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ABSTRACT 
 
In the process of developing a new wedge anchorage to anchor prestressed CFRP rods, five 
different anchorage designs were manufactured. These designs have led to a constantly 
increased ultimate failure load of the prestressing system and an eventual load level above 
95% of the ultimate failure load of the rod was achieved. If 100% efficiency is achieved the 
anchorage does not reduce the capacity of the system, but failure is then governed by the 
capacity of the rod itself, which is considered favourable and required by several 
guidelines. In the process seven different failure modes were identified: soft slip, power 
slip, cutting of fibres, crushing of rod, bending of fibres, frontal overload and intermediate 
rupture. In this paper the failure modes are discussed further. The failures are documented 
with explanatory figures and their backgrounds are found in the theory. Suggestions are 
given on how these failures can be avoided in theory and practice. From the experiences 
gained in the project, it is concluded that it is a challenging task to create a fully mechanical 
anchorage for CFRP tendons and that the failure margins are small between a successful 
and an unsuccesful anchorage system. 
 
 
BACKGROUND 
 
Anchorages suitable for anchoring FRP (Fibre Reinforced Polymer) tendons have been a 
research topic for more than 15 years. A reliable and easy to handle anchorage is the aim, 
and several researchers have greatly advanced the development of such an anchorage. The 
largest efforts are put into developing an anchorage similar to the wedge anchorage, 
commonly used to anchor steel tendons. In the traditional design, the force is transmitted 
from the steel strand through threads on the inner surface of the wedges and then further 
into the barrel before the force is counteracted by the concrete structure. A similar principle 
would be favourable to use in the anchoring of FRP tendons. Anchorages with the threaded 
wedges for force transfer, which are reliable, can be kept small in size. Unfortunately, the 
FRP does not allow for these types of wedges and it has consequently become necessary to 
develop alternatives, something that can handle the linear elastic properties of the FRP as 
well as the difference in tensile longitudinal and compressive transverse capacities of the 
composite material. A group of scientists in Canada have been pioneers of the research. The 
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first publication reports on the efforts in the development of an anchorage [1]. In that paper 
the authors briefly mention other types of anchorages, discuss advantages and 
disadvantages, as well as the requirements on the anchorages to be fulfilled and some 
different failure modes. They develop a wedge anchorage made in steel and use a 
differential angle between the conical interior of the barrel and the outer surfaces of the 
wedges. Other novelties are rounded edges on the wedges and a thin and soft inner sleeve 
between the wedges and the rod. Further developments of the same basic principles are 
presented in [2] [3]. These papers include short descriptions of a few failure modes. In the 
following years, the same authors produce several publications that detail the influence of 
the anchorage’s behaviour [4-7]. Among others, the influence of sandblasting the inner 
sleeve, sleeve material and rod profile are investigated. Next, the same researchers invented 
a new detail to include in the anchorages, the circular profile [8] [9]. This paper presents 
another approach to better grip and higher anchoring capacity. In the process of developing 
the anchorage several failure modes not presented in earlier literature were discovered. All 
are described in this paper together with explanations and suggestions of how they should 
be avoided. However, before this is discussed in more detail, a brief discussion on the 
requirements stated to allow for acceptance of an anchorage will be presented. The test 
program for the developed anchorage and a brief description of the final design is also 
included. 
 
 
ACCEPTANCE CRITERIA 
 
To ensure satisfactory robustness and understand the behaviour of the anchorage, 
laboratory testing is necessary. Testing is also the method used to discover the failure 
modes and gain a deeper understanding of the mechanical behaviour of an anchorage. 
However, how such tests should be designed is open for discussion. There are no precise 
guidelines on the subject and FRP material in general lacks standards that are relevant for 
civil engineering purposes. A frequently adopted method [1, 10-12] is to use acceptance 
criteria for the anchoring of steel tendons. The Post-Tensioning Institute has in its manual 
[13] included that special prestressing materials should be evaluated according to standards 
[14]. Other relevant guidelines and codes are the European guidelines for technical 
approval [15] and specifications from the American Concrete Institute [16]. In all cases, the 
major criterion is that the system, including the tendon and at least one of the investigated 
anchorages, can reach failure stresses above 95% of the tendons nominal strength. 
However, whether the nominal strength is the strength given by the manufacturer or the 
actual strength of the tendon can also be discussed. For steel these cases often correspond 
well to each other. Work on the anchorages presented in this paper has been proven that 
specifications given by the manufacturer for FRP materials include substantial safety 
margins. For conformity reasons, it is suggested that the actual strength is used in all cases. 
This actual strength might be found by applying one anchorage, known to be robust, at each 
end. If the strength found during such testing is surpassed later in the acceptance testing of 
the new anchorage, the highest value from the new tests should be used. Therefore, no 
system will be able to handle above 100%. Tendon lengths in [15] should be set to at least 
3.0 m to account for length effects, whereas [16], for example, allows for lengths down to 
1.1 m. Since the test procedures are directed to steel tendons a ductility criterion is included 
stating that an elongation of at least 2% should be reached before rupture. This criterion for 
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ductility cannot be implemented in the testing of FRP systems, but instead ensured through 
clever design solutions. 
 
