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Abstract:



Epoxy bonded steel plates (externally bonded reinforcemen: EBR) for the strengthening of concrete structures were introduced to the construction industry in the late 1960s, and the use of fibre reinforced polymers (FRPs) was introduced in the 1990s, which means that these techniques have already been used in construction for 50 and 25 years, respectively. In the first part of the paper, a historical survey of the development and introduction of these strengthening techniques into the construction industry are presented. The monitoring of such applications in construction is very important and gives more confidence to this strengthening technique. Therefore, in the second part of the paper, two long-term monitoring campaigns over an extraordinarily long duration will be presented. Firstly, a 47-year monitoring campaign on a concrete beam with an epoxy bonded steel plate and, secondly, a 20-year monitoring campaign on a road bridge with epoxy bonded CFRP (carbon fibre reinforced polymers) strips are described. The paper is an expanded version of the paper presented at the SMAR2017 Conference.
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1. Historical Survey of Development of EBR Technique


1.1. Research on EBR Steel


The first ideas on strengthening of concrete with epoxy bonded steel plates were presented in the 1960s by L’Hermite et al. [1] and Bresson [2]. A figure taken from [1] is given in Figure 1 showing the principle idea of applying a steel plate to a concrete beam with an adhesive (tole d’acier: steel plate and colle: adhesive). The first applications on a highway bridge and in a building followed in 1966–1967 [3]. Bresson [2] presented in the year 1971 the derivation of the differential equation of bond behaviour of EBR and its elastic solution. Afterwards, other researchers worked on that topic—for example, Johnson et al. [4] presented in 1981 a research study on sixteen tests on plated reinforced concrete members subjected to bending, shear and axial tension, in order to study the influence of geometric parameters on the maximum tensile strain that can be developed in a mild steel plate before breakdown of the adhesive layer or failure of the concrete member. No failures occurred in the epoxy adhesive, and strains exceeding yield could be developed in the plates. Furthermore, Dussek [5] described results of tests on plate-reinforced beams, discussed a design method and presented strengthening projects where steel plates were applied on several bridges in UK. A timeline of the developments discussed is displayed in Figure 2.


Figure 1. The idea of externally bonded reinforcement presented by Bresson [1] in the year 1967, taken from [1].
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Figure 2. Timeline of the developments of the strengthening of reinforced concrete (RC) by externally bonded reinforcement (EBR).
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In the 1970s and 1980s, besides the investigations mentioned above, research on the performance and on a better understanding on the epoxy bonded steel plates was also performed at Empa in City, Switzerland. An overview of these investigations at Empa is given in [6]. Bond tests, static and fatigue beam tests, long-term tests and completed strengthening projects were performed and are described in [6]. For a building in Zurich, Switzerland, which was strengthened by steel plates in April 1973, a large-scale test up to failure was performed [6,7]. Details of the strengthening work in the building are presented in Agthe [8]. One of the first bridges that was strengthened with epoxy bonded steel plates was the Gizenenbridge in Switzerland [9,10] in the year 1980. The bottom side of the bridge with the steel plates is visible on the photo given in Figure 3. Loading tests on the bridge after the strengthening are described in [11].


Figure 3. (a) Gizenenbridge in Switzerland and (b) bottom side of the bridge with steel plates (both photos in the year 2005).
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1.2. Research on EBR CFRP


Carbon fibre reinforced polymers (CFRP) are used for load carrying components in the air and space industry since the 1970s. Empa researchers developed the idea of using CFRPs instead of steel in the 1980s. An analysis showed that the employment of advanced composites (e.g., carbon fibre reinforced epoxy laminates) reduced the costs for the scaffolding in the subsequent strengthening of bridges. Since reinforcement plates made of advanced composites were extremely light, scaffolding was not necessary [12]. Further advantages were the high stiffness, excellent fatigue properties and its outstanding corrosion resistance [13]. A typical load-displacement diagram of a CFRP strengthened RC beam was published already in 1987 in [14] and is shown in Figure 4. In the framework of a media event, Empa experts presented in 1987 that CFRP can also be used for strengthening of civil constructions [14]. The public interest was large; however, due to the high costs of the carbon fibres, the transfer to practice was first mistrusted. However, the handling of the very lightweight CFRP strips was much easier in comparison to steel plates and working hours could be saved, which compensated for the higher material costs of CFRP. The first PhD thesis on this topic was performed at Empa under supervision of the second author (1985–1989) [15].


Figure 4. Typical load-displacement diagram of a CFRP strengthened RC beam, showing first cracking and yielding of the internal steel, published in German and French in the year 1987 [14]. Source Empa.
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The Kattenbusch Bridge in Germany was the world’s first bridge where the EBR strengthening technique Glass Fibre Reinforced Polymers (GFRP) were applied [16]. It is a multispan box girder bridge built as an in situ spanwise construction. The working joints are at the points of contra flexure where the tendons are coupled. In the 1980s, cracks were observed at these working joints at the Kattenbusch Bridge. Due to increased fatigue stresses, the durability of the reinforcement and the tendons of the bottom slab were no longer assured. Prof. Ferdinand S. Rostásy recommended the building authorities the use of the EBR strengthening technique with GFRP plates. These plates were due to the low modulus of elasticity of GFRP relatively thick (Figure 5). The building authorities followed the recommendation and, to the best knowledge of the authors, these GFRP plates still fulfill their tasks. The application was in the year 1987.


