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Abstract

:

Many older bridges feature capacity deficiencies. This is mainly due to changes in code provisions which came along with stricter design rules and increasing traffic, leading to higher loads on the structure. To address capacity deficiencies of bridges, refined structural analyses with more detailed design approaches can be applied. If bridge assessment does not provide sufficient capacity, strengthening can be a pertinent solution to extend the bridge’s service lifetime. For numerous cases, applying an extra layer of textile-reinforced concrete (TRC) can be a convenient method to achieve the required resistance. Here, carbon fibre-reinforced polymer reinforcement together with a high-performance mortar was used within the scope of developing a strengthening layer for bridge deck slabs, called SMART-DECK. Due to the high tensile strength of the carbon and its resistance to corrosion, a thin layer with high strength and low additional dead load can be realised. While the strengthening effect of TRC for slabs under flexural loading has already been investigated several times, the presented test programme also covered increase in shear capacity, which is the other crucial failure mode to be considered in design. A total of 14 large-scale tests on TRC-strengthened slab segments were tested under static and cyclic loading. The experimental study revealed high increases in capacity for both bending and shear failure.
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1. Introduction


The age distribution of the existing bridges in combination with several normative changes and significant economic and demographic changes in many industrial countries lead to many structures showing damages. Or else, there are computational deficits due to increased traffic or stricter verification [1,2,3,4,5,6,7]. In order to extend the remaining service life of the currently deficient structures, refined design concepts can provide a remedy that allows higher computational load-bearing capacities. In many countries, strategies have been developed for bridge assessment including monitoring, maintenance and design evaluation [8,9,10,11,12,13]. The aim is to extend the planning horizon in order to postpone the construction of a new replacement bridge for at least a part of the affected bridges. If some of the required verifications cannot be met even after a more detailed structural analysis during bridge assessment, strengthening measures can provide pertinent solutions. For reinforced or prestressed concrete bridges, which represent the majority of the German bridge population [3,14], established strengthening methods are available, such as additional external prestressing [15], insertion of shear connectors, additional concrete in the compression zone or external application of CFRP sheets or lamella [16,17,18]. Innovative materials, such as UHPC [19,20,21,22] or textile-reinforced concrete (TRC) [23,24,25] enable considerable material savings through increased performance. This results in a more resource-efficient use of materials with a reduced additional dead weight and an extended service life. In consequence, the substructures and foundation of the strengthened bridge are exposed to less extra loading while CO2 emissions from initial construction are spread over a longer period of use. Thus, the ecological footprint of concrete structures might be improved.



The findings presented in the following were part of a project aiming at developing a thin TRC layer which is intended to be added on bridge deck slabs between the RC structure and the road surface. It is called SMART-DECK and offers a three-fold functionality comprising monitoring, corrosion protection and strengthening of the transverse system of concrete T-beam or hollow core bridges. Strengthening is subject to the present paper. In terms of the gain in capacity due to the additional TRC layer, not only regular flexural and but also shear tests were conducted. The results of the experimental investigations are presented later. Prior to the presentation of the conducted investigations, the concept of the strengthening layer is described in Section 2. At the beginning, basic information on TRC is provided to give an understanding of the choice of material and the layout of the TRC layer.



The aim of the study is outlined in detail in Section 2.2, describing the specifics of SMART-DECK and outlining its distinction towards other studies addressing strengthening using TRC. The experimental programme is introduced in Section 3, beginning with small-scale tests. In Section 4, large-scale tests on slab segments under static and cyclic loading are presented. The paper concludes in Section 5 with a brief summary and prospects regarding potential future investigations.




2. Concept of the Strengthening Layer


2.1. Textile-Reinforced Concrete


Construction with reinforced concrete is rather economical and characterised by its versatile shaping. The two main elements—concrete and steel reinforcement—are combined to exploit their full potential when interacting with each other. One main disadvantage is the predisposition of the steel reinforcement for corrosion. If the concrete surface is damaged or chlorides enter the structure, the reinforcement can be damaged despite sufficient concrete cover. For this reason, research is concerned with the development of corrosion-resistant reinforcement elements. In the last two decades, research on corrosion-resistant textile reinforcements has been intensified. Early applications from Japan on non-metallic carbon mesh reinforcement [26] inspired research in the Collaborative Research Centre (Sonderforschungsbereich, SFB) 528 at TU Dresden, Germany, on strengthening of existing structures [27,28,29,30], while fundamental research on new construction elements utilising this then new technology was conducted in SFB 532 at RWTH Aachen University, Germany, [31,32,33,34,35].



The reinforcement in TRC is comprised of continuous fibres, which are called filaments (Figure 1). These are characterised by their good mechanical properties such as high tensile strength and, depending on the base material, medium to high modulus of elasticity. Depending on the desired fineness and the application, up to thousands of filaments are assembled to form a roving. The most common production method for non-crimp reinforcements is warp-knitting, where one or multiple rovings are arranged equidistantly and fixed in their position by additional knitting yarns, forming two-dimensional (2D) mesh-like reinforcement textiles. In biaxial textiles, warp rovings run in the longitudinal direction of the mesh, while weft rovings are arranged perpendicular to it.



Alkali-resistant (AR) glass fibres and carbon fibres are preferably used for TRC. Both materials have good mechanical properties, but carbon fibres are more durable than AR glass fibres [36]. Carbon fibres are characterised by their low density, a very high tensile strength and a high modulus of elasticity. They are manufactured in a multi-stage thermal process which determines the strength and stiffness of the fibres. Polyacrylonitrile (PAN) is usually used as the starting material for carbon fibres [37].



Bond of non-impregnated textiles is achieved by adhesion and friction rather than mechanical interlock, which is the typical mechanism for conventional deformed steel rebar. Due to the circular shape of the filaments and their small diameter, small voids exist in the roving. Because of their small size, cementitious binder cannot penetrate the roving and only encloses the edge filaments. The core filaments can only be activated for load transfer by friction on the edge filaments. Due to the smooth surface of the fibres, this bonding mechanism is ineffective and results in a telescopic failure with a stress gradient over the cross-section. An impregnation with low-viscosity organic or mineral binders fills the voids and allows for simultaneous activation of the core and sleeve material [34,38]. The most common impregnation materials are epoxy and styrene-butadiene. Also, new concepts with cementitious impregnation exist [39]. While meshes with styrene-butadiene impregnation maintain a certain flexibility but feature a rather soft bond to the concrete or mortar matrix, an epoxy resin provides a relatively rigid material behaviour which forms a strong bond to the cementitious matrix. At the same time, the latter allows for a much more straight-forward production since the reinforcement can be assembled in a formwork similar to reinforcing steel and the concrete can be regularly cast. It only needs to be ascertained that buoyancy of the textiles during compaction is prevented. Also, textile reinforcement must not be walked on due to its sensitivity to lateral compression. To a certain extent, this makes CFRP textiles with epoxy impregnated carbon rovings comparable to carbon FRP reinforcement. After concreting, it can be summarised under the term carbon concrete. The high potential of carbon concrete as an effective construction material has already been given prove of in numerous research projects and applications [40,41,42,43,44,45,46,47].




2.2. Characteristics of SMART-DECK


2.2.1. Intended Functions and Main Questions


The system SMART-DECK presented here was developed in a research project in cooperation with a total of seven project partners from research and building practice as well as administration and material production. It is added to the top of the bridge between the concrete slab and the road surface (Figure 2) and enables bridge strengthening with TRC and offers two other functionalities which were investigated by the project partners: moisture monitoring and preventive cathodic corrosion protection (pCCP) [48,49]. The overall investigations not only foculised the target functionalities but also the feasibility and manufacturing of the system on a bridge [50]. The strengthening effect was investigated at the Institute of Structural Concrete of RWTH Aachen University (IMB) and it is the central content of this paper. In contrast to other investigations with regard to the strengthening potential of bridges with TRC, SMART-DECK not only addresses flexural but also shear capacity of the bridge’s transverse system. These represent the main failure cases in ultimate limit state design of the bridge deck slab. So far, the impact of shear strengthening with TRC has been investigated with respect to the longitudinal system of the bridge [25,51,52,53], i.e., by supplementing the cross-section of the stirrup-reinforced webs. Since shear behaviour of slabs without shear reinforcement differs from that of beams with shear reinforcement [54], insights gained from previous results cannot simply be transferred to the transverse system. Comparable slab strengthening systems [55,56,57] addressed the increase in flexural capacity. For bending, significantly more pronounced tensile stresses can be assumed in the textile reinforcement compared to shear being the critical load case. Since the very high tensile strength is the essential characteristic of the carbon reinforcement, the question remained to which extent a significant increase in capacity could be achieved by increasing the flexural reinforcement when premature shear failure occurs.



