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Abstract

:

Structural members with low-flexural stiffness, such as slabs, are more susceptible to impulsive loadings induced by falling machines/tools during construction and installation, and also from rolling boulders/rocks triggered by wind/earthquake, especially in mountainous areas. The impact resistance of reinforced concrete (RC) slabs supported on two opposite edges (often called the one-way slab) and on all four edges (i.e., two-way slab) has been adequately studied experimentally as well as computationally, and is available in the literature. However, the slabs supported on three edges have not been studied under low-velocity impact for their impact response. For this purpose, a computational study is performed through finite elements by implementing ABAQUS software on the validated model, resulting in the slab, which is supported on (i) three edges and (ii) two opposite edges, to be subjected to low-velocity impact, induced by dropping a 105 kg non-deformable steel mass from a height of 2500 mm onto the slab centroid. Furthermore, the role of the material strength of the concrete of the slab is investigated via replacing the ultra-high performance concrete (UHPC) for standard or normal-strength concrete (NSC). The impact load is modeled by considering the explicit module of the software. Failure mechanism, stress/strain contour, displacement distribution, and crack pattern of the slabs are compared and discussed.
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1. Introduction


Impulsive loading has many facets, of which, one is impact, where structural impact is a collision between a striking object and a target structure [1,2,3]. If a striking object during the impact deforms significantly, then it is referred to as “soft or mild impact”, and if the striking object undergoes little deformation, the impact is “hard or strong”. The impact is also classified as low-velocity impact (≤15 m/s) or high-velocity impact [2,3]. The target structure does not need to be stationary, for instance, two closely spaced building structures impact each other under earthquake or wind excitations. A phenomenon known as high-rate impact loading is generally caused by the transfer of a large amount of energy in a short duration of time and can be induced by intentional explosions, the falling of heavy machine tools during construction, and aircraft/vehicle collision [1,2,3].



With little ductility, concrete displays softening characteristics after attaining precompression, and the rate of loading makes an impact on the response of concrete [1,2,3]. Material resistance of concrete rises with change in its mode of failure with an increasing rate of loading [1,2,3]. Depending upon the target structure, location, and kind of impact, a high rate of loading on concrete structural elements results from one mode of failure to more modes [1,2,3].



To ascertain the resilience of lifeline buildings and public infrastructures against impulsive loadings is a pressing concern for developing countries [1,2,3]. Experimental facilities to study the material behavior and structural response are not commonly available. Moreover, the simulation of the nonlinear problems involving the modeling of material behavior under such high-rate loadings is not straightforward; therefore, research on structures subjected to impact loading still seems to be in a state of infancy [1,2,3].



Impact-loaded RC slabs typically undergo a localized failure in terms of punching, cracking, spalling, and scabbing of concrete [1,2,3]. When an object collides with the target structure, stress waves, including shear, longitudinal, and flexural ones, are generated, which proliferate from the area of impact toward the supports and the force-transferred rebounds by the inertia effect [1,2,3]. Lately, during impact, inertial influence diminishes and does not affect the dynamic response of the structure [1,2,3].



In comparison to the analytical approach, the experimental method is more instinctive and capable of providing the groundwork for theoretical/analytical investigations and computational simulations. Eight slabs were subjected to low-velocity impact tests in an experimental study by Ozgur et al. [4] to examine the influence of various support constraints. Kumar et al. [5] designed an impact test setup to compare the performance of the RC slab with the prestressed slab in terms of vertical deflection and acceleration. Li et al. [6], in a live explosion testing, investigated the failure mechanism of bidirectional slabs. Yao et al. [7] utilized 0.13 and 0.19 kg TNT charges to analyze the damage mechanism of RC slabs with varying percentages of steel reinforcement.



