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Abstract 17 

In this study, a mechanical anchorage for prestressed carbon fibre-reinforced polymer (CFRP) 18 

rods was proposed. The proposed anchorage consists of a steel barrel with a conical hole and 19 

three separate aluminium wedges that are in direct contact with the CFRP rod. The anchorage 20 

system relies only upon friction, without any adhesives required. The static and fatigue behav-21 

iours of the anchor were experimentally investigated according to the European guidelines for 22 
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testing post-tensioning kits (e.g., ETAG 013) and fulfilled their requirements. The average ten-23 

sile strength of the anchorage system for the 8-mm CFRP rods was 2371.4 MPa, being greater 24 

than the guaranteed value of 2047 MPa. The fatigue tests revealed that the wedge seating dis-25 

tance (prior to pulling the rod) significantly affected the occurrence of slippage between the 26 

anchor components. Therefore, a new displacement-controlled presetting system was devel-27 

oped to ensure adequate wedge seating distance. It eliminated the need for hydraulic jacks and 28 

demonstrated the capability of applying presetting forces greater than 110 kN. Furthermore, the 29 

anchors were tested under loading frequencies of 5, 17, and 23 Hz. The proposed anchorage 30 

was observed to be insensitive to the loading frequency because no slippage or temperature rise 31 

occurred under these loading frequencies.  32 

Keywords: CFRP tendon; Fatigue; Post-tensioning; Strengthening; Wedge–barrel anchor. 33 

Introduction 34 

Post-tensioned (PT) steel strands have traditionally been used in prestressed structures such 35 

as concrete girders, post-tensioned concrete slabs, cable-stayed bridges, and post-tensioned 36 

walls. Carbon fibre-reinforced polymer (CFRP) materials have been considered as effective 37 

substitutes for prestressed steel strands because steel is vulnerable to fatigue and corrosion 38 

while CFRP provides a higher strength-to-weight ratio and superior corrosion and fatigue re-39 

sistance (Zhao 2013). However, because CFRP materials are weak in their transverse directions 40 

(Zhao 2013), the conventional anchorages used for steel components cannot be applied to these 41 

materials. Therefore, the development of proper anchorages for CFRP tendons, especially for 42 

prestressed applications, has been a research topic for the last couple of decades (Schmidt et al. 43 

2012). Various bonded and unbonded (mechanical) PT anchorages have been developed for 44 

both CFRP plates and rods. In this study, a mechanical wedge–barrel anchor system for CFRP 45 

rods was is introduced. 46 



 

 

In the majority of the existing studies, only the static performance of the anchorages has 47 

been investigated, aiming to achieve the maximum tensile capacity of the CFRP tendons. How-48 

ever, only a limited number of studies have investigated the fatigue performance of PT anchor-49 

ages for CFRP tendons due to the lack of standard test procedures and acceptance criteria. Some 50 

of the studies employed test procedures that were not based on standards. The following sub-51 

sections present an in-depth literature review. First, a brief review of the PT systems for CFRP 52 

plates is presented. The existing PT systems for CFRP rods are reviewed in more detail, and 53 

previous studies of the fatigue performance of mechanical wedge–barrel anchors are presented. 54 

Finally, the main objectives of this study are summarised.  55 

CFRP plate anchorages 56 

Various resin-based anchors have been developed and experimentally investigated. Michels 57 

et al. 2013 proposed a gradient Anchorage system for CFRP strips, and Li and Xian 2018, 2019 58 

developed wedge-shape anchors with optimized anchor parameters.  At the Swiss Federal La-59 

boratories for Materials Science and Technology, Empa, Switzerland, trapezoidal (Ghafoori 60 

and Motavalli 2015) and flat (Hosseini et al. 2018) mechanical prestressed unbonded reinforce-61 

ment (PUR) anchorage systems were developed and later used to strengthen the girders of two 62 

bridges in Switzerland (Ghafoori et al. 2015) and Australia (Ghafoori et al. 2018; Hosseini et 63 

al. 2019), respectively. These anchorage systems clamped the prestressed CFRP plates and re-64 

lied only upon friction. A friction-based wedge-type anchorage for prestressed CFRP plates 65 

was also developed and presented in Mohee and Al-Mayah 2017, 2018. In this type of anchor-66 

ages, the wedges had a curved profile that provided proper contact pressure distribution on the 67 

CFRP plates, leading to a high static tensile strength. Various types of anchorages for CFRP 68 

plates have been reviewed (Mohee et al. 2016).  69 

CFRP rod anchorages  70 



 

 

As an alternative to CFRP plates, CFRP rods have been used in post-tensioned structures. 71 

Information regarding various types of bonded anchorages for FRP materials was collected and 72 

compared by Schmidt et al. 2012. Among the bonded anchorage systems for CFRP rods, the 73 

wedge-type anchor proposed in (Meier 1995, 2012) is of substantial importance, because it was 74 

the first time a gradient epoxy material was used in the wedge. In wedge-type anchors, when 75 

the tensile stress and contact pressure on the CFRP tendon are simultaneously high at the load-76 

ing end, the CFRP premature rupture occurs due to the stress concentration. Meier 1995, 2012 77 

developed an anchorage to avoid this stress concentration by fabricating the wedge using an 78 

epoxy, to which particles were added at different levels to achieve a stiffness gradient. In this 79 

anchorage, the elastic modulus of the mixture of the epoxy and particles continuously increased 80 

along the anchor, from the loading end to the free end, reducing the contact pressure on the 81 