Another research question was the manufacturability of SMART-DECK. A common method for TRC production is shotcreting [52,58,59]. Since SMART-DECK is realised in a horizontal plane, shotcreting is not a suitable solution due to ingress of rebound. Therefore, using shotcrete would have conflicted with technical rules for German bridges [60] in this application and was therefore excluded. A production via laminating (layer by layer) is labour-intensive, so regular concreting was preferred from the beginning. Initially, it was not clear whether this method would meet the various technical demands resulting from the implementation of the instrumentation for monitoring and pCCP or a possible device for (partially) automated manufacturing. The manufacturing method was also linked to the development of suitable spacers and fasteners for the reinforcement which do not interfere with the electrical current.




2.2.2. Layout


SMART-DECK is a supplementary TRC layer, which is applied on top of the existing concrete and subsequently covered by the road surface (Figure 3). It is to be processed along the entire width of the bridge deck, but the textiles are to be laid in sections in longitudinal direction of the bridge at a defined distance from each other in order to obtain electrically separated fields. SMART-DECK consists of a high-performance mortar and a textile reinforcement made of carbon fibres impregnated with epoxy resin. The textiles are installed in two layers with a mutual centre distance of 15 mm and an edge distance to the concrete interface and to the upper side of 10 mm, resulting in a total layer depth of approximately 35 mm.



The bond between strengthening layer and existing concrete in this system is not achieved by mechanical connectors but relies on concrete-to-mortar adhesion. This greatly reduces application time and cost but requires proper surface preparation prior to casting as well as a close quality control on site. The basic material carbon of the TRC layer offers the electrical conductivity required for monitoring and pCCP on the one hand. On the other hand, in combination with epoxy resin impregnation, it has good bonding properties to the surrounding concrete and is very efficient due to its high axial tensile strength (5 to 6 times the value of reinforcing steel). The corrosion resistance of the material allows the execution of thin layers with small concrete covers. Especially in combination with a massive existing supporting structure, which provides high stiffness, these advantageous properties of TRC can be used optimally and high increases in load-bearing capacity can be achieved with a minimum use of material.





2.3. Previous Investigations


As stated before, the flexural strength of regular RC components with small longitudinal reinforcement ratios can be significantly increased by TRC strengthening in the flexural tension zone [57,61,62,63]. Investigations on the influence of web strengthening with TRC showed that shear capacity of reinforced concrete beams can also be significantly increased by TRC strengthening [23,24,52]. Here, in addition to the high tensile strength of the textile reinforcement, the reduction of the crack width plays an important role, since this can prevent an early confinement of the flexural compression zone and delay the propagation of the shear crack into the compression zone. Furthermore, it could be shown that web strengthening with TRC can also be a useful alternative to existing strengthening methods for cyclically stressed components [23,53,64].



Prior to the start of the project, tests were conducted to estimate whether promising degrees of strengthening for the main failure modes in transverse direction of the bridge can be achieved in the ultimate limit state [65]. It was shown that a supplementary TRC layer can increase shear capacity of the bridge deck. However, different materials and different boundary conditions were applied in those tests compared to the investigation presented in this paper. Therefore, these results only allowed for tendentious statements.



The strengthening effect of SMART-DECK itself was already experimentally examined during realisation of the project demonstrator. For this purpose, a slab of approximately 100 m2 was built which also met the demands resulting from the other two intended functionalities. It featured a height of h = 28 cm and a change of slope was produced to represent realistic conditions for fabrication with respect to an existing bridge slab. The additional TRC layer was applied to 80% of the area, whereby the implementation of the cross-sectional supplement itself and the manufacturing of the measuring device for the monitoring system were tested. Subsequently, the monitoring system (see above) and the achievable increases in capacity were investigated. The latter was done by extracting saw-cuts from the strengthened and non-strengthened areas of the demonstrator slab, which were then tested in a total of eight load tests at IMB until failure. Bending and shear were investigated in the same way as in the series of tests presented here: 24–56% shear strengthening and 90–174% flexural strengthening were achieved [64].





3. Experimental Programme and Results of Small-Scale Tests


3.1. General


Material and small-scale tests were carried out to characterise the materials intended for SMART-DECK and their interaction with each other. The goal was to select a suitable combination of mortar and textiles for strengthening (I. and II., according to Figure 4). The small-scale tests were divided into three groups: uniaxial yarn tensile tests as well as flexural and uniaxial tensile tests on composite strips. In the uniaxial yarn tensile tests, individual fibre strands extracted from the mesh were investigated, while in the bending and other uniaxial tensile tests, composite components with textile cut-outs embedded in concrete were tested. Also, mortar testing was performed on each batch that was used for SMART-DECK on prisms W × H × L = 40 × 40 × 160 (mm) in accordance with Reference [66].



The quadratic textile reinforcement meshes were provided by the project partner solidian. The mesh size (centre-to-centre distance of the fibre strands) was either 21 or 38 mm. Depending on the knitting method, different bond properties can occur which not only differ among the various grids but also depend on the direction [38] since weft and warp vary in cross-sectional shape and surface characteristics (Figure 5).



With the findings from the small-body tests, in which various parameter combinations were investigated, the materials for the final SMART-DECK system were pre-selected. This optimised combination was then used as a strengthening layer in the large-scale tests. Small-body tests are particularly suitable for this purpose, as multiple repetitions with the same combination of properties and a large number of different specimens can be tested in a comparatively short time. The tests were labelled X-YZ based on the type of experiment and the materials used as follows:




	
X: test type (B: Bending, T: Tensile)



	
Y: applied mortar (consecutive number from the material notation)



	
Z: applied textile (consecutive number from the material notation)








For some tests, another abbreviation was added to the end in order to mark a more specific property. Table 1 shows the materials used in the course of the investigations on the strengthening effect of SMART-DECK. The notation A-B-C of the materials results from the project consortium’s definitions, where A is the material (M: mortar, T: textile), B is a consecutive number for each material and C is a specification (maximum aggregate size, in mm, for mortar and mesh size, in mm, for textiles).



Due to the production process, the weft direction of the textiles is limited to the width of the textile machines. For this reason, the weft direction is positioned in longitudinal direction and the warp direction in transverse direction of the bridge (main load transfer direction of the roadway slab) since separated segments of textile are required in longitudinal direction by means of electrically insulated areas (Figure 2). While the flexural and tensile tests on the composite material were therefore tested in warp direction, the yarn tensile tests were carried out for both fibre strand directions in order to obtain comparative values. Figure 4, Step I, shows the test setups and measuring technology used for the tensile tests on individual fibre strands and an example after failure.




3.2. Uniaxial Tensile Tests on Individual Fibre Strands


For test preparation, the fibre strands were extracted from the grid approximately at the centre between two strands (10–15 mm from the stand axis). The textiles have comparatively large yarn cross-sections. At the same time, carbon filaments have high strengths, so high failure loads had to be assumed, which required high lateral compression in the clamps at the ends of the yarns. To prevent them from rupturing in the clamps, the ends were glued into aluminium foil with the aid of epoxy resin mortar. These straps were fixed between the jaws of the clamps after curing.



Only results from tests were considered where the yarn actually ruptured within the free length. Loading was applied displacement-controlled at 1 mm/min. Meanwhile, the applied tensile force and the strain were recorded. Figure 6 shows the results for tests on T-1-38 (left) and T-2-21 (right) as mean value of 5–10 samples.



The results differ with regard to the test length (free length between the clamps). Since the probability of imperfections increases with increasing length of investigation, its influence should be checked. For T-1-38, no negative influence due to increasing test length is evident. Only in weft direction, slightly smaller stresses do occur at the largest test length compared to the medium test length. Instead, the tests on the weft yarns of T-2-21 show increasing ultimate stresses with longer test length. Only in warp direction of T-2-21, a decreasing trend is visible, whereby the tests with medium lengths showed comparatively low tensile strengths. Overall, the ultimate stresses of T-1-38 are somewhat lower than those of T-2-21 and the fibre strands in the weft direction have higher tensile strengths than those in the warp direction, which is due to the negative influence of the knitting thread and is commonly known [67,68].




