

  symmetry-12-00657




symmetry-12-00657







Symmetry 2020, 12(4), 657; doi:10.3390/sym12040657




Article



The Influence of Different Loads on the Footbridge Dynamic Parameters



Artūras Kilikevičius 1[image: Orcid], Darius Bačinskas 2[image: Orcid], Jaroslaw Selech 3[image: Orcid], Jonas Matijošius 1,*[image: Orcid], Kristina Kilikevičienė 4[image: Orcid], Darius Vainorius 1, Dariusz Ulbrich 3[image: Orcid] and Dawid Romek 3[image: Orcid]





1



Institute of Mechanical Science, Vilnius Gediminas Technical University, J. Basanavičiaus g. 28, LT-03224 Vilnius, Lithuania






2



Department of Reinforced Concrete Structures and Geotechnique, Vilnius Gediminas Technical University, Saulėtekio al. 11, 10223 Vilnius, Lithuania






3



Faculty of Transport Engineering, Poznan University of Technology, 5 M. Skłodowska-Curie Square, PL-60-965 Poznan, Poland






4



Department of Mechanical and Material Engineering, Vilnius Gediminas Technical University, J. Basanavičiaus g. 28, LT-03224 Vilnius, Lithuania









*



Correspondence: jonas.matijosius@vgtu.lt; Tel.: +37-068-404-169







Received: 27 March 2020 / Accepted: 10 April 2020 / Published: 22 April 2020



Abstract

:

Bringing together the experience and knowledge of engineers allowed building modern footbridges as very slender structures. This in turn has led to structural vibration problems, which is a direct consequence of slender structures. In some footbridges, this problem occurs when natural construction frequencies are close to excitation frequencies. This requires a design methodology, which would ensure user safety and convenience of use of the footbridge in operation. Considering the aforementioned dynamic response, the analysis of the finite element model of a footbridge was conducted focusing on critical acceleration and deformation meanings. The model was based on the footbridge prototype located in Vilnius, Lithuania. Two different loading methods were developed to investigate the dynamic effects caused by people crossing a footbridge. The comparison of experimental and finite element model (FEM) results revealed that the footbridge in operation is within the limit values of comfort requirements in terms of its vibrations.
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1. Introduction


Nowadays, the monitoring of bridges and other large scale structures [1] has a significant impact on their operation and maintenance. The use of the monitoring data allows to confirm that the existing bridges can withstand increased load conditions; monitoring experience also allows improving mathematical models and the design of structures of future bridges. Some of the latest research and experiments are presented in the literature [2,3,4,5,6,7].



Since footbridges have been relatively slender structures, they are sensitive to dynamic loading. Road and railway bridges are exposed to high speeds and magnitudes of loading [2], while in the cases of footbridges, load translates slowly (pedestrians) but it can result in a harmonic excitation; in both cases, dynamic excitation can cause relatively high displacements and deformations [3].



Various experiments reveal dynamic performance of the existing bridges at different dynamic loads [4,5]. Monitoring the ambient environment, that is, wind, transportation, pedestrians or a huge equipment nearby, is the most frequent type of bridge monitoring. The fact that people are sensitive to low frequency vibrations is one of the reasons why dynamic experiments are performed on bridges [6,7]. Standards (EN 1990, ISO 10137, EN 1991-2/AC) list the allowed parameters of vibrations (i.e. frequencies and amplitudes) [8,9,10]. The fundamental frequencies of pedestrian bridges are in a frequency range of excitation caused by pedestrians. This is an additional problem that can cause a resonance effect [11,12,13]. There is a high probability of a group of people crossing a bridge causing low frequency vibrations, if their marching coincides with natural frequencies of the bridge; that is extremely dangerous, because this can cause damage to or destruction of the bridge structure [14].



When it comes to the analysis of bridges for both scientific and design purposes, the finite element model (FEM) of a bridge is an effective tool for analyzing dynamic behavior of bridges [15,16].



