indicated that the presence of FRP reinforcement provided integrity 

and ductility to the specimen, rather than additional capacity. This is confirmed in Figure 

3.37, which shows ^-displacement plots for all three types of mat-reinforced rectangular 

specimen systems (as previously defined in Section 3.4.5). Marginally higher peak load 

capacities were, however found using the mat systems in both CR3 and CR4 specimens, 

where layout C tended to exhibit the greatest peak load capacity.

Table 3.10 shows the first visible crack load (Pc) and the ultimate load (Pu) of the specimens, 

together with the equivalent plain specimen results for comparison. For CR3 specimens, first 

cracking loads were modestly higher than the plain specimen values, but the peak loads were 

significantly higher than the cracking loads. In particular, there is almost a lOOkN increase 

for M3B from cracking to peak load. For CR4, similar behaviour was found, with a modest 

improvement in first cracking load, followed by significant improvement in peak load.
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Therefore, the mat systems clearly did improve the peak capacity, but with little or no 

ductility evident during the post-peak stage.

CR3 Group M

0.25
M3A
M3B
M3C
RP3

0.20

0.15

0.10

0.05

0.00
0.0 2.0 6.04.0

cone ingression (mm)
(a) CR3

CR4 Group M

k 0.15

0.0 2.0 4.0
cone ingression (mm)

6.0

(b) CR4

Figures 3.37 -  k-displacement (cone ingression), Group M

Failure of the specimens was initiated in the same way as specimens in previous groups, as 

expected. In the presence of the mat, vertical cracks were found to be narrower than those in 

other reinforced specimens at corresponding displacements. Eventually, major cracks 

appeared, but at an offset position (Figure 3.38) where ARAPREE bars debonded. The crack 

control was rather similar across all mat layouts. It could be inferred from this that only the 

two outer longitudinal (one from each side) ARAPREE bars were working effectively, as

107



C h a p t e r  3  E x p e r im e n t a l  In v e s t ig a t io n

these two bars were the common factor across all layouts. The two inner longitudinal bars in 

layout B might not be expected to resist cracking to the same extent. In layout C, the two 

‘cross-link’ type of ARAPREE bars ought to have provided some kind of confinement to the 

bursting region, just as conventional stirrup-type reinforcement would do. Although better 

maintaining load was found for the layout C specimen, the breakdown in bond near the ends 

of the longitudinal bars probably led to off-set failure before the cross-links became fully 

functional.

Table 3.10 -  Group M, results

Specimens Mat layout f e u

MPa
P c

kN
k c P u

kN
k u

RP3 - 70 492 0.16 506 0.16

M3A A 72 532 0.16 553 0.17

M3B B 72 558 0.17 654 0 .2 0

M3C C 72 575 0.18 630 0.19

RP4 - 72 630 0.19 748 0.23

M4A A 70 583 0.19 827 0.26

M4B B 70 630 0 .2 0 845 0.27

M4C C 70 672 0 .21 806 0.26
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(b) CR4

Figure 3.38 -  Crack patterns for Group M  specimens, offset o f major cracks

Results in this group have shown that layout A is adequate as far as crack control is 

concerned. Additionally, helical FRP reinforcement should be used for capacity and ductility 

enhancement in primary anchorage zones. In practice, crack control reinforcement (mats), as 

well as capacity and ductility enhancement reinforcement (helices), would be provided 

together with the secondary equilibrium reinforcement (Choi et al., 2001), spanning across 

multiple anchorages.
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3.5.6 Group MH -  Combined mat and helical reinforcement system

The combined use of the double-helix system and mat reinforcing system was investigated 

briefly to look at the behaviour of the specimens from the aspects of post-peak ductility and 

serviceability (crack control).

Table 3.11 shows the results for MH3 and MH4 specimens, together with their corresponding 

results in other test groups, i.e. Group P, Group FB rectangular specimens containing the 

same double helix configuration, and Group M specimens containing layout A mat 

reinforcement. It is shown in the table that initial peak loads for both concentration ratios 

were substantially increased through the combined use of a double helix and a mat 

reinforcing system.

Table 3.11 -  Group MH, results

Specimens CR Mat Sri

mm
Dri
mm

Sro

mm
Dro
mm

feu
MPa

Pu
kN

ku

RP3 3 - - - - - 70 506 0.16

R3-20-75-30-125 3 - 2 0 75 30 125 65 526 0.18

M3A 3 A - - - - 72 553 0.17

MH3 3 A 2 0 75 30 125 59 609 0.23

RP4 4 - - - - - 72 748 0.23

R4-20-100-20-125 4 - 2 0 100 2 0 125 59 766 0.29

M4A 4 A - - - - 70 827 0.26

MH4 4 A 2 0 100 2 0 125 52 753 0.32

Specimen MH3 showed good crack control throughout, as exhibited in the solo mat 

reinforcing system. Again, the major cracks were offset to a remote position (Figure 3.39(a)). 

Crack patterns at ultimate failure were similar to those of the mat reinforcing system. In terms 

of post-peak behaviour, it was found from the ^-displacement plots (Figure 3.40) that there
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was substantial improvement in the load-maintaining capacity and deformability in specimen 

MH3, compared with the corresponding double helix specimens.

R4-2CM0Q/2O-I25
*MA

* *  'f ' -!

(a) MH3 (b) MH4

Figure 3.39 -  Group MH specimens after testing

CR3 Group MH

0.30 MH3

■«- R3-20-75-30-125

0.20

0.10

0.00
0.0 2.0

cone ingression (mm)
4.0 6.0

Figure 3.40 -  k-displacement (cone ingression) plots, MH3

For specimen MH4, a similar improvement during the post-peak stage was found, as shown 

in Figure 3.41, though perhaps not quite as distinct as in specimen MH3. In terms of crack 

control, crack width at ultimate failure was reduced in the combined system, as shown in 

Figure 3.39(b). It was also found that although the major crack was not transferred to the
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remote position (as had been the case for group M specimens), greater spalling of cover 

concrete was found towards the comer of the specimen than had been the case for the 

equivalent double-helix-only specimen.

CR4 Group MH

0.40 MH4

R4-20-100-20-125
0.30

k 0.20

0.10

0.00
0.0 2.0

cone ingression (mm)
4.0 6.0

Figure 3.41 -  k-displacement (cone ingression) plots, MH4

Results from this group have demonstrated that crack control, load capacity, deformability 

and ductility are all important through the dual use of mat and helical FRP reinforcement. 

Such behaviour will be discussed in more detail in Chapter 4.

3.6 S u m m ary  o f ex p e rim en ta l resu lts

The following summarises the major findings in the experimental programme. They are 

believed to be the crucial results affecting discussion (Chapter 4) and analysis (Chapter 5 and 

Chapter 6).

1. Failure of all specimens was initiated in the same sequence, regardless of the 

reinforcement nature. Vertical cracks appeared when the initial peak load approached, 

followed by formation of a shear cone underneath the bearing plate. For reinforced 

specimens, once the peak load was reached, the applied load was maintained at a
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particular level (significant or not) under further cone ingression. The load-maintaining 

behaviour and capacity was found to mainly depend on the specimen cross-section, the 

reinforcement configuration, and the concentration ratio.

2. The shear cone-concrete interface provided the capacity of the specimen once the 

concrete had cracked, possibly above the initial cracking load. This was confirmed 

particularly in rectangular specimens, where location of the first visible crack could be 

predicted with certainty.

3. For helically-reinforced specimens (Groups UB, IB and FB), following formation of the 

shear cone, the surrounding concrete was pushed laterally under cone ingression. This 

expansion was resisted by the helical reinforcement. As further expansion occurred, 

strain levels within the reinforcement became significant, leading to better confining 

action at large deformations.

4. The unbonded (UB) and intermittently-bonded (IB) reinforcing systems provided 

residual load capacity of specimens at the post-peak stage, but not at a significant level.

5. The fully-bonded (FB) single helix system improved the load-maintaining capacity, 

compared with Group IB. Such load-maintaining capacity was found to be very 

dependent on the relative dimensions between bearing plate and helical reinforcement. 

Results suggest that a helical diameter 50mm greater than the bearing plate diameter 

would ensure effective behaviour.

6 . A closer helical pitch was found to improve the load-maintaining capacity, but it also 

accelerated the spalling of the cover concrete, due to a weak vertical shear plane being 

developed along the helix windings. This was particularly true for cylindrical specimens, 

where lateral expansion was constant all round and therefore prone to early spalling.
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7. The double-helix system in Group FB improved the load-maintaining capacity in 

cylindrical specimens compared with the single-helix system. It was found that the 

system could be used efficiently if suitable relative helical pitches were employed for the 

two helices. The spalling pattern was very similar for both the single and double helix 

systems, determined by the outer helical pitch only.

8 . The smooth inner surface of the fully-bonded AFRP helix (used in Group FB and MH) 

provided no bond to the concrete, so that the only bonding medium was provided by the 

outer surface. This could be beneficial as cracks within the confined core would not 

induce local snapping of the reinforcement. The downside is that complete loss of bond 

occurred when the cover concrete spalled off, leading to rapid failure, especially for the 

close-pitch helices where greater spalling occurred.

9. Rectangular specimens behaved differently to the cylindrical specimens, particularly at 

the post-peak stage, leading to different load-maintaining profiles. This is believed to be 

due to the patch-loaded (cylinders) or strip-loaded (rectangular specimens) nature of 

loading in the two different shapes of specimens (details in Chapter 4).

10. Group M mat reinforcement improved the initial peak load compared with the plain 

specimens, but most importantly, it provided better crack control (serviceability) of the 

specimens. It is also proved that no additional strength was gained when cross-links were 

present in layout B and C.

11. The combined system Group MH improved the crack control capacity, deformability and 

ductility of the rectangular specimens.

12. Deformability provided by the various reinforcing systems was confirmed to be genuine 

plastic-based ductility by the cyclic loading regime carried out on some specimens.
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D isc u ssio n  o f  R e su l t s

4.1 Introduction

This discussion chapter is divided into two main parts. The first part discusses various aspects 

o f the test results presented in Chapter 3. In particular, the post-peak behaviour, the influence 

of different configurations of reinforcement and the shape of specimen are covered. The 

second part of the discussion deals with comparisons between test results and existing 

theories and design codes. Since the experimental programme included novel reinforcement 

arrangements for which currently there are no specific design codes for anchorage zones 

using FRP materials, direct comparison can be made only for plain specimens and those 

specimens containing the single helix system.
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4.2 Discussion of experimental results

A general discussion of the experimental results for specimens within the same reinforcement 

group has already been presented in Chapter 3. In that Chapter, no comparisons were made 

between different reinforcement groups. However, various differences and similarities were 

noticed. Most importantly, some distinctly different behavioural characteristics between 

cylindrical and rectangular specimens were found, even when using the same reinforcing 

system. Such findings should certainly be considered in developing a generalised analytical 

or design approach. This chapter outlines these differences and similarities, and discusses the 

reasons behind them. Such discussion will be of value in the following analysis chapters.

4.2.1 ‘Helix-plate’ configuration

Although it was found in Chapter 3 that the unbonded (UB) and intermittently-bonded (IB) 

reinforcing systems were not as effective as the fully-bonded (FB) system, similar 

characteristic behaviour was found between the IB and FB systems for various sizes of 

bearing plate. This is determined by combining the ^-displacement plots for Group IB 

specimens for various concentration ratios and keeping other variables constant (125mm 

diameter, 20mm pitch and 12 anchor points), as shown in Figure 4.1. The family of plots for 

Group IB is clearly similar to that of Group FB shown previously in Figure 3.21.

In both groups, the ‘re-raising’ effect (increase of maintaining load, Pm after the first drop of 

peak load, Pu) could only be found in the CR2 and CR3 specimens, and the load-maintaining 

capacity for CR4 and CR5 was very poor compared with the other two. This indicates that the 

relative dimension between the helix and the bearing plate (termed the helix-plate 

configuration here) governs the general post-peak behaviour, regardless of the bond 

characteristics of the reinforcement.
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In order to achieve effective confinement, it is therefore suggested that the helical diameter is 

required to be at least 50mm greater than the bearing plate diameter for any kind of helical 

reinforcement. It is clear that the FB system provided a greater bond stress than the UB or IB 

systems and this led to greater load-maintaining capacity. This implies that the bond 

characteristics control the level of load-maintaining capacity at the post-peak stage, as it is 

the bond action between the reinforcement and concrete that provides confinement to the 

central core, given that the appropriate helix-plate configuration is used.

Group IB Cylinders

0.60
IB2-20-12
IB3-20-12
IB4-20-12
IB5-20-12

0.50

0.40

k 0.30

0.20

0.10

0.00
0.0 2.0

cone ingression (mm)
4.0 6.0

Figure 4.1 -  Post-peak effect for various concentration ratios in Group IB specimens 

4.2.2 Cylindrical specimens versus rectangular specimens

Additional of the inner helix to create the double helix system showed marked improvement 

in the behaviour of the cylindrical specimens when compared with that of the solo single

helix configuration. The load-maintaining capacity was improved, as shown previously in 

Figure 3.30. For the most heavily-reinforced specimens, involving 20mm pitches for both the 

inner and the outer helices (C3-20-75-20-125 and C4-20-75-20-125), the load-maintaining 

capacity was increased markedly (see Figure 3.32). However, with rectangular specimens, it 

was found that the inner helix provided almost no contribution to the overall load-
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maintaining capacity (Figure 3.35). This indicates that the '20-20-pitch' configuration which 

provided the optimum means to confine the bursting region in cylindrical specimens, became 

ineffective for the rectangular specimens.

It seems highly unlikely that the ineffectiveness of the inner helix in the rectangular 

specimens has anything to do with spalling behaviour due to its physical depth within the 

concrete. Therefore, it is probable that the difference in effectiveness between the cylindrical 

and rectangular specimens comes about because of the different in type of loading between 

the two specimen shapes. Under patch loading (cylindrical specimens), the inner helix 

behaves under a truly triaxial stress state, so that it is very effective. However, since 

rectangular specimens experienced strip-loaded behaviour, the inner helix encountered both 

confining stresses as well as direct tensile stresses due to 2 -dimensional lateral expansion 

along the centre-line. This additional lateral expansion probably negated some of the effects 

of confinement, leading to a reduced effectiveness of the inner helix in rectangular specimens.

In the case of the combined mat and helix system (Group MH), the presence of the mat 

reinforcement shifted the central crack to a more remote location (Section 3.5.5). 

Consequently, this allowed the specimen to behave under a more patch-loaded-type condition. 

Hence, a better load-maintaining capacity was achieved due to more effective confinement 

provided by the helical system.

In Chapter 3, it was mentioned that spalling of the cover concrete during the post-peak stage 

differed between cylindrical and rectangular specimens. Owing to the all-round constant 

concrete cover in the cylindrical specimens, spalling tended to occur evenly around the 

specimens and this was particularly apparent with closer helical pitches. For the rectangular 

specimens, the region of spalling was limited to the area with the least concrete cover.
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The amount of concrete spalling is directly related to the level of bond release at the post

peak stage. If the bond action between the reinforcement and the concrete is believed to be 

the main parameter in providing confinement to the central core, it follows that the amount of 

spalling directly affects the level of confinement due to a loss in bond. This in turn leads to 

different post-peak behaviour.

