

  buildings-13-01723




buildings-13-01723







Buildings 2023, 13(7), 1723; doi:10.3390/buildings13071723




Article



Experimental and Numerical Study of UHPFRC Continuous Deep Beams with Openings



Ahmed M. Yousef, Ahmed M. Tahwia *[image: Orcid] and Meshal S. Al-Enezi





Structural Engineering Department, Faculty of Engineering, Mansoura University, Mansoura 35516, Egypt









*



Correspondence: atahwia@mans.edu.eg







Academic Editors: Fangwen Wu, Xiaohong Zheng, Yunchao Tang, Haibo Jiang and Renda Zhao



Received: 13 June 2023 / Revised: 27 June 2023 / Accepted: 4 July 2023 / Published: 6 July 2023



Abstract

:

To study the performance of UHPFRC continuous deep beams with openings, experimental and numerical investigations have been carried out. The test program included seven continuous deep beams with openings, in addition to one similar solid beam. The variables were the ratio of transverse reinforcement and the position, height, and width of the opening. The results showed that the failure mode of UHPFRC two-span continuous deep beams depends mainly on the position and size of the opening in the shear span. The shear failure occurs in the diagonal strut between the support and the applied force through the opening edges. The maximum spacing between stirrups (sv,max) of ACI 318-2019 was not suitable for UHPFRC. Providing stirrups with spacing 129% greater than sv,max of ACI 318-2019 had a slight effect on the failure load. Web openings of 20% of beam height reduced the failure load by 31.6% to 43.0% compared with a similar solid beam. For specimens with the same opening height and position, increasing the width of the opening by about 75% more than that of a similar beam reduced the failure load by about 27.8%. The proposed 3-D numerical model successfully predicted the failure load and performance of UHPFRC continuous deep beams.
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1. Introduction


The use of ultra high-performance fiber reinforced concrete (UHPFRC) has become popular in a great number of structures, such as long span bridges and tall buildings [1,2,3]. It has a high compressive strength greater than 150 MPa [4] and also has high durability, which extends the service life [5,6,7,8,9,10,11,12,13,14]. In 2013, the French Association of Civil Engineers (AFGC-2013) published the revised edition of the recommendations for the design of UHPFRC structures [15]. Recommendations for the design of UHPFRC structures have been also reported in Japan (JSCE) [16] and Korea (KCI) [17]. Continuous deep beams are used as transfer girders in many different structures. The Egyptian Code of Practice (ECP-203-2020) [18] defines a continuous deep beam as a beam with an effective span to depth ratio less than or equal to 2.50. The definitions of continuous deep beams in Eurocode 2 (EC-2) [19] or in the ACI 318-2019 building code [20] are considerably different. During the past five decades, many researchers have studied the shear behavior of R/C continuous deep beams [21,22,23,24,25,26,27,28,29,30]. Makki et al. [30] presented a paper reviewing the behavior of continuous deep beams. They concluded that continuous deep beams resist the applied loads by flexure and shear together. The part of beam resistance caused by flexure depends on the a/d ratio, as well as the main and web reinforcement ratios. For beams with a very small a/d ratio, flexural cracking may not appear. In many new buildings, openings in the web of deep beams are provided for essential services and greatly affect the behavior of these beams.



Numerous experimental investigations have studied the capacity of simple UHPFRC solid beams [31,32,33,34,35,36,37,38,39,40,41,42,43,44]. Solhmirzaei et al. [39] collected a database of 360 reported UHPFRC simply supported beams with different parameters. They predicted the failure mode and the failure load of these beams using a data-driven machine learning framework. Very few experimental tests were published on the performance of simply supported UHPFRC beams with openings [45,46,47,48].



Experimental investigations or numerical modeling of UHPFRC continuous beams with and without openings have not been reported until now. For this paper, experimental and numerical investigations to study the shear performance of UHPFRC two-span continuous deep beams with openings and reinforced with minimum web reinforcement were conducted. The main studied variables were the position and size of the openings and the transverse reinforcement ratio of the beams. A 3-D numerical model was proposed to predict the performance of UHPFRC continuous beams.