Additionally, using experimental techniques, various scholars [8,9,10,11,12,13,14,15,16] investigated the failure mode and mechanism of structural concrete members under drop load impact. Research works conducted by the authors of [17,18,19,20] are known as some recent instances of low-velocity impact research, where the samples tested experienced beyond point-of-impact damage. Even for these research, damage greatly continued to be local, and the perforation of the samples appeared to be a common incidence. Subsequently, outcomes of these kinds of research are not commonly accepted for more general low-velocity accidental impacts, including vehicle destruction, where the target of destruction responds to the impact globally as a structure, and therefore experiences great devastation, which happens to be beyond the point of impact.



Field and laboratory tests are the most popular direct approaches for analyzing the impact behavior of structural members. Observations as well as results from these tests not only demonstrate the performance of the members, but are also utilized in validating models created using commercial tools or codes [1,2,3]. However, live testing of the structural members is often avoided by the researchers, owing to high equipment and labor costs, as well as material costs and the possibility of serious injuries to the laboratory members. As there have been endless advancements in test technologies and computer simulations, scholars are utilizing publicly accessible commercial programs or tools to perform simulations of structural members subjected to impulsive and high-intense loadings. Numerical results allow users to understand the load-carrying mechanism and propagation of stress waves generated out of such loadings in the materials of the structures. Computer simulations, however, can only be employed when the model has been shown to produce accurate predictions. Ozbolt and Sharma [21] simulated the 3D RC beams that had varying shear reinforcement ratios to analyze the impact of strain rate on the rigidity, strength, as well as flexibility of the RC beams. The outcome of the study showed that the rate-sensitive microplane model strongly simulated the impact of the mechanical response of the RC beams. In another study, which was conducted by Lee et al. [22,23], the high-speed impact course of the FRP-RC slab, as well as the steel fiber RC slab, were simulated using the finite element method software, and a conclusion was drawn which showed that the FRP and steel fibers are capable of diminishing the impact dynamic response in the plate, while also improving the impact resistance of the component. Zhao and Qian [24] created a 3D FE model of the earlier test and studied the effects of impact mass, span-depth ratio, and impact velocity on the impact behavior of RC beams. The analysis included the study of dynamic responses and dynamic shear capacity of the RC beams. Wang et al. [25], Yan et al. [26], Yankelevsky et al. [27], and Castedo et al. [28] conducted another simulation study to investigate the dynamic response of RC components, which also displayed the supremacy of numerical simulations in analyzing this issue. RC slabs having different layouts and ratios of the embedded reinforcement were analyzed by Othman and Marzouk [29] under low-impact loads. Energy absorption capacity and impulse were found unchanged with altering the layout and ratio of the embedded steel under similar impacts; however, the mode of failure and damage profile of the slab were greatly influenced by changing the reinforcement configuration and ratio. Another research work by the authors of [30] on steel–concrete slabs subjected to mild impact showed that slab resistance can be enhanced with a higher strength concrete (>50 MPa) and slab thickness (>100 mm) compared to increasing steel ratio or percentage. Jahami et al. [31] applied successive impact loads on a flat slab made of reinforced concrete and performed numerical simulations using the ABAQUS tool. Ordinary findings were reported, such as deflection, energy, and impulse, all of which increased with multiple impact loads on the slab. Song et al. [32] investigated how well metal tubes made of composites absorbed energy and responded to axial impacts.



Concrete structures during their construction or service life may experience high-rate impact loadings in the form of landslip hazards, intentional blasts, detonations, aircraft/vehicle collisions, and so on, as reported in [1,2,3,25,26,27,28,33]. Subsequently, since a very long time, researchers have been interested in the examination and in the designing of concrete structures that are exposed to impact loads [33]. However, because of its critical character in relation to the issue in military applications, research in this domain has instead been greatly focused on the examination and modeling against high-velocity impacts, such as the collision of a ballistic missile [33]. Corbett et al. [34] have compiled the results of several experimental investigations that have been conducted to examine the missile impact responses of structures. In these investigations, which featured the perforation of an RC plate by a missile impact, emphasis has been paid to understand the local behavior of the structural members, notably slabs. Furthermore, these tests used impacting missiles with velocities in the range of 15 to 100 m/s and tiny missile diameters in comparison to the thickness of the target element, which resulted in a highly localized behavior at the site of contact and minor damage to the area around it [34].