3.3. Small-Scale Tests on the Composite


As mentioned before, the composite system was tested in small-body tests under bending and uniaxial tension (Figure 4, step II) to determine the essential properties of the strengthening layer under tension, such as cracking behaviour and stress–strain relationship. The pure tensile stress approximately corresponds to the eventual stress of the TRC layer on the bridge. As considerably more tests and thus more parameter combinations could be tested in a shorter time with bending tests, this method was preferred at the beginning of the project. The initial setup for uniaxial tensile tests ((Figure 4, step II), left test setup for tensile tests) required manual fixing of the specimens between the clamping jaws using several threaded rods, all of which had to be uniformly tightened. For the first materials tested within the scope of the project (M1, M2, T1 and T2 according to Table 2), both methods were therefore used. The dimensions of the specimens were determined according to the geometric properties of the textiles and the layered structure of SMART-DECK. Therefore, one layer of textile was bi-symmetrically positioned. The width of the composite strip was the multiple of the textile’s mesh width and the depth was 20 mm to represent a segment taken from a wide strengthening layer.



The textiles were placed in concrete over a total length of 1000 mm. For the flexural test, the TRC strips were supported over a span of 900 mm, with support overhangs of 50 mm at both ends. The test set-up was a 4-point bending test with centre distances of 300 mm in relation to the position of the supports and load application points. Large deflections occurred (100 to 130 mm in the middle of the span at ultimate load), which correspond to five to six times the depth of the test specimen. Failure always occurred via a propagating crack by spalling of the concrete compression zone without rupture of the textile. As the reinforcement did not fail and due to second-order effects (large deflection of the specimens in relation to the horizontal axis of support), the results of the bending tests were not taken into account in the evaluations and only uniaxial tensile tests were used in the further investigations of the composite load-bearing behaviour.



Further development of the uniaxial tensile test setup [69] minimised execution time. As shown in Figure 4, step II, on the right, the clamping jaws were replaced by a hydraulic device that simplified the installation of the specimens considerably. This setup was used from series 2 onwards. It can be concluded that flexural tests are unfit to determine the mechanical properties of composite specimens that are very thin and simultaneously feature such high flexural slenderness, l/d (here: l/d = 90). In this case, the tensile test setup does provide convenient results.



A total of five test series was investigated with their main parameters depending on the progress and open questions regarding the efforts of the project partners to develop advanced materials that meet all, and sometimes contradictory demands resulting from the different targeted functions of SMART-DECK (monitoring, pCCP and strengthening). While all tensile tests aimed at receiving essential insights on mortar to reinforcement combination, each series also aimed at defining another parameter, like, for instance, the following:




	
Series 1: manufacturing method → half the specimens were regularly cast (indication C in Figure 7a) with the mortar being fluid while the other half was manually laminated (indication L in Figure 7b) using a stiffer version of the mortar.



	
Series 2: number of textile layers → two layers were tested as in the actual strengthening layer (indication 40 mm depth) or one layer as in the description above (indication 20).



	
Series 3: water-to-cement ratio of the mortar.








Figure 7 shows the results of some of the uniaxial tensile tests on composite strips by means of their stress–strain relations. While the tensile force is related to both the composite and the textile area (left and right y-axis, respectively), the grey curves show the individual result of one test and the black line represents the mean curve calculated from the total of the individual results correspondent to an established procure [69]. Thus, it was determined by averaging stress values of all test curves over predefined equal strain intervals until the first curves end due to failure of the corresponding specimen. To define the mean increase in length at failure, an additional data point was defined which corresponds to the average strength of the individual specimens.



Those and the other tensile tests that are not shown in detail here, were conducted to characterise the properties in the warp direction, which is decisive for the strengthening effect in the present case. The specimen length was 1000 mm, and the anchor length at each end was 250 mm. Figure 8 shows a uniaxial tensile test until the specimen failed. The cumulative crack openings were measured over a length of 450 mm using displacement transducers attached to the front and back to derive the mean strain of the reinforcement. This is possible because of the large number of cracks in the measurement area (significantly more than five cracks, as indicated in [69]). The tests were carried out displacement-controlled at 2 mm/min.



Due to the specified layered structure of SMART-DECK with a concrete cover of 10 mm, the concrete cover of the tensile strips was also limited and not optimised regarding maximisation bond or maximum tensile stress development. Therefore, it was expected that a full exploitation of the material’s potential might not succeed, which was confirmed by the tests. After completion of the crack formation transverse to the load direction, longitudinal cracks often formed in the textile plane. Failure of the fibre strands occurred abruptly and was accompanied by concrete spalling. In some cases, there was no or only partial spalling. In these cases, however, the matrix clods were no longer bonded to the textile. The fibre strands in tensile direction either ruptured or remained partially intact. Since the specimens that were concreted by means of pouring and compacting (Figure 7a) featured higher ultimate loads and less scattering than comparable specimens that were laminated (Figure 7b), the former manufacturing method was used for the following tests. It was also the preferred procedure in terms of ease-of-use since it is easier and faster to apply to large surfaces like bridge decks. In terms of the specimens’ depth, no significant difference was observed (Figure 7c,d). Therefore, specimens that only had one layer of textile reinforcement allow for a representative investigation of the tensile resistance of SMART-DECK. Material combinations 31 and 44 (Figure 7e,f) were used as strengthening layers for the large-scale tests described in Section 4.



In the first two mortars tested, the fibre strands generally failed smoothly. In the more advanced mortars, they were mostly frayed. An improvement in the bond properties was achieved by further development of the textiles (T-4-38). The highest failure stresses, and at the same time the smallest dispersion, were obtained in tests with sanded textiles of T-4-38 in combination with M-4-04 (Figure 7g). However, since sanding results in considerably poorer electrical properties, it was not shortlisted for the project. T4 featured the overall best properties regarding all three target functions of SMART-DECK and was therefore chosen for the large-scale tests.





4. Large-Scale Tests


4.1. Design and Materials


For investigation of the strengthening effect of SMART-DECK, a total of 17 results from component tests are available, as the overview in Table 2 shows. Twelve of them were carried out on strengthened slab segments. From another project, a double reference test with a longitudinal reinforcement ratio of ρl = 1.0% can be referred to [70]. The aim was to investigate the influence of SMART-DECK on the component behaviour for the two decisive failure types, bending (M) and shear (V), as well as failure in the interface (I). In Table 2, a distinction is made between planned and occurred failure types. For mixed forms, the sequence corresponds to the sequence of failure modes in the test. For example, V + I means that primary failure was due to flexural shear and the interface failed secondarily.



To control the bending moment, the load distance a = 0.7/1.0/1.3 m between load and support was modified and to additionally vary the exploitation of the flexural reinforcement, the longitudinal reinforcement ratio was set to either ρl,s = 1.0/0.5/0.2% in terms of the steel in the existing slab. For the high and medium longitudinal reinforcement ratio, threaded steel bars with a strength class of St900/1000 (Ø15) were used, and for the small longitudinal reinforcement ratio, a ribbed steel of B500 quality (Ø10) was used. The reinforcement layout of the reinforced concrete slab segments is shown in Figure 9. One half of specimen S8 was reinforced like S2 and S7, while the other half was equal to the reinforcement of S5 and S6, respectively. The non-strengthened reference slab segments featured a reinforcement that was identical to the corresponding specimens with TRC-strengthening.



No shear reinforcement was provided in the shear spans, as its installation in slabs is costly and therefore unusual in trunk road bridge slabs for practical reasons. A longitudinal reinforcement of Ø10/20 in transverse direction to the load transfer direction of the test bodies (longitudinal direction of the bridge) was provided in accordance with the normative minimum value for bridge slabs. The height of the RC base specimens was 28 cm, and the concrete cover was 20 mm all around. All slab segments were designed with a width of b = 50 cm, while the load plate’s widths were 40 mm to involve the entire cross-section in load transfer. No significant impact was expected by the additional TRC layer on stress redistribution in the slab originating from the concentrated load. In the near past, the influence of the slab width was extensively investigated for reinforced concrete slabs [71,72,73,74,75] and it is assumed that the findings are generally applicable to TRC strengthened slabs.



The reinforced concrete base bodies were concreted indoors with a ready-mixed concrete featuring a target strength corresponding to a C30/37 and a maximum aggregate size dg = 16 mm. The specimens were compacted by means of an internal vibrator. Material samples (cylinder Ø = 150 mm/h = 300 mm and cubes with an edge length of 150 mm) were produced, which were stored next to the slab segments and tested at the time of the component test in order to be able to draw conclusions about the developed concrete strengths of the slab specimens (Table 2). Prior to the application of the strengthening layer, the upper surfaces of the reinforced concrete components were roughened by means of solid blasting. Using the sand surface method [76], a mean roughness of at least Rt = 1.0 mm was determined (three measurements per slab segment). SMART-DECK was manufactured by the project partner Eurovia under construction site conditions.