For the rectangular specimens, a portion of the deeply-embedded helical loop was always 

bonded to the concrete as long as the integrity of the specimen was maintained. The overall 

level of bond release could then be considered to have been caused entirely by the unbonded 

(released) part. The proportion between the length of the released and unreleased parts is 

crucial to the actual confinement provided by the bond action of the reinforcement.

For the cylindrical specimens, spalling of the concrete did not occur all around the specimens 

at once, which means that there was also some sort of released-unreleased condition in the 

helix at the post-peak stage. However, unlike the rectangular specimens, along the entire 

helical loop there was no specific part of the loop permanently bonded to the concrete.

4.2.3 Deformability

Genuine ductility, in terms of plastic energy dissipation, was exhibited by the reinforced 

specimens which experienced sufficient load-maintaining capacity. This was confirmed by 

cyclic loading procedures on some of these specimens. The residual displacements indicate 

that the reinforcing system provided real plastic energy dissipation and ductility. However, 

snapping of the reinforcement was found to occur for most of the specimens, signalling 

ultimate failure. From the load-displacement plots of the specimens shown in Chapter 3, the 

measured vertical displacements at ultimate failure for cylindrical and rectangular specimens 

are all fairly uniform. For both shapes of specimen, ultimate failure (or the first notable drop
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of load) tended to occur at around 2.5 to 3.0mm. For specimens in which snapping of the 

reinforcement did not occur, it was also found that the load-maintaining capacity began to fall 

abruptly at roughly a similar vertical displacement.

This indicates that as far as deformability is concerned, it seems to be a localised problem 

which afflicts all specimen types, with different sizes of bearing plate and the overall shape. 

Therefore, it seems likely that the limited deformability could be predicted by looking at 

localised conditions. Further, the behaviour seems to be governed by straining of the 

individual helical loops, given that they seem to have snapped at roughly the same overall 

deformation. This in turn also influences the cone-concrete interaction, which naturally has a 

finite limit of shear stress capacity under ever-increasing displacement.

4.2.4 Summary

The above discussion may be summarised into the following four points. These points 

provide experimental evidence which is crucial to the theoretical analysis procedure 

presented in Chapter 6 .

1. Similarities between the families of load-displacement plots for Group IB and Group FB 

specimens indicate that the post-peak behaviour of the specimens depends on the helix- 

plate configuration, regardless of the bond characteristics of the reinforcement. However, 

the bond characteristics govern the level of load-maintaining capacity at the post-peak 

stage, where Group FB specimens are more effective.

2. The inner helix used in the double-helix system was found to be ineffective in the 

rectangular specimens. This is due to the strip-loaded (2D) nature of the rectangular 

specimens, which differs from the patch-loaded (3D) nature of the cylindrical specimens, 

where a more effective result with the double-helix system was experienced.
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3. Different spalling extents of cover concrete occurred between the two shapes of specimen. 

This affected the overall level of bond release, leading to different post-peak behaviours. 

Spalling tended to occur evenly around cylindrical specimens, but it was limited in 

rectangular specimens owing to the varying amount of concrete cover. This phenomenon 

affected the overall contribution of the reinforcement due to varying bonding, and played 

an important role in the load-maintaining capacity at the post-peak stage.

4. An ultimate cone-ingression displacement of 2.5 to 3.0mm was found regardless of the 

shape of the specimen or of its reinforcement. This indicates that such a limit is likely to 

be governed by the local strain capacity of the cone-concrete interface.

4.3 Comparison with existing theories and design codes

Existing anchorage zone theories and methods in codes-of-practice, which were reviewed in 

Chapter 2, are based on unreinforced and/or steel-reinforced concrete. Across all techniques 

available at present, each one identifies two important factors affecting the capacity of 

primary anchorage zones. These are the concentration ratio and the quantity of reinforcement 

present to resist the lateral bursting stresses.

Predictions of capacity from four commonly-used codes of practice are compared here with 

the experimental results. They are the American Concrete Institute code for structural 

concrete, ACI 318-02 (2002); the British Standard for structural use of concrete, BS8110 

(1997) and the design of bridges, BS5400 (1990); the CIRIA design guide for post-tensioned 

prestressed concrete (Clarke, 1976), and; the VSL design recommendations (1991).

Various codes suggest values for the bearing capacity of primary anchorage zones by taking 

into account the relative geometry of the loaded and unloaded areas. The CIRIA design guide 

reviews existing codes (at the time of publication), including the CEB-FIP (1970)
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recommendations for maximum bearing strength. For the reinforcement, two main forms of 

primary anchorage zone reinforcement are commonly used, namely stirrups (2D) and helices 

(3D). As reviewed in Chapter 2, these forms of reinforcement resist the bursting stress in a 

different manner (direct tension (2D) or confining action (3D)). Various codes suggest 

different design approaches according to the fundamental reinforcing system. These are 

outlined below.

For the design of conventional stirrup reinforcement (BS8110, BS5400 and CIRIA guide), 

the amount of reinforcement is determined according to the total bursting force developed. 

This accords with various research findings (Magnel, 1949; Guyon, 1953; Zielinski and 

Rowe, 1960), which have provided the ratio between the total bursting force and the 

prestressing force in terms of the concentration ratio. Thereafter, adequate reinforcement is 

designed to resist the bursting force. Roberts-Wollmann and Breen (2000) have suggested 

that if  steel helical reinforcement is used instead of individual stirrups, enhanced capacities 

are achieved. This is based on the amount of lateral confining pressure provided by the 

helical reinforcement. The VSL design recommendation (1991) provides similar reasoning 

and gives details of guidance when designing helical reinforcement. However, their equations 

do not allow for variation in the concentration ratio. The CIRIA guide (Clarke, 1976) also 

states that helical reinforcement is more effective than conventional stirrups and suggests that 

to ensure proper confinement, the helical diameter needs to be at least 50mm greater than the 

dimension of the bearing plate. This agrees well with the current experimental findings 

shown in Chapter 3.

Group P unreinforced specimens are compared directly with predictions from the appropriate 

codes of practice, in terms of bearing capacity over a limited load area. However, for 

reinforced specimens, the mechanical properties of steel are different to those of FRP. Thus 

some modifications must be made to the reinforcement parameters. Modifications made here
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to allow for the differences in properties follow the guidance from an Institution of Structural 

Engineers publication (1999) for the design of concrete structures with FRP reinforcement. It 

proposes use of an effective cross-sectional area, Arejf, for the composite reinforcement, 

instead of using the nominal cross-sectional area of the reinforcement, Ar, as used in BS8110 

(1997) and BS5400 (1990). This is shown below in Equation [4.1]. The equation ensures that 

the strain in the FRP material at working loads is identical to that which would exist in an 

equivalent steel-reinforced anchorage zone.

A  F
Areff = r r [4.1]

200,000

where Er is the Elastic Modulus of the FRP reinforcement in MPa, and 200,000 corresponds 

to the Elastic Modulus of steel. Partial safety factors for different types of fibre are also 

suggested in the guidance. For the purposes of comparison here, however, these factors have 

been set to unity.

4.3.1 Plain specimens

For Group P unreinforced specimens, Figure 4.2 shows correlation between the actual initial 

peak load, Pu, and the predicted initial peak load, Pu \  according to allowable bearing strength, 

suggested by various codes. Note that for the rectangular specimens, predictions according to 

Guyon’s partitioning method for practical anchorage zones are also included (2a -  150mm is 

assumed). Thus, rectangular specimens are considered according to the normal design 

procedures.

The ACI 318-02 code and the CEB/FIP Recommendations (suggested in the CIRIA guide) 

consider the bearing strength limit to be directly dependent on the concentration ratio of the 

anchorage zone. This is shown in the following equations, firstly for ACI 318-02,
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p ;= (o .8 5 /e’^ <2g(0.85/c’4 , ) [4.2]

where Ac is the total cross-sectional area of the concrete specimen, Ap is the area of the 

bearing plate and f c ’ is the compressive cylinder strength of concrete.

The equivalent CEB/FIP recommendation is

provided by confinement from surrounding plain concrete.

BS5400 suggests a limit of 0.3 feu for the allowable compressive bearing stress, regardless of 

the bearing plate size or the concentration ratio. In BS5400, the concentration ratio is taken 

into account when determining the transverse bursting force. This is necessary in order to 

design the reinforcement required.

[4.3]

Note that all the safety factors from the original codes-of-practice have been removed. The

ACI and CEB/FIP codes have limited the term to be less than or equal to 2.0 and 3.3

respectively. This limits the amount of extra bearing capacity of the anchorage zone that is
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Group P - cylindrical specimens
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a ACI 318-02
z  1000

o BS 5400

S . 500

□ CEB/FIP

0
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Pu’ - predicted (kN)

(a) Cylindrical specimens

Group P - rectangular specimens

1500

a ACI 318-02

z  1000 a ACI 318-02 partition

•  BS 5400

■ CEB/FIP

□ CEB/FIP partition

500
Pu' - predicted (kN)

1000 1500

(b) Rectangular specimens, including primary zones after partitioning
Figure 4 .2 -  Correlation between predictions according to various codes-of-practice and the

test results for Group P specimens

In Figure 4.2(a), codes-of-practice predictions are not always satisfactorily conservative for 

the plain specimens. Note that reinforcement is actually always required in practice due to the 

bursting stresses induced (Section 2.2.3).

As mentioned previously, the BS5400 approach for bearing strength does not consider the 

concentration ratio. Predictions are based only on the concrete strength,/*, and the area of 

bearing plate. This explains the conservative predictions.
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For rectangular specimens, safe predictions are found for the partitioned specimens, as shown 

in Figure 4.2(b). This is expected from Guyon’s partitioning method where most of the codes 

are based on the definition of primary anchorage zones. Also in Figure 4.2(b), only the ACI 

code predicts safe capacities for the rectangular specimens without any partitioning. This is 

due to the lower limit on the concentration ratio which ACI sets. ACI does not follow 

Guyon’s partitioning for defining the local zone.

4.3.2 Reinforced specimens

Predictions of capacities according to codes-of-practice for the Group FB single-helix 

reinforced specimens are shown in Figures 4.3 to 4.6. These predictions are based on the 

direct tension approach for stirrups (BS5400) and the confinement approach for helical 

reinforcement (Roberts-Wollmann and Breen, 2000 and VSL, 1991).

The two plots in Figure 4.3 show correlation between predictions from BS5400 and the test 

results. Note that for the rectangular specimens, only the results for partitioned specimens are 

included. Figure 4.3(a) shows the correlation in terms of the helical diameter, Dr. Although 

accuracy of the predictions varies, the results clearly show over-prediction when the helical 

diameter is less than 125mm. This may be expected since the BS5400 approach assumes all 

the reinforcement acts effectively across the failure plane, but in fact the helical 

reinforcement does not cross the failure planes in reality. Thus, predictions are the same 

between specimens with the same concentration ratio and helical pitch, whereas the main 

contributor in the single helix system has been found here to be the helix-plate configuration. 

This was confirmed in Chapter 3, and has been pointed out previously in the CIRIA guide.
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BS 5400 - single helix

1500

Rect. Parti. Dr = 125

% 1000
Cylinders Dr = 125■  X

Cylinders Dr = 100
500

Cylinders Dr = 75

0

0 500 1000 1500
Pu' - predicted (kN)

(a) Comparison in terms o f helical diameter

BS5400 - single helix all Dr=125mm

1500
Rect. - Parti. 20mm

Rect. - Parti. 30mm
Z  1000

Cylinder 20mm

Cylinder 30mm

Cylinder 50mm

500
Pu' - predicted (kN)

1000 1500

(b) Comparison in terms o f helical pitch 
Figure 4.3 -  Predictions according to BS5400 (direct tension approach) compared with the

test results

Figure 4.3(b) shows the results summarised in terms of the helical pitch. Safe predictions are 

always found for the 50mm pitch and, interestingly, predictions become unsafe when the 

pitch is reduced. This suggests that although using a closer pitch actually provides an ever- 

increasing capacity, an upper limit of say sr > 30mm should be imposed in terms of design 

capacity checks to ensure under-prediction for the FRP-reinforced case.
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Zielinski and Rowe - single helix

1500

■ Rect. Parti. Dr = 125

Z  1000 X Cylinders Dr = 125

A Cylinders Dr = 100
CL 500

O Cylinders Dr = 75

1000 1500500
Pu' - predicted (kN)

Figure 4 .4 - Predictions according to Zielinski and Rowe (1960) (direct tension approach)

Predictions using Zielinski and Rowe’s approach are shown in Figure 4.4. Their approach 

follows that of direct tension. In Chapter 2, it was argued that Zielinski and Rowe’s approach 

for bursting stresses was too conservative for steel-reinforced anchorage zones. However, 

Figure 4.4 shows that Zielinski and Rowe’s work provides safe predictions for the current 

single-helix system with Dr = 125mm. However, over-prediction occurs for specimens with 

smaller diameter. It is important to note that even though Zielinski and Rowe’s work is well 

known to be conservative for the steel-reinforced case, over-predictions are still possible for 

FRP-reinforced specimens which contain helices of diameter smaller than 125mm. The 

diameter of the helical reinforcement yet again appears to be a crucial parameter for accurate 

capacity prediction of the specimens.

For the single-helix system, the effect of the helical diameter clearly ought to be included in 

the design procedure. Among the codes of practice reviewed, the helical diameter is taken 

into account in Roberts-Wollmann and Breen’s addition to ACI-318 and the VSL 

recommendation (1991). They suggest that the bearing capacity for helically-reinforced 

anchorage zones should be based squarely on the level of possible confining action.

128



C h a p t e r  4  D is c u s s io n  o f  R e s u l t s

Figure 4.5 shows the correlation between the test results and predicted capacities for primaiy 

anchorage zones according to the VSL recommendation (1991). Once again, for rectangular 

specimens, only the results for the partitioned rectangular specimens are included in the plot. 

Surprisingly, the VSL guide substantially over-predicts capacity of every specimen, 

especially for those with a low concentration ratio (CR2 and CR3). However, predictions 

improve for concentration ratios CR4 and CR5. This is because the VSL recommendation 

does not follow Guy on’s partitioning method to define the so-called ‘local zone’ (i.e. primary 

prism). The ‘local zone’ is defined according to the following two equations, which take into 

account the bearing stress only. To determine the bearing plate dimension,

°-95^  r / iA„ = -------  [4.41
'  2 .2 / ;

and for the local zone dimension,

4  = - y r "  [4.5]
J  c

where Pu is the prestressing force, Ac is the cross-sectional area of the concrete specimen, Ap 

is the area of the bearing plate and f c * is the compressive cylinder strength of concrete.

Using such a design approach, the minimum concentration ratio that could result is 0.67. This 

is, coincidently, the same value as that for concentration ratio CR4 for cylindrical and 

partitioned rectangular specimens. Note that, since the cross-sectional area of the specimen is 

not considered in the VSL approach, for rectangular specimens, the predictions are the same

whether the specimens are partitioned or not. However, under the partitioning procedure, the

concentration ratio between the cylindrical and rectangular specimens used in the present test 

series becomes practically the same, where 2a for the partitioned rectangular specimens 

equals 150mm, and 2a for the cylindrical specimens is 152mm.
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VSL recommendation - single helix all Dr = 125mm
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A Rect-parti CR3
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Figure 4.5 -  Predictions according to V S L  Recommendation (1991) (confining action
approach)

The VSL recommendation does not account for the whole range of concentration ratios in the 

current experimental programme. Comparisons seem valid only for concentration ratio CR4 

or greater. However, the VSL approach was specifically written for the VSL Type E 

anchorage system (1991).

