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Abstract

:

This research discusses the performance of engineered cementitious composite (ECC) beams with and without transverse reinforcements using thorough analytical and finite element (FE) approaches under shear. The overall goal of this investigation was to assess the impact of various design characteristics, such as (i) shear span-to-effective depth ratio, (ii) transverse reinforcement ratio, etc., on the shear behavior of ECC beams. Nonlinear three-dimensional (3-D) FE analysis was performed with the commercial software ABAQUS to simulate the shear performance of ECC beams by employing the material properties obtained from the damage plasticity model. The correctness of the proposed FE model was validated with the benchmark experiments available in the literature. The developed FE model accurately computed the ECC beam’s overall load–deflection behavior and failure modes. In addition, the provision available in the Architectural Institute of Japan (AIJ) A-method was successfully employed to assess the shear load-carrying capacity of ECC beams. Furthermore, the effects of transverse reinforcement (pw) and shear span-to-depth ratio (a/d) on the behavior of ECC beams were also investigated. From a detailed parametric study, it was understood that a decreased a/d ratio exhibits enhanced load-carrying capacity for beams with and without stirrups for a particular cross-section. It was also observed that for the entire a/d ratio, the amount of stirrups had no substantial effect on the load-carrying capability of ECC beams.
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1. Introduction


Engineered cementitious composite (ECC) materials are high-performance fiber-reinforced cementitious composites developed for high-tensile load-bearing applications and cost-conscious construction sectors [1,2]. To accomplish a steady-state multiple cracking and strain-hardening behavior under tension, ECC is a cement-based composite material reinforced with polymeric fibers with a dosage of 2%, such as polyethylene fibers (PE), polyvinyl alcohol (PVA), polypropylene (PP), and others. Systematic microstructure tailoring and materials optimization [3,4,5] can be used to obtain good strain-hardening behavior. The elastic modulus of ECC is lower than that of conventional concrete owing to the unavailability of coarse aggregate. However, ECC has a compressive load capacity comparable to or greater than that of regular cement concrete, with compressive strengths and strain capacities ranging from 30 to 90 MPa and 0.45–0.65 percent, respectively [6,7,8]. Similarly, ECCs possess a high tensile strength ranging from 5.0 to 8.0 MPa, corresponding to a failure strain of 3–5 percent. High strength and high modulus PE and PVA fibers were used in most structural and retrofit ECC applications mentioned in the literature [9,10]. ECC often uses a considerable volume of fine aggregate (i.e., silica sand) instead of coarse aggregate to ensure optimum stiffness and volume stability in the mix [11]. ECCs are also engineered to have a high damage tolerance and higher durability qualities when exposed to harsh environments [12].



Because of its brittle failure nature, researchers have always been interested in the shear behavior of typical concrete beams [13]. The shear span-to-depth ratio, transverse reinforcement ratio, concrete strength, section form, and structural element type are all elements that influence shear behavior. As a result, predicting shear capacity is difficult since reactions vary from section to section along the shear span [14].



Previously, Kanda and Watanabe [15] detailed the design concept and material characteristics for ECC and established its efficacy in improving structural element performance. When shear compression was prevalent, the authors found that ECC greatly improved the shear resistance of short-span beams. The ECC performed much better in the case of dominating shear stress when both deformation and shear resistance were significantly improved. The shear behavior of ECC beams with and without steel reinforcement was studied by Shimizu et al. [16]. The main parameters tested were the transverse reinforcement ratio (0%, 0.15%, and 0.30%) and the volume fraction of PVA fibers (1.0%, 1.5%, and 2.0%). According to the findings, an ECC beam with 0.30% steel reinforcement in the tension face and a fiber volume fraction of 2.0% could enhance the load-carrying capacity by a better degree than the other beams. Zhang et al. [17] analyzed the diagonal shear–tension failure characteristics in SHCC (strain-hardening cementitious composite) beams with a/d ratios of 2 and 3. A three-point bending test was performed to confirm the failure mode of beams as diagonal shear–tension mode. Moreover, by assuming that the crack surface is normal, a finite element (FE) model was created to explore shear transmission mechanisms. Singh and Sivasubramaninan [18] studied the behavior of shear critical beams made of concrete and ECC. They concluded that the ECC beam had significantly higher ductility than the typical concrete beam. Xu et al. [19] examined the shear performance of reinforced ultrahigh-toughness cementitious composite (RUHTCC) beams without transverse reinforcement. The ratio of longitudinal reinforcement and shear span–effective depth were the variables. Compared to reinforced concrete beams, RUHTCC narrow beams had higher shear strength, according to the study. In all RUHTCC beams, numerous diagonal modes and a continuous diagonal crack growth mechanism were also observed. The study also developed empirical equations for computing the ultimate shear strength of fiber-reinforced beams without stirrups, which were determined to be in line with test findings.



Zhang et al. [20] experimentally investigated the shear performance of PP-ECC beams with various shear reinforcement ratios and compared them using theoretical equations using the Japan Society of Civil Engineering (JSCE) algorithm. According to the study, the shear carrying capacity of beams with and without shear reinforcements improved by 20.6 and 107.6%, respectively, compared to that of identical concrete beams. Furthermore, the JSCE code was found to overestimate the shear capability of PP-ECC beams. Hou et al. [21] investigated RUHTCC thin-beam shear characteristics experimentally with varying web reinforcement ratios. According to the research, for RUHTCC beams with a longitudinal reinforcement ratio of 3.25 percent, minor web reinforcing may change brittle shear to ductile flexure shear behavior. The stirrup ratio was raised to 0.55 percent even for the beam with a balanced reinforcement ratio and flexural failure was obtained. The ultimate shear strength of the RUHTCC stirrup beam is somewhat higher than that of the RUHTCC beam without a stirrup. Due to stirrup limitations, the shear contribution of UHTCC decreased as the web reinforcement ratio increased. Kanakubo et al. [22] worked on the shear performance of DFRCC (ductile fiber-reinforced cementitious composite) coupling beams through anti-symmetrical bending moment loading. The parameters studied were the fiber type and fiber volume fraction. The study reported that the shear capacities of DFRCC beams with higher volume fractions could be evaluated by adding the effect of fiber carrying capacity and assumed that fiber bridging in the case of lower fiber volume fractions starts decreasing before reaching the shear capacity of the beam. Said et al. [23], with limited changes in shear span-to-depth ratio and shear reinforcement quantity, explored the shear behavior of steel-reinforced PVA-reinforced mortar-based beams. According to the study, the presence of PVA fibers is particularly significant with lower shear reinforcement, and reducing shear span-to-depth enhances beam shear capacity.




