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Abstract

:

This study examines the behaviors of structural members in their most vulnerable state (fixed along their weak axes) against sudden loads such as impact loads. To do so, eight supported rectangular hollow steel beam samples were constructed, and a circular head hammer weighing 75 kg was dropped as a free fall along the weak axes of these beams. Each fall had a different drop height (ranging from 250 mm to 2000 mm) and different amounts of energy (ranging from 183 J to 1471 J) in order to compare the structural behaviors of the beams against low velocity impacts with different drop heights and energy levels. Additionally, finite element analyses were conducted to investigate the performances of the rectangular hollow steel beams against impact loading along the weak axes numerically as well as experimentally. Initially, six model verification and mesh convergence analyses were performed to determine the optimum mesh size. After that, eight finite element models were developed with verified data in order to calculate the displacements, accelerations, plastic denting values, distributed stresses, and plastic equivalent strains. Consequently, impact load factors for static analysis were calculated mathematically and compared with the experimental and numerical results. Overall, the results obtained from the FE analyses were in line with the results obtained from experimental and mathematical studies. To sum up, the increases in the drop height of the impact force and the amount of energy in beams placed along their weak axes will increase the amounts of acceleration, maximum deflection, internal stress, residual displacement, and plastic denting in such beams.
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1. Introduction


Structures are exposed to static and dynamic loads throughout their useful lives. Therefore, experimental and numerical studies are important in assessing the structural performances and behaviors of elements under such loads. A vast amount of literature can be found regarding the structural behaviors of elements under static loads. Dynamic loads, on the other hand, can have different characteristics at different times, and the changes caused by these varying loads in the elements need to be examined separately. Therefore, experimental and numerical studies are required to understand the structural behaviors of elements under both static and variable characteristics of dynamic loading. Dynamic loads on the building, namely earthquake loading, are defined as loading those changes over time in the form of mechanical vibrations or impact loads. Watson et al. [1] conducted preliminary studies about the structural behaviors of steel structures under impact loading. In the literature, some test methods and design parameters that are used in determining the behaviors of elements under dynamic loading have been determined in accordance with only some of the design codes [2,3].



Static loading tests are used to determine the properties such as moment and load-carrying capacities of the elements under constant loading, while dynamic loading is used to evaluate the changes that occur in the elements under the influence of loads that change over time. Dynamic loading, such as earthquake and impact loading, is the type of loading such that the structure is not carrying them all the time but might be exerted on the structure instantaneously and vanish soon after their occurrence.



Recently, terrorist and suicide attacks, which result in strong impact forces on the buildings near the attacks, are becoming a serious threat to the safety of the structures. These forces might cause a local or total collapse of the structure and can be very costly for structures of vital importance, such as military structures, nuclear reactors, and high-rise steel structures. To ensure the safety of these structures and the lives of people inside them, it is important to consider this risk parameter during the project’s design phase.



There are two types of impact loads, namely high-speed impact and low-speed impact loads, based on the speed at which the hammer hits the sample. Impacts caused by a missile are a good example of high-speed impacts, and a drop in weight on a beam, slab, or column is a low-speed or low-velocity impact. As of now, there are only studies about the failure mechanism of high-speed impact loading [4], as well as the failure state caused by high-speed impact and fire [5,6]. In addition, global imperfections and residual stresses, especially along the weak axes, have proven to be important in determining the failure state of steel elements [7]. It is thought that a plastic joint is formed on the element under the effect of low-speed impact at the point where the load falls. Therefore, the behavior of the element under the low-speed impacts is defined by the rigid-plastic material acceptance. The dynamic behaviors under low-speed impact effects of reinforced concrete and composite beams [8,9,10], steel and composite columns [11,12,13], slabs [14,15,16], and wall elements with different geometric features [17] have been studied experimentally and numerically. Different material models can be selected while creating the finite element model of the floor element under the impact [18]. Particularly in determining the element’s behavior under impact, the thickness of the element, its rigidity, the height from which the load is applied, the speed of the falling mass [19], the geometry of the falling mass [20,21], and the support boundary conditions [22] are important factors.



When impact loads are applied to the structural elements, different stress distributions occur in the elements, which enable us to obtain information about the dynamic properties of the affected elements. In addition, different vibrations are created in the elements during the collision due to the stresses that occur because of impact loads on the elements. For this reason, experiments are carried out to make broader and more accurate predictions about the impact behaviors of different element types at different heights or under different weights. Thus, the damage to the elements caused by incidents such as airplanes crashing into buildings, cars crashing into bridge piers, explosions in industrial facilities, falling rocks on tunnels and similar structures, as well as the risk level of structures with military status being hit by a missile can be predicted. The preliminary studies available in the literature emphasized that the axial load is not important in determining the column behavior under the impact load [23]. The region in which deformation occurs in the direction of the falling load (impact load) is defined as the bending region. As the changes occurring in the bending region of the elements subjected to only axial load were examined, it was observed that the deformation in the bending region was not related to the axial load, and this deformation did not provide information about the dynamic properties of the element [23,24].



The hollow steel elements used in this study are commonly used in steel structures, offshore structures in the open sea, and bridge beams. Studies have been conducted on different joint configurations of these elements used especially in offshore structures [25], element collapse state [26,27,28], and collapse energy [29,30]. When the beam elements placed along the weak axis were subjected to impact force, the structure quickly reached the limit state, particularly in offshore structures. In addition to evaluating the effect of impact load on steel and concrete-filled steel tubular members, there are several studies focusing on reinforced concrete elements, composite elements [26,31,32], and reinforced elements [33,34,35] as well. The same amount of energy that is produced due to the impact load can be produced with different impact speeds, and these speeds cause displacements depending on the stiffness of the sample. In addition, different impact velocities with the same energy generated in the element change the local stress distribution in the element [36].