Specimens S4, S5, S6, S7 and S8 were produced together and strengthened some weeks later at once. They had the same material combination in the TRC layer. The specimen which was used for tests S2-1 and S2-2 was manufactured at an earlier stage with the material combination then available.




4.2. Test Setup


Two separate tests were carried out on each specimen (Figure 10). The load was always applied to represent a load resulting from a truck driving on the outer lane and thus loading the cantilever of the bridge slab. The load distance, ai (load axis to axis of the support close to the load), was varied according to the specifications in Table 2. The support with a larger distance to the load was designed to take the lifting forces. The load was applied via a hydraulic cylinder and transferred to the specimen via a square load plate of 40 × 40 (cm) corresponding to the wheel contact area for trucks according to European standard [77].



All tests were statically loaded with stepwise increments until failure, except S8-1 and S8-2, which were loaded cyclically. The first four load stages were introduced load-controlled. From about half of the expected failure load, the load was applied deformation-controlled.




4.3. Results of Tests with Static Loading


4.3.1. Cracking


In some tests, there were production-related imperfections in the interface between old and new concrete. Therefore, the TRC layer was partially detached from the existing concrete during the tests. However, these delaminations only occurred in the concrete interface and always originated from pre-existing imperfections. In case of intact interfaces, the load did not cause the joint to open, which could already be observed in previous tests [78].



Figure 11 shows the crack pattern the specimens exhibited after failure. During loading, a finely distributed crack pattern developed in the TRC layer at the top of the specimens (tension zone). The significantly larger number of cracks with simultaneously reduced crack widths in the strengthened components in comparison to the non-strengthened reference tests is to be regarded positively with respect to the influence of SMART-DECK on the serviceability.



Based on the crack patterns, the tests can essentially be divided into three groups, differentiated by primary cracking that introduced failure, or could be observed at the time when ultimate load was reached (Figure 12). Flexural failure was characterised by a wide vertical accumulated crack in the area of the support (test S6-1 and S6-2 in Figure 11). Relatively few other cracks occurred in the base body. In case of shear failure, an inclined flexural shear crack emerged, which exhibited a large crack opening at failure. This crack pattern was observed among the majority of tests in Figure 11, including the reference specimens. If delamination in the concrete interface occurred prior to failure, the shear crack usually propagated along the flexural reinforcement of the RC structure and the propagation of the crack did not continue into the TRC layer. In case of an intact interface between the existing structure and SMART-DECK, the crack propagated into the interface or the strengthening layer. Then, considerably higher ultimate loads could be achieved than in the case of primary interface failure, which will be discussed in more detail later.



With a few exceptions, activation of the carbon concrete supplement could be achieved in the tests presented here, as shown in the previous section. However, the findings from manufacturing the strengthening layer for the specimens of this experimental programme provided crucial indications for the further development of the mortar and the production methods. In subsequent applications [50], unimpaired bonded interfaces were achieved so the complete functionality of the system could be realised.




4.3.2. Load-Bearing Behaviour


In addition to crack formation, SMART-DECK influences the load-deflection behaviour of the slab segments (Figure 13 for static tests). Here, a differentiation was made according to the load distance, ai, and the longitudinal reinforcement ratio, ρl,s, referring to the steel reinforcement. Depending on the load distance and the flexural reinforcement, the ranges of abscissa and ordinate were adjusted, which should be kept in mind while comparing the results. The strengthened specimens (solid curves) show less deflection than the plain RC specimens (dashed curves) at the same load level. The deflections, w, were measured continuously by means of displacement transducers beneath the specimens in the load axis.



For quantifying the strengthening effect, increases in ultimate loads were compared to the results of the corresponding non-strengthened reference tests. These quotients are indicated in Table 2. Particularly noteworthy are the shear tests S2-1, S7-1 and S7-2, which illustrate the considerable potential of SMART-DECK for increasing shear capacity. S2 and S7 only differ in the material combination of textile and mortar. The degree of strengthening of specimen S2 could even be increased with optimised materials in the reinforcing layer (specimen S7). The comparability of the results and the observed increases in shear capacity allow the conclusion that a simple top-side supplement of the flexural tensile reinforcement also has a positive influence on shear capacity.



In both partial tests on specimen S5 with a small steel reinforcement ratio, the type of failure shifted due to the strengthening with SMART-DECK. Capacity could be increased to such an extent that shear failure occurred instead of flexural failure.



While testing specimen S6, a loud popping noise occurred several times during the last quarter of the loading process, which was characterised by a slight load drop. This came along with the visible opening of a bending crack that appeared in the area of the cantilever support. Furthermore, the strain gauge attached to the flexural reinforcement in the RC base body failed after very high strains had been measured beforehand. The rebars in the support section (Figure 14) show that the steel reinforcement failed. Despite the partial opening of the interface, the stresses could clearly be redistributed that were released when the steel reinforcement reached its ultimate strength. The subsequent increases in loading provide the evidence that the released stresses could be taken completely by the TRC layer.



The results of the tests on S5 and S6 illustrate the enormous strengthening potential of SMART-DECK with regard to flexural capacity of bridge deck slabs in transverse direction. The strengthening degrees determined for the tests on S5 and S6 are beyond the values which could be achieved in bending tests within the previous experimental programme [78]. Since then, advanced materials for the strengthening layer could be provided by the project partners, resulting in better mechanical properties for the mortar and the textile. Delaminations in the concrete interface only occurred in case of pre-existing imperfections. Those represented the origin of cracks along the concrete interface at high-load levels. It was also noticed that such delaminations had a negative influence on the participation of the strengthening layer in shear load transfer (tests on S4), while high degrees of flexural strengthening remained possible (tests on S6). Therefore, it could be assumed that flexural capacity of the increased cross-section is relatively independent of the quality of the concrete interface. Fortunately, imperfections could be prevented later on by enhancing mortar and application method.





4.4. Results of Tests with Cyclic Loading


To investigate the influence of predominantly cyclic loads due to the impact of traffic, two tests were carried out under load collectives (red curves in Figure 15). At least 2 × 106 load cycles were aimed at. S8 already showed imperfections of the interface in the test area of the first partial test prior to loading. Therefore, an initial load was applied that corresponded to approximately 75% of the failure load of the non-reinforced test. The first partial test featured a high longitudinal reinforcement ratio (shear test). Just as in the static tests, the load was applied stepwise. Subsequently, about 80,000 load cycles with an amplitude of 10 kN were applied at a frequency of f = 5.243 Hz. The upper load was 120 kN (maximum peak load) and the lower load 100 kN (minimum peak load). This load range corresponds to about 12.5% of the ultimate load of the RC reference specimen. Hardly any stress changes in the reinforcement were measured and there was no significant change in the crack pattern. Therefore, the amplitude was doubled while maintaining the upper load at 120 kN and approximately 0.5 × 106 load cycles with a doubled load oscillation width were applied (lower load: 80 kN). In the meantime, the interface between the existing slab and the strengthening layer opened up, starting from the aforementioned imperfection that already existed before the start of the test. Nevertheless, no increase in the strain of the reinforcement and the concrete compression zone could be observed, which is why an increase in the average load was targeted.



Therefore, a lower load of 140 kN and an upper load of 160 kN were selected which was less and more than the capacity of the non-strengthened static reference test, respectively. However, shortly after reaching the upper load for the first time, a wide shear crack formed (Figure 16). It propagated horizontally at the level of the flexural steel reinforcement. The specimen thus failed due to interface failure and secondary flexural shear failure after only ≈0.6 × 106 load cycles. Both the crack pattern and the ultimate load allow the conclusion that the interface damage prevented the strengthening layer to participate in the load transfer at high load level.



The second cyclic partial test S8-2 was also performed as a load-collective test. In total, three load levels were applied (Figure 15b). First, the amplitude was retained at an average cylinder load of 35 kN and a load range of ΔF = 10 kN for approximately 4 × 105 load cycles, whereby hardly any changes in stress occurred in the strengthening material. So, the mean stress was increased by 15 kN to 50 kN, which was already significantly higher than the capacity of the non-strengthened slab. During the following approximately 4 × 105 load cycles at the second stage, no difference in the crack pattern and material stresses occurred (Figure 17), which is why the amplitude was doubled while the lower load remained the same.



The average load of the third cycle stage corresponded to approximately twice the capacity of the non-strengthened slab. At this stress level, the specimen was loaded up to a total number of more than 3 × 106 load cycles. During the third cycle stage with more than 2 × 106 load cycles, no significant increase in the material stresses could be determined, although clearly visible delaminations were found in the interface. Since the target number of load cycles was already exceeded, the load was taken off. Subsequently, the residual capacity was determined (Figure 15b).



