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Abstract

:

The use of corrugated webs in steel beams has become one of the most practical ways to increase the efficiency of beams in resisting loads, natural frequencies, and their resulting displacements. Such a practice has the benefit of achieving the same efficiency as beams with a flat web with a greater thickness. Consequently, the effect of the types of corrugated webs on the flexure mode shapes and natural frequencies in the steel beams has been investigated by analyzing 23 beams with flat and corrugated webs using the finite element (FE) numerical analysis technique. Hence, two flat web steel beams with and without stiffeners were experimentally tested and compared to FE numerical modeling results. Moreover, three types (trapezoidal, rectangular, triangular) of corrugated webs were tested and studied in addition to other parameters such as thickness, width, length, and angle. The investigation results show that FE numerical analysis is very highly accurate in predicting the natural frequencies and flexure mode shape changes of beams with corrugated webs. Accordingly, a saving of at least 33% in thickness could be realized as compared to the flat type. The triangular corrugated web is more efficient in the 1st mode shape, while rectangular is better for the other modes. The effectiveness of the angle for the triangular type in resisting mode shape and frequencies was clearly noticed, and decreases of 0.60 and 0.78, respectively, were recorded. It is also perceived that the effect of thickness and angle is linear for specified cases.
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1. Introduction


The corrugated web in steel elements (beams and columns) has become one of the most useful ways to increase the resistance and efficiency of the elements without using stiffeners for the webs. Many types of corrugated webs, such as trapezoidal, rectangular, triangular, and sinusoidal, could be used. Numerous researchers have concluded that the adoption of corrugated webs provides thickness over flat webs. In addition, an increase in the resistance to external loads and a change in the failure mode from global to local buckling was observed [1,2]. Chan et al. [3] tested steel beams with vertical and horizontal corrugated web sinusoidal types with a thickness of 4 mm. The vertical corrugated web type demonstrated greater moment capacity than the horizontal type. Sayed-Ahmed [4] and Kazemi nia Korrani [5] studied finite element (FE) numerical analysis on the lateral stability and lateral-torsional buckling of corrugated web beams. They showed that the resistance to lateral-torsional buckling of the flat web is less than the resistance of the corrugated web. Numerous other studies have taken into consideration the effect of different types of loads, such as flexural and lateral-torsional moments [6,7,8], shear forces [9,10,11], fatigue loads [12,13], and cyclic loads [14,15,16]. However, few types of research have been performed to explore the effect of flexure displacement mode shapes and natural frequencies on beams with corrugated webs under the influence of free vibrations.



Vibration testing has emerged as a powerful tool targeting efficient monitoring systems to monitor and inspect structures. Brownjohn et al. [17,18] studied a suspension bridge’s ambient vibration (wind and traffic excitation), providing resonant frequencies, mode shapes, and damping ratios. They proposed a numerical model updating scheme based on the measurement results to describe the deterioration and assess the effective stiffness. Zhong and Oyadiji [19,20] presented a crack detection method based on finding the difference between two sets of detailed coefficients obtained using the wavelet transform of two sets of mode shape data of a cracked beam. Previous studies [21,22,23,24] have highlighted the importance of using displacement mode shapes to specify the behavior of structural elements by examining the presence of eventual damage and their locations. Rucevskis et al. [25] described a method that requires only the mode shape curvature data of the damaged structures. In this method, the damage index is defined as the absolute difference between the measured curvature of the damaged and the undamaged structures. The structure was subject to free vibration to determine the elements’ efficiency and their resistance to loads [26,27,28,29].



Previous studies used several methods to evaluate the flexure mode shapes and natural frequencies of steel beams, but it was performed on steel beams with flat webs only, whether with or without stiffener. The steel beams with corrugated webs have also been studied very widely under the influence of many types of static loads, but these corrugated webs have not been studied in resistance to the flexure mode shapes and natural frequencies. Therefore, this study will mainly focus on the effect of the corrugated web shape and the efficiency with the comparison to the flat web in resisting flexure displacement mode shapes and natural frequencies using FE numerical analysis. Three forms of corrugated webs were used (trapezoidal, rectangular, and triangular), and studied for various parameters that may affect each type of corrugated webs, such as thickness, width, length, and angle of inclination of the corrugated web. In order to facilitate the comparison process and determine the best one in terms of efficiency, normalization was performed by dividing the measured values over the largest measured value of the control beam, obtained from the models of beams.



A considerable number of recent studies confirmed the efficiency of FE numerical analysis in modeling structural elements, namely those made from steel structures. Numerical analysis was conducted in the modeling of damaged elements [30,31]. The accuracy of predicted results has a mean ratio of 1.007, a variation coefficient (COV) of 1.24%, and a correlation coefficient (r) of about 0.996. Numerical analysis was also used to model the elements subjected to free vibration [32,33], to shear force [34], and those subjected to axial force [35] for fixed mean values of the yield stress, modulus of elasticity, ultimate stress, and ultimate strain equal to 1.02, 1.00, 1.003, and 1.016, respectively. Other studies have considered other more complex steel elements, such as overlapped tubular joints under the influence of axial loads or bending in- or out-of-plane [36,37,38]. It has also proven to be highly accurate in representing these elements when compared to experimental tests. The findings mentioned above showed that FE numerical analysis affords very high accuracy in modeling various structural elements. Validation of simulated models was assessed employing the experimental testing program performed on two flat web steel beams. Flexure displacement mode shapes and natural frequencies were measured at different stages.