CFRP tendon at the loading end and providing an anchorage efficiency of 92%. The anchorage 82 

efficiency was defined as the ratio between the actual PT tensile strength and the nominal tensile 83 

strength of the tendons. In another type of bonded wedge anchorage, the CFRP rod was split in 84 

the middle of its cross-section along a certain length, and a wedge was placed in the split (Ar-85 

nautov et al. 2014; Li et al. 2020). The rod was anchored by applying epoxy between the CFRP 86 

rod and the steel barrel. 87 

In addition, unbonded anchorages have been used in post-tensioned structures. In mechan-88 

ical wedge anchors, when the wedges insert into the conical barrel hole, the contact pressure on 89 

the tendon increases, providing friction resistance against rod slippage. Similar to the gradient 90 

adhesive concept in bonded anchorages (Meier 1995, 2012), two common methods to prevent 91 

premature rupture due to the stress concentration at loading end of the anchor are: (i) providing 92 

a constant differential angle between the wedge and barrel cones and (ii) using curved conical 93 

shapes for both the wedge and barrel, thus providing a distribution of the differential angles 94 

along the anchor. The mechanism of contact pressure reduction at the loading end of the anchors 95 

using a constant differential angle was presented in (Kerstens et al. 1998). In this method, a 96 



 

 

volume of the material is removed from the loading end of the wedge, leading to a reduction in 97 

the contact pressure on the wedge induced by the barrel. Consequently, it leads to a reduction 98 

in the contact pressure on rod at the loading end. The same mechanism is valid for the anchors 99 

with curved conical profiles. 100 

Different researchers have developed mechanical wedge–barrel anchors with constant dif-101 

ferential angles. In the anchorage system introduced in (Sayed-Ahmed and Shrive 1998; Sayed-102 

Ahmed 2002), four steel split wedges had a differential angle of 0.1°. A soft sleeve, made of 103 

aluminium or copper, was used between the wedges and CFRP rod to avoid damaging the rod. 104 

The failure mode in the static tests was the CFRP rod rupture, with an average tensile capacity 105 

of 10% greater than the guaranteed value of the CFRP rods. A split-wedge–barrel anchor for 106 

5.4 mm CFRP rods was introduced later by Terrasi et al. 2011 for prestressed concrete applica-107 

tions. The barrel and wedges were made of steel and polymer with glass fibres (PPS-GF40), 108 

respectively, with a constant differential angle of 0.23°. They performed static and creep tests 109 

on their anchor, which demonstrated an anchorage efficiency of only 73.4%. An easy-to-use 110 

two-piece wedge anchorage was introduced and investigated by Schmidt et al. 2010; Schmidt 111 

et al. 2011, in which the wedges were integrated with the sleeve and in direct contact with the 112 

CFRP rod. The integrated wedge was made of aluminium and had a differential angle of 0.4°. 113 

Static tests were performed on the 8 mm CFRP rods according to the European standards (fib 114 

1993; Rostásy 1998; EOTA 2002), demonstrating that the tensile capacity of the anchorage 115 

exceeded the nominal strength of the CFRP rods. 116 

Al-Mayah et al. 2006 proposed a wedge anchor with a curved conical shape for both the 117 

barrel and wedges to further reduce the stress concentration; the curves were circular. The dif-118 

ferential angle at the loading end was small and increased towards the free end. It enabled a 119 

rapid increase in the contact pressure on the rod from the small value at the loading end. In this 120 

anchorage system, three split steel wedges were in contact with a steel barrel and a copper or 121 



 

 

aluminium sleeve. The tensile strength of the anchorage system exceeded the guaranteed 122 

strength of the CFRP rods. 123 

Fatigue tests on mechanical wedge-barrel anchors 124 

In most of the previously discussed studies, only the static performance of the anchors was 125 

investigated. Few studies have addressed the critically important factor of fatigue performance 126 

and the corresponding acceptance criteria. The most relevant studies on the fatigue performance 127 

of mechanical wedge–barrel anchors are briefly presented in this sub-section with highlights of 128 

the limitations of each study. 129 

The fatigue performance of a wedge–barrel anchor for an 8 mm CFRP rod with a constant 130 

differential angle was investigated by Al-Mayah et al. 2001. In their study, three cyclic loads 131 

with different stress ranges and ratios were applied, and the fatigue life and slippage of the 132 

CFRP rod during the fatigue tests were reported. However, no further information was provided 133 

regarding the selected cyclic load history and fatigue acceptance criteria. In other studies, fa-134 

tigue tests were performed according to the procedure recommended by the Post-Tensioning 135 

Institute (PTI 1985), which is typically used for steel tendons (Sayed-Ahmed and Shrive 1998; 136 

Campbell et al. 2000; Taha and Shrive 2003; Elrefai et al. 2007). These studies concluded that 137 

the fatigue performance of the anchors could fulfil the requirements of PTI 1985. More recently, 138 

Kar et al. 2012 conducted tension–tension fatigue tests on the CFRP rods, with different stress 139 

ratios, focusing on the damage mechanisms during the fatigue loading. Li et al. 2019 performed 140 

tension-tension fatigue tests on hybrid carbon/glass rods, with different maximum stress levels 141 

at a fixed stress ratio. The focus of this study was the fatigue failure mode. However, none of 142 

these studies addressed the slippage behaviour of the anchorage components during the cyclic 143 

loadings in accordance to an acceptance criteria. 144 

Primary objectives and outline of the study 145 



 

 