Structures are designed according to the type and number of loads that they will be exposed to during their service lives. Therefore, strong and weak axes that are determined by the inertial forces of the elements in building design are taken into consideration.



The aim of this study is to determine the behaviors of structural members in their most vulnerable state against low-velocity impact loading. For this purpose, eight rectangular hollow section beams were prepared and examined under simply supported conditions experimentally under different impact loadings on their weak axes. Moreover, to investigate the beam performances numerically, a mesh convergence study was initially performed on six FE models to validate the models’ boundary conditions and material properties and determine the optimum mesh size. Following the initial study, eight FE models were developed to investigate the performances of the rectangular hollow steel sections under impact loading on their weak axes. Lastly, the impact and reaction forces that are calculated experimentally and mathematically will be compared in order to evaluate the impact load factors for static analysis. The obtained results from experimental, mathematical, and numerical studies are discussed in Section 4. Consequently, the conclusions and recommendations are given in Section 5.




2. Experimental Study


2.1. Material Properties


We conducted a tensile stress test to determine the mechanical properties of the steel that was used in this experiment. To do so, three coupon samples were prepared according to ASTM standards [37]. Since the fabrication date of the steel has an effect on the tensile stress performance of the steel [38], and to avoid this marginal difference, test samples were selected from a set of steel that was fabricated at the same time. Three coupon samples, namely, S-1, S-2, and S-3, were taken from each beam, and uniaxial tensile tests were conducted. Figure 1 shows the obtained stress-strain curves as well as the images of the coupons before and after the test. In addition, Table 1 presents the mechanical properties of the coupon samples.




2.2. Specimen Geometry


For the purpose of conducting the designed experiment to evaluate the effect of impact load on the weak axis of a rectangular hollow steel profile, a steel profile with sectional dimensions of 120 × 80 × 3 mm with a length of 2000 mm and S275 JR steel class was selected. The beams were placed on their weak axis in the prepared 8 samples. The samples were divided into A and B series in order to avoid any confusion and simplify the work process. Series A samples were the ones that would experience an impact ranging from a drop height of 250 mm to 1000 mm, and series B samples were the ones experiencing an impact from a drop height of 1250 mm to 2000 mm, as presented in Table 2. All test samples were constructed with the same geometry and mechanical properties, as well as the same structural supports. Furthermore, Table 2 provides details about the properties of test specimens.




2.3. Test Setup and Measurement


During the experiment, as it shown in the Figure 2, eight simply supported rectangular hollow steel beam samples with 2000 mm length, 120 × 80 mm width and height were constructed and tested under impact loading. A circular head hammer with a constant weight and same boundary conditions was dropped in a free fall manner from different heights (250–2000 mm) over a simply supported beam with a pin and a roller support in its two ends as shown in Figure 3a,b. While determining the impact energy, the impact energies during the ferrying to the offshore structure of the ships in real life were taken into account [29]. All translations in the pin support were equal to zero, while in the roller support, only the X and Y directions were zero, and the translation in the steel beam longitudinal direction (Z) was free. Moreover, the beam was fixed in a way that would absorb the impact load in its weak axis. The starting point of the drop height was controlled with four sliding shafts that were lubricated to minimize the friction before each free fall of the hammer, as shown in Figure 3c. The sliding shafts were also used to place the hammer exactly at the midpoint of the beam in order to avoid eccentricity during the impact. The dropped hammer had a circular head geometry with a constant weight of 75 kg made up of S355 steel, as shown in Figure 3d. The same hammer was used for all the experiments.





3. Numerical Studies


3.1. Finite Element Modeling


We developed 8 FE models, namely S#1Fem, S#2Fem, S#3Fem, S#4Fem, S#5Fem, S#6Fem, S#7Fem, and S#8Fem, resembling the samples in the experiment. After developing the models, we calculated the stress distributions, plastic deformations, reaction forces, displacements, and accelerations of each model. To achieve accurate results, we modeled all parts of steel profiles, and the impactors were modeled. We used the ABAQUS/Explicit [39] package to carry out 3D nonlinear finite element analysis. We used the eight-node brick element with reduced integration (C3D8R) element type in the modeling process. We modeled the impactors as having a discrete rigid body, and the element was modeled as C3D8R (Figure 4).



Regarding the properties of the materials, the tensile coupon average was calculated, and using Equations (1) and (2), we changed the engineering stress-strain response to the true diagram of the S275 JR steel grade. Then, we used the obtained true diagram in modeling the steel material as a nonlinear isotropic hardening model in the FE study.


    σ   t   =   σ  ⁡    1 + ε      



(1)






    ε   t   = l n ⁡ ( 1 + ε )  



(2)







In Equations (1) and (2), σt is the true stress, εt is the true stain, σ stands for the average of the engineering stress diagram of three coupons, and ε shows the average of the engineering strain.



The obtained engineering stress-strain curve used in the numerical studies is illustrated in Figure 5. We defined the boundary conditions for the FE models as pin and roller supports at the right and left of the beam, respectively. We kept this condition the same during the experiment and FE analysis process. At the time of impact loading, the out-of-plane motions of the impactors were limited. The impact loading in the numerical studies was defined as the free fall impact of a circular head hammer with a drop height ranging from 250 mm to 1000 mm for test series A and 1250 mm to 2000 mm for test series B, respectively.



In the finite element (FE) simulations, the strain rate effects on steel materials were not taken into consideration, as all specimens were subject to low-velocity impacts. According to Richardson and Wishear’s research [40], strain rate effects are insignificant at initial impact velocities (Vo) under 10 m/s. In this study, all examined specimens have an initial velocity under 8 m/s; therefore, the strain rate effects have been ignored in numerical simulations.