2. Research Significance


From a careful review of the literature, it can be learned that no previous studies have reported the effect of shear span-to-depth ratio and transverse reinforcement ratios on the behavior of ECC beams in shear. Greater variations greatly influence the performance and load-carrying capacity of beams in shear span-to-depth ratio and shear reinforcement. As a result, the current research investigation fills a knowledge gap by conducting a full numerical and analytical analysis of the shear load-carrying capability of steel-reinforced ECC beams with wider shear span-to-depth ratios and transverse reinforcement ratios. The objective of the proposed work is twofold:




	
To develop a reliable and robust three-dimensional FE procedure capable of predicting the shear behavior of ECC beams using existing models.



	
To determine whether the existing AIJ A-method approach for determining the load-carrying capacity of ECC beams in shear is suitable.









3. Experimental Corroboration


To mimic the shear performance of ECC beams with steel reinforcement, a total of seven specimens were selected from two experimental studies conducted by different researchers [20,24]. The beams were chosen with different geometry and shear span and different stirrup spacing, giving a wide range of transverse reinforcement ratios of 0–0.42%. These beams were also chosen since results such as load–deflection response and cracking patterns were readily available. The characteristics of the beam specimens are demonstrated in Table 1.



Four-point loading was applied to all beam specimens, and shear failure was recorded in all beams. The loading pattern of the beams is shown in Figure 1. A linear variable displacement transducer (LVDT) was utilized to record the mid-span deflection of the beams.




4. Modeling of Specimens


Using the ABAQUS platform, a 3D nonlinear FE technique was created to investigate the shear behavior of ECC beams. ABAQUS is a multipurpose analysis software that can solve both linear and nonlinear problems. The selected beams’ load-versus-mid-span deflection behavior was utilized to verify the analytical results compared to the experimental data.



4.1. Characterization of the Material for Modeling


The damage plasticity model in simulation software may be used to investigate the nonlinear and complicated characterization of ECC’s material constitutive behavior. The damage plasticity model is based on the model of Lubliner et al. [25], which was further developed by Lee and Fenves [26]. The damage plasticity model defines materials’ inelastic and fracture behavior by combining isotropic damage elasticity with isotropic tension and compression plasticity. It allows strain hardening, softening, uncoupled damage initiation, and buildup in tension and compression. ECC’s uniaxial tensile and compressive stress–strain behavior is used to establish the damage plasticity model. The different fiber volume fractions of ECC will influence the material behavior in tension and compression. Hence, the modeling parameters were derived from the experimental stress–strain responses (both tension and compression) for simulations incorporating the fiber volume effects. Furthermore, no fiber crack bridging was simulated as the study concentrates on the effect of shear reinforcement and shear span. The stress–strain relationship for both uniaxial tension and compression is displayed in Figure 2.



The compression and tension damage parameters (   d c    and    d t   ) were calculated based on Equations (1) and (2), respectively [27].


   d c  = 1 −    σ c   E c  − 1      ε c  p l    (  1 /  b c  − 1  )  +  σ c   E c  − 1      



(1)






   d t  = 1 −    σ t   E c  − 1      ε t  p l    (  1 /  b t  − 1  )  +  σ t   E c  − 1      



(2)




where:



   σ c    and    σ t    are compressive stress and tensile stress, respectively;



   E c   —modulus of elasticity;



   ε c  p l     and    ε t  p l     are plastic strains corresponding to compressive and tensile strengths, respectively;



   b c  =    ε c  p l      ε t  i n      ,    ε c  i n    —compressive inelastic strain,    b t  =    ε t  p l      ε t  c r      ,    ε t  c r    —tensile cracking strain;



   b c    and    b t    are the constant parameters that can vary from 0 to 1, where 1 means no damage and 0 means total damage.



Experimentally acquired mechanical properties from the literature [20,24] for ECC, such as uniaxial tensile and compression stress–strain interaction performance, Young’s modulus, and Poisson’s ratio, were fed as input data to the software. The performance of steel reinforcement bars was characterized by a perfect elastic–plastic relationship, the parameters of which can also be found in other experiments [20,24]. Table 2 shows the tensile and compressive strength of the ECC employed in this investigation.



The plasticity parameters, which were taken into account for the FE analysis, are tabulated in Table 3. These plasticity parameters are values that have been found to give suitable results [27].




4.2. Geometrical Model


A linear three-dimensional (3D) brick solid element with eight nodes and reduced integration was used to model the test specimens incorporating ECC and longitudinal steel reinforcement (C3D8R), which has three degrees of freedom per nodal point (Figure 3).



The brick element enables the definition of steel reinforcement using discrete rebars, so that we could model ECC with or without reinforcing rebars. Reduced integration was chosen because the integration was performed on a single integration point, which reduces the running time. The stirrup steels were modeled using two-noded linear 3D truss elements (T3D2), with three translational degrees of freedom in the nodal x, y, and z directions (Figure 4). The reinforcing elements can replicate stiffening, stress, swelling, creep, plasticity, and substantial deformations. The cross-sectional area was used to define the truss element [33,34].



The embedded constraint was used to model the perfect bond between ECC and the reinforcements in the interaction between steel reinforcement and ECC (Figure 5). Steel reinforcement bars are employed as embedded regions in this constraint, whereas ECC serves as the host region. The influence of bond–slip is ignored in the embedded region modeling method, and it is considered when determining the tensile stiffening behavior of concrete [35,36,37].