The main research aim is to obtain dynamic parameters of a footbridge at different static and dynamic loads and to compare the actual performance with FEM. In the first stage experimentally obtained self-vibration mode shapes were compared to theoretically calculated ones by applying finite element analysis The adequacy of experimental results was evaluated, also updating the theoretical FE model. In the second stage of the experiment, dynamical parameters of the bridge under different static and dynamic loading conditions were determined experimentally. In the future, the results presented in the paper can be used for calibration of theoretical approaches for the assessment of the dynamic behavior of footbridges subjected to different types of excitation.



The present work provides the baseline vibration behavior of footbridges, which elucidates where high amplitudes exist and are likely to cause fatigue and other damages. This article analyzes the effect of various excitations (shock, excitation of a moving group of people) on the structure of the pedestrian bridge, as well as the effect of the static load of the bridge on the dynamic properties of the bridge. The obtained data can be used to evaluate the implementation of diagnostic tools of analogous constructions.




2. Materials and Methods


The footbridge being analyzed was built above the western bypass of Vilnius, near V. Maciulevičius street, in 2013. Figure 1 illustrates the general view of the footbridge. Two steel trusses of a rectangular configuration are 48,3 m long and 4,2 m wide. The superstructure is supported by elastomeric bearings on reinforced concrete abutments and corresponds to simply supported structures. The main geometric parameters of the bridge are presented in Figure 2. Structural components of the space truss consist of rectangular (RHS) or square (SHS) hollow sections presented in Table 1. The orthotropic bridge deck is made up of structural steel plates stiffened in both directions and an 8 mm thick polymer wearing surface. The superstructure of the bridge is made of steel grade S355 with a yield strength of fy = 355 MPa and an ultimate strength of fu = 510 MPa.



Vibrations of the footbridge were determined using “Brüel&Kjær” equipment (Figure 3). Accelerometers 8344 (Figure 3b, measuring range of ± 2.6 g, a sensitivity of 2.5 V/g and 0.176 kg of weight) were arranged on mounting blocks that guaranteed proper orientation and attachment. The detailed description of this equipment (Figure 3a, LAN-XI Data Acquisition Hardware Type 3660 with 3-modules: one 3160-B-042 and two 3050-B-060) was presented in the authors’ works [2]. Two types of measurements were performed in the experimental studies—the OMA (Operational Modal Analysis) was performed in the first case; the measurements were made of the bridge points at different external loads in the second case.



Fourteen accelerometers were used in the OMA and one of them was used to perform fixed reference measurements. The following conditions were met during accelerations recording—sampling frequency 100 Hz; sampling time 20 s; Spectral density estimation resolution 3200 and frequency line spacing 0.015 Hz. Accordingly, six accelerometers (Figure 4) were used for measurements at different external loads, the following data recording parameters: sampling rate of 50 Hz and a sampling time of 64 s, resolution of the spectral density 3200.



Six points of the footbridge were measured (D1–D6, Figure 4)—four sensors were positioned at the quarters (D1, D2, D5 and D6) and the other two—at the middle (D3 and D4) of the bridge. Six vertical degrees of freedom and two additional horizontal degrees of freedom in the middle section were measured in total (D3 and D4).



Mounting locations of gauges were chosen at the interim point of the truss system as a dominant length showing that it acts as a beam. The maximum beam displacement during the first, third, fifth and so forth, beam modes was in the middle of the beam type structure. Signals from gauges were processed through Origin 6 and Pulse software. Spectra, distributions and statistical parameters were obtained.



Loading of the footbridge. When it comes to bridge vibrations caused by passing pedestrians, marching intensity was the main parameter of this load. The average intensity of the gait ranged at the interval from 1.6 to 2.4 Hz, with the dominant frequency being 2.0 Hz. The gait of approximately half of pedestrians being analyzed ranged from 1.9 to 2.1 Hz, while that of 95% pedestrians was between 1.65 and 2.35 Hz [17,18].



A rhythmical gait may be considered a dynamic load, periodically loading the bridge at 20 s time intervals; this load can be described by Fourier series and expressed as the following formula [17,18]:


   F p   ( t )  = G +   ∑   i = 1  n     G α   i  sin  (  2    π if   p  −  φ i   )  ,  



(1)




where G is the average weight of a pedestrian;    f p    is the pacing frequency;    φ i    is the phase lag of the i-th harmonic and αi the Fourier coefficient of the i-th harmonic.