2. Potential Contributions


The previous literature considered the study and analysis of steel beams with corrugated webs under the influence of static and dynamic loads, as well as the study of steel beams with flat webs with or without stiffeners under the influence of free vibrations. They also studied and analyzed the use of the FE analysis system in modeling the various steel elements and showed that the results are highly accurate compared with experimental results. This literature review noted that there is a deficiency in the study of steel beams with corrugated webs under the influence of free vibrations. Therefore, here, modeling will be performed using FE numerical analysis on steel beams with corrugated webs under the influence of free vibrations and finding the effect on different flexure mode shapes. The corrugated webs are used in the steel beams rather than the flat webs because they have a significant effect on raising the efficiency of the steel beams if the same thickness was used, or savings in the volume of steel material used to make the web if what is required is a steel beam with efficiency similar to the beam with the flat web. This research will make two steel beams with a flat web, one without stiffeners and the other with stiffeners. The effect on these beams by free vibrations and the definition of the extent of this effect on different flexure mode shapes will be analyzed. Then, these results will be used to verify the accuracy of using FE numerical analysis to model such steel elements. After ensuring the accuracy of using FE numerical analysis, an analysis will be performed on beams with corrugated webs of different shapes and variables to see the effect on the efficiency of these beams under the influence of free vibrations. In this research, no experimental tests were performed on the steel beams with corrugated webs for two reasons. The first was to save the time and costs required to make beams with corrugated webs, as 21 steel beams with corrugated webs were tested. Secondly, the results prove that using FE numerical analysis can analyze such steel elements with high accuracy, so it was used as an alternative to expensive laboratory tests. Nevertheless, it was necessary to perform an experimental test analysis on steel beams under the influence of free vibrations to be able to measure the accuracy of using FE numerical analysis in this type of load.




3. Testing Programs


3.1. Experimental Test Specimens


A simply supported, two-steel I-section beam with a flat web with a total span of 2550 mm was chosen to create the different scenarios of modal parameters, such as natural frequencies and modal shapes. The cases studied were for beams with and without stiffeners. The elevation and cross-section of the beams are presented in Figure 1. The specimens were modally tested using free vibration to measure the modal parameters’ response, and the beam was instrumented with accelerometers installed vertically on the centerline of the top flange surface at eight positions with a spacing of 350 mm, as shown in Figure 1 and Figure 2.



The tested beams were excited every 60 s by induced pulses generated by the impact of a manual rubber hammer. The duration of the transient signal for each test was about 300 s. The excitation point has been carefully chosen, and many response points have been measured. The recorded files were treated with signal data processing software. The record with the most appropriate signals was then used to generate the modal parameters.



Uniaxial piezoelectric accelerometers, type BK 4507 B004, were used in this study. The accelerometers have a resonant frequency of more than 18 kHz, and frequencies range from 0.2 ×10−3 to 6 kHz. This type of accelerometer was chosen because it is lightweight, which reduces the effect of its weight on the modal properties of the tested model. Moreover, it has a high resolution, which is necessary for low-amplitude measurements. A multi-channel digital data acquisition system was used to collect data from accelerometers simultaneously, as shown in Figure 2. All steel beam specimens were tested in Civil Engineering Department Lab, King Saud University, Riyadh, KSA.



These beams were tested for flexure scenarios of displacement mode shapes. As a first step, flat web steel beams were tested to serve as a reference to verify the efficiency and accuracy of using numerical analysis in predicting the response of steel beams with the corrugated web.



In the second step, to obtain the mechanical properties of the steel material used in the experimental test, three standard steel specimens cut from the web in accordance with American Society for Testing and Materials ASTM A370 [39] underwent a standard tensile test. All steel specimens were tested using a tensile loading machine (Civil Engineering Department Lab, King Saud University, Riyadh, KSA) with a capacity of 300 kN. The mechanical properties are obtained from experimental tensile tests. The average yield stress was 347.62 MPa, and the ultimate stress was 403.13 MPa. The average failure strain was 0.1272, and the average modulus of elasticity was 211 GPa. These data are introduced into the ANSYS program to identify the materials used in the numerical analysis.




3.2. Finite Element Modeling


One type of element was considered in the numerical model of the steel beams: SHELL 181 from ANSYS-15 [40]. The SHELL 181 elements, with four nodes and 6 DOF per node, were adopted to model the studied beam as they allow the use of certain properties related to the inelastic behavior of materials, such as plasticity and hardening, hyper-elasticity, stiffening of stress, creep, larger capabilities of strain, and contact nonlinearities. Furthermore, it allows simulating the deformations of elastoplastic materials. The mechanical response and the elastic modulus are dependent on experimental test sample properties as well as on the application scenarios. The FE material models are defined as: structural, nonlinear, inelastic, rate-independent, kinematic hardening plasticity, Mises plasticity, and bilinear. After that, the properties of the used steel material were entered according to the tensile test results that were conducted on samples from the web of the steel beam, where values of the yield stress, ultimate stress, strain, and the modulus of elasticity were recorded, while a Poisson’s ratio of 0.3 was used [30,35,41]. The FE modeling analysis type was modal after defining the mode extraction method by choosing the number of modes to extract and expand. After that, the start and the end of frequency were defined.



The numerical FE simulation was carried out on 23 steel beams with variable geometrical web thicknesses and different corrugated shapes and sizes, as shown in Figure 3. Two of these steel beams with a flat web will be used as control specimens. The control specimens are required for verification by comparing them with the experimental results and validating the accuracy of the numerical analysis in the modeling. They were also used to explore the effect of changing the shape of the steel web from flat to corrugated on both natural frequencies and displacement mode shapes. The 21 steel beams were divided into three groups based on the corrugated steel web shape. Three different corrugated steel web shapes (trapezoidal, rectangular, and triangular) and three thickness measurements with three corrugated web widths and lengths and three corrugated web angles were noted, as illustrated in Table 1. The weld seam between the web and the flanges was considered a perfect bond connection.