Modeling boundary conditions similar to experiments is essential to achieve close predictions with the experimental results. In the experiments, simply supported boundary conditions were employed with roller support at one of the ends (Ux, Uy) and a hinge at the other end (Ux, Uy, Uz). The loads were inputted as the vertical displacement at the two loading points. The loading and boundary conditions are displayed in Figure 6.



The FE model in this work used several mesh sizes to produce closure numerical findings in good agreement with experimental observations. This study used a relatively fine mesh size of 30 mm because it provided good accuracy with the experimental results. All elements (ECC, longitudinal, and stirrups reinforcement) were meshes with the same element size (i.e., node compatibility) to ensure that the two touching portions had common nodes. Next, the element type in ABAQUS controls the element characteristics of the mesh. For mesh control and the type of mesh, hexahedron element and structured meshing, respectively, were selected because the geometry of the element used in modeling the beam specimens was not complex [38,39]. The ECC beam that was meshed is presented in Figure 7.



An incremental displacement control program was adopted to analyze the ECC beams. For this, the experimental ultimate displacement value (from [20,24]) was used as the input. A nonlinear analysis divides the total specified loads on a finite element body into several load increments. The structure will be in rough equilibrium after each increment, and its stiffness matrix will be monitored for nonlinear stiffness increases. The numerical analysis is finished when the maximum displacement value is reached [40]. The typical deflected shape of the ECC beam is displayed in Figure 8.





5. Results and Discussion


5.1. Results on Relation between Load and Displacement


In Figure 9, we present the results for the relationship between the load–deflection obtained from the simulation for seven beam setups adopted from previous works.



The results showed variation in deflection behavior with the difference in intensity of loading, which was due to the difference in reinforcement ratios and the property of the materials used in ECC. To validate the results achieved from the FE analysis, a comparison was made with the experimental results presented in the same research works. Figure 9 depicts the comparison of modeling and experimental findings for several specimens, such as P1–P7, with changing steel reinforcement percentages and various volumetric proportions of fibers.



The ECC beams’ load–deflection characteristics were initially linear up to the cracking load, with cracks appearing in the beams’ mid-span and the curves departing from the original linear course. The load declined steadily from the peak to a constant load level for each beam, and the curve showed a softening tail after the peak. In both numerical and experimental responses, this pattern was identical to the load-deflection relationship and is displayed in Figure 9.



The stiffness responses calculated from the numerical load–deflection relationship were higher than the experimental ones. There could be many reasons behind the higher stiffness in the FE analysis. The most important reason is the development of micro-cracks due to drying shrinkage, handling, environmental effects, and so on, in the case of the experiments. Such micro-cracks are not included in FE simulations. Another cause for the simulation’s stronger initial load–deflection response could be how rebar bonds were approximated. The embedded region restriction utilized to represent the ECC–steel interaction replicates a perfect bond, as indicated previously in the geometry model. Since this bond, in reality, is not perfect, this idealization could potentially contribute to the numerical models’ initial higher stiffness. Though more research into this anomaly is needed, the mid-span displacement and ultimate load are the most critical characteristics of the current study, which were well anticipated by the FE analysis. Furthermore, the numerical load–deflection response closely matched the experimental response, demonstrating the robustness of the numerical modeling approach used.




5.2. Ultimate Capacity and Failure Pattern


The ultimate capacities for load and deflections and the manner of failure were determined using simulations for the tested beams in FE software. Table 4 shows that the FE model could predict the kind of failure for experimental beams with variable transverse reinforcement and a/d ratios.



The findings of the FE analysis and the experimental results demonstrated a good agreement in the ultimate capacities. Steel-reinforced ECC beams had a calculated-versus-experimental load difference of less than 3%. The average ratio of Pu, num/Pu, exp for the investigated beams was 1.01, with a standard deviation and coefficient of variation of 0.01 and 0.47%, respectively. It is clear from the comparisons that the FE procedure adopted is accurate and may be used to estimate the behavior of an ECC beam under shear.




5.3. Crack Pattern


In the damage plasticity model, cracking was assumed to begin when the maximum principal plastic strain was positive. Because the model lacks a representation for the formation of cracks at the site of material integration [25], this assumption was made. For the ECC beam P4 [20], which failed due to shear tension failure, Figure 10 compares the FE-generated plastic strain distribution and the experimentally observed fracture patterns. Figure 10 shows that the cracking patterns correlated with the experimental crack distributions up to the point of failure. Initially, the formed cracks were vertically propagating flexural cracks (blue-colored contours). As a result of increasing loading, several diagonal cracks appeared in the shear span, appearing as extensions of flexural cracks (green-colored contours).




5.4. Ultimate Shear Capacity of ECC Beams


The AIJ A-method [41,42] was accustomed to forecasting the ultimate shear load-carrying capacity of the ECC beams, which was then compared with the experimental load-carrying capacities from prior investigations. The original models were based on the plasticity hypothesis, which states that shear capacity can be depicted by superimposing truss and arch mechanisms. The employed mechanisms and the equations for predicting the ultimate shear load-carrying capacity from the adopted method follow Figure 11 and Equation (3).


   V  s u   =  V t  +  V a  +  V f   



(3)




where    V  s u     = shear capacity;    V t    = shear capacity of truss mechanisms;    V a    = shear capacity of arch mechanisms; and    V f    = shear capacity by fiber bridging, in which


   V t  = b ⋅  j t  ⋅  p w  ⋅  σ  w y   ⋅ c o t ϕ  



(4)




 b  = member width;    j t    = distance between the top and bottom reinforcement bars;    p w    = stirrup ratio;    σ  w y     = yield strength of stirrup. Since, the stirrups were not yielded,    σ  w y   = E ⋅ ε  ;   E =   Young’s modulus of stirrup;   ε =   strain in the stirrup;  ϕ  = compressive strut angle that is in equilibrium with transverse reinforcement tensile force.