Roberts-Wollmann and Breen’s (2000) addition to the current ACI-318 clause for the design 

of anchorage zones includes the lateral confining stress, f at, provided by helical 

reinforcement. This is shown in Equation [4.6].

where A t  is the net area of bearing plate (in the current case it equals A p ) ,  A core is the area of 

the confined concrete core, f r is the tensile capacity of the reinforcement and f c ’ is the 

compressive cylinder strength of concrete which may be taken equal to 0.8fcu (Neville and

[4.6a]

where

r  _  2 A r e f f f r

D - s r
[4.6b]
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Brooks, 1987). Figure 4.6 shows the predictions according to Roberts-Wollmann and Breen’s 

work.

Figure 4.6(a) clearly shows that these predictions are reasonably accurate throughout the 

whole range of concentration ratios. However, results tend to be over-predicted for closer 

helical pitches. Similar conclusions were reached previously when considering predictions 

from BS5400. Further, in Figure 4.6(b), where results are presented in terms of the helical 

diameter, over-predictions are again found for all specimens with a helical diameter of 100m 

or 75mm. However, for specimen C2-20-100 (2a\ = 50mm, sr = 20mm and Dr = 100mm), for 

which according to previous conclusions, effective confinement is ensured (Dr is 50mm 

greater than 2a\), the result is still shown to be over-predicted. It is probable that such over

prediction is due to the close pitch used in that specimen rather than due to its smaller helical 

diameter. Unfortunately, no further explanation is possible since a pitch of 20mm only was 

investigated for this particular helix-plate configuration.

Roberts-Wollmann and Breen - single helix Dr = 125mm

1500
A Rect. Parti. CR3

■  Rect. Parti. CR4

Z  1000
o Cylinders CR2

A Cylinders CR3

500
□ Cylinders CR4

O Cylinders CR5

500 1000
Pu' - predicted (kN)

1500

(a) Predictions for specimens with Dr = 125mm
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Roberts-Wollmann and Breen - single helix
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□ Rect. Parti. Dr = 125

Z  1000 X Cylinders Dr = 125

A Cylinders Dr = 100
S . 500

o Cylinders Dr = 75

500 1000
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1500

(b) Predictions in terms o f helical diameter
Figure 4 .6 - Predictions according to Roberts-Wollmann and Breen (2000) (confining action

approach)

Again, this confirms that the closer pitch does not seem to work as well as the codes assume. 

A possible reason for this is that at the initial peak load stage (after the initial crack stage, but 

before the cracks open up largely), specimens are still treated as behaving elastically. Under 

such conditions, the transverse bursting stress varies through the depth of the anchorage zone, 

so that only a small proportion of the helical loops along the length experience high enough 

bursting strains to mobilise the reinforcement effectively. This leads to an over-estimation of 

the extent of strain in the FRP reinforcement and hence prediction of capacity is high.

Strictly speaking, comparisons with code predictions should be made against the maintaining 

load, Pm, where all of the helical loops should by then have been mobilised. This stage of 

loading is probably more appropriate to consider as being the ultimate capacity of the 

specimens. However, as concluded in Chapter 3, the load is only maintained at about 60-80% 

of the initial peak load, so that these results would certainly be over-predicted according to 

the codes of practice already mentioned. This indicates that the forces exerted by the 

reinforcement are being transferred into confining action in a different way to that assumed,
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and a more rational approach regarding the behaviour of the FRP reinforcement at the load- 

maintaining stage is required.

4.3.3 Summary

Various predictions from code-of-practice techniques for the design of primary anchorage 

zones have been compared with test specimen results of Groups P and FB-single helix system. 

The relatively low elastic modulus of AFRP reinforcement has been accounted for by 

employing an effective cross-sectional area, Areff, which depends on the ratio of the elastic 

moduli of AFRP and steel (Equation [4.1]). Predictions from these design codes for existing 

steel-reinforced anchorage zones have been shown to be unsafe on occasion, even including 

the modification from Equation [4.1].

It has been demonstrated here that the most crucial criterion for a safe design is the use of an 

appropriate helix-plate configuration. If the direct tension (2D) approach is used, the helical 

diameter has to be large enough to ensure effective confinement.

The helical pitch used in design also seems to be of importance. The methods considered here 

generally over-estimate the effectiveness of specimens with a closer helical pitch. Should the 

present methods indeed be used directly for the FRP situation, it is suggested that a limit on 

the full effectiveness of closely-pitched helices be imposed. However, such an approach 

would seem to penalise use of the material.

From the findings of the current experimental programme, it seems that the load-maintaining 

capacity, Pm should be regarded as a more realistic benchmark to define the ultimate capacity 

of the specimens. However, the capacity of an anchorage zone, according to the design codes, 

is based on the initial peak load. At this peak load, ductility is not yet displayed or guaranteed, 

according to the present experimental results. Additionally, the reinforcement is not yet fully
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mobilised at the initial peak load. Therefore, to ensure that the design of an anchorage zone is 

‘always’ safe, the design approach should be aimed at determining the load-maintaining 

capacity, where ductility is developed and reinforcement is fully mobilised.

In Chapter 3, the unloading regime, which was applied to some specimens, confirmed the 

display of genuine ductility. This implies that the specimens had actually reached some sort 

of plastic state at the load-maintaining stage. Therefore, an analysis which is based on plastic 

behaviour of the specimens seems to be appropriate in order to determine the ultimate load- 

maintaining capacity of FRP-reinforced anchorage zones.

No distinction was found between the elastic behaviours of the plain and reinforced 

specimens, as confirmed in Chapter 3. Therefore, at the stage before any plastic energy is 

dissipated, a linear elastic analysis would appear to be adequate to predict the initial 

ascending branch of the load-displacement profile. The elastic analysis could additionally be 

based purely on the plain concrete, ignoring any involvement of the reinforcement. A linear 

elastic finite element (FE) analysis is carried out in Chapter 5, treating all specimens as 

unreinforced, to determine the primary ascending branch of the load-displacement profile of 

the specimens. In Chapter 6 , a plasticity-based approach is developed to determine the post

elastic load-maintaining response.
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5.1 Introduction

Experimental results in Chapter 3 have shown that in the elastic stage, all equivalently-loaded 

specimens behave similarly, even though they may contain different reinforcement 

configurations. They behave in a linear elastic manner up to the point of first cracking. 

Following this elastic stage, stress redistribution begins within the concrete.

Therefore, to determine analytically the linearly-ascending branch of the load-displacement 

profile for all specimens, it seems that a linear elastic analysis based on the properties of plain 

concrete would be adequate. In this chapter, linear elastic finite element (FE) analysis is 

carried out to model this behaviour. Hence, the initially-linear load-displacement relationship 

is found, as well as the load to first cracking of the specimens. This cracking load is 

determined according to the level of the maximum principal tensile stress predicted using the 

FE analysis.
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A few notable finite element analyses for primary anchorage zones were reviewed in Chapter

2. However, that FE modelling was based on a simple square or rectangular grid. In the 

current experimental set-up, circular bearing plates are used on specimens of circular or 

rectangular cross section. Existing FE results may not then be completely applicable to the 

present situation. Therefore, FE analysis is carried out here specifically for the present 

specimens under consideration. Details of the FE modelling follow.

5.2 Finite element modelling

It was confirmed in Chapter 3 that for specimens with similar geometry, but with different 

reinforcement configurations, elastic behaviour was very similar in the initial stages of 

loading, before contribution of the FRP reinforcement became significant. Although it is 

appreciated that, even in the elastic range, the reinforcement could theoretically be mobilised 

to some small extent, this effect is considered to be insignificant here. Therefore, in the 

following FE analysis, only the Group P, plain, unreinforced specimens are considered. The 

predicted load-displacement relationships for plain specimens are then compared with the 

experimental linear load-displacement profiles for both plain and reinforced specimens.

5.2.1 Creating the FE models

As previously reviewed in Chapter 2, the nature of the bursting stress distribution in patch- 

loaded anchorage zones generally varies between the two transverse directions. An analysis 

in three dimensions is thus necessary to determine the full stress profiles. In the current FE 

analysis, 8 -noded brick elements are used for the 3D FE model. In order to minimise the 

number of elements used in the analysis, so that it may be processed in the most efficient way

136



C h a p t e r  5  E l a s t i c  B e h a v i o u r  a n d  A n a l y s i s

for both cylindrical and rectangular specimens, only a quarter of the specimen is modelled, 

using appropriate boundary conditions.

Cylindrical specimens

The FE mesh created for cylindrical specimens is shown in Figure 5.1. The quarter cylinder is 

meshed equally into a 6 by 6 grid in a radial fashion. Longitudinally, the model is divided 

into 20 elements, each of length 15.2mm, making an overall length of 304mm to match the 

experimental specimens. The same mesh layout is used for all the concentration ratios 

considered for the cylindrical specimens.

Figure 5.1 -  FE mesh (plan) for cylindrical specimen

For the boundary conditions along the straight edges of the FE model (apart from the bottom 

of the model where specimens are supported longitudinally), each node is restrained 

perpendicular to the edge, but free to move in the other two directions. On the loaded surface, 

where load is applied through the bearing plate, the nodes on the edges are restrained in both 

lateral directions owing to the actual horizontal restraint due to the bearing plate in the 

experimental set-up. This is shown in Figure 5.2 for the three concentration ratios under 

consideration. The hatched area shows the bearing plate position and the restrained boundary 

condition along both the x and y  axes. (Note that the bearing plate itself is not included in the 

FE model).
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(a) -  CP2 (b) -  CPS (c) -  CP 4
Figure 5.2 -  Boundary conditions on the loaded surface for different concentration ratios in

the cylindrical specimens

At the bottom end, where the specimens are supported, all nodes are restrained in all three 

directions, as shown in Figure 5.3, which depicts the elevation of the cylindrical model.

Loaded end Fully-supported end

(x = 0)
Figure 5.3 -  FE mesh (elevation) for cylindrical specimens

In the FE model, load is applied as a result of uniform displacement across all the nodes 

under direct load contact. This simulates the actual physical behaviour where the bearing 

plate was seen to ingress uniformly into the concrete. Hence, the analytical results are 

presented as the load required to strain the concrete uniformly by unit displacement (say 1 mm) 

over the bearing area.

Rectangular specimens

Since circular bearing plates were also used for the rectangular specimens, the FE models 

here require mesh matching between the circular and rectangular cross-sections, so that 

uniform bearing-plate displacement is applied over a circular sector in order to simulate the
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application of load through the circular bearing plate. This leads to two different mesh- 

matching systems for specimens RP3 and RP4. Both models are meshed according to a 6 by 

12 grid, as shown in Figures 5.4 and 5.5 respectively. Once again, the hatched area represents 

the bearing plate.
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Figure 5.4 -  FE mesh (plan) on the loaded surface for a quarter o f specimen RP3

Figure 5.5 -F E  mesh (plan) on the loaded surface for a quarter o f specimen RP4

The FE models for rectangular specimens are each divided longitudinally into 18 elements. 

Each element is of the same length, 25mm, making up 450mm for the entire length of the 

specimen. The elevation for both rectangular FE models is shown in Figure 5.6. The 

arrangement of boundary conditions is similar to that used for the cylindrical specimens.
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Loaded end Fully-supported end

vu  bef

(x = 0)
Figure 5 .6 -  FE mesh (elevation) for rectangular specimens

5.2.2 Properties of concrete

As far as equilibrium and compatibility are concerned, there are two properties which 

influence the theoretical behaviour exhibited by the concrete, namely Poisson’s Ratio and 

Elastic Modulus. In the present linear elastic FE analysis, Poisson’s Ratio for concrete is 

taken to be 0.15 and the Elastic Modulus is taken to be 20 GPa. These are typical values for 

normal-weight concrete. The value of Elastic Modulus used here also takes into account that 

the stiffness of never-before-loaded concrete tends to be somewhat lower than that exhibited 

by multiply-loaded concrete (Neville and Brooks, 1987).

In order to predict the load at first cracking, it is assumed here that the cracking capacity of 

the specimen is reached when the maximum principal stress, <n, equals the tensile splitting 

strength of concrete,^/- The tensile splitting strength is considered to represent a similar state 

of stress to that encountered within the specimens here, namely a bi-axial combination of 

compressive and tensile stress, rather than merely uniaxial tensile stress that one would obtain 

from a flexural modulus of rupture test. As reported in Chapter 3, cylinder split-tensile tests 

were conducted across most batches of concrete, the average tensile splitting strength 

obtained being about 3.6 MPa.
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5.3 Linear FE analysis results and discussion

The present FE analysis has two main objectives: firstly, to determine the theoretical elastic 

load-displacement relationship of the specimens; and secondly, to determine the maximum 

tensile bursting stress which occurs within each specimen so as to predict the capacity at first 

cracking. Note that the cracking capacity of each specimen is not the same as the initial peak 

load, Pu, of each specimen. This was confirmed in Chapter 3 where extra load capacity of the 

specimen after first cracking was found to be provided by the cone-concrete interaction. 

Thereafter, the behaviour of the specimen became highly non-linear. This non-linear 

behaviour will be accounted for by using a plasticity-based analysis technique, described later 

in Chapter 6 .

5.3.1 Elastic load-displacement relationship

Load predictions from the FE analyses at a hypothetical bearing plate ingression of 1mm are 

shown in Table 5.1. The results shown are for the capacity of each full specimen (i.e. four 

times the prediction from the quarter-model FE analyses). Using this information, the 

linearly-ascending load-displacement branches of the specimens may be predicted, as shown 

in Figure 5.7.

Table 5.1 -  FE analysis results

Specimens Load per 1mm ingression (kN/mm)

CP2 804

CP3 996

CP4 1128

RP3 1200

RP4 1422
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Figure 5.7 shows a series of load-displacement plots for each of the plain specimens 

considered. A reinforced specimen of the same concentration ratio and specimen shape is 

shown in each case for comparison. Note that the experimental load-displacement plots have 

been slightly adjusted by moving them to the left by about 0.1 to 0.2mm in each case. This 

has the effect of neglecting the initial ‘settling in’ soft response of the specimens so that 

direct comparisons with the FE predictions may be made.

From the figure, it may be seen that the FE analysis shows very good correlation with the 

initial ascending branch of the experimental load-displacement profiles. When the linear 

elastic prediction is plotted together with the experimental results, it is clear that every 

specimen exhibited softening prior to reaching the initial peak load. This implies that at the 

commencement of this softening, cracking has started to occur within the concrete. This then 

leads to stress redistribution and linear elasticity becomes invalid. Hence, the stiffness of the 

specimens is altered. The applied load at which this initial cracking occurs can be predicted 

by the FE analysis and the results are presented next.