2. Experimental Work


Seven UHPFRC two-span beam specimens with openings and one reference solid beam were included in the test program. All the beams had a width of 80 mm and a total height of 400 mm. The specimens were tested with the same span to depth ratio (le/d = 2.29) and the same ratio (a/d = 1.0). The bottom and top reinforcement of the specimens comprised four bars of diameter 22 mm (ρt = 5.43%) and had a fy of 426.3 MPa. The specimen notation contained four parts: the first part D refers to deep beam, C refers to continuous beam, O refers to opening, and U refers to UHPFRC. Detailed information on the tested specimens is given in Table 1. The continuous beams were reinforced with skin reinforcement (2D10 mm bars on each side), which covers the minimum required by ACI 318 [20], EC-2 [19], and ECP 203 [18]. Figure 1a shows the details of the reinforcement of specimens, with one opening in each exterior span. A little modification to the positions of the horizontal web bars was made to facilitate placing the second web opening without cutting these bars (Figure 1b).



The ratio of stirrups ρv%, the position, width, and height of openings were the studied parameters, as given in Table 1. Stirrups with diameters of 6 mm or 8 mm were used, with fy = 397.2 and 312.7 MPa, respectively. The details of the stirrups are given in Table 2, with the minimum required by the codes. The area of stirrups Av covers Av,min, as adopted by the codes. The stirrups spacing sv was less than or equal to the maximum spacing sv,max of ECP-203-2020. The provided sv of DCOU1, DCOU2, DCOU3, DCOU6, DCOU7, and DCOU8 satisfied the minimum required by EC-2, except beams DCOU4 and DCOU5. The provided sv of all the tested continuous beams with openings was greatly higher than the sv,max adopted by ACI 318-2019. It should be noted that, according to this code, the vertical web reinforcement should be provided such that sv does not exceed the lesser of d/5 or 300 mm, where d is the effective depth of the beam. Table 2 shows that the provided sv for beams DCOU2 and DCOU3 was 43% more than the sv,max of ACI 318, while the provided sv for beams DCOU4 and DCOU5 was 186% more than the sv,max of ACI 318. The provided sv for beams DCOU6, DCOU7, and DCOU8 were 129% more than the sv,max of ACI 318. The size and position of openings in UHPFRC two-span continuous beams are shown in Figure 2. The openings were placed in the exterior shear span, so as to interrupt the load flow between the external support and the point of applied force. The width and place of the openings were changed according to the spacing between the stirrups. The height of one opening is 80 mm (20% of beam height). This means that making two identical openings in the same section causes a 40% reduction in total height.




3. UHPFRC Mix Materials


The UHPFRC mix proportions by weight per 1.0 m3 are given in Table 3. Portland cement grade 52.5 N, according to EN197-1 [49], with a fineness of 345 m2/kg, was utilized. Natural sand was used as fine aggregate, which possessed a specific gravity and maximum particle size of 2.65 and 4 mm, respectively. Crushed quartz powder with a mean diameter of about 20 µm and silica fume with a diameter of 1.0 µm to 0.1 µm and a specific surface area of 19,000 m2/kg were used. A new generation of high range water reducers was used [50]. The volume fraction of steel fibers of 1.5% was used in the UHPFRC mix. End-hooked steel fiber with a diameter of 0.2 mm and a length of 13 mm was used. The measured yield strength of steel fibers is equal to 552 MPa and the maximum tensile strength is 828 MPa. UHPC continuous beams were fabricated using a similar method as described in a previous study [10]. Mixing procedures are shown in Figure 3. Concrete specimens were cured within the first 24 h at room temperature (21 ± 2 °C), and then moist cured after demolding until the test ages. The cube concrete compressive strength fcu, based on 50 × 50 × 50 mm cubes, and the cylinder concrete compressive strength fc’, based on the 50 × 100 mm cylinder of the UHPFRC mix, were 143.5 MPa and 132.5 Mpa, respectively. The splitting cylinder tensile strength fsp, based on a 50 × 100 mm cylinder, and the flexural strength fr, based on 40 × 40 × 160 mm prisms, were 10.5 MPa and 30.5 MPa, respectively. Table 4 summarizes the mechanical properties of the UHPC mixtures. Tests were carried out according to ASTM standards [51,52,53,54].