Figure 17 shows a comparison of the strains measured during the test in the support axis (support at cantilever section) over the applied number of load cycles, whereby the three load levels are clearly visible. The strains of the steel reinforcement were determined using strain gauges (one measuring point averaged from two strain gauges), while the strains in the concrete compression zone and in the textile were determined using displacement transducers (approximation of the mean value from two measurements with a measuring length of 280 mm, >5 cracks in the strengthening layer, see above). The displacement transducers for determining the textile strain were located on the upper side of the slab segment, so the values shown are slightly higher than the actual strains in the textile plane.



In the course of each load level, an increase in concrete compression can be seen. A redistribution of the stresses from steel to textile can be assumed. During the shift from the first to the second load level, the static capacity of the non-strengthened slab was exceeded. The steel strain suggests that the rebars started yielding. During the following 10,000 load cycles, however, the strain decreases again. At the same time, an increase in strain in the textile occurs. When the stress is increased again to level 3, a decrease in stress is visible in the steel reinforcement, while the strain in the strengthening layer increases. It can be concluded that the entire additional stress due to the increase in the upper load is transferred by the textile. An examination of the cross-sections of both reinforcements shows that the equivalent textile area weighted to the tensile strength is more than eight times the steel cross-section. Despite the subsequently applied 2 × 106 load cycles at high-load levels, no sign of fatigue failure of the steel reinforcement can be detected (e.g., disproportionate increase in strain). The specimen was prised open after the test to reveal the steel reinforcement in the support section of the cantilever. Slight confinement was visible which was much less distinct as in specimen S6 (Figure 14). This indicates that the carbon reinforcement indeed transferred the majority of the load during the last load stage. This suggests that it features good fatigue behaviour, which has been observed in other projects [40,79]. However, further investigations are required for verification. Furthermore, the presented tests could not provide any information on the fatigue behaviour of the interface. The separation of the strengthening layer from the RC base during loading was due to an already existing imperfection. Figure 18 shows the results of the slip measurements for the cyclic shear test S8-1 (Figure 18a) and the cyclic flexural test S8-2 (Figure 18b). The values refer to the head end of the slab segment and are the average values of two measurements with displacement transducers.



The slip during S8-1 increased continuously while the augmentation was less distinct in S8-1. Also, the total slip was larger in S8-1, which can be attributed to the higher load level of the shear test which lead to more pronounced stress in the interface. However, no conclusions can be drawn from those tests results regarding concrete-to-concrete bond with an intact interface. Considering it is an unreinforced interface, it is of particular importance to attest that an intact interface can be maintained despite fatigue loading.





5. Summary and Conclusions


This paper presented the results of tests on concrete bridge deck slabs with an additional layer of carbon textile-reinforced concrete. It is supposed to be applied between the existing structure and the road surface. This TRC layer (so called SMART-DECK) is intended to provide a monitoring system, preventive cathodic corrosion protection if necessary and the possibility to enhance the deck slab’s flexural and shear capacity in transverse direction of T-beam or hollow-core concrete bridges.



An experimental campaign was introduced comprising small- and large-scale tests. The small tests were conducted using TRC samples to investigate the interaction between suitable high-performance mortars and potential textile reinforcement materials aiming at material refinement and selection of proper materials and characterising its properties. The large-scale tests were conducted on slab specimens strengthened using SMART-DECK. They were partly statically or cyclically loaded until failure.



The outline of the specimens was varied by means of




	
their longitudinal reinforcement ratio (steel flexural reinforcement on RC slabs representing the existing structure) and



	
the bending moment-to-shear force ratio.








Therefore, load cases’ bending and shear could be addressed in twelve static and cyclic tests on strengthened specimens. A comparison to test results gained from non-strengthened reference specimens showed that SMART-DECK can enable high increases in capacity:




	
An activation of the carbon concrete strengthening for existing slabs which feature shear failure allows strengthening degrees of 30–50%.



	
In case of high bending loads on the existing slab, SMART-DECK can lead to an increase of the flexural capacity of 2.3 to 2.9 times the capacity of the non-strengthened RC member.



	
In some cases, a shift from flexural to shear failure was observed by means of SMART-DECK. This corresponds to the maximum flexural strengthening of the referred RC component.








The results demonstrate the high potential of carbon concrete strengthening for ULS load cases in bridge deck slab design. Additionally, the fine crack pattern at the tensile side of the slab also resulted in significant advantages regarding serviceability.



For verification purposes, further investigations should be carried out, with the focus on fatigue loading with alternating loads and higher amplitudes typical for bridges. Further test results provide the basis for generalised design approaches which not only quantify the flexural but also the shear and fatigue strength.







Author Contributions


Conceptualisation, V.A. and J.B.; investigation, V.A. and C.D.; writing—original draft preparation, V.A.; writing—review and editing, V.A., J.B. and C.D.; visualisation, V.A.; supervision, N.W. and J.H.; project administration, N.W.; funding acquisition, N.W. and J.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the German Federal Ministry of Research and Education, grant number 13N13108.




Acknowledgments


The presented investigations were carried out as part of a research project of the German Federal Ministry of Education and Research (BMBF). The authors would like to express their gratitude to the BMBF for the project’s funding and the VDI Technologiezentrum GmbH, which was entrusted by the BMBF with the consultation and implementation of the grant guidelines, for their valuable support. The authors would also like to express their gratitude to the project partners, the Federal Highway Research Institute (BASt), Eurovia Beton GmbH NL Bauwerksinstandsetzung, solidian GmbH, Massenberg GmbH, instakorr GmbH (Darmstadt), Sto Cretec GmbH, subsidiary of Sto SE & Co. KGaA and the ibac of the RWTH Aachen University for the cooperative collaboration.




Conflicts of Interest


The authors declare no conflict of interest. The funding institution had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Fujino, Y.; Siringoringo, D.M. Bridge monitoring in Japan: The needs and strategies. Struct. Infrastruct. Eng. 2011, 7, 597–611. [Google Scholar] [CrossRef]

	



Omar, T.; Nehdi, M. Condition assessment of reinforced concrete bridges: Current practice and research challenges. Infrastructures 2018, 3, 36. [Google Scholar] [CrossRef]

	



Bundesministerium für Verkehr, Bau und Stadtentwicklung. Strategie zur Ertüchtigung der Straßenbrücken im Bestand der Bundesfernstraßen; Federal Ministry of Traffic, Building and Urban Development, Road Engineering Division: Bonn, Germany, 2013.

	



Bundesministerium für Verkehr und Digitale Infrastruktur. Bericht “Stand der Modernisierung von Straßenbrücken der Bundesfernstraßen”; Federal Ministry of Transport and Digital Infrastructure: Berlin, Germany, 2018.

	



Bureau of Transportation Statistics, Department of Transportation, United States. Transportation Statistics Annual Report 2018; Bureau of Transportation Statistics, Department of Transportation, United States: Washington, DC, USA, 2018. [CrossRef]

	



Federation of Canadian Municipalities. The 2019 Canada Infrastructure Report Card; Federation of Canadian Municipalities: Ottawa, ON, Canada, 2019. [Google Scholar]

	



Schellenberg, K.; Vogel, T.; Chèvre, M.; Alvarez, M. Assessment of bridges on the Swiss national roads. Struct. Eng. Int. 2013, 23, 402–410. [Google Scholar] [CrossRef]

	



Bundesministerium für Verkehr, Bau und Stadtentwicklung Abteilung Straßenbau. Richtlinie zur Nachrechnung von Straßenbrücken im Bestand. Nachrechnungsrichtlinie; Federal Ministry of Traffic, Building and Urban Development, Road Engineering Division: Bonn, Germany, 2011.

	



Bundesministerium für Verkehr und digitale Infrastruktur Abteilung Straßenbau. Richtlinie zur Nachrechnung von Straßenbrücken im Bestand 1. Ergänzung. Nachrechnungsrichtlinie; Federal Ministry of Traffic, Building and Urban Development, Road Engineering Division: Bonn, Germany, 2015.

	



American Association of State Highway and Transportation Officials. The Manual for Bridge. Evaluation, Third Edition, 2018 Interim Revisions; American Association of State Highway and Transportation Officials: Washington, DC, USA, 2018. [Google Scholar]

	



SIA Schweizerischer Ingenieur- und Architektenverein, SIA Société Suisse des Ingénieurs et des Architectes. Grundlagen der Erhaltung von Tragwerken; SIA: Zürich, Switzerland, 2011. [Google Scholar]

	



ÖNORM B 4008-2:2019 11 15–Bewertung der Tragfähigkeit bestehender Tragwerke—Teil 2: Brückenbau; Austrian Standards International: Vienna, Austria, 2019.