In this study, a mechanical wedge–barrel anchor for CFRP rods is introduced, taking the 146 

advantages of the existing anchorages. To the best of the authors' knowledge, all previous stud-147 

ies performed their fatigue tests according to the PTI 1985. For the first time, in the present 148 

study, the European codes and standards are used to evaluate both the static and fatigue perfor-149 

mance of the developed anchor. In addition, the effect of the wedge seating distance in the 150 

barrel (prior to the rod pulling) on the slippage behaviour of the anchor during the fatigue tests 151 

is investigated. Subsequently, a new displacement-controlled presetting system is proposed to 152 

ensure an adequate wedge seating distance. Finally, the effect of frequency on the slippage and 153 

temperature change in the anchorage components during the cyclic loadings is experimentally 154 

investigated. 155 

Proposed anchorage system 156 

The wedge–barrel anchor introduced in this study is a combination of anchors developed 157 

by Al-Mayah et al. 2006 and Schmidt et al. 2010; Schmidt et al. 2011. In the anchor developed 158 

by Al-Mayah et al. 2006, a curved (circular) profile was used for the contact surfaces between 159 

the wedges and barrel along the anchor length. The curved profile prevented stress concentra-160 

tion at the loading end while increasing the contact pressure rapidly towards the free end, re-161 

sulting in a shorter anchor length required to achieve adequate frictional resistance. However, 162 

in this anchor, a soft sleeve (i.e., aluminium or copper) was used to prevent CFRP damage. 163 

Schmidt et al. 2010 eliminated the need for a soft sleeve by developing a wedge–barrel anchor 164 

that employed an integrated sleeve; the wedges and sleeve were both made of aluminium. 165 

In the present study, a wedge–barrel anchor with a curved profile was used, as shown in 166 

Fig. 1. The profile curvature of the wedges and barrel was similar to that of Anchor A intro-167 

duced in (Al-Mayah et al. 2006). The wedges were made of aluminium and were in direct con-168 

tact with the CFRP rod, without the need for a sleeve. The use of aluminium wedges reduced 169 

the required presetting force because aluminium has a lower stiffness than steel, resulting in an 170 



 

 

easier insertion into the barrel. This trend was demonstrated in a numerical study by Al-Mayah 171 

et al. 2013, which compared the insertion of different wedges composed of soft and hard steels. 172 

In addition, the aluminium plasticisation that occurs due to the high contact pressure inside the 173 

barrel can improve the gripping of the CFRP rod. 174 

It is noted that an FE model of the wedge–barrel anchor was developed using ABAQUS 175 

software to achieve a proper contact pressure on the CFRP rod and was verified by the experi-176 

mental results. The applied FE model is briefly described in the Appendix I. The FE model 177 

showed that the contact pressure on the CFRP rod for the split-wedge anchor was desirably the 178 

minimum at the loading end. Detailed descriptions of the FE model or a parametric study con-179 

sidering various wedge–barrel anchor configurations and geometries were beyond the scope of 180 

the present study and will be addressed in a future study.  181 

Different anchor configurations 182 

Two configurations of the wedge–barrel anchors, i.e., with integrated and split wedges, 183 

were developed for the preliminary static tests, as shown in Fig. 2(a) and (b), respectively. The 184 

integrated wedge shown in Fig. 2(a) had two 1-mm slits and a 3 mm gap. When the CFRP rod 185 

was pulled, it tended to bring the wedge into the barrel. When the wedges were inserted into 186 

the barrel, the circumferential pressure from the barrel caused wedge deformation. The exist-187 

ence of the slits and gaps facilitated this deformation during the insertion, i.e., the slits opened, 188 

and the gap tended to close. The anchor with the other configuration, shown in Fig. 2(b), had 189 

three split wedges with a gap distance of 1.5 mm. 190 

Material properties of the anchorage components 191 

The wedges were made of EN AW-6020 aluminium with an elastic modulus of 71.7 GPa, 192 

yield strength of 404 MPa, and ultimate tensile strength of 442 MPa, based on coupon tests 193 

according to DIN EN ISO 6892-1 (DIN 2017). The barrel was made of high strength V155 steel 194 

with a nominal elasticity modulus and tensile strength of 200 GPa and 1300 MPa, respectively. 195 



 

 

The CFRP rods had a nominal diameter of 8 mm, a guaranteed tensile strength of 102.9 kN 196 

(equivalent to 2047 MPa), a fibre volume fraction of 65%, and a longitudinal elastic modulus 197 

of 160 GPa, according to ASTM D7205/D7205M-06 (ASTM D/DM 2016), provided by S&P 198 

Clever Reinforcement Company AG, Switzerland.  199 

Preliminary static tests  200 

The static performance of the integrated and split-wedge anchors was investigated in the 201 

preliminary design stage. Before pulling the CFRP rods, the wedges were preset using a 200 202 

kN Amsler testing machine in a setup shown in Fig. 3(a). In this setup, the wedges were com-203 

pressed by lifting the anchor to contact the fixed plate. A shaft was placed between the fixed 204 

plate and top surface of the wedges to transmit the compressive presetting force. The shaft had 205 

a hole in the center, with a diameter of 9 mm, so that the rod could pass through the hole. 206 

Therefore, the shaft completely rested on the top surface of the wedges.  The static tensile tests 207 

on the wedge–barrel anchors were performed using the setup shown in Fig. 3(b). 208 

Test results 209 

The results of the preliminary static tests are presented in Fig. 4. The tests were performed 210 

on anchors with different presetting forces, P, ranging from 10 to 50 kN. As shown in Fig. 4(a), 211 

for the integrated wedge anchor and up to a presetting force of P = 30 kN, the failure mode of 212 

the PT system was CFRP rod slippage inside the integrated wedge. For the presetting forces of 213 

