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Abstract 19 

Stringer-to-floor beam web-to-web double-angle connections are among the most fatigue-prone 20 

elements in old riveted bridges. These connections are often designed to carry only shear loads. 21 

However, in these elements, fatigue damage occurs because of the out-of-plane deformation of 22 

the connections, which is ignored in the original design. In this study, a new retrofitting system 23 

is developed to reduce the out-of-plane deformation of the connections using prestressed carbon 24 
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fiber reinforced polymer (CFRP) rods. The proposed system consists of a mechanical wedge-25 

barrel anchor to hold the prestressed CFRP rod and a clamping system to attach to the parent 26 

structure and to transmit forces via friction. A series of finite element (FE) simulations was 27 

conducted to optimize the size and performance of the retrofit system. Laboratory static pull-28 

off tests were conducted and different failure modes were studied and discussed. A novel test 29 

set-up (with four supports) was designed for testing the steel connections. The effect of the 30 

geometrical imperfections during the installation of the connection was carefully investigated 31 

using the FE models and was verified through laboratory the tests. Laboratory fatigue tests were 32 

conducted on steel connections with the same dimensions as those in a railway bridge. The 33 

designed retrofit system was found to be capable of reducing the stresses at the angle connec-34 

tions by more than 40%. The results of the fatigue tests demonstrated that the designed system 35 

could survive more than 11 million load cycles without any fatigue damage or any indication 36 

of a loss in the CFRP prestressing level.  37 

Keywords: Bridge connections, Carbon fiber-reinforced polymer (CFRP), Finite element (FE), 38 

Post-tensioned CFRP tendons, Strengthening, Wedge-barrel anchor. 39 

Introduction 40 

Fatigue is a major problem in aging steel bridges in Europe. This problem is further exac-41 

erbated in old steel bridges, which are approaching the end of their originally designed fatigue 42 

lives (Ghafoori 2019). Most of the old metallic bridges in Europe are riveted bridges. In these 43 

bridges, the stringer-to-floor-beam double angle web-to-web connections are one of the most 44 

common fatigue prone details (Haghani et al. 2012).  45 

Out-of-plane deformation of the angles is the primary reason for the fatigue problem in this 46 

type of connections (Fisher et al. 1987, Fisher et al. 1990, Al-Emrani and Kliger 2009). The 47 

out-of-plane deformation results from the application of the loads on the stringers, leading to 48 

secondary deformation-induced tensile stresses in the connections. In the past, this effect was 49 



not considered in the design; therefore, the engineers would design the connections to carry 50 

only shear loads. Owing to the out-of-plane deformation, the fatigue failure can occur either in 51 

the angle (near the fillet) or in the rivets (popping out of the rivet head) (Al-Emrani 2002). The 52 

out-of-plane deformation due to the superimposed loads on the stringers, as well as the potential 53 

failure locations in the connections, are schematically illustrated in Fig. 1-a. 54 

The replacement of the bridges to address the fatigue related failures of the bridges is rarely 55 

a preferred solution for the owners of the bridges. Therefore, they always look for effective and 56 

sustainable strengthening solutions. Until now, many different strengthening techniques have 57 

been proposed for the prolongation of the fatigue life of riveted structures, such as replacement 58 

of rivets with high-strength bolts (Reemsnyder 1975; Baker and Kulak 1985; Al-Emrani 2002), 59 

using stop holes and welding additional elements (Kuehn et al. 2008), and softening connec-60 

tions by removing some rivets (Bowman 2012). The drawback of these strengthening solutions 61 

is that they are not capable of permanently addressing the problem — when these solutions 62 

were tried, the fatigue cracks have either reinitiated after a certain number of cycles or have 63 

initiated from another location (see (Roeder et al. 2005)). 64 

New materials, such as carbon fiber reinforced polymers (CFRP) have been used for 65 

strengthening metallic structures as non-prestressed bonded retrofitting systems (Mertz and 66 

Gillespie 1996; Dawood et al. 2007; Schnerch et al. 2007; Haghani et al. 2009; Haghani 2014) 67 

owing to their superior fatigue and corrosion resistance and light weight compared to steel 68 

(Zhao 2013). However, in several cases, bonded systems cannot be applied on the surface of 69 

riveted members. 70 

Recently, prestressed unbonded reinforcement (PUR) systems have been developed for 71 

strengthening bridge structures (Ghafoori et al. 2012, Ghafoori and Motavalli 2015a). Different 72 

configurations of the PUR systems, i.e., trapezoidal PUR (TPUR), flat PUR (FPUR), contact 73 

PUR (CPUR), and triangle PUR (TrPUR) have been designed, and their performances have 74 

been examined numerically and analytically (Kianmofrad et al. 2017). Such systems consist of 75 



mechanical clamps holding prestressed CFRP plates and working purely through friction. The 76 

PUR systems can be used for strengthening steel beams against flexural (Hosseini et al. 2018c), 77 

buckling (Ghafoori and Motavalli 2015b), and fatigue (Ghafoori et al. 2015b) loading. These 78 

systems were successfully used for strengthening old steel bridge girders in Switzerland 79 

(Ghafoori et al. 2015a) and Australia (Ghafoori et al. 2018; Hosseini et al. 2019a). More re-80 

cently, a series of PUR systems has been developed for strengthening steel plates (Hosseini et 81 

al. 2018b; Hosseini et al. 2019b). The PUR concept has also been used with shape memory 82 

alloy (SMA) plates (instead of CFRP plates). SMAs are a new class of structural materials that 83 

can be prestressed through an activation process that includes heating and cooling (Hosseini et 84 

al. 2019c). The SMA-based PUR systems have been using for strengthening steel plates (Izadi 85 

et al. 2018a; Izadi et al. 2018b), girders (Fritsch et al. 2019; Izadi et al. 2019a) and connections 86 

(Izadi et al. 2019b). 87 

Knowledge gap and objectives of the study 88 

Nearly all the aforementioned retrofitting solutions are applicable only to steel girders and 89 

plates, and not to the connections. For stringer-to-floor beam double angle connections, finding 90 

an effective strengthening solution is a considerable challenge owing to a lack of space, as well 91 

as additional complexity of the geometry in these details. Hence, sufficient research has not 92 

been conducted on the strengthening of bridge connections (unlike in the case of bridge girders). 93 

In fact, in such design elements, the existence of floor-beams and other elements, such as sleep-94 

ers renders the application of CFRP plates almost impossible. For similar reasons, the system 95 

proposed in (Izadi et al. 2019b), in which prestressed SMA plates were used for strengthening 96 

stringer-to-floor-beam double angle connections, may not be applicable in real structures, alt-97 

hough its performance was proven through laboratory tests. 98 

Considering the aforementioned issues, this study, for the first time, proposes the applica-99 

tion of prestressed CFRP rods for strengthening bridge connections. Thus far, different me-100 

chanical anchorages have been developed for post-tensioned CFRP rods (Sayed-Ahmed and 101 



Shrive 1998; Campbell et al. 2000; Al-Mayah et al. 2005; Al-Mayah et al. 2006a, 2007; Schmidt 102 

et al. 2010; Schmidt et al. 2011; Schmidt et al. 2012). In these studies, the proposed mechanical 103 

anchorages consisted of a barrel with a conical hole inside, and split or integrated wedges hold-104 

ing the CFRP rod. Such anchors have been already used for externally prestressed concrete 105 

beams (Bennitz et al. 2012). These mechanical anchors hold the CFRP rod through friction, 106 

without requiring any adhesive, thus increasing their versatility for on-site applications com-107 

pared to bonded systems, an example of which was proposed in (Meier 1995).  108 

In this study, a novel mechanical strengthening system using prestressed CFRP rod is pro-109 

posed. The proposed strengthening system in this study is a combination of the clamping system 110 

proposed in (Ghafoori 2015; Hosseini et al. 2018a) and the idea of using a CFRP rod as a pre-111 

stressing element. In previous PUR systems, two symmetric prestressed CFRP elements are 112 

required. However, the proposed system operates with unsymmetrical prestressed CFRP ele-113 

ments; this feature increases its versatility and adaptability for applications to various types of 114 

structures. 115 

A conceptual representation of the proposed strengthening system is illustrated in Fig. 1-b. 116 