4. Test Setup


The two-span continuous specimens were tested in the loading frame of the concrete laboratory at the Faculty of Engineering, El-Mansoura University, with a total capacity of 2000 kN. The load was applied to the beams through a force-controlled jack, with a loading rate of 20 kN/min. In order to get four-point loads and three support reactions, special arrangements were made, as shown in the photograph in Figure 4. Steel plates of the same size (40 × 80 mm) and thickness (20 mm) were provided at the load points and at the supports. Each specimen was sufficiently instrumented to measure the mid-span deflection and the strains in the longitudinal bars and the stirrups. Electrical strain gauges were bonded to the stirrups, longitudinal bars, and skin bars at some critical points, as shown in Figure 1. Electric resistance 120 ohms Epoxy-based strain gauges with lengths of 15 mm and 20 mm were used. The mid-span displacements were measured using dial gauges with an accuracy of 0.01 mm. The widths of cracks were determined using a crack detection microscope (accuracy = 0.02 mm), and the propagations of cracks were marked on the surface of each deep beam.




5. Results


5.1. Failure Modes


For the tested UHPFRC continuous beams, the first mid-span flexural crack approximately took place at the same time in the two spans. For a solid deep beam, the first shear crack is initiated at the mid-depth of the intermediate shear span. As the load increased, shear cracks developed in the zones between the load points and the supports. The width and length of these cracks increased with increasing the applied load. Just before failure, the cracks became wider. The first diagonal crack of DCOU1 was observed at a load of 31.0% of the failure load. The cracking patterns of inclined cracks were symmetrical for the two spans of the beam and gave the appearance of a tied-arch system, as shown in the photograph of DCOU1 in Figure 5a. At failure, the web reinforcement was yielding, and shear compression took place by concrete crushing at the diagonal strut through the major shear crack between the load and the support.



For the tested beams with openings, the diagonal crack developed at the top or bottom corner of the openings and was shorter than that of the solid beam (see the photographs in Figure 5). The loads of the first shear crack and the first flexural crack are given in Table 5. The average load of the initial shear crack of specimens with openings is 38.3% of the failure load. With the load increase, new cracks developed at the edges and corners of the openings. At an exterior shear span and around the openings, the width of cracks that occurred between the load (or the support) and the corners of the opening increased faster than the cracks that developed between the load plates and the intermediate support. A brittle failure mechanism took place very quickly, due to the diagonal shear fracture of the concrete diagonal compression strut passing through the opening at one of the exterior shear spans. At failure, two major shear cracks occurred: the first took place between the applied load and the upper inner corner of the opening, and the second was between the lower corner of the opening and the support. At failure, two blocks formed: one attached to the external support and the other attached to the central support (Figure 5). The stirrups arrangements did not have a noticeable influence on the mode of failure, since it occurred in the diagonal compression struts passing through the opening edges.




5.2. Ultimate Loads


The existence of openings in the exterior shear span of UHPFRC two-span continuous beams considerably reduced the ultimate capacity of the tested beams compared to similar solid beams, as shown in Table 5. The experimental total cracking loads (Vcrs and Vcrf) and total ultimate loads (Vu,EXP), as well as the ratio (Vcrs/Vu,EXP) of continuous specimens with and without web openings, are shown in Table 5. The average ratio (Vcrs/Vu,EXP) for continuous specimens with web openings was about 24.0% higher than the solid beam. The ultimate load Vu,EXP of DCOU2 (opening width = 80 mm) was equal to 68.4% of that of beam DCOU1 without opening. The recorded Vu,EXP of DCOU4 (opening width = 180) and DCOU6 (opening width = 140 mm) were equal to 59.7% and 57.0% of those of DCOU1, respectively. This showed that web openings of 20% height placed in the exterior shear span reduced the failure load of UHPFRC two-spans continuous deep beams by 31.6% to 43.0% compared with the reference beam. This showed that the reduction in the recorded ultimate load of the tested beams depends mainly on the width and location of the opening. Figure 2 shows the locations of openings on UHPFRC two-span continuous beams. The pass between the support and the applied load cuts a wider part of the openings of beam DCOU6 than that of beam DCOU4. The reduction of Vu,EXP increased with an increase in the height of the opening to 40%. The recorded Vu,EXP for beams DCOU3 and DCOU7 were equal to 63.2% and 45.6% of the solid beam, respectively. An opening of the height of 40% reduced Vu,EXP by 36.8% to 54.4% compared with the solid beam. It can be noted that Vu,EXP of beam DCOU3 (opening height = 40%) was only 92.3% of that of beam DCOU2 (opening height = 20%), while Vu,EXP of beam DCOU7 was 80.0% of that of beam DCOU6. Also, increasing the opening width reduced the Vu,EXP of the UHPFRC deep beams (Table 5). Comparing specimens with an opening height of 20% showed that Vu,EXP of DCOU4 was smaller than DCOU2 by 12.8%, while the Vu,EXP of DCOU6 was 16.7% smaller than DCOU2. Comparing beams with an opening height of 40% showed that the recorded Vu,EXP of beam DCOU7 was smaller than DCOU3 by 27.8%. This indicated that, for the tested specimens with openings of the same height, increasing the width of the opening from the two sides of the load pass increased the reduction of Vu,EXP.