To the best of the authors’ knowledge, no investigations related to the support effects on the impact response of RC slabs were conducted. Current research work focuses on understanding the failure mechanism under the low-velocity impact on RC slabs by reducing the number of supports with standard concrete (often called normal-strength concrete) and ultra-high performance concrete using the finite elements modeling approach coupled with the explicit dynamic analysis. Other research works conducted by Foraboschi [35,36,37] under concentrated static loads can be of interest to the readers.



The remainder of this numerical study is arranged as follows: Section 2 presents slab dimensions, embedded steel layout, finite elements, mesh size, constitutive mechanical models, damage simulation, general properties, mesh convergence, and other general settings used for simulations of the impact load on RC slabs; Section 3 discusses the results of the considered numerical models in terms of displacement, damage, stresses, and plastic strains; the load-carrying mechanism is also highlighted in this section; finally, Section 4 highlights major outcomes/findings of the study. Note that the modeling of successive impacts on the slab as well as eccentric impacts is not within the scope of this work. Materials of the impact test setup are idealized using mechanical constitutive models available in ABAQUS [38] following the reference experimental work considered [2,3,13]. Boundary/support conditions are also idealized following ref. [2,3,13]. Concrete has been modeled with CDP constitutive material model following [39,40]. Strain-rate effects on the material(s) properties are incorporated in the modeling by considering stress-increase factors (often called dynamic-increase factors) that are assumed constant, following the current literature, refs. [2,3,41,42,43,44,45]. Simulations are performed in ABAQUS [38] considering three modes, namely preprocessing, postprocessing, and visualization. Modeling, material properties, section assignment, supports, loadings, constraints, and interactions, all come under the preprocessing mode [38], whereas the postprocessor runs the process by employing a central difference explicit time integration algorithm. Visualization mode demonstrates the results in the form of plots and contours.



Impact load effects on structural components can be modeled or simulated with different numerical techniques (e.g., finite element, discrete element, computational fluid dynamics, etc.) available in various commercial codes or tools (e.g., ABAQUS, LS-DYNA, Air3D, ANSYS, etc.) [2,3,31,43,44,45]. The finite element approach is most commonly used by researchers and scholars owing to its simplicity and optimizing numerical convergence issues under such impulsive loading environments; the same has been considered in this work.




2. Numerical Modeling of RC Slabs under Drop Load Impact


Finite element (FE) modeling and incremental explicit analysis of the slabs under low-velocity impact are performed using the ABAQUS [38] tool. This software has been extensively employed in situations involving impulsive loading environments/scenarios [2,3,26,28,33] and similar material(s) response [1,2,3,28,33,34] in past numerical studies. Firstly, the slab that was experimentally analyzed by Sadraie et al. [13] is modeled, and the rationality of the FE model is examined in light of the experiment’s recorded results from the literature. Then, the influence of support and the role of UHPC concrete on the impact behavior of the slab are investigated.



2.1. General Procedure


Referring to Figure 1, the impact test setup modeled in ABAQUS is identical to the one used by Sadraie et al. [13]. The setup consists of four parts: striker, RC slab (concrete and steel bars), and supporting steel beams and columns. The mesh model is shown in Figure 2. A rendered view of the slab with embedded bars is shown in Figure 3. The reinforcement drawing is represented in Figure 4. The C3D8R [38] (Figure 5a) entity element is chosen for concrete, striker, and supports. This element is mostly employed for nonlinear dynamic problems involving massive deformation by high-rate loadings. The B31 [38] (Figure 5b) entity element is selected for steel bars. The present simulation study involves six square RC slabs, 1000 × 1000 × 75 mm3, shown in Figure 6. A control slab, designated as S-NSC-4s, is the same as tested by the authors of [13]. Noted that all of the slabs possess 0.88% tension steel reinforcement and are subjected to identical concentrated low-velocity drop load.