	



NEN. Grondslagen Voor de Constructieve Beoordeling van Bestaande Bouw en het Constructief Ontwerp ten Behoeve van Verbouw; NEN: Amsterdam, The Netherlands, 2015. [Google Scholar]

	



Marzahn, G.; Mertzsch, O.; Kramer, L. Der Traglastindex—Ein neuer Kennwert zur Bewertung struktureller Eigenschaften von Straßenbrücken. Bauingenieur 2020, 95. [Google Scholar] [CrossRef]

	



Herbrand, M.; Hegger, J. Experimentelle Untersuchungen zum Einfluss einer externen Vorspannung auf die Querkrafttragfähigkeit vorgespannter Durchlaufträger. Bauingenieur 2013, 88, 428–437. [Google Scholar]

	



Schnellenbach-Held, M.; Welsch, T.; Fickler, S.; Hegger, J.; Reißen, K. Verstärkungen Älterer Beton- und Spannbetonbrücken. Erfahrungssammlung Dokumentation 2016; BASt: Bergisch Gladbach, Germany, 2016. [Google Scholar]

	



Randl, N.; Münger, F.; Wicke, M. Verstärkung von Brückentragwerken durch Aufbeton. Bauingenieur 2005, 80, 207–214. [Google Scholar]

	



Alotaibi, N.K.; Shekarchi, W.A.; Ghannoum, W.M.; Jirsa, J.O. Shear design of reinforced concrete beams strengthened in shear with anchored carbon fiber-reinforced polymer strips. ACI SJ 2020, 117. [Google Scholar] [CrossRef]

	



Brühwiler, E.; Bastien-Masse, M.; Mühlberg, H.; Houriet, B.; Fleury, B.; Cuennet, S.; Schär, P.; Boudry, F.; Maurer, M. Strengthening the Chillon viaducts deck slabs with reinforced UHPFRC. In Proceedings of the IABSE Conference—Structural Engineering: Providing Solutions to Global Challenges 2015, Geneva, Switzerland, 23–25 September 2015. [Google Scholar]

	



Noshiravani, T.; Brühwiler, E. Behaviour of UHPFRC-RC composite beams subjected to combined bending and shear. In Proceedings of the 8th fib PhD Symposium, Copenhagen, Denmark, 20–23 June 2010; Fédération Internationale du Béton: Lausanne, Switzerland, 2010. [Google Scholar]

	



Zwicky, D.; Brühwiler, E. Chillon Viaduct deck slab strengthening using reinforced UHPFRC: Full-scale tests. In Proceedings of the International Conference on Concrete Repair, Rehabilitation and Retrofitting (ICCRRR 2015), Leipzig, Germany, 8–9 October 2015. [Google Scholar]

	



Habel, K.; Denarié, E.; Brühwiler, E. Structural response of elements combining ultrahigh-performance fiber-reinforced concretes and reinforced concrete. J. Struct. Eng. 2006, 132, 1793–1800. [Google Scholar] [CrossRef]

	



Brückner, A.; Wellner, S.; Ortlepp, R.; Scheerer, S.; Curbach, M. Plattenbalken mit Querkraftverstärkung aus Textilbeton unter nicht vorwiegend ruhender Belastung. Beton Stahlbetonbau 2013, 108, 169–178. [Google Scholar] [CrossRef]

	



May, S.; Schumann, A.; Bergmann, S.; Curbach, M.; Hegger, J. Shear Strengthening of Reinforced Structures with Carbon Reinforced Concrete. In Proceedings of the Concrete—Innovations in Materials, Design and Structures, 2019 fib Symposium, Krakow, Poland, 27–29 May 2019; Derkowski, W., Gwozdziewicz, P., Hojdys, L., Krajewski, P., Pantak, M., Eds.; International Federation for Structural Concrete (fib): Cham, Switzerland, 2019; pp. 1563–1570, ISBN 978-2-940643-00-4. [Google Scholar]

	



Herbrand, M.; Classen, M.; Hegger, J. Querkraftversuche an Spannbetonträgern mit carbontextilbewehrter Spritzmörtelverstärkung unter zyklischer Beanspruchung. Beton Stahlbetonbau 2016, 111, 576–587. [Google Scholar] [CrossRef]

	



Hirai, T. Use of continuous fibers for reinforcing concrete. Concr. Int. 1992, 14, 58–60. [Google Scholar]

	



Curbach, M.; Ortlepp, R. Sonderforschungsbereich 528. Textile Bewehrungen zur Bautechnischen Verstärkung und Instandsetzung. Abschlusssbericht—Gekürzte Fassung. 2012. Available online: http://nbn-resolving.de/urn:nbn:de:bsz:14-qucosa-86425 (accessed on 18 September 2020).

	



Brückner, A.; Ortlepp, R.; Curbach, M. Textile reinforced concrete for strengthening in bending and shear. Mater. Struct. 2006, 39, 741–748. [Google Scholar] [CrossRef]

	



Brückner, A.; Ortlepp, R.; Curbach, M. Anchoring of shear strengthening for T-beams made of textile reinforced concrete (TRC). Mater. Struct. 2008, 41, 407–418. [Google Scholar] [CrossRef]

	



Lindorf, A.; Lemnitzer, L.; Curbach, M. Experimental investigations on bond behaviour of reinforced concrete under transverse tension and repeated loading. Eng. Struct. 2009, 31, 1469–1476. [Google Scholar] [CrossRef]

	



Raupach, M.; Orlowsky, J.; Büttner, T.; Dilthey, U.; Schleser, M. Epoxy-impregnated textiles in—Load bearing capacity and durability. In Proceedings of the ICTRC’2006—1st International RILEM Conference on Textile Reinforced Concrete, Aachen, Germany, 6–7 September 2006; Hegger, J., Brameshuber, W., Will, N., Eds.; RILEM Publications S.A.R.L.: Bagneux, France, 2006. ISBN 2-912143-97-7. [Google Scholar]

	



Brameshuber, W.; Hinzen, M.; Dubey, A.; Peled, A.; Mobasher, B.; Bentur, A.; Aldea, C.; Silva, F.D.A.; Hegger, J.; Gries, T.; et al. Recommendation of RILEM TC 232-TDT: Test methods and design of textile reinforced concrete—Uniaxial tensile test: Test method to determine the load bearing behavior of tensile specimens made of textile reinforced concrete. Mater. Struct. 2016, 49, 4923–4927. [Google Scholar] [CrossRef]

	



Banholzer, B.; Brameshuber, W.; Jung, W. Analytical simulation of pull-out tests—The direct problem. Cem. Concr. Compos. 2005, 27, 93–101. [Google Scholar] [CrossRef]

	



Hegger, J.; Will, N.; Bruckermann, O.; Voss, S. Load–bearing behaviour and simulation of textile reinforced concrete. Mater. Struct. 2006, 39, 765–776. [Google Scholar] [CrossRef]

	



Hegger, J.; Voss, S. Investigations on the bearing behaviour and application potential of textile reinforced concrete. Eng. Struct. 2008, 30, 2050–2056. [Google Scholar] [CrossRef]

	



Spelter, A.; Bergmann, S.; Bielak, J.; Hegger, J. Long-term durability of carbon-reinforced concrete: An overview and experimental investigations. Appl. Sci. 2019, 9, 1651. [Google Scholar] [CrossRef]

	



Kirsten, M.; Freudenberg, C.; Cherif, C. carbonfasern, der werkstoff des 21. Jahrhunderts. Beton Stahlbetonbau 2015, 110, 8–15. [Google Scholar] [CrossRef]

	



Preinstorfer, P.; Kromoser, B.; Kollegger, J. Kategorisierung des Verbundverhaltens von Textilbeton. Bauingenieur 2019, 94, 416–424. [Google Scholar]

	



Mechtcherine, V.; Michel, A.; Liebscher, M.; Schneider, K.; Großmann, C. Mineral-impregnated carbon fiber composites as novel reinforcement for concrete construction: Material and automation perspectives. Autom. Constr. 2020, 110. [Google Scholar] [CrossRef]

	



Bielak, J.; Bergmann, S.; Hegger, J. Querkrafttragfähigkeit von Carbonbeton-Plattenbrücken mit C-förmiger Querkraftbewehrung. Beton Stahlbetonbau 2019, 114, 465–475. [Google Scholar] [CrossRef]