3.3. Selecting the Optimum Element Size


This study aims to determine the most appropriate FE meshing for analysis while minimizing the number of elements with acceptable accuracy. This could be obtained by changing the mesh density and then observing its effect on the displacement at point 5. Consequently, trials for the analysis of steel beams with the flat web without stiffener were carried out for different mesh densities through varying the maximum length of the elements from 2.5 to 20 mm. Figure 4 shows the variation of the number of elements versus the numerical to experimental ratios for 1st flexure displacement mode shapes. Small changes in displacement ratios were recorded for the number of elements greater than 78,540. The last value will be adopted in the analysis of tested samples hereafter. Therefore, the FE model mesh was divided into elements having a maximum size of 5 × 5 × 5 mm (height × width × length).





4. Experimental and Numerical Results and Discussion


4.1. Experimental Results and Comparison with FE Analysis


Figure 5 presents the flexure mode shape changes obtained from the experimental tests and numerical FE analysis for the flat web beam without stiffeners (Figure 5a) and the beam with stiffeners (Figure 5b). Three types of flexure displacement mode shapes were recorded, and cases are labeled as 1st, 2nd, and 3rd mode shapes. A FE numerical analysis was implemented for the same steel beams, and experimental results revealed no changes in the flexure mode shapes. These displacements were measured at the same eight points as in the experimental test. Normalization for these displacements was performed with respect to the maximum displacement value recorded in the experimental tests. Consistent and similar results were obtained from the experimental and FE numerical analyses for two steel flat web beams, as shown in Figure 5. Using the experimental data results, an exhaustive verification process was carried out. Table 2 and Table 3 summarize the normalized and natural frequencies’ values for both experimental tests and FE numerical analysis. A proportionality ratio between the FE numerical analysis and the experimental tests was calculated for normalized displacements and natural frequencies. The average values and the coefficient of variation (COV) were then calculated for each beam type.



The results illustrated (in tables and figures) for the flat web steel beam without stiffeners showed that the average normalized ratio between numerical and experimental results for 3-mode shapes at 8 points was 0.99, with a COV equal to 5.60%. For natural frequencies, the ratio was 0.98. For the flat web steel beam with stiffeners, the average normalized ratio was 1.00 with a COV equal to 5.89%, and the ratio of natural frequencies was 1.01. In a statistical context, these values show that the FE simulation has high accuracy for all steel beams with or without stiffeners.




4.2. Pattern of Flexure Displacement Mode Shapes


From the FE numerical test of steel beam specimens, patterns of flexure mode shape change were found in three shapes: 1st, 2nd, and 3rd mode shapes, as shown in Figure 6, Figure 7 and Figure 8. Figure 6 shows the 1st mode shape of the steel beam specimens with a flat web and different forms of corrugated webs. This type of pattern has the largest values of displacement that occurred at mid-span and the lowest values of natural frequencies for any type of steel web. Figure 7 presents the 2nd mode shape of the steel beam specimens with a flat web and different forms of corrugated webs. This type of pattern contains the medium values of displacement that occurred at a quarter of the span and the medium values of natural frequencies for any type of steel web. However, Figure 8 shows the 3rd mode shape of the steel beam specimens with a flat web and different forms of corrugated webs. This type of pattern afforded the lowest values of displacement that occurred at one-third and the middle of the span and the largest values of natural frequencies for any type of steel web.



For all the different types of the web (Figure 6, Figure 7 and Figure 8), whether flat or corrugated, it was remarked that they have the same mode shape pattern but have different values of displacement and accompanying natural frequencies. The FE numerical analysis measured the maximum flexure displacement for each type of mode shape and the natural frequencies associated with all flat or corrugated steel web beams. All these values have been normalized to the maximum displacement and the natural frequencies associated with the flat web steel beam without stiffeners. The amounts of decrease for the control steel beams with the flat web without stiffeners compared to the other tested steel beams with a corrugated web were distinctive, as shown in Table 4.




4.3. Flexure Mode Shape Changes


The results shown below are expressed in terms of how flexure mode shapes changed as a function of corrugated web thickness, width, length, and angle.



4.3.1. Thickness of Corrugated Web


The thickness of the steel web has an important effect on the resistance of the steel section and its stiffness, as shown in Figure 9, Figure 10 and Figure 11. When the thickness of the web increases in all types of corrugated web, the displacements of the same mode shape decrease in the 1st, 2nd, and 3rd mode shapes. It was also noticed that the effect was almost linear for all types of corrugated web, as the value of the coefficient of correlation r = 1.00. However, on the other hand, the effect of the shape of the corrugated web affects the percentage of decrease that occurs for the same thickness. It follows that for the 1st mode shape case—when the thickness of the corrugated web equals the thickness of the flat web, 6 mm—it was found that the best type of corrugated web was the triangular one, followed by the rectangular, and then the trapezoidal, where the ratio of decrease reached 0.87, 0.89, and 0.92, respectively. This finding agreed with results reported in the literature [1,2,6].



For the case of the 2nd mode shape (Figure 10d), it was observed that the best type of corrugated web was the rectangular one, followed by the triangular, and then the trapezoidal, where the ratio of decrease reached 0.68, 0.79, and 0.90, respectively.



For the case of the 3rd mode shape (Figure 11d), it was found that the best type of corrugated web was the rectangular one, followed by the triangular, and then the trapezoidal, with the ratio of decrease reaching 0.87, 0.87, and 0.88, respectively. It is also clear from Figure 9, Figure 10 and Figure 11 that it was possible to obtain the same displacement values for the three mode shapes, with the thickness of the corrugated web being 33% less than that of the flat web, and this finding showed the efficiency of the corrugated web over that of the flat web.