2.2. Assumptions Involved in the FE Modeling


The concrete damage plasticity (CDP) [2,3,38,39,40,46,47] material model is used for concrete. Past studies [2,3,26,43,45] showed that this model is capable of accurately simulating the flexural and shear responses of RC members subjected to low-velocity impact loading. Furthermore, concrete damping as well as stiffness degradation and softening effects are considered in the CDP model. Stress and inelastic strain of the concrete are linked together by scalar damage coefficients as given in Equation (1), where Ec = concrete modulus, σ = stress, ε = strain,     ε   p l     = plastic strain, and d = damage coefficients (0.0–1.0).


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



(1)







The CDP damage parameter, d, as discussed above, can also be related to damage dissipation energy (DDE) and total absorbed energy (Q), as follows [38]:


  Q −   D   D E   =   1 − d   Q  



(2)






  d =     D   D E     Q    



(3)







DDE [38], a mechanical strain-based energy parameter, can be defined as the amount of energy dissipated by the damage due to the applied impulsive loading on the slab. In order to quantify the damage, this dissipated energy-related parameter is considered in the present work.



The striker is modeled as a rigid body considering its very high yield strength and limited deformation during simulations. The diameter of the impacting face of the striker is 40 mm. The constitutive model used for the steel bars is the Johnson–Cook plasticity model, while for the striker and supports, the model used is plastic kinematic.



According to the current literature [2,3,4,13,44], the JCP model (formerly known as the Cook model) is most commonly used to define the behavior of steel material owing to its simplicity in comparison to other material models; the same has been employed for defining properties for reinforcing bars in this work. This model expresses Von Mises flow stress (often called equivalent shear stress,     σ   e q    ) as a function of strain hardening, strain hardening/sensitivity rate, and thermal softening (temperature change) [13,38]. The following equation [38] represents a JCP model:


    σ   e q   =   A + B   ε   e q     p l   n         1 + C l n       ε  ˙      ε   0           1 −       T −   T   0       T   m e l t   −   T   0         m      



(4)




where     A + B   ε   e q     p l   n         accounts for strain hardening;     1 + C l n       ε  ˙      ε   0         = r a t e   s e n s i t i v i t y   e f f e c t s  ;     1 −       T −   T   0       T   m e l t   −   T   0         m       = temperature change effects; A, B, C, m, and n are material constants;     ε   e q   p l     represents equivalent plastic strain;     ε  ˙    and     ε   0     are plastic and reference strain rates, respectively;     T   0     = transition temperature; and     T   m e l t     represents a melting point of the material. Johnson–Cook parameter values are obtained from refs. [2,3,13]. A detailed description of these constitutive models is available in refs. [2,3,13]. Simple support boundary conditions are assigned to the slab, the same used by the authors of [2,3,13]. The connection between concrete and striker is defined using interaction keycards considering hard contact with penalty contact formulation, as reported in [2,3,13]. Imposed acceleration, velocity, deflection, and material stress to the slab using the striker are all taken into account using this technique. The strength increase brought on by a rapid rate of strain is a major factor in the mechanical behavior of materials subjected to extreme loadings. Impact loading generates high-strain rates, typically between 102 and 103 s−1 (Figure 7) [1,2,3]. For instance, this phenomenon has a significant influence on structures made of reinforced concrete. Their resistance might rise significantly, with dynamic coefficients of 3 for compression and 6 for tension, as reported in [2,3,41,42]. Note that the dynamic coefficients used to incorporate strain-rate effects are briefly discussed in refs. [2,3]. The striker does not penetrate through the slab when the load is applied, and following contact, it remains apart. The impact load is applied using the command “initial_velocity_generation” [2,3,38]. The concrete–steel reinforcement connection is defined using the constraint “embedded region” [2,3]. Altogether, five face-to-face interaction contacts [2,3,38] are used in the modeling: striker–concrete, striker–steel bars, steel bars–concrete, slab–steel beams, and beams–columns. Moreover, static and dynamic coefficients of friction considered are 0.20 and 0.10, respectively. Note that the striker can only cause translation in the global Y-direction (impact direction) while the X- and Y-translations as well as X-, Y-, and Z-rotations are all restricted. The nonreflecting constraint is imposed all around the slab model.