Table 5 shows the effect of the provided transverse reinforcement ratio ρv% on Vu,EXP. For beam DCOU5 with a ρv equal to 0.63% (dv = 8 mm and sv = 200 mm, which is 186% more than sv,max of ACI 318-2019), the recorded ultimate load was slightly more than that of DSOU4 with ρv = 0.35% (dv = 6 mm) by about 1.5%, while the Vu,EXP of beam DCOU8 with a ρv equal to 0.79% (dv = 8 mm and sv = 160 mm, which is 129% more than sv,max of ACI 318-2019) was less than that of beam DCOU7 (with ρv = 0.44%) by about 1.9%. This indicated that, for continuous beams with similar openings, providing stirrups with a spacing of 129% more than sv,max adopted by ACI 318-2019 had a small effect on Vu,EXP. Increasing ρv% by 80% slightly increased (or decreased) the Vu,EXP of continuous deep beams, since the failure of these beams with openings was independent of the transverse reinforcement, and usually took place in the diagonal compression strut between the support and the applied force passing through the opening edges. For beams with openings with different heights and/or widths, increasing ρv% did not enhance the failure load, since the height and width of the opening are the main parameters controlling the shear performance of continuous specimens. This is indicated by the comparison between the recorded shear failure loads of beam DCOU8 (ρv = 0.79%) and DCOU6 (ρv = 0.44%).




5.3. Cracking Loads


The total applied load versus the width of the recorded shear crack width for the continuous beam specimens is given in Figure 6. For beams with openings, the diagonal shear cracks were initiated earlier in the reference beam, as shown in Table 5. These cracks developed gradually with increasing loads. The recorded first cracking load Vcrs of beams DCOU2, DSOU4, and DCOU6 (having one opening) were 97.4%, 71.4%, and 74.3% of that of the solid beam, respectively. By increasing the opening height, Vcrs were considerably reduced. For beams DCOU3 and DCOU7, the recorded Vcrs were 71.4% and 57.1% of the solid beam, respectively. Increasing the opening width for the same opening height also reduced the recorded first diagonal load. For beam DCOU4 (with an opening width of 180 mm), the recorded Vcrs was 78.1% of that of beam DCOU2 (opening width = 80 mm), and the Vcrs of DCOU6 (opening width = 160 mm) was 81.3% of that of beam DCOU2. Increasing the transverse reinforcement ratio slightly enhanced the first cracking load and slightly reduced the width of these cracks in the tested specimens with the same opening size. Figure 5 shows that the development of the diagonal crack in beam DCOU4 (sv = 200 mm and ρv = 0.35%) was slightly faster than that of beam DCOU5 (with sv = 200 mm and ρv = 0.63%). The development of the diagonal crack in beam DCOU7 (sv = 160 mm and ρv = 0.44%) was also slightly faster than that of beam DCOU8 (with sv = 160 mm and ρv = 0.79%).




5.4. Load-Displacement Relationships


A plot of the total load applied by the jack versus the mid-span displacement for UHPFRC two-span continuous beams is shown in Figure 7. All displacement curves are for the failed span. The behavior of the beams was elastic in the first stages of loading. After increasing the applied load, beams with web openings produced displacements greater than those of the solid beam. Beam DCOU2, having the smallest web opening, showed the nearest load-displacement curve to the solid beam. For openings with the same width, height, and position, increasing the transverse reinforcement slightly enhanced the stiffness of the beams. Beam DCOU5 with ρv = 0.63% was slightly stiffer than beam DCOU4 with the same web opening, but with lower ρv = 0.35. Beam DCOU8 with ρv = 0.79% had approximately the same stiffness as beam DCOU7 with the same web opening and ρv = 57% of that of beam DCOU7. For the same opening width and same stirrups, increasing the opening height considerably reduced the overall stiffness of the specimens. The tested deep beam DSOU3 (opening height = 40% beam height) had a much lower stiffness than that of beam DSOU2 (opening height = 20% beam height). The same results were obtained from the comparison between beams DCOU6 and DCOU7. This indicated that increasing the width of the opening symmetrically around the load line considerably reduced the stiffness of the tested two-span UHPFRC continuous beams. For specimens with the same transverse reinforcement and opening height, beam DCOU8, with an opening width of 140 mm, had a stiffness much smaller than beam DCOU3 (width of opening 80 mm).