Concerning fatigue of the tendon-anchorage system, [14] and [16] specify the same testing 
procedure. The system is exposed to 500,000 load cycles between 60% and 66% of the 
tendon’s nominal strength and 50 cycles between 40% and 80%, where the specimen can 
be exchanged for a new specimen before the second test begins. EOTA, [15], prescribe 2 
million cycles with amplitude 80 MPa and 65% of the nominal strength as the upper limit. 
In addition to that several requirements concerning environmental exposure should be 
fulfilled before a product can reach the market. This paper focuses on the static tests, which 
are described more thoroughly in the next section. To fulfil the static requirements in [15], 
five tests are to be performed. 
 
 
TEST PROGRAM 
 
To develop new designs of wedge anchorages, 660 mm long CFRP rods with a diameter of 
8 mm and with a smooth surface were used. According to the manufacturer their mean 
ultimate tensile strength should be 2500 MPa, whereas tests with two dead-end anchorages, 
assumed to be robust, showed a value of 2891 MPa at fibre breakage. After development of 
the new anchorage, stresses up to 2964 MPa were reached, which according to the 
discussion in the preceding section should then be seen as the nominal value. The actual 
modulus of elasticity of the rod proved to be 158 GPa. Materials used for the anchorage are 
steel in the barrel and aluminium in the wedges. 
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Figure 1. a) Load paths in the test specimen and in the wedge anchorage during the 
presetting and tensile phases. b) Load-Time scheme used during tensile testing. 

 
 
The general set up is a specimen consisting of a piece of tendon, a wedge anchorage 
prototype in one end and a robust clamping anchorage in the other. Tests of the specimens 
begin by pushing the wedges into the barrel with a certain force, P, which is then defined as 
the presetting force. In a second phase the specimen is put into a new test-rig and the tensile 
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force, F, is applied to the CFRP tendon through the anchorages. The loading together with 
the tensile loading scheme used are presented in Figure 1. 
 
 
FAILURE MODES 
 
During the development of the anchorage five distinct progressions are identified. Each 
new leap forward in the design resolved certain issues that appeared during the earlier 
design. This resulted in an anchorage design fulfilling the 95% requirement discussed in 
earlier sections. In the process seven different distinct modes of failure could be detected. 
These modes are listed below, with discussions concerning their cause and in suitable cases 
suggested remedies. The described failure modes concern mainly a wedge system with an 
integrated sleeve, except for the first one concerning the crushing of the rod. This failure 
mode was obtained in the initial design, where separate wedges were used and the 
integrated sleeve was not yet developed. 
 
Crushing of Rod 
 
Crushing, or splintering, of the rod is related to the cutting failure, i.e. it is dependent on 
sharp edges. In this case, the longitudinal edges of the wedges dig into the rod. However, 
they do not cut the fibres, but rather along the fibres. Triangularly shaped portions of rod, 
fibres and matrix are removed from the main body of the rod through squeezing. These 
portions find their way into the spacing between the wedges. A reduction of load carrying 
cross sectional area is the result with a premature failure as the ultimate outcome, see 
Figure 2a. Characteristic for this failure is the sprawling shape with intact portions of the 
rod bent away from the main body, Figure 2b. 
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Figure 2. a) Forces acting to squeeze the loose piece out between the wedges. b) 
Characteristic look of a rod failed by crushing. 