   V a  =   t a n θ ⋅  (  1 − β  )  ⋅ v ⋅  σ B  ⋅ b ⋅ D  2   



(5)






  t a n θ =      (   L D   )   2  + 1   −  (   L D   )   



(6)






   β =    (  1 + c o  t 2  ϕ  )  ⋅  p w  ⋅  σ  w y     v ⋅  σ B       = 1.70  σ B  − 0.333     



(7)







   σ B    = compression strength of ECC;  θ  = arch mechanism compressive strut angle with maximum shear force;  v  = effective coefficient of compressive strength of ECC;   D   = member depth;  L  = test span;    v t    = reduction factor for tensile load-carrying capacity of ECC;    σ t    = ultimate tensile capacity of ECC;  β  = truss strut compressive stress-to-lowered concrete strength ratio cost, which should have the lowest value among these:


  c o t ϕ = m i n  {  2.0 ,    j t    D t a n θ   ,       v ⋅  σ B     p w  ⋅  σ  w y     − 1    }   



(8)







To obtain the maximum value of shear force given by truss mechanisms compared to arch mechanisms, the value of cot ϕ  should be in the region of 1.0–2.0.


   V f  = b ⋅  j t  ⋅  v t  ⋅  σ t  ⋅ c o t ϕ  



(9)







The shear capacity increases in this technique as the capacity offered by the truss mechanisms increases with a rise in the stirrup ratio and yield strength of stirrup reinforcement used. However, arch mechanism shear capacity reduces, which is called “A-method”, whereas the “B-method” methods use a constant value of 1 for cot ϕ . The ECC beams’ ultimate shear load-bearing capability was computed and shown in Table 5 using the formulae mentioned above.



Table 5 compares the experimental and predicted ultimate shear load-bearing capability of ECC beams. The results show that regardless of transverse reinforcement ratios, the AIJ A-method accurately predicted the final shear capacity of the ECC beams. The technique accurately predicted the shear capacity of other beams, except for specimens P6 and P7, which could be due to variances in the failure modes of the beam specimens. The beam specimens were subjected to flexural shear in the laboratory, while the developed model was for diagonal shear tension. It is also understood that, in most circumstances, the shear contribution of ECC fibers diminishes when shear reinforcement increases due to the sliding effect, which the AIJ A-method code ignores. The total average value of the ratio V, theo/V, exp for a beam with varied a/d ratios and shear reinforcement was 0.952, with a standard deviation of 0.33. According to the findings, the AIJ A-method code could not estimate the ultimate shear capacity of the ECC beams, regardless of the quantity of shear reinforcement used, as stated by Zhang et al. [20].





6. Parametric Study


Using the computational technique developed previously for verification purposes, the shear behavior of ECC structural elements with and without shear reinforcement was investigated in the range of a/d ratios from 1 to 3. Table 6 shows the a/d and transverse reinforcement ratios and the beam specimen characteristics.



The adopted beam geometry and the reinforcement details were taken from the experimental investigation [20], which was validated in the earlier section. Figure 12 depicts the cross-sectional configuration of the beams employed in the parametric research and the reinforcing details.



To begin, Figure 13 and Table 7 show the load–strain analysis and stirrup shear resistance against shear reinforcement for all a/d ratios. The effects of the a/d ratio on specific shear reinforcement and the effects of shear reinforcement on a specific a/d ratio were investigated.



6.1. Analysis of Load–Strain Relationship


The load–strain response of longitudinal bars was seen and monitored at mid-span using the simulation of beams. The typical load–strain response of the longitudinal main bars is shown in Figure 13a. Furthermore, the highest strain at ultimate load was 0.18 percent, indicating that the longitudinal main bars yielded, as Zhang et al. [20] stated. Furthermore, the strains at maximal load in all stirrups were measured, and they were determined to be 0.10 percent, indicating that the stirrups did not yield due to flexure. Figure 13b depicts a stirrup’s typical load–strain response. From the above-mentioned observations, it is worth noting that the beam specimens underwent flexure-dominated shear and attained failure, unlike pure shear failure, as demonstrated by Sunaga et al. [43], comprising diagonal tension and stirrup yielding.




6.2. Shear Span-to-Depth Ratio against Particular Shear Reinforcement


This section investigates the shear behavior of ECC beams with and without shear reinforcement for various a/d ratios for a certain cross-section (Figure 12). For this, shear reinforcements of 0%, 0.1%, 0.2%, 0.3%, and 0.4% were chosen and tested against various a/d ratios ranging from 1 to 3, within a 0.5 percent interval (i.e., 1, 1.5, 2, 2.5, and 3). Shear reinforcements were chosen depending on the shear spans employed due to the variation in stirrup spacing. The load-carrying capability of ECC beams with and without shear reinforcement is shown in Figure 14.



Other parameters of the beams, such as depth, width, span, and longitudinal reinforcement ratio, were held constant while the a/d ratios were varied.



Figure 14 illustrates that regardless of the amount of shear reinforcement for a given cross-section, increasing the a/d ratio affects the shear load-carrying capacity of ECC beams. An increase in the a/d ratio causes this influence, which shifts the failure mode from shear to flexure. Beams with an a/d ratio of 1 had twice the load-carrying capacity of beams with a/d ratios of 3 and 2.5.




6.3. Effect of Shear Reinforcement against Particular Shear Span-to-Depth Ratio


The shear behavior of the ECC beam is explored in this section for various a/d ratios against a specific shear reinforcement ratio. Figure 12 shows the adopted cross-section, a/d ratios, and shear reinforcement details for this experiment. Details of the ECC beam’s geometry are shown in Figure 12. The load-carrying capacity of the simulated ECC beams with an a/d ratio of 1 to 3 is shown in Figure 15.



The depth, width, span, and longitudinal reinforcement ratio of the beam were all held constant while the shear reinforcement was changed. As illustrated in Figure 15, the load-carrying capacity of ECC beams did not change appreciably when shear reinforcement was changed for all a/d ratios. As Zhang et al. [20] asserted, the amount of shear reinforcement for a given cross-section for all a/d ratios does not influence the load-carrying capacity of ECC beams. As a result, reducing shear reinforcement in ECC beams across the board looks to be gaining traction.