Here, the out-of-plane deformation of the angles is reduced, i.e., the prestressed CFRP rods 117 

apply a compressive load P on both sides of the stringers. In addition, the prestressing force 118 

applies a sagging moment, Mp, opposing the out-of-plane deformation of the angles, which 119 

results in a reduction in the secondary stresses in the angles. 120 

Furthermore, the proposed system uses a novel wedge-barrel anchor component, which was 121 

developed at the Structural Engineering Research Laboratory at Empa, Switzerland. This study 122 

mainly focuses on the behavior of the entire clamping system; however, a brief description of 123 

the developed wedge-barrel anchor and the main experimental results are also presented here. 124 

In addition, one of the main challenges in the existing wedge-barrel anchors is the require-125 

ment of a high presetting force; in other words, before pulling the CFRP rod, to increase the 126 



contact pressure around the CFRP rod, the wedges have to be pushed (preset) into the barrel. 127 

Otherwise, when pulled, the CFRP rod would slip inside the wedges. In this study, a new pre-128 

setting system for on-site application of high forces is developed, which obviates the need for 129 

using hydraulic jacks. 130 

Outline of the study 131 

This paper outlines the introduction of a retrofitting system concept, including the installa-132 

tion of a clamping system, as well as presetting and prestressing procedures. Subsequently, 133 

results from static pull-off tests are presented and discussed. Thereafter, a finite element (FE) 134 

model, developed for designing the clamping system, is presented. The investigation of the 135 

fatigue performance of the proposed strengthening system is also discussed. The effectiveness 136 

of the proposed system in reducing the secondary deformation-induced stresses in the connec-137 

tions is investigated both numerically and experimentally. Finally, the application of the pro-138 

posed strengthening system on an old riveted railway bridge in Switzerland is briefly described. 139 

Introduction to the strengthening system 140 

Description of the clamping system 141 

The configuration of the proposed strengthening system is shown in Fig. 2-a. It consists of 142 

two main components, the mechanical wedge-barrel anchor and the clamping system, as shown 143 

in the figure. The wedge-barrel anchor holds the prestressed CFRP rod, and the clamping sys-144 

tem grabs the top flange of the stringer and transmits the CFRP prestressing force to the stringer 145 

through friction.  146 

The two aforementioned components consist of different parts, as shown in Fig. 2-b. The 147 

wedge-barrel anchor consists of a barrel with a conical hole inside and three separate aluminum 148 

wedges, which are in direct contact with the CFRP rod. The clamping system is assembled from 149 

different plates, which are bolted to each other. For assembling the clamping system, first, the 150 

bottom plate, the vertical plate, and the two stiffeners are bolted to each other. The bolts are 151 



M16, 12.9 and M12, 12.9 , with clamping forces of 135 and 72 kN, respectively. The spacer is 152 

also bolted to the bottom plate using two M4 bolts, which fix the spacer in the position. Next, 153 

the top plate is placed on top of the beam top flange, and then the top and bottom plates are 154 

connected to each other using four M20, 12.9 bolts. A total compressive force of 484 kN is 155 

applied to the top flange by these bolts to prevent the clamping system from slipping through 156 

friction. Thus, through the wedge-barrel anchor, the prestressing force of the CFRP rod is trans-157 

mitted to the clamping system by a threaded hollow shaft in the vertical plate. All the plates in 158 

the clamping system are made of M200 high-strength steel with a nominal yield strength of 159 

approximately 1000 MPa. The details of the dimensions of the clamping system components 160 

are given in Fig. A1 in the appendix. 161 

As mentioned before, in the PUR system proposed by (Ghafoori 2015, Hosseini et al. 162 

2018a), prestressed CFRP plates were used for strengthening the girders. However, the presence 163 

of floor-beams, together with sleepers resting on the stringers rendered it impossible to use 164 

CFRP plates. Instead, in this study, a prestressed CFRP rod is used. Here, the CFRP rod passes 165 

through a rivet/bolt hole, as shown in Fig. 2-a, and requires removal of the rivets/bolt prior to 166 

strengthening. It is noted that the rivets/bolts are removed from the second row of the riv-167 

ets/bolts (see Fig. 2-a) and their absence does not affect the out-of-plane deformation of the 168 

connections (Munse and Petersen 1959; Kulak et al. 2001). In addition, hollow high-strength 169 

bolts are placed and fastened, as a replacement for the removed rivets/bolts. The CFRP rods 170 

then pass through the hollow bolts. The main aim of using hollow bolts is to prevent corrosion 171 

inside the opening hole caused by the removal of the rivet/bolt. 172 

Installation procedure 173 

The strengthening system is installed in two stages: presetting and prestressing. These two 174 

stages are described in the following sections. 175 

Presetting procedure 176 



In the proposed strengthening system, presetting is performed as shown in Fig. 3-a to c. The 177 

parts required for presetting are shown in Fig. 3-a. The presetting steps are outlined as follows: 178 

Once the clamping system is fixed, the CFRP rod passes the threaded hollow shaft, and the 179 

barrel and the wedges are placed around it. Then, the presetting shaft, which has a specific 180 

length, is placed around the wedges on the barrel. At the free end of the barrel, there is a threaded 181 

region, which allows the placement of the presetting ring around the barrel, as shown in Fig. 3-182 

a and b. Then, the presetting plate is placed on the wedges, and six M8 presetting bolts pass 183 

through the presetting plate and the threaded holes of the presetting ring. Before the presetting 184 

bolts are fastened, a gap exists between the presetting plate and the presetting shaft, as shown 185 

in Fig. 3-b. By fastening the bolts, the presetting plate pushes the wedges into the barrel. The 186 

bolts are fastened until the prestressing plate touches the presetting shaft; at this point, the pre-187 

setting is completed. With the six M8, 8.8 bolts, it is possible to apply a total force of approxi-188 

mately 110 kN. The length of the presetting shaft was determined based on the tests to ensure 189 

that when the shaft touches the presetting plate, adequate presetting force is applied to the 190 

wedges. 191 

It is important to note that in the proposed system, the CFRP rod has to, first, pass through 192 

a small hole (rivet or bolt hole) in the floor beam, and then, it should be clamped on the other 193 

side as shown in Fig. 2-a. Thus, it is not possible to carry out the presetting procedure for both 194 

active and dead anchors in advance using hydraulic jacks; i.e., only one anchor can be prepared 195 

beforehand and the other one has to be preset on-site. 196 

In addition, to prevent the rotation of the wedge-barrel anchor during the fastening of the 197 

presetting bolts, two presetting walls are connected to the stiffeners. Next, the two stiffeners are 198 

connected to the prestressing ring using two M8 bolts, as illustrated in Fig. 3-b and c. Once the 199 

presetting is completed, the presetting walls are removed; however, the other parts used for 200 

presetting are kept in place to be used later for prestressing the rod. 201 

Prestressing procedure 202 



After the wedges are preset, the CFRP rod is ready to be pulled. To apply the prestressing 203 

force, a temporary housing is used, as shown in Fig. 3-d. The housing consists of three plates 204 

connected to each other by M16, 12.9 bolts. Further details regarding the housing components 205 

are shown in Fig. A2 in the appendix. The housing is fixed on the clamping system using two 206 

M8 threaded rods. Next, a high-strength M13 threaded rod is inserted into the threaded hole 207 

embedded in the presetting plate. The tensile strength of this rod is 150 kN.  208 