2.3. Material Properties


Two different kinds of concrete are used in the simulation presented herein: (1) normal-strength (NSC) and (2) ultra-high performance (UHPC). The static compressive strengths of NSC and UHPC are 29.70 MPa [13] and 99.50 MPa, respectively. The values of the elastic moduli of the concretes used are 30.91 GPa [13] and 51 GPa, respectively. The static yield strength and modulus of elasticity of steel bars are 422 MPa and 198 GPa, respectively [13]. Poisson’s ratio of 0.20 for concrete and 0.30 for steel is considered. Other material properties of the impact test setup are briefly described in refs. [2,3,13]. The data collected by the authors of [2,3,13] for NSC and by the authors of [38] for UHPC are utilized in defining the plastic response of the concrete material. The calibrated compressive and tensile behaviors of NSC and UHPC are shown in Figure 8A and Figure 8B, respectively. The original CDP properties of concrete are available in ref. [38]. Both softening and hardening behaviors are considered in the simulations following this reference only. It can be seen from Figure 8 that the calibrated strengths (i.e., dynamic strengths) are much higher compared to the abovementioned static strengths on account of loading rate or dynamic strength effects, which are necessary to be taken into account while conducting numerical analysis under high strain-rate or extreme loadings induced by impact or blast. Following the current literature [2,3,41,42,43,44,45], the strain-rate effects are incorporated into the modeling by considering dynamic increase factors (DIFs) (often called stress-increase factors) which are assumed constant. Note that this procedure is not fully objective; however, many researchers have followed the same methodology in their validation of the numerical or finite element models under such extreme loading conditions, as reported in refs. [43,44,45]. The calibrated dynamic strengths are shown in Figure 8. For reinforcing steel, a DIF of 1.25 is considered, following UFC 3-340-02 (2008) [42].




2.4. Application of Impact Load on Slab Top Face


During the impact simulations, the energy and mass loss effects of the striker are neglected in this study to allow its potential energy to be solely transformed into kinetic energy, and it is simple to determine the free-fall velocity of the impact as     V   0   =  2 g H   , g = gravity (=9805 mm/s2) and H = impact height (in this case = 2500 mm) [2,3,13]. Note that the load is applied to the centroid of the slab using the explicit module of the software considering     V   0     = 7.0 m/s, free-fall time of 0.71 s [2,3], and a total impact duration of 1.0 s. The applied energy to the impacting face of the slab can be calculated using Equation (5), [13]:


  E = N m g H  



(5)




where N = number of impacts; m = striker mass. In this case, N = 1, m = 105 kg, g = 9805 mm/s2, and H = 2500 mm.




2.5. Mesh-Sensitivity Analysis


An essential characteristic to take into account in the computational problems related to high-rate dynamic simulations is mesh density, which has a significant impact on the outcomes of the analysis [2,3,44]. To optimize the element sizes for even more exact results and to reduce the necessary computing time, a mesh sensitivity analysis is done in this respect [2,3]. Finite element sizes of 10, 15, and 20 mm for the slab are considered. The influence of increasing the element size on the displacement as well as damage to the slab is considered, and the computed outcomes are compared with the experimental ones reported in ref. [13]. The discrepancies between the experimental findings and the modeling results are shown in Figure 9 and Figure 10. These figures show that the simulation findings with a 10 mm size are reasonably close to the experimental results. The experimentally recorded and numerically simulated displacement-time curves with this size are almost identical. However, it is noted that the test findings and the analysis results show some discrepancies. This could be a result of the limitations and idealizations involved in the material modeling as well as in the support conditions that were used.