To simulate the contact behavior during the impact analysis between the impactor and steel beam, normal and tangential behavior were used. In contact problems between two stiff materials, generally, hard contact is used. The friction coefficient for steel material in hard contact is used as µf = 0.3 for all FE models. In the elastic slip, the value of the fraction of characteristic surface dimension was used as 0.005 [41].




3.2. Mesh Convergence Studies


We conducted a mesh convergence study to determine the best size of the mesh. As the damage and denting of the beam in the experimental study were obtained with minimal data and time, it was possible to conduct the finite element analysis with a very small mesh size. However, that would increase the amount of data and analysis time drastically. Therefore, we conducted a mesh convergence study in order to specify the optimum mesh size. For this purpose, we initially divided the beam into three equal parts, namely, the right zone, central zone, and left zone, as shown in Figure 6. This is due to the fact that during impact loading on the simply supported beam, the damage is mainly caused around the denting area.



In order to verify the experimental results and finite element analysis, the analysis was conducted to the limit that was permitted in the literature. As a reference for this, the mid-span displacement of the experimental result, which was measured in three different ways, was taken. Moreover, for the finite element analysis, the C3R8D element was used.



Furthermore, six different mesh sizes, namely M40, M30, M20, M10, M5, and M5-15, were examined in order to determine the optimum mesh size. The number in the names of each mesh is equal to one side of the cubic mesh. Thus, the dimensions of the mesh sizes were 40 × 40 mm, 30 × 30 mm, 20 × 20 mm, 10 × 10 mm, and 5 × 5 mm, respectively. The impact load was exerted as the 75 kg impactor from 1 m height. The same load and boundary conditions were considered for all the FE models. The amounts of maximum displacement from the experimental study were compared with the results obtained from the different mesh sizes of finite element analysis in which the difference between the experimental result and M40 was 35.02%, while the differences in displacement of M30, M20, and M10 with the experimental results were 27.49%, 16.43%, and 7.29%, respectively. These results are presented in Table 3.



Moreover, an analysis for M5 was conducted in which the difference compared with the experimental results was only 3.52%. However, the analysis time was 2.5 times the M10 analysis, and the amount of data was 2.5 times the M10 data. In order to minimize the differences between the experimental results and FE results, a new rectangular mesh size named M5-15 (5 × 15 mm) was introduced [42]. As previously mentioned, most of the damage in simply supported beams under impact loading is around the denting area, and according to the existing literature, the maximum plastic dent zone longitudinal length is 3.5 D, where D is equal to the height of the rectangular hollow section beam [43]. However, in order to maintain the accuracy of the analysis, the longitudinal plastic dent zone was selected as 7 D [21]. As most of the plastic deformations would occur around the dent zone (in this case, the central zone of the beam), the M15 (15 × 15 mm) mesh size was selected for the right and left zones of the beam in order to reduce analysis time. The M5-15 mesh size was chosen for the central zone to estimate the vertical in-plane and out-of-plane plastic deformations of the beam. In line with our expectation, the difference between the experimental results and FE analysis was reduced to 1.12%. The analysis time and amount of data of M5-15 were almost 60% less than M5 and more accurate than all of the other mesh sizes.



Figure 7 illustrates the displacement-time graphs for all the finite element cases as well as the experimental results in which the closest graph to the experimental results was from the mesh size M5-15. Details of the mesh convergence analysis are presented in Table 3. As the results obtained from M40 were compared with those from M5-15, the results obtained by the latter were 31 times more realistic than M40.



To sum up, the M5-15 (5 × 15 mm) mesh size had the least difference with the experimental results, while out-of-plane denting could be observed in it and had the least analysis time and amount of data. Thus, the M5-15 mesh size was selected as the finite element mesh size for all upcoming finite element analyses.





4. Results and Discussion


4.1. Experimental Results


4.1.1. Displacement-Time Responses and Damage Status


In the experimental study, the displacement-time curves of eight test specimens placed along the weak axes with the same support condition and hammer weight but different drop heights are shown in Figure 8, and the data obtained from these experiments are presented in Table 4.



The mid-point maximum displacements of the samples named S#1EXP, S#2EXP, S#3EXP, S#4EXP, S#5EXP, S#6EXP, S#7EXP, and S#8EXP in which the load was placed along the weak axes of the series A and B were measured as 5.88 mm, 8.93 mm, 13.08 mm, 16.19 mm, 19.14 mm, 23.28 mm, 28.77 mm, and 33.99 mm, respectively. The images of the samples taken during and after the impact are illustrated in Figure 9. Moreover, the obtained displacements and the impact energies of the hammer calculated using 2 mgh are given in Table 4. The series A samples with a drop height of 1000 mm and a hammer weight of 75 kg, which produced 735.75 J energy, had partially performed in an elastic state. Particularly, the local denting or residual deformations in the beams of S#1EXP and S#2EXP in the impact area were not large enough to be measured in centimeters, and the occurring displacement could only be measured using an experimental instrument. Plastic deformations were observed in S#3EXP and S#4EXP, but the displacement measurement was only possible using an experimental instrument similar to S#1EXP and S#2EXP. However, plastic deformation started to occur in considerable size in the test elements in series B starting from 919.69 J impact energy and started to create visible differences in the displacement values of the test elements at every 250 mm height increase.



The deformation by 1471.50 J energy caused the maximum displacement (33.9 mm) in series B (S#8EXP). The hammer drop-height difference and amount of energy between S#1EXP and S#8EXP have increased 8 times, while the midpoint maximum displacement values have increased approximately by 6 times. As per the available studies in the literature, the plastic deformation occurrence depends on the speed of the impact force and the boundary conditions [1,22]. The results obtained from the experimental study were in line with the literature, and the increase in the plastic deformation of the test elements was directly proportional to the hammer drop height and amount of impact energy. In addition, the distances of the denting that occurred in the sample were examined as well.