Different sources provide expressions of the Fourier series that are not exact but rather fitted to certain factors and measuring results [19,20,21,22,23]. The time function of the dynamic load of pedestrians pacing is reached at the frequency of 2 Hz. Not only the first harmonic that coincides with pacing frequency but also higher frequencies are important.



Usually several pedestrians are crossing the bridge, so two different situations were analyzed:




	-

	
A random gait, when the step frequency of passing pedestrians distributes under the probability curve and the phase angle of the first harmonic is random;




	-

	
A synchronic gait when pedestrian gait coincides, that is, a uniform frequency and phase.









These conditions result in higher loads on the bridge; the analysis of the first harmonic revealed that a load increases in a nearly linear proportionality to the number of passing pedestrians. Determining the exact moment when the load affects the bridge is rather complicated, therefore when analyzing dynamic performance of bridges, gait is considered to be synchronous, if the number of pedestrians does not exceed 25. When trying to model the highest possible number of realistic conditions of operation, pedestrian density is considered as one person per square meter. Then the load on the bridge can be calculated given the geometrical parameters of the structure [24,25,26,27,28,29].



A cycle between two same events is defined as a gait cycle [30,31,32,33]. A cycle duration is a duration of the entire gait cycle. It should be emphasized that the beginning of a cycle can be identified and executed in any order to ensure that the gait is continuous and smooth. The gait phase when one foot touches the surface is identified as initial, that is, the first event. Therefore, the gait itself can be divided into two main phases: the oscillation phase and the standstill phase.



The first phase takes up 40% of the walking time and is defined as the position of one foot raised from the surface. The second phase takes up 60% and is defined as the contact of the foot with the surface from heel to toe.



There is an emphasis on the existing dual support period in the gait, which is the moment when both feet are on the surface, that is, one foot not yet raised and the other one not yet landed. Such a period occurs twice in the course of the gait: at the beginning and the end of the gait [34,35,36]. This period covers 20% of the total gait duration and is directly dependent on speed, namely, it decreases as the speed increases. [37,38,39,40,41,42,43].



The design comfort requirements for pedestrian bridges according the Eurocode [8,10,44,45,46] establish that structural accelerations under pedestrian action shall be no greater than 0.70 m/s2 for the vertical and 0.20 m/s2 for the horizontal direction, respectively. The maximum design acceleration limits for vibration frequencies are defined by other design requirements [47,48,49]. According to Eurocode [8,10], the control of these accelerations is not necessary, if the first vertical vibration frequency of the footbridge is higher than 5 Hz [50,51].



FEM model of a footbridge. The finite element method is a reliable method for modeling footbridge structures in order to solve a certain number of equations of the bridge structure. The finite element model of a footbridge allows predicting the course of the study and estimating natural frequencies of spectrum and mode shapes. For practical reasons, the linear time domain modal analysis was conducted. This paper presents an evaluation of the structural vibrations induced by walking as a dynamic excitation. The dynamic response of a bridge was determined through the analysis of natural frequencies, displacements, velocities and accelerations. The footbridge model was created using Solidworks software [52]. Dynamic analysis results were presented from a wide range of numerical analyses.



In order to evaluate the results obtained by the proposed method quantitatively and qualitatively, the maximum acceleration values of the bridge construction were measured and compared with the current structural design criteria [53,54] and current design standards [18,55,56] to assess potential spectra of unwanted high vibration levels [57,58,59].