3. Results and Discussion


Images taken from the impact simulation analyses are shown in Figure 11, Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16. Response parameters considered in this work are: (1) damage profiles, (2) vertical displacement, (3) principal stresses, (4) equivalent plastic strain, and (5) damage dissipation energy (DDE). The moment the dropping mass impinges on the slab top surface, fragments of the concrete from the immediate vicinity of the impacted area eject along with the punching of the slab concrete (Figure 11 and Figure 12). On the counterpart slab surface, bond failure occurs in the neighboring flexural zone of the impacted area and major diagonal cracks develop from the punching shear plane, Figure 11. The distribution of the vertical displacement in the slab and its embedded reinforcing steel is shown in Figure 13; the control slab experiences a maximum displacement of 27.31 mm in the Y-direction at the impacted region, while the other two slabs, namely S-NSC-3s and S-NSC-2s, display slight higher peak displacements of 33.96 mm and 34.82 mm, respectively, as compared to the control model or slab. Both primary and secondary reinforcing bars at the impacted area or region of the control slab experience a peak displacement of 21.27 mm in the Y-direction, as shown in Figure 13. The bars of slabs S-NSC-3s and S-NSC-2s deform in the direction of applied impact and show maximum displacements of 27.03 mm and 29.22 mm, respectively. Maximum principal stresses (compressive: -ve; and tensile: +ve) in the reinforcing steel of the considered slabs are represented in Figure 14. Note that the stress level at most of the locations for slabs made of NSC concrete exceeds the yield stress level (422 MPa) of the steel. However, the stress response of the steel bars is improved with the use of UHPC in lieu of NSC in the slabs, as shown in Figure 14. UHPC slabs shown in Figure 15 display a similar trend of the displacements as those of the NSC slabs. Equivalent plastic strains (PEEQ) in the slabs, estimated with ABAQUS built-in CDP and Johnson–Cook properties, are shown in Figure 16. The concrete at the impacted region of the control or reference slab (S-NSC-4s) experiences a maximum plastic strain of 0.14, which is slightly higher than the plastic strains in the slabs S-NSC-3s and S-NSC-2s (see Figure 16) on account of the change of the mode of failure and the uplifting of corners of the free edge(s) of these slabs, as discussed as follows.



The propagation of the bond failure is more pronounced toward the free edge than toward the three restrained edges of the slab S-NSC-3s (Figure 11). In this slab, the damage to the bond in the flexural zone around the shearing plane is more toward the free edge as compared to restrained edges. For some of these bars perpendicular to the free edge, the damage to the bond is continuous but partial. This slab undergoes peak displacement in the Y-direction of 32.23 mm at the impacted region, which is more than the displacement of the control model (27.31 mm). Although diagonal cracks do originate from the shearing plane and propagate toward the corners (A and B) consisting of one free edge, they are not much less severe than the other two diagonal cracks toward the corners (C and D) consisting of restrained edges. The severity of the diagonal cracks increases toward the restrained corners C and D, while decreases toward the corners A and B. Corners A and B tend to lift up and become damaged, while the other two corners C and D are not damaged at all. Consequently, the slab supported on three edges suffers more damage (DDE = 205.38 J) and undergoes higher maximum displacement (32.23 mm) than the control slab supported on four edges (Table 1 and Figure 13).