In the final step, a 120-kN hydraulic cylinder provides the pulling force (see Fig. 3-d) for 209 

the prestressing procedure. When the CFRP rod is pulled, the barrel moves away from the sur-210 

face of the threaded shaft. Once the required prestressing force is reached, the threaded shaft is 211 

rotated until it touches the back of the barrel. At this stage, the system is fixed; the oil pressure 212 

in the hydraulic cylinder is released; and the housing and the plates required for presetting and 213 

prestressing are removed.  214 

Dismantling procedure 215 

To disassemble the system, the same procedure as shown in Fig. 3-d can be followed. In the 216 

first step, a pulling force slightly higher than the existing prestressing force in the CFRP is 217 

provided by the hydraulic cylinder. Thus, the barrel becomes separated from the threaded shaft; 218 

therefore, it is possible to take the shaft out (away from the barrel). Finally, the oil pressure in 219 

the hydraulic cylinder is released; consequently, the CFRP prestressing force is removed. To 220 

ensure practicality, before the application of the pulling load by the cylinder, the cylinder should 221 

have an adequate displacement capacity to release all the oil pressure. 222 

Advantages of the proposed retrofit system 223 

Most existing solutions for strengthening bridges have been designed for bridge girders rather 224 

than for connections. Strengthening of connections is often difficult owing to issues, such as 225 

the need for removal of the decks, lack of space, and geometric complexities. This study aims 226 

to present a system for retrofitting the connections using CFRP composites. There are two main 227 



differences between the system proposed in this study and the previously developed PUR sys-228 

tems. The first difference is that in this study, an unsymmetrical clamp was used, which pro-229 

vides increased freedom and versatility to apply this system to different structures with edges. 230 

On the other hand, the previous PUR systems have utilized two CFRP plates, placed symmet-231 

rically in the clamping system. The second difference is that unlike the previous PUR systems, 232 

which all worked with CFRP plates as mentioned above (Kianmofrad et al. 2017), the PUR 233 

system developed in this study uses CFRP rods, as they can be easily passed through the con-234 

nection by removing bolts/rivets.  235 

One of the main advantages of the proposed strengthening concept for bridge connections in 236 

this study is that it works only by accessing the system from the lower part of the bridge (i.e., 237 

flooring system) without requiring the removal of the bridge deck. Therefore, the proposed 238 

strengthening system can be used for strengthening of the bridge connections with minimum 239 

interventions, i.e., it requires no bridge closure, no interruptions for the traffic on the bridge, 240 

and no holes to be drilled in the parent structure. Finally, the proposed system can also be con-241 

sidered, in some cases, for other types of connections, such as welded connections. 242 

Static and fatigue tests on wedge-barrel anchors 243 

One of the key components of the proposed strengthening system is the wedge-barrel anchor 244 

that holds the CFRP rod. A new, purely mechanical wedge-barrel anchor was developed in 245 

Empa, Switzerland for this purpose. To ensure that the anchor performs reliably under both 246 

static and fatigue loadings, a series of tests was conducted according to European Technical 247 

Approval Guidelines ETAG 013 (EOTA 2002); the FIP recommendation for post-tensioning 248 

systems (Recommendation 1993); and the draft guideline for the acceptance testing of FRP 249 

post-tensioning tendons (Rostásy 1998). 250 

The test set-up used for the uniaxial tensile static and fatigue tests on the wedge-barrel an-251 

chors with a CFRP rod having an 8-mm diameter is shown in Fig. 4-a, with a nominal tensile 252 



strength of 102.9 kN. A cover was used around the CFRP rod to limit the dispersion of the 253 

fibers after a rupture. The mechanical wedge-barrel anchor consists of a steel barrel in contact 254 

with three split aluminum wedges holding the CFRP rod. The components of the wedge-barrel 255 

anchor are shown in Fig. 4-b. 256 

The experimental results indicate that the developed wedge-barrel satisfies all the require-257 

ments listed by the above-mentioned codes and recommendations. The results are summarized 258 

as follows: 259 

The static tests indicate that the fracture of the CFRP rod was the failure mode and not the 260 

slippage of the CFRP rod inside the barrel. For each static test, the failure load of the post-261 

tensioned system was higher than 95% of the nominal tensile strength of the CFRP rod. The 262 

average failure load was 119 kN (equivalent to approximately 2370 MPa for the CFRP rod with 263 

8-mm diameter).264 

During the fatigue loading for 2 million cycles, no failure occurred either in the CFRP rod 265 

or in the anchor, and no slippage was observed between different components of the wedge-266 

barrel. In addition, at the end of the fatigue test, a static test was carried out, which showed no 267 

reduction in the residual static strength of the anchor system, indicating that during the fatigue 268 

loading, no significant damage was accumulated in the anchors.  269 

In addition, further verification of the anchor behavior with respect to slippage was carried 270 

out by increasing the loading frequency up to 23 Hz in the fatigue tests. All the tests confirmed 271 

that no slippage occurred in the anchorage system under fatigue loads. All subsequent tests 272 

described in the next sections confirmed this excellent behavior; i.e., the rods suffered neither 273 

slippage nor any significant damage in the wedge-barrel anchorage system. 274 

Static pull-off tests 275 

To experimentally investigate the static performance of the strengthening system, static 276 

pull-off tests were performed in the test set-up shown in Fig. 5. In these tests, the goal was to 277 



obtain the failure load of the CFRP rod and the slippage load of the clamping system. 278 

Test set-up and instrumentation 279 

A clamping system was installed on either side of an IPB 400 beam. The geometrical di-280 

mensions (i.e., cross-section) of the beam used in the set-up were the same as those used in the 281 

Aabach Bridge, which is an old riveted railway bridge in Switzerland. The reason for this choice 282 

was that the retrofit system was designed for strengthening the connections of this bridge. The 283 

length of the beam was 1.5 m. The pulling force was applied using two 200-kN hydraulic cyl-284 

inders, and the applied load was measured using a 150-kN load cell (HBM AG, Germany) with 285 

an accuracy of 0.2 kN. The detailed dimensions of the set-up are provided in Fig. A3 in the 286 

appendix. 287 

The unidirectional CFRP rod used in the pull-off tests was manufactured by S&P Clever 288 

Reinforcement Company AG, Switzerland, with a diameter of 8 mm. The nominal tensile 289 

strength (the guaranteed value) of the CFRP rod, Fu, was 102.9 kN (equivalent to 2047 MPa), 290 

with a fiber volume fraction of 65% and an elastic modulus of 160 GPa in the fiber direction. 291 

The instrumentation used in the static pull-off test is shown in Fig. 6-a. When the CFRP rod 292 

was being pulled, a line laser model 2660-50 (MICRO-EPSILON, Germany) with a resolution 293 

of 4 m was used to measure the displacement of different components of the wedge-barrel 294 

anchor, i.e., the CFRP rod, two of the wedges, and the barrel. In addition, the displacements of 295 

the top plates of the clamping system were measured using two linear variable differential trans-296 

formers (LVDTs). 297 

It should be noted that in these tests, the CFRP rod was used on only one side of the beam, 298 

while a high-strength steel rod (with a tensile strength of 150 kN) was used on the other side 299 

(see Fig. 6-b). This would ensure that the beam would be symmetrically loaded, and, the failure 300 



would occur solely in the CFRP rod/anchorage. Thus, it would be possible to focus on the be-301 

havior of the anchor on the side with the CFRP rod, and to perform the measurements only on 302 

this side. 303 

Results of the static pull-off tests 304 

Based on the loading protocol proposed by the draft guidelines for the acceptance testing of 305 

FRP post-tensioning tendons (Rostásy 1998), the cylinder load was increased stepwise, as 306 

shown in Fig. 7-a. The applied cylinder load in the pull-off tests P is shown in Fig. 7-b, in which 307 

the oil pressure in the cylinder was kept constant for 5 min at steps A, B and C, and more than 308 