4.3.2. Width of Corrugated Web


The effect of the corrugated web’s width is no less significant than the effect of thickness. When the corrugated web’s width increases in all types of corrugated web, the displacements of the same mode shape decrease in the 1st, 2nd, and 3rd mode shapes, as shown in Figure 12, Figure 13 and Figure 14. It was also reported that the effect was linear only for the triangular corrugated web in the 1st mode shape and trapezoidal in the 2nd mode shape, as the value of the coefficient of correlation r = 1.00. Furthermore, the effect of the shape of the corrugated web affects the values of decrease that occur at the same corrugated width.



Figure 12d showed that for the case of the 1st mode shape, the more efficient type of corrugated web was the triangular one, followed by the rectangular, and then the trapezoidal, with the ratio of decrease reaching 0.87, 0.89, and 0.92, respectively, for a width of the corrugated web equal to 80 mm. Figure 13d for the case of the 2nd mode shape showed that the best type of corrugated web was the rectangular one, followed by the triangular, and then the trapezoidal, and the ratio of decrease reached 0.68, 0.79, and 0.90, respectively.



In the case of the 3rd mode shape in Figure 14d, it was observed that the best type of corrugated web was the rectangular one, followed by the triangular, and then the trapezoidal, where the ratio of decrease reached 0.87, 0.87, and 0.88, respectively.



All the results agree with the literature review findings [1,2,6]. In fact, for all values of the corrugation width (Figure 12, Figure 13 and Figure 14), the section resistance to displacements in all types of mode shapes was positively affected, even if its effects were not as large as for corrugated web thickness.




4.3.3. Length of Corrugated Web


The effect of the length of the corrugated web is almost the same as the effect of the width. However, this effect is overturned when decreasing the length of the corrugated web and increasing the density or the stiffness of the steel beam. The decrease in length for all types of the corrugated web induced a decrease in displacements in the three mode shapes, as shown in Figure 15, Figure 16 and Figure 17. It was also noticed that the effect was linear only for the rectangular corrugated web in the 1st mode shape, as the value of the coefficient of correlation r = 1.00. For the 2nd and 3rd mode shapes, the effect was asymptotic to linear, with a value of the coefficient of correlation, r, equal to 0.97. In addition to that, the effect of the shape of the corrugated web affected the extent of decrease recorded for the same corrugated length. For the length of corrugated web equal to 150 mm, as reported in Figure 15c, Figure 16c and Figure 17c, it was found that the best type of corrugated web was the rectangular one, where the ratio of decrease reached 0.84, 0.59, and 0.85 for the 1st, 2nd, and 3rd mode shapes, respectively. The decrease recorded for the trapezoidal web was much more than the earlier type. In fact, the ratio of decrease was 0.92, 0.89, and 0.87 for the 1st, 2nd, and 3rd mode shapes, respectively. These findings agreed with the previous studies [1,2,6]. Figure 15, Figure 16 and Figure 17 show that for any value of the corrugation length, the section resistance to displacements in all types of mode shapes was improved.




4.3.4. Angle of Corrugated Web


One of the most critical parameters in the corrugated web is the corrugation inclination angle, especially for triangular shapes. When the corrugated web angle increased, the displacements of the same mode shape decreased in the 1st, 2nd, and 3rd mode shapes, as shown in Figure 18, Figure 19 and Figure 20. The effect was linear only for the triangular corrugated web in the 1st and 2nd mode shapes, with a coefficient of correlation, r, equal to 1.00, but asymptotic to linear for the 3rd mode shape, with r = 0.97. From Figure 18b, Figure 19b and Figure 20b, for the triangular corrugated web, the ratio of decrease reached 0.87, 0.60, and 0.74 for the 1st, 2nd, and 3rd modes shapes, respectively, when the angle of the corrugated web was equal to 60°. Figure 18, Figure 19 and Figure 20 show that the section resistance to displacements in all mode shapes was enhanced for any value of the corrugation angle.




4.3.5. Corrugated Web Volume Effect


The primary purpose of using steel beams with corrugated webs in their different shapes is to save on the volume of materials used to make these webs. When using a corrugated web with a thickness equal to the thickness of the flat web, the volume of the corrugated web will be greater than the volume of the flat web, so it always positively affects the efficiency and resistance of the steel beams. However, with the use of the corrugated web system, a web volume less than a flat web can be obtained by reducing the thickness of the corrugated web. However, steel beams with high efficiency in resisting free vibrations can be obtained. Figure 21 represents the relationship between the normalized displacement with the ratio of the volume of the corrugated web to the volume of the flat web without stiffeners. Through Figure 21a for the trapezoidal corrugated web, it was found that it was possible to obtain a corrugated web with a volume less than the flat web by 0.774 to obtain a resistance for the 1st, 2nd, and 3rd mode shapes equal to 1.03, 1.00, and 0.97, respectively, compared to the beam with a flat web. Through Figure 21b for the rectangular corrugated web, it was found that it was possible to obtain a corrugated web with a volume less than the flat web by 0.918 to obtain a resistance for the 1st, 2nd, and 3rd mode shapes equal to 0.98, 0.88, and 0.94, respectively, compared to the beam with a flat web. Through Figure 21b for the triangular corrugated web, it was found that it was possible to obtain a corrugated web with a volume less than the flat web by 0.943 to obtain a resistance for the 1st, 2nd, and 3rd mode shapes equal to 0.99, 0.98, and 1.00, respectively, compared to the beam with a flat web.



Through Figure 21, it can be noted that the reason for the increase in the efficiency and resistance of the steel beams to resist free vibrations is due to two things. The first is using a corrugated web with a volume greater than or equal to the volume of a flat web. This results when using different types of corrugated webs with a thickness equal to the thickness of the flat web. Secondly, when using the corrugated web, it works to provide repeated stiffeners due to the transverse part on the axis of the steel beam. It works as a stiffener. Therefore, these two reasons can combine with each other, and this causes a significant increase in the efficiency and resistance of the steel beam, or the second reason can occur only when using a corrugated web with a thickness less than the flat web.