 
 
Solutions to the problem involve covering as large parts of the rod’s circumference as 
possible, making it impossible for the wedges to cut into the rod and for the loose portions 
to disappear into the spacings. A practical way is to use a thin inner sleeve between the rod 
and the wedges or to minimize the spacing between the wedges. The former is used in [1-9] 
and the latter in the work presented in this paper. A great gain is alternatively reached by 
rounding the longitudinal edges to avoid the cutting created by the sharp edges. 
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Soft Slip 
 
Soft slip occurs already at relatively low tensile stresses in the CFRP rod. During the test 
program presented in this paper an approximate upper limit of 75% of the rods ultimate 
strength was recognized. In cases where slip occurred at higher levels of stress, the failure 
was of a different type, named power slip, which is described in the next section. Soft slip 
is characterized by a slow process where an initial static friction in the rod-wedge interface 
is soon exchanged for kinetic. Under the influence of kinetic friction, the rod is smoothly 
pulled out of the grip of the wedges, undergoing a constant or decreasing tensile loading, 
see Figure 3. Al-Mayah, [4] [5], includes in this mode of failure a third region of friction, 
where a steep increase in tensile capacity is experienced. This type of capacity recovery 
was never found during this test program. The failure mode is governed by the coefficient 
of friction between the rod and the wedges, the contact area and the average normal 
pressure. Assuming a 100 mm long anchorage, an 8 mm rod, an ultimate tensile strength of 
the rod of 3000 MPa and a coefficient of friction between the rod and the wedges of 0.24 
[9], the necessary normal stress to grip the rod would be 250 MPa. This stress is not a 
problem to create if the anchorage works properly. Why the soft slip still occurs may be 
partly explained by the decrease in surface area due to the spacing between the wedges, 
partly by uncertainties in the coefficient of friction, but mostly by bad finish on parts of the 
anchorage. Assuring that the parts received from the workshop are properly manufactured 
and fit into each other is a first step. The next step is to round off the edges on the wedge-
barrel interfaces so that they do not restrict the movement of the wedges by digging into the 
metal. It is equally important to apply a proper presetting force of at least half the force 
intended to be applied in the tensile loading. With the presetting force applied, sliding of 
the wedges is somewhat prevented. 
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Figure 3. Stress-slip response for Soft slip and Power slip 

 
 
Power Slip 
 
Contrary to the soft slip, the power slip is an extremely sudden and powerful failure that 
occurs at a high percentage of the rod’s ultimate capacity. No counteracting kinetic friction 
seems to prevent the rod from slipping suddenly out of the anchorage, see Figure 3. The 
course of the slip is so rapid that it only can be caught by high speed camera and it seems to 
the observer as if the rod is shot out of the wedge anchorage. When remainders of the test 
specimens were later investigated, the greater part has, in addition to the slip, also ruptured 
along the tendon’s free length. At the position of the rupture both ends have splintered into 
each other and created the look characteristic for the power slip, see Figure 4. Power slip 
occurs at stress levels in parity with the intermediate (successful) failure; the rupture of the 
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tendon might be suspected to actually initiate the slip. However, in some tests, no rupture 
or splintering of the tendon occurred. 
 
 

 

 

Figure 4. Signs suggesting that a power slip has occurred. 
 
 
Of the five proof tests from the final wedge anchorage design, four failed by power slip, 
one of which did not splinter. The last test failed by intermediate failure, which did not 
reach the tensile force handled by those failing by power slip. Therefore, no action is 
necessary if power slip occurs, and if anything is done, a thin layer of fast curing glue 
might be used to simply increase the coefficient of friction between the rod and the wedges. 
 
Cutting of Fibres 
 
 

 F F

 

Figure 5. Rod failed by cutting of the fibres. 
 