4.1.2. Acceleration-Time


In order to determine the behaviors of all the test specimens with different drop heights right after the impact force application, accelerometers were placed under the point where the impact force was applied to measure the acceleration values with respect to time and interpret the obtained results mathematically. Since the accelerometers are very sensitive, the obtained data would be affected by the external noise, and the noise can be seen as vibration on the acceleration-time curves. As Saatci [14] concluded that the deformations in the elements develop in accordance with the acceleration values, the acceleration values obtained from the experimental study are important in determining the element behaviors. The acceleration values of the test samples S#1EXP, S#2EXP, S#3EXP, and S#4EXP placed along the weak axis in series A were measured as 260 g, 290 g, 570 g, and 743 g, respectively. The acceleration values of the test samples S#5EXP, S#6EXP, S#7EXP, and S#8EXP placed along the weak axis in series B were measured as 910 g, 1092 g, 1306 g, and 1706 g, respectively.



Figure 10 shows the acceleration-time curves obtained from the previously mentioned experiment, and Table 4 presents the values obtained from these curves. As expected, the minimum and maximum acceleration values were obtained from the test samples S#1EXP (260 g) and S#8EXP (1706 g), respectively. Comparing the two test samples, which were made of the same material and had the same test conditions with hammer drop height and impact energy being increased by about 8 times, the acceleration value increased only by 6.5 times. After looking into the acceleration data of all test samples, it could be seen that the maximum acceleration values increased with an increase in the hammer drop height. In addition, it was observed that the acceleration values started to form local deformations after 600 g, and then the increasing acceleration values caused plastic deformations in the test elements. In addition, the local deformations formed in the test samples were symmetric. This means that there was no eccentricity when the hammer slid from the sliding shaft in a free fall movement over the frictionless rail.




4.1.3. Impact Force


The impact force value that occurred in the test could be obtained from the sum of the inertial force generated in the opposite direction to the impact force and the reaction forces formed in the opposite direction in the supports [14]. The impact force curves of all eight test specimens are illustrated in Figure 11, and the data obtained from these curves are given in Table 5. Support reactions are obtained from the values taken from the load cell placed in the support area. The inertial force values of the sample were obtained by measuring the acceleration values at different points along the beam. However, under the existing laboratory conditions, it was not possible to measure the acceleration values at different points along the beam. Therefore, when calculating the inertia force of the test sample, the continuous beam theory [44] was assumed. Therefore, the inertia force values were calculated for an idealized shape. In the continuous beam theory, the inertia force of the test sample is considered to be the maximum inertia force at the midpoint of the beam where the impact is applied, while it is assumed that the values at the support points are zero and behave linearly [45]. As a result, the inertia force was obtained by multiplying the acceleration value at the midpoint of the beam by the unit length weight of the test sample and the gravitational acceleration value. Equation (3) is obtained when the balance equation is written in accordance with the D’Alembert rule in the beam element under impact.


    ∫  0   L      m  ¯  ü   x , t   d x + R s   t   + R c   t   − I   t      



(3)




where I(t) is the impact force,     m  ¯    is the unit length weight of the beam, ü(x, t) is the acceleration of the beam, Rs(t) is the moving (roller) support reaction, Rc(t) is the pin support reaction, and L is the length of the beam [14,46]. Impact force was obtained by summing the inertia force and support reaction value of the test sample.



The values for the support reactions of eight beam elements are shown in Figure 11.



As per the experiment, the reaction force values obtained from the load cells in pin and roller supports increased as the drop height increased. Therefore, the biggest support reaction was obtained in S#8EXP, and the smallest support reaction was seen in S#1EXP along the weak axis of the steel beam. The inertia force value was obtained from the accelerometer placed in the middle of the test sample. Therefore, when the hammer drop height increased on the test sample, the acceleration value increased, increasing the inertia force in the element. Therefore, the highest and lowest inertia forces were observed in S#8EXP and S#1EXP, respectively. Maximum impact, inertia, and total reaction force values were obtained as a result of the experiments and are given in Table 5. According to the D’Alembert dynamic equation principle, the sum of the beam inertia force and support reactions constitutes the impact force. The greatest impact force was generated in S#8EXP (388.18 kN), and the lowest impact force was generated in S#1EXP (71.80 kN).




4.1.4. Impact Load Factors for Static Analysis


As mentioned in the previous sections, impact loading is an important kind of load that must be taken into consideration during the design phase of the structure. However, the challenge is the lack of availability of several non-destructive methods for the calculation of the dynamic impact loading experimentally, and the experimental study is difficult because of the data collection, data filtration, conversion, etc. It is generally assumed that every kinetic energy of the moving object is changed with an efficiency of η to the strain energy in the object [47]. In the case of a weight dropping vertically from a height h, the vertical impact factor η is calculated as in Equation (4). In this study, the impact loads along the weak axis of rectangular hollow steel beams were calculated with the energy assumption in addition to the experimental and numerical studies. Later, the mathematical impact forces were compared to the experimentally and numerically obtained impact forces.


  n = 1 +  1 +   2 h     δ   s t       



(4)







In Equation (4), η is the impact load factor,     δ   s t     is the maximum deflection of the member due to a static force (W) applied at the impact point in the impact direction on the simply supported beam [48]. As mentioned, the experimental specimens were all simply supported beams, and therefore, they were calculated as Equation (5). The equivalent dynamic loads of the midpoint of the beam were calculated with Equation (6).