1 h at step D. This loading protocol was proposed to ensure that the displacements in the wedge-309 

barrel anchor were stabilized after 0.5 h at step D. 310 

The displacements of the wedge-barrel components were measured by the line laser during 311 

the load steps A to D, as illustrated in Fig. 8-a. As shown in the figure, for the duration of all 312 

the different steps, the displacements were quite stable indicating that there was no gradual 313 

slippage in the wedge-barrel anchors. 314 

In addition, the relative displacement of the two wedges and the CFRP rod with respect to 315 

the barrel, called the draw-in, versus the applied load is plotted in Fig. 8-b. This figure shows 316 

that at the load levels slightly lower than 70 kN, the wedges and the CFRP started going into 317 

the barrel simultaneously. It shows that there was no relative displacement between the CFRP 318 

rod and the wedges. This is the ideal behavior for the wedge-barrel anchors because when the 319 

wedges and the rod are inserted into the barrel simultaneously, the contact pressure around the 320 

rod increases, leading to an increase in the frictional resistance. 321 

At the end of step D, the cylinder load was reduced (see Fig. 7-b) to around 30 kN, and 322 

then, the line laser was removed to prevent the laser from being damaged at the failure load of 323 

the CFRP rod. Then, the CFRP was loaded up to failure. In total, four static pull-off tests were 324 

conducted. In one of the tests (Test no. 1), a strain gauge was applied on the CFRP rod. The 325 



measurement showed a linear stress–strain behavior, with an elastic modulus of 160 GPa, which 326 

was in good agreement with the value provided by the manufacturer. 327 

The results of the four pull-off tests are summarized in Table 1, based on which it can be 328 

concluded that failure occurred in the CFRP rod. No slippage could be observed in the clamping 329 

system. The obtained failure load in all the tests was higher than the nominal failure load of the 330 

rods, which was equal to 102.9 kN (equivalent to 2047 MPa). The average failure load of the 331 

pull-off tests was equal to 110 kN (equivalent to 2188 MPa), which was only 9 kN lower than 332 

the average value obtained in the uniaxial tensile tests on the rods. 333 

It is worth mentioning that the force in the CFRP rod would tend to rotate the clamping 334 

system. The rotation of the clamping system and the consequent rotation of the barrel would 335 

apply bending stresses on the loading end of the wedge-barrel anchor, which could ultimately 336 

lead to a premature rupture in the CFRP rod. However, the high average failure load obtained 337 

in the pull-off tests shows that the clamping system was rigid enough to minimize the rotation. 338 

Therefore, it can be concluded that the failure load of the CFRP rods was only marginally af-339 

fected. The displacement of the clamp, measured using the LVDTs, during the pulling of the 340 

CFRP rod and a failed sample (sample no. 4) is shown in in Fig. 9. 341 

To obtain the slippage load of the clamping system, high-strength steel rods, as shown in 342 

Fig. 6-b, were used on both sides of the beam to ensure that slippage of the clamp would not 343 

occur before the failure of the rods. The slippage load is defined as the load at which the dis-344 

placement of the entire clamping system in the load direction increases suddenly. The test re-345 

sult, as depicted in Fig. 10, shows that the slippage load of the clamping system was 128 kN, at 346 

which slippage occurred in one of the clamps. The slippage load was higher than the ultimate 347 

strength of the CFRP rods.  348 

Finite Element (FE) model 349 

Description of the model 350 



An FE model was developed for different parts of the clamping system, as illustrated in Fig. 351 

11, using the ABAQUS FEM software. In the FE analysis, the clamping system components 352 

were modeled as 3D solid parts. Due to the symmetry, only half of the beam IPB400, with a 353 

length of 1.5 m, was considered. The parts were modeled with an isotropic elastic material 354 

having an elastic modulus of 200 GPa and a Poisson’s ratio of 0.3. 355 

The boundary conditions used in the model are depicted in Fig. 11. In the plane of sym-356 

metry, which lies in the middle of the beam web, the displacement, Ux, and the rotations, Ury 357 

and Urz, were assumed to be zero. In the horizontal and vertical supports, the movements of the 358 

surfaces shown in Fig. 11 in the z- and y- directions, respectively, were constrained. 359 

In addition, to consider the effect of the M20 bolts, which connected the top and bottom 360 

plates to each other, the surface of each hole in the top plate was tied to its corresponding hole 361 

surface in the bottom plate. A tie constraint makes the active degrees of freedom (i.e., transla-362 

tional and rotational motion) of the tied surfaces equal so that there is no relative motion be-363 

tween them. Therefore, using the tie constraint, it was ensured that the top and bottom plates 364 

would move simultaneously in the event of a slippage. 365 

The analysis was performed through different steps, as outlined below: 366 

367 

368 

369 

370 

371 

372 

373 

374 

(1) Bolt load: in the first step after the initial step (in which the boundary conditions were 

applied), the resultant force exerted by each bolt was applied; Each M20 12.9 bolt ap-

plied a total force of 212 kN on the top plate. In the FE model, this force was applied as 

a shear traction of 840.4 MPa to the surface of the holes in the top plate. These bolts 

would apply the same load to the bottom plate through the bolt head and it was applied 

as a pressure load. The bolts M16 12.9 and M12 12.9 also applied 135 and 72 kN, re-

spectively, through both shear traction or pressure load as shown in Fig. 11.

(2) CFRP load: In the proposed system, the tensile load of the CFRP was applied to the 

clamping system from the barrel to threaded hollow shaft. In the FE model, the CFRP375 



376 

377 

force was applied to the threaded shaft as a pressure load on an area where the barrel 

touched the shaft, as demonstrated in Fig. 11. 

Different formulations and approaches have been conducted for modeling the contact be-378 

havior between different interfaces (Schmidt et al. 2011; (Al-Mayah et al. 2006b). In this study, 379 

similar to the approach conducted in (Schmidt et al. 2011), a surface-to-surface master/slave 380 

discretization was used for modelling the contact between different interfaces using finite slid-381 

ing formulation, indicating that the separation and the arbitrary finite sliding and rotation of the 382 

surfaces were allowed. To have an identical sliding properties in all directions, isotropic direc-383 

tionality was selected (Dassault Systèmes 2014). The normal contact behavior was modeled as 384 

“Hard Contact,” which would prevent the parts from penetrating each other. The tangential 385 

contact behavior was considered using the penalty friction formulation, which permits a small 386 

relative motion (i.e., a small fraction of the element size) of the surfaces before the surface 387 

traction reaches a critical shear stress (Dassault Systèmes 2014). The critical shear stress is 388 

obtained by multiplying the normal contact pressure by the surface friction coefficient. The 389 

small relative motion in the penalty friction formulation prevents from the convergence prob-390 

lems due to the discontinuity between the sticking and slipping states. Further in-depth infor-391 

mation about different methodologies for modeling the contact for the interfaces as well as the 392 

required formulations are given in (Wriggers and Zavarise 2004). In this study, the friction 393 

coefficient between the top and bottom plate with the top flange of the beam was determined 394 

via verification with the experimental result, as described before.   395 

The elements in the beam, and top, bottom, and vertical plates, in which the bending defor-396 

mation was dominant, were discretized into quadratic reduced-integration elements, while the 397 

other parts were discretized into linear elements. It is noted that on one hand, the use of quad-398 

ratic elements rather than linear elements increases the computational cost because for these 399 

elements, the strain and stress fields have to be computed for a larger number of integration 400 

points. On the other hand, the linear elements are not an appropriate choice in bending unless 401 



the mesh is made extremely fine, resulting in an increased computational cost. Therefore, in the 402 

FE model, the quadratic reduced-integration elements were used for the parts with the dominant 403 

bending deformations. 404 

The free mesh type was adopted for the top and bottom plates; for the threaded hollow shaft, 405 

beam, and spacer a structured mesh was used; and for the stiffeners a sweeping mesh was used. 406 

Different meshing techniques, i.e., sweeping, structured, and free meshes, were chosen based 407 

on the complexity of each part’s geometry. To account for the mesh size effect, different mesh 408 

sizes were selected, as described before. 409 

Correlation between the FE model and experimental results 410 

To verify the FE model with the experiment, the obtained value of the slippage load in the 411 