5.3.2 First cracking load prediction

The first cracking load is considered to be the applied load at which the maximum principal 

tensile stress reaches the tensile splitting strength of the concrete, taken to be 3.6 MPa here. 

The cracking load capacity predictions are shown in Table 5.2 below. The ratio between the 

maximum transverse tensile stress and average longitudinal compressive stress over the entire 

cross-sectional area of each specimen is also shown.

In Chapter 3, it was mentioned that the experimentally-recorded cracking load, Pc, may not 

be accurate for cylindrical specimens where the location of the first crack was unpredictable. 

Furthermore, since the first crack may be predicted to occur in an interior location within the
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concrete (see Section 5.3.3) and not at the surface, it is considered useful here to consider a 

‘rationalised cracking load’, P rc, instead of P c . The value of P rc is defined as the load at which 

the initial elastic response just begins to soften. At this point, it is assumed that the change in 

stiffness within the concrete is due to initial cracking that has occurred. A combined plot of 

the results from the linear FE analyses and experiments help to identify the rationalised crack 

load P rc in each case. As examples, Figure 5.8 shows load-displacement profiles for 

specimens CP2 and RP4, where examples of P rc  are derived. The predicted cracking loads, 

P c  obtained from the FE analyses are also shown in the plots for comparison.

Table 5.2 -  Predictions of first crack load according to FE analysis

Specimens Maximum bursting 
/average bearing 

stress

Predicted 
cracking load, 

P c  ’ (kN)

Rationalised 
cracking load, P rc 

(kN)

P c ’ / P r c

CP2 0.30 218 180 1.21

CP3 0.22 297 280 1.06

CP4 0.22 297 380 0.78

RP3 0.50 324 330 0.98

RP4 0.37 438 600 0.73

Cylinder - CR2

3Qfr

200

 CP2
 Linear FE

-o
-3 100

•  Prc

■0.5 0.5 1.5 2.5 3.5 4.5
Cone ingression (mm)
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800

-a  400

RP4
Linear FE 
Pc'
Prc

-0.5 0.5 1.5 2.5 3.5 4.5
Cone ingression (mm)

(b) -  RP4(a) -  CP 2
Figure 5 .8 -  Examples o f the rationalised crack load, Pr
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It seems that for ‘medium-sized’ bearing plate specimens (CP3 and RP3), the cracking 

capacity predictions are rather good. As the plate size reduces, the predicted cracking load is 

too high, and equally, as the plate size increases, the predicted cracking load capacity is too 

low.

For low concentration ratios, one might expect that any micro-cracking would lead to non

linear behaviour because of the ‘peaky’ nature of the bursting stress in such specimens. It is 

therefore likely that the present over-predictions stem from neglect of micro-cracking at a 

lower level of stress than f st.

Along similar lines, the large-plate specimens would, in all likelihood, be less susceptible to 

non-linear behaviour caused by cracking due to the relatively flat nature of the bursting stress 

profile (see Figure 5.9 (c), discussed next) along the centreline of the specimen (when y  = 0). 

It is therefore not surprising that the present analysis over-estimates the cracking load 

capacity for low concentration ratios and under-estimates it for high ratios.

5.3.3 Transverse stress distribution

The transverse bursting stress distributions for each specimen under consideration are shown 

in Figures 5.9 and 5.10. Four profiles are shown for each specimen at the positions between 

the centre line (y = 0) and the surface of the specimen (y = 75mm). The results are shown in 

terms of the values of the ratio between the tensile bursting stress and the average 

compressive stress (average stress over the entire cross-sectional area of the specimen). The 

vertical gridlines shown in the plots represent the element positions used in the FE model.
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For cylindrical specimens across all concentration ratios, Figure 5.9 shows that elastic tensile 

bursting stresses occur in the region approximately between 0.2 a and 2.0a from the loaded 

face. This agrees well with most of the existing theories and codes-of-practice for the position 

of primary zone reinforcement (Magnel, 1949; Guyon, 1954; Zielinski and Rowe, 1960; 

Clarke, 1976).

In Figure 5.9, it is clear that the bursting stress distribution varies in the third direction (y-axis) 

as expected (Iyengar, 1962). The location of maximum bursting stress along the^-axis also 

varies according to the concentration ratio. For specimen CP2, the highest tensile bursting 

stress occurs on the centreline (y = 0). As the concentration ratio increases, the highest tensile 

stress occurs at the surface (y = 75mm).

In Figure 5.10, for rectangular specimens, only normal stress distributions along the short 

side of the specimens in the x-direction (defined in Figure 5.10) are considered. These 

stresses were found to be critical to cause cracking below the loading plate in Chapter 3.

4  V
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(b) -  RP4
Figure 5 .10- Transverse stress distributions for rectangular specimens

In Figure 5.10, for both the concentration ratios under consideration, the maximum tensile 

bursting stress appears at the surface of the specimen (y = 75mm). Specimen RP3 exhibits a 

higher maximum value of bursting/average stress ratio than specimen RP4, as expected. 

These plots also show that, unlike the cylinders, both rectangular specimens exhibit a small 

tensile bursting stress at a distance 2.0a from the loaded face.

It can be confirmed that of the two specimen shapes considered here, the results obtained 

from the rectangular ones correlate more closely with the FE results produced by Yettram and 

Robbins (1969). Their results were reviewed in Chapter 2. The finding that greater bursting 

stress occurs near the surface as the concentration ratio is increased, is similar to Yettram and 

Robbins’ 3D FE analysis (1969). However, according to Yettram and Robbins, the values of 

maximum bursting/average stress become greater as the concentration ratio reduces. For the 

current analysis however, the ratios for maximum stress are similar for each concentration 

ratio. This is probably due to the shape of the specimen under consideration, where stress 

distributions between cylindrical, rectangular and square (as used by Yettram and Robbins) 

cross-sections are different.
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The meshing system used in the current FE models to accommodate the circular bearing plate 

also possibly caused discrepancies between FE results. Yettram and Robbins’ FE model used 

a simple square meshing system for both the specimen and the bearing area, but here the 

relatively dense meshing used towards the centre of the model would have affected the 

analysis. A refined meshing system for the loaded part of the model (with each element 

having a similar size) could have improved the result. The detailed elastic stress distribution 

is not, however, of prime concern to the current investigation so that further refinement of the 

meshing system has not been considered.

An interesting double ‘hump’ effect is exhibited theoretically at the surface of specimen RP4, 

as seen in Figure 5.10. As this plot is near the surface, possible normal stress interference in 

the ^-direction (oy) is ruled out for reasons of equilibrium. Equally, along the surface, there 

can be no shear stresses. Therefore, the reason for this double hump presumably lies in the 

inaccuracies associated with the choice of mesh and has not been investigated further.

5.4 Summary

Linear elastic FE analysis has been carried out for Group P unreinforced specimens. The 

analytical results in the elastic region for Group P specimens have been compared, together 

with some reinforced specimens under the same concentration ratio. Although it is suggested 

that a more refined FE mesh would have improved the outcome of the analysis, generally, 

predictions for the elastic stiffness and the first cracking load of the specimens are fairly 

accurate.

The current elastic analysis is unable to predict the initial peak loads, Pu, of the specimens. 

Principally, this is because stress redistribution begins before Pu is reached, implying inelastic 

behaviour over a prolonged period. Furthermore, as stated in Chapter 3, it is the interface
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between the wedge cone and the surrounding concrete which provides capacity of the 

specimens after cracking. Elasticity is clearly invalid at this stage.

Therefore, to predict Pu, a plasticity-based analysis using overall equilibrium of an assumed 

failure model is to be developed. The behaviour of each specimen after the peak load has 

been reached can also be predicted using this model. Details of this plasticity-based analysis 

are presented in the following chapter. By combining the plasticity-based analysis with the 

elastic FE analysis shown here, the entire predicted load-displacement relationship for each 

specimen can then be developed. This approach also allows the displacement (cone 

ingression) at Pu to be determined, defined as the point of intersection between the two 

analytical plots.
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6.1 Introduction

In Chapter 5, an elastic analysis of the specimens was presented. This analysis remains valid 

until cracking occurs in the concrete. By adherence to recommendations in the codes-of- 

practice described in Chapter 4, the design of FRP-reinforced anchorage zones should be safe 

if correct limits and factors of safety are applied. However, at the post-cracked stage when 

the reinforcement actually starts to work, the concrete no longer behaves linearly and a 

different analytical approach is required. Although in practice primary anchorage zones 

would rarely reach that stage, it is still important to have a good understanding of the 

behaviour of the anchorage zones at the ultimate limit state, especially when they are 

reinforced with brittle materials such as FRPs.

The solution developed here is based on equilibrium and plastic behaviour of the concrete. 

However, the solution is not strictly-speaking lower-bound type, as the state of stress is not
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investigated in the entire specimen, but only along the planes of failure. Nevertheless, the 

results of this analysis procedure are expected to be beneficial.

Because substantial ductility was evident in the experimental programme, the theoretical 

solution is required to predict such ductile behaviour, even where linear-elastic, brittle FRP 

reinforcement is employed. This and other related issues are discussed and developed in 

sections 6.2 and 6.3, which follow.

6.2 Equilibrium-based plasticity theory

For the theoretical analysis of primary anchorage zones, plasticity has been used in the past to 

predict their ultimate capacities (reviewed in Section 2.2.2). The interface between the wedge 

(or cone) and the surrounding concrete is the assumed shear-failure plane, along which 

equilibrium needs to be considered at the ultimate limit state. In the present study, a similar 

approach is adopted. The concrete is again assumed to behave plastically indefinitely. 

However, because the FRP reinforcement which crosses the failure planes does not yield, it is 

required to assume a bond-slip relationship for the FRP, as discussed in Section 6.3.

6.2.1 Preliminary assumptions

Previous research has found that the Modified Coulomb failure criterion describes the 

behaviour of concrete reasonably well (Nielsen, 1984). In the current plasticity analysis 

solution, the following assumptions are made:

1. Rigid perfectly-plastic collapse of the concrete occurs and elastic deformations in the 

concrete are ignored. The FRP reinforcement behaves linear-elastically according to a 

defined bond-slip model.
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2. The Modified Coulomb failure criterion with non-zero tension cut-off (Figure 6.1) is 

assumed for the shear failure plane.

3. Any transverse resistance of the AFRP reinforcement (i.e. dowel action) is ignored.

4. An effectiveness factor v is applied to the compressive cube strength of concrete, f cu 

(details in Section 6.2.2).

Figure 6.1 -  The Modified Coulomb failure criterion, with non-zero tension cut-off

Figure 6.1 shows details of the Modified Coulomb failure criterion with non-zero tension cut

off, where cc is the cohesion, f  is the effective concrete strength (explained in Section 6.2.2), 

ft is the tensile strength of concrete and (f) is the internal angle of friction. Since the radius of 

the larger circle in Figure 6.1 is f c/2, it may be shown that

=
_ / « / 1 - s i n ^ A 

cos^
[6.1]

and for the sliding criterion,

153



C h a p t e r  6  A n a l y t ic a l  P l a s t ic it y -B a s e d  S o l u t io n

r = cc + cr tan ̂  [6.2]

Separation failure may occur when the minimum principal stress, cr2, reaches the concrete 

tensile strength,y*.

6.2.2 Effective strength of concrete, f c

As the failure model assumes rigid-plastic collapse, it is implied that the concrete must 

maintain a constant stress level at large deformations. In reality, this is not possible: plain 

concrete has limited ductility. Therefore, in order to allow the analysis to be applicable, a 

factor is used to reduce the measured concrete strength. An effectiveness factor, v , is applied 

to the compressive cube strength,^, to produce the effective concrete strength,

[6-3]

The value of effectiveness factor vto choose varies from problem to problem (Nielsen, 1984). 

For compressive shearing problems, previous research (Hofbeck et at, 1969; Jensen, 1975; 

Ibell and Burgoyne, 1994a) suggests that v = 0.67 provides good agreement against 

experimental results. This value will be used throughout the analysis which follows.

6.2.3 Development of the equilibrium model

The solution presented here is based on the equilibrium model developed by Ibell and 

Burgoyne (1994a) for their strip-loaded anchorage zone specimens. Modifications are made 

to suit the current patch-loaded specimens, and the FRP reinforcement used. The modified 

solution is presented below.

The model considers those stresses acting on the failing rigid bodies to maintain equilibrium,

as shown in Figure 6.2. This figure is drawn for the 2-dimensional strip-loaded case and
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includes a close-up diagram of the wedge failure shear plane, where P  is the half-angle of the 

wedge.

(a) Overall mechanism

r

(b) Close-up 
Figure 6 .2 -  Wedge cone, concrete shear plane

The rigid bodies are defined by the major discontinuities found during experimentation. As 

mentioned in Chapter 3, these discontinuities differ between cylindrical and rectangular 

specimens. For cylindrical specimens, rigid bodies were generally separated into four equal 

portions, as shown in Figure 6.3(a). However, the rectangular specimens tended to behave as 

strip-loaded specimens even though they were patch-loaded. Hence, the rectangular
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specimens are divided through the centre into two portions, as shown in Figure 6.3(b). In both 

models, they are assumed to translate along the base (Chen and Drucker, 1969). This 

hypothesis was corroborated as being reasonable by Ibell and Burgoyne (1994) even when 

rotations about the base seemed to occur (Section 2.2).

(a) -  Cylindrical specimens (b) -  Rectangular specimens
Figure 6.3 -  Rigid body models o f different specimens

The position of the applied load and basal reactions are shown in Figure 6.4. If the total load 

applied to each specimen is P, then the reactions are P/4 and P/2 for each of the rigid portions 

for the cylindrical and rectangular specimens respectively.

To account for the contribution made by reinforcement, a single external force, 77, is applied 

to the specimen in a position at mid-depth of the extent over which the reinforcement is 

placed, Hr. The value of 77 depends on the shape of the specimens and on the helix 

(reinforcement) configurations. This is discussed further in Section 6.3. Horizontal
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equilibrium is maintained by two forces, Fp (the horizontal compressive force in the concrete 

and bearing plate, assumed to exist at the top of the specimen) and Fb (the frictional force on 

the base of the specimen).

Analytical development for cylindrical model

P/4 or P/2

P/4 or P/2
/ 1
/

c
!