Figure 5. Glass fiber reinforced polymer (GFRP) Plates at the bottom slab of Kattenbusch Bridge (Source: Prof. Ferdinand S. Rostásy).
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As a world premiere, the Ibachbridge near Lucerne in Switzerland was successfully strengthened with CFRP strips in 1991 [17,18]. See Figure 6, Figure 7 and Figure 8. Core borings were performed to mount new traffic signals on the bridge and, in the process, a prestressing tendon in the outer web was accidentally damaged with several of its wires completely severed by means of an oxygen lance. The bridge was therefore repaired with three CFRP laminates; two had dimensions of 150 mm × 5000 mm × 1.75 mm and one had dimensions 150 mm × 5000 mm × 2 mm [18]. They had a fibre content of 55% (vol %) and an elastic modulus of 129 GPa.


Figure 6. Strengthening work on the Ibach bridge in the year 1991.
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Figure 7. Applied CFRP strips on the Ibach bridge in the year 1991 (two strips were painted for aesthetic reasons).
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Figure 8. The Ibach Bridge near Lucerne, Switzerland.
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Figure 9 shows a photo from the year 2008 of one of the CFRP strips, which were applied in 1991. It is visible that the CFRP strip was still in good condition, and only some dust is visible.


Figure 9. The photo shows the very good condition of one of the CFRP strips in the year 2008 (dust on the surface is visible).
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1.3. Research on Prestressed EBR CFRP


The idea of prestressing the CFRP laminates was firstly studied in a PhD thesis work by Deuring [19]. The prestressing of the CFRP strips has the advantages that the serviceability of the structure can be increased, i.e., the deformations and crack widths are decreased and the CFRP material is better utilized. Nowadays, several products are available on the marked to apply prestressed CFRP strips [20].




1.4. Transfer to Industry


For the transfer of new products and techniques to the industry, it is essential that guidelines exist. The first code in Switzerland on externally bonded reinforcement was published in 2004, [21], and also other countries released their guidelines in this field at that time, e.g., [22,23,24]. The bond of non-metallic reinforcement entered the fib model code 2010 [25,26] and work is going on in order to introduce them into the second generation of the Eurocodes.



The FRP strengthening technique for reinforced concrete structures is nowadays state-of-the-art and is introduced into the industry. Several companies sell the FRP strips or fabrics and the suitable epoxy adhesive. The second author predicted in 1997 the worldwide demand of CFRP for EBR as given in Figure 10. Due to the lightweight, easy handling, good durability and high strength, the technique is extremely successful also from an economic point of view, which shows the number of companies that are working in the field. The prediction from 1997 was very much on the conservative side because the demand in 2014 was in reality 7500 tons.


Figure 10. Taken from Meier [27]: Prediction of the worldwide demand of CFRP for external flexural post-strengthening in 1997. In 2014, the demand was in reality 7500 metric tons!
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1.5. Long-Term Behaviour


As described, this material is used already for 25 years in construction. However, the application of this material requires not only knowledge of the ultimate and serviceability limit states, but also information on the durability of the CFRP over the remaining lifetime of the structures. Many investigations on the durability and long-term behaviour of unstressed and prestressed externally bonded reinforcements are available in the literature. For example, Correia et al. [28] investigated the durability of RC slabs strengthened with prestressed CFRP laminate strips according to the EBR technique by exposing strengthened RC specimens for approximately eight months in water at 20 °C, in water with 3.5% dissolved chlorides at 20 °C and wet/dry cycles in a tank with a water temperature of 20 °C. It was found that the environmental conditions and the sustained loading, separately or combined, led in general to slight losses of performance and ductility. Similarly, Harmanci et al. [29] presented an experimental investigation on the long-term resistance of the gradient anchorage, a purely epoxy-based non-mechanical anchoring technique for prestressed carbon fiber reinforced polymer (CFRP) strips, after exposure to accelerated ageing conditions. Several exposure scenarios and their effect on the residual load carrying capacity were considered, namely the effect of carbonated concrete, freeze–thaw cycles, as well as their combination. Results indicated a higher anchorage resistance for carbonated concrete compared to the reference specimens. However, specimens subjected to freeze–thaw cycles exposure suffered from a significant reduction in residual anchorage resistance, as well as a shift in failure mode from a concrete substrate dominated to an epoxy/concrete interface failure.



Moreover, in a study by Kim et al. [30], carbon reinforced polymer and glass reinforced polymer materials were bonded to the tension face of two RC beams. The beams were then placed under sustained loads for 300 days. Displacements and strains were monitored. No failure occurred. The proposed method to predict the long-term deformations showed good agreement with the experimental results. Furthermore, it was concluded that, under the same sustained loads, specimens that were externally bonded with FRPs showed less time-dependant deflections than those of the conventional specimen.