FE model was compared with the experimental results. The slippage load depended on the fric-412 

tion coefficient of the surfaces between the top and bottom plates of the clamping system, and 413 

the top flange of the beam. After considering different friction coefficients for these surfaces, a 414 

value of 0.16 was found to lead to a slippage load of 125 kN for the clamping system, which is 415 

very close to the 128 kN obtained in the experiment, as shown in Fig. 12-a. In this figure, the 416 

displacement of the entire clamping system (a node on the top plate) in the loading direction, 417 

UClamp, is plotted against the applied load, P. 418 

In addition, the parametric analysis on the friction coefficient showed that the slippage load 419 

and the stress distribution in the clamping system do not depend on the friction coefficient 420 

between the stiffeners, and between the vertical and bottom plates, as long as this coefficient 421 

was greater than 0.1. With a friction coefficient lower than 0.1, a slippage would occur between 422 

the vertical plate and the stiffeners before the slippage of the whole clamping system. However, 423 

as such a slippage was not observed in the experiment, the same value of 0.16 for the friction 424 

coefficient was considered throughout the model. 425 



Two different types of meshes, a fine mesh and a course mesh, were considered to investi-426 

gate the effect of mesh size, the details of which are summarized in Table 2. The mesh size in 427 

regions, where the bending deformation was dominant, and where slippage could occur was 428 

changed. Therefore, as given in the table, the mesh sizes for the top, bottom, and vertical plates, 429 

as well as the fine mesh region of the beam were different for the fine and coarse mesh cases. 430 

The mesh size for the other parts was the same for the two cases. As shown in Fig. 12-a, a 431 

change in the mesh size in the two different mesh size cases did not influence the obtained 432 

slippage load. 433 

In addition, in Fig. 12-b, the displacement of the barrel in the z-direction, measured by the 434 

line laser, was compared with that obtained from the FE model. As shown in the figure, the 435 

change in the mesh size did not have a significant effect on the obtained displacement. 436 

Furthermore, the FE model showed that the displacement of the threaded hollow shaft, 437 

UShaft, was not dependent on the value of the friction coefficient between the stiffeners and the 438 

vertical and bottom plates at the load levels of 70–80 kN (which can be inferred from Fig. 12-439 

b), even for a friction coefficient less than 0.1. The reason for this behavior is that the bolts 440 

connecting these parts provided sufficient friction resistance, particularly at the aforementioned 441 

low load levels. 442 

In the FE model, it was assumed that the displacement of the barrel was equal to the dis-443 

placement of the hollow shaft. This assumption was valid because the axial displacement of the 444 

barrel could be ignored. The displacement of the barrel (or the threaded hollow shaft) was 445 

greater than that for the whole clamping system (shown in Fig. 12-a), which was because of the 446 

rotation of the clamping system, as well as the bending deformations due to the applied load. 447 

Notably, as shown in Fig. 11, the von Mises stress in different parts of the clamping system 448 

was lower than the yield stress of the material, i.e., 1000 MPa, at the slippage load. However, 449 

under the service loads, the applied load to the clamping system was further lower; For example, 450 



for the CFRP rod used in the experiments in this study, the maximum load in the acceptance 451 

tests (based on ETAG 013 (EOTA 2002) and (Recommendation 1993)) in the CFRP rod was 452 

66.9 kN (equivalent to 1331 MPa). 453 

Tensile stress in the top flange of the beam 454 

One of the most important considerations for designing the clamping system is the bending 455 

stresses generated in the top flange of the beam due to the rotation of the clamping system. As 456 

457 shown in Fig. 13, when the CFRP load was applied to the clamping system, there were two 

regions in the beam top flange with high tensile bending stresses  b . As shown in Fig. 13, due 458 

to the application of a CFRP load of 125 kN, the tensile bending stresses in the bottom and top 459 

of the beam top flange were 293 and 297 MPa, respectively, which were smaller than the yield 460 

stress of the beam material (the beam was made of S235 steel with a yield strength of 380 MPa 461 

according to the coupon tests.). In addition, the FE model showed that the tensile bending 462 

stresses in the top flange were smaller than 200 MPa when a CFRP load of 66.9 kN (as the 463 

maximum load in the acceptance tests) was applied. It is noted that in the proposed clamping 464 

system, the application of fillets at the end of the top and bottom plates played an important 465 

role in reducing the stress concentration in highly stressed regions. 466 

Performance of the clamping system under fatigue loading 467 

Test set-up 468 

The fatigue performance of the developed clamping system was investigated in the test set-469 

up shown in Fig. 14-a and b. The set-up consisted of two IPB 400 stringers, each with a span 470 

of 2.66 m, connected to an IPB 550 floor-beam with a span of 1 m, using four L160×160×15 471 

web-to-web bolted angles. The other ends of the stringers rested on rolling supports. All the 472 

parts were made of S235 steel. The vertical cyclic loads were applied on the stringers using two 473 

500-kN Amsler hydraulic actuators located at the mid-span of each stringer. The strengthening474 

system was installed in the set-up as shown in the figure. More detailed information about the 475 



dimensions of the set-up is available in Fig. A4 in the appendix. As the clamping system was 476 

later used to strengthen the connections in the old riveted bridge in Switzerland, the stringer 477 

section and the angle connections used in the set-up had the same dimensions as those of the 478 

bridge. 479 

The fatigue tests were performed under load-control condition, with a load ratio R = 0.1 and 480 

a maximum load of 240 kN per actuator. The loading frequency was 4.35 Hz, and the load 481 

levels were monitored using two pressure gauges. The prestressing force of each CFRP rod was 482 

50 kN (equivalent to 995 MPa) in all the fatigue tests. 483 

Stress in the CFRP rods 484 

Before application of the fatigue loadings, each CFRP rod (i.e., rods A and B) was pre-485 

stressed up to 50 kN. To apply the desired prestressing force, the strains in each CFRP rod were 486 

measured using the strain gauges (type 1-LY66-6/120, HBM AG, Germany) during the pump-487 

ing of the hydraulic cylinders. Fig. 15 shows the stresses in the CFRP rods during the fatigue 488 

tests. In total, 11.2 million cycles were applied by the actuators. The measurements from the 489 

strain gauges indicate that the stress range in the CFRP rod was approximately 20 MPa. During 490 

the fatigue test, no prestressing loss occurred. The fluctuations in the stresses, shown in Fig. 491 

15-c, were caused by the daily temperature changes in the laboratory.492 

Effect of the strengthening system on the stresses in the connections  493 

Prior to the fatigue tests, static tests were also conducted to evaluate the effect of the 494 

strengthening system on the connection behavior. In the static tests, the vertical load per actua-495 

tor was increased from 0 to 240 kN (maximum force in the fatigue tests), with different pre-496 

stressing levels, P, in the CFRP rods. 497 

Description of the FE model developed for the connection tests 498 



To investigate the stress state in the connections in the test set-up shown in Fig. 14, an FE 499 

model was developed, as illustrated in Fig. 16-a; this figure shows the planes of symmetry and 500 

the boundary conditions. As the model contained two symmetry planes, only a quarter of the 501 

set-up was modeled. 502 

To model the rolling support, on which the floor-beam rested, a reference point RF3 was 503 

defined, with a constraint in the y- (vertical) direction. Then, the end section surface of the 504 

floor-beam was tied to the reference point. For the rolling support of the stringer, first, the 505 

reference point RF1 was defined, and the corresponding surface was tied to it. Next, RF1 was 506 

connected to the fixed reference point, RF2, using a nonlinear spring. The function of the non-507 

linear spring was to constrain the stringer in the vertical direction only when it moved down-508 

ward (i.e. there would be no constraint on the stringer when an uplift from the support occurred). 509 