1

Figure 6 .4 - Equilibrium model o f failure

Considering Figure 6.4 in a little more detail, horizontal equilibrium of the right-hand portion 

of the specimen is satisfied by

TT =FP+Fb [6.4]
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and moment equilibrium about Q is satisfied by the following, by recalling that the applied

load and reaction each equal P/4 for the cylindrical case:

[6.5]

where all symbols are explained in Figure 6.4. It is assumed now that the total area of the 

wedge surface (shear planes only) is given by A. Note that the angle /?, defined in Figure 6.2 

previously, refers to the actual cone-wedge half-angle. In Figure 6.5 (presented on page 161), 

this angle P  also assumed for the half-angle of the simplified pyramidal wedge (to be 

discussed next). Consider vertical equilibrium of the wedge only:

From Equation [6.2], the Modified Coulomb failure criterion suggests that, at failure, the 

state of stress in the concrete along the shear plane obeys r  = cc + c rtan ^ . Hence, Equation 

[6.2] is substituted into [6 .6 ] and [6.7], and gives

— = r -----cos P + c t----- sin p
4 4 4

[6.6]

and horizontally,

= cr cos p  -  t  sin p
4 4

[6.7]

P  = ccA cos p  + crA tan^cos p  + aA sm p [6 .6  a]

and

Fp -  cr— cosP - c c — s in p - c r — tan(f)sin/?
4 4 4

[6.7a]

Equation [6.5] is re-arranged so that an expression for Fp is found,

[6.5a]
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which is then substituted into Equation [6.7], providing

= cr —cos /? -  c — sin /? -  cr — tan sin /? 
4 4 4

[6.7b]

For a constant value of /?, this results in two simultaneous equations, [6 .6 a] and [6.7b], with 

two unknowns, <7 and P. Solving the two simultaneous equations gives an expression for cr,

_ a ' ccA cos p  -  axccA cos P + 2ccHA sin P + 8Tt [H -  (dd + H r /2)]
diAXaiMfi cos p-aAtan<fi cos p -a A s m .p  + alAsin.p  + 2HA cos P  -  2HA sin P  tan (j)

Using Equation [6 .8 ] to find cr, r is  then found from Equation [6.2]. This leads to a predicted 

value for P  using Equation [6 .6 ]. This procedure is repeated by varying the angle p  until the 

minimum value of P is achieved.

Analytical development for rectangular model

The development of the analysis for rectangular sections is fundamentally the same as that for 

cylinders. The difference lies in the propagation of the major discontinuities, as shown in 

Figure 6.3. Thus, the rectangular specimen is divided into two rigid bodies plus wedge, rather 

than four plus wedge. Hence, Equations [6.5] to [6.7] are altered to include P/2 instead of P/4 

and A/2 instead of A/4. The expression for cr becomes:

  a • ccA cosp  -  axccA cos p  + 2ccHA sin p  + 4Tt [H -  (dd + H j 2)] TC m
cr —-----------------------------------------------------------------------------------------------------------[o.yj

axA tan <f> cos p  -  aA tan ̂  cos p - a A  sin p  + axA sin p +  2HA cos P ~ 2H A  sin/?tan^

Following the same procedure as for the cylindrical specimens, a solution is found for the 

minimum value of P  when the angle P  is varied.

Note that Equation [6.7] assumes the reinforcement does not cross the shear plane. This is 

also true for the rectangular specimens where, even though the true failure mechanism

[6.8]



C h a p t e r  6 A n a l y t ic a l  P l a s t ic it y -B a s e d  S o l u t io n

follows the strip-loaded condition, locally underneath the bearing plate, the 3D shear cone 

formed follows the patch-loaded condition, similar to the cylindrical specimens.

Any effect due to the mat system is ignored in the analysis for Groups M and MH specimens. 

As shown in Chapter 3, the mat system here maintains the integrity of the whole specimen 

(see Section 3.5.6), rather than contributing to the overall capacity through direct tension, the 

way conventional stirrups would behave. This is confirmed from the Group M results where 

no meaningful load-maintaining capacity was achieved by the mat system solely (Section 

3.5.5). Therefore, inclusion of the mat system in the current equilibrium analysis is not 

appropriate.

Modification o f  the failure wedze (shear) plane

From experimental observations, the ingression of the wedge cone is considered to produce 

compressive shearing between the wedge cone and surrounding concrete, setting up normal 

and shear stresses (Hofbeck et al, 1969), as shown in Figure 6.2.

Owing to the fact that all the bearing plates in the test were circular, the failure shear plane 

ought to be curved, as shown in Figures 6.5(a) and (c). In the current analysis, the shear 

planes for both cylindrical and rectangular specimens are each transformed into flat shear 

planes as shown in Figures 6.5(b) and (d). In this case, the calculated shear stress, r, and 

normal stress, cr, can be applied directly to the analytical model. However, the shear plane 

area, A, is calculated under the assumption that the wedge cone is a perfectly circular cone. 

The confining stress, < Jr, induced by a single helical loop is transformed into a single force, 

^ 2F r (1/4 of the helical loop in the cylindrical model) or 2F r (1/2 of the helical loop in the 

rectangular model), as shown in Figure 6 .6 . This transformation allows direct application of
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the total reinforcement force, 7V, acting perpendicular to the modified flat shear plane, also as 

shown in Figure 6.5.

Fr+ T t F r * T t

m r

1 I
Fr

(a) (b)

Figure 6.5 -  Modified straight wedge (shear) planes
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<tr resultant
F r

<2Fr

F r I

resultant
F r

F}

(a) -  1/4 loop helix in cylindrical model

F r

F r

CTr

resultant

F r

F r

2Fr
resultant

(b) -  1/2  loop helix in rectangular model 
Figure 6.6 -  Modified confining force (for one single loop)

6.2.4 Summary

The analytical procedure described above is a general approach to a solution at the ultimate 

limit state, assuming that the reinforcement force, 7>, is known. In the case of steel 

reinforcement, that force is easily determined by the yield strength of the reinforcement, 

assuming it yields at the ultimate limit state. This approach is impossible for FRP 

reinforcement since there is no yield point. Therefore, the force Tt must be found by other 

means. Section 6.3 discusses the derivation of Tt, based fundamentally on the bond-slip 

relationship between the FRP reinforcement and concrete.
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6.3 Derivation of reinforcement force, T j

The presence of the reinforcement in the equilibrium model is accounted for in terms of its 

longitudinal axial force, 7>, only. This force 7> is determined here using two sets of 

information, namely the reinforcement configuration, i.e. the pitch and diameter of the helical 

reinforcement, and the bond-slip relationship of the reinforcement, which is necessary to 

determine the actual force exerted by the reinforcement under different levels of lateral 

displacement.

6.3.1 General procedure for deriving 7>

To find what force, F r , exists in the reinforcement using a bond-slip model, slippage of the 

reinforcement is required. As strictly rigid body movements are considered here, any relative 

horizontal displacement between rigid blocks corresponds to slippage of the reinforcement 

across the relevant discontinuity (assuming no local over-stress). Figure 6.7(a) shows 

horizontal displacement of the outer rigid body relative to the wedge cone under ingression. It 

is assumed that formation of the failure shearing plane causes points C and D to be displaced 

to C ’ and D ’ respectively, thus creating a discontinuity of width co, and a net horizontal 

movement of df/2. Additionally, assuming plane strain conditions, relative displacement 

should occur at the internal angle of friction, (j> (Nielsen, 1984). Hence, the relation between 

the relative vertical and horizontal displacements is

dh = 2  -dv tan(^ + /?) [6 .10]

where (/>is commonly taken to be 37° for concrete (Nielsen, 1984). Equation [6.10] applies to 

both cylindrical and rectangular specimens. Therefore, for both shapes of specimen, at 

vertical displacement, dv, the total slippage, s, of the reinforcement across the relevant 

discontinuities (for both sides) would equal dh, as shown in Figures 6.7(b) and (c).
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tWedge cone!

Outer rigid 
body

Figure 6.7 -  Horizontal displacement in relation to vertical displacement

For any given vertical ingression of the wedge cone under rigid body assumptions, using 

Equation [6.10], the reinforcement slippage s (equal to dh) may be determined and, using a 

suitable bond-slip model, the bond stress tr may be found. A average bond stress is assumed 

throughout the whole length of the reinforcement so that the force developed within the 

reinforcement, F r , is

[6 .11]

where 4̂/? is the total surface area of the reinforcement bonded to the concrete. This value A r  

ignores any smooth surfaces resulting from the manufacturing process, as described in 

section 3.4.4. Consideration of this important effect is achieved by introducing a

164



C h a p t e r  6 A n a l y t ic a l  P l a s t ic it y -B a s e d  S o l u t io n

reinforcement bond factor, described next in section 6.3.2. A circular cross-section is 

assumed for the reinforcement of diameter dr. Therefore, for cylindrical specimens,

, nDr k 2 ' d  • D r _ _ _
Ar - n d r  -  = ------- -— r-  [6.12a]

and for rectangular specimens,

AR =ndr - ^ -  = x 2 -d r'D r [6 .12b]

where Dr is the helical diameter.

As pure lateral translation of the outer blocks along the base is assumed for the analysis, the 

reinforcement slippage is in fact constant throughout the whole depth of the reinforcement. 

Therefore, for one single helical loop, the confining stress, <jr, is transformed into a single 

force as previously demonstrated in Figure 6 .6 . This force is then multiplied by the number of 

helical loops, «/, to obtain the total reinforcement force, 7>. As the reinforcement depth, Hr, is 

constant, the number of loops is wholly dependent upon the helical pitch, sr. Therefore,

n . = ^ -  [6.13]

so that, for cylindrical specimens,

TT =nr  4 lF R [6.14a]

and for rectangular specimens,

TT = nr 2FR [6.14b]

To ease computation, n\ does not need to be a whole number, the answer from [6.13] being 

used directly in [6.14a] and [b].
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For analysis of the double-helix specimens, each helix is treated as an individual helix and

converted into the reinforcement force following the procedure described. The two forces are 

then simply added together to find the total reinforcement force 7Y acting on the equilibrium 

model. A similar bond-slip model is assumed.

Under the above procedure, 7> is calculated, leading to prediction of the applied load, P, at 

increasing vertical displacements (cone ingression). Thus, the full post-elastic load- 

displacement profile may be predicted. Crucially, this primarily depends on the assumed 

bond-slip model employed in order to determine the forces, F r .

6.3.2 Bond-slip model for FRP reinforcement

A bond-slip ( tr-s )  relationship model is required to determine the bond stress tr on the 

perimeter of the reinforcement at various stages. In the present analysis, a model based on the 

Modified Bertero-Popov-Eligehausen (BPE) Model, proposed by Cosenza et al. (1996, 1997), 

is employed. The relevant models involved were reviewed in Section 2.5.5.

The Modified BPE Model (shown in Figure 6 .8) comprises three main branches. In the initial 

ascending branch, bond stress develops from zero to its maximum, ri, at slip si, and

for (s < s\) [6.15]

where a  is a curve-fitting parameter determined empirically. In the linear descending branch

involving slips larger than S\ but less than S3,

for (s\ <s <s?,) [6.16a]

where
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/  \\
[6.16b]

where p  is a curve-fitting parameter determined empirically. The values of a  and p  vary 

based on the type and surface treatment of the FRP bars (Cosenza et al., 1997).

For slips larger than S3 , the bond stress is a constant and

The above bond-slip model suggests that significant bond stress tends to have developed 

before any slip, though chemical adhesion. Equation [6.15] provides the bond stress Tr at a 

very early stage of the cone ingression, where specimens would still be behaving in an elastic 

manner. Therefore, at such an early stage, results from the plasticity analysis based on [6.15] 

would not be relevant, as elastic behaviour would be dominant here. Thus, to simplify the 

approach, a linear bond-slip relationship is assumed for the ascending branch, while the rest 

of the bond-slip model remains unaltered, as shown in Figure 6.9. Hence equation [6.15] 

becomes

for ( s > S3) [6.17]

A Tr

S

Figure 6.8 -  Modified BPE Model for bond-slip relationship

s
for (s < si) [6.18]
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Figure 6 .9 -  Simplified Modified BPE Model with linear ascending branch

To hone the bond-slip analysis, two factors are introduced to modify the force F r  in the FRP 

reinforcement. The first one is the reinforcement bond factor, fe. Since the AFRP helices 

were formed round lubricated circular pipes (Section 3.4.4), the inner surface is relatively 

smooth, providing negligible bond to the concrete core, as confirmed in Chapter 3. Owing to 

this inner-smooth-outer-rough appearance of the helix, it is considered reasonable to assume 

here that only half of the total surface area of the helix is effectively bonded to the concrete. 

Hence kb is taken to be 0.5.

The second factor is called the spalling factor, ks. It was confirmed in Chapter 3 that spalling 

of the cover concrete occurs during the load-maintaining stage. Because the inner surface of 

the helix is smooth, spalling of the cover results in effectively zero bond resistance in that 

region. Therefore, the spalling factor takes into account different levels of spalling 

encountered in cylindrical and rectangular specimens, as well as the different nature of this 

spalling, as mentioned in Chapter 3. The value of ks is 1.0 when there is no spalling, but ks 

becomes important in the analysis when considering the load-maintaining level after spalling. 

Thus, when both factors are included, Equation [6.11] becomes:

f r = K - K - * r ' a r [6.19]
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6.3.3 Bond-slip data for AFRP helix

The bond-slip model requires four bond-slip variables, namely zi, si, Q, and p. However, the 

bond characteristics of FRP reinforcement are dependent on the fibre types, as reviewed in 

Section 2.5. More importantly, the resin and the surface treatment are critical. Therefore, 

precise data for the particular reinforcing material should be used. No bond-slip data was 

available in the existing literature for the laboratory-made AFRP helices used in the 

experimental programme. Moreover, the stress conditions surrounding helical reinforcement 

within the specimens was rather different to that encountered in either direct pullout tests or 

beam-type tests (the two common bond-slip test methods). Therefore, existing test data can 

provide only a rough idea of the variables. The specific values employed in the present 

analysis have been determined by correlation with the test results described in Chapter 3. 

Through this correlation, it has been possible to find that combination of bond-slip variables 

which best fits the data across all reinforcement and loading configurations.

Table 6.1 shows these values of zi, si, Z3, and p  adopted across all analyses for both 

cylindrical and rectangular specimens. The values in Table 6.1 are only for fully-bonded 

specimens. For Groups UB and IB, these values are clearly different and analysis of these 

two groups is considered in Section 6.4.2.

Using this set of values, it is implied that t\ is associated with the predicted peak load, Pu of 

the specimens. The value si controls the corresponding vertical displacement. The peak load, 

Pu, often lies fairly close to the elastic limit of the specimens, so that this corroborates the 

decision to use a simplified linear ascending branch in the bond-slip model. The value Z3 

controls the maintaining load, Pm, after peak. The value 53 depends on p, a curve-fitting 

parameter (Equation [6.16b]).
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Table 6.1 -  Assumed bond-slip data in the analysis

T\ (MPa) s i (mm) z-3 (MPa) P
4.5 3.0 3.0 1 . 0

Naturally, it was imperative that some gauge as to the validity of using these values was 

determined. To help validate the use of these particular bond-slip parameters, Chung (2000) 

conducted pull-out tests, reviewed in Section 2.5.3. It is important to note that the data from 

Chung’s tests are used here solely to confirm that Table 6.1 contains a reasonable set of data.

The Parafil rope (Kevlar 49) used in Chung’s pullout tests was similar in every respect to the 

material used in Group FB, UB and IB specimens. The helix embedded in the concrete would 

simulate realistic stress conditions in the Kevlar yams and surrounding concrete.

100

Figure 6 .10- Results for Chung’s (2000) pullout tests for unbonded circular helices

Figure 6.10 shows the results of Chung’s pullout tests for unbonded circular helices. The

helical pitch of the pullout specimens had no influence on the maximum load, as expected.