40 and 50 kN, the failure mode changed to CFRP rod rupture; however, the ultimate tensile 214 

strength was approximately 80 kN, which is around 78% of the guaranteed tensile strength of 215 

the rod. Fig. 4(b) shows the CFRP rod and integrated wedge after failure. Interlaminar shear 216 

failure occurred in the gap area of the CFRP rod. In addition, cracks appeared near the slit 217 

because the slit opened during the insertion of the wedge into the barrel. The existence of a 218 

crack at the slit resulted from the constraint against the slit opening. 219 



 

 

The results of the preliminary static tests on the split-wedge anchors are shown in Fig. 4(c) 220 

and indicated that, up to a presetting force of 20 kN, the failure mode was the rod slipping inside 221 

the wedges. No slippage of the CFRP rod occurred with a presetting force of 30 kN. This value 222 

was less than the 40 kN required to prevent the slipping in the integrated wedges. Because the 223 

split wedges were not connected to each other and, thus, did not resist the circumferential de-224 

formation of the adjacent wedges. Thus, they deformed more easily under the circumferential 225 

stresses compared to the integrated wedges. Therefore, a higher presetting force was required 226 

to activate the integrated-wedge anchor system. The tensile strength was in the same order of 227 

magnitude as the CFRP rod guaranteed tensile strength. Further, interlaminar shear failure did 228 

not occur in the split-wedge anchor system. This resulted from the fact that the free surfaces of 229 

the CFRP rod in the split-wedge anchor occurred in three small areas (see Fig. 2(b)). In the 230 

integrated-wedge anchor, however, the concentration of the free surface in the gap area trig-231 

gered the premature interlaminar shear failure of the CFRP rod. 232 

Notably, although the integrated wedge system demonstrated the lower tensile strength in 233 

the present study, an integrated wedge anchor system with a longer wedge and barrel, i.e., 95 234 

and 105 mm, respectively, was statically tested by Schmidt et al. 2010 and provided a relatively 235 

higher tensile strength. This implies that further changes in the integrated wedge anchor geom-236 

etry in the current study might result in a higher tensile capacity.  237 

Modification on the split-wedge anchors 238 

The split-wedge anchor was selected for further experimental and numerical investigations, 239 

based on the preliminary test results. The wedge and barrel geometries were modified to in-240 

crease the tensile capacity of the PT system. Fillets were added to the edges of the wedge that 241 

were in contact with the CFRP rods to prevent stress concentration at the edges, i.e., the edges 242 

near the loading end and the longitudinal edges. In addition, the gap between the adjacent 243 

wedges was reduced from the initial 1.5 mm to 1 mm to increase the contact area. A fillet was 244 



 

 

created in the barrel cone edges at the free end to enable an easier insertion of the wedges. The 245 

modifications are shown in the appendix II. 246 

Experimental study on the modified split-wedge anchors 247 

In this section, the European standard testing procedures for PT systems as well as the static 248 

and fatigue tests on the modified split-wedge–barrel anchors are described. 249 

Standard static and fatigue testing procedures  250 

This section discusses the relevant static and fatigue testing procedures and the acceptance 251 

criteria recommended in: (i) the European Technical Approval Guidelines ETAG 013 (EOTA 252 

2002), (ii) ), the International Federation for Structural Concrete (fib) recommendations for the 253 

acceptance of PT systems (fib 1993), which is typically used for steel PT systems, and (iii) the 254 

draft guideline for the acceptance testing of FRP PT tendons (Rostásy 1998).  255 

Standard static tensile tests 256 

The goal of static tensile testing is determining the tensile strength of the PT system, Tu, or 257 

the reduction in the tensile capacity (compared to the tendon strength) due to the anchorage 258 

effect. According to ETAG 013 (EOTA 2002) and the recommendations for the acceptance of 259 

PT systems (fib 1993), the acceptance criteria for static tests are as follows:  260 

(i) The failure mode must be a tendon fracture and not the failure of the anchorage 261 

components, i.e., excessive residual deformation in the anchorage components after 262 

testing. 263 

(ii)   The maximum measured tensile load must be greater than 95% of the actual ultimate 264 

strength of the tendon, i.e., an efficiency factor of 0.95. 265 

(iii) The relative movements of the anchorage components must stabilise within the first 266 

30 minutes at a tensile load level representing 80% of the characteristic tensile strength 267 

of the prestressing steel. 268 



 

 

In the acceptance criteria proposed in the draft guideline for FRP post-tensioning tendons 269 

(Rostásy 1998), the failure mode criterion is the same as item (i). However, it does not propose 270 

a criterion for the efficiency factor. In addition, it recommends a tensile load level of 70% in-271 

stead of 80% of the tensile strength of the tendon for the slippage stabilisation of the anchorage 272 

components in item (iii).  273 

In this study, the acceptance criteria for the static tests were as follows: 274 

 For the failure mode, item (i) was adopted.  275 

 An efficiency factor of 95% was required. 276 

 For the relative movement stabilisation of the anchorage components, a tensile load 277 

level of 70% of the guaranteed tensile strength of the CFRP rod was applied. 278 

Standard fatigue tests 279 

The aim of fatigue tests is determining the fatigue strength of the anchors, which is defined 280 

as the stress range under which the PT system endures 2 million cycles. All the previously 281 

discussed standards and recommendations state that no fatigue failure should occur in either the 282 

anchorage or tensile elements during the fatigue tests. ETAG 013 (EOTA 2002) and fib (fib 283 

1993) state that the minimum fatigue strength of PT systems for steel tendons is 80 MPa, with 284 

a maximum fatigue load of 65% of the characteristic tensile strength of the tendon. The draft 285 

guideline for FRP PT tendons (Rostásy 1998), however, does not provide a recommendation 286 

for the fatigue strength, only stating that the fatigue strength should be equal to the maximum 287 

in-service stress range. In this study, a stress range of 100 MPa, with a maximum load level of 288 