    δ   s t   =   ( m g )   L   3     48 E I    



(5)







In Equation (5),   m   is the mass of the weight,   L   is the total length of the beam, E is the elastic modulus, and I is the moment of inertia of the cross-section about the weak axis.


    P   m a x   = n   ×   m g    



(6)







Table 6 presents the impact factor and support reaction values obtained from Equation (4). Impact factor values change depending on the hammer drop height and static displacement value. There was no relationship between the static deflection obtained from Equation (5) and the beam displacement value that was obtained experimentally. Static displacement values have been calculated only for calculating the impact factor values. The impact factor values used in the transition from static loading to dynamic loading were used in Equation (6) to find Pmax.



The percentage difference between the Pmax values (sum of support reactions) obtained mathematically from the equation and the support reactions obtained experimentally varied between 30% (highest) and 6% (lowest). As the height of the hammer dropped on the simple beam used in the study increased, the impact factor value increased as well. In addition, it was observed that the difference between the support reactions calculated experimentally and mathematically increased as the impact factor value increased. Particularly, the differences were reductions in Series A tests where there were no or minimal plastic deformations. It is thought that the greater difference is due to the fact that the element is in the elastic region at such energy levels. Residual stress and imperfection are more important in determining the behavior of an element in the elastic region compared to the plastic region. The differences between the support reactions calculated experimentally and mathematically from series B test samples having high plastic deformations varied between 20% and 30%.





4.2. Numerical Results and Discussion


In our study, there was a good fit between the experimental results and finite element models (FEM). Figure 12 illustrates comparative acceleration data of both experimental and FEM results. The values obtained from the experiments and FEM have increased as the hammer drop height and amount of energy were increased. Since the impact force is a spontaneous loading, the maximum value was obtained at a single point in the acceleration-time curves, and the acceleration values gradually decreased due to damping formed in the element and were completely damped out after 0.08 s. This behavior was not only observed experimentally but also in the finite element models. As shown in Figure 12, the maximum acceleration value under the midpoint of the beam was 290 g in S#2EXP and 301 g in S#2FEM. The difference between the finite element model and the experimental result was only 3.7%. However, S#3EXP achieved an acceleration value of 570 g, and S#3FEM achieved 640 g, having the largest difference (12.28%) between the finite element model and the experiment.



The displacement values on the bottom and top of the beam are given in Figure 13 and Figure 14. Additionally, Table 7 presents the detailed values of the displacement for both experiment samples and FE models. As shown in Figure 13, the maximum deflection value under the midpoint of the beam was recorded in S#3EXP (13.08 mm), while S#3FEM recorded 13.23 mm. The difference between the finite element and the experimental results was minimal (1.11%). However, the displacement values in S#2EXP and S#2FEM were 8.93 mm and 9.43 mm, respectively. The difference between these two values was 5.59%, which was the largest error in all the obtained values. This difference is remarkably small in the case of impact loading, and it means that the finite elements models are verified quite well. These values were determined according to the maximum displacement values obtained from the experimental study and finite element models on the bottom face of the beam at the midpoint. When the residual displacement values of the experimental models were compared with the finite element models, it was observed that displacements in the finite element models were bigger than in experimental test samples.



Although denting on the top face of the beam at the midpoint was not measured experimentally, the deformation values on the top face of the beam obtained from the finite element analysis are shown in Figure 14, and the values are presented in Table 7. The displacement on the bottom face of S#1FEM was 6.12 mm, while the displacement on the top face of S#1TFEM was 9.40 mm, with a difference of 3.28 mm between them. Although the data taken from the bottom of the beam of S#1FEM samples were in the elastic region, the deformations on the top face were plastic. Moreover, the displacements on the top and bottom face of S#8FEM were 34.4 mm and 54.50 mm, with a difference of 20.05 mm. The denting distance obtained from the finite element analysis increased as the hammer drop height and amount of energy increased. It was observed that the dynamic loads (in this case, impact force) caused more plastic deformation on the surface where it touched the test specimen. If the denting distance formed as a result of finite element analysis in each test element is proportional to the un-deformed shape of the element, it was determined that the lowest denting rate was S#1 (FEM) with 3.28%, and the large denting was determined as 25.06% in the test element S#8 (FEM). The plastic deformation on the top of sample S#1EXP had a very small value (3.28 mm) at the first impact; however, the deformation that would occur on the beam element if the loads were exerted repeatedly might result differently. Thus, it is recommended to examine such a situation for a better understanding of the beam behaviors. Especially, the elements subjected to repetitive impact loading along the weak axis can switch the mechanism state more easily due to having a low moment of inertia.



The von Misses stress distributions against time are given in Figure 15. The stress values obtained from the finite element analysis were taken from the same point in eight samples, and the lowest stress was calculated as 288 MPa in S#1FEM, while the highest stress was 421 MPa which was recorded in S#8FEM sample. As the hammer drop height and amount of energy were increased by 8 times, the stress value increased by 46.2%. In addition, stress value, amount of energy, and plastic deformation in the element increased equivalently.



As the deformation distributions in the finite element models were examined, they were exactly compatible with the deformations obtained in the experimental study. Since the impact test is spontaneous loading, some element behaviors that were not noticed during the experiment could be seen more clearly in finite element modeling. In addition, as the amount of energy increased in the finite element models, the heat map color changed in the stress distributions, and the stress moved toward the bottom parts of the beams, as shown in Figure 15.



The same deformation patterns were also observed in the experimental test samples as well. Due to the fact that the load was applied to a single point, the deformation was distributed symmetrically, as seen in Figure 15. The same stress distribution behaviors were observed in all eight samples. The stress value reached the lowest value in the sample in the vicinity of the pin and roller supports. Finally, all experimental and finite element model results of the eight elements are comparatively given in Table 8.