4.4. Natural Frequencies (Free Vibration)


One of the essential features of the beam section is its resistance to free vibrations, given that the higher the rigidity of the beam section, the higher its resistance to natural frequencies will be. After that, the records have shown that natural frequencies are a function of corrugated web thickness, width, length, and angle.



4.4.1. Thickness of Corrugated Web


The thickness of the steel web has a noticeable effect on the stiffness of the steel section and natural frequencies (Figure 22). While the thickness of the web increased in all types of corrugated web, the natural frequencies of the same mode shape decreased in the 1st, 2nd, and 3rd mode shapes. The effect was almost linear for the trapezoidal type of corrugated web, with the coefficient of correlation r = 1.00, but asymptotic to linear at r = 0.97 for the triangular and rectangular types of corrugated web. The effect of the shape of the corrugated web affects the values of decrease for the same thickness. For the case of the 1st mode shape (Figure 22a), it was found that the optimum type of corrugated web was the triangular one, followed by the rectangular, and then the trapezoidal, where the ratio of decrease reached 0.88, 0.91, and 0.92, respectively, when the thickness of the corrugated web was equal to the thickness of the flat web, 6 mm. Figure 22b for the 2nd mode shape case shows that the ratio of decrease reached 0.89, 0.94, and 0.94 for triangular, rectangular, and trapezoidal, respectively. For the case of the 3rd mode shape (Figure 22c), the ratio of decrease reached 0.89, 0.93, and 0.93 for triangular, rectangular, and trapezoidal, respectively. It is also clear from Figure 22 that it is possible to see that the natural frequency values decreased by 0.99, 0.97, and 0.96 for the trapezoidal, rectangular, and triangular webs, respectively, with the thickness of the corrugated web being 33% less than that of the flat web. This result shows the efficiency of the corrugated web over that of the flat web.




4.4.2. Width of Corrugated Web


As the corrugated web width increased for all types of corrugated web, the natural frequencies of the same mode shape decreased in the 1st, 2nd, and 3rd mode shapes, as shown in Figure 23. The effect was linear only for triangular in the 2nd mode shape and rectangular in the 3rd mode shape, as the value r = 1.00. The effect of the shape of the corrugated web affects the values of decrease that occur at the same corrugated width. In Figure 23a, for the case of the 1st mode shape, the best type of corrugated web was the triangular, followed by the rectangular, and then the trapezoidal, and the ratio of decrease reached 0.88, 0.91, and 0.92, respectively, when the width of the corrugated web was equal to 80 mm. In Figure 23b, for the case of the 2nd mode shape, the ratio of decrease reached 0.89, 0.94, and 0.94 for triangular, rectangular, and trapezoidal, respectively. In Figure 23c, for the case of the 3rd mode shape, the ratio of decrease reached 0.89, 0.93, and 0.93 for triangular, rectangular, and trapezoidal, respectively. Figure 23 shows that an enhancement of the section resistance to natural frequencies in all mode shapes was achieved for any value of the corrugation width.




4.4.3. Length of Corrugated Web


As the corrugated web length decreases in all types of corrugated web, the natural frequencies of the same mode shape decrease in the 1st, 2nd, and 3rd mode shapes, as shown in Figure 24. The effect was linear only for the rectangular corrugated web in the 1st mode shape, as measured by r = 1.00, but asymptotic to linear at r = 0.97 for the 2nd and 3rd mode shapes. The shape effect of the corrugated web affects the values of the decrease that occurs at the same corrugated length. From Figure 24, the best type of corrugated web is rectangular, where the ratio of decrease reached 0.86, 0.89, and 0.91 for the 1st, 2nd, and 3rd mode shapes, respectively, when the length of the corrugated web was equal to 150 mm. For the trapezoidal web, the decrease ratio reached 0.91, 0.94, and 0.92 for the 1st, 2nd, and 3rd mode shapes.




4.4.4. The Angle of Corrugated Web


As the corrugated web angle increases, the natural frequencies of the same mode shape decrease in the 1st, 2nd, and 3rd mode shapes, as shown in Figure 25. From Figure 25, for the triangular corrugated web, the ratio of decrease reached 0.78, 0.81, and 0.79 for the 1st, 2nd, and 3rd mode shapes, respectively, when the angle of the corrugated web was equal to 60°. Figure 25 shows that the section resistance to natural frequencies was improved for any value of the corrugation angle.






5. Conclusions


The effect of the corrugated web steel beam on flexure mode shape changes and natural frequencies was studied using FE numerical analysis. To verify the accuracy of the FE numerical analysis, experimental tests were conducted on two flat web steel beams with and without stiffeners, and the results were compared with the same type of beams from the FE numerical analysis. The results showed high accuracy in predicting flexure mode shape changes as well as natural frequencies. The results acquired from the study of the beams with corrugated webs are listed as follows:




	
Using a corrugated web increases the stiffness of the beam, which reduces both the flexure displacement mode shapes and natural frequencies compared to a flat web with the same thickness, where the decrease ratio reached 0.59 and 0.78, respectively.



	
In the 1st flexure displacement mode shapes, the best corrugated web was the triangular one, followed by the rectangular, and then the trapezoidal.



	
In the 2nd and 3rd flexure displacement mode shapes, the best corrugated web was the rectangular one, followed by the triangular, and then the trapezoidal.



	
In terms of natural frequency resistance, the best corrugated web was the triangular one, followed by the rectangular, and then the trapezoidal for any mode shape.



	
It is possible to obtain a section resistance for the same values of displacement mode shapes and natural frequencies while saving on the thickness of the web by 33% when using the corrugated web instead of the flat web.



	
The effect of the angle of the corrugated web in the triangular type is very effective on the resistance of displacement mode shapes and natural frequencies, where the ratio of decrease reached 0.60 and 0.78, respectively, for an angle of 60°.