65% of the CFRP nominal tensile strength applied for 2 million cycles without failure, was set 289 

as the acceptance fatigue criterion. In the following section, the procedures for and results of 290 

the static and fatigue tests on the split-wedge anchors are presented. 291 

Static tests on the modified split-wedge anchors 292 



 

 

Test procedure 293 

The loading protocol for the static tests is shown in Fig. 5(a), in which the load increased 294 

stepwise at a loading rate of 0.08 kN/s (100 MPa/min) according to (fib 1993; EOTA 2002). At 295 

load levels of 0.2, 0.4, and 0.6 of the CFRP rod nominal tensile strength, Tnom, which was 102.9 296 

kN, the displacement of the wedges and CFRP rod relative to the barrel, called relative draw-297 

ins, were measured after five minutes, using a Mitutoyo digital dial gauge with a reading pre-298 

cision of 0.001 mm, as shown in Fig. 5(b). In addition, at a load of 0.7Tnom, the stabilisation of 299 

the draw-ins after 30 minutes was evaluated. 300 

A schematic of the dimensions of the dial gauge and ring and the parameters required for 301 

the measurement of the relative draw-ins are provided in Fig. 5(c). The relative draw-ins for the 302 

wedges, w , and CFRP rod, r , were calculated relative to a reference state. In the static tests, 303 

the reference states were the beginnings of the periods corresponding to each load level of 0.2, 304 

0.4, 0.6, and 0.7 of Tnom. They were calculated based on the dial gauge measurements using the 305 

following equations: 306 

,w ref ww D D ; (1-a) 

,r ref rr D D , (1-b) 

where ,w refD , wD , ,r refD , and rD  are the dial gauge readings at the reference state and after the 307 

insertion of the wedges and CFRP rod, respectively. In Fig. 5(c), the wedge seating distance, S, 308 

which is the distance between the top surfaces of the wedges and barrel, determines the place-309 

ment of the wedges in the barrel. This parameter significantly affects the fatigue performance 310 

of the anchors, which is discussed in more detail later in this paper and is obtained by  311 

13 wS D . (2) 



 

 

Test results 312 

The results of the static tests are presented in Table 1. Three presetting forces, P, i.e., 30, 313 

50, and 70 kN, were applied to the wedges. As shown in Table 1, in all static tests, the tensile 314 

loading capacity was at least 10% greater than the nominal strength of the CFRP rods, even at 315 

the smallest presetting force of 30 kN. The relative draw-in measurements indicated that at a 316 

load of 70% of the nominal tensile strength, the draw-ins stabilised after 30 min. The load–317 

displacement curves for the different anchors as well as the failed specimen S1 are illustrated 318 

in Fig. 6(a) and (b), respectively.  319 

Specimen S4 was not sandblasted so that the effect of the friction between the inner surface 320 

of the wedges and the CFRP rod could be investigated. As shown in Fig. 6, although the loading 321 

capacity for this specimen was greater than the CFRP rod nominal strength, the CFRP rod 322 

slipped considerably inside the wedges. It was concluded that Samples S1 to S3 met the static 323 

test requirements. 324 

Fatigue tests on the modified split-wedge anchors 325 

Test procedure 326 

The fatigue tests were performed under a load-controlled constant amplitude condition and 327 

a frequency of 12 Hz. The loading protocol for the fatigue tests is shown in Fig. 7. The upper 328 

load in the fatigue tests was 0.65Tnom (66.9 kN), which was equivalent to 1330.6 MPa for an 8 329 

mm rod, with a stress range of 100 MPa. Each sample was subjected to a minimum of 2 million 330 

cycles.  331 

Before the cyclic loading began, each specimen was statically loaded to 61.9 kN (i.e., the 332 

fatigue lower load) according to the test procedure presented in (fib 1993; EOTA 2002). This 333 

state was considered to be the reference state, and the dial gauge readings for the wedges, ,w refD334 

, and CFRP rod, ,r refD , were measured. The subsequent relative draw-ins for the wedges and 335 



 

 

CFRP rod were calculated relative to the reference state using Eq. (1). Then, each specimen 336 

was statically loaded to 66.9 kN (i.e., the upper fatigue load), and then the load was reduced to 337 

61.9 kN; the relative draw-ins were measured at each of these load levels. The fatigue test then 338 

began and was stopped after every half-million cycles to determine the relative draw-ins of the 339 

CFRP rod and wedges for each anchor at the lower and upper loads.  340 

In the acceptance test reports for steel strands, several single wedges and strands are se-341 

lected, for which the relative draw-ins corresponding to the lower and upper loads are separately 342 

reported. In this study, measurements were performed for all the wedges and CFRP rods. The 343 

average of the relative draw-ins of all the wedges in the anchor was calculated and used to 344 

determine the relative draw-ins. In addition, after each half-million cycles, the averages of the 345 

relative draw-ins corresponding to the lower and upper loads were considered for both the 346 

wedges and CFRP rod. In this way, only the average values were reported for the wedges and 347 

CFRP rods for each anchor and after each half million cycles. This method of reporting the 348 

results helped to demonstrate the slippage of the anchor components during the fatigue tests 349 

more clearly. 350 

The anchors were subjected to load-controlled fatigue loading, as given in Table 2. Because 351 

the top and bottom anchors were subjected to identical cyclic loading during the fatigue tests, 352 

the properties and test results for the top and bottom anchors are presented separately in Table 353 