The slab supported on two opposite edges, i.e., one-way slab S-NSC-2s, has four identical corners. Under impact loading, the stress waves propagate in all four directions, which cause them to transfer the load both ways, thereby generating diagonal cracks from the punching shear plane toward the corners (Figure 11). Main re-bars experience much higher tensile stress (525.22 MPa > yield stress = 422 MPa) than distribution re-bars (480.84 MPa) (Figure 14). The spread of the maximum stress is much more in the re-bars under the impacted area than in the adjacent main re-bars. It is noted that maximum tensile stress in the main bars passing through the impacted or punching area is witnessed by de-bonding beyond the shearing plane in the flexure zone. This spread gradually decreases toward the free edges of the slab (Figure 15). Along the width, flexural cracks through the shearing area develop due to the yielding of main bars. Corners consisting of one free edge experience identical damage in the form of concrete detachment at the bottom face of thickness equal to cover concrete (10 mm) due to their torsional uplifting. This slab experiences a maximum vertical downward displacement of 34.82 mm, which is much more than the displacement of the slab supported on four edges (27.31 mm), as well as the slab supported on three edges (33.96 mm) (Table 1). Note that the free edge of slab S-NSC-3s undergoes a maximum downward displacement of 7.49 mm, while free edges of one-way slab S-NSC-2s experience an identical maximum downward displacement of 13.24 mm at the mid-span section (Figure 13 From Table 1), and the total damage in terms of DDE to the slab supported on two opposite edges (S-NSC-2s) is comparable to the slab supported on three edges (S-NSC-3s). However, the damage to the slab S-NSC-2s is only slightly lesser than the damage to the slab S-NSC-3s on account of wider and deeper diagonal cracks in the slab S-NSC-3s. The average depth of diagonal cracks all along their lengths is found to be 65 mm, while the depth of flexural cracks along the mid-span section is 75 mm. Damage to a corner of slab S-NSC-3s is found to be identical to the damage to a corner of slab S-NSC-2s. Thus, slab S-NSC-2s at its corner experiences double the damage at the corners of slab S-NSC-3s. The formation of slightly deeper and parallel diagonal cracks in slab S-NSC-3s indicates that dissipated damage energy on account of the development of these diagonal cracks is higher than in slab S-NSC-2s.



Data shown in Table 1 reveal that the peak acceleration of the slab is governed by its stiffness under impact. Increasing the compressive strength of concrete from 29.71 MPa (NSC) to 99.50 MPa (UHPC) in the slab S-UHPC-4s supported on all four edges, the displacement of the slab is reduced from 27.31 mm (in slab S-NSC-4s) to 4.39 mm (see Figure 15) without punching, and the dissipated energy by damage is decreased from 190.97 J to 92.76 J with nominal diagonal cracks of depth 12 mm. Results with regard to displacement, acceleration, DDE, and stresses in the reinforcing steel of the slabs with UHPC follow a similar trend, followed by the slabs with NSC (Table 1). Maximum displacement at the impacted area and total damage energy ratios of NSC slab/UHPC slab are given in Table 2.




4. Conclusions


This work presents the investigation carried out on the effect of supports and the role of UHPC on the dynamic response of square reinforced concrete slab, with only tension steel reinforcement subjected to low-velocity drop load. The slabs are: supported on all four edges (S-NSC/UHPC-4s), supported on three edges (S-NSC/UHPC-3s), and supported only on two opposite edges (S-NSC/UHPC-2s) with NSC and UHPC concretes.



Major findings are:




	
Simulation results show that the total energy dissipated through the damage of the slab supported on three edges is greater than that of the slab supported on all four edges, as well as the slab supported only on two opposite edges on account of the formation of a higher number of wider and deeper diagonal cracks and severe punching.



	
Domination of the flexure in the slab S-NSC/UHPC-2s indicated by maximum tensile stress in the steel re-bars supplemented by their maximum displacement under the impacted area shows that damage due to shearing of concrete in this slab is less than that of the slab S-NSC/UHPC-3s. This is why the damage to the slab S-NSC/UHPC-3s is maximum.



	
Damage in the form of the detachment of cover concrete at the corners consisting of free edge(s) of the slabs S-NSC/UHPC-3s and S-NSC/UHPC-2s occurs due to impulsive reaction at such corners, which makes the steel bars exposed. These slabs undergo severe diagonal cracking and de-bonding in the flexure zone as compared to the slab S-NSC/UHPC-4s.