However, as these are results for unbonded reinforcement, higher load capacities and smaller

170

Unbonded helices

13
3 2.00

%J\

6 i

\ \

w

I \

By 1 '\ V

^ A a a a

20mm 1 loop

-k— 20mm 1.5 loops 

 20mm 2 loops

40mm 1 loop 

. . . a—  40mm 1.5 loops 

 40mm 2 loops

20 40 60

Displacement (mm)

80



C h a p t e r  6  A n a l y t ic a l  P l a s t ic it y -B a s e d  S o l u t io n

slips could be expected when helical reinforcement is fully bonded. In the present analysis, 

the greatest reinforcement force, F r, is developed for the largest bonded area, A r, from 

Equation [6.19]. For all bonded reinforcement configurations, the 125mm diameter half

helical loop in the rectangular specimens has the largest bonded area, A r . If x\ is set to 4.5 

MPa, as suggested in Table 6.1, the reinforcement force, Fr, developed due to the average 

bond stress would be around 4.2kN (where kb = 0.5 and ks = 1.0). This value of 4.2kN is 

similar to the peak load achieved in Figure 6.10 when 2 helical loops of unbonded 

reinforcement were considered. Moreover, Chung found that when 2 helical loops were used, 

the rope snapped on occasion. This implies that the 2 loops were enough to generate enough 

friction to ‘bond’ the rope to the concrete. Thus, it is reasonable to assume that the value of t\ 

= 4.5MPa in the bonded case is representative of full bond capacity.

Figure 6.10 also shows that in most pullout tests, the load was maintained at about 0.8 to 

1.6kN under continuously increasing displacement after the peak load had been achieved. 

This follows a similar pattern to the modified BPE bond-slip model, with the maintained load 

being represented by the steady bond stress, 73. However, when 73 equals 3MPa, as suggested 

in Table 6.1, the maximum F r would be about 2.8kN (where kb = 0.5 and ks = 1.0). This is a 

markedly higher value than that shown in Figure 6.10. However, this is considered a 

reasonable value given that the helical reinforcement in the main test specimens is fully 

bonded, which would inevitably lead to a higher value of 73 compared with the unbonded 

case.

The displacements shown in Figure 6.10 consist of two components, namely the elongation 

of the Parafil rope itself and the slippage of the embedded helices which occurred due to the 

load. It shows that for two helical loops, the maximum load was achieved at around 15mm 

displacement. Note that the original length of the rope is not certain in the pullout specimen, 

as there is no evidence of where full anchorage was developed within the two loops.
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Therefore, it is not possible to determine the relationship between the load and the actual 

slippage (with elongation ignored). Moreover, results shown in Figure 6.10 are all for 

unbonded rope, so that slippages ought to be less for the fully-bonded case.

Figure 6.11 shows a set of graphs for another series of Chung’s tests using a square helix, 

with anchor points located at various comers. These anchor points were made in the same 

way as the anchor points used in the intermittently-bonded specimens and it is assumed that 

they have the same bond characteristics as the fully-bonded AFRP helices. Although the 

results are for square helices, they prove that the stiffness of the response of the pullout 

specimens was increased when the anchor point was close to the applied load. Displacement 

was reduced from 20mm to 4mm when the rope was anchored at the first comer rather than at 

the fourth or fifth comer, as shown Figure 6.11. Therefore, it is concluded that a slippage of 

3mm at maximum bond stress is a reasonable assumption in the case of the fully-bonded 

helices.

Square helix with anchor points
6.00

first comer
5.00

second comer

4.00 third comer

---•o--- fourth comer3.00

fifth corner
2.00

00

-o0.00
500 10 20 30 40 60 70

Displacement (mm)

Figure 6.11 -  Chung's results for square helices with anchor points at various corners

Lastly, for the curve-fitting parameter, p , Cosenza et al. (1997) suggested various values of p  

for different types of FRP reinforcement (ranging between 0.9 to 4.0). However, as far as the
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current analysis is concerned, it has been found that the actual value used for p  does not 

significantly affect the overall predicted load-displacement profile. Hence, p  = 1.0 is 

considered a rational choice.

A set of bond-slip parameters for the AFRP reinforcement used in the experimental 

programme has been assumed. These values are the main parameters used to determine the 

force Tt used in the equilibrium model. They are kept constant throughout for all specimens 

containing AFRP helices in order to confirm the reliability of the suggested bond-slip data. 

However, a difference in bond behaviour is to be expected at the load-maintaining stage 

between the cylindrical and rectangular specimens due to the different spalling behaviours. 

The spalling factors fa, has been introduced here to account for these differences.

6.3.4 Summary

Using the suggested bond-slip model above, the analysis procedure is summarised as follows:

1. At any vertical displacement (cone ingression), dv, the lateral displacement, dh, is 

determined using [6.10] and the reinforcement slippage s = dh.

2. For any slip s, the average bond stress, tr, may be found using Equations [6.16] to [6.18] 

and the bond-slip data in Table 6.1.

3. The value of F r  is calculated, using suitable values of fa and fa in {6.19], followed by 

calculation of Tt using Equation [6.14].

4. The force Tt is then substituted into Equation [6.8] or [6.9] (cylindrical or rectangular 

specimens), so that a prediction for the load level P, at any displacement dv, may be 

found using equilibrium, as discussed in Section 6.2.3.
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It is important to emphasise that the above equilibrium analysis is not entirely a plastic 

solution. The lateral deformation s, as a result of the cone ingression, induces elastic forces in 

the reinforcement, which are transferred to the plastic concrete model as an elastic force 7Y. 

However, from the experimental findings, this elastic force does indeed contribute to the 

plastic capacity (the load-maintaining capacity at large cone ingression) of the specimens. 

This implies that although only the concrete is considered to be plastic, the elastic 

contribution of the FRP reinforcement leads to considerable additional plastic deformation 

and ductility.

6.4 Equilibrium analysis applied to the test specimens

In this section, the equilibrium model developed above is applied to the current test 

specimens and comparisons made with experimental results, namely the initial peak load, Pu, 

the maintaining load Pm, and the load-displacement profile in the post-peak stage. By 

combining this predicted profile with the load-displacement plot from the elastic analysis 

described in Chapter 5, the entire predicted load-displacement behaviour is then found.

6.4.1 Group P

Predicted results using the equilibrium analysis for the specimens in Group P are shown in 

Table 6.2 as Pu\  the predicted peak loads. In the analysis procedure described in Section 6.2, 

the reinforcement force Tt is set equal to zero.
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Table 6.2 -  Predicted results for Group P specimens

Specimen Predicted beta

P

*  pr  u
kN

P  ’r  u

kN
P u ’/ P u P ’ud

kN

CP2 26 230 140 0.61 117

CP3 28 369 342 0.93 296

CP4 28 551 632 1.15 574

RP3 25 506 428 0.85 328

RP4 26 748 757 1.01 592

* Pu for cylindrical specimens were obtained from the Dartec 2000kN testing machine

Table 6.2 shows that reasonable prediction is found for the concentration ratio CR3 and CR4 

specimens, but for the CR2 specimen, CP2, the prediction is well below the actual failure 

capacity. The low plastic prediction means that the concrete-cone interface provides 

considerably lower resistance than the elastic limit of the specimen at which initial cracking 

occurs. Hence, as soon as the cracking load Pc is reached, ultimate failure occurs. In fact, for 

specimen CP2, the predicted cracking load Pc was found to be 218kN in Section 5.3.2. This 

value matches well with the actual failure load of 230kN in Table 6.2.

The plastic analysis may also be modified into a more generalised form. If the height of the 

specimens, H, tends to infinity, the result provides a rational and simplified approach in 

actual post-tensioned beams and theoretically negates any frictional effects which the loading 

base would have had on the specimen behaviour. Therefore, dividing the top and bottom of 

Equations [6.8] and [6.9] by H  and then allowing the value of H  to tend to infinity, [6.8] 

becomes

ccA cosP  + 4Tt 
v4(cos p  -  sin p  tan <p)

and [6.9] becomes
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q =  ccA co sP  + 2Tt  
^4(cos P -  siny? tan^)

Using the values of cr obtained from Equations [6.20] and [6.21], and following the procedure 

in Section 6.2.3, the predicted load PUd is determined which refers to the case where the 

prestressed concrete structure is considered to be of infinite length. This value is also shown 

in Table 6.2. Note that both Equations [6.20] and [6.21] would provide the same result for 

Group P unreinforced specimens when Tj is zero. This method generally predicts values 

lower than the test results, as might be expected, due to the loss of the end restraint which 

exists in the experiment set-up. The only geometrical parameters involved in such an 

approach are the bearing plate radius, a\, and the half-angle of the wedge, /?, each of which 

defines the surface area of the wedge, A. Therefore this is a generalised equation that could be 

a useful design tool for plain or reinforced primary anchorage zones.

6.4.2 Groups UB and IB

Analysis of the Group UB and IB specimens is considered in this section. The same approach 

as described in Section 6.2 and 6.3 is used, but with different bond-slip data. The bond-slip 

characteristics of unbonded (UB) and intermittently-bonded (IB) reinforcement ought to be 

different from the fully-bonded bond-slip data shown in Table 6.1.

Chung’s (2000) pullout specimens contained similar Parafil rope to that used in Groups UB 

and IB, so such data should be applicable. However, in the cylindrical specimens, only a 

quarter of the helical loop is embedded in the concrete at each level. Therefore, the bond 

stress developed is rather low, as shown in Figure 6.10, where the pullout results for 

specimens with one embedded loop are markedly low. Table 6.3 shows the set of bond-slip
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data assumed here for Groups UB and IB. No distinction is made here between the two 

groups or between the level of intermittent bond (4 or 12 anchor points).

Table 6.3 -  Bond-slip data for Groups UB and IB

n  (MPa) si (mm) r3 (MPa) P

1.2 3.0 0.3 1.0

Bond-stress values shown in Table 6.3 are considerably lower than those in Table 6.1, as 

expected. However, slip si at maximum bond stress and the curve-fitting parameter p  are 

unchanged. Table 6.4 shows the analytical predictions for the two groups, and they are 

compared with the experimental results in Figure 6.12.

Table 6.4 -  Predicted results for Groups UB and IB

Specimen 
CR - sr

Predicted

P

P u

kN
P *r  u

kN
P u / P u P m

kN
P ’r  m

kN
P m  / P m

UB2-50 25 253 186 0.73 80 165 2.1

UB2-30 23 245 203 0.83 110 172 1.6

UB2-20 22 246 224 0.91 140 179 1.3

UB3-50 26 342 318 0.93 150 297 2.0

UB3-30 25 330 336 1.02 200 303 1.5

UB3-20 25 315 358 1.14 250 309 1.2

IB2-20-4 22 264 237 0.90 127 192 1.5

IB2-20-12 22 251 237 0.94 167 192 1.1

IB3-20-12 25 374 428 1.14 298 378 1.3

IB4-20-4 27 670 747 1.12 287 695 2.4

IB4-20-12 27 633 747 1.18 363 695 1.9

IB5-20-4 28 824 1090 1.32 495 1038 2.1

IB5-20-12 28 796 1090 1.37 513 1038 2.0
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Actual Pu vs predicted Pu'
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(a) Peak load, Pu vs Pu ’ (b) Maintaining load, Pm vs Pm ’
Figure 6.12 -  Experimental versus analytical results for Groups UB and IB specimens

From Figure 6.12(a), the predictions for peak load, Pu ’, are reasonably close for concentration 

ratios CR2 and CR3, but predictions tend to over-estimate capacity when the concentration 

ratio becomes larger. In Figure 6.12(b), for all Group UB and IB specimens, the theory 

always over-estimates the maintaining load, Pm. This is especially true for the larger 

concentration ratios, as shown in Table 6.4. This implies that the reinforcement at the post

peak stage failed to fully maintain the integrity of the specimens, and the rigid plastic 

assumptions are clearly not valid at large deformations for these two groups.

6.4.3 Group FB -  Single helix

Analytical predictions for all Group FB specimens containing a single helix are shown in 

Table 6.5. The predicted peak load, P ^ ’, when H  tends to infinity is also shown. For all 

predictions shown in Table 6.5, the reinforcement bond factor kt is 0.5 and the spalling factor 

ks is 1.0.

For the cylindrical specimens, good correlation is found for most of the CR2, CR3 and CR4 

specimens for the peak load. When the diameter of the helix is 50mm less than or equal to the
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diameter of the bearing plate (i.e. specimens C3-20-100, C3-20-75, C4-20-100, C4-20-75 and 

C5-20-125), the predictions for Pu are all substantially over-estimated (Pu’/Pu > 1.20), as 

shown in Figure 6.13 (the solid marks). This indicates that Dr should be greater than the 

bearing plate diameter, 2a\, otherwise the confining action provided by the helix may not be 

as effective as the analytical model assumes. It is believed that the loss in confining action is 

due to a weakened shear plane being mobilised vertically along the perimeter of the helix, as 

discussed previously in Chapter 3.

Table 6.5 -  Analytical results for Group FB, single-helix specimens

Specimen 
CR- sr- Dr

Beta

P

Pu
kN

P ’r  u
kN

P u ’/ P u Pm
kN

P ’r  m
kN

Pm / P m P ’ud
kN

C2-20-125 20 287 287 1.00 290 253 0.87 192

C2-30-125 21 236 220 0.93 180 197 1.09 150

C2-50-125 23 235 191 0.81 150 175 1.17 137

C2-20-100 23 281 276 0.98 250 244 0.98 183

C2-20-75 22 228 221 0.97 - - - -

C3-20-125 24 446 483 1.08 410 444 1.08 360

C3-30-125 25 425 428 1.01 350 401 1.14 330

C3-50-125 26 388 395 1.02 235 378 1.61 316

C3-20-100 24 398 481 1.21 340 450 1.32 372

C3-20-75 25 330 462 1.40 250 438 1.75 364

C4-20-125 26 783 806 1.03 500 765 1.53 664

C4-30-125 27 665 720 1.08 490 691 1.41 605

C4-50-125 27 624 685 1.10 350 668 1.91 594

C4-20-100 26 521 745 1.43 400 712 1.78 623

C4-20-75 27 518 729 1.41 210 703 3.35 619

C5-20-125 27 853 1150 1.35 - - - -

R3-20-125 21 579 629 1.09 500 568 1.14 537

R3-30-125 22 581 567 0.98 410 525 1.28 472

R4-20-125 23 841 966 1.15 400 901 2.25 816

R4-30-125 24 825 900 1.09 500 854 1.71 745

Reinforcement bond factor, kb = 0.5; spalling factor, ks = 1.0
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During the load-maintaining period after peak, it is believed that the reinforcement 

contribution at this stage is considerable. Hence, the confining action due to the helix is 

influential in this period of loading. Table 6.5 reveals that the value of Pm ’ for most of the 

CR3 and CR4 specimens is over-predicted. Generally, the smaller the difference between Dr 

and 2a\, the greater is the ratio of Pm’/Pm predicted by the theory, with the exception of 

specimens with 50mm helical pitch. The predicted ratio Pm’/Pm for specimens C3-50-125 and 

C4-50-125 are even greater than for the specimens with 20mm pitch and 100mm helical 

diameter configuration. This indicates that the pitch is also important. It seems that the 50mm 

pitch does not provide effective confining action in the load-maintaining portion. Therefore, 

besides the importance of the relative plate-helix configuration (bearing plate diameter and 

helical diameter) of the specimen, an optimum helical pitch spacing should be used to ensure 

effective confinement. From the current experimental and analytical findings, an optimum 

pitch of 30mm for these particular specimen geometries seems reasonable.