Through these conclusions, it is possible to replace the flat webs of the steel beams with other corrugated webs of different shapes to increase the efficiency or use the corrugated webs to obtain the same efficiency while saving on the materials used to make the webs. In future studies, the same methodology can be used to study the effect of damage on the components of the steel beams in the webs and flanges, and to study the effect of these damages on the efficiency of the steel beams under the influence of free vibrations. Through these studies, it is possible to find mathematical relationships or recommendations in the design codes for the use of these types of corrugated webs in the steel beams to increase their efficiency.
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Figure 1. Flat web beams’ elevation, cross-section, and arrangement of stiffeners and accelerometers. 
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Figure 2. Multi-channel digital data acquisition system and arrangement of accelerometers on the top flange of the beam. 
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Figure 3. Corrugated web shapes and location of the abbreviations used: (a) Trapezoidal web, (b) rectangular web, and (c) triangular web. 
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Figure 4. Mesh sensitivity analysis. 






Figure 4. Mesh sensitivity analysis.
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Figure 5. Curves showing the normalized displacements’ mode shapes gained from both experimental and FE simulations: (a) flat web without stiffeners and (b) flat web with stiffeners. 
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Figure 6. Pattern of 1st flexure displacement mode shapes: (a) flat web with stiffener, (b) trapezoidal web, (c) rectangular web, and (d) triangular web. 
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Figure 7. Pattern of 2nd flexure displacement mode shapes: (a) flat web with stiffener, (b) trapezoidal web, (c) rectangular web, and (d) triangular web. 
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Figure 8. Pattern of 3rd flexure displacement mode shapes: (a) flat web with stiffener, (b) trapezoidal web, (c) rectangular web, and (d) triangular web. 
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Figure 9. Thickness effect on the relationship between normalized displacement and beam length for the 1st mode shape: (a) trapezoidal web, (b) rectangular web, (c) triangular web, and (d) thickness effect at the 1st mode shape. 
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Figure 10. Thickness effect on the relationship between normalized displacement and beam length for the 2nd mode shape: (a) trapezoidal web, (b) rectangular web, (c) triangular web, and (d) thickness effect at the 2nd mode shape. 
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Figure 11. Thickness effect on the relationship between normalized displacement and beam length for the 3rd mode shape: (a) trapezoidal web, (b) rectangular web, (c) triangular web, and (d) thickness effect at the 3rd mode shape. 
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Figure 12. Corrugated width effect on the relationship between normalized displacement and beam length for the 1st mode shape: (a) trapezoidal web, (b) rectangular web, (c) triangular web, and (d) width effect at the 1st mode shape. 
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Figure 13. Corrugated width effect on the relationship between normalized displacement and beam length for the 2nd mode shape: (a) trapezoidal web, (b) rectangular web, (c) triangular web, and (d) width effect at the 2nd mode shape. 
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Figure 14. Corrugated width effect on the relationship between normalized displacement and beam length for the 3rd mode shape: (a) trapezoidal web, (b) rectangular web, (c) triangular web, and (d) width effect at the 3rd mode shape. 
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Figure 15. Corrugated length effect on the relationship between normalized displacement and beam length for the 1st mode shape: (a) trapezoidal web, (b) rectangular web, and (c) length effect at the 1st mode shape. 
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Figure 16. Corrugated length effect on the relationship between normalized displacement and beam length for the 2nd mode shape: (a) trapezoidal web, (b) rectangular web, and (c) length effect at the 2nd mode shape. 
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Figure 17. Corrugated length effect on the relationship between normalized displacement and beam length for the 3rd mode shape: (a) trapezoidal web, (b) rectangular web, and (c) length effect at the 3rd mode shape. 
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Figure 18. Corrugated angle effect on the relationship between normalized displacement and beam length for the 1st mode shape: (a) triangular web and (b) angle effect at the 1st mode shape. 
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Figure 19. Corrugated angle effect on the relationship between normalized displacement and beam length for the 2nd mode shape: (a) triangular web and (b) angle effect at the 2nd mode shape. 
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Figure 20. Corrugated angle effect on the relationship between normalized displacement and beam length for the 3rd mode shape: (a) triangular web and (b) angle effect at the 3rd mode shape. 
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Figure 21. The relationship between normalized displacement and the ratio between corrugated to flat web volume for the 1st, 2nd, and 3rd mode shapes: (a) trapezoidal web, (b) rectangular web, and (c) triangular web. 
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Figure 22. The relationship between normalized frequencies and corrugated web thickness: (a) frequency at the 1st mode shape, (b) frequency at the 2nd mode shape, and (c) frequency at the 3rd mode shape. 
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Figure 23. The relationship between normalized frequencies and corrugated web width: (a) frequency at the 1st mode shape, (b) frequency at the 2nd mode shape, and (c) frequency at the 3rd mode shape. 
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Figure 24. The relationship between normalized frequencies and corrugated web length: (a) frequency at the 1st mode shape, (b) frequency at the 2nd mode shape, and (c) frequency at the 3rd mode shape. 
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Figure 25. The relationship between normalized frequencies and the corrugated web angle. 
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Table 1. List of flat and corrugated steel web beams assessed using FE modeling.
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Web Shape

	
Steel Beam Specimen

	
Steel Web Characteristics

	
Web Longitudinal Section Volume




	
Shape-l × w × t × Ɵ

	
l

(mm)

	
w

(mm)

	
t

(mm)

	
Ɵ

	
(mm3)

	
Corrugated/Flat without Stiffeners






	
Flat web

	
Flat web without stiffeners

	
6

	

	
3,060,000

	
1.000




	

	
Flat web with stiffeners

	
6

	