5.5. Strains Relationships


The strains of longitudinal bars in the mid span and over the central support were in tension with small values and approximately constant at each increment of load increase. After the initiation of flexural cracks at the middle of each span, the strains increased at the lower bars. The photographs in Figure 5 show that the tested continuous beams had failed in shear compression before the longitudinal bars reached the yield point. The development of shear cracks did not influence the recorded strains in these bars. Changing the opening size and position had a slight effect on the measured longitudinal steel strains.



The recorded strain readings in the legs of the stirrup just beside the opening at the exterior support (gauge G3 in Figure 1) are given in Figure 8, versus the applied total load (Vu,EXP). Before the first diagonal crack, the strains in the stirrups were very slight, and a considerable increase happened after the initiation of this crack. Comparing the strains recorded in the stirrups showed that increasing the ratio of stirrups (by increasing dv and/or reducing sv) for the same web openings reduced the strains at the same shear force. The recorded strains in beam DCOU5 (with ρv = 0.63%) were smaller than those in beam DCOU4 (with ρv = 0.35%). The strains in the stirrups of beam DCOU1 without web openings reached the yield strain just before shear compression failure (yielding strain of stirrups with 6 mm diameter = 1980 × 10−6). The stirrups of the tested specimens with openings did not yield, as shown in Figure 7, since the failure took place early in the diagonal compression strut passing through the web opening in one of the exterior shear spans (yielding strain of stirrups with 8 mm diameter = 1560 × 10−6). The existence of web openings increased the recorded stirrup strains in comparison to the reference solid beam. The increase in height of the opening increased considerably the strains in the legs of the stirrups (the strain readings of DCOU3 and DCOU2 and the strain readings of DCOU7 and DCOU6). A comparison between beams DSOU4 and DSOU2 showed that increasing the opening width increased the recorded stirrups strains at the same applied load.





6. Numerical Modeling for UHPFRC Two-Span Continuous Deep Beams


6.1. Proposed Model


A 3-D numerical model using the computer program ABAQUS [55] is proposed and used to predict the performance of two-span beam specimens with openings. This code included nonlinear constitutive models for concrete and reinforcing bars. A 3-D solid element C3D8R with eight nodes modeled the concrete. This concrete element can be cracked in tension and crushed in compression. It is defined by eight nodes with three degrees of freedom at each node. This program used the concrete damage plasticity model (CDP) to simulate the concrete’s behavior with degradation under both compression and tension. The CDP model assumes that the two main failure mechanisms of concrete are compressive crushing and tensile cracking. Two damage parameters are used to identify the degradation of elastic stiffness. These parameters can take values from zero to one (zero for undamaged material and one for fully damaged material). Five plasticity parameters of CDP are defined in the Drucker–Prager plastic flow function and the yield function. These parameters are the dilation angle ψ, the eccentricity, the ratio of biaxial compressive strength to uniaxial compressive strength (σbo/σco), the viscosity parameter, and the ratio of the second stress invariant on the tensile meridian to that of the compressive meridian Kc. A dilation angle of 30° was used in the model of the studied specimens. The eccentricity of 0.10, which is a default of the ABAQUS code, and a value of the ratio (σbo/σco) of 1.16 were used. The viscosity parameter was assumed to be 0.0001 and a value of (2/3) for the Kc parameter was adopted. The stress–strain relationships for UHPFRC in compression and tension adopted by Al-Kabasi et al. [56] were used in the proposed model. In this study, the maximum direct tensile strength of UHPFRC was taken to be equal to 8.0 MPa, as recommended in the previous design guidelines for UHPC [15,16,17]. The Poisson’s ratio of UHPFRC was taken to be equal to 0.2. For UHPFRC in this study, the elasticity modulus was estimated using a simple expression (Ec = 3737 fcu0.5 MPa) [38]. The experimental cube compressive strength fcu is equal to 143.5 MPa and the calculated value of Ec is equal to 44,770 MPa.