Finite element equivalent plastic strain (PEEQ) and experimental damages are given and compared with the strain values in Figure 16. As can be seen, the predicted and observed findings are similar, where an increase in drop height and amount of energy caused larger stresses in the elements and, consequently, larger displacements. Among all the samples, the highest energy and displacement occurred in the S#8 test element, and this produced the highest stress value in the finite element analysis. The lowest energy and displacement value occurred in the S#1 test element, which produced the lowest stress in the finite element analysis. The strain obtained from the finite element analysis was measured at the same point in all samples, and the lowest strain was calculated as 5.31 × 10−2 in S#1FEM, while the highest strain was calculated as 2.56 × 10−1 in S#8FEM. As a result of increasing the hammer drop height and amount of energy by 8 times, the strain increased by 482%.





5. Conclusions


This study closely looked into the effects of impact loading, especially low-velocity impacts along the weak axes of rectangular hollow steel beams. To do so, eight simply supported beam samples, namely S#1EXP, S#2EXP, S#3EXP, S#4EXP, S#5EXP, S#6EXP, S#7EXP, and S#8EXP, were constructed and were divided into test series A and test series B based on the impact drop height. A circular head hammer was dropped as a free fall on these eight samples. Each fall had a different drop height (ranging from 250 mm to 2000 mm) and increased amount of energy in order to compare the damages caused by the impacts with different drop heights and energy levels. In the second part of the study, beam performances were investigated numerically, and the stress distributions and plastic equivalent strains were evaluated. Initially, a mesh convergence study was performed on 6 FE models to validate the boundary conditions and material properties of the models and to determine the optimum mesh size. Later on, 8 FE models were developed to investigate the performances of the rectangular hollow steel section under impact loading along their weak axis. Lastly, the impact and reaction forces that were calculated experimentally and mathematically were compared in order to evaluate the impact load factor for static analysis. The following conclusions can be drawn from this study:




	
In mesh convergence studies under impact loading on a rectangular hollow section (RHS) beam along its weak axis, the differences between the experimental and numerical results were calculated in the midpoint displacement as 35.02% for M40, 27.04% for M30, 16.43% for M20, 7.29% for M10, 3.52% for M5 and 1.12% for M5-15, respectively. It means that the optimum mesh size could not be the smallest one and directly affected the midspan displacement and out-of-plane plastic denting of the RHS steel beam along its weak axis.



	
Test series A samples, which had 183.94–735.75 J energy, experienced a 16.19 mm residual deformation and were within the elastic deformation region, while test series B samples, which were exposed to 919.69–1471.50 J energy, experienced a 19.44 mm residual deformation and were within plastic deformation zone. This means that with an increase in the impact energy, the deformation went from the elastic region to the plastic region.



	
The maximum displacement at the midpoint of the S#1EXP (test series A) sample was recorded as 5.88 mm, while it was recorded as 33.9 mm for sample S#8EXP (test series B). Although the amount of impact energy on S#8EXP was 8 times more than S#1EXP, the deflection was almost 5.8 times bigger. It can be inferred that in beams that are placed along their weak axes, the deflection increment coefficient was not equal to that of the energy.



	
In addition, the accelerations generated due to the impact energy, which were 260 g for S#1EXP (183.94 J energy) and 1760 g for S#8EXP (1471.5 J energy), were compared. Similar to the deflection, the amount of the increase in acceleration was not equivalent to the amount of the increase in energy since there was an 8 times increase in energy, but only a 6.5 times increase could be observed in acceleration.



	
Using D’Alembert dynamic equations, the impact forces were estimated where the maximum impact force was seen in S#8EXP (388.18 kN) and the minimum impact force was seen in S#1EXP (71.80 kN). The inertial force values were obtained from the accelerometers, and the sum of the reaction forces was estimated from the load cell.



	
As the loading was changing from static to dynamic, the reaction forces estimated using the impact factor coefficient had differences ranging from 4% to 30% with the reaction forces estimated experimentally. It is worth mentioning that the difference tended to increase as the impact factor coefficient value increased.



	
The maximum difference in the acceleration values obtained experimentally and numerically was recorded in S#2, which was 12.28%, while the biggest differences in the maximum deflection and residual displacement were seen in S#1 (5.7%) and S#8 (16%), respectively. As the supports experienced some partial damage in the experimental study and the situation was ideal in finite element analysis, the difference in the residual displacement was higher.



	
Moreover, the stresses in the finite element analysis were estimated using Von Misses stress distributions for all eight samples (both test series A and B). The minimum stress was observed in S#1FEM, which was 288 Mpa, and the maximum stress was observed in S#8FEM, which was 421 Mpa. With the amount of energy increased by 8 times, the amount of stress only increased by 45.80%. This means that in beams that are placed along their weak axes, the Von Misses stress distribution increment coefficient is not equal to that of the energy.



	
Furthermore, as the equivalent plastic strain deformation was calculated using FE analysis, it was revealed that the lowest plastic deformation occurred in model S#1FEM, which was 0.531 mm, and the highest plastic deformation occurred in S#8FEM with a value of 2.56 mm.



	
To sum up, based on our experimental and FEM studies, it was concluded that the increases in the drop height of the impact force (particularly low-velocity impact) and the amount of energy in beams that are placed on their weak axes would increase the amount of acceleration, maximum deflection at beam midpoint, internal stress, residual displacement, and plastic deformation in such beams.