In addition, Foraboschi [31] presented an investigation on the prediction of the lifetime of concrete members with EBR, focusing on crack growths in the concrete cover due to the shear stresses, which are introduced by the EBR. An analytical method was derived and compared to experimental results.




1.6. Long-Term Monitoring Campaigns


In the following, two different long-term monitoring campaigns over an extraordinary long time will be presented. Monitoring of CFRP strips provides indications about their long-term behaviour, and, consequently, confidence in the use of this material for strengthening civil structures.



Firstly, in a long-term laboratory test that has been ongoing at Empa since 1970, a concrete beam has been strengthened in flexure using a steel plate. A two-component epoxy adhesive was used. The beam was and is still loaded to 87% of the mean ultimate load and is still in a good state. Secondly, a monitoring campaign on a road bridge at the boarder of Switzerland with epoxy bonded CFRP strips has been going on since 1996. Displacements are measured manually by using a mechanical strain gauge.





2. Concrete Beam with a Bonded Steel Plate


2.1. Introduction


Prefabricated reinforced concrete (RC) elements of the roof of an industrial building (Figure 11) had to be strengthened in 1970. The reason for the strengthening was that cracks were observed and it was found that insufficient internal steel reinforcement existed in the prefabricated RC elements. It was decided that the RC elements shall be strengthened with externally bonded steel plates. Figure 12 shows the strengthened industrial building on a photo in the year 1992. The steel plates are indicated with white arrows in Figure 12. They are hardly visible because of the white paint.


Figure 11. Industrial building in Kreuzlingen in Switzerland, which was strengthened in 1970 by means of steel plates.
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Figure 12. Detail of the inside of the building. The red arrows indicate the location of the steel plates. The photo was taken in the year 1992.
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As discussed before, in 1970, the knowledge on the strengthening technique of bonding steel plates with epoxy adhesive to concrete was at the beginning. Therefore, in this year, a test program was performed at Empa to investigate this technique. Several prefabricated RC elements strengthened by epoxy bonded steel plates were tested statically in a four-point bending test, one element was tested under fatigue and one was used for a long-term sustained loading test. This test is still running today and will be presented in this paper. See also [32,33].




2.2. Materials and Test Set-Up


The RC elements for the experiments were produced from a Swiss prefabrication company (Element AG, Veltheim, Switzerland) and were delivered to Empa. Unfortunately, only limited documents from the investigation today exist. However, the material properties were reconstructed in the year 2002: the concrete compressive strength after 28 days was fc,cube,28 ≈ 28 MPa; in 2002, the concrete strength was fc,cube ≈ 58 MPa, the steel plate is likely to be an ordinary construction steel S235 with a yielding strength of fy ≈ 236 MPa, and the adhesive is a two-component epoxy adhesive probably from the company Ciba-Geigy (Basel, Switzerland) [34].



The beam is loaded as a four-point bending test (Figure 13 and Figure 14) and constantly loaded with 2 × 30 kN with lead weights. The beam is an edge beam as visible in Figure 12, which explains the nose cross beams visible in Figure 13. The constant load of 2 × 30 kN corresponds to 87% of the mean value of the failure load of the two static tests (Figure 15). This can be considered as a very high value close to failure. A photo of the failure mode during the static loading test of one of the beams is given in Figure 16.


Figure 13. Dimension and measurements of the long-term beam test.
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Figure 14. Long-term test at Empa: RC beam strengthened with a bonded steel plate under a sustained load.
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Figure 15. Load-displacement diagram of the static loading tests.
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Figure 16. Failure mode in the static loading test on Beam 2B.
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The mid-span displacement of the long-term test is measured with a dial gauge (Figure 14) and the strains with a mechanical strain gauge. In the year 1986, the test had to be relocated in the laboratory and, on this occasion, the loading with concrete blocks was changed to lead weights. Unfortunately, during the reconstruction of the Empa laboratory in 2000, the base for the displacement measurements was damaged. Therefore, these measurements were corrected; however, the strain measurements were not affected from this issue.




2.3. Results


After 47 years, the beam is still in a good condition. The steel plate has some corrosion at the surface, which is considered as not relevant (Figure 17). The strain-time and displacement-time diagram is given in Figure 18. It shows that the main creep occurs in the concrete in the compression zone. The corresponding creep factors (calculated by the ratio of displacement or strain at 11 April 2017 to 24 March 1970) are given in Table 1. It can be concluded that almost no creep takes place in the epoxy adhesive.


Figure 17. Bottom side of the beam in the year 2015. Surface corrosion is visible on the steel plate.
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Figure 18. Long-term measurements since 1970 on the RC beam strengthened with an epoxy bonded steel plate.
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Table 1. Overview of the measured displacements and strains shortly after loading and after 47 years of long-term monitoring. Furthermore, the creep factors are given.