Therefore, in this model, the stiffness of the spring was extremely high (i.e., sufficient to be 510 

considered as infinity) in compression and was zero in tension. 511 

In addition, through the nonlinear spring, it was possible to consider the effect of imperfec-512 

tions. In the set-up shown in Fig. 14, the elevations of the supports were not identical for all 513 

supports. In addition, the stringer was not completely straight. Therefore, it was possible that 514 

when the stringer was connected to the floor-beam by angles, the other side of the stringer did 515 

not perfectly rest on the rolling support. Appendix B provides more information about the man-516 

ner in which the imperfections were considered in the FE model through the nonlinear spring, 517 

as well as the significance of the imperfections. 518 

All parts in the model, i.e., the stringer, floor-beam, and angle, were modeled as isotropic 519 

elastic materials with an elastic modulus of 200 GPa and a Poisson’s ratio of 0.3. The elements 520 

were 3D solid, quadratic reduced-integration type for angle and linear type for stringer and 521 

floor-beam.  522 

The mesh sizes of the stringer and the floor-beam were 25 and 15 mm, respectively. For the 523 



angle, an optimum value of 3 mm for the mesh size was finalized on the basis of a mesh sensi-524 

tivity study. The contact condition between different parts was similar to that described in the 525 

FE model of the beam and the clamping system, i.e., a surface-to-surface discretization with 526 

finite sliding formulation, isotropic directionality, “Hard Contact” for normal behavior and the 527 

penalty friction formulation for tangential behavior, with a friction coefficient of 0.16. 528 

The analysis was performed separately for two different conditions: unstrengthened and 529 

strengthened. The steps used for the analysis of the unstrengthened case were as follows: 530 

531 

532 

533 

534 

535 

(1) Bolt loads: After the initial step, a bolt force of 100 kN for each bolt (M18, 8.8) was 

applied as a pressure load around the bolt holes.

(2) External load: In the next step, the vertical cylinder load was applied at the mid-span 

of the stringer, as a pressure load on a surface, as shown in Fig. 16-a, resulting in a 

120-kN force (only half of the cylinder load applied in the experiment was considered 

be-cause of the symmetry).536 

For the analysis of the strengthened case, the following steps were used: 537 

538 

539 

540 

541 

(1) Bolt loads: These were same as in the first step for the unstrengthened case; however, 

in this cases, no bolt load was applied around the hole through which the CFRP rod 

passed.

(2) CFRP Load: In this step, the prestressing load P was applied, as shown in Fig. 16-a.

(3) Cylinder load: It was same as in the second step for unstrengthened case.542 

In the model, the surface of the stringer top flange, which was below the bottom plate of the 543 

clamping system, was tied to the reference point, RF4, and the prestressing load, P, was applied 544 

to this reference point. RF4 was located in the same position as the CFRP was in the set-up. 545 

The FE results show that the critical location was in the angle, where the von Mises and 546 

maximum principal stresses were simultaneously maximum, exactly on the angle fillet, as 547 

shown in Fig. 16-b. The most stressed part was the back leg of the angle (i.e., the leg of the 548 



angle that was connected to the stringer). It is worth mentioning that a change in the arrange-549 

ment of the bolts could alter the stress distribution and the critical location, shifting it to the 550 

fillet towards the outstanding leg (i.e., the leg of the angle connected to the floor-beam). 551 

Experimental results 552 

At the critical location, a multiaxial stress state existed; i.e., not only were the tensile 553 

stresses significant, but the shear stresses were also high. Therefore, in the set-up and in the 554 

critical locations, instead of normal strain gauges, rosette strain gauges (type 1-RY91-3/120, 555 

HBM AG, Germany) were used in the hot spots of the connections. Strain gauges (1) and (2) 556 

in Fig. 17-a, were rosette strain gauges, while the other two were normal strain gauges. The 557 

strain gauges were placed on the two angles connected to the stringer on the left side, with a 558 

layout similar to that shown in Fig. 17-b. No strain gauge was placed on the other two connec-559 

tions on the stringer on the right side. 560 

The strains measured using the strain gauges were used to verify the FE model. The meas-561 

ured strains in the a-, b-, and c- directions were compared with the FE results for both the 562 

unstrengthened and strengthened cases. 563 

In this paper, the results of only the measurements using rosette strain gauge (1) are pre-564 

sented, as depicted in Fig. 18. As shown in this figure, the FE model was capable of accurately 565 

predicting the strains in different directions. In addition, the results show that the strains in the 566 

a-direction were negligible, while the strains in the c-direction were the highest. The reason567 

was that the out-of-plane deformation of the angles mainly applied tensile strains (or stresses) 568 

in the c-direction due to local bending in the angle connections. 569 

Furthermore, the results show the effectiveness of the strengthening system in reducing the 570 

strains, especially in the c-direction. The application of 50 kN of prestressing to the CFRP rods 571 

reduced the strains in the c-direction from 813 to 468 microstrain (i.e., approximately 42% 572 

reduction), and from 555 to 354 microstrain in the b-direction. The reduction of the strains, and 573 



consequently the stresses, in the critical location of the connections was the result of the reduc-574 

tion in the out-of-plane deformation of the angles. 575 

Using the verified FE model, for a cylinder load of 120 kN, the different components of the 576 

stress tensor at the critical node before and after strengthening (50 kN per rod) are summarized 577 

in Table 3. With this information, it was possible to distinguish the dominant stress components, 578 

and evaluate the effect of strengthening system on each stress component. 579 

As given in Table 3, the strengthening system reduced the stress components significantly. 580 

The stress reduction for the components z and xz , which had the highest values among all, 581 

was 42% each. Therefore, it could be inferred that the proposed strengthening system was ca-582 

pable of effectively increasing the fatigue life of the connections. In addition, the results in 583 

Table 3 reveal the importance of considering the multiaxial state of stress in the critical location. 584 

Notably, the determination of appropriate multiaxial fatigue criteria for the prevention of fa-585 

tigue cracks in the critical locations of the angles, in which the strengthening effect was also 586 

incorporated, is crucial. Discussing the multiaxial theoretical models together with experi-587 

mental verifications is beyond the scope of this study and will be taken up as a follow-up study 588 

by the authors in the future. 589 

Field application of the proposed strengthening system 590 

After a demonstration of the reliable and effective performance of the strengthening system 591 

in a laboratory, the proposed clamping system was applied on the Aabach Bridge, which is an 592 

old riveted railway bridge in Lachen, Switzerland, as shown in Fig. 19. 593 

The prestressing level in each of the CFRP rods (on both sides of the stringers) was 50 kN, 594 

which was 994.7 MPa and 49% of the CFRP nominal ultimate tensile strength. For long-term 595 

monitoring of the prestressing level in the CFRP rods, a wireless sensor network (WSN) system 596 



was applied on the bridge, as shown in the figure. Therefore, for at least one year, any prestress-597 

ing loss in the CFRP rods due to the slippage of the clamping system or of the rods inside the 598 

barrels would be monitored. In addition, for protection against corrosion and galvanic corrosion 599 

between different materials inside the wedge-barrel system, a plastic cap was used on the 600 

wedge-barrel anchors, as shown in the figure. A comprehensive coverage of the field applica-601 

tion is beyond the scope of this study and will be performed in a subsequent study. 602 

Summary and conclusions 603 

This paper presents a retrofit solution that can be used for strengthening bridge connections 604 

with minimal damage and interventions (i.e., without closing the bridge or enforcing any traffic 605 

management). The strengthening system reduces the out-of-plane deformation and stresses in 606 

the angle connections using prestressed CFRP rods. The retrofit system consists of a newly 607 

developed wedge-barrel anchor and a friction-based clamping system. Prestressed CFRP rods 608 

are used (rather than strips) as they can easily pass through the connection (in the openings 609 

made by removing bolts/rivets). A simple presetting system was also developed, enabling the 610 

application of high presetting forces on-site for the installation of the wedge-barrel system. The 611 

installation procedure requires a few temporary plates and housing, and includes assembling, 612 

presetting, and prestressing (of the CFRP rods using a hydraulic jack). Furthermore, it is possi-613 

ble to disassemble the system using the same temporary parts without any residual effect on the 614 

original structure. The clamping system consists of different plates, which are bolted together 615 

and grab the flange of the steel beam. The prestressing force of the CFRP rod is transmitted to 616 

the beam solely through friction, without the need for drilling holes and without damaging the 617 

parent steel structure. The key findings of this study are summarized as follows: 618 