Pu vs Pu' - Cylinders, single helix

o CR2 all
a  CR3 Dr = 125mm 
a CR3 Dr-2a1 < 50mm 
□ CR4 Dr = 125mm 
■ CR4 Dr < 125mm 
♦ CR5 (C5-20-125)

0 400 800 1200

Pu' - predicted (kN)

Figure 6.13 -  The effect o f Dr being greater than or less than 2a\, (kb = 0.5 & ks = 1.0)

Typical load-displacement profiles produced from the equilibrium model are compared with 

experimental findings in Figure 6.14 for the single helix cylindrical specimens. Also shown 

on these plots are initial predicted elastic load-displacement profiles, as found in Chapter 5.
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Load-dis. profile - C2-50-125

400-
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2.5 3.5 4.5
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(b) CR2, sr = 50mm

Load-dis. profile - C2-20-125
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Predicted
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Cone ingression (mm)

(a) CR2, sr = 20mm

Load-dis. profile - C3-30-125

Test600

Predicted
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-0.5 0.5 1.5 2.5 3.5 4.5
Cone ingression (mm)

(d) CR3, sr = 30mm

Load-dis. profile - C3-20-125
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4)0
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Predicted

-0.5 0.5 2.5 3.5 4.5
Cone ingression (mm)

(c) CR3, sr = 20mm

Load-dis. profile - C3-50-125

600 Test

Predicted
4)0

- 1 2)0

-0.5 0.5 2.5 3.5 4.5
Cone ingression (mm)

Load-dis. profile - C4-20-125

900

Test6)0
Predicted

-* 3 )0

-0.5 0.5 1.5 2.5 3.5 4.5
Cone ingression (mm)

(e) CR3, sr = 50mm (f) CR4, sr = 20mm
Figure 6.14 -  Analytical load-displacement (cone ingression) profiles for single-helix

cylindrical specimens, all Dr = 125mm
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For specimen C2-20-125, reasonably close agreement is found, especially after the peak load 

(see Figure 6.14(a)). The analysis covers a displacement (cone ingression) of 3.0mm only, 

this being the common limit found in most of the specimens tested (see Section 4.2). An 

explanation for this 3mm limit on cone ingression is provided in Section 6.4.5.

Figure 6.14(b) shows that the model under-predicts initial capacity and over-predicts capacity 

in the load-maintaining stage for specimen C2-50-125. This confirms that the 50mm pitch 

helix does not provide effective confining action as assumed in the analysis, amply 

demonstrated in Figure 6.14(e) for specimen C3-50-125. Figures 6.14(c) and (d) seem to 

provide fairly close agreement for CR3 specimens when the pitch is 20 or 30mm.

Figure 6.14(f) shows the plot for specimen C4-20-125, confirming the importance of the 

plate-helix configuration in terms of its load-maintaining capacity. It is clear that the diameter 

of the helix should be a minimum of 50mm greater than the bearing plate diameter for 

adequate load-maintaining behaviour.

For rectangular specimens, it is seen in Table 6.5 that Pm is generally over-predicted when the 

spalling factor, ks, is taken to be 1.0. Because of the different levels of spalling which could 

occur, leading to different levels of bond release around the helical reinforcement in the 

rectangular specimens (see Chapter 3), the spalling factor could become crucial for the 

analytical predictions. Figure 6.15(a) shows comparison of Pu versus Pu’ for the rectangular 

specimens containing a single 20mm pitch for different values of ks. Predictions for Pu are 

found to be a little better when ks is set to 0.33 (that is assuming only one-third of the helical 

perimeter is effectively bonded to the concrete). For Pm ’, reasonable agreement is found for 

CR3 specimens, as shown in Figure 6.15(b). But for the CR4 rectangular specimens, the 

theory leads to substantial over-prediction regardless of the ks factor. This is because the 

confining action is not effective for this plate-helix configuration, as confirmed in the 

cylindrical specimens.
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Pu vs Pu' - rectangular specimens, single helix

1200

800

n 400

A CR3 ST n 1.0

A CR3 ks = 0.33

□ CR4 n&

1.0

■ CR4 ks = 0.33

400 800 1200
Pu' - predicted (kN)

(a) -  Influence o f Pu ’ with different ks values

Pm vs Pm' - rectangular specimens, single helix

1200

A C R 3 k s =  1.0800

a CR3 ks = 0.33

□ C R 4 k s = 1 . 0400

■ CR4 ks = 0.33

400 800
Pm' - predicted (kN)

1200

(b) Influence o f Pm ’ with different ks values 
Figure 6.15 -  Influence o f spalling factor, ks, in rectangular specimens

In summary, for the Group FB single-helix specimens, the equilibrium model provides 

reasonable predictions for the peak loads for both cylindrical and rectangular specimens. The 

predictions for the maintaining loads depend very much on the plate-helix configuration. It is 

believed that a bearing plate diameter at least 50mm greater than the helical diameter is 

required, together with an optimum 30mm helical pitch, to ensure effective confining action 

essential to the analytical model.
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6.4.4 Group FB -  Double helix and Group MH

Analytical predictions for all Group FB double helix and Group MH specimens are shown in 

Table 6.6. The reinforcement bond factor kb is taken to be 0.5 and the spalling factor ks is 

taken to be 1.0.

Table 6.6 shows that the theoretical analysis somewhat over-predicts the peak load, Pu, for 

both cylindrical and rectangular specimens. For the maintaining load, Pm, good agreement is 

found for CR2 and CR3 cylindrical specimens. However, for the rectangular specimens, the 

load-maintaining capacity is less well predicted. The results are summarised in Figures 6.16 

and 6.17 for cylindrical and rectangular specimens respectively.

Figure 6.16 confirms that the plate-helix configuration is also influential in the double-helix 

specimens for prediction of both Pu and Pm. The predictions for CR2 and CR3 specimens are 

more accurate than for those of CR4 specimens. This is due to the lack of effective 

confinement in CR4 specimens, which have the outer helix diameter only 25mm greater than 

the bearing plate diameter.

The spalling factor ks has been set to 1.0 for the rectangular specimens in Figure 6.17. The 

analysis over-predicts both Pu and Pm especially in rectangular CR4 specimens (including 

MH4). However, for the previous single helix specimens, the analysis confirmed that because 

of the bond release in rectangular specimens, the use of a lower value of ks could improve the 

predicted results. Figure 6.18 shows the same comparison using ks = 0.33. In this case, 

reasonable agreement for Pu is found for both CR3 and CR4 specimens, but Pm for CR4 

specimens is still over-predicted. This is similar to the finding for the single-helix specimens.

The same ks is used for both the inner and outer helix during the analysis, although there 

should be no such spalling effect on the inner helix, where analytical results show that the 

contribution of the inner helix is not particularly effective, especially in the load-maintaining
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region. Thus, the use of a constant value of ks for both helices should not greatly affect the 

final prediction. This is discussed later in the chapter.

Table 6 .6  -  Analytical predictions for Group FB, double-helix and Group MH specimens

Specimen 
CR“.Sy ~Dri~ S ro-Dro

Predic.

P
p  -*■ u

kN
P ’r  u
kN

Pu’/Pu Pm
kN

P ’1 m
kN

P ’/P1 m • * m T V
kN

C2-20-50-20-125 22 250 311 1.24 294 258 0 .8 8 179

C2-20-75-20-125 18 270 321 1.19 307 271 0 .8 8 195

C3-20-75-20-125 2 2 420 511 1.22 549 453 0.83 356

C3-30-75-20-125 23 450 507 1.13 491 454 0.92 359

C3-50-75-20-125 23 430 472 1.10 458 426 0.93 339

C3-20-75-30-125 23 430 492 1.14 484 444 0.92 354

C3-30-75-30-125 24 430 470 1.09 477 428 0.90 343

C3-50-75-30-125 24 390 413 1.06 418 378 0.90 304

C3-20-75-50-125 23 380 445 1.17 413 408 0.99 331

C3-30-75-50-125 24 350 401 1.14 376 369 0.98 300

C4-20-75-20-125 25 600 824 1.37 654 760 1.16 643

C4-20-75-30-125 25 602 784 1.30 490 734 1.50 630

C4-50-75-30-125 26 587 741 1.26 490 703 1.43 611

R3-20-75-20-125 19 535 700 1.31 400 611 1.53 619

R3-20-75-30-125 2 0 526 644 1.22 400 570 1.43 560

R3-50-75-30-125 21 535 581 1.08 430 525 1 .22 494

R4-20-75-20-125 21 653 925 1.42 410 830 2 .0 2 813

R4-20-75-30-125 21 635 865 1.36 410 790 1.93 753

R4-50-75-30-125 2 2 600 798 1.33 400 741 1.85 682

R4-20-100-20-125 2 0 766 971 1.27 550 8 6 8 1.58 862

R4-20-100-30-125 21 715 912 1.28 500 825 1.65 798

MH3 19 480 604 0.99 609 534 1.11 531

MH4 2 0 600 892 1.18 753 790 1.76 797
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Cylinders - Double Helix

1200
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400
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Cylinders - Double Helix
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□ CR2 a  CR3 o CR4

oo
400

400 800 1200
Pm' (kN)

(a) -  Pu vs Pu ’ (b) - Pmvs Pm’
Figure 6.16 -  Experimental versus analytical results, cylindrical double-helix specimens
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Figure 6.17 -  Experimental versus analytical results, rectangular double-helix specimens
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Figure 6 .18- Experimental versus analytical results, rectangular double-helix specimens
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For specimen MH3, it is shown in Figures 6.16 and 6.17 that a more accurate prediction is 

found when ks = 1.0. One obvious explanation is that the presence of the mat system helps to 

prevent spalling of the concrete and allows effective bonding throughout almost the entire 

length of the helical loop. Hence, the load-maintaining capacity for this specimen is improved, 

as concluded in Chapter 3.

Predicted and actual load-displacement profiles for both MH specimens are shown in Figure 

6.19. Two plastic profiles are predicted for different values of spalling factor ks = 1.0 or 0.33. 

For specimen MH3, in Figure 6.19(a), the prediction is better when ks = 1.0. For specimen 

MH4, the less-effective confining action provided by the helical system means that the over

prediction is not surprising, as confirmed in Figure 6.19(b).

Load-dis. profile - MH4Load-dis. profile - MH3

800 900-

•• Test
— ks=1.0
— ks=0.33
— Elastic FE

-- Test
— ks=1.0
— ks=0.33
— Elastic FE

-0.5 0.5 -0.5 0.5 2.5 3.5
Cone ingression (mm)

4.52.5 3.5
Cone ingression (mm)

4.5

Figure 6.19 -  Analytical load-displacement (cone ingression) profiles for Group MH
specimens

Figures 6.20 and 6.21 show typical predicted load-displacement profiles for a selection of 

double-helix cylindrical and rectangular specimens respectively. For all cylindrical specimens, 

the spalling factor ks is always equal to 1.0. For rectangular specimens, ks = 0.33 is used 

throughout.
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Load-dis. profile - C2-20-75-20-125 Load-dis. profile - C3-20-75-20-125

400

Predicted

-0.5 0.5 1.5 2.5 3.5 4.5
Cone ingression (mm)

(a) CR2, Sn = 20mm, sro = 20mm

Load-dis. profile - C3-20-75-30-125

600

£ / /  f i
Vin 
?/.* /;// / /
' $ ' / / / / / /  ------

•--- Test 

Predicted

-0.5 0.5 1.5 2.5 3.5 4.5
Cone ingression (mm)

(c) CR3, Sn = 20mm, sr0 = 30mm

(e) CR4, Sn = 20mm, sro = 20mm

? ///;//  /  /  .* .• /
/ /'*•• /• * /

Predicted

-0.5 0.5 1.5 2.5 3.5 4.5
Cone ingression (mm)

(b) CR3, s^ ~ 20mm, sro = 20mm

Load-dis. profile - C3-50-75-30-125

600

2 )0- Test

Predicted

-0.5 1.5
Cone ingression (mm)

3.5
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(j) CR4, Sn = 50mm, sro = 30mm
Figure 6.20 -  Analytical load-displacement (cone ingression) profiles for double-helix 

cylindrical specimens, Dri = 75mm and Dro = 125mm
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In Figure 6.20, good agreement is obtained between analytical and experimental load- 

displacement profiles for CR2 and CR3 specimens. An exception to this is specimen C3-20- 

75-20-125 (Figure 6.20(b)), which in reality shows a markedly increased load-maintaining 

capacity at the post-initial-peak stage. This leads to under-prediction for that specimen. A 

possible reason for this increase in load-maintaining capacity was explained in Section 4.1. 

However, the additional capacity at large displacements would not be considered in practice. 

The profiles shown in Figures 6.20(e) and (f) further confirm that the plate-helix 

configuration of CR4 does not provide sufficient confinement, leading to poor load- 

maintaining capacity.

Load-dis. profile - R3-20-75-20-125

600-

Test

■ Predicted

-0.5 0.5 1.5 2.5 3.5 4.5
Cone ingression (mm)

Load-dis. profile - R3-20-75-30-125

Test

Predicted
T

0.5 1.5 2.5 3.5
Cone ingression (mm)

4.5

(a) CR3, Sn = 20mm, sro — 20mm (b) CR3, sri = 20mm, sro = 30mm

Load-dis. profile - R3-50-75-30-125

600-

2 JO Test

Predicted

-0.5 0.5 1.5 2.5 3.5 4.5
Cone ingression (mm)

Load-dis. profile - R4-20-75-20-125

900-
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■ Predicted

-0.5 0.5 1.5 2.5 3.5 4.5
Cone ingression (mm)

(c) CR3, s^ = 50mm, sro = 30mm (d) CR4, s„ = 20mm, sro = 20mm
Figure 6.21 -  Analytical load-displacement (cone ingression) profiles for double-helix 

rectangular specimens, D„ = 75mm and Dro = 125mm
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Figures 6.21(a) to 6.21(c) above show load-displacement profiles for CR3 rectangular 

specimens. Good agreement occurs between predicted and actual results in the post-peak 

stage. It is clear that at the initial peak load stage, concrete spalling has not yet occurred, as 

the prediction for the peak load, PUi is low due to ks = 0.33. However, the analysis provides a 

safer lower-bound solution. For CR4 specimens, the same conclusion is drawn again that 

over-prediction is due to ineffective confinement, as shown in Figure 6.21(d).

In Section 3.5.4, it was found that for rectangular specimens, the addition of the inner helix 

did not provide any additional contribution to the load capacity. When the helical 

configuration for the single helix system was the same as the outer helix configuration in the 

double-helix system (e.g. between R3-20-75-20-125 and R3-20-125), the behaviour of the 

single- and double-helix rectangular specimens was very similar (Figure 3.35). This is 

confirmed analytically where it is found that the contribution of the inner helix to the overall 

predicted result for rectangular specimens is low. Therefore, an analysis for the double-helix 

rectangular specimens in which only the outer helix contribution is included is adequate to 

produce a lower-bound prediction (assuming that the criteria of adequate plate-helix 

configuration and helical pitch are satisfied), as shown in Figure 6.22(a) for specimen R3-20- 

75-30-125. (This should be compared with Figure 6.21(b) for the corresponding analytical 

result involving both helices).