2.  354 

Test results 355 

For all specimens, no CFRP failure occurred during the fatigue tests. In addition, there was 356 

no increase in the machine displacement, showing that the stiffness of the post-tensioning sys-357 

tem was constant during the fatigue tests. It would indicate that no significant damage occurred 358 

in the CFRP rods inside the anchors.  359 



 

 

Lubricant was not used between the wedges and barrels in anchors F5-T, F5-B, and F6-T 360 

to investigate the effect of the friction between the wedges and barrel on the anchor fatigue 361 

performance. The presetting force for these anchors was 50 kN. As shown in Fig. 8, the relative 362 

draw-ins for these anchors during the fatigue tests showed that the CFRP rods started slipping 363 

after several cycles. The slippage, shown in Fig. 8, represents the difference in the relative draw-364 

in between the CFRP rod and wedges. The fatigue performance of these anchors did not meet 365 

the requirements of the aforementioned standards and recommendations due to the continuous 366 

slippage and excessive residual deformations of the anchorage components. 367 

The use of the lubricant in anchors F6-B, F7-T, and F7-B, which all had a presetting force 368 

of 50 kN, resulted in no slippage during the cyclic loading, as shown in Fig. 9. Comparing the 369 

seating distances of the wedges, S, for the anchors with and without lubricant revealed that, for 370 

a given presetting force, the application of the lubricant between the wedges and barrels resulted 371 

in a greater insertion (a smaller S), due to the reduction in the friction between the wedges and 372 

barrel. This greater insertion of the wedges resulted in a higher contact pressure around the 373 

CFRP rods, and, consequently, no slippage occurred during the fatigue tests for anchors F6-B, 374 

F7-T, and F7-B (see Fig. 9). 375 

The wedge seating distance under the tensile load of T = 61.9 kN, i.e., the minimum CFRP 376 

load in the fatigue tests, was measured for specimens F5 to F7 and the results are listed as 61.9S  377 

in Table 2. The fatigue test results demonstrated that, when the value of 61.9S  was less than 19 378 

mm, no slippage of the anchorage components occurred. It could be inferred that presetting the 379 

wedges (before pulling the CFRP rod) to a seating distance less than 19 mm would prevent the 380 

slippage. Therefore, the key parameter for preventing the CFRP rods from slipping inside the 381 

wedges during the fatigue tests (regardless of the lubrication condition) is the wedge insertion 382 

prior to the cyclic loadings and not necessarily the presetting force level. 383 

Introduction of a new presetting system 384 



 

 

A new presetting system was developed to ensure adequate wedge insertion, as shown in 385 

Fig. 10. In this presetting system, a ring was placed around the barrel using the threads at the 386 

free end (see Fig. 11). A hollow shaft was located around the wedges on the barrel surface. 387 

Adequate insertion of the wedges was determined to require 18.5 mm high hollow shafts. This 388 

value which was less than the 19 mm obtained based on the 61.9S values and the corresponding 389 

fatigue test results in Table 2. Six M8 bolts were passed through the holes in the top plate and 390 

fastened using the threaded holes in the ring. By fastening the bolts, caused the top plate to push 391 

the wedges into the barrel until the top plate touched the hollow shaft, at which point the pre-392 

setting was complete. 393 

Although the proposed presetting system presets the wedges up to a certain displacement 394 

(i.e., it is a displacement-controlled system), it could also apply a substantial presetting force, 395 

depending on the bolt strength. For example, it was observed that using six M8, 8.8 bolts, it 396 

was possible to provide an approximately 110 kN presetting force by applying the standard bolt 397 

torque. The correlation between the applied torque to the bolts and the resultant presetting force 398 

is shown in the Appendix III. Moreover, the proposed system eliminated the need for hydraulic 399 

jacks to apply the presetting force. This is significant for cases wherein the use of hydraulic 400 

jacks is not possible, for example, due to geometric complexity. The anchors in specimen F8 401 

were preset using the proposed system, and the fatigue test results for this anchor are presented 402 

in the following section. 403 

Effect of the loading frequency  404 

The relative displacement between the wedges, CFRP rod, and barrel could generate heat 405 

during fatigue tests, depending on the loading frequency (Baschnagel et al. 2018). The draft 406 

guideline for FRP PT tendons (Rostásy 1998) recommends that the loading frequency in the 407 

fatigue tests not be greater than 2 Hz. 408 



 

 

The frequency effect on the slippage between the anchorage components was investigated 409 

by applying thermocouples to the barrel and one of the wedges in anchors F8-T and -B, as 410 

shown in Fig. 11(a) and (b), respectively. A thermocouple was also used to measure the room 411 

temperature. Any heating was considered to be an indication of slippage between the compo-412 

nents. 413 

The load-controlled constant amplitude fatigue tests followed the loading protocol shown 414 

in Fig. 7 and were performed at 5, 17, and 23 Hz for 0.5, 1, and 2 million cycles, respectively. 415 

The temperature changes in the anchorage components during the fatigue tests are represented 416 

in Fig. 12. The results show that, during the fatigue tests, the temperature changes in the differ-417 

ent components were synchronised with the room temperature, without any progressive tem-418 

perature rise. This indicates that no relative displacement occurred between the anchorage com-419 

ponents.  420 

After two million cycles at a loading frequency of 23 Hz, the thermocouples were disman-421 

tled, and the fatigue test was resumed under the same frequency up to 9 million cycles. The 422 

relative draw-ins are shown in Fig. 13. At frequencies as high as 23 Hz, no increase in the 423 

relative draw-ins was observed. Therefore, it could be concluded that the anchorage system was 424 

not sensitive to the loading frequencies. The fluctuation that can be seen in the magnified view 425 

of the relative draw-ins for anchor F8-T in Fig. 13(a) resulted from measurement error and was 426 

negligible. In addition, specimen F8 was preset with the developed presetting system, thus, the 427 

results of the fatigue tests on this anchor confirmed that the use of the proposed presetting sys-428 

tem would provide reliable fatigue performance. 429 

Residual strength tests 430 

After the completion of the fatigue tests, Specimens F6 and F7 were statically loaded to 431 

failure to investigate if any significant damage developed in the system during the cyclic load-432 

ings. For both specimens, the tensile capacity was greater than the CFRP rod guaranteed 433 