	



Bielak, J.; Will, N.; Hegger, J. Zwei Praxisbeispiele zur Querkrafttragfähigkeit von Brückenplatten aus Textilbeton. Bautechnik 2020, 97, 499–507. [Google Scholar] [CrossRef]

	



Erhard, E.; Weiland, S.; Lorenz, E.; Schladitz, F.; Beckmann, B.; Curbach, M. Anwendungsbeispiele für Textilbetonverstärkung. Beton Stahlbetonbau 2015, 110, 74–82. [Google Scholar] [CrossRef]

	



Ghadioui, R.E.; Graubner, C.A. Querkrafttragfähigkeit carbonbewehrter Betonbauteile ohne Querkraftbewehrung. Beton Stahlbetonbau 2019, 114, 827–836. [Google Scholar] [CrossRef]

	



Stark, A.; Classen, M.; Knorrek, C.; Camps, B.; Hegger, J. Sandwich panels with folded plate and doubly curved UHPFRC facings. Struct. Concr. 2018, 19, 1851–1861. [Google Scholar] [CrossRef]

	



Valeri, P.; Guaita, P.; Baur, R.; Fernández Ruiz, M.; Fernández-Ordóñez, D.; Muttoni, A. Textile reinforced concrete for sustainable structures: Future perspectives and application to a prototype pavilion. Struct. Concr. 2020, 110. [Google Scholar] [CrossRef]

	



Kromoser, B.; Preinstorfer, P.; Kollegger, J. Building lightweight structures with carbon-fiber-reinforced polymer-reinforced ultra-high-performance concrete: Research approach, construction materials, and conceptual design of three building components. Struct. Concr. 2019, 20, 730–744. [Google Scholar] [CrossRef]

	



Mechtcherine, V. Novel cement-based composites for the strengthening and repair of concrete structures. Constr. Build. Mater. 2013, 41, 365–373. [Google Scholar] [CrossRef]

	



Driessen-Ohlenforst, C.; Faulhaber, A.; Raupach, M. SMART-DECK: Monitoring des Feuchtegehaltes und kathodischer Korrosionsschutz des Bewehrungsstahles in Brückenfahrbahnen durch Zwischenschicht aus Textilbeton. Bauingenieur 2020, 95, 96–104. [Google Scholar]

	



Driessen, C.; Raupach, M. Numerical Simulation for the Detection of Leakages in Bridge Deck Membranes through Resistivity Measurements. In Service Life and Durability of Reinforced Concrete Structures, Proceedings of the 8th International RILEM PhD Workshop, Marne-la-Vallée, France, 26–27 September 2016; Andrade, C., Gulikers, J., Marie-Victoire, E., Eds.; Springer: Cham, Switzerland, 2019; pp. 57–69. ISBN 978-3-319-90235-7. [Google Scholar]

	



Büttner, T. SMART-DECK: Vom Konzept zum Demonstrator. Bautechnik 2020, 97, 48–56. [Google Scholar] [CrossRef]

	



May, S.; Schumann, A.; Curbach, M. Shear strengthening of structures with carbon reinforced concrete. In Proceedings of the 12th fib International PhD Symposium in Civil Engineering, Prague, Czech Republic, 29–31 August 2018; Kohoutková, A., Vítek, J.L., Frantova, M., Bílý, P., Eds.; Fédération Internationale du Béton (fib): Lausanne, Switzerland, 2018; pp. 879–885, ISBN 978-80-01-06401-6. [Google Scholar]

	



Brückner, A. Querkraftverstärkung von Bauteilen mit Textilbewehrtem Beton. Ph.D. Thesis, Technische Universität Dresden, Dresden, Germany, 2011. [Google Scholar]

	



Herbrand, M.; Reissen, K.; Teworte, F.; Hegger, J. Shear Strengthing with Textile Reinforced Concrete. In Proceedings of the 37th IABSE Symposium: Engineering for Progress, Nature and People, Madrid, Spain, 3–5 September 2014. [Google Scholar]

	



Bayrak, O.; Fernández Ruiz, M.; Kaufmann, W.; Muttoni, A. (Eds.) Towards a Rational Understanding of Shear in Beams and Slabs: Fib Bulletin 85. Workshop in Zürich, Switzerland September 2016; Fédération Internationale du Béton (fib): Lausanne, Switzerland, 2018; ISBN 2883941254. [Google Scholar]

	



Möller, B.; Brückner, A.; Ortlepp, R.; Steinigen, F. Verstärken mit textilbewehrtem beton. Beton Stahlbetonbau 2004, 99, 466–471. [Google Scholar] [CrossRef]

	



Schumann, A.; May, S.; Curbach, M. Experimental Study on Flexural Strengthening of Reinforced Concrete Structures with Carbon Reinforced Concrete. In Proceedings of the fib’s 2019 Symposium—Concrete: Innovations in Materials, Design and Structures, Krakow, Poland, 27–29 May 2019; Derkowski, W., Gwozdziewicz, P., Hojdys, L., Krajewski, P., Pantak, M., Eds.; International Federation for Structural Concrete (fib): Cham, Switzerland, 2019; pp. 1539–1546, ISBN 978-2-940643-00-4. [Google Scholar]

	



Weiland, S. Interaktion von Betonstahl und Textiler Bewehrung bei Biegeverstärkung mit Textilbewehrtem Beton. Ph.D. Thesis, Technische Universität Dresden, Dresden, Germany, 2009. [Google Scholar]

	



Scholzen, A.; Chudoba, R.; Hegger, J. Thin-walled shell structures made of textile-reinforced concrete: Part I: Structural design and construction. Struct. Concr. 2015, 16, 106–114. [Google Scholar] [CrossRef]

	



Rempel, S.; Erhard, E.; Schmidt, H.-G.; Will, N. Die Sanierung des Mariendomdaches in Neviges mit carbonbewehrtem Spritzmörtel. Beton Stahlbetonbau 2018, 113, 543–550. [Google Scholar] [CrossRef]

	



Bundesanstalt für Straßenwesen. Zusätzliche Technische Vertragsbedingungen und Richtlinien für Ingenieurbauten ZTV-ING–Part 3 Concrete and Masonry Structures; Federal Ministry of Transport and Digital Infrastructure: Berlin, Germany, 2015. (In German)

	



Müller, E.; Scheerer, S.; Curbach, M. Strengthening of existing concrete structures: Design Models. In Textile Fibre Composites in Civil Engineering; Triantafillou, T., Ed.; Woodhead Publishing: Oxford, UK, 2016; pp. 323–359. ISBN 1782424466. [Google Scholar]

	



Scheerer, S.; Schütze, E.; Curbach, M. Strengthening and Repair with Carbon Concrete Composites—The First General Building Approval in Germany. In Proceedings of the 4th International RILEM Conference on Strain-Hardening Cement-Based Composites (SHCC4), Dresden, Germany, 18–20 September 2017; Mechtcherine, V., Slowik, V., Kabele, P., Eds.; Springer: Berlin/Heidelberg, Germany, 2017; pp. 743–751, ISBN 978-94-024-1193-5. [Google Scholar]

	



Scheerer, S.; Zobel, R.; Müller, E.; Senckpiel-Peters, T.; Schmidt, A.; Curbach, M. Flexural strengthening of RC structures with TRC—Experimental observations, design approach and application. Appl. Sci. 2019, 9, 1322. [Google Scholar] [CrossRef]

	



Herbrand, M.; Adam, V.; Classen, M.; Kueres, D.; Hegger, J. Strengthening of Existing Bridge Structures for Shear and Bending with Carbon Textile-Reinforced Mortar. Materials 2017, 10, 1099. [Google Scholar] [CrossRef]

	



Reissen, K.; Hegger, J. Shear strengthening of bridge deck slabs with textile reinforced concrete. In Proceedings of the 1st Concrete Innovation Conference (CIC), Oslo, Norway, 11–13 June 2014. [Google Scholar]

	



Deutsches Institut für Normung e.V. Prüfverfahren für Zement—Teil 1: Bestimmung der Festigkeit; Deutsche Fassung EN 196-1:2016; Beuth: Berlin, Germany, 2016. [Google Scholar]

	



Voss, S. Ingenieurmodelle zum Tragverhalten von Textilbewehrtem Beton. Ph.D. Thesis, RWTH Aachen University, Aachen, Germany, 2008. [Google Scholar]

	



Kulas, C. Zum Tragverhalten Getränkter Textiler Bewehrungselemente für Betonbauteile. Ph.D. Thesis, RWTH Aachen University, Aachen, Germany, 2013. [Google Scholar]