	
4,188,000

	
1.369




	
Trapezoidal

	
Tra-150 × 80 × 6 × 45°

	
150

	
80

	
6

	
45°

	
3,685,297

	
1.204




	

	
Tra-200 × 80 × 6 × 45°

	
200

	
80

	
6

	
45°

	
3,533,303

	
1.155




	

	
Tra-250 × 80 × 6 × 45°

	
250

	
80

	
6

	
45°

	
3,421,251

	
1.118




	

	
Tra-200 × 80 × 4 × 45°

	
200

	
80

	
4

	
45°

	
2,367,395

	
0.774




	

	
Tra-200 × 80 × 5 × 45°

	
200

	
80

	
5

	
45°

	
2,953,858

	
0.965




	

	
Tra-200 × 40 × 6 × 45°

	
200

	
40

	
6

	
45°

	
3,279,699

	
1.072




	

	
Tra-200 × 60 × 6 × 45°

	
200

	
60

	
6

	
45°

	
3,408,934

	
1.114




	
Rectangular

	
Rec-150 × 80 × 6 × 90°

	
150

	
80

	
6

	
90°

	
4,569,600

	
1.493




	

	
Rec-200 × 80 × 6 × 90°

	
200

	
80

	
6

	
90°

	
4,214,400

	
1.377




	

	
Rec-250 × 80 × 6 × 90°

	
250

	
80

	
6

	
90°

	
3,948,000

	
1.290




	

	
Rec-200 × 80 × 4 × 90°

	
200

	
80

	
4

	
90°

	
2,809,600

	
0.918




	

	
Rec-200 × 80 × 5 × 90°

	
200

	
80

	
5

	
90°

	
3,512,000

	
1.148




	

	
Rec-200 × 40 × 6 × 90°

	
200

	
40

	
6

	
90°

	
3,590,400

	
1.173




	

	
Rec-200 × 60 × 6 × 90°

	
200

	
60

	
6

	
90°

	
3,902,400

	
1.275




	
Triangular

	
Tri-0 × 40 × 6 × 45°

	
0

	
40

	
6

	
45°

	
4,327,505

	
1.414




	

	
Tri-0 × 60 × 6 × 45°

	
0

	
60

	
6

	
45°

	
4,327,480

	
1.414




	

	
Tri-0 × 80 × 6 × 45°

	
0

	
80

	
6

	
45°

	
4,327,544

	
1.414




	

	
Tri-0 × 80 × 4 × 45°

	
0

	
80

	
4

	
45°

	
2,884,999

	
0.943




	

	
Tri-0 × 80 × 5 × 45°

	
0

	
80

	
5

	
45°

	
3,606,247

	
1.179




	

	
Tri-0 × 80 × 6 × 30°

	
0

	
80

	
6

	
30°

	
3,523,310

	
1.151




	

	
Tri-0 × 80 × 6 × 60°

	
0

	
80

	
6

	
60°

	
6,110,915

	
1.997
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Table 2. Comparison of experimental and numerical results for the flat web beam without stiffeners.
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Analysis Type

	
Mode Shape

	
Normalized Displacement/Maximum Exp. Flat Web Beam Without Stiffener

	
Average

	
COV

%

	
Frequency




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
Value Hz

	
Num./Exp.






	
Experimental

	
1st

	
0.07

	
0.51

	
0.82

	
0.97

	
1.00

	
0.78

	
0.50

	
0.07

	

	

	
104.16

	




	
Numerical

	
1st

	
0.06

	
0.48

	
0.81

	
1.01

	
1.01

	
0.81

	
0.48

	
0.06

	

	

	
100.99

	




	
Num./Exp.

	
0.90

	
0.95

	
0.98

	
1.03

	
1.01

	
1.04

	
0.96

	
0.93

	
0.98

	
5.06

	

	
0.97




	
Experimental

	
2nd

	
0.18

	
0.91

	
1.00

	
0.38

	
−0.36

	
−0.88

	
−0.91

	
−0.20

	

	

	
324.09

	




	
Numerical

	
2nd

	
0.19

	
0.87

	
0.97

	
0.39

	
−0.39

	
−0.97

	
−0.87

	
−0.19

	

	

	
322.18

	




	
Num./Exp.

	
1.07

	
0.96

	
0.97

	
1.02

	
1.09

	
1.10

	
0.96

	
0.97

	
1.02

	
5.97

	

	
0.99




	
Experimental

	
3rd

	
0.10

	
1.02

	
0.56

	
−0.93

	
−1.00

	
0.62

	
0.92

	
0.10

	

	

	
671.21

	




	
Numerical

	
3rd

	
0.09

	
0.97

	
0.59

	
−0.97

	
−0.97

	
0.59

	
0.97

	
0.09

	

	

	
662.18

	




	
Num./Exp.

	
0.92

	
0.95

	
1.05

	
1.04

	
0.97

	
0.95

	
1.06

	
0.97

	
0.99

	
5.39

	

	
0.98
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Table 3. Comparison of experimental and numerical results for the flat web beam with stiffeners.
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Analysis Type

	
Mode Shape

	
Normalized Displacement/Maximum Exp. Flat Web Beam with Stiffener

	
Average

	
COV

%

	
Frequency




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
Value Hz

	
Num./Exp.






	
Experimental

	
1st

	
0.07

	
0.46

	
0.84

	
1.00

	
0.97

	
0.77

	
0.53

	
0.06

	

	

	
92.38

	




	
Numerical

	
1st

	
0.06

	
0.50

	
0.83

	
1.03

	
1.03

	
0.83

	
0.50

	
0.06

	

	

	
95.03

	




	
Num./Exp.