 

 

strength, as shown in Table 2 (Tres) and Fig. 14. This indicates that no significant damage accu-434 

mulated in the anchors during the fatigue tests. Specimen F7 had the highest tensile capacity, 435 

with a tensile strength of 129 kN (equivalent to 2566 MPa). One possibility for such a high 436 

residual tensile capacity could be the alignment of carbon fibres with the loading direction dur-437 

ing the fatigue test, which could lead to an increase in the tensile strength.  438 

Considering these two static tests together with the static test results presented in Table 1, 439 

the average tensile capacity of the tested anchors was 119.2 kN (equivalent to 2371.4 MPa), 440 

which was approximately 16% greater than the nominal tensile strength of the CFRP rods. 441 

Field application of the proposed anchorage 442 

The proposed mechanical wedge–barrel anchor was used for fatigue-strengthening of the 443 

connections in an old riveted railway bridge in Switzerland (Heydarinouri et al. 2020b). The 444 

reliable fatigue performance of the strengthening system attached to the beam was confirmed 445 

in laboratory tests (Heydarinouri et al. 2020a). The CFRP rods used for the strengthening were 446 

prestressed to 994.7 MPa (approximately 50% of the guaranteed tensile strength of the rod). In 447 

this application, the wedges were required to be preset onsite, because the use of hydraulic jacks 448 

would have been difficult due to the geometric complexity of the structure. Therefore, the pre-449 

setting system proposed in this study was used to preset the wedges onsite. On the bridge, the 450 

anchors were completely isolated from the air to prevent galvanic corrosion. The effectiveness 451 

of the proposed anchor in reducing the stresses in the bridge angles was demonstrated through 452 

short-term onsite measurements. In addition, the long-term performance of the anchor, i.e., the 453 

loss in the CFRP rod prestressing resulting from anchorage component slippage has been mon-454 

itored using a wireless sensor network system since the anchors were installed in February 455 

2020. No reduction in the prestressing level has yet been identified. More information about 456 

the application of prestressed CFRP rods for bridge strengthening can be found in (Heydarino-457 

uri et al. 2020b). 458 



 

 

Summary and conclusions 459 

In this study, a mechanical wedge–barrel anchor consisting of a steel barrel and three split 460 

aluminium wedges was introduced. The proposed anchor took the advantages of existing me-461 

chanical wedge–barrel anchors: (i) a curved conical profile for both the wedge and barrel to 462 

achieve a proper contact pressure distribution on the CFRP rod and (ii) aluminium wedges to 463 

eliminate the need for sleeves and reduce the required presetting force. For the first time, the 464 

European standard test procedures for mechanical PT anchorages were used to examine the 465 

static and fatigue performance of the anchorage. The conclusions regarding the performance of 466 

the anchor are summarised as follows: 467 

 The uniaxial static tensile tests showed that the failure mode was always the rupture of the 468 

CFRP, with an average tensile strength of 2371.4 MPa, which is approximately 16% greater 469 

than the guaranteed value of 2047 MPa. 470 

 In the fatigue tests, the CFRP rods did not rupture up to the minimum of 2 million cycles. 471 

However, for some of the anchors, progressive slippage occurred between the wedges and 472 

CFRP rods, which revealed the importance of the wedge seating distance before pulling the 473 

CFRP rod. 474 

 A new displacement-controlled presetting system was developed to ensure an adequate 475 

wedge seating distance. The wedges could be preset to a specific distance using this system, 476 

regardless of the lubrication condition between the wedges and barrel. 477 

 The developed anchorage was not sensitive to the loading frequency. No noticeable slippage 478 

or temperature rise occurred in the anchorage components under loading frequencies be-479 

tween 5 and 23 Hz. 480 

 The residual tensile capacity of the system at the end of the fatigue tests was greater than 481 

the guaranteed tensile strength of the CFRP rods, with a maximum residual strength of 2566 482 



 

 

MPa. This indicated that no significant fatigue damage accumulated in the anchors during 483 

the cyclic loading. 484 
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Appendix I. FE model development 494 

An FE model was developed for the wedge–barrel anchor using the ABAQUS FEM soft-495 

ware to optimise the contact pressure on the CFRP rod. The FE model shown in Fig. 15(a) is 496 

briefly described here. Only one-third of the anchor was modelled (i.e., one wedge) due to its 497 

symmetry, as shown in Fig. 15(a). In the FE analysis, the components were modelled as 3D 498 

eight-node quadratic solid elements. The wedge and barrel were modelled as an isotropic ma-499 

terials, and the CFRP rod was modelled as an orthotropic material. The plastic behaviour of the 500 

aluminium wedge was considered, while the other parts (i.e., the barrel and rod) exhibited linear 501 

elastic behaviours. In the normal direction, hard contact was used to prevent the parts from 502 

penetrating each other. Tangential contact was considered using a penalty function formulation. 503 

The contact pressure on the CFRP rod on the path shown in Fig. 15(a) is shown in Fig. 15(b) 504 

for CFRP tensile loads of 61.7 and 120 kN. Fig. 15(b) shows that the contact pressure gradually 505 

increased from its minimum value at the loading end, which is the desired distribution to avoid 506 