	
Date

	
Years

	
Displacement [mm]

	
Concrete compression strain [‰]

	
Steel tensile strain [‰]






	
24 March 1970

	
0

	
6.2

	
0.61

	
0.90




	
11 April 2017

	
47.1

	
13.7

	
1.96

	
1.20




	
Creep factor:

	
2.2

	
3.2

	
1.3










The tensile stress in the steel plate can be estimated from the measured steel strain of 0.9% by using an elastic modulus of 210 GPa as 189 MPa. The corresponding tensile force is therefore 159 kN (cross-section of steel plate is 7 × 120 mm2, Figure 13). A simple check with a comparison of the flexural moments due to loading and resisting results in this force not being correct (assuming no internal reinforcement):

	
Existing maximum flexural moment from loading: 30 × 0.945 = 28.4 kNm (Figure 19),


Figure 19. Static system, flexural moment and global shear stress between the steel plate and the concrete surface of the long-term beam test shown in Figure 13.
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Flexural resisting flexural moment: 159 × 0.95 × 0.19 = 28.7 kNm.








If it is assumed that the global shear stress between the loading point and the end of the steel plate is constant, a global shear stress of 1.5 MPa (bond area: 120 × 908 mm, Figure 19) can be determined, which can be considered as a very high stress that was constantly existing over all the years in the beam. However, this study shows that the high loading over 47 years did not influence the externally bonded steel strips negatively.





3. Rhine Bridge Oberriet with Externally Bonded CFRP Strips


As already mentioned above, the Ibachbridge near Lucerne in Switzerland was successfully strengthened with CFRP strips in 1991 as a world premiere. These CFRP strips have been monitored only once, in September 2008, due to very difficult access. It was found, as discussed before, that the CFRP strips were still in very good conditions (Figure 9).



In the following, another project that was performed only some years later is described and, due to the easy access, a monitoring campaign was possible. The Rhine Bridge, built in the year 1963, connects Oberriet in Switzerland and Meiningen in Austria and crosses the Rhine River with three continuous spans (Figure 20). The steel-concrete composite superstructure is comprised of two steel girders and a cast-in-place concrete deck (Figure 21). The owner of the bridge is the Canton St. Gallen from Switzerland and the Land Vorarlberg from Austria.


Figure 20. Bridge over the river Rhine near Oberriet in Switzerland.
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Figure 21. Cross-section of the bridge. Figure taken from [35]. The location of the CFRP strips are indicated with a red line.
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The strengthening project in 1996 was necessary because of higher road loads and chloride contaminated concrete. On top of the concrete slab, a concrete layer was replaced and a new steel reinforcement for the negative bending moment in bridge cross direction was embedded. On the bottom of the slab, CFRP strips from the Company Sika (Zürich, Switzerland) with a cross-section of 80 × 1.2 mm and a length of 4.2 m were applied in order to strengthen the positive bending moment in the bridge cross-direction (Figure 21 and Figure 22). In total, approximately 670 m strips were used. A description of the design of the strengthening project can be found in Walser et al. [35]. The project engineer was Bänziger & Köppel & Partner from Buchs in Switzerland.


Figure 22. Underside of the bridge. The CFRP strips for the strengthening of the cross-direction are visible between the steel girders.
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Displacement measurements with a mechanical strain gauge (Figure 23) on two of the CFRP strips and the adjacent concrete has been performed on a regular basis since 1996. The stainless steel measurement points are protected with a threaded cover (Figure 24 and Figure 25). The measurement length of the mechanical strain gauge is 200 mm. Measurements are performed on the CFRP strip at mid-length and strip-end, and at adjacent locations on the concrete. See also [36].


Figure 23. Mechanical strain gauge, which is used for the measurements.
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Figure 24. Measurement points at the end of a CFRP strip.
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Figure 25. Measurement points at the mid-length of a CFRP strip.
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Some measurements of the variations of the displacements are given in Figure 26 and Figure 27. It is noticeable that the displacements have a strong relation to the temperatures. With a temperature change between winter and summer of ΔT ≈ 25 °C and a temperature expansion coefficient of αT = 10−5, a displacement variation of ΔT × αT × L ≈ 0.05 mm has to be expected. Therefore, the measurements in Figure 26 and Figure 27 show only structural expansions and contractions due to seasonal temperature variations and no damage of the bond. Furthermore, the photos in Figure 24 and Figure 25 and visual inspection show that the CFRP strips are still in a good condition. The CFRP strips are bonded at the bottom of the bridge and therefore protected from UV radiation and extensive rain exposure. However, air humidity in foggy weather situations and from the river Rhine, which flows under the bridge, are still expected. Nevertheless, this study shows that all of these effects over more than 20 years did not influence the externally bonded CFRP strips negatively.


Figure 26. Displacement measurements over the last 20 years. Measurements CH 1 and 2 are from the strip end to the concrete surface and CH 3 and 4 on the concrete surface (see Figure 24).
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Figure 27. Displacement measurements over the last 20 years. Measurements Oe 13 and 14 are on the strip (at mid-length of strip) and CH 15 and 16 on the concrete surface similar as can be seen on Figure 25.
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4. Recommendations


Due to the fact that the steel plates are susceptible for corrosion, the authors recommend using FRPs instead of steel for new EBR strengthening projects. The examples described in this paper prove that FRPs and polymers are very reliable construction materials, if correctly applied (see also [37]). The following measures for durable constructions with FRPs are recommended:

	
No water wetting,



	
FRPs should be used only for Exposition Classes X0, XC1 (dry) and XC3,



	
For other exposition classes: special measures such as coatings are necessary,



	
Moderate sustained loading (prestressing, load),



	
Service temperatures ≤ 50 °C (ca. 10° lower as Tg)



	
If FRPs are exposed to direct UV, there will be a gradual degradation of the polymer matrix at the surface. From a structural point of view this is no problem but it looks ugly. Therefore, in such circumstances, the application of a gelcoat is recommended.