	
0.93

	
1.08

	
0.99

	
1.03

	
1.06

	
1.07

	
0.94

	
0.95

	
1.01

	
6.11

	

	
1.03




	
Experimental

	
2nd

	
0.08

	
0.78

	
1.00

	
0.37

	
−0.38

	
−0.87

	
−0.87

	
−0.08

	

	

	
305.40

	




	
Numerical

	
2nd

	
0.07

	
0.85

	
0.96

	
0.39

	
−0.39

	
−0.96

	
−0.85

	
−0.07

	

	

	
311.24

	




	
Num./Exp.

	
0.97

	
1.09

	
0.96

	
1.05

	
1.03

	
1.10

	
0.98

	
0.96

	
1.02

	
5.69

	

	
1.02




	
Experimental

	
3rd

	
0.12

	
0.93

	
0.42

	
−0.77

	
−0.69

	
0.39

	
1.00

	
0.12

	

	

	
600.30

	




	
Numerical

	
3rd

	
0.11

	
0.98

	
0.40

	
−0.73

	
−0.73

	
0.40

	
0.98

	
0.11

	

	

	
594.19

	




	
Num./Exp.

	
0.91

	
1.05

	
0.95

	
0.95

	
1.06

	
1.03

	
0.98

	
0.92

	
0.98

	
5.99

	

	
0.99
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Table 4. Comparison of experimental and numerical results for the flat web beam with stiffeners.






Table 4. Comparison of experimental and numerical results for the flat web beam with stiffeners.





	
Steel Beam Specimen

	
Normalized Displacement/Maximum Num. Flat Web without Stiffener

	
Frequency (Hz)

	
Normalized Frequency/Num. Flat Web without Stiffener




	
1st

	
2nd

	
3rd

	
1st

	
2nd

	
3rd

	
1st

	
2nd

	
3rd






	
Flat web without stiffeners

	
1.00

	
1.00

	
1.00

	
100.99

	
322.18

	
662.18

	
1.00

	
1.00

	
1.00




	
Tra-150 × 80 × 6 × 45°

	
0.92

	
0.89

	
0.87

	
91.91

	
301.28

	
611.80

	
0.91

	
0.94

	
0.92




	
Tra-200 × 80 × 6 × 45°

	
0.92

	
0.90

	
0.88

	
93.00

	
304.19

	
619.00

	
0.92

	
0.94

	
0.93




	
Tra-250 × 80 × 6 × 45°

	
0.99

	
0.98

	
0.93

	
97.82

	
320.54

	
644.76

	
0.97

	
0.99

	
0.97




	
Tra-200 × 80 × 4 × 45°

	
1.03

	
1.00

	
0.97

	
98.81

	
319.67

	
651.69

	
0.98

	
0.99

	
0.98




	
Tra-200 × 80 × 5 × 45°

	
0.98

	
0.95

	
0.92

	
95.59

	
311.03

	
632.79

	
0.95

	
0.97

	
0.96




	
Tra-200 × 40 × 6 × 45°

	
0.98

	
1.00

	
0.97

	
98.52

	
314.88

	
640.28

	
0.98

	
0.98

	
0.97




	
Tra-200 × 60 × 6 × 45°

	
0.93

	
0.95

	
0.94

	
93.07

	
305.08

	
620.41

	
0.92

	
0.95

	
0.94




	
Rec-150 × 80 × 6 × 90°

	
0.84

	
0.59

	
0.85

	
86.67

	
285.54

	
601.25

	
0.86

	
0.89

	
0.91




	
Rec-200 × 80 × 6 × 90°

	
0.89

	
0.68

	
0.87

	
91.85

	
303.42

	
617.04

	
0.91

	
0.94

	
0.93




	
Rec-250 × 80 × 6 × 90°

	
0.93

	
0.90

	
0.92

	
95.70

	
309.92

	
641.83

	
0.95

	
0.96

	
0.97




	
Rec-200 × 80 × 4 × 90°

	
0.98

	
0.88

	
0.94

	
98.30

	
312.54

	
639.18

	
0.97

	
0.97

	
0.97




	
Rec-200 × 80 × 5 × 90°

	
0.94

	
0.77

	
0.92

	
95.71

	
309.90

	
629.71

	
0.95

	
0.96

	
0.95




	
Rec-200 × 40 × 6 × 90°

	
0.98

	
0.95

	
0.94

	
97.87

	
311.46

	
646.45

	
0.97

	
0.97

	
0.98




	
Rec-200 × 60 × 6 × 90°

	
0.95

	
0.86

	
0.93

	
93.88

	
304.57

	
630.25

	
0.93

	
0.95

	
0.95




	
Tri-0 × 40 × 6 × 45°

	
0.94

	
0.95

	
0.96

	
95.67

	
307.77

	
619.51

	
0.95

	
0.96

	
0.94




	
Tri-0 × 60 × 6 × 45°

	
0.91

	
0.86

	
0.94

	
90.48

	
296.55

	
599.67

	
0.90

	
0.92

	
0.91




	
Tri-0 × 80 × 6 × 45°

	
0.87

	
0.79

	
0.87

	
89.01

	
287.88

	
590.65

	
0.88

	
0.89

	
0.89




	
Tri-0 × 80 × 4 × 45°

	
0.99

	
0.98

	
1.00

	
94.95

	
310.69

	
626.98

	
0.94

	
0.96

	
0.95




	
Tri-0 × 80 × 5 × 45°

	
0.93

	
0.88

	
0.94

	
90.62

	
297.18

	
600.70

	
0.90

	
0.92

	
0.91




	
Tri-0 × 80 × 6 × 30°

	
0.94

	
0.96

	
0.92

	
91.61

	
300.58

	
608.42

	
0.91

	
0.93

	
0.92




	
Tri-0 × 80 × 6 × 60°

	
0.87

	
0.60

	
0.74

	
79.05

	
259.87

	
526.00

	
0.78

	
0.81

	
0.79
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