6.4. Crack Pattern and Failure Mode


In this section, the crack pattern and the mode of failure for the beams used in the parametric study are discussed. It was noted that all beams failed with flexure-dominated shear failure. Figure 16a,b compare the plastic strain obtained from the FE analysis for S-1 (without stirrups) and S-2 (with stirrups) beam specimens, respectively, used in the parametric study. It was observed that at earlier stages, the cracks propagated in the vertical direction and as increases in load occurred, the inclined shear cracks started to appear. Finally, the failure occurred due to the crushing of ECC in diagonal cracks and in the compression zone. In addition, the number of stirrups did not have any significant effect on the crack pattern and the mode of failure. Similar behavior was achieved for all the beams.




6.5. Shear Capacity of Beams


This part also looks into the ECC matrix and stirrups’ shear load-bearing capabilities. Zhang et al. [20] estimated the shear load capacity of the shear reinforcement using Equation (10).


   V s  =   ∑   i = 1    n s     A w   E s   ε  s i    



(10)




where    A w  —  area of the stirrup;    E  s     —  young’s modulus of the stirrup;    ε  s i   —  strain of the stirrup; and    n s  —  number of shear reinforcements crossing the critical crack. The shear load capability of the ECC matrix and stirrups is shown in Table 7. By deducting the shear reinforcement capacity from the overall shear capacity of the beam, the ECC matrix’s shear load-carrying capacity was derived. Table 7 shows that the ECC matrix provided more than 70% of the shear resistance, with stirrups accounting for the rest. As the a/d ratio grew, the ECC matrix provided improved shear resistance.





7. Conclusions


This study looked at the effects of the shear span-to-depth ratio and transverse reinforcement ratio on flexure-dominated shear steel-reinforced ECC beams. Using the damage plasticity model and the AI—A approach, thorough numerical modeling and an analytical analysis were carried out. The following conclusions were taken from the analysis’ findings:




	
Damage parameters and a damage plasticity model from the nonlinear finite element platform can predict the overall behavior of ECC under shear-dominant loads.



	
The numerical study validates the results of other researchers’ experimental investigations into load, deflection, and failure modes, which were very similar. The obtained numerical and experimental load–deflection responses exhibited close agreement with each other. Furthermore, the difference in the peak load of the numerical modeling and experimental responses of all the beams was within the range of 3%, irrespective of the amount of reinforcement and a/d ratios, which shows the robustness of the procedure adopted in the FE analysis.



	
The existing AIJ A-method fairly estimated the shear capacity of ECC beams as the beams demonstrated flexure-dominated shear failure, i.e., cracking in flexure with high longitudinal stress.



	
Because of the dominant shear failure, simulated reinforced ECC beams with lower a/d ratios had higher load-carrying capacities, regardless of the degree of shear reinforcement.



	
Stirrups did not affect the load-carrying capabilities of ECC beams for varied a/d ratios, regardless of the transverse reinforcement ratio.












Author Contributions


Conceptualization, P.M.A. and M.V.S.; methodology, P.M.A. and M.V.S.; validation, P.M.A., M.V.S., M.C., G.M. and N.I.V.; formal analysis, P.M.A.; investigation, P.M.A.; resources, P.M.A. and M.V.S.; data curation, P.M.A.; writing—original draft preparation, P.M.A. and M.V.S.; writing—review and editing, M.C., G.M. and N.I.V.; visualization, P.M.A.; supervision, M.V.S.; funding acquisition, G.M. and N.I.V. All authors have read and agreed to the published version of the manuscript.




Funding


The research was partially funded by the Ministry of Science and Higher Education of the Russian Federation as part of the World-Class Research Center program: Advanced Digital Technologies (contract No. 075-15-2022-311, dated 20.04.2022).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The first author would like to thank the Ministry of Education (MoE), Government of India, for their support through a monthly fellowship for the Doctor of Philosophy program at the National Institute of Technology Puducherry. The second author is the main supervisor of this research.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Li, V.C. On engineered cementitious composites (ECC)—A review of the material and its applications. J. Adv. Concr. Technol. 2003, 1, 215–230. [Google Scholar] [CrossRef]

	



Al-Ameri, R.A.; Abid, S.R.; Murali, G.; Ali, S.H.; Özakça, M.; Vatin, N.I. Residual Impact Performance of ECC Subjected to Sub-High Temperatures. Materials 2022, 15, 454. [Google Scholar] [CrossRef] [PubMed]

	



Li, V.C.; Wang, S. Flexural behaviors of glass fiber-reinforced polymer (GFRP) reinforced engineered cementitious composite beams. ACI Mater. J. 2002, 99, 11–21. [Google Scholar]

	



Li, V.C.; Leung, C.K. Steady-state and multiple cracking of short random fiber composites. J. Eng. Mech. 1992, 118, 2246–2264. [Google Scholar] [CrossRef]

	



Arulanandam, P.M.; Singh, S.B.; Kanakubo, T.; Sivasubramania, M.V.R. Behavior of engineered cementitious composite structural elements—A review. Indian Concr. J. 2020, 94, 5–28. [Google Scholar]

	



Li, V.C. Engineered cementitious composites (ECC)—Tailored composites through micromechanical modeling. Can. Soc. Civ. Eng. 1997, 1–38. Available online: http://hdl.handle.net/2027.42/84667 (accessed on 28 June 2022).

	



Li, V.C. Engineered Cementitious Composites (ECC)—Material, Structural, and Durability Performance. In Concrete Construction Engineering Handbook; Nawy, E., Ed.; CRC Press: Boca Raton, FL, USA, 2007. [Google Scholar]

	



Ge, W.-J.; Ashour, A.F.; Yu, J.; Gao, P.; Cao, D.-F.; Cai, C.; Ji, X. Flexural behavior of ECC–Concrete hybrid composite beams reinforced with FRP and steel bars. J. Compos. Constr. 2018, 23, 04018069. [Google Scholar] [CrossRef]

	



Kanda, T.; Li, V.C. A new micromechanics design theory for pseudo strain hardening cementitious composites. ASCE J. Eng. Mech. 1999, 125, 373–381. [Google Scholar] [CrossRef]

	