5. Conclusions


In the first part of the paper, the impressive history of the development and introduction of the EBR strengthening technique to the construction industry is described. In the 1960s and 1970s, bonded steel plates were used to strengthen reinforced concrete. Then, in the 1980s, the FRPs were introduced and the first site applications were in the 1990s.



In the second part of the paper, two extremely long-term monitoring campaigns are presented. The following conclusion from these investigations can be made. The 47-year-old test on a beam with an epoxy bonded steel plate and a high sustained load showed that:

	
although very highly loaded, the strengthening of an RC beam with externally bonded steel plates is, after 47 years of sustained loading in the laboratory, still in good condition, and no failure was observed,



	
the increase of the displacements happens mainly due to creep of concrete,



	
the epoxy adhesive for the bonding of the steel plate to the concrete is still in good condition.








The 20-year-old CFRP strips glued on the bottom side of the Rhine Bridge in Oberriet showed that:

	
the CFRP strips are still in good condition,



	
the measurements show only seasonal temperature deformations.








Lastly, recommendations on how FRPs are correctly applied are given, with the aim to get durable strengthening solutions.







Acknowledgments


As this study presents long-term measurements over almost 50 years, many persons from Empa were involved and their contributions are acknowledged. The set-up of the concrete beam with a bonded steel plate was initiated by A. Rösli and his staff in 1969. Afterwards M. Ladner was for two decades in charge of this laboratory and cared with his staff for the long term monitoring. G. Egger reconstructed the material properties and corrected the measurements, which were damaged during construction work in laboratory. The measurement set-up on the externally bonded CFRP strips on the Rhine Bridge Oberriet was designed and installed by Heinz Meier and others. Furthermore, the continuous support of many Empa technicians is greatly appreciated. The financial support of Empa, Materials Science and Technology, Switzerland, is acknowledged. This paper was selected as among the best contributions to the SMAR2017 Conference, and the article processing charges was therefore waived. The authors would like to thank the guest editors and the editorial board of the Journal Polymers for this possibility.




Author Contributions


C. Czaderski joint Empa in 1997 and was responsible for the long-term measurements on the Rhine Bridge Oberriet since 1997 and on the concrete beam with a bonded steel plate since 2015. He analyzed the data, produced the figures and wrote the paper. U. Meier joint Empa in 1969 and was one of the pioneers in the 80’s and 90’s, who introduced FRP’s in civil engineering (see many figures and references from U. Meier in the paper). He wrote the paragraph on the Kattenbusch bridge and provided several figures for the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
L’Hermite, R.; Bresson, J. Béton armé par collage d’armature. In Proceedings of the Collogue RILEM, Paris, France, September 1967; p. 175. [Google Scholar]

	2. 
Bresson, J. Nouvelles recherches et applications concernant l’utilisation des collages dans les structures. Béton plaqué. In Annales de l’ITBTP; Série Béton, Béton Armé; Editions ESKA: Paris, French, 1971; Volume 278, pp. 22–55. [Google Scholar]

	3. 
Ruggli, C.; Wyss, P.; Zenobi, G. Klebearmierung-eine neue Technik zur Erhaltung von Bausubstanz. Schweiz. Ing. Archit. 1980, 98, 653–658. [Google Scholar]

	4. 
Johnson, R.P.; Tait, C.J. The strength in combined bending and tension of concrete beams with externally bonded reinforcing plates. Build. Environ. 1981, 16, 287–299. [Google Scholar] [CrossRef]

	5. 
Dussek, I.J. Strengthening of bridge beams and similar structures by means of epoxy-resin-bonded external reinforcement. Transp. Res. Rec. 1980, 780, 21–24. [Google Scholar]

	6. 
Ladner, M.; Weder, C. Concrete Structures with Bonded External Reinforcement; Empa Report No. 206; Empa: Dübendorf, Switzerland, 1981; p. 61. [Google Scholar]

	7. 
Ladner, M.; Flüeler, P. Versuche an Stahlbetonbauteilen mit geklebter Armierung. Schweiz. Bauztg. 1974, 92, 463–470. [Google Scholar]

	8. 
Agthe, R. Die Ausführung der Klebearbeiten. Schweiz. Bauztg. 1974, 92, 471–474. [Google Scholar]

	9. 
Fässler, A.; Derendinger, P. Die Sanierung der Gizenenbrücke über die Muota: Bericht des Bauingenieurs. Schweiz. Ing. Archit. 1980, 98, 1003–1004. [Google Scholar]

	10. 
Mathys, E. Die Sanierung der Gizenenbrücke über die Muotha: Ausführung der Armierungsarbeiten. Schweiz. Ing. Archit. 1980, 98, 1005–1006. [Google Scholar]