	
The plastic deformation on the top of the sample S#1EXP had a very small value (3.28 mm) at the first impact; however, the deformation that would occur on the beam element if the load were to be exerted repeatedly might result differently. For instance, the repetitive, very low-impact loading that is exerted on the beam of an offshore structure during stoppage is a real situation such as this. Thus, it is highly recommended to examine such a situation for a better understanding of the beam behaviors.
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Figure 1. Coupon samples (a) before, (b) after the uniaxial tensile test, and (c) stress-strain responses of the tensile test coupons. 
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Figure 2. Dimensions (mm) and details of a typical specimens. 
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Figure 3. (a) Test setup, (b) beam supports, (c) sliding rods, (d) circular head hammer. 
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Figure 4. Finite element model and detail of S#4Fem. 
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Figure 5. Average engineering and true stress-strain curve of the steel material. 
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Figure 6. Meshed finite element models and midspan deformation shapes. 
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Figure 7. Displacement-time history curves in the mesh convergence studies. 
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Figure 8. Displacement-time curves of Series A and Series B test specimens. 
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Figure 9. Images of the experimental studies and specimens after the impact load applications from different drop heights. 
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Figure 10. Acceleration-time curves of (a) series A and (b) series B test samples. 
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Figure 11. Impact force-time, reaction force-time and inertia force-time curves of series A and series B test samples. 
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Figure 12. Experimental and FEM acceleration-times curves of test series A and B. 
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Figure 13. Displacement-time curves obtained from experiments and FEM for test series A and B. 
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Figure 14. Displacement-time curves obtained from FEM models for series A and B (Top face). 
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Figure 15. Von Misses stress distributions for test series A and B after the impact load analysis from different drop heights. 
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Figure 16. Equivalent plastic strains (PEEQ) and deflections views of test series A and B. 
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Table 1. Mechanical properties of the steel materials used in the experiment.
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	Sample Code
	Yield Stress

(MPa)
	Tensile Stress

(MPa)
	Elongation

(%)
	Elastic Modulus

(GPa)





	S-1
	268.74
	392.15
	24.94
	174.88



	S-2
	276.97
	409.32
	23.74
	176.38



	S-3
	272.67
	411.41
	23.82
	177.66










 





Table 2. Properties of the test specimens.
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Codes

	
Dimensions

(mm)

	
Length

(mm)

	
Cross

Sectional Area (mm²)

	
Weight of the Beam

(kg/m)

	
Moment of İnertia about the Strong Axes

(104 × mm4)

	
Moment of

İnertia about the Weak Axis

(104 × mm4)

	
Drop Height

(mm)

	
Hammer Weight

(kg)

	
Impact Energy

(J)






	
Series A

	
S#1

	
120 × 80 × 3

	
2000

	
1140

	
8.9

	
230

	
123

	
250

	
75

	
183.94




	
S#2

	
120 × 80 × 3

	
2000

	
1140

	
8.9

	
230

	
123

	
500

	
75

	
367.88




	
S#3

	
120 × 80 × 3

	
2000

	
1140

	
8.9

	
230

	
123

	
750

	
75

	
551.81




	
S#4

	
120 × 80 × 3

	
2000

	
1140

	
8.9

	
230

	
123

	
1000

	
75

	
735.75




	
Series B

	
S#5

	
120 × 80 × 3

	
2000

	
1140

	
8.9

	
230

	
123

	
1250

	
75

	
919.69




	
S#6

	
120 × 80 × 3

	
2000

	
1140

	
8.9

	
230

	
123

	
1500

	
75

	
1103.63




	
S#7

	
120 × 80 × 3

	
2000

	
1140

	
8.9

	
230

	
123

	
1750

	
75

	
1287.56




	
S#8

	
120 × 80 × 3

	
2000

	
1140

	
8.9

	
230

	
123

	
2000

	
75

	
1471.50











 





Table 3. Details of the mesh convergence analysis compared with experimental results.
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Model Name

	
Beam Regions

	
FEM

Displacement

(mm)

	
Experimental

Displacement

(mm)

	
%Difference of

Experimental and FEM

Displacements




	
Right

	
Central

	
Left

	

	

	






	
M40

	
40 × 40

	
40 × 40

	
40 × 40

	
21.86

	
16.19

	
35.02




	
M30

	
30 × 30

	
30 × 30

	
30 × 30

	
20.64

	
27.49




	
M20

	
20 × 20

	
20 × 20

	
20 × 20

	
18.85

	
16.43




	
M10

	
10 × 10

	
10 × 10

	
10 × 10

	
17.37

	
7.29




	
M5

	
5 × 5

	
5 × 5

	
5 × 5

	
16.76

	
3.52




	
M5-15

	
15 × 15

	
5 × 15

	
15 × 15

	
16.01

	
1.12











 





Table 4. Experimental results of the displacements and accelerations for all specimens.
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Test Series

	
Sample

Code

	
Drop Height

(mm)

	
Max. Midpoint

Displacement (mm)

	
Max. Midpoint

Acceleration

(g)

	
Impact Energy

(J)






	
Series A

	
S#1EXP

	
250

	
5.88

	
260

	
183.94




	
S#2EXP

	
500

	
8.93

	
290

	
367.88




	
S#3EXP

	
750

	
13.08

	
570

	
551.81




	
S#4EXP

	
1000

	
16.19

	
743

	
735.75




	
Series B

	
S#5EXP

	
1250

	
19.44

	
910

	
919.69




	
S#6EXP

	
1500

	
23.28

	
1120

	
1103.63




	
S#7EXP

	
1750

	
28.77

	
1306

	
1287.56




	
S#8EXP

	
2000

	
33.99

	
1706

	
1471.50











 





Table 5. Maximum impact, inertia, and reaction forces in the test samples.
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	Sum of Maximum

Reaction Forces (kN)
	Maximum İnertia

Force (kN)
	Maximum İmpact

Force (kN)