The beam reinforcement of the studied specimens was treated as embedded 3-D truss element (T3D2) smeared inside the solid element. This bar element is a linear two-node displacement element that uses linear displacement interpolation and has constant stress. The contact between the steel plates and the concrete (at the loading points and at the supports) was simulated as tie contact. Rigid body interactions were applied. The boundary conditions for the tested beam specimens were simulated in the numerical model. Two exterior roller supports (with u2 = 0.0 but u1 and u3 ≠ 0.0) and one intermediate hinged support (with u1 = u2 = u3 = 0.0) were considered for the continuous beams. Detailed information about elements and models can be found in the manual of the ABAQUS code [55]. It should be noted that the accuracy of the numerical results of the ABAQUS code when applied to UHPFRC simply supported beams were ensured in many previous numerical investigations [56,57,58,59].



Each continuous specimen can be meshed according to details of reinforcement, position, and size of openings. The finite element meshing of two-span continuous beams is shown in Figure 9. A mesh element of concrete with a size of 20 × 20 × 20 mm was used for the specimens. In this study, the reinforcing steel is modeled as an elastic-perfectly plastic material, the reinforcement modulus of elasticity Es is assumed to be 2 × 105 MPa, and the Poisson’s ratio is taken as 0.30. The bond between rebars and concrete is assumed to be perfect.




6.2. Validation of Numerical Results


In Table 6, The mode of failure of the tested two-span continuous beams using the proposed numerical model is compared with the experimental failure modes. The comparison shows similar failure modes. Figure 10 shows the shapes of the stress distribution just before the shear failure of the continuous beams predicted from the numerical model. A comparison between Figure 10 and the photographs in Figure 5a,b shows that the predicted failure modes and the stress distribution of the tested specimens are greatly similar to the results of the experimental tests. The opening size and location controlled the effectiveness of the diagonal compression struts between the load and the exterior supports. Increasing the opening size (width and/or height) considerably reduced the width of the diagonal strut, and consequently reduced the failure load. This shows that the proposed numerical model can successfully predict the stress distribution and modes of failure for UHPFRC continuous beams.



Table 6 shows a contrast between the failure load Vu,EXP and that estimated from the numerical model Vu,NUM. The average of (Vu,EXP/Vu,NUM) for two-span continuous beam specimens with openings is 1.058 (without DCOU1), and the coefficient of variation is equal to 2.77. This indicates that the numerical model gives reliable estimates of the failure load of two-span continuous beam specimens with openings. The predicted and the experimental mid-span displacements are given in Table 6. The average of (Δu,EXP/Δu,NUM) of the specimens with openings is equal to 0.985, with a coefficient of variation equal to 5.47. The experimental and predicted curves of mid-span displacements for the continuous beams are also compared in Figure 11 and Figure 12. These figures show that reasonable concurrence has been achieved between numerical and experimental results. The results showed that this model provides a good tool for predicting the capacity and deformations of two-span continuous UHPFRC beams with and without openings.





7. Conclusions


This experimental and numerical investigation was carried out to study the performance of UHPFRC two-span continuous beams. Eight continuous deep beam specimens were tested in shear. The stirrups spacing sv of all the tested specimens was (43% to 186%) more than the maximum spacing svmax of ACI 318-2019. The following can be concluded:




	
The failure mode of UHPFRC two-span continuous beams with openings in the exterior shear span depends essentially on the position, height, and width of the opening. The failure takes place in the diagonal strut at the load line passing through the upper opening edge or/and the support and the lower opening edge.



	
The maximum spacing between stirrups sv,max of ACI 318-2019 for normal reinforced concrete was not suitable for UHPFRC. For specimens with the same opening width, height, and position, providing stirrups with a spacing 129% greater than the maximum required by ACI 318 code had no considerable effect on the first shear cracking load or failure load.



	
Web openings with a height of 20% of the beam height placed in the exterior shear span reduced the failure shear load of two-span continuous beam specimens by a ratio between 31.6% and 43.0% compared with the similar beam without opening.



	
Openings with a height of 40% of the beam height reduced the failure load of continuous UHPFRC specimens by 36.8% to 54.4% when compared with a similar beam without an opening.



	
Increasing the opening width by about 75% more than that of a similar UHPFRC continuous beam with the same opening height and position reduced the first crack load and failure load by 20.0% and 27.8%, respectively.