	11. 
Ladner, M. Die Sanierung der Gizenenbrücke über die Muota: Belastungsversuche. Schweiz. Ing. Archit. 1980, 98, 1006–1009. [Google Scholar]

	12. 
Meier, U. Topic 2, Designing and producing materials by combination. Mater. Struct. 1988, 1988, 85–89. [Google Scholar] [CrossRef]

	13. 
Meier, U. Modern Materials in Bridge Engineering; IABSE Report; IABSE c/o ETH: Zürich, Switzerland, 1991; Volume 64, pp. 311–323. [Google Scholar]

	14. 
Meier, U. Brückensanierungen mit Hochleistungs-Faserverbundwerkstoffen. Mater. Tech. 1987, 15, 125–128, (In German and French). [Google Scholar]

	15. 
Kaiser, H. ETH No. 8918 in German: Bewehren von Stahlbeton mit Kohlenstoffaserverstärkten Epoxidharzen (Reinforcing of Reinforced Concrete Using Carbon Fiber Reinforced Epoxy Resins). Ph.D. Thesis, Empa Dübendorf ETH Zürich, Zürich, Germany, 1989. [Google Scholar]

	16. 
Meier, U. Rehabilitation and Retrofitting of Structures Trough External Bonding of Thin Carbon Fibre Sheets. In Proceedings of the 7th European Conference on Composite Materials ECCM 7, London, UK, 31 May 1996. [Google Scholar]

	17. 
Meier, U.; Deuring, M. The application of fiber composites in bridge repair—A world premiere at the gates of Lucerne. Strasse und Verkehr 1991, 77, 534–535. [Google Scholar]

	18. 
Meier, U. Strengthening of structures using carbon fibre epoxy composites. Constr. Build. Mater. 1995, 9, 341–351. [Google Scholar] [CrossRef]

	19. 
Deuring, M. Verstärken von Stahlbeton Mit Gespannten Faserverbundwerkstoffen (Post-Strengthening of Concrete Structures with Pre-Stressed Advanced Composites). Ph.D. Thesis, ETH Zürich, Zürich, Switzerland, 1993. [Google Scholar]

	20. 
Michels, J.; Barros, J.; Costa, I.; Sena-Cruz, J.; Czaderski, C.; Giacomin, G.; Kotynia, R.; Lees, J.; Pellegrino, C.; Zile, E. Prestressed FRP systems. In RILEM State-of-the-Art Reports; Springer Science + Business Media: Berlin, Gemany, 2016; pp. 263–301. [Google Scholar]

	21. 
SIA166. Klebebewehrungen (Externally Bonded Reinforcement); Schweizerischer Ingenieur-und Architektenverein, SIA: Zurich, Switzerland, 2004. [Google Scholar]

	22. 
Fib. Externally Bonded FRP Reinforcement for RC Structures; Bulletin 14; International Federation for Structural Concrete (fib): Lausanne, Switzerland, 2001. [Google Scholar]

	23. 
CNR. Guide for the Design and Construction of Externally Bonded FRP Systems for Strengthening Existing Structures; CNR-DT 200/2004; CNR-Advisory Committee on Technical Recommendations for Construction: Rome, Italy, 2004. [Google Scholar]

	24. 
ACI_440.2R. Guide for the Design and Construction of Externally Bonded FRP Systems for Strengthening Concrete Structures (ACI 440.2R-08); American Concrete Institute: Farmington Hills, MI, USA, 2008. [Google Scholar]

	25. 
Triantafillou, T.; Matthys, S. Fibre-reinforced polymer reinforcement enters fib Model Code 2010. Struct. Concr. 2013, 14, 335–341. [Google Scholar] [CrossRef]

	26. 
Fib. fib Model Code for Concrete Structures 2010; International Federation for Structural Concrete (fib): Lausanne, Switzerland, 2013; p. 402. [Google Scholar]

	27. 
Meier, U. Repair Using Advanced Composites; IABSE Report; IABSE c/o ETH: Zürich, Switzerland, 1997; Volume 999, pp. 113–124. [Google Scholar]

	28. 
Correia, L.; Sena-Cruz, J.; Michels, J.; França, P.; Pereira, E.; Escusa, G. Durability of RC slabs strengthened with prestressed CFRP laminate strips under different environmental and loading conditions. Compos. B Eng. 2017, 125, 71–88. [Google Scholar] [CrossRef]

	29. 
Harmanci, Y.E.; Michels, J.; Czaderski, C.; Loser, R.; Chatzi, E. Long-term residual anchorage resistance of gradient anchorages for prestressed CFRP strips. Compos. B Eng. 2018, 139, 171–184. [Google Scholar] [CrossRef]

	30. 
Kim, S.H.; Han, K.B.; Kim, K.S.; Park, S.K. Stress-strain and deflection relationships of RC beam bonded with FRPs under sustained load. Compos. B Eng. 2009, 40, 292–304. [Google Scholar] [CrossRef]

	31. 
Foraboschi, P. Analytical model to predict the lifetime of concrete members externally reinforced with FRP. Theor. Appl. Fract. Mech. 2015, 75, 137–145. [Google Scholar] [CrossRef]