 
CFRP lacks the excellent capabilities that steel has to handle sharp edges as the grip 
tightens around the rod. For example, by using a threaded inner surface of the wedges, 
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stress concentrations arise at the threads’ tips. These stress concentrations are effectively 
handled by traditional steel tendons through yielding and redistribution of the stresses. In 
the case of CFRP, the concentration leads to an instant failure of individual fibres, 
eventually causing the entire rod to fail when enough cross sectional area is cut. The failure 
may occur at a minimum of loading. A typical failure through cutting is shown in Figure 5. 
The failure surface is sharp, plane and how the threads on the wedges have damaged the 
rod is easily recognized. Cutting is easy to avoid, and must be avoided, by removing all 
sharp edges in the metal. To increase the protective layer of matrix, covering the fibres 
improves the rod’s resistance to cutting. Inverse threads smoothly cut into the surface of the 
wedges together with the thicker protective layer is an excellent alternative to prevent fibre 
cutting. It might partly recover the force transferring capability lost through the removal of 
the protruding threads. This can be combined with the increase of coefficient of friction 
suggested in the previous section. 
 
Bending of Fibres 
 
The tensile capacity of the rod is significantly reduced if bending is induced into the 
specimen. Two ways for this to happen were recognized during this test program. The 
bending of fibres due to the gripping of the wedges around the rod presented in Figure 6a as 
a sketch, and where the anchorages are not positioned along the same central axis. This 
misalignment causes the rod to bend at the front of the anchorage, resulting in one side 
experiencing heavier tension than the average tension in the rod, Figure 6b. In both cases, 
the sound of snaps indicates that the fibres are starting to break due to the bending, the 
course between these snaps and the ultimate failure is then rapid. In the first case, a 
rounding of the wedges’ aft circumferential edge will make the transition between an 
unloaded rod to a fully loaded more smooth. In the second case, a plummet can be aligned 
through two anchorages positioned without the rod to ensure that the machinery is adjusted 
and the rods full capacity be reached. 
 
 

 

Figure 6. a) Bent outer fibres of the rod where the wedges grip. b) Bent fibres due to 
misalignment in the test set-up. 

 
 
Frontal Overload 
 
Frontal overload concerns the principal stresses and the force transfer along the rod. At the 
very front of the anchorage, the tensile stresses within the rod are the highest. If the radial 
pressure and coefficient of friction are constant along the rod, these longitudinal stresses 
decrease linearly until a zero value at the back of the anchorage is reached. At low tensile 
stresses the zero value may be reached earlier. The generalized state of stress may be 
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presented as in Figure 7. With such a longitudinal distribution principal stresses become 
high at the front of the anchorage, while those at the back remain low. 
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Figure 7. High principal stresses at the anchorage’s front. 
 
 
Premature failure becomes inevitable with the high principal stresses, partly due to the 
amplitude of the stress and partly due to the direction, which in the case of the principal 
stress deviates from the optimal. In contrast to the cutting failure, the failure surface in this 
case becomes cone shaped as the rupture propagates towards the centre of the rod, see 
Figure 8. 
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Figure 8. a) Conically shaped failure surface. b) Frontal overload failure. 
 
 
To solve this problem, researchers use extensively the difference in angle between the outer 
surface of the wedge and the inner surface of the barrel. A circular shape is instead used [8] 
[9], whereas in another example [17], a thick soft layer of epoxy at the front of the wedges 
is used, which continuously becomes thinner towards the anchorage back. In all cases the 
intention is to create higher radial stresses at the back of the anchorage. In the most 
favourable case the principal stress, instead of the radial pressure, is evenly distributed 
along the anchorage. This can be achieved through small radial stresses at the front, 
limiting the force transfer in that area. By creating some force transfer the longitudinal 
stress still decreases towards the back, allowing for a higher radial stress if the aim is to 
withhold the constant principal stresses. The result would then be an exponential decrease 
of longitudinal stresses, whereas the radial stresses can increase exponentially. 
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Characterization of a Successful Rupture 
 
In a test where none of the above mentioned premature failure modes occur the rod fails 
due to a rupture along the free length, i.e. in between the anchorages. Such a failure is 
instantaneous and explosively releases all the energy stored in the rod. Afterwards, the test 
samples look more like a bird’s nest or sheaf of hay than a CFRP rod, which can be seen in 
Figure 9. For a tendon-system assembly to be considered as reliable, this should be the 
failure mode. In the present test program, it has been shown that power slip also occurs at 
levels as high as or higher than this failure mode. Therefore, a more important requirement 
must be the actual failure stress level of the test specimen in relation to the highest capacity 
ever reached with the specific type of tendon. 
 
 

 

a) 
b)  

Figure 9. a) Wedge anchorage after intermediate rupture. b) 8 mm CFRP rod after 
intermediate rupture (picture rotated 90°). 

