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Abstract

:

This paper presents results of an experimental study on seismic response of reinforced concrete (RC) T-beams with shear deficiencies strengthened with externally bonded steel fiber reinforced polymer (SFRP) strips. Seven cantilever RC beams were strengthened with externally bonded uniaxial SFRP strips in a U-shape configuration and were tested under cyclic loading conditions. The two main variables examined were the strip spacing and the use of anchoring system. Among the investigated anchoring systems, one was patented, and it is studied in the present manuscript. The examination of the results leads to the conclusion that the anchoring system has a significantly more pronounced effect on the performance of the beams and the mode of failure than the type or spacing of the strips. Furthermore, SFRP strips seem to have a great potential to be used for shear strengthening, especially since the use of mechanical anchoring systems drastically improves their performance. On the contrary, the lack of mechanical anchoring results in premature delamination of the strengthening system, and thus an undesirable SFRP material performance.
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1. Introduction


The use of externally bonded fiber reinforced polymers (FRP) for strengthening of reinforced concrete structures has shown great potential as it provides a relatively inexpensive way to improve the strength and prolong the life of structures. [1,2,3,4] FRP overlays have been investigated and used for flexural and shear strengthening of reinforced concrete (RC) members. Most of the research work related to FRP strengthening systems focused on flexural strengthening and design and analysis models have been adopted. On the contrary, there is relatively less available experimental data on shear strengthening. Shear FRP retrofit may concern beams under static, fatigue or seismic (cyclic) loading. Most research is focused on static loading of beams with or without steel stirrup reinforcement [4,5,6,7]. Carbon FRP is the common choice in external shear FRP strengthening of RC. This is especially true for the best performing strengthening schemes that include anchoring mechanisms or full wrap of the RC member. In most cases, the fiber direction is vertical to the longitudinal axis of the structural element. Due to the nature of the FRP strips positioning of the fibers at 45 degrees presents difficulties especially in the case of a U-shape configuration. Shear strengthening systems could either consist of continuous fabrics covering the whole length of the specimen or uniaxial strips placed at some intervals. However, it has been identified that continuous fabrics do not result in better performance and therefore they do not provide an economical solution [8,9,10]. It has been proven that externally bonded glass and carbon FRPs can provide significant increase in the maximum shear capacity of RC structural members. There are several parameters that play important role in the performance of shear strengthening of RC concrete beams, such as bond strength, alignment of the fibers, resin type, use and type of anchoring system, and brittleness of the fibers. The existing experimental results are limited in terms of variability and although very useful they only shed limited light to the problem [7,10].



Most of the studies in the literature deal with the use of carbon fibers and few with the use of glass and aramid fibers. Furthermore, there is a lack of experimental data on the use other type of emerging fibers, such as the high-strength steel fibers. High-strength steel fibers have been used recently by several researchers. More specifically strips made with high-strength steel fibers (known as SRG or SRP) have been used either with cementitious grouts (SRG) or with organic resins (SFRP) by several researchers [4,11,12,13,14,15,16,17]. It was shown that the addition of these strengthening systems could be an effective alternative for repairs and retrofit of reinforced concrete structural elements. SFRP is relatively lightweight in comparison to steel plates and has some ductility, unlike the carbon, glass, or aramid fibers. In all published studies the mode of failure was based on the delamination of the SFRP [18,19,20,21,22,23,24], which resembles the most common mode of failure of typical FRP systems based on epoxy resins [9,12,13,15,17,19,20,21,22,23,24,25]. To the best of our knowledge, the experimental data on the use of SFRP strips in shear strengthening applications is very limited [20,24,25,26,27,28,29,30,31,32,33,34,35,36]. In addition, there is no experimental data in combination with mechanical anchors.



Anil and Tanarslan [7,32] were the first who reported on the performance of RC shear deficient T-beams strengthened with carbon fiber reinforced polymers (CFRP) systems with and without mechanical anchoring in several different configurations tested under cyclic loading conditions. Their findings suggest that the shear strengthening effectiveness of CFRP strips varies with CFRP width, strip orientation, and anchorage usage. The latter was found to be the dominant parameter in order to prevent premature failure (debonding) and to maximize shear strength. Another significant finding was that the use of CFRP strips significantly improved the cumulative energy dissipation capacity of the strengthened specimens. However, it was reported that side bonding of the strips without mechanical anchoring system does not produce significant increase of shear strength. Furthermore, the usage of U-shape strips spaced at some distance performed better than continuous fabrics covering the whole beam and side bonded strips anchored at the compressive and the tensile face of the beam.



The presented experimental study focused on the performance of an externally bonded SFRP shear strengthening system for reinforced concrete. More specifically, a series of cantilever reinforced concrete T-beams were reinforced with externally bonded SFRP strips impregnated with an epoxy resin. The SFRP system has been investigated for flexural strengthening applications and showed some promise [12]. The ductility of the steel fibers can provide benefit in seismic strengthening applications. SFRPs were attached using a U-shape configuration and, in some cases, additional mechanical anchoring devices were used as well. The beams were finally subjected to a seismic type cyclic load. It should be noted that all analytical models and design codes are based on experiments performed using monotonic loads. Therefore, there is a definite need for experimental data based on seismic loading conditions.



The objective of this research is to evaluate the performance of the novel SFRP system, quantify the shear strength improvement provided by various anchoring configurations, by comparing similarities and differences.




2. Specimens and Materials


A total of seven reinforced concrete T-beams were tested under cyclic load in the experimental program. Dimensions and reinforcement details are shown in Figure 1. The cross-sections and conventional steel reinforcement details were identical for all specimens. Three 20 mm diameter steel rebars were positioned longitudinally at the top and bottom of the beam section. No stirrups were placed in the beams. The strengthening scheme consisted of high-strength steel fiber strips and a commonly used organic resin. Mechanical anchorages were used in four specimens. Table 1 summarizes the specimens’ properties.



The specimens were cast corresponding to concrete quality C16/20 according to EC2. Ordinary Portland Cement was used with a water to cement (w/c) ratio 0.55. (Mix proportions of the concrete used: concrete IV 32.5 390 kg/m3, water 214.5 kg/m3, sand (0–4 mm) 755 kg/m3, fine aggregate (4–8 mm) 419 kg/m3, and coarse aggregate (8–16 mm) 502 kg/m3.) Three standard cylindrical specimens (150 × 300 mm) for each T-beam were used to measure the concrete strength, the average 28-day compressive strength was 21.6 MPa whereas the standard deviation SD = 2.82 MPa. This corresponds to a concrete with characteristic compressive strength 17 MPa which is very close to the C16/20.



The internal steel reinforcement was made with deformed round bars. The mechanical properties were experimentally determined. More specifically, the yield stress was equal to 530 MPa and the ultimate stress equal to 590 MPa. The modulus of elasticity was measured with strain gauges equal to 200 GPa. The stress–strain curve exhibited an initial elastic region that followed the typical hardening behavior of steel. Finally, in order to ensure the adequate development length, all longitudinal reinforcing bars were bent 90° at the ends of the beams (see Figure 1).



Steel fiber strips that were used for the strengthening system are not commercially available. They were fabricated by the manufacturer specifically for this research project. The strips were based on zinc coated steel cords. Each cord consisted of seven ministrands, and each strand was fabricated by twisting three 0.15 mm diameter high strength steel wires. In total, each strip consisted of 28 cords with an equivalent width equal to 100 mm. The total tension capacity was 24.64 kN with an elastic modulus of 210 GPa. The ultimate tensile strain was recorded as equal to 0.009.



A commercial two component epoxy adhesive was selected to be utilized as a binding material for the application of the SFRP strengthening system. The mechanical characteristics after the curing of the mix at 23 °C and 50% relative humidity, according to the manufacturer, are having a tensile strength of 30 MPa, elongation at break equal to 1.5% and flexural modulus of elasticity 3.8 GPa.



CTB was the control specimen that was tested without strengthening. Six remaining shear deficient beams that were manufactured without stirrups, were strengthened with SFRP strips which were bonded along the shear span. Specimen TB150 was strengthened with 100 mm wide U-shape SFRP uniaxial strips placed at a distance of 150 mm. Specimen TB200 was strengthened with 100 mm wide U-shape SFRP uniaxial strips placed at a distance of 200 mm. No anchoring devices were used for these two specimens. Four last specimens were strengthened with SFRP strips with the use of epoxy resin and mechanical anchors (see Table 1). Specimens TB150L2t and TB150P1b were strengthened beams that utilized a strengthening system with strip spacing of 150 mm and steel L shape or Plate for anchoring device, respectively. Specimens TB200L1t and TB200P2b were strengthened with SFRP strips placed with spacing of 200 mm and anchored with steel L shape and rectangular steel plate. More specifically, the anchoring device of TB200P2b was developed and patented by Aristotle University of Thessaloniki, Department of Civil Engineering, Laboratory for Strength of Materials and Structures. The details of strengthening schemes for each specimen are shown in Table 1.



The investigated anchoring devices have been chosen as representative mechanical systems among the most commonly used for strengthening applications. In addition, through the present study the construction difficulties during the application of these systems is investigated together with their modes of failure that might occur on the anchoring device itself. Finally, the construction detailing and application is realistic for all the investigated anchoring systems due to the existence of the RC slab, which makes the wrapping of the strip nonfeasible.



More specifically TB150P1b was strengthened with 100-mm-wide U-shaped SFRP strips spaced at 150 mm. Each U-shaped strip was anchored using a 20 by 5 mm rectangular steel plate secured with a 6-mm bolt. The mechanical anchor used in specimen TB150P1b is the easiest to apply and the most economical. TB150L2t was strengthened with 100-mm-wide U shaped SFRP strips spaced at 150 mm. Each strip was anchored at the bottom of the slab using a 50 × 50 × 5 mm steel angle. Two 8 mm diameter bolts were used to secure the strips. The bolts were positioned through the slab in order to avoid pull-out type failure of the anchors. TB200L1t was strengthened with 100 mm wide U shaped SFRP strips spaced at 200 mm. The strips were anchored at the bottom of the slab using a 50 × 5 mm steel angle. One 8 mm diameter bolt was used to secure the strips. Both bolts were positioned through the slab in order to avoid pull-out type failure of the anchors. This is a similar system to the one used in TB150L2t except that only one bolt was used in each steel plate. In addition, TB200P2b was strengthened with 100 mm wide U shaped SFRP strips spaced at 200 mm. For this specimen two layers of SFRP were utilized. The strips were anchored on the side of the beam just underneath the slab using the innovative device developed at Aristotle University of Thessaloniki. The device consists of a steel rectangular plate and a steel rod. More specifically, the SFRP strip passes under the plate and is wrapped around the rod. Finally, it passes again under the plate which is securely fixed onto the concrete substrate using two steel anchor bolts. The arrangement of the innovative anchoring device is depicted in Figure 2.



Strengthening System Application


The application of the strengthening system took place at least 40 days after casting. Before the application of the strengthening system, the surface of the beam was grinded with an angle grinder to remove all laitance and dirt from the surface. The concrete surface was then cleaned with a steel wire brush and finally compressed air was used to remove concrete dust and dirt that had settled on the beam. This ensured that the concrete surface was clean of contaminants and debris. In addition, the bottom corners were rounded. A first layer of resin was applied on the surface and the SFRP strip was positioned on the resin. Using grooved rollers, it was ensured that no air voids were left in the resin. It should be noted that the specific SFRP strips are not very stiff, and as a result there was no need of prebending them to their final U-shape. The specific SFRP strips were calculated and fabricated by the industry for the present study having geometrical and strength similarities to an equivalent CFRP strip; this is the reason why plastic black cords with negligible stiffness and strength were placed in between each steel cord. Comparing the application of this specific SFRP with an equivalent CFRP strip, it could be said that no difficulties were observed. On the other hand, it is well known from the literature that SFRP strips are much stiffer compared to CFRP, this is why they need to be prebent.



The mechanical anchoring system in specimen TB150P1b consists of a rectangular steel plate and a 6-mm bolt, which is specifically fabricated for usage in concrete. The plates were predrilled in the middle (7-mm hole). Using a drill bit a hole was drilled in the slab. The SFRP strip was applied using resin and subsequently the steel plate was positioned on top of the hole. Finally, the bolt was screwed in the concrete hole through the steel plate and the SFRP, by overpassing the high strength steel cords in order not to damage them.



The same procedure, with some small differences, was followed for the remaining anchored specimens. In the case that steel angles were used and 9-mm bits were used to drill holes throughout the 75 mm deep slab. The bolts were then pushed from the bottom of the slab and were secured with lug nuts on the top of the slab. A 2-mm-thick steel plate was used as a washer on the top (details are shown in Table 1).





3. Experimental Setup


In total, seven cantilever reinforced concrete beams having a T-shape cross-section were fabricated and tested under cycling loading conditions. A schematic view of experimental setup and the arrangement of the measurement devices are shown in Figure 3.



The investigated RC specimens consisted of a T-beam with dimensions 120 by 360 mm with a slab width of 360 mm and a rectangular column with cross-sectional dimensions 400 by 500 mm. The part of the specimen that resembles the column was securely fastened onto the reaction frame. The free end of the beam was attached via a hinge to a 2500 kN capacity hydraulic actuator which was used to apply the cyclic load. The load was controlled with a 1000 kN capacity load cell under deflection control, driven by the MTS controller of the laboratory. After applying three cycles in the elastic region, loading cycles were increased gradually up to failure. The same loading methodology was applied to all specimens. The cyclic loading was imposed at a distance of 1675 mm, from the column (see Figure 3). At this specific point, the beam’s free end deflection was measured using LVDT, together with both uplifts to capture the rotation of the joint. Four additional LVDTs were place diagonally to measure the openings of the diagonal cracks. LVDTs were also positioned perpendicular to the longitudinal axis of the beam to ensure that the beam did not deflect out of plain. Totally 9 displacement recordings were obtained during each test. In addition, SFRP strains were also measured with strain gauges. Strain gauges were attached on 8 consecutive SFRP strips as depicted in Figure 3 and Figure 4. A strain gauge was attached to the mid-height of each SFRP strip along the fiber direction. Finally, the applied load together with 9 LVDT measurements and 8 strains were recorded.




4. Experimental Results and Discussion


CTB was the control specimen and the first to be tested. Due to the fact that no shear reinforcement was used the beam failed in a brittle shear manner. Two relatively big shear cracks initiated on the beam web and propagated until the bottom of the slab. After that point, the crack propagated along the interface between the top of the beam and the bottom of the slab. At failure, the slab separated from the beam. Failure occurred at a maximum load of 37.25 kN. Experimental results, such as maximum shear load, strains, and description of failure modes for all tested specimens, are shown in Table 2. In addition, the photographic documentation of all failed beams is presented at Table 3.



Specimen TB150 suffered, also, a relatively brittle failure. Failure occurred due to delamination of the SFRP strips. More specifically 5 shear cracks initiated at mid-height of the beam, while one of them propagated quite rapidly when the load exceeded the 60 kN threshold to the top and bottom of the beam. The increasing width of the crack resulted in the debonding which initiated at the location of the crack and propagated to the top of the SFRP strip. A similar failure pattern was observed from the test of specimen TB200. The ultimate bearing capacity of TB150 is 73.2 kN whereas TB200 failed for a maximum load equal to 60 kN. The debonding mode of failure prevailed for both strengthened beams with no anchoring device. As expected, the spacing of the SRP strips plays an important role for increasing the ultimate shear capacity under cyclic loading. The present study did not focus on the delamination of SFRP strips. The nonanchored specimens were utilized for comparison purposes with the anchored strengthened T-beams in order to prove their efficiency under cyclic loadings. In general, the delamination of composite strips from concrete substrate has been extensively investigated and quantified in the past. The debonding mechanism of SFRP strips is similar with CFRP. In the literature Anil et al. [7] and Tanarslan et al. [32] have conducted similar tests without anchoring devices using CFRP. By comparing their results with the present study, it could be said that the delamination of SFRP occurred slightly after the delamination of CFRP strips. The developed strains on SFRP strip are at the rang of 4500 με. Nevertheless, this is only an indication since it is more than well known that the critical aspects of the debonding mode of failure are the surface preparation and the strength of the concrete.



Several shear cracks were initiated in specimen TB150P1b both at +45 and at −45 degrees, due to the cyclic load. The most considerable shear crack initiated at a distance of approximately 700 mm from the fixed end of the beam. The crack propagated through the cycles and resulted in a local debonding of the SFRP strip due to an increasing crack width. Following this, the debonding propagated to the top of the beam up until the mechanical anchor. At that point the anchor failed due to the pull-out of the bolt. As it can be seen in Table 3 that the pull-out failure of the anchor resulted in the failure of the second strip that was resisting the shear crack. The failure of the second anchor resulted in a delamination of the strips and subsequently the beam failed.



In specimen TB150L2t a similar shear crack pattern to TB150P1b was observed. The most significant shear crack occurred at a distance of 850 mm from the fixed end of the beam. The crack propagated throughout the loading cycles and was bridged by two SFRP strips. However, the failure of the beam was not the typical brittle shear failure that occurred in TB150P1b. The first sign of failure was yielding of the longitudinal rebars. Finally, the SFRP strips fractured at the corners of the steel angle due to increasing stresses. It should be noted that the double bolt through the slab anchoring system did not show any signs of failure. It has also to be pointed out that the longitudinal reinforcement consisted of three 20 mm bars, for a cross-section of 120 × 360 mm, with a corresponding reinforcement ratio of 2.42%. Despite the fact that no stirrups were used, the external shear reinforcement (anchored-SFRP) strengthened the beam adequately and resulted in a ductile flexural failure.



Specimen TB200L1t which is quite similar to specimen TB150L2t (with the exception of larger distance between the SFRP strips and one instead of two anchoring bolts) indicated a similar performance to TB150L2t. Initially the specimen was tested up to 91.2 kN. The test was stopped due to signs of premature beam–column joint failure. The joint was subsequently repaired, and the specimen was retested. During the second test shear cracks started forming on the beam and the experiment was finally stopped since the crack width was increasing resulting to a decrease of the shear capacity of the beam. The ultimate load that was recorded was equal to 115 kN. The single bolt through the slab anchoring system did not show any signs of failure. Despite the larger distance between the SFRP strips the anchoring system proved to perform equally well to TB150L2t.



Finally, specimen TB200P2b was also tested under cyclic displacement control conditions. The maximum recorded load of 120 kN was the highest recorded load in all specimens. For this specimen the anchoring system was attached on the face of the beam. Shear cracks begin to propagate due to cyclic loading condition. No sign of bending failure was observed. The increase of the width of shear cracks resulted to the final failure of the beam due to the pull out of the anchoring bolts from the concrete.



The ultimate bearing capacity was observed for specimen TB200P2b, a strengthened T-section beam where the innovative patented anchoring device, was employed. The bearing capacity of that beam was measured equal to 120 kN. The mode of failure as seen at the final row of Table 3, initiated by the development of severe shear cracks and the pull out of an anchor bolt followed. It was by chance that a part of the shear crack passed through the bolt’s hole. It is also interesting that the axial spacing of the SFRP strips is 200 mm and not 150 mm. It can be said that the efficient anchoring of SFRP strips may lead to a further increase of the strengthened bearing capacity.



Maximum shear loads as well as maximum deflections are presented in Table 4. Also, in Table 4 percentages of shear force and deformation increase as compared to the control specimen are presented. An examination of the values listed in this table lead to the conclusion that the addition of SFRP shear reinforcement results in an increase of strength, regardless of whether SFRP strips were anchored or not. However, the increase was significantly more pronounced when SFRP strips were anchored on the T-section specimens. More specifically, anchored specimens can result in an increase of shear strength that exceeds 200%, while nonanchored specimens result in increases that are lower than 100%, compared with a T-section beam with no internal shear reinforcement. Therefore, we can see that the addition of mechanical anchoring systems (i) can almost double the shear strength of the strengthening system and (ii) can drive the mode of failure to a more ductile manner. This is the reason that the imposed horizontal displacement was increased more than 800% for beam TB150L2t and almost 450% for beam TB200P2b.



Furthermore, the calculated maximum shear capacities of each strengthened beam are presented in Table 2. In order to predict ultimate shear force, the strain measurements developed on the SFRP strips, intersected by the major shear crack, were taken under consideration. These strain values are presented in Table 2. The predicted values are very close to the experimentally measured (see Table 4). The calculated shear forces are further discussed in more detail in Section 5.



The results obtained in the study are further discussed with equivalent results from the literature. Anil et al. [7] and Tanarslan et al. [32] have conducted similar experimental investigation with the difference of strengthening material. Both studies from the literature have investigated CFRP strips whereas we utilized SFRP strips. For all studies the employed anchoring devices are mechanical with slight differences concerning the final geometric arrangement. All studies have demonstrated that when an efficient anchoring device is used, the preliminary debonding mode of failure is avoided. In addition, when CFRP strips are combined with anchoring devices, the mode of failure is driven to the CFRP strip, close to beam corners, or near the anchoring device where there is stress concentration. On the other hand, when SFRP strip are utilized with efficient anchoring devices, this premature mode of failure is avoided. The authors believe that the lateral stiffness of SFRP strips compared to CFRP strips is bigger, a parameter that could explain this phenomenon. Furthermore, when SFRP are used, the mode of failure is driven to the anchoring device, a more complicated mode of failure with extensive diversities. By comparing the results obtained in this study together with the results from the literature, it is demonstrated that the overall behavior of the developed and patented anchoring device that was utilized together with SFRP strips was efficient. Finally, the present study is the first in the literature that investigates SFRP strips for strengthening T-section RC beams under cyclic loading conditions, when different anchoring devices are combined with applied SFRP strips.



4.1. Deflections—Hysteretic Energy


Load–deflection response envelopes for all the specimens are shown in Figure 5. It is observed that nonanchored SFRP strips failed due to delamination in a brittle fashion. On the contrary, anchored specimens exhibited a significantly more ductile behavior. It can be seen that the maximum deflections for anchored specimens are significantly higher (40–50 mm) compared to specimens with no anchorage (less than 20 mm).



From an examination of the deformation percentage compared to the control specimen that is listed in Table 4 we can see that the addition of mechanical anchors renders the specimens significantly more ductile. More specifically, the use of SFRP bonded strips results in an increase of maximum deflections of approximately 186% while the addition of mechanical anchorage in the previously mentioned bonded strips results in a maximum increase of deflections of more than 800%. The aforementioned observations are valid in the literature [7,32] as well. The increase of the shear capacity together with the maximum imposed deflection was observed for both studies. The percentage of increase for both cases is comparable but slightly smaller. More specifically, Beam-3, Beam-4, and Beam-5 [7] have a shear increase capacity at the range of 120% combined with an average increase of the maximum imposed displacement equal to 300%. Similarly, Spec-3 to Spec-6 [32] obtained percentages smaller than Anil et al.



During a high magnitude earthquake, structures are expected to enter an elasto-plastic range and hysteresis loops can provide an understanding for analysis of seismic elastoplastic response. The dissipated energy is the area enclosed by the hysteresis loop (see Table 3) and represents the structural element’s capacity to mitigate the earthquake effect inelastically which causes excessive cracking and permanent deformation.



In reinforced concrete structures strengthened with externally bonded FRP materials, the externally bonded FRP can dissipate energy due to fiber deformation, slip, and gradual fracture. Load–deflection hysteresis loops of all tested beams are shown in Table 3. It can be observed that for all beams, the dissipated energy in the first cycles was considerably smaller than in subsequent cycles. This phenomenon occurred because extensive crack propagation and thus increased deflections occurred during the final stages of the experiment. The variation in the energy dissipation is due to different strengthening schemes, anchoring devices, etc.



From the load displacement loops for each specimen and also for similar specimens found in the literature we calculated the energy dissipated by specimens [7,32]. The area under the load displacement curves shows the dissipated energy in units of kNmm (Joule). The dissipated energy during the loading cycles was calculated using the trapezoidal rule to determine the area within the load–deflection hysteresis loop. The values of total dissipated energy (TDE) of each specimen are presented in Table 5. In addition, the increase compared to the control specimen is shown as a ratio. The third row in the Table 5 shows the increase in terms of a strengthened specimen with SFRP strips that were not anchored.



It can be identified that strengthened specimens exhibit at least double hysteretic energy compared to the control specimen. It is also clear, that the addition of an anchoring device results in an even more pronounced increase of hysteretic energy. More specifically, the use of anchoring systems results in at least five times higher energy compared to nonanchored strengthened specimens. Therefore, anchored specimens were able to absorb considerable amounts of energy up to failure.




4.2. FRP Strains


In order to evaluate the shear resistance contribution of the strengthening applications, strain gages were attached at mid-height of each SFRP strip along the direction of the fibers. It should be mentioned that the reported strains for each specimen are the recorded strains from the strips that bridged the shear crack. Additionally, the number of SFRP strips that resisted the formed shear crack is shown in Table 2.



The highest recorded strains were obtained for specimen TB150L1t*. In this case, the maximum, average recorded strains exceeded 6500 μm/m. In contrast, the specimens that were strengthened with SFRP without the use of mechanical anchors, maximum strains were kept to significantly lower values (2500 με). This observation emphasizes that the use of mechanical anchors results in better utilization and performance of the strengthening material. Specimens TB150 and TB200 failed due to debonding of the SFRP strip, so the maximum recorded SFRP strain indicate values lower than the maximum effective strain. However, the recorded strain could be used to obtain shear performance related analytical expressions for the anchored SFRP strips (see Table 2).



ACI 440-08 (ACI 2008) and Fib ((fib) 2001) report that the maximum effective strain should be limited to 0.004 mm/mm, whereas Eurocode (1998-3:2005 2005) [34,35,36] does not provide a specific numerical limit but the effective strain is calculated using formulas that depend upon the strengthening scheme. The rather small strain value is based on the assumption that typical composite materials do not cope well with stress concentrations that occur at the lower corners of the beams. However this is not necessarily the case with steel fibers that are tougher than carbon and glass fibers. It should be noted that the steel fibers did not fail at the bottom corners of the beams.



Using the recorded SFRP strains the material exploitation index (MEI) was calculated for each specimen and is presented in Table 6. The index was calculated as a ratio of maximum recorded strain to ultimate measured strain (0.9%) of the SFRP strips obtained from coupon testing. The index varied from 0.22 to 0.74. It is evident that MEI of SFRP strips is bigger when an anchoring device is used. The maximum MEI was 0.29 for nonanchored specimens while it was at least 0.44 for anchored specimens. At this point it has to be mentioned that TB200P2b was strengthened using two layers of SFRP strips, thus resulting to relatively small strain measurements. For this specimen the average strain measurement for two layers of SFRP was recorded equal to 3980 μstrain which resulted to a MEI equal to 0.44. It is evident that the addition of a second layer does not result in an increase of the material exploitation.





5. Calculation of Maximum Shear Force from Experimental Strains


Based on the strain recordings, we calculated the maximum calculated shear force Vcal, which is compared to the experimental maximum shear force Vmax. Values (Vcal) were calculated using the equation


Vcal=Vc,exp+Vf,cal



(1)




where Vc,exp is the experimental shear force of the control specimen (CRB), while the Vf,cal is calculated as


Vf,cal=2⋅AfEfεf,exp=2tfbfEfεf,exp



(2)




where,


εf,exp=εf1,exp+εf2,exp



(3)




and εf1,exp, εf2,exp, are the maximum recorded strains in the two strips that bridge the shear crack (see Table 5). Note that we did not use the common relationship that uses the ratio df/Sf in order to calculate the number of strips that contribute to the shear capacity of the externally bonded fiber reinforced strips.



In other words, it was assumed that a shear crack in concrete is resisted by exactly two consecutive FRP strips (their strains are reported in Table 2 and Table 6). It is noted that this assumption was confirmed from all experiments.



In almost all cases the calculated value is lower than the recorded by a relatively small margin. More specifically, the ratio Vmax/Vcal varies from 1% to 19% with an average value of 10%. The strain was measured using a strain gage positioned approximately in the center of the SFRP strips in terms of width and height; therefore, we were not able to capture the absolute maximum strain in all cases. For specimen TB150L2t the calculated shear force was 19% lower than the recorded value. This difference could be explained from a possible error in strain recordings. More specifically, as mentioned previously, the use of only one strain gage may have resulted in a lower recording than the actual maximum. However, one could claim in general that the assumption that the shear strength that results from the addition of the FRP strips could be calculated from the stress of the FRP strips bridging the crack, holds true.




6. Conclusions


An analysis of the presented experimental data leads to the following conclusions:



A strengthening system that combines high-strength steel fibers together with organic epoxy is experimentally investigated under cyclic loading conditions. This system was proven equivalent to the existing systems when it is combined with an efficient anchoring device. The following comments summarize the most important conclusions of the present study.

	
SFRP strips can be used for shear strengthening of reinforced concrete beams instead of CFRP or GFRP.



	
Mechanical anchors greatly improve the performance of shear strengthening SFRP strips.



	
The innovative patented anchoring device performed exceptionally well under cyclic loading conditions.



	
Maximum deflections, recorded maximum SFRP strains, and total dissipated energy are significantly higher for anchored specimens.



	
The average value calculated from maximum strains recorded in the strips that resisted the shear crack can be effectively used to calculate the maximum shear resisting force, Vf.



	
The anchoring system has a significantly more pronounced effect on the performance of the beams and the mode of failure than the spacing of the strips.



	
Lack of mechanical anchoring results in premature delamination of the SFRP strips, and thus an undesirable SFRP material performance.
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Figure 1. Specimen details and reinforcement. 
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Figure 2. Arrangement of the patented anchoring device [EP2336455, 2011]. 
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Figure 3. Experimental setup. 
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Figure 4. Specimen TB200L1t. 
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Figure 5. Load–deflection envelope curves. 
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Table 1. Specimen details.
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	Specimen
	Strengthening

Material
	Anchoring System
	FRP Width

(mm)
	FRP Distance

(mm)
	Schematic (Setup/Loading)





	CTB
	No
	No
	N/A
	N/A
	 [image: Buildings 09 00101 i001]



	Τ150
	SFRP

(1 Layer)
	No
	100
	150
	 [image: Buildings 09 00101 i002]



	Τ200
	SFRP

(1 Layer)
	No
	100
	200
	 [image: Buildings 09 00101 i002]



	TB150L2t
	SFRP

(1 Layer)
	 [image: Buildings 09 00101 i003]
	100
	150
	 [image: Buildings 09 00101 i004]



	TB200L1t
	SFRP

(1 Layer)
	 [image: Buildings 09 00101 i005]
	100
	200
	 [image: Buildings 09 00101 i004]



	TB150P1b
	SFRP

(1 Layer)
	 [image: Buildings 09 00101 i006]
	100
	150
	 [image: Buildings 09 00101 i004]



	TB200P2b
	SFRP

(2 Layers)
	 [image: Buildings 09 00101 i007]
	100
	200
	 [image: Buildings 09 00101 i004]










[image: Table]





Table 2. Experimental results.
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Specimen

	
Anchoring Device

	
Max Shear Force Vmax (kN)

	
No SFRP Strips from the Crack

	
Strain of

1st SFRP Strip

(μStrain)

	
Strain of

2nd SFRP Strip

(μStrain)

	
Calculated