	32. 
Czaderski, C.; Meier, U. Long term behavior of epoxy adhesives and FRPs for strengthening of concrete. In Proceedings of the SMAR 2017, Zurich, Switzerland, 13–15 September 2017. [Google Scholar]

	33. 
Egger, G. Geklebte Lamellenbewehrungen haben Langzeittest bestanden. tec21 2003, 129, 11–13. [Google Scholar]

	34. 
Hugenschmidt, F. Die Anwendung von Epoxidharzen in der Bautechnik. Schweiz. Ing. Archit. 1980, 98, 1010–1011. [Google Scholar]

	35. 
Walser, R.; Steiner, W. Strengthening a Bridge with Advanced Materials. Struct. Eng. Int. 1997, 7, 110–112. [Google Scholar] [CrossRef]

	36. 
Czaderski, C.; Meier, U. Long-Term Behaviour of CFRP Strips for Post-Strengthening. In Proceedings of the 2nd International fib Congress, Naples, Italy, 5–8 June 2006. [Google Scholar]

	37. 
Meier, U. The life times of polymer composites in construction. In Proceedings of the AIP Conference, VIII International Conference on “Times of Polymers and Composites”, Naples, Italy, 19–23 June 2016. [Google Scholar]

































































© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
$9P020JNT uoneIausab puz sisius Y¥g3

[ge] 'ep0od |apow qif si21ud ¥g3

[02] 493 U0 9pOD SSIMS 111y

[12] 944D ¥a3 passaisaid ‘buunag sisayr qud

[6L '8L] pueuazyms 'suladnT ‘abpliq yoeq|
:d¥4D ¥g73 Jo suonedidde ayis 1541} SPIMPJIOM

[91] 944D ¥g3 passaiisun :iasiey sisayl ayd

abpug yosnquaney
[/1] 4¥4D Yg3 passalisun jo uonedidde a1is 1S} dpPIMPIOM

ddd 4493 O sesp! isiy

[21-01] puepazZIMS ‘|931S ¥g3 Yiim pauayibualls abpLquazio

uabuljznasy ul buipjing |euisnpul
PUBISZIIMS Ul [93)S ¥g3T JO uonedijdde as s

[f-2] @duel4 Ul [931S Yg7 Jo suonedidde ays 141}

[991S g3 UO seapl 1511

A

——020¢

— 0L0¢

—000¢

— 066l

— 0861

— 0.6l

— 096l

Kepoy

o

long-term test at Empa: concrete beam with a EBR steel (Section 2)

N~ o
(@)}
—

monitoring of Rhine bridge Oberriet with EBR CFRP (Section 3)

O
Qg

|

(@)
<





media/file52.png
Displacement [mm]

-0.08

AR
V \\

1996

70

60

50

40

30

20

-10

1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

Time [years]

-=-CH1 --~CH2 —+-CH3 —-«CH4 —=—Temp.

Temperature [°C]





media/file39.jpg





media/file18.png





media/file21.jpg





media/file44.png





media/file26.png
F/2=30kN F/2=30kN F=2x 30kN
T 945 L 1005 945 i 420
. e 1
L1150
; z P |
fm
_!l 2895 500

LFlachstcxhl (7x120x2820 mm )
mit EP-Kleber aufgeklebt.





media/file7.jpg
Kraft 2F

[kN]
50

40

30

20

/

Bruch der
CFK-Lamelle

Streckgrenze des
Stahles erreicht

Versuchsanordnung:
2400
2000
Fy 680 F

erster Riss

T o
aufgeklebte CFK-Lamelle

t
Trdger- i LR
Querschnitt: ik
Al Mosse w0 [T &
in mm 250

| | I !

0 4 8 42 [%o]

Dehnung





media/file28.png





media/file10.png





media/file49.jpg





media/file11.jpg





media/file6.png





media/file36.png
Tensile and compression strain [%o]

Long-term test on a RC beam with EB steel plate

Test conditions : Temp. 16 .... 24 °C, rel. Humidity 30 .... 70 %, in the laboratory

20 20
_D_D/c/j— w—uﬂ
Concrete compression strain FH:'V_
D/Df
1.5 — 15
Displacement at mid-spah =0 ___o_o_o__o,o_ofo—o——%-——o—'o
o’\—
/ Steel strajn A W\/__o\//\ \// PR
W A—_\——A-—-A
i oncrete|strain
1.0 10
0.5 5
0.0 0
1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

Observation Period

Displacement at mid-span [mm]





media/file15.jpg





nav.xhtml


  polymers-10-00077


  
    		
      polymers-10-00077
    


  




  





media/file54.png
Displacement [mm]

0.08 70

o I A A L
0.00 '-A 3 IV \ AN\ X 30
-0.02 A’ p ALA” A ‘A A A A 20
DO AN Va1 AWAVAVA Y A T AN LN
VIV VN Y
-0.06 N 0

1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

Time [years] -5-0e13 &+-0e14 —-0e15 ==0e16 ==Temp.