Results of the static pull-off tests 619 

 The slippage load of the system was 128 kN, which was greater than 100% of the actual 620 

CFRP ultimate tensile strength of 2367 MPa (i.e., 119 kN). 621 



 No slippage occurred between the components during pulling of the CFRP rods, either in 622 

the clamping system or in the wedge-barrel anchors.  623 

 624 When the CFRP load exceeded a certain level, both the wedges and the CFRP rod moved 

simultaneously further into the barrel, which was the desired behavior for the anchors. 625 

 626 

627 

628 

A detailed FE model was developed to simulate the retrofit system and optimize its 

dimen-sions and performance. The stresses in different parts of the clamping system, as 

well as in the top flange of the clamped stringer, were observed to remain below the 

yield stress of the material in all the parts. 629 

Results of the fatigue tests 630 

 631 

632 

A novel set-up for testing bridge connections was designed and used in this study. The 

test set-up included four supports, which could simulate the complexities of the boundary 

con-ditions of bridge connections.  633 

 634 

635 

636 

A series of fatigue tests was performed on the steel connections with dimensions 

identical to those in a riveted railway bridge in Switzerland. The proposed strengthening 

system was demonstrated to be capable of reducing the stresses at critical locations 

(hotspots) in the angle connections by more than 40%.  637 

 638 

639 

640 

The fatigue results showed that the designed retrofit system could survive more than 11 

million load cycles, without any damage to the CFRP rods, connections, and clamping 

system. Furthermore, there was no indication of any loss in the CFRP prestress level 

during cyclic loading.  641 

 642 

643 

644 

645 

Using a detailed FE model, the effects of geometrical imperfections during the installation 

of different components of the connections were extensively discussed and verified by la-

boratory measurements. The steel connections were also modeled before and after 

strengthening, and the results of the FE model correlated well with experimental measure-

ments obtained in the laboratory. 646 



 647 

648 

649 

After the successful design and completion of the laboratory static and fatigue tests, the 

maintenance system was finally used for strengthening the old steel bridge. The long-term 

performance of the system is currently being monitored using a wireless monitoring sys-

tem. 650 

Recommendations for future studies 651 

 652 

653 

654 

The proposed strengthening system can be further optimized for different applications. 

Development of a strengthening system consisting of a clamping system and an anchor 

head with multiple prestressed CFRP rods (rather than a single rod) for applications in 

which a high prestressing force is required would be recommended.  655 

 In addition, to identify the appropriate multiaxial fatigue criteria for predicting the fatigue 656 

657 

658 

failure in the stringer-to-floor-beam angle connections, experimental and numerical inves-

tigations have to be conducted. 
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Appendix 672 

A. Detailed dimensions of the clamping system and different set-ups673 

The detailed dimensions of the parts used in the clamping system, housing, static pull-off 674 

test, and set-up for the fatigue tests on the connections are shown in Figs. A1, A2, A3, and A4, 675 

respectively. 676 

B. FE modeling of the imperfections in the connection tests677 

As mentioned in the section regarding the FE model developed for the connection tests, due 678 

to the presence of imperfections in the set-up shown in Fig. 14, there can be a gap distance679 

between the stringer and the rolling support, as shown in Fig. B1-a. In this case, stresses are 680 

formed in the connection when the stringer touches the support, because of the stringer self-681 

weight during the installation process. In the laboratory tests, when the values of the strain 682 

gauges were reset to zero. 683 

When a prestressing force is applied in the CFRP rod, an uplift occurs in the support due to 684 

the sagging bending moment (see Fig. B1-b). At this stage, the strain gauges display compres-685 

sive strains in the top of the connections. Due to the application of the external (cylinder) loads, 686 

the stringer rests on the support, as demonstrated in Fig. B1-c. 687 

The effect of  in the FE model was simulated with a nonlinear spring. To model the non-688 

linear spring in ABAQUS, as shown in Fig. B2, the stiffness of the spring in tension was taken 689 

as zero because there was no constraint on the stringer for upward deflection on the support in 690 

the set-up. When the spring was compressed up to , no force was generated in the spring 691 

(i.e., the stiffness was zero). When the compressive deformation in the spring was greater than692 

, the stiffness of the spring would become extremely high (i.e., high enough to be considered 693 

to be infinity). The F relationship considered in ABAQUS is given in Fig. B2. 694 

The effect of  on the strain in the c-direction of the strain gauge (1) (see Fig. 17-a) is 695 

depicted graphically in Fig. B3. When the external load was low, the stringer actually behaved 696 



similar to a cantilever beam (see Fig. B1-c). Therefore, the strain in the connection increased 697 

rapidly. When the stringer touched the support, the rate of increase of the strain in the connec-698 

tions decreased because of the change in the static condition (boundary condition) of the 699 

stringer. 700 

As shown in Fig. B3, for low load levels (  50 kN), when the effect of was not considered 701 

(i.e., 0), the experimental and the FE results differed significantly. However, taking 702 

0.8 mm  provided a good agreement between the FE model and experimental results. In this 703 

study, 0.8 mmwas considered for the FE model. As evident, when the external load level 704 

was high (  50 kN), this effect was negligible because the stringer had already rested on the 705 

support.  706 
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Table 1. Summary of the results of the static pull-off tests 

Test no. 
Ultimate CFRP 

force (kN) 

Maximum CFRP 

stress (MPa) 
Failure mode 

1 104 2070 CFRP rupture 

2 109 2168 CFRP rupture 

3 112 2228 CFRP rupture 

4 114 2268 CFRP rupture 

 

 

 

 

 



Table 2 

Table 2. Mesh sizes in different parts in the FE model 

Case 

Mesh size (mm) 

Hallow 

shaft 
Spacer Stiffeners 

Top 

plate 

Bottom 

plate 

Vertical 

plate 

Beam 

Fine mesh 

region 

Coarse mesh 

region 

Fine mesh 5 3 5 5 5 5 5 30 

Coarse mesh 5 3 5 10 10 10 8 30 
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Table 3. Strengthening effect on different stress components 

Stage 
Stress level (MPa) 

x  y  z  xy  xz  yz  

Before Strengthening 33.6 44 146.4 11.3 –65.1 –24 

After Strengthening 18.9 26.4 84.5 8.4 -37.7 –18.3 

Reduction (%) 44 40 42 26 42 24 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 1 

 

 

    

(a)  

 

(b)  

Fig. 1. Out-of-plane deformation in stringer-to-floor-beam connections: (a) Out-of-plane defor-

mation due to superimposed load on the stringers and the potential failure locations in the connec-

tions; (b) Concept of the proposed strengthening system to reduce out-of-plane deformation. 
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Figure 2 

 

 

 

 

(a) 

  

(b) 

Fig. 2. Proposed strengthening system for double-angle stringer-to-floor-beam connections: (a) 

Configuration of the proposed strengthening system; (b) Different parts of the strengthening system. 
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Figure 3 

(a) 

(b) (c) 

(d) 

Fig. 3. Presetting and prestressing procedures: (a) Required parts for presetting; (b) Before fastening 
the presetting bolts; (c) After fastening the presetting bolts; (d) Prestressing procedure. 
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Figure 4 

 

 

 

 

(a) (b) 

Fig. 4. Wedge-barrel anchor developed at Empa: (a) The test set-up for uniaxial static and fatigue 

tests; (b) Components of the wedge-barrel anchor. 
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Figure 5 

 

 

 

 