Zhang, D.; Yu, J.; Wu, H.; Jaworska, B.; Ellis, B.R.; Li, V.C. Discontinuous micro-fibers as intrinsic reinforcement for ductile engineered cementitious composites (ECC). Compos. Part B Eng. 2020, 184, 107741. [Google Scholar] [CrossRef]

	



Sherir, M.A.A.; Hossain, K.M.A.; Lachemi, M. Structural performance of polymer fiber reinforced engineered cementitious composites subjected to static and fatigue flexural loading. Polymers 2015, 7, 1299–1330. [Google Scholar] [CrossRef]

	



Li, M.; Li, V.C. Durability of HES-ECC Repair under Mechanical and Environmental Loading Conditions. In Proceedings of the High Performance Fiber Reinforced Cement Composites (HPFRCC5), Mainz, Germany, 10–13 July 2007; pp. 399–408. [Google Scholar]

	



Bentz, E.C.; Vecchio, F.J.; Collins, M.P. Simplified modified compression field theory for calculating shear strength of reinforced concrete elements. ACI Struct. J. 2006, 103, 614–624. [Google Scholar] [CrossRef]

	



Collins, M.P.; Bentz, E.C.; Sherwood, E.G.; Xie, L. An adequate theory for the shear strength of reinforced concrete structures. Mag. Concr. Res. 2008, 60, 635–650. [Google Scholar] [CrossRef]

	



Kanda, T.; Watanabe, S. Application of pseudo strain hardening cementitious composites to shear resistant structural. Facture Mech. Concr. Struct. 1998, 1477–1490. Available online: http://hdl.handle.net/2027.42/84675 (accessed on 28 June 2022).

	



Shimizu, K.; Toshiyuki, K.; Kanda, S.N.T. Shear Behaviour Of Steel Reinforced PVA-ECC Beams. In Proceedings of the 13th World Conference on Earthquake Engineering, Vancouver, BC, Canada, 1–6 August 2004; Volume 78. [Google Scholar]

	



Zhang, Y.X.; Ueda, N.; Umeda, Y.; Nakamura, H.; Kunieda, M. Evaluation of shear failure of strain hardening cementitious composite beams. Procedia Eng. 2011, 14, 2048–2057. [Google Scholar] [CrossRef]

	



Singh, S.B.; Madappa, V.R. Sivasubramanian. Response of Steel Reinforced Engineered Cementitious Composite Beams. In Proceedings of the International UKIERI Concrete Congress, New Delhi, India, 8–10 March 2011; pp. 231–244. [Google Scholar]

	



Xu, S.; Hou, L.-J.; Zhang, X.-F. Shear behavior of reinforced ultrahigh toughness cementitious composite beams without transverse reinforcement. J. Mater. Civ. Eng. 2012, 24, 1283–1294. [Google Scholar] [CrossRef]

	



Zhang, R.; Matsumoto, K.; Niwa, J.; Hirata, T.; Ishizeki, Y. Experimental Study on Shear Behavior of PP-ECC Beams with Different Stirrup Ratios. In Proceedings of the 13th East Asia-Pacific Conference on Structural Engineering and Construction, EASEC 2013, Sapporo, Japan, 11–13 September; pp. 1–9.

	



Hou, L.; Xu, S.; Zhang, X.; Chen, D. Shear behaviors of reinforced ultrahigh toughness cementitious composite slender beams with stirrups. J. Mater. Civ. Eng. 2014, 26, 466–475. [Google Scholar] [CrossRef]

	



Kanakubo, T.; Ozu, Y.; Namiki, K. Shear behavior of DFRCC coupling beams using PVA and steel fiber. The 2019 World Congress on Advances in Structural Engineering and Mechanics (ASEM19). Jeju Island, Korea, 17–21 September 2019. [Google Scholar]

	



Said, M.; Montaser, W.; Elgammal, A.S.; Zahir, A.H.; Shaaban, I.G. Shear strength of reinforced mortar beams containing polyvinyl alcohol fibre (PVA). Int. J. Civ. Eng. 2021, 19, 1155–1178. [Google Scholar] [CrossRef]

	



Hasib, M.S. Shear and Flexure Behavior of Hybrid Composite Beams with High Performance. Concretes. Thesis, Ryerson University, Toronto, ON, Canada, 2016. [Google Scholar]

	



Lubliner, J.; Oliver, J.; Oller, S.; Onate, E. A plastic—Damage model for concrete. Int. J. solid Struct. 1987, 25, 299–326. [Google Scholar] [CrossRef]

	



Hafezolghorani, M.; Hejazi, F.; Vaghei, R.; Bin Jaafar, M.S.; Karimzade, K. Simplified damage plasticity model for concrete. Struct. Eng. Int. 2017, 27, 68–78. [Google Scholar] [CrossRef]

	



Dassault Systémes. ABAQUS User’s Manual; Version 6.12. 2012; Dassault Systémes: Providence, RI, USA, 2012. [Google Scholar]

	



Demir, A.; Ozturk, H.; Bogdanovic, A.; Stojmanovska, M. Sensitivity of dilation angle in numerical simulation of reinforced concrete deep beams. Sci. J. Civ. Eng. 2017, 6, 33–37. [Google Scholar]

	



Singh, S.B.; Munjal, P. Out-of-plane response of ECC strengthened masonry wallets with openings. KSCE J. Civ. Eng. 2020, 24, 2078–2087. [Google Scholar] [CrossRef]

	



Kmiecik, P.; Kamiński, M. Modelling of reinforced concrete structures and composite structures with concrete strength degradation taken into consideration. Arch. Civ. Mech. Eng. 2011, 11, 623–636. [Google Scholar] [CrossRef]

	



Willam, K.J.; Warnke, E.P. Constitutive model for the triaxial behaviour of concrete. IABSE Proc. Section III 1975, 19, 1–30. [Google Scholar]

	



Genikomsou, A.S.; Polak, M.A. Finite element analysis of punching shear of concrete slabs using damaged plasticity model in ABAQUS. Eng. Struct. 2015, 98, 38–48. [Google Scholar] [CrossRef]

	



Naser, M.Z.; Hawileh, R.A.; Abdalla, J. Modeling strategies of finite element simulation of reinforced concrete beams strengthened with FRP: A review. J. Compos. Sci. 2021, 5, 19. [Google Scholar] [CrossRef]