Temperature [°C]





media/file2.png
tole ~
d 'ampr

béton

Y - B
C e o aa

- —_—
LT
. e TH e g
P
. .a',",llb‘_ !
e
-_o- ,.-“"_'n-
e ey
. D"L "“I‘. -"‘
-‘,."' ..h Lo

.-'.‘a.l_ :a..‘-
.6.~ = I
-, = N -

colle j

Fig. 2 -

La poutre en b&ton durci est
armée en flexion par collage

d'une tole.

The hardened concrete beam
48 neinforced 4n flexure by
aluing 2o it a metal sheet.





media/file53.jpg
A Lo
L N
Jla

Time [years]

0613 50814 0815 0816 —Temp.

Temperature [°C]





media/file23.jpg





media/file24.png





media/file29.jpg
Load F (kN)

a0

30

3

10

Static loading tests in 1970

Long-term test
displacement:
alastic in 1970

after creepin 2017

10 20 30
Displacement at mid-span (mm)

40

50





media/file1.jpg
colle

Fig. 2 =
La poutre en béton durci est
armée en flexion par collage
d'une tdle.
The hardened concrete beam
48 neinforced in §Lexure by
aluing to it a metal sheet.





media/file12.png





media/file9.jpg





media/file42.png
" in_the span 960 over the
$
i35, 120 3.25 %
T [ §
Strengthening bridge deck I Strengthening with normal steel,
by adding new concrete I embedded in the added concrele
e
Strengthening bridge deck Shear connectors
with CFRP - strips f=16mm
f b=80mm,L=4200mm, e=750mm 1
| l
230 l 500 i 230
v — v e g






media/file55.png





media/file47.jpg





media/file38.png
||.-||A||||
LN
z 9
o (@)}
m n
I~ .l -
L LN
S
e —
V4
O- P - — -
™
I LN
L <
(@)}
—— % ¢ - -

28.4 kNm





media/file17.jpg





media/file30.png
Load F (kN)

Static loading tests in 1970

io Failure load
Failure Load F Be_a:rsr;;sB kN
Beam2B —
Fmax = 32.3 kN /f/L/l/‘—/

30
Long-term test
displacement:
elastic in 1970

after creep in 2017
20
10
0O
0 10 20 30 40

Displacement at mid-span (mm)

50





media/file51.jpg
Displacement [mm]

o.08

70

006

004

60

50

002

000

002

-0.04

0,08

40

L 30

20

10

o

0,08

!

10

109

1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

~-CH1_~+-CH2_—~CH3_~-CH4_—Temp

Time [years]

Temperature [°C]





media/file35.jpg
Long-term test on a RC beam with EB steel plate
Tt ondons  Top. 16, 24, o oy 0. 8%, i h bty

WW
7 -
: £
U0 U 00 e S .

Glservallon Puriod





media/file48.png





media/file27.jpg





media/file3.jpg
saposoung uonesoust puz sowa ¥l

521903 o gy o 453

0014300 390> s 54

L2 35> a3 st B

pussazius summ 26 e
PCR et R et
[ e ——

stpug wsnauanes
49 453 posansun o vonede S B SHAIOH

0w

s oseopon

TN 195 83 i PXBRIS 1T

by bupioa g
sz o B0 483 o UONABE o

(2131 1 g3 o suonene

n
o5y o seap -

o202
Few

8, montoing o e bidge Oberie i B8R CFRP (Secion )

+oi0e

ek
'

T
2, long e st Emp: concree oo with 2 E8 st Saction ).

ozt






media/file22.png





media/file19.jpg
900
800
700

=600

& s00

& 400
300
200
100

1992

1994

1996

1998

2000

2002

2004

2006

2008

2010

2012

2014

2016

2018

2020

2022

2024
2026

2028

2030





media/file40.png





media/file33.jpg





media/file32.png





media/file14.png





media/file41.jpg
in_the_span 960
325 3:

over the piers

t

Sirenginaning wih normal sieel,
embedsed i e osded concrele

1

Sirengmenng bridge deck| |
by osang rew concrete

Siengthening bridge deck Shear comeciors
win CFRP - sirips

ot mn
b-80mm, L+4200mm, & 750mm,

B & o o]






media/file37.jpg
kN F=30kN

pes LwosLoss 010 o
A w l T

M, = 284 kNm Tyopu = 15 MPa





media/file46.png





media/file45.jpg





media/file16.png





media/file20.png





media/file50.png





media/file5.jpg





media/file31.jpg





media/file25.jpg
F/2=30xN F/2=30kN

F=

. 945 1005 945
o

2x30kN.

420

© 2895

T
|

=

IN

|
|
g R\
|

L s

Flachstoh (74420x2820mm )

‘mit EP-Kleber ouigeklebt.






media/file0.png





media/file8.png
Kraft 2F

[kN]
501+
v
40 - Bruch der
CFK-Lamelle
{ ' Streckgrenze des
301+ Stahles erreicht
] // Versuchsanordnung:
/F 2400
' 2000
201+ F I 680 | F
1 1 1 1
. L aufgeklebte CFK-Lamelle
H{erster Riss J e
o1/ me e ] F8e
/ querschnitt: g
Alle Masse 1l 200 | pid
in mm - 2580
0 ! | |
0 B 8 12 [%o]

Dehnung





media/file43.jpg





media/file34.png