	S#1(EXP)
	34.72
	37.08
	71.80



	S#2(EXP)
	49.69
	46.22
	95.91



	S#3(EXP)
	61.94
	89.71
	151.65



	S#4(EXP)
	72.65
	116.43
	189.08



	S#5(EXP)
	82.94
	132.05
	214.99



	S#6(EXP)
	92.78
	172.43
	265.21



	S#7(EXP)
	102.16
	205.21
	307.37



	S#8(EXP)
	121.05
	267.13
	388.18










 





Table 6. Impact load factors for static analysis.
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	Specimen Code
	Static Deflection

   (  10  − 8     mm )   ( δ )   
	Impact Factor (η)
	Impact Factor Total Reaction Force (kN) (Pmax)
	Exp. Total Reaction Force (kN)
	Diff. between Impact Factor and Experiment Forces (%)





	S#1
	25.5
	45.29
	33.32
	34.72
	4.20



	S#2
	25.5
	63.63
	46.82
	49.69
	6.13



	S#3
	25.5
	77.70
	57.17
	61.94
	8.34



	S#4
	25.5
	89.57
	65.90
	72.65
	10.24



	S#5
	25.5
	100.02
	73.59
	82.94
	12.71



	S#6
	25.5
	109.47
	80.54
	92.78
	15.19



	S#7
	25.5
	118.16
	86.94
	102.16
	17.50



	S#8
	25.5
	126.25
	92.89
	121.05
	30.31







EXP. Experimental; Diff.: Differences.













 





Table 7. Maximum displacements on the top and bottom faces of the beams under impact loading.
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	Specimen

Code
	Max. Displacement on the Bottom Face of the Beam (EXP) (mm)
	Max. Displacement on the Bottom Face of the Beam (FEM) (mm)
	Differences on the Bottom Face

(%)
	Max. Displacement on the Top Face of the Beam (FEM) (mm)
	Difference between the Top and Bottom Face of the FEM (%)
	Vertical Denting (FEM) (mm)
	Percentage of the Vertical Plastic Denting (%)





	S#1
	5.88
	6.12
	4.08
	9.40
	53.59
	3.28
	4.10



	S#2
	8.93
	9.43
	5.59
	15.27
	61.93
	5.84
	7.31



	S#3
	13.08
	13.23
	1.15
	20.56
	55.40
	7.33
	9.16



	S#4
	16.19
	16.91
	4.45
	25.53
	50.97
	8.62
	10.78



	S#5
	19.44
	20.48
	5.35
	30.27
	47.80
	9.79
	12.24



	S#6
	23.28
	24.15
	3.74
	34.94
	44.68
	10.79
	13.49



	S#7
	28.77
	27.65
	3.89
	39.49
	42.82
	11.84
	14.80



	S#8
	33.99
	34.45
	1.35
	54.50
	58.20
	20.05
	25.06










 





Table 8. Comparisons between the experimental, mathematical, and FE results.
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Specimen Number

	
Drop Height of Hammer (mm)

	
Hammer Weight (N)

	
Max. Displacement

(mm)

	
Residual Displacement

(mm)

	
Acceleration

(g)

	
Reaction Forces

(kN)

	
Von Mises Stress

(MPa)

	
PEEQ (Equivalent Plastic Strain) (10−1)




	
EXP

	
Dif (%)

	
FEM

	
EXP

	
Dif (%)

	
FEM

	
EXP

	
Dif (%)

	
FEM

	
EXP

	
Dif (%)

	
Mathematically

	
FEM

	
FEM






	
S#1

	
250

	
750

	
5.88

	
4.08

	
6.12

	
0.12

	
-

	
1.78

	
−233

	
6.90

	
−258

	
34.72

	
4.03

	
33.32

	
288

	
0.531




	
260

	
278




	
S#2

	
500

	
750

	
8.93

	
5.60

	
9.43

	
2.38

	
12.60

	
2.68

	
−258

	
3.79

	
−308

	
49.69

	
5.78

	
46.82

	
329

	
0.998




	
290

	
301




	
S#3

	
750

	
750

	
13.08

	
1.11

	
13.23

	
3.23

	
13.93

	
3.68

	
−540

	
12.28

	
−624

	
61.94

	
7.70

	
57.17

	
339

	
1.26




	
570

	
640




	
S#4

	
1000

	
750

	
16.19

	
4.45

	
16.91

	
4.60

	
28.04

	
5.89

	
−700

	
2.29

	
−740

	
72.65

	
9.28

	
65.91

	
349

	
1.45




	
743

	
760




	
S#5

	
1250

	
750

	
19.44

	
5.35

	
20.48

	
14.64

	
29.99

	
19.03

	
−880

	
7.95

	
−950

	
82.94

	
11.27

	
73.59

	
354

	
1.57




	
910

	
1015




	
S#6

	
1500

	
750

	
23.28

	
3.74

	
24.15

	
15.84

	
6.57

	
14.80

	
−1056

	
7.95

	
−1140

	
92.78

	
13.19

	
80.54

	
365

	
1.72




	
1120

	
1218




	
S#7

	
1750

	
750

	
28.77

	
3.89

	
27.65

	
19.52

	
30.03

	
13.60

	
−1230

	
8.35

	
−1402

	
102.16

	
14.90

	
86.94

	
370

	
2.16




	
1306

	
1415




	
S#8

	
2000

	
750

	
33.99

	
1.35

	
34.45

	
25.33

	
15.99

	
29.38

	
−1636

	
7.85

	
−1801

	
121.05

	
23.26

	
92.89

	
421

	
2.56




	
1706

	
1840




	
Max. Differences

(%)

	
5.60

	
30.33

	
12.28

	
23.26

	

	








EXP: Experimental results; Dif: Differences; FEM: Finite element model.
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