The FEM model makes it possible to realistically estimate the corresponding dynamic behavior of a real bridge [15]. An innovative vehicle-bridge interaction FEM model in which vehicles modeled as a multipoint system interact with the updated bridge model in a way that takes into account the roughness of the road surface [16]. A comparison of two methods is also possible—the analytical kinematic method (KM) and the finite element method (FEM), which allow us to take into account the typical types of damage to the masonry arch barrel and to investigate their effect on the final load-bearing capacity of the structure [60]. Spectral stochastic FEM with local basic functions in the stochastic domain (SL-FEM) is one of the most flexible and accurate stochastic methods [61]. A two-level generalized FEM model with global local enrichments (GFEM gl) is also used to estimate stress intensity coefficients (SIFs) at spot welds subjected to thermomechanical loads [62]. Orthotropic A-FEM depicts all major lesion modes with improved nonlinear coherent zone models (CZMs) that explicitly account for asymmetric tensile and compression reactions [63]. FEM models can be partially replaced by CSPI (Corrugated Steel Pipe Institute) test methods [64].



Natural frequencies. Most constructions (mechanical systems) have been modeled as linear with a relatively small plastic deformation. Dynamic characteristics of the footbridge structure were determined using the classical modal analysis. Natural frequencies and mode shapes were obtained by solving the following equation where damping is disregarded because of its minor influence:


   [ m ]   { ü }  +  [ k ]   { u }  =  { 0 }  ,  



(2)




where    [ m ]    is the mass matrix,    [ k ]    is the stiffness matrix,    { u }    is the displacement vector.



For each time interval t displacements u were calculating by solving the following equation:


   { u }  =  {   Φ n   }  sin  (   ω n  t  )  ,  



(3)




where    {   Φ n   }    is the modal shape,    ω n    is the natural frequency.



Finally, the equation of eigen frequencies can be expressed as:


   (   [ k ]  −  ω n 2   [ m ]   )   {   Φ n   }  =  { 0 }  ,  



(4)







Natural frequencies and mode shapes can be calculated using the matrix equation:


   [ k ]   {   Φ n   }  =  λ n   [ m ]   {   Φ n   }  . .  



(5)







The scalars    λ n    that satisfy a matrix equation are called ‘generalized eigenvectors’ and ‘generalized eigenvalues’ of the equation. The special values of    λ n    satisfying are related to the natural frequencies by    ω i  =    λ i     .




3. Results


The experiments of bridge dynamics were carried out by loading concrete slabs that simulate crowd load. 36 palettes with concrete blocks were placed in the middle 21.6 m long section of the bridge (Figure 5). Each pallet contained 20 concrete blocks, with the total weight of a pallet with slabs beings 470 kg.



Two tests of human induced vibrations were conducted on the unloaded bridge: with a group of people crossing the bridge and a group of people rocking the bridge (in order to excite the bridge in dominant directions and measure corresponding accelerations). Results from these tests are presented in Figure 6, Figure 7, Figure 8 and Figure 9. Figure 6 and Figure 7 analyze the accelerations from 0 to 64 s in the section to assess the impact of external influences on the structure and analyze the extended sections from 35 to 40 s to evaluate only the structure response (since the bridge was not excited from 35 s) to the structure.



Figure 6 and Figure 7 present measured vibrations in horizontal and vertical directions in both time and spectral domain caused by a group of people crossing the bridge.



Figure 8 presents the measured vibrations in the horizontal direction in both time and spectral domain caused by a group of people rocking the bridge. Figure 9 present the measured vibrations in the vertical direction in time and spectral domain caused by two people running through the bridge.



Figure 8 and Figure 9 show that the acceleration amplitude in the vertical direction was up to 0.7 m/s2 (about 2/3 of the total magnitude of the acceleration component comprises up to 20 Hz) and the horizontal direction was up to 0.92 m/s2 (about 1/3 of the total acceleration amplitudes to form component 20 Hz). Figure 9 illustrates two 2.3 and 5.2 Hz horizontal modes that run at a vertical excitation.



The value of the velocity amplitude in the vertical direction was 0.75 m/s2 (Figure 9). Figure 9 shows six excitations (3.6, 6.2, 10.0, 13.79, 16.79 and 17.79 Hz) in the vertical direction.



The dynamic parameters of the footbridge, natural frequencies and modal shapes were determined without any loading on the bridge and with the bridge being loaded (36 pallets 470 kg each, see Figure 5b). Resonant frequencies of the bridge were obtained at different load conditions with an impact excitation, conducting the OMA. Figure 10 illustrates spectral responses of the bridge during the impact excitation at certain loads.