	
The depth of the diagonal cracks toward the restrained corners of slab S-NSC/UHPC-3s is a little higher than that of diagonal cracks toward the corners having one free edge. This shows that the supports’ effects have a significant influence on the dynamic response and failure mode of the RC slab under impact loading.



	
UHPC replaced for NSC in the slabs with similar supports greatly improves the impact response and follows a similar trend of results as those of the slabs with NSC. UHPC slabs show identical behavior for 4s and 3s models with regard to maximum displacement and damage, while for the 2s model, it contributes more to control the displacement than damage.
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Figure 1. Detailed model of impact load test setup. 
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Figure 2. Finite element model. 






Figure 2. Finite element model.
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Figure 3. Rendered view of the embedded reinforcing tension steel bars. 
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Figure 4. Reinforcement details of the slab. 
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Figure 5. Element shape of C3D8R and B31 finite elements considered in this study. 
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Figure 6. Slab models created in the ABAQUS software. 
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Figure 7. Different structural loadings and corresponding strain rate ranges. 
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Figure 8. CDP compressive and tensile behaviors for NSC and UHPC materials. 
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Figure 9. Comparison between experimental and numerical results: displacement time plots. 






Figure 9. Comparison between experimental and numerical results: displacement time plots.



[image: Buildings 13 01220 g009]







[image: Buildings 13 01220 g010 550] 





Figure 10. Comparison between experimental and numerical results: damage profiles. 
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Figure 11. Damage to the NSC slabs by applied impact load at t = 0.735 s, the time at which the slab attains maximum displacement. 
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Figure 12. Damage to the UHPC slabs by applied impact load at t = 0.735 s. 
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Figure 13. Y-displacement of NSC slabs at t = 0.735 s. 
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Figure 14. Principal stress contour of the embedded steel of the slabs at t = 0.735 s. 
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Figure 15. Y-displacement of UHPC slabs at t = 0.735 s. 
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Figure 16. Equivalent plastic strain distribution on the top surface of the NSC and UHPC slabs at t = 0.735 s. 
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Table 1. Simulation results.
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S. No.

	
Specimen

	
*Δy (mm)

	
DDE (J)

	
αy (g)

	
St (MPa)




	
Slab

	
Bars






	
1

	
S-NSC-4s

	
−27.31

	
−21.27

	
190.97

	
294.72

	
426.39




	
2

	
S-NSC-3s

	
−33.96

	
−27.03

	
209.57

	
135.07

	
479.94




	
3

	
S-NSC-2s

	
−34.82

	
−29.22

	
204.88

	
129.26

	
525.22




	
4

	
S-UHPC-4s

	
−4.39

	
−3.85

	
92.76

	
395.15

	
421.56




	
5

	
S-UHPC-3s

	
−5.27

	
−5.0

	
104.78

	
197.77

	
427.0




	
6

	
S-UHPC-2s

	
−8.49

	
−7.93

	
98.12

	
189.61

	
466.24








* Δy = Maxm displacement in Y-direction at the point of impact; DDE = damage dissipation energy; αy = peak acceleration in Y-direction; St = Maxm tensile stress in the steel bars at the point of impact; g = acceleration due to gravity.
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Table 2. Displacement and damage ratios of NSC slab/UHPC slab under the drop weight.
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Slab Supported On

	
Maximum Displacement Ratio

	
Damage (DDE) Ratio

	
Remark






	
Four edges (4s)

	
1:0.160

	
1:0.485

	
UHPC slabs respond (1) identically in the case of 4s and 3s models with regard to displacement and damage; (2) more contributes to control displacement than damage for the 2s model.




	
Three edges (3s)

	
1:0.155

	
1:0.499




	
Two opposite edges (2s)

	
1:0.243

	
1:0.478
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