	
Openings in the exterior shear span of continuous UHPFRC beam specimens considerably increased the deflections, strains in the stirrups, and diagonal cracks width.



	
The proposed 3-D numerical model successfully predicted the shear strength and performance of UHPFRC two-span continuous beams with and without openings in the exterior shear span. It gives an ultimate load of about 94% of the experimental one.
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Figure 1. Reinforcement details. (a) Reinforcement of specimens with one opening; (b) reinforcement of specimens with two openings. 
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Figure 2. (a) Openings in beams DCOU1, DCOU2, and DCOU3. (b) Openings in beams DCOU5, DCOU6, DCOU7, and DCOU8. 
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Figure 3. The mixing procedure for producing UHPFRC. 
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Figure 4. Photograph of test setup for continuous specimens. 
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Figure 5. (a) Photographs of the crack pattern of beams DCOU1, DCOU2, DCOU3, DCOU4, and DCOU5. (b) Photographs of crack pattern of beams DCOU6, DCOU7, and DCOU8. 
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Figure 6. Total load–diagonal crack width relationships. 
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Figure 7. Total load–midspan displacement relationships. 
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Figure 8. Total load–strains in stirrups of specimens (Note: yielding strain of stirrups with 6 mm diameter = 1980 × 10−6 and for stirrups with 8 mm diameter = 1560 × 10−6). 
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Figure 9. Meshing of beams using finite element model. 
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Figure 10. Stress distribution just before failure of the tested beams using the proposed model. 
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Figure 11. Comparison between numerical and experimental load–displacement curves for beams (a) DCOU1, (b) DCOU2, (c) DCOU3, and (d) DCOU4. 
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Figure 12. Comparison between numerical and experimental load–deflection curves for beams (a) DCOU5, (b) DCOU6, (c) DCOU7, and (d) DCOU8. 
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Table 1. Details of tested two-span continuous UHPFRC deep beams with openings under shear.






Table 1. Details of tested two-span continuous UHPFRC deep beams with openings under shear.





	
Beam

	
fcu

MPa

	
fc’

Mpa

	
Opening Size

mm × mm

	
Number of Openings

	
a/d

	
Longitudinal Bars

	
Stirrups




	
Lower

	
Upper

	
sv

mm

	
dv

mm

	
ρv =Av/b sv

(%)






	
DCOU1

	
143.5

	
132.5

	
Solid

	
-

	
1.0

	
4D22

	
4D22

	
100

	
6

	
0.708




	
DCOU2

	
143.5

	
132.5

	
80 × 80

	
1

	
1.0

	
4D22

	
4D22

	
100

	
6

	
0.708




	
DCOU3

	
143.5

	
132.5

	
80 × 80

	
2

	
1.0

	
4D22

	
4D22

	
100

	
6

	
0.708




	
DCOU4

	
143.5

	
132.5

	
180 × 80

	
1

	
1.0

	
4D22

	
4D22

	
200

	
6

	
0.354




	
DCOU5

	
143.5

	
132.5

	
180 × 80

	
1

	
1.0

	
4D22

	
4D22

	
200

	
8

	
0.629




	
DCOU6

	
143.5

	
132.5

	
140 × 80

	
1

	
1.0

	
4D22

	
4D22

	
160

	
6

	
0.442




	
DCOU7

	
143.5

	
132.5

	
140 × 80

	
2

	
1.0

	
4D22

	
4D22

	
160

	
6

	
0.442




	
DCOU8

	
143.5

	
132.5

	
140 × 80

	
2

	
1.0

	
4D22

	
4D22

	
160

	
8

	
0.786
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Table 2. Provided stirrups for tested UHPFRC beams compared with the limits of international codes.
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Beam