	



Bahraq, A.A.; Al-Osta, M.A.; Ahmad, S.; Al-Zahrani, M.M.; Al-Dulaijan, S.O.; Rahman, M.K. Experimental and numerical investigation of shear behavior of RC beams strengthened by ultra-high performance concrete. Int. J. Concr. Struct. Mater. 2019, 13, 6. [Google Scholar] [CrossRef]

	



Khalil, A.E.H.; Etman, E.; Atta, A.; Essam, M. Nonl inear behavior of RC beams strengthened with strain hardening cementitious composites subjected to monotonic and cyclic loads. Alexandria Eng. J. 2016, 55, 1483–1496. [Google Scholar] [CrossRef]

	



Khatib, M.; Abou Saleh, Z.; Baalbaki, O.; Temsah, Y. Numerical punching shear analysis of unbonded post-tensioned slabs with inverted-U shaped. KSCE J. Civ. Eng. 2018, 22, 4490–4499. [Google Scholar] [CrossRef]

	



Lu, T.T.; Liang, X.W. Effect of HPFRCC on seismic performance of beam-column-slab subassembly. KSCE J. Civ. Eng. 2020, 24, 3785–3796. [Google Scholar] [CrossRef]

	



Al-saawani, M.A.; Al-Negheimish, A.I.; El-Sayed, A.K.; Alhozaimy, A.M. Finite element modeling of debonding failures in FRP-strengthened concrete beams using cohesive zone model. Polymers 2022, 14, 1889. [Google Scholar] [CrossRef]

	



Chalioris, C.E.; Kytinou, V.K.; Voutetaki, M.E.; Karayannis, C.G. Flexural damage diagnosis in reinforced concrete beams using a wireless admittance monitoring system—Tests and finite element analysis. Sensors 2021, 21, 679. [Google Scholar] [CrossRef] [PubMed]

	



Dudziak, S. Numerically efficient three-dimensional model for non-linear finite element analysis of reinforced concrete structures. Materials 2021, 14, 1578. [Google Scholar] [CrossRef] [PubMed]

	



Kanakubo, T.; Shimizu, K.; Kanda, T.; Nagai, S. Evaluation of Bending and Shear Capacities of HPFRCC Members toward the Structural Application. In Proceedings of the Hokkaido University COE Workshop on High Performance Fiber Reinforced Composites for Sustainable Infrastructure System–Material Modeling, Structural Design and Application, Sapporo, Japan, 9 February 2007; pp. 1–10. [Google Scholar]

	



Rokugo, K.; Kanda, T.; Kanakubo, T.; Fukuyama, H.; Uchida, Y.; Suwada, H.; Slowik, V. Strain Hardening Cement Composites: Structural Design and Performance: State -of-the-Art Report of the RILEM Technical Committee 208-HFC, SC3; Springer Science & Busniess Media: Belin, Germany, 2013; Volume 6, ISBN 9788578110796. [Google Scholar]

	



Sunaga, D.; Namiki, K.; Kanakubo, T. Shear Behavior of DFRCC Coupling Beams Using PVA and Aramid Fibers. In Proceedings of the 17th World Conference on Earthquake Engineering, 17WCEE, Sendai, Japan, 13–18 September 2020; pp. 1–11. [Google Scholar]








[image: Materials 15 04640 g001 550] 





Figure 1. Loading pattern of the ECC beams. 
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Figure 2. Assumed stress–strain model for ECC, (a) Tension, (b) and Compression. 
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Figure 3. Eight-noded linear 3D brick solid element with reduced integration (C3D8R). 
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Figure 4. Linear 3D truss elements with two nodes (T3D2). 
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Figure 5. Embedded constraints used in FE Model. 
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Figure 6. Typical loading and boundary conditions. 






Figure 6. Typical loading and boundary conditions.



[image: Materials 15 04640 g006]







[image: Materials 15 04640 g007 550] 





Figure 7. Meshing of elements used. 
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Figure 8. Typical deflected shape of ECC beam (units: mm). 
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Figure 9. Response of ECC beams comparison under load and deflection: (a) P1, (b) P2, (c) P3, (d) P4, (e) P5, (f) P6, and (g) P7. 
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Figure 10. Comparison for component P4: the FE simulation’s plastic strain distribution and the experiment’s crack pattern were used. 
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Figure 11. Truss and arch mechanisms based on the AIJ A-method: (a) truss mechanisms; (b) arch mechanisms. 
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Figure 12. Dimensions of the ECC beam used for parametric analysis (note: all dimensions are in mm). 
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Figure 13. Typical load–strain response: (a) longitudinal main bar at mid-span; (b) stirrups. 
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Figure 14. Effect of a/d ratio on the shear capacity of ECC beams. 
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Figure 15. Effect of different reinforcement ratios on the shear capacity of ECC beams. 
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Figure 16. Plastic strain distribution for beams: (a) S-1; (b) S-2. 
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Table 1. Specifications of beams.
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	Sl. No.
	Specimen ID
	Dimension (B × D × L) * (mm)
	Shear Span (a) (mm)
	Shear Span-to-Depth Ratio
	Longitudinal

Reinforcement Ratio # (%)
	Transverse Reinforcement Ratio (pw) $ (%)
	Stirrup Spacing (mm)





	1.
	P1 [20]
	150 × 300 ×2100
	700
	2.8
	2.7
	0
	0



	2.
	P2 [20]
	150 × 300 ×2100
	700
	2.8
	2.7
	0.12
	350



	3.
	P3 [20]
	150 × 300 ×2100
	700
	2.8
	2.7
	0.24
	175



	4.
	P4 [20]
	150 × 300 ×2100
	700
	2.8
	2.7
	0.30
	140



	5.
	P5 [20]
	150 × 300 ×2100
	700
	2.8
	2.7
	0.42
	100



	6.
	P6 [24]
	100 × 200 ×1100
	267
	1.53
	1.14
	0
	0



	7.
	P7 [24]
	100 × 200 ×1100
	267
	1.53
	1.14
	0.42
	133.5







* (B = breadth, D = overall depth, and L = span); # (longitudinal reinforcement ratio (%) = (area of steel reinforcement/(breadth × height)) × 100); $ (shear reinforcement ratio (%) = (area of steel reinforcement/(breadth * spacing of stirrups)) × 100).