Similar lower-bound predictions may be found for cylindrical specimens when the outer helix 

only is considered in the analysis. An example is shown in Figure 6.22(b) (compare this with 

Figure 6.20(d)) for specimen C3-20-75-30-125. However, this assumption still does not 

produce reasonable predictions for CR4 specimens at the post-peak stage.
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Load-dis. profile - Outer helix only 
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Load-dis. profile - Outer helix only 
C3-20-75-30-125

606-

..—v

606-

Test
■ Predicted

} / / / / / / / •  ::•/ ; * : / /
• i  i '  f  ,> * «

Test 

—  Predicted

-0.5 0.5 1.5 2.5 3.5
Cone ingression (mm)

4.5 -0.5 0.5 1.5 2.5 3.5
Cone ingression (mm)

4.5

(a) Rectangular specimen (b) Cylindrical specimen
Figure 6.22 -  Double helix analysis, only the outer helix is included, Dro = 125mm, s„ =

20mm, sro = 30mm

6.4.5 Deformability of the test specimens

The above analysis is based on indefinite plastic straining in the concrete and indefinite 

residual bond stress, existing between the reinforcement and the concrete. Therefore, it is 

not possible in this analysis, to pinpoint ‘failure’ of the specimens. Predictions for the load- 

displacement profiles are halted at 3mm vertical displacement (cone ingression, dv) in every 

case. This 3mm limit accords with the experimental findings that ultimate failure, or sudden 

decrease in load-maintaining capacity, usually occurred at about this displacement.

It could be that the concrete itself could no longer sustain the necessary normal and shear 

stresses along the failure planes at ever-increasing displacement. Aggregate interlock might 

have been overcome at high deformation. Alternatively, the reinforcement itself was seen to 

snap on occasion when the cone ingression was about 3mm. Another mode of failure which 

was noticed was unravelling of the helix near to the top of the specimens after the anchor for 

the helix had failed. The usual 3mm cone ingression occurred regardless of the height of the 

specimens, as similar deformation was found both in the cylindrical and rectangular 

specimens, each containing the same reinforcement configuration.
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If it is considered that the concrete itself could no longer sustain the necessary shear stress 

due to the discontinuity opening too much, it may easily be shown that the width of this 

discontinuity is theoretically about 2.2mm for a vertical cone ingression of 3mm. Hillerborg 

(1989) would argue that the concrete is ineffective at this level of displacement, being higher 

than 2mm. It is possible, therefore, that such an approach could provide a prediction for 

ultimate load drop-off.

On the other hand, if the helical reinforcement is assumed to be perfectly unbonded, but fully 

anchored at its ends, the calculated lateral displacement, *4 , should provide the true 

elongation of the reinforcement itself. By carrying out such calculations, the failure strain 

capacity of the reinforcement would have been reached at a vertical displacement of only

0.7mm, substantially less than the 3mm limit suggested. However, slippage of the end 

anchors would have occurred and this 3mm limit would then include both the actual 

elongation and the slippage. There is also the possibility of a stress concentration that could 

have developed within the reinforcement, leading to premature snapping on occasion.

Therefore, there can be no definite theoretical explanation for the exact prediction of the 

deformability of the specimens. However, the addition of a mat system, as shown by Group 

MH specimens, seems to improve the deformability of the specimens somewhat and improve 

the integrity at failure. It is therefore suggested that inclusion of a mat system is to be 

recommended for adequate behaviour of FRP-reinforced anchorage zones.

6.4.6 Summary of the plasticity-based predictions

Predicted values of the initial peak load, Pu, the maintaining load, Pm, and the load- 

displacement profiles for all specimens have been presented and compared with the 

experimental results. The analysis generally yields close agreement with experimental
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findings when certain criteria are met. These criteria and the main analytical findings are

summarised in the following:

1. Owing to the different form of bond release between the two specimen shapes (cylindrical 

and rectangular), the spalling factor ks is influenced. Reasonable predictions are found 

when ks = 1.0 for cylinders and ks = 0.33 for rectangular specimens.

2. The plastic analysis under-predicts capacities for specimens in Group P with a small 

concentration ratio CR2. This is due to insufficient interfacial area of the failure shear 

plane provided by the resulting wedge-cone. In fact, failure in these specimens occurs 

immediately the first crack has formed, so that an elastic approach for such specimens is 

recommended.

3. Analysis of Group UB and IB specimens yields reasonable predictions for the initial peak 

load, Pu. However, a set of reduced bond-slip data is used owing to the smooth surface of 

the plastic sheathing of the Parafil rope.

4. For Group FB, the analysis generally provides reasonable predictions for both Pu and Pm 

for concentration ratios CR2 and CR3. It is concluded that the helix-plate configuration 

(the ratio of the diameter of the bearing plate to the diameter of the helix or the outer helix 

in the double-helix system) is an influential criterion in order to ensure effective 

confinement and an acceptable load-maintaining capacity. The diameter of the helix 

should be at least 50mm more than the diameter of the bearing plate in order to achieve 

this.

5. The pitch of the helical reinforcement is also important in terms of the load-maintaining 

capacity. Although experimental observations showed that single-helix specimens with a 

50mm pitch experienced load-maintaining capacity to some degree, the theoretical 

analysis has shown that over-prediction of capacity occurs when a 50mm pitch is used.
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This indicates that confinement is not sufficient in these particular specimen geometries 

and it suggests that the maximum pitch allowed should be 30mm.

6 . The addition of the inner helix in the double-helix system does not provide a great 

contribution to the overall predicted load values. It is suggested that the analysis should 

only involve the outer helix contribution, which would provide a reasonable lower-bound 

prediction. This would be very beneficial in future design work.

7. By allowing the height of the specimen to tend to infinity for analysis purposes, a safe 

lower-bound simplified approach has been developed. This is potentially useful for design 

purposes.

8 . There are various possible reasons why a limit of 3mm on the deformability of the 

specimens seemed to occur. While a unified theoretical basis for this behaviour is rather 

complicated to develop, in practical terms, it is suggested that a mat system accompany 

the helical reinforcing system to ensure reasonable deformation.

No attempt has been made here to use the developed theoretical analysis for comparison 

purposes with existing experimental results from literature. As reviewed in Chapter 2, 

although there is existing literature on internal FRP confinement for compression members, 

the concentrated load effect is not considered, central to the current investigation. Therefore, 

theoretical predictions for such experimental results are not developed here.

6.5 Summary and design recommendations

In this chapter, an equilibrium-based analytical technique has been proposed. Linear elastic 

behaviour of the AFRP helices has been assumed in the concrete plasticity model and the 

technique has been applied under suitable assumptions to predict the post-elastic load-
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displacement profiles. A bond-slip model caters for the contribution of the reinforcing system 

to the overall equilibrium model. The bond-slip data employed provides reasonable 

predictions using suitable factors, namely the bond factor, fo, and the spalling factor, ks. 

Generally, reasonable agreement is found with the experimental results.

The analysis has provided a better understanding of how the specimens behaved at the post

peak stage. It has also confirmed certain criteria for the reinforcing system, namely that the 

helical diameter should be at least 50mm greater than the loading plate for such geometries 

and that the helical pitch should not be greater than 30mm. These criteria ensure adequate 

load-maintaining behaviour. By including the elastic analysis for the pre-cracked loading 

stage of the specimens, described in Chapter 5, the complete load-displacement profile has 

been predicted.

Therefore in terms of a final design approach for FRP-reinforced anchorage zones, the 

following is suggested:

1. Initial elastic behaviour of the anchorage zone is predicted well using an elastic finite 

element approach. By considering the zone to be plain concrete, the load at which initial 

cracking should occur can be predicted.

2. Adequate ductility and ultimate strength of the system must be ensured by designing the 

reinforcement to conform to the suggestions made above in point 4 of Section 6.4.6. 

Further, the load-maintaining capacity of the anchorage zone should be determined using 

the present analysis, again to ensure ductility. While the value of Pu ’ could conceivably 

be very useful in design, the value of Pm ’ is clearly the more critical for desired ultimate 

behaviour.
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7.1 Summary of present study

The feasibility of reinforcing primary anchorage zones with FRP material has been

considered in the present study. The literature review in Chapter 2 has indicated that a 

primary anchorage zone is a complex area in a post-tensioned beam, where great care is 

required to ensure its capacity and serviceability. FRPs have various advantages over steel 

when used in conventional concrete structures, but their difference in mechanical properties 

has led to a different design approach here, based on understanding of the actual structural 

behaviour when using these new materials.

Aramid FRP circular helices have been used to reinforce primary zone specimens. The use of 

a helical form is crucial to prevent possible stress concentrations within the brittle

reinforcement and, due to the associated confining action, its use has been proven to be

effective.
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In the present study, over 80 anchorage zone specimens have been tested. The pre-cracking 

behaviour of the specimens has been predicted using FE analysis, while a plasticity-based 

analytical solution has been developed for the ultimate capacity of the specimens. Below is a 

summary of the main conclusions from this work.

1. The pre-cracking behaviour of all geometrically-similar specimens was approximately the 

same, regardless of whether plain or reinforced concrete was used. Failure was always 

initiated by the appearance of vertical cracks, followed by formation of a shear cone 

underneath the bearing plate. Once the cracking load, Pc, was reached, the shear cone 

provided the entire capacity of the specimens, leading to the initial peak load, Pu.

2. The surrounding concrete was pushed laterally under shear cone ingression. As further 

expansion occurred, strain levels within the reinforcement became significant, leading to 

better confining action and a certain level of load-maintaining capacity, which depended 

on the helix-plate configuration. Experimental results show that significant load- 

maintaining capacity, Pm, could be achieved when the diameter of the helical 

reinforcement was 50mm greater than the diameter of the bearing plate.

3. The plasticity-based analysis has confirmed that the helix-plate configuration is an 

influential criterion in order to ensure effective confinement from the reinforcing helix. 

The analysis has also shown that the pitch spacing of the helix is important in terms of 

achieving an acceptable load-maintaining capacity. Owing to the fact that over

predictions of capacity are found for specimens containing a helix with a pitch spacing of 

50mm, this indicates that such confinement is not as effective as the theory assumes. 

Based on the analytical results, it is suggested that the highest pitch allowed should be 

30mm. However size effect must be taken into account when setting the limit in practice.

197



C h a p t e r  7  C o n c l u s io n s  a n d  F u t u r e  W o r k

4. Similarities between the families of load-displacement plots for Group IB and Group FB 

specimens (Figure 4.1) indicate that the post-peak behaviour of the specimens depends on 

the helix-plate configuration, regardless of the bond characteristics of the reinforcement. 

However, the bond characteristics govern the level of load-maintaining capacity in the 

post-peak stage, where Group FB specimens are more effective.

5. The double-helix system improved the load-maintaining capacity in cylindrical specimens. 

However, the system was found to be ineffective in the rectangular specimens. This is due 

to the strip-loaded (2D) nature experienced in the rectangular specimens, which differs 

from the patch-loaded (3D) nature of the cylindrical specimens, where the improved 

confining action provided by the double helix works truly under a triaxial stress state 

more effectively.

6 . Different spalling extents of cover concrete occurred between the two shapes of specimen 

under consideration. For the cylindrical specimens, spalling tended to occur evenly 

around the entire surface. For the rectangular specimens, owing to the varying amount of 

cover concrete, spalling was limited to the area with the least cover concrete only. The 

difference in level of bond release between the two shapes affected the overall 

contribution of the reinforcement. This eventually led the analysis procedure to include a 

spalling factor, ks, to account for the different bond releases between the two shapes of 

specimen.

7. The combination of the mat system with the double-helix system (Group MH) in 

rectangular specimens provided the best performance. Although the mat system did not 

directly improve the load-maintaining capacity itself, it maintained the integrity of the 

whole specimen, allowing controlled cone ingression over a larger range.
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8 . Deformability provided by the various reinforcing systems was confirmed to be based on 

genuine plastic-based energy dissipation, by using a cyclic loading regime on some 

specimens. An ultimate cone ingression displacement of 2.5 to 3mm was found, 

regardless of the shape of the specimen or the nature of its reinforcement.

9. Due to the linear elastic behaviour and relatively low stiffness of the reinforcing material, 

it is suggested that, to ensure safe design, the load-maintaining capacity, Pm should be 

regarded as a more realistic benchmark to define the ultimate capacity of the FRP- 

reinforced specimens, as long as ductility is ensured (see Point 8 above) and 

reinforcement is significantly mobilised.

10. Linear elastic FE analysis has been carried out for Group P specimens, prior to initial 

cracking. Although it is suggested that a more refined FE mesh would have improved the 

outcome of the analysis, generally, predictions for the elastic stiffness and the first 

cracking load of the specimens are fairly accurate.

11. Primary anchorage zones should be designed for serviceability according to elastic 

methods, possibly using elastic FE analysis. For the ultimate collapse condition, a rational 

approach to their design has been found to be a plasticity-based approach, in which 

equilibrium of the failing wedge is considered.

7.2 Recommendations for future work

The present study concentrates on the use of AFRP helical shapes to reinforce primary

anchorage zones for post-tensioned concrete. Such a feasibility investigation needs to be

extended to secondary zones in order to produce wholly non-metallic concrete structures.

Relevant research on secondary zones is already at an advanced stage, being carried out at the

University of Bath (Gale and Ibell, 2002).
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From the current experimental investigation, the combined system (Group MH) is 

recommended for design purposes to ensure adequate capacity and deformability in 

anchorage zones. The combined system involves a mat system and an associated double helix. 

However, such a system using a single helix (rather than double) has not yet been 

investigated. Based on the current test results, a similar performance was found between 

rectangular specimens containing either the single or double helix. This implies that possibly 

Group MH specimens containing either a single or a double helix should yield similar 

behaviour. This would be beneficial, since by using only a single helix in the system, 

reinforcement congestion could be avoided.

Aramid FRP in a form of a helix has been used as the main reinforcing shape in the present 

study. Laboratory-made FRP helices with the same material composition (Kevlar 49 and 

epoxy resin) have also been used successfully for other purposes in FRP-prestressed concrete. 

These include shear reinforcement in FRP-pretensioned beams (Whitehead and Ibell, 2001) 

and confinement in the compression zone for ductility and progressive failure (Leung and 

Burgoyne, 2001). Clearly, there is a possible market for such aramid FRP helices. However, 

the development of a manufacturing system of AFRP helices to produce consistent surface 

appearance and orientation of the fibre yams is required, as these were the two main 

problems encountered during the manufacture of helices in the current work. Consequently, 

such development could lead to standardisation and mass production of AFRP helices. 

Carbon FRP in a helical form is already commercially available by Japanese manufacturers 

(Clarke, 1999).
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7.3 Final conclusions

In this study, the feasibility of using AFRP helical reinforcement in primary anchorage zones 

has been confirmed. It is concluded that the dimension between the reinforcing helix and the 

bearing plate is most influential to post-peak behaviour. Both serviceability and ultimate limit 

state behaviour of such primary anchorage zones are predictable. The cracking behaviour can 

be predicted using elastic (FE) techniques, while the ultimate strength can be predicted using 

a plasticity-based model.
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