 
 
FINAL ANCHORAGE DESIGN 
 
After considering all the failure modes and overcoming them through the use of a wide 
range of solutions, a new anchorage design was developed. Five proof tests were performed 
according to the load scheme in Figure 1, with a presetting of 80 kN. The mean failure load 
was 2900 MPa with a standard deviation of 55 MPa; which should be compared to the 
maximum load reached, 2964 MPa, and the capacity of 2500 MPa given by the 
manufacturer. The anchorage consisted of a steel barrel, an aluminium wedge and a thin 
layer of commercially available instant curing adhesive for the friction. Mechanical and 
geometrical properties are given below in Table 1 and the following section. A more 
thorough report is available [19]. 
 
 

Table 1. Mechanical properties of materials included in the final anchorage design. 

Material 
Modulus of elasticity

[GPa] 
Mean yield strength

[MPa] 
Mean ultimate strength

[MPa] 
Steel 205 463 512 

Aluminium 70 358 372 
Adhesive   10-20 (supplier) 



 10

 
Geometrical Properties 
 
To overcome each of the failures described above a number of measures were taken to 
create the best design. The biggest improvement is the inclusion of a thin connection 
between the wedges, comparable to the sleeve used [1-9], which keeps the wedges together 
and creates a better grip around the rod. With this invention the mounting was simplified 
and the wedges were evenly inserted. No crushing of the rod occurred and no pieces of the 
rod escaped into the spacings between the wedges. The integrated sleeve together with the 
smooth indents applied at the last 40 mm of the wedges inner surface is seen in Figure 10a. 
Figure 10b shows the same wedge fitted into the barrel. 
 
 

 

a) b)  

Figure 10. a) Wedge. b) Wedge inserted in barrel. 
 
 
To further increase the capacity, the concept with a difference in angle was adopted. The 
angle of the interior surface of the barrel was 3.00° and the outer surface of the wedge was 
3.4°. This created the required radial stress distribution, with high stresses at the back of the 
anchorage. A thin layer of adhesive applied on the rod before application of the anchorage 
for optimum friction gave the last percents of gain in ultimate failure stress. Figure 11 
shows how the indents and the thin layer of adhesive worked properly together to transfer 
forces. 
 
 

 

 

Figure 11. Picture of the final wedge design exposed to 2900 MPa of tensile force. 
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DISCUSSION AND CONCLUSIONS 
 
The authors believe that this paper covers extensively the possible modes of failure. The 
test program passed through six different design phases with constantly increasing failure 
loads. A final average failure load above 98% of the rods ultimate failure capacity was 
reached due to the careful investigations carried out at each premature failure and the 
lessons learned from previous tests. In each case, a solution was sought, both in theory and 
practice. Together with the studies of earlier published research papers, these investigations 
present a thorough description of the factors that influence the eventual success of a tendon-
anchorage system for FRP tendons. Still, the necessity of having high requirements, such as 
95% of the ultimate capacity of the rod for static testing of the anchorage systems, might be 
discussed. For example, [18] states that the maximum allowable prestress should be 60% in 
CFRP and 40% in AFRP (Aramid Fibre Reinforced Polymers). This would result in safety 
levels on the anchorage’s performance well above what is the norm. On the other hand the 
test program showed that small changes in the design or minor mistakes in the 
manufacturing of the parts included in the anchorage may result in large losses in capacity. 
 
From the tests performed and the results, it can be concluded that a required static capacity 
of a wedge anchorage for the anchoring of CFRP tendons can be achieved – if the 
difficulties that CFRP gives compared to steel are handled carefully. The workmanship 
must be exact in the manufacturing of the anchorage and in the assembly. In this test 
program, 8 mm rods were used. Note that an increase in diameter increases the cross 
sectional area of the rod with a higher rate than the circumferential surface area. This result 
in a higher rate of increase in the load bearing capacity of the rod compared to the increase 
in force transferring capacity of the rod-wedge interface. It should consequently be more 
difficult to anchor a thicker rod. 
 
The next step in the proof testing of this anchorage design will be to test the anchorage in 
fatigue, according to a chosen standard. The distribution of forces within the anchorage will 
be investigated further as well as the anchorage robustness when exposed to deficiencies in 
the workmanship. 
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