	
a/d

Ratio

	
Provided Stirrups

	
Codes Requirements




	
ACI 318

	
EC-2

	
ECP 203




	
sv

mm

	
dv

mm

	
Av

mm2

	
sv,max

mm

	
Av,min

mm2

	
sv,max

mm

	
Av,min

mm2

	
sv,max

mm

	
Av,min

mm2






	
DCOU1

	
1.0

	
100

	
6

	
56.6

	
70

	
20

	
160

	
32

	
200

	
24.0




	
DCOU2

	
1.0

	
100

	
6

	
56.6

	
70

	
20

	
160

	
32

	
200

	
24.0




	
DCOU3

	
1.0

	
100

	
6

	
56.6

	
70

	
20

	
160

	
32

	
200

	
24.0




	
DCOU4

	
1.0

	
200

	
6

	
56.6

	
70

	
40

	
160

	
32

	
200

	
48.0




	
DCOU5

	
1.0

	
200

	
8

	
100.6

	
70

	
40

	
160

	
32

	
200

	
48.0




	
DCOU6

	
1.0

	
160

	
6

	
56.6

	
70

	
32

	
160

	
32

	
200

	
38.4




	
DCOU7

	
1.0

	
160

	
6

	
56.6

	
70

	
32

	
160

	
32

	
200

	
38.4




	
DCOU8

	
1.0

	
160

	
8

	
100.6

	
70

	
32

	
160

	
32

	
200

	
38.4
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Table 3. Proportions of UHPC mix (kg/m3).
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	Cement
	Silica Fume
	Sand
	Quartz Powder
	Water
	Superplasticizer
	Steel Fibers





	900
	225
	775
	270
	168
	36
	117










[image: Table] 





Table 4. UHPC mechanical properties.
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	Mix ID
	fcu (MPa)
	fc’ (MPa)
	fsp (MPa)
	fr (MPa)





	UHPC
	143.50
	132.50
	10.50
	30.50
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Table 5. Results of the tests.
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Beam

	
a/d

	
Total Experimental

Cracking Load

	
Total Experimental

Ultimate Load

Vu,EXP

(kN)

	
       V  c r s      V  u , E X P        

	
Failure Mode




	
Shear

Vcrs (kN)

	
Flexure

Vcrf (kN)






	
DCOU1

	
1.0

	
350

	
200

	
1140

	
0.31

	
Diagonal Shear Failure




	
DCOU2

	
1.0

	
320

	
250

	
780

	
0.41

	
Opening Shear Failure




	
DCOU3

	
1.0

	
250

	
180

	
720

	
0.35

	
Opening Shear Failure




	
DCOU4

	
1.0

	
250

	
250

	
680

	
0.37

	
Opening Shear Failure




	
DCOU5

	
1.0

	
260

	
150

	
690

	
0.38

	
Opening Shear Failure




	
DCOU6

	
1.0

	
260

	
200

	
650

	
0.40

	
Opening Shear Failure




	
DCOU7

	
1.0

	
200

	
180

	
520

	
0.38

	
Opening Shear Failure




	
DCOU8

	
1.0

	
200

	
150

	
510

	
0.39

	
Opening Shear Failure
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Table 6. Comparison between experimental and numerical results.
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Beam

	
a/d

	
Total Load at Failure

	
Mid-Span Displacement at Failure

	
Mode of Failure




	
Vu,EXP

(kN)

	
Vu,NUM

(kN)

	
       V  u , E X P      V  u , N U M        

	
Δu,EXP

(mm)

	
Δu,NUM

(mm)

	
       Δ  u , E X P      Δ  u , N U M        

	
Experimental

	
Numerical






	
DCOU1

	
1.0

	
1140

	
1063

	
1.072

	
3.23

	
3.49

	
0.926

	
Diagonal Shear

	
Diagonal Shear




	
DCOU2

	
1.0

	
780

	
724

	
1.077

	
4.38

	
4.81

	
0.911

	
Shear at opening

	
Shear at opening




	
DCOU3

	
1.0

	
720

	
647

	
1.113

	
5.27

	
5.65

	
0.933

	
Shear at opening

	
Shear at opening




	
DCOU4

	
1.0

	
680

	
656

	
1.037

	
4.69

	
4.91

	
0.955

	
Shear at opening

	
Shear at opening




	
DCOU5

	
1.0

	
690

	
672

	
1.027

	
4.64

	
4.47

	
1.038

	
Shear at opening

	
Shear at opening




	
DCOU6

	
1.0

	
650

	
619

	
1.050

	
4.90

	
5.04

	
0.972

	
Shear at opening

	
Shear at opening




	
DCOU7

	
1.0

	
520

	
484

	
1.074

	
5.42

	
5.36

	
1.011

	
Shear at opening

	
Shear at opening




	
DCOU8

	
1.0

	
510

	
496

	
1.028

	
5.61

	
5.23

	
1.072

	
Shear at opening

	
Shear at opening
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