[image: Table] 





Table 2. Input parameters for ECC.
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	Specimen ID
	Tensile Strength (MPa)
	Tensile Strain (%)
	Compressive Strength (MPa)
	Compressive Strain (%)
	Young’s Modulus (GPa)
	Poisson’s Ratio





	P1–P5 [20]
	4.0
	1.2
	32.7
	0.8
	18
	0.19



	P6–P7 [24]
	5.1
	1.7
	73.0
	1.1
	20.4
	0.20
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Table 3. Details of plasticity parameters.
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	Notation
	Value





	Angle of dilation (Ψ) [28]
	20



	Eccentricity ratio (ε) [29]
	0.1



	Ratio of biaxial-to-axial compressive stress

  (  σ  b 0   /  σ  c 0    ) [30]
	1.16



	   K C    [31]
	0.67



	Viscosity Coefficient (µ) [32]
	0.01










[image: Table] 





Table 4. Summary of comparative study details.
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Sl. No.

	
Specimen ID

	
Experimental Results

	
FE Results

	
Pu, num/Pu, exp

	
% Difference in

Ultimate Load




	
Pu, exp (kN)

	
δu, exp (mm)

	
Mode of Failure

	
Pu, num (kN)

	
δu, num (mm)

	
Mode of Failure






	
1.

	
P1 [20]

	
207.8

	
8.19

	
ST

	
208.6

	
6.4

	
ST

	
1.00

	
0.38




	
2.

	
P2 [20]

	
250.2

	
10.02

	
ST

	
251.3

	
8.22

	
ST

	
1.00

	
0.44




	
3.

	
P3 [20]

	
250.1

	
9.87

	
ST

	
252.4

	
6.93

	
ST

	
1.01

	
0.92




	
4.

	
P4 [20]

	
260.4

	
10.55

	
ST

	
264.8

	
8.19

	
ST

	
1.02

	
1.69




	
5.

	
P5 [20]

	
281.2

	
9.23

	
ST

	
284.1

	
8.18

	
ST

	
1.01

	
1.03




	
6.

	
P6 [24]

	
115.7

	
3.00

	
ST

	
116.2

	
3.2

	
ST

	
1.00

	
0.43




	
7.

	
P7 [24]

	
157.3

	
5.2

	
ST

	
158.2

	
4.9

	
ST

	
1.01

	
0.57








Pu—ultimate load; δu—ultimate deflection; ST—shear tension.
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Table 5. Summary of predicted ultimate load-carrying capacity.
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Sl. No.

	
Specimen ID

	
Experimental Load (V, exp) (kN)

	
Vsu

(V, theo) (kN)

	
Shear Strength Shared by

	
V, theo/V, exp




	
Truss Mechanism (Vt) (%)

	
Arch Mechanism (Va) (%)

	
Fiber Bridging Mechanism (Vf) (%)






	
1.

	
P1 [20]

	
207.8

	
171.8

	
0

	
47

	
53

	
1.21




	
2.

	
P2 [20]

	
250.2

	
188.5

	
12

	
40

	
48

	
1.32




	
3.

	
P3 [20]

	
250.1

	
214.7

	
24

	
32

	
44

	
1.31




	
4.

	
P4 [20]

	
260.4

	
231.9

	
28

	
29

	
43

	
1.27




	
5.

	
P5 [20]

	
281.2

	
216.9

	
38

	
21

	
42

	
1.30




	
6.

	
P6 [24]

	
115.7

	
170.1

	
0

	
58

	
42

	
0.68




	
7.

	
P7 [24]

	
157.3

	
202.8

	
32

	
33

	
35

	
0.78
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Table 6. Details of the simulated beam specimens.
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	Beam
	Shear Span, a (mm)
	Shear Span-to-Depth Ratio (a/d)
	Transverse Reinforcement Ratio (%)





	S-1
	250
	1
	0



	S-2
	250
	1
	0.3



	S-3
	375
	1.5
	0



	S-4
	375
	1.5
	0.1



	S-5
	375
	1.5
	0.2



	S-6
	250
	2
	0



	S-7
	250
	2
	0.2



	S-8
	250
	2
	0.3



	S-9
	250
	2
	0.4



	S-10
	625
	2.5
	0



	S-11
	625
	2.5
	0.1



	S-12
	625
	2.5
	0.2



	S-13
	625
	2.5
	0.3



	S-14
	625
	2.5
	0.4



	S-15
	750
	3
	0



	S-16
	750
	3
	0.1



	S-17
	750
	3
	0.2



	S-18
	750
	3
	0.3
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Table 7. Contribution of shear load from ECC and stirrups.
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Beam

	
Total Shear Capacity (kN)

	
Shear Load Carried by




	
ECC Matrix (%)

	
Stirrups (%)






	
S-1

	
256.5

	
100

	
-




	
S-2

	
255.9

	
89.4

	
10.6




	
S-3

	
158.9

	
100

	
-




	
S-4

	
158.7

	
94.3

	
5.7




	
S-5

	
158.7

	
91.5

	
8.5




	
S-6

	
113.7

	
100

	
-




	
S-7

	
113.7

	
88.1

	
11.9




	
S-8

	
113.7

	
76.1

	
23.9




	
S-9

	
113.7

	
70.2

	
29.8




	
S-10

	
97.2

	
100

	
-




	
S-11

	
97.2

	
90.7

	
9.3




	
S-12

	
97.2

	
81.4

	
18.6




	
S-13

	
97.3

	
76.8

	
23.2




	
S-14

	
97.3

	
72.1

	
27.9




	
S-15

	
85.5

	
100

	
-




	
S-16

	
85.4

	
94.7

	
5.3




	
S-17

	
85.5

	
89.4

	
10.6




	
S-18

	
85.4

	
86.8

	
13.2
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