Figure 10 shows spectral responses for 3 measured degrees of freedom (1—Midpoint vertical 2—quarter vertical 3—Midpoint, horizontal). Spectral density graphs revealed that the loading of the bridge led to a decrease in natural frequencies of approximately 10% to 20 %.



The graphs presented in Figure 11 were obtained using the measuring software PULSE LabShop.



Results of the OMA are shown below, presenting the acceleration and spectrum analysis of the bridge without loading and semi-loaded (Figure 11). Points D1–D6 are arranged in the vertical direction and points D3 and D4—in the horizontal direction (denotation as in Figure 4).



Figure 11 illustrates the results obtained using the measuring software PULSE LabShop. Figure 11a–f show the dominant mode frequencies in the vertical direction (3.5, 6.25, 10.0, 13.79 Hz—without load; 2.75, 5.50, 7.75 Hz—semi-loaded). Figure 11g,h respectively illustrate that horizontal displacements appear along the vertical line (2.25, 5.00 Hz—without load, 2.00, 4.50 Hz—semi-loaded).



The graphs in Figure 11 were obtained from the experimentation result processing package OMA. This shows that the obtained experimental mode values are consistent with the measurement results processed in OMA.




4. Discussion


The time outlook of the horizontal accelerations of the footbridge was measured at the points of installation of accelerometers (Figure 3). The first and the following horizontal frequencies were obtained through the modal analysis and averaged over time and the dominant frequency was obtained from the records of Singular values of spectral density matrices (Figure 12). Table 2 presents the obtained mode shapes and frequencies.



Figure 13 illustrates the first 6 mode shapes of the footbridge after the experimental modal analysis.



An experimental analysis of the stair module was performed, which revealed linear and angular deformations of structures, considering a relative displacement between significant points of the path. The composite footbridge experimental modal analysis revealed linear and angular displacements of structural parts, illustrating the most loaded construction sites and allowing to make assumptions on the reasons behind dangerous staircase movements.



Figure 13 and Table 2 present the obtained and calculated resonant frequencies and damping coefficients. Statistical parameters (presented in Table 2) were calculated using the following formulae:




	
arithmetic mean:


   x ¯  =  1 n    ∑   i = 1  n   x i  ,  



(6)




where n is the number of the measurement results, xi—the measurement result.



	
standard deviation:


     σ x  =    1  n − 1     ∑   i = 1  n     (   x i  −  x ¯   )   2     ¯  ,  



(7)




coefficient of variation


  C O V =    σ x    x ¯   ,  



(8)












To assess the adequacy of the experimental results, a numerical modal analysis was conducted using FE software package SolidWorks, allowing to obtain the theoretical natural frequencies and the corresponding mode shapes. FE model shown in Figure 14 was considered in a three-dimensional stress state. A solid mesh with tetrahedral 3D solid elements was used for numerical modeling of the bridge. The created FE model totally consisted of about 170,000 nodes and 94,000 elements.



Table 3 presents a comparison of numerical values of natural frequencies with those determined experimentally.



Figure 14 illustrates mode shapes of the footbridge obtained from the FE model (Total Nodes are 169,105; Total Elements 93,557; Maximum Aspect Ratio is 9084.3).



The results (Figure 15 and Table 3) revealed a strong dependence between simulation and experimental results. The existing deflection ranges between 0% and 14%. The comparison of the measured and experimental data of the first three modes shows sufficient accuracy between 0% and 4% proving reliability of the test results. Differences for the 4th and 5th mode came as a result of the non-compliance of the FE model of the footbridge. Walking frequency was the dominant frequency of footbridge vibrations, which confirms that the force of synchronously walking pedestrians dominated over the force of pedestrians synchronized with the structure.




5. Conclusions


The presented study describes dynamic behavior properties under different static loads and the impact on the footbridge. Vibrations caused by pedestrians walking have been known to affect bridges. Extreme vibration values (frequencies, velocities, accelerations) may cause discomfort using the bridge, trigger