Fig. 5. Test set-up for the static pull-off tests. 
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Figure 6 

(a)  (b)  

Fig. 6. Details of the clamping system on each side of the beam: (a) Clamping system on the left 

side; (b) Clamping system on the right side. 
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Figure 7 

 

 

 

 

  

(a)  (b) 

Fig. 7. Loading protocol in the static pull-off tests: (a) Protocol proposed in (Rostásy 1998); (b) Ap-

plied load in the pull-off tests. 
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Figure 8 

 

 

 

 

  

(a) (b)  

Fig. 8. Measurements in the wedge-barrel anchor during the static pull-off tests: (a) Displacement of 

the wedge-barrel components; (b) Draw-ins. 
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Figure 9 

(a)  (b)  

Fig. 9. The experimental results from test no. 4: (a) Load-displacement curve of the clamp; (b) 

Failed CFRP rod. 
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Figure 10 

 

 

 

 

 

 

Fig. 10. Slippage load of the clamping system. 
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Figure 11 

 

 

 

 

 

     

 

Fig. 11. FE model of the beam and the clamping system, with the von Mises stress distribution under a 

load of 125 kN (slippage load). 
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Figure 12 

 

 

 

 

 

   

(a)  (b)  

Fig. 12. Verification of the FE model with the experimental results: (a) Slippage load of the whole 

clamping system; (b) Displacement of the threaded hollow shaft in the loading direction. 
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Figure 13 

(a)  (b) 

Fig. 13. Tensile stresses in the top flange due to the rotation of the clamp: (a) Undeformed shape (P 

= 0); (b) Deformed shape (P = 125 kN). 
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Figure 14 

 
(a)  

 

(b)  
Fig. 14. Test set-up for the fatigue tests: (a) Overview of the fatigue test set-up; (b) Details of the 

fatigue test set-up.  
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Figure 15 

 

 

 

 

 

(a)  (b)  

 

(c)  

Fig. 15. Stress in the CFRP rods during the fatigue loading: (a) Stress in CFRP_A; (b) Stress in 

CFRP_B; (c) Daily variation of cyclic stresses in CFRP_A. 
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Figure 16 

 

 

(a)  

  

(b)  

Fig. 16. FE model of the connection tests set-up: (a) Details of the ¼ FE model and the von Mises 

stress distribution under a cylinder load of 120 kN (in model); (b) Critical location in the angle. 
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Figure 17 

 

 

 

 

(a) (b)  

Fig. 17. Strain gauges used for the measurement of strain state in the connections: (a) Schematic of 

the arrangement of rosette and normal strain gauges; (b) Strain gauges applied on the connection. 
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Figure 18 

 

 

 

 

  

(a) a-direction (b) b-direction 

 

(c) c-direction 

Fig. 18. Strain components in the angles based on the measurements from strain gauge (1): (a) a-

direction; (b) b-direction; (c) c-direction. 
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Figure 19 

(a) (b)

Fig. 19. Application of the proposed strengthening system on Aabach Bridge, Lachen, Switzerland: 

(a) Different elements of the bridge floor system; (b) Installed system on the bridge.
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Figure A1 

 

 

 

 

 

Fig. A1. Details and dimensions of different components of the clamping system. 

 

 

 



Figure A2 

 

 

 

 

 

Fig. A2. Details and dimensions of the housing system. 

 

 

 

 



Figure A3 

 

 

 

 

 

Fig. A3. Details and dimensions of the components of the static pull-off test. 

 

 

 

 

 

 

 

 



Figure A4 

Detail B 

Section A 
Fig. A4. Details and dimensions of different components of the set-up for the fatigue tests. 
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Figure B1 

 

 

 

 

  

(a)  (b)  

 

(c)  

Fig. B1. Deflection of the stringer considering the imperfections: (a) Deflection due to self-weight 

of the stringer; (b) Deflection due to the prestressing force; (c) Deflection after the application of the 

cylinder load. 
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Figure B2 

 

 

 

 

 

  

Fig. B2. Modeling the imperfection effect in FE simulation using a nonlinear spring. 
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Figure B3 

 

 

 

 

 

Fig. B3. Effect of gap distance  on the strain in the c-direction of the strain gauge (1). 
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Figure caption list: 

Fig. 1. Out-of-plane deformation in stringer-to-floor-beam connections: (a) Out-of-plane de-

formation due to superimposed load on the stringers and the potential failure locations in the 

connections; (b) Concept of the proposed strengthening system to reduce out-of-plane defor-

mation. 

Fig. 2. Proposed strengthening system for double-angle stringer-to-floor-beam connections: (a) 

Configuration of the proposed strengthening system; (b) Different parts of the strengthening 

system. 

Fig. 3. Presetting and prestressing procedures: (a) Required parts for presetting; (b) Before fas-

tening the presetting bolts; (c) After fastening the presetting bolts; (d) Prestressing procedure. 

Fig. 4. Wedge-barrel anchor developed at Empa: (a) The test set-up for uniaxial static and fa-

tigue tests; (b) Components of the wedge-barrel anchor. 

Fig. 5. Test set-up for the static pull-off tests. 

Fig. 6. Details of the clamping system on each side of the beam: (a) Clamping system on the 

left side; (b) Clamping system on the right side. 

Fig. 7. Loading protocol in the static pull-off tests: (a) Protocol proposed in (Rostásy 1998); (b) 

Applied load in the pull-off tests. 

Fig. 8. Measurements in the wedge-barrel anchor during the static pull-off tests: (a) Displace-

ment of the wedge-barrel components; (b) Draw-ins. 

Fig. 9. The experimental results from test no. 4: (a) Load-displacement curve of the clamp; (b) 

Failed CFRP rod. 

Fig. 10. Slippage load of the clamping system. 



Fig. 11. FE model of the beam and the clamping system, with the von Mises stress distribution 

under a load of 125 kN (slippage load). 

Fig. 12. Verification of the FE model with the experimental results: (a) Slippage load of the 

whole clamping system; (b) Displacement of the threaded hollow shaft in the loading direction. 

Fig. 13. Tensile stresses in the top flange due to the rotation of the clamp: (a) Undeformed 

shape (P = 0); (b) Deformed shape (P = 125 kN). 

Fig. 14. Test set-up for the fatigue tests: (a) Overview of the fatigue test set-up; (b) Details of 

the fatigue test set-up.  

Fig. 15. Stress in the CFRP rods during the fatigue loading: (a) Stress in CFRP_A; (b) Stress in 

CFRP_B; (c) Daily variation of cyclic stresses in CFRP_A. 

Fig. 16. FE model of the connection tests set-up: (a) Details of the ¼ FE model and the von 

Mises stress distribution under a cylinder load of 120 kN (in model); (b) Critical location in the 

angle. 

Fig. 17. Strain gauges used for the measurement of strain state in the connections: (a) Schematic 

of the arrangement of rosette and normal strain gauges; (b) Strain gauges applied on the con-

nection. 

Fig. 18. Strain components in the angles based on the measurements from strain gauge (1): (a) 

a-direction; (b) b-direction; (c) c-direction. 

Fig. 19. Application of the proposed strengthening system on Aabach Bridge, Lachen, Switzer-

land: (a) Different elements of the bridge floor system; (b) Installed system on the bridge. 

Fig. A1. Details and dimensions of different components of the clamping system. 

Fig. A2. Details and dimensions of the housing system. 

Fig. A3. Details and dimensions of the components of the static pull-off test. 



Fig. A4. Details and dimensions of different components of the set-up for the fatigue tests. 

Fig. B1. Deflection of the stringer considering the imperfections: (a) Deflection due to self-

weight of the stringer; (b) Deflection due to the prestressing force; (c) Deflection after the ap-

plication of the cylinder load. 

Fig. B2. Modeling the imperfection effect in FE simulation using a nonlinear spring. 

Fig. B3. Effect of gap distance  on the strain in the c-direction of the strain gauge (1). 