 

 

stress concentration. Furthermore, due to the greater CFRP tensile load of T = 120 kN, the 507 

wedges inserted further into the barrel, and consequently, the maximum contact pressure on the 508 

rod was nearly twice that when T = 61.7 kN. 509 

Appendix II. Modifications on the split-wedge anchor 510 

Fig. 16(a) shows the fillets on the wedges, with the radii of 0.2 and 1 mm, to prevent the damage 511 

of the fibres. In addition, a 1-mm gap (instead of 1.5 mm gap in the initial design) was used 512 

between the wedges. For the barrel, as shown in Fig. 16(b), a fillet with a radius of 1 mm was 513 

applied at the free end to facilitate the insertion of the wedges. 514 

Appendix II. Resulting presetting force by the new presetting system 515 

The correlation between the applied torque to each of the six M8, 8.8 bolts and the resulting 516 

presetting force applied to the wedges was obtained by measuring the presetting force using a 517 

KMR 200 kN load cell (HBM, AG, Darmstadt, Hesse, Germany), as shown in Fig. 17(a). The 518 

load cell was located on top of the wedges. 519 

The measured presetting force versus the applied torque to each bolt is plotted in Fig. 17(b). 520 

As shown in the figure, there is a nearly linear relationship between the applied torque to each 521 

bolt and the resulting presetting force. In addition, application of a standard torque of 27 N.m. 522 

to each bolt resulted in a presetting force of approximately 110 kN. 523 

Notation 524 

The following symbols are used in this paper: 525 

f = loading frequency; 526 

Dr = dial gage reading for the CFRP rod; 527 

Dr,ref, = dial gage reading for the CFRP rod in the reference state; 528 

Dw = dial gage reading for the wedges; 529 



 

 

Dw,ref, = dial gage reading for the wedges in the reference state; 530 

N = number of cycles; 531 

S = wedge seating distance; 532 

S61.9 = wedge seating distance at the lower fatigue load; 533 

P = presetting force; 534 

T = tensile load of the CFRP rod; 535 

Tnom = nominal tensile strength of the CFRP rod 536 

Tres = residual tensile strength of the CFRP rod; 537 

Tu = ultimate tensile strength of the CFRP rod; 538 

r = relative draw-in of the CFRP rod; and 539 

w= relative draw-in of the wedges. 540 
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Table 1 

 

 

 

 

Table 1. Results of the split-wedge anchor static tensile tests 

Specimen P (kN) Sandblasting Tu (kN) Observation 

S1 50 Yes 113.5  A* 

S2 70 Yes 118.6 A 
S3 30 Yes 118.3 A 
S4 30 No 117.8 Excessive slippage 

                              *A: Accepted. 

 



 

 

Table 2 

 
 
 
 

 
Table. 2. Fatigue test results 

Specimen Anchor P (kN) Lubricant  N  
(millions) 

Observation during 
the fatigue test 

61.9S
(mm) 

Tres (kN) 

F5 
F5-T 

50 
No 

2 
 NA*: Slippage 20.4 

- 
F5-B No NA: Slippage 20.4 

F6 
F6-T 

50 
No 

2.5 
NA: Slippage 19.6 

118.2 
F6-B Yes   A** 18.3 

F7 
F7-T 

50 
Yes 

2 
A 19.0 

129 
F7-B Yes A 18.9 

F8 
F8-T *** Yes 

9 
A 18.5 

- 
F8-B Yes A 18.5 

*NA: Not accepted; **A: Accepted; ***Using developed system. 
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Figure caption list: 

Fig. 1. Geometric details of the developed wedge–barrel anchor. 

Fig. 2. Anchor configurations with: (a) Integrated and (b) Split wedges. 

Fig. 3. Test set-up used for: (a) Application of the presetting force; (b) Static and fatigue tests. 

Fig. 4. Preliminary static test results: (a) Load–displacement curves for the integrated wedge 

anchor; (b) Failure of the integrated wedge anchor; (c) Load–displacement curves for the split-

wedge anchor. 

Fig. 5. Static test procedure and measurements: (a) Loading protocol; (b) Relative draw-in 

measurement using the digital dial gauge, (c) Relative draw-in measurement detail. 

Fig. 6. Static test results for the modified split-wedge anchors: (a) Load–displacement curve; 

(b) Fractured CFRP rod for specimen S1. 

Fig. 7. Loading protocol in the fatigue tests. 

Fig. 8. Relative draw-ins for the anchors without lubricant: (a) F5-T; (b) F5-B; (c) F6-T. 

Fig. 9. Relative draw-ins for the lubricated anchors: (a) F6-B, (b) F7-T, (c) F7-B. 

Fig. 10. Proposed presetting system. 

Fig. 11. Thermocouples on: (a) F8-T; (b) F8-B. 

Fig. 12. Temperature changes in the anchor components under the loading frequencies of: (a) 

5 Hz; (b) 17 Hz; (c) 23 Hz. 

Fig. 13. Relative draw-ins under different loading frequencies for anchors: (a) F8-T; (b) F8-B. 

Fig. 14. Residual tensile strengths of Specimens F6 and F7. 

Fig. 15. FE model of the split-wedge–barrel anchor: (a) von Mises stress distribution under the 

tensile load of T = 120 kN; (b) Contact pressure on the CFRP rod. 

Fig. 16. Modifications on the split-wedge anchors (a) Wedges; (b) Barrel. 



 

 

Fig. 17. (a) Measuring the presetting force using a 200 kN load-cell; (b) Measured presetting 

force versus the applied torque to each bolt. 