	



Schütze, E.; Bielak, J.; Scheerer, S.; Hegger, J.; Curbach, M. Einaxialer zugversuch für carbonbeton mit textiler bewehrung. Beton Stahlbetonbau 2018, 113, 33–47. [Google Scholar] [CrossRef]

	



Reissen, K.; Hegger, J. Experimental Investigations on the shear capacity of RC cantilever bridge deck slabs under concentrated loads—Influences of moment-shear ratio and an inclined compression zone. In Proceedings of the 16th European Bridge Conference + Structural Faults and Repair, Edinburgh, UK, 23–25 June 2015. [Google Scholar]

	



Reißen, K. Zum Querkrafttragverhalten von Einachsig Gespannten Stahlbetonplatten ohne Querkraftbewehrung unter Einzellasten. Ph.D. Thesis, RWTH Aachen University, Aachen, Germany, 2017. [Google Scholar]

	



Henze, L. Querkrafttragverhalten von Stahlbeton-Fahrbahnplatten; Shaker Publishing House: Düren, Germany, 2019. [Google Scholar]

	



Vaz Rodrigues, R.; Fernández Ruiz, M.; Muttoni, A. Shear strength of R/C bridge cantilever slabs. Eng. Struct. 2008, 30, 3024–3033. [Google Scholar] [CrossRef]

	



Lantsoght, E.O.L.; de Boer, A.; van der Veen, C. Distribution of peak shear stress in finite element models of reinforced concrete slabs. Eng. Struct. 2017, 148, 571–583. [Google Scholar] [CrossRef]

	



Lantsoght, E.O.L.; van der Veen, C.; Walraven, J.C.; de Boer, A. Transition from one-way to two-way shear in slabs under concentrated loads. Mag. Concr. Res. 2015, 67, 909–922. [Google Scholar] [CrossRef]

	



Kaufmann, N. Das sandflächenverfahren. Strassenbau Tech. 1971, 24, 131–135. [Google Scholar]

	



Deutsches Institut für Normung e.V. Eurocode 1: Einwirkungen auf Tragwerke-Teil 1–4: Allgemeine Einwirkungen-Windlasten; Deutsche Fassung EN 1991-1-4:2005 + A1:2010 + AC:2010; Beuth: Berlin, Germany, 2010. [Google Scholar]

	



Adam, V.; Will, N.; Hegger, J. Verstärkung für Fahrbahnplatten von Massivbrücken aus Textilbeton: Versuche zur Realisierung eines Demonstrators. Bauingenieur 2020, 95, 85–95. [Google Scholar]

	



Wagner, J.; Spelter, A.; Hegger, J.; Curbach, M. Ermüdungsverhalten von Carbonbeton unter Zugschwellbelastung. Beton Stahlbetonbau 2020, 115. [Google Scholar] [CrossRef]








[image: Materials 13 04210 g001 550] 





Figure 1. Principal sketch of a larger number of single filaments assembled to a roving and then to a yarn. 
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Figure 2. Position of the additional textiles on an exemplary bridge deck slab. 
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Figure 3. Virtual saw cut as schematic sketch of the strengthening layer on a RC slab. 
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Figure 4. Overview of the experimental programme (photographs by IMB, RWTH Aachen University). 
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Figure 5. Textile grids made of carbon with epoxy impregnation with a mesh size of 38 mm (a) and 21 mm ((b), photographs by IMB, RWTH Aachen University). 
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Figure 6. Results of tensile tests on yarns for T-1-38 (a) and T-2-21 (b). 
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Figure 7. Stress–strain relations of seven exemplary groups of uniaxial tensile tests on composite strips with seven different material combinations (a–g) and indication of the scatter of ultimate stresses, σ, and strains, ε, by means of the coefficient of variation (CoV). 
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Figure 8. Stages of a tensile test: installed test specimen with slight cracking (a), specimen featuring complete crack formation (b) and specimen after failure (c), photographs by IMB, RWTH Aachen University). 
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Figure 9. Outline of the reinforcement of the strengthened specimens S2, S4, S5, S6 and S7. 
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Figure 10. Specimen dimensions and test setup for the large-scale tests on slab segments (graphic by IMB, RWTH Aachen University). 
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Figure 11. Crack patterns of static tests on specimens S1 to S7. 
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Figure 12. Essentially distinguished cracks related to failure (photos and graphic by IMB, RWTH Aachen University). 
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Figure 13. Load deflection curves of large-scale tests on slab segments with static loading (a–f) separated by combination of flexural reinforcement and load distance. 
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Figure 14. Plastic deformation of flexural tensile steel reinforcement in the cantilever section of S6 (photo by IMB, RWTH Aachen University). 
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Figure 15. Comparison of load-deflection curves of cyclic (S8) and static tests (S2, S6 und S7). FM = mean load, ΔF = peak-to-peak amplitude: shear test (a) and flexural test (b). 
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Figure 16. Crack patterns of cyclic tests on specimen S8. 
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Figure 17. Development of the strains in the support axis during cyclic loading of test S8-2 referring to the peaks of the cycles. 
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Figure 18. Measured development of the slip in the concrete interface compared to load duration of the cyclic tests: (a) shear test S8-1 and (b) flexural test S8-2. 
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Table 1. Details of mortars and textiles.
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	Denotation
	Specification





	M-1-06
	Base material with a maximum aggregate size of 6 mm



	M-2-04
	Base material with a maximum aggregate size of 4 mm



	M-3-04
	Advanced material based on M-2-04



	M-4-04
	Advanced material based on M-3-04



	T-1-38
	Base material with a mesh size of 38 mm



	T-2-21
	Base material with a mesh size of 21 mm



	T-3-38
	Advanced material based on T-1-38 with CNT *



	T-4-38
	Advanced material based on T-1-38 with modified epoxy resin







* CNT: Carbo Nano Tubes.













[image: Table] 





Table 2. Features of the large-scale tests.
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Name

	
Target Failure Mode

	
Observed Failure

	
Material Combination Strengthening Layer

	
Load Distance

	
Longitudinal. Reinforcement Ratio

	
Concrete Compressive Strength ##

	
Mortar Strength

	
Strengthening Effect

	
Failure Load




	
ai (m)

	
ρl,s (%)

	
fcm,cyl (MPa)

	
fcm,prism/fct,fl (N/mm2)

	
η (-)

	
F (kN)






	
S1-1

	
V

	
V

	

	
0.7

	
1.0

	
41.0

	

	

	
155




	
S1-2

	
V

	
V

	

	
1.0

	
1.0

	
37.9

	

	
136




	
S1-2 *

	
V

	
V

	

	
1.0

	
1.0

	
41.0

	

	
145




	
S2-1

	
V

	
V

	
M3, T1

	
0.7

	
1.0

	
38.9

	
73.6/5.2

	
1.31

	
203




	
S2-2

	
V

	
I + V

	
M3, T1

	
1.0

	
1.0

	
38.9

	
1.03

	
144




	
S3-1

	
V

	
V

	

	
0.7

	
0.5

	
35.6

	

	

	
118




	
S3-2

	
V

	
V

	

	
1.0

	
0.5

	
35.6

	

	
110




	
S4-1

	
V

	
I + V

	
M4, T4

	
0.7

	
0.5

	
35.6

	
78.7/10.4

	
1.05

	
124




	
S4-2

	
V

	
I + V

	
M4, T4

	
1.0

	
0.5

	
35.6

	
1.08

	
119




	
S5-1

	
M

	
V

	
M4, T4

	
1.0

	
0.2

	
35.6

	
2.89

	
107




	
S5-2

	
M

	
V + I

	
M4, T4

	
1.3

	
0.2

	
35.6

	
3.63

	
103




	
S6-1

	
M

	
M + I

	
M4, T4

	
1.0

	
0.2

	
39.3

	
2.51

	
93




	
S6-2

	
M

	
M + I

	
M4, T4

	
1.3

	
0.2

	
39.3

	
2.30

	
65




	
S7-1

	
V

	
V

	
M4, T4

	
0.7

	
1.0

	
39.3

	
1.49

	
231




	
S7-2

	
V

	
V

	
M4, T4

	
1.0

	
1.0

	
39.3

	
1.53

	
215




	
S8-1 #

	
V

	
I + V

	
M4, T4

	
0.7

	
1.0

	
39.3

	
1.03

	
160




	
S8-2 #

	
M

	
M + I

	
M4, T4

	
1.3

	
0.2

	
39.3

	
2.11

	
78








# Cyclic tests; ## concrete strength of existing structure. * represents a repetition of S1-2.
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