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Abstract

:

In the presented paper, the effectiveness of steel fiber use on the shear and flexure behaviors of ultra-high performance concrete (UHPC) beams and the feasibility of steel fibers in place of shear reinforcement were investigated experimentally. In this framework, a total of four I-shaped UHPC beams were produced for a high tensile reinforcement ratio of 2.2%. While two of them were non-fiber UHPC beams with and without the shear reinforcement to show the contribution of steel fibers, the remaining beams were made from the ultra-high performance steel fiber-reinforced concrete (UHP-FRC) having the short straight fibers with 1.5% and 2.5% by volume. The shear and flexural parameters, such as the load–deflection response, cracking pattern, failure mode, deflection, and curvature ductilities were discussed based on the four-point loading test results. While the reference beam without fiber and shear reinforcement failed by the shear with a sudden load drop before the yielding of reinforcement and produced no deflection capability, the inclusion of steel fibers to the UHPC matrix transformed the failure mode from shear to flexure through the fibers’ crack-bridging ability. It might be deduced that the moderate level of steel fiber use in the UHP-FRC beams may take the place of shear reinforcement in practical applications.
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1. Introduction


Based on various studies conducted on the concrete technology in recent years, the use of ultra-high performance concrete (UHPC) has become one of the most popular products. This type of special concrete is used in many areas to eliminate the disadvantages in traditional reinforced concrete member design due to its very high compressive strength and post-cracking tensile response. Even though several studies were carried out, there is no authority or standard to classify the term of ultra-high performance. However, some conditions for this classification, such as the concrete compressive strength and pseudo strain-hardening under tension, are expected to ensure in some way [1,2,3,4]. Note that the pseudo strain-hardening response can be ensured with a good amount of fiber content. However, insufficient fiber volume fraction and/or low concrete compressive strength may lead to softening response [5]. In this sense, when the minimum compressive strength of 150 MPa and the strain-hardening response are ensured with sufficient steel fiber amounts, this type of composite material is widely categorized as the steel fiber-UHPC (SF-UHPC) or ultra-high performance fiber reinforced concrete (UHP-FRC) [1,2,6,7,8,9,10].



The mechanical properties of UHP-FRC were improved by using a fine granular material, a very low water-to-binder ratio, and some admixture materials such as superplasticizer, air-entraining agent, so on [11,12]. In addition, the randomly dispersed steel fibers to the concrete mixture, which may be in straight, end-hooked, twisted, or other forms, improve the capacity in many different ways, such as the ductility, energy absorption capacity, and strength. When compared to the normal-strength fibrous concrete, the UHP-FRC has pretty good compressive and tensile strengths, strain capacity, and durability through its high-density matrix [1,8,9,13,14,15,16]. The UHP-FRC’s superior characteristics allow the use of higher reinforcement ratios over the limits stipulated in the design codes. Consequently, these advantages in terms of the ductility, stiffness, and strength make it possible to produce more slender, aesthetic, and long-life structures in contrast with the normal-strength concrete.



Regarding the shear behavior of UHPC beams, as in the conventional normal-strength beams, when the principal tensile stress in the web of beam exceeds the tensile stress of concrete, the diagonal shear cracks comes into existence over the web region, and consequently shear failure took place in a brittle manner. It is important to point out that the steel fibers to be added to the mixture at an optimum proportion may be able to replace or reduce the shear reinforcement and/or shear link, which may be a reason to reinforce congestion for small cross-sections, since the UHP-FRC beams have very high compressive and tensile strengths [17]. However, the addition of steel fibers restricts the formation and propagation of cracks [17,18,19,20,21,22,23,24,25,26].



The shear behavior, the importance of fiber amount on the shear strength, and failure mechanisms were intensively investigated over the UHP-FRC beams. Depending upon the fiber volume fraction, compressive and tensile strengths, tensile reinforcement ratio, shear span-to-depth ratio (a/d), as well as the presence or absence of the prestressing, the addition of steel fibers considerably improves the shear capacity of beams through the post-cracking tensile response. Ciprian et al. [27] examined only the effects of using long fibers or hybrid fibers on the shear behavior of UHPFRC beams. It was indicated that the hybrid usage is more effective than that of only long fiber use in terms of the shear strength and cracking control. However, the shear strengths increased as the fiber volume fraction increased in both types of fiber usage. Voo et al. [28] studied the shear behavior of I-section girders containing reactive powder concrete with steel fibers. The study showed that the fiber type and amount do not significantly affect the cracking load, but have an important influence on the rate of crack propagation and failure loads. Kamal et al. [29] conducted a series of shear tests to reveal the impact of steel fibers on the behavior of UHPFRC beams. From the test results, the influence of steel fibers on the shear strength was determined to be more dominant for the beams without web reinforcement. The steel fibers further improved the shear strength in comparison with the polypropylene fibers. El-Dieb et al. [19] had similar results concerning the shear strength of UHPFRC beams exhibiting self-compacting property. It was noted that the inclusion of steel fibers in the mixture restricted the growth and widening of the shear cracks. Qi et al. [21] also studied the shear behavior of UHPFRC beams with several parameters. The results showed that while the fiber amount significantly affected the post-cracking shear strength and member stiffness, the fiber type had no notable effect. Regarding the different a/d ratios, the test beams exhibited similar shear behavior with a linear relation between the load and deflection prior to the visible flexural cracks. Zagon et al. [30] investigated the shear behavior of I-shaped SFR-UHPC beams. The partial replacement of the shear link was also examined by comparing the steel fibers with/without an additional shear link. The conducted tests showed that replacing classical stirrups by steel fiber is feasible for the SFR-UHPC beams. It was also noted that the beams with higher a/d failed at a lower shear strength. Lim and Hong [31] studied the shear behavior of rectangular-shaped UHPFRC beams by changing the spacing of shear reinforcement under constant fiber volume fraction, a/d ratio, and reinforcement ratio. It was noted that the use of shear reinforcement for the shear strength is impactful in comparison to the steel fiber use. The results also indicated that the shear reinforcement is not required for the UHPFRC beam including the fiber of 1.5% by volume. Ngo et al. [32] indicated that the shear strengths of UHPFRC beams were influenced by their tensile resistance in addition to the a/d ratio. Similar to other studies, the shear strength increased as the fiber amount increased and/or the a/d ratio decreased. The shear strengths of test beams containing the smooth fibers of 0.5% and 1.5% are about 1.6 times greater than the direct tensile strengths. Yavas et al. [17] investigated the effects of different fiber contents (type and amount) on the shear behavior of UHPFRC beams. While the steel fiber use, regardless of fiber type, has no significant effect on the shear cracking load for low volume fractions less than 0.5%, the cracking load showed an increasing tendency for the higher volume fractions. It was also observed that the beam’s failure mode changed to the flexure when the straight fiber of 13 mm used was 1.5% by volume. Hegger and Bertram [33] investigated the shear carrying capacities of pretensioned UHPC beams. The results demonstrated that the addition of steel fibers of 0.9% and 2.5% by volume improved the strengths by 80% and 177%, respectively. However, the ultimate shear capacity decreased when the a/d ratio increased. The outcomes of study also pointed out the feasibility of the steel fiber as the shear reinforcement. Yang et al. [34] studied the shear behavior of I-shaped UHPFRC beams with and without prestressing. It was stated that the cracking and ultimate shear strengths increased as the fiber volume fraction increased and/or the prestressing existed. However, these parameters decreased with higher a/d ratios. Baby et al. [18] conducted a series of shear tests to investigate the shear behavior of prestressed or reinforced UHPFRC beams. The addition of a steel fiber of 2.5% by volume significantly improved the shear strength of reinforced beam. In the case of the prestressing, the value of principal tensile stress, where the first cracking was observed, was apparently low. It was also noted that the shear capacity of the UHPFRC beam depends on not only the concrete’s tensile behavior but also the fiber orientation, prestressing force, and cross-section geometry. The shear behavior and modeling procedures of fibrous-reinforced concrete beams were included in Beton Kalender [1], AFGC/SETRA [2], and Model Code 2010 [35]. However, the ACI 318-14 design code [36] recommends partially the use of steel fibers instead of the shear reinforcement or reduce the shear reinforcement ratio for the normal-strength concrete. However, very limited information is available in regard to the replacement of shear reinforcement by the steel fibers. Some research studies by others indicated that the replacement of shear reinforcement by the steel fibers is applicable to the moderate shear levels; also, the inclusion of steel fiber by 0.75 vol% to the high-strength concrete mixture can be used in place of the minimum shear reinforcement [29,31,37]. In spite of providing valuable efforts with regard to the shear behavior of UHP-FRC beams, most of them have focused on the improvement of ultimate shear strength. Correspondingly, there is a significant lack of knowledge about whether the shear reinforcement can be replaced by steel fibers in the UHP-FRC beams or not.



In the presented experimental study, the feasibility of steel fibers in place of shear reinforcement was investigated on the I-shaped UHP-FRC beams. Another purpose of the study is to discuss the benefits of steel fiber use in comparison to the use of shear reinforcement. In this framework, a total of four I-shaped test beams, in which two of them were produced by the non-fiber UHPC with and without the shear reinforcement to show the contribution of fibers and the remaining beams contained the UHP-FRC having the short-straight-fibers with 1.5% and 2.5% by volume, were casted and subjected to the four-point loading test. The shear and flexural test results were discussed based on the non-fiber UHPC beam configurations. In addition, the relation of the well-known code equations to the nominal shear capacity was discussed by referencing the experimental result. In the second part of numerical investigations, the flexural moment capacities of UHP-FRC beams were determined using a recently proposed numerical approach by the authors, and the results were compared with the experimental results.




2. Experimental Program


2.1. Material Properties and Mixture Design


In the study, a total of three UHPC mixtures was designed for one non-fiber mixture and two UHP-FRC mixtures containing the steel fiber of 1.5% and 2.5% by volume. The compressive minimum strengths of 130 and 150 MPa were aimed for the UHPC and UHP-FRC mixtures, respectively. The cementitious materials consist of the Portland cement CEM I 42.5 R (C), silica fume (SF), and ground granulated blast-furnace slag (GGBS). Two types of quartz sand (QS1 and QS1), in which the particle sizes varied respectively in a range of 0–0.8 mm and 1.0–3.0 mm, were used as the aggregate. The water (W)-to-binder ratio was kept at 0.18 for all concrete mixtures, and the polycarboxylate ether-based superplasticizer (SP) with the density of ≈1.1 kg/liter was added to the mixtures to ensure good viscosity and the self-compacting concrete response. The material quantities in 1 m3 volume by weight are presented for each concrete mixture in Table 1. For the UHP-FRC beams, the smooth, short straight fibers with the aspect ratio of 13/0.16 (in mm) were used in the amounts of 1.5% and 2.5% by volume. The fibers comprised of the brass-coated high-strength steel having a smooth surface and the tensile strength of 2500 MPa. The sizes, densities, and surfaces of the considered materials can be found in the references [15,17]. A standard pan mixer with the 125 L capacity was used to prepare the test beams and material-based samples. The C, GGBS, SF, and QSs were mixed for about 3 min. Then, the W and half of the SP were added into the mixture and mixed for another 5 min. The rest of SP was added and mixed for an additional 5 min. Finally, the fibers were dispersed carefully into the mixture and were blended until the mixture becomes homogenously distributed, as shown in Figure 1.



Six cube samples of 100 × 100 × 100 (in mm) and three dog bone-shaped samples with the 68 mm overall width and 240 mm height were casted to determine the compressive and tensile strengths for each mixture. The samples were covered by a plastic sheet and stored at room temperature. Twenty-four hours later, the samples were taken out from the plastic molds and were kept in a water tank at 20 °C ± 2 °C until the test day. The cube and dog bone-shaped samples were tested at 28 days. The compression tests were conducted using a hydraulic press with a 3000 kN load capacity under a load rate of 1 MPa/s. The tensile stress–strain behaviors of mixtures were determined from uni-axial tension tests with the help of a universal testing machine of 100 kN by displacement control with the loading speed of 0.1 mm/min. Two linear variable differential transducers (LVDT) were positioned on the opposite sides of samples to measure the average longitudinal displacement along the cross-section length. The yield and ultimate strengths of tensile reinforcements were determined by means of the uni-axial tension tests on the reinforcement coupons of 300 mm.




2.2. Details of Beam Specimens and Test Setup


In the experimental study, the total of four I-shaped and singly reinforced UHPC beams were produced with different configurations. While two of them were produced by the non-fiber UHPC with (NF-S) and without (NF) shear reinforcement to show the contribution of steel fiber use, the remaining beams were made from the UHP-FRC having the short straight fibers with 1.5% and 2.5% by volume. The I-shaped beam cross-sections comprised of 150 mm flange width, 60 mm flange thickness, 50 mm web thickness, and 250 mm height. The total length of beams is 2500 mm, as shown in Figure 2. The tensile reinforcement ratio was selected as 2.2%, which consisted of two deformed 16 mm reinforcing steel bars. The studied reinforcement ratio almost corresponds to the upper limits stipulated in the design codes such as TS-500 [38], ACI 318 [36], and Eurocode-2 [39]. The shear span to depth ratio was fixed to roundly 4.4 for all beams. In order to avoid the premature bond failure, the ends of tensile reinforcements were welded by a steel plate. No shear reinforcement was placed on the UHP-FRC beams to show the potential advantages of fiber use. The geometric sizes and details are expressed on a typical test beam in Figure 2. Whereas the reference beam NF without the shear reinforcement was designed to fail by shear, the beam NF-S had the shear reinforcement with 8 mm diameter and 100 mm spacing to ensure the ductile flexure failure (Figure 2). In addition, a single top rebar of 8 mm was provided to link the shear reinforcements at the shear dominant region out of the applied loads. The UHP-FRC beams were named based on the volume fraction. For instance, the SF-1.5 points out the UHP-FRC beam with the 1.5% steel fiber by volume.



The test setup for four-point loading is schematically given in Figure 3. The load was monotonically acted on by a hydraulic servo machine having the capacity of 500 kN. The loading with deflection control was conducted on a mid-span deflection rate of 0.2 mm/min up to the maximum load. Later on, the rate was increased to 0.5 mm/min to reduce the test time between the peak and ultimate deflections for the beams passing from the shear to flexure. The applied load P transferred to the test beam as two-point loads of P/2 by means of a steel spreader beam (Figure 3). The loads were applied at a distance of 1000 mm from the supports. A potentiometric transducer was placed to the bottom face of beam mid-span to obtain the load–deflection curve. In addition, a curvature meter setup was placed to the back side of beams to measure the average curvature value on a zone of 300 mm. This setup consisted of four transducers where two of them were placed to the left upper and bottom flanges of the beams and the other two were attached to the right side, as shown in Figure 3. During the tests, the load increments were stopped at the particular deflection values, and the crack formations were marked over the beams. A 24-channel data acquisition system, in which the data-recording frequency is 8 Hz per channel, was used to get the load and deflections from the test setup.





3. Test Results and Observations


3.1. Material Test Results


The average values of concrete compressive and tensile strengths (fc’ and ft) for all concrete mixtures as well as the yield and ultimate strengths of tensile reinforcements are presented in Table 2. The results indicated that the steel fiber use increased the compressive strength by an average of 10% in comparison with the non-fiber concrete. The inclusion of 1.5 and 2.5 vol% short-straight fibers to the UHP-FRC mixtures significantly improved the tensile strength by 1.7 and 2.1 times, respectively. Even though there was no significant difference between the compressive strengths when the volume fraction increased from 1.5% to 2.5%, the tensile strength was affected by the fiber increase in a sensitive manner, as shown in Table 2.



The tensile stress–strain behaviors of concrete mixtures used in this study are presented in Figure 4 for all concrete mixtures. As expected, the brittle tensile failure occurred once the first crack formed for the NF mixture. In the UHP-FRC samples, the strain-hardening behavior was achieved after the first crack through the crack-bridging ability of steel fibers. After the peak load, the fibers began to pull out due to the growth of cracks, and the strength degradations were commenced, which reflects the initiation of the strain softening response, as shown in Figure 4.



In order to evaluate some rheological properties, the slump-flow test results (spread and t500 values) are presented in Table 2. The tests showed that the presence of steel fiber affected the flowability in a negative manner. However, the spread value decreased by an average of 8% with the fiber use comparing to the non-fiber form. It was also noted that the viscosity of concrete increased with the fiber use based on the t500 measurements.




3.2. Structural Test Results


After conducting the monotonic loadings to the NF, NF-S, and UHP-FRC beams until the failure, the load–deflection responses are presented in Figure 5. While the reference beam NF without the shear reinforcement suddenly failed without providing any deflection just after the single diagonal crack formation, the ductile flexural failure was observed for the beam NF-S, as expected at the beginning of the test.



Referring to Figure 5, the load–deflection curves linearly increased until the first cracking point, and then stiffness reduced. It can be noted that since the same concrete mixture was considered for both reference beams, the initial stiffnesses made a match of it. After the post-cracking stage, the load–deflection responses of beams divided into two groups with respect to their failure modes, as the shear or flexure. The beam NF failed by the shear with a sudden load drop before the yielding of reinforcement and produced no deflection capability. Regardless of the fiber volume fraction, full flexural behavior including the deflection hardening response commenced for the UHP-FRC beams without the shear reinforcement, as shown in Figure 5. From the beginning to the end of the tests, the UHP-FRC beams showed pretty good stabile behavior thanks to the fibers even at excessive deflection values being load drops. After this load decreases, some stability problems began to take place over the beams. Looking from the perspective of another flexural behavior, there is no deflection capacity of the beam NF-S after the maximum load due to the concrete crushing. It should be noted that the initial stiffness and load-carrying capacities of the UHP-FRC beams apparently are greater than those of the non-fiber configurations through the fibers’ crack-bridging ability. The main deflection and load values obtained from the tests are presented in Table 3. The yield deflection (Δy) was obtained from the bi-linearized load–deflection behavior, which is one of the methods recommended in Park [40]. This deflection point corresponds to the displacement at the intersection of the secant stiffness at 75% of the peak load (Pp) with the peak load level (Figure 6). Park also proposed some procedures to specify the ultimate deflection (Δu) of experimental load–deflection behavior [40]. In the current study, 20% load reduction method of these procedures was used to determine the ultimate point, as shown in Figure 6. Here, the response quantities with respect to the deflection ductility were calculated only for the NF-S and UHP-FRC beams exhibiting the ductile behavior.



3.2.1. Cracking Behavior and Failure Modes


At the beginning of initial load increments, a large number of closely spaced microcracks developed vertically at the bottom faces in the pure moment region of beams. Note that it is not easy to see them with the naked eye until the peak load. Later on, more vertical cracks formed beside the existing cracks; together, the increasing load levels, but the crack widths remained at very low levels for the UHP-FRC beams due to the fibers’ crack-bridging ability. The failure modes of the beams are presented in Figure 7 and Table 3. When the load increased further, the reference beam NF without the shear reinforcement failed by the shear with a sudden load drop without any deflection capacity just after a single diagonal crack formation was initiated in the shear span. The related crack propagated between the left loading point and the bottom face of the beam. This failure mode pointed out is the diagonal tension failure (DT). For the second reference beam NF-S, as would be expected, the ductile flexural failure occurred since the shear reinforcements were placed to the shear-span and the tensile reinforcement ratio is below the balanced reinforcement ratio. However, the concrete crushing was observed at the compression region rather than the reinforcement rupture, and it negatively affected the deflection and curvature ductilities (Table 3).



In the case of providing adequate steel fiber content to the UHPC mixture, the fibers prevented the formation and propagation of diagonal cracks due to their crack-bridging ability, and the fiber use provided remarkable capacity to the beams. The cracking behavior of UHP-FRC beams is dissimilar when comparing to both reference beams. Here, a major crack formed at a single point over the mid-span. This crack intensely enlarged as against others due to the crack localization, as shown in Figure 7. Hence, the tensile reinforcement ruptured without the concrete crushing, even though the tensile reinforcement ratio is almost at the upper limit stipulated in the design codes. It can be noted that this crack phenomenon is distinctive, regardless of the fiber content, for the normal strength fibrous-reinforced concrete members.



Referring the conducted test results, the addition of 1.5 vol% short straight fibers to the UHPC mixture was enough to change the failure mode without requiring any shear reinforcement. This observation was well-supported with those presented in Kim et al. [22], Zagon et al. [30], Lim and Hong [31], and Hegger and Bertram [33]. It can be deduced that the steel fiber use provided a preferable structural performance for both fiber volume fractions against the reference beam exhibiting flexural behavior. This result also indicated that the inclusion of moderate-level short fibers to the UHP-FRC mixture may take the place of the shear reinforcement in practical applications.



The cracking behaviors for the test beams exhibiting the flexural failure are presented at the specific deflections of L/500 and L/100. While the value L/500 corresponds to the serviceability limit state (SLS) in the elastic region, the value L/100 represents the ultimate limit state (ULS) where significant inelastic deformations occurs. The cracking patterns and the maximum crack widths obtained from both limit states are given in Figure 8 and Figure 9. The crack widths at the SLS for the beams SF-1.5 and SF-2.5 decreased 20% and 40%, respectively. This indicates that the increases in fiber amount positively affected the limitation of cracks. However, the crack widths at the ULS for the UHP-FRC beams increased about two times due to the crack localization effect.




3.2.2. Deflection Ductility


For the test beams exhibiting the ductile behavior, the deflection ductilities (μΔ) were calculated by dividing the ultimate deflection (Δu) by yield deflection (Δy). In order to show the superiorities of steel fiber use from the viewpoint of the flexural behavior, the ductility values calculated for two UHP-FRC beams were compared to those of the NF-S beam. The main response quantities with respect to the deflection ductility are presented in Table 3.



Referring to Figure 5 and Table 3, the inclusion of short straight fiber to the UHPC matrix, regardless of the fiber amount, ensured much better ductility performance in comparison to the reference beam, NF-S. It was noted that the use of 1.5 and 2.5 vol% fibers improved the ductility by 1.55 and 1.80 times, respectively. The reason underlying this response is that the NF-S and UHP-FRC beams have different cracking characteristics. Although the test beams showed the ductile failure, except for the NF beam, while the NF-S beam failed by the concrete crushing after the maximum load, the reinforcement rupture for the UHP-FRC beams took place due to the major crack formed over the mid-span.




3.2.3. Curvature Ductility


On three beams exhibiting the ductile behavior, as shown in Figure 10, the moment-curvature responses were determined with the help of curvature meter setup placed to the back side of the mid-region. As in the deflection ductility, the curvature ductilities (μϕ) were calculated by dividing the ultimate curvature (ϕu) by the equivalent yield curvature (ϕy). Here, the yield curvature was captured from the bi-linearized moment-curvature graphics. The curvature ductilities and other characteristic values for the related test beams are given in Table 4.



As shown from Figure 10 and Table 4, the steel fiber uses with 1.5 and 2.5 vol% significantly improved the curvature ductility by 3.72 and 2.64 times, respectively, compared to the reference beam NF-S. It can be also noted that while the ultimate curvature of the SF-2.5 beam is greater than that of the SF-1.5 beam, the curvature ductility of the SF-1.5 beam is higher because its yield curvature is somewhat larger than that of the SF-2.5 beam. Extremely large curvature ductilities were obtained as against the deflection ductilities due to the crack localization in the UHP-FRC beams (Table 4). When the normal-strength concrete was considered instead of the UHPC, it would not be possible to obtain such great curvature ductilities because of the high tensile reinforcement ratio. Hence, the moderate-level steel fiber use in the UHP-FRC matrix demonstrates highly effective advantages in terms of the deflection and curvature ductilities.




3.2.4. Load Carrying Capacity


In order to see the contribution of steel fibers on the load carrying capacities, the peak loads (Pp) of UHP-FRC beams were proportioned to that of the NF-S beam. As shown in Figure 5 and Table 3, the increases of 12% and 19% were obtained for two volume fractions by way of the fiber contribution in the compression and tensile regions. It can be noted that the fiber effectiveness on the beam’s load capacities showed an increasing tendency as the considered fiber amount increases. However, the fiber use provided exceptional contribution to the non-fiber beam without the shear reinforcement. The largest gain in the load carrying capacity was determined for the SF-2.5 beam with the highest fiber amount (Figure 5).






4. Numerical Predictions of the Shear and Flexural Capacities


Regarding the nominal shear capacity of reinforced concrete beams produced by the normal-strength concrete as well as high-strength concrete in some instances, some equations were given in well-known design codes such as ACI 318 [36], Eurocode 2 [39], and NZS 3101 [41]. These equations can be applied up to an upper limit of compressive strength. While the ACI 318 and Eurocode 2 limit as 60 and 70 MPa, respectively, the NZS 3101 based on 90 MPa. However, it is unknown whether or not the practical equations are applicable for the concretes with higher and higher compressive strength such as the UHP-FRC and reactive powder concrete. In the current study, the shear capacity of the reference beam, NF, without the shear reinforcement was calculated by different code equations, and the results were discussed by referencing the experimental capacity.



Regarding the other part, although some recommendations [1,2,4,5] were presented with regard to the flexural moment capacity of the UHP-FRC members, these approaches have not been included yet in a design code. Many efforts were conducted to practically calculate the capacities of both high strength and ultra-high strength fiber-reinforced concrete members, investigating the shape of the concrete stress block, ultimate strain capacity, fibers’ geometrical properties, volumetric ratio, orientation, and bond stress, as well as other parameters affecting the tensile stress distribution [42,43,44,45,46,47,48,49,50]. More recently, the authors of this study proposed a numerical approach to predict the nominal moment capacity of UHP-FRC beams with rectangular cross-sections [14]. In the second part of the numerical investigations, the flexural capacity of the test beams, except for the NF beam, were numerically determined and compared with the experimental results.



4.1. Predicting the Nominal Shear Capacity


As noted above, the nominal shear strength of the NF test beam without the shear reinforcement was calculated by means of Equations (1)–(3), which are given in the ACI 318, Eurocode 2, and NZS 3101, respectively. In Equation (1), ρ denotes the longitudinal reinforcement ratio; a, d, and bw are the shear span, effective depth, and width of the beam, respectively. In Equation (2), k is the size factor (=1 + (200/d)0.5). In Equation (3a,b), kd represents the influence of the member depth on the shear strength. If d ≤400 mm, kd = 1.0; d >400 mm, kd = (400/d)0.25. ka is an impact factor for the maximum aggregate size (da). If da ≥20 mm, ka = 1.0; if da ≤10 mm, ka = 0.85. Note that the d should be in mm in calculation of the coefficients k and kd. The value of Vc can be calculated by the linear interpolation for 200 mm < d < 400 mm.
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In Table 5, the calculated shear capacities (Vncal) were proportioned to the experimental capacities (Vnexp) to show how the code equations give results. It can be noted that while the ACI 318 and NZS 3101 codes gave pretty good results, the Eurocode 2 equation highly overestimated the shear strength with an error of 42% (Table 5). Although the ACI 318 and NZS 3101 approaches are in different forms, both equations gave close predictions of the shear strength. It can be thought that these equations may be used to determine the shear capacities of UHPC beams. However, the shear equation of Eurocode 2 should be improved by considering the mechanical properties of this type of special concrete.




4.2. Predicting of the Flexural Moment Capacity


The flexural design principles developed for the normal-strength concrete cannot be directly applied to the UHP-FRC members since the compressive, tensile, and strain-hardening behaviors are distinct from those of the conventional concrete. In the scope of numerical investigations, an approach proposed by the authors [14] was used to predict the nominal moment capacity of UHP-FRC beams. Working together with this model, the use of a well-known equivalent stress block was maintained for the compression and tension regions, as shown in Figure 11. The tensile strength of the UHP-FRC beams were obtained from the direct tensile test in order to eliminate uncertainties in determining the fiber parameters. However, the tensile strengths (σt exp) must be reduced by a coefficient to get an equivalent tensile block as in the compression block (Figure 11). In this context, the strength reduction factor (k) was optimized to 0.75, as shown in Equation (4).


σt = k σtexp



(4)







The approach was applied to the NF-S and UHP-FRC test beams, and the calculated moment capacities (Mpcal) were proportioned to the experimental capacities (Mpexp), as shown in Table 6. It is apparent that the numerical results belonging to the UHP-FRC beams for both fiber amounts are highly compatible with the test results since the errors are in a band less than 10%. However, the non-fiber beam’s capacity was underestimated at a relative error of 15%. It can be deduced that the practical approach can satisfyingly determine the flexural moment capacities of UHP-FRC beams.





5. Conclusions


In the presented experimental study, the feasibility of steel fibers in place of shear reinforcement in the UHPC beams and the advantages of steel fiber use without providing any shear reinforcement were investigated in terms of flexural behavior. For these purposes, the total of four I-shaped test beams consisting of the non-fiber UHPC beams with/without the shear reinforcement and the UHP-FRC beams, including the short straight-fibers with 1.5% and 2.5% by volume, were produced. The shear and flexural test results were discussed based on the non-fiber UHPC beam configurations. In addition, the relation between the well-known code equations and the nominal shear capacity was discussed by referencing the experimental result. For the test beam exhibiting the flexural behavior, the moment capacities of UHP-FRC beams were numerically determined and compared with the experimental results as well. The following outcomes can be deduced from the experimental and numerical investigations.



The NF beam failed by the shear with a sudden load drop before the yielding of reinforcement and produced no deflection capability. Regardless of the fiber volume fraction, full flexural behavior commenced for the UHP-FRC beams without the shear reinforcement. On the other hand, the initial and effective stiffnesses of the UHP-FRC beams are apparently greater than those of the non-fiber configurations through the fibers’ crack-bridging ability. The cracking behavior for UHP-FRC beams is dissimilar when comparing to the non-fiber beams. A major crack formed at a single point over the beam mid-span. This crack is intensely enlarged against others due to the crack localization. Thus, the reinforcement ruptured without the concrete crushing even though the considered tensile reinforcement ratio is almost at the upper limit stipulated in the design codes.



The steel fiber use with 1.5% and 2.5% by volume improved the deflection ductility by 1.55 and 1.80 times, respectively, in comparison to the shear reinforcement. However, extremely large curvature ductilities for the UHP-FRC beams were obtained in comparison to the deflection ductilities. When the normal-strength concrete was considered instead of the UHPC, it would not be possible to obtain such great curvature ductilities because of the high tensile reinforcement ratio. The fiber use provided exceptional contribution to the non-fiber beams with and without the shear reinforcement. The largest gain in the load carrying capacity was determined for the test beam with the highest fiber amount.



The test results indicated that the steel fiber use ensured highly effective advantages in terms of the flexural behavior. Even though no shear reinforcement is provided in the UHP-FRC beams, in contrast with the requirements in design codes, the inclusion of steel fiber use of 1.5% by volume is sufficient to guarantee the flexural behavior. This observation consisted with those deduced from the researches by others [22,30,31,33].



Although the ACI 318 and NZS 3101 approaches are in different forms as well as are based on the normal-strength concrete, both equations predict the shear capacity satisfyingly. However, the Eurocode 2 equation highly overestimated the shear strength with an error of 42%. On the other side, the previously proposed approach by the authors is highly compatible with the test results of UHP-FRC beams.
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Figure 1. The UHP-FRC mixing procedure, (a–d) the blending steps of mixture. 
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Figure 2. The geometric size and details of test beams. 
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Figure 3. The four-point loading setup. 
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Figure 4. The average tensile stress–strain curves for each fiber volume fraction. 
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Figure 5. The load–deflection responses of test beams. 
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Figure 6. Definitions of yield and ultimate points [40]. 
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Figure 7. The failure modes of test beams. 
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Figure 8. Cracking patterns and maximum crack widths at the serviceability limit state (SLS). 
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Figure 9. Cracking patterns and maximum crack widths at the ultimate limit state (ULS). 
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Figure 10. The moment-curvature responses of test beams. 
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Figure 11. The strain and stress distributions in relation to the numerical model. 
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Table 1. The material quantities for ultra-high performance concrete (UHPC) and ultra-high performance fiber reinforced concrete (UHP-FRC) mixtures. C: cement, GGBS: ground granulated blast-furnace slag, SF: silica fume, SP: superplasticizer, W: water.
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Beam Name

	
Vf (%)

	
C

	
SF

	
GGBS

	
QS

	
W

	
SP




	
(kg/m3)






	
NF and NF-S

	
0.0

	
720

	
240

	
240

	
890

	
204

	
23.0




	
SF-1.5

	
1.5

	
720

	
240

	
240

	
852

	
204

	
23.6




	
SF-2.5

	
2.5

	
720

	
240

	
240

	
825

	
204

	
24.3
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Table 2. The mechanical properties of the reinforcement and concrete.
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Beam

Name

	
Reinforcement

	
Concrete




	
fy (MPa)

	
fu (MPa)

	
fc’ (MPa)

	
ft (MPa)

	
Slump Flow




	
Spread (mm)

	
t500 (s)






	
NF

	
469

	
590

	
145

	
5.3

	
780

	
2.0




	
NF-S

	
470

	
591

	
142

	
5.1




	
SF-1.5

	
470

	
591

	
154

	
8.8

	
730

	
3.0




	
SF-2.5

	
473

	
593

	
159

	
10.7

	
700

	
3.0








fy: yield strength, fu: ultimate strength, fc’: compressive strength, ft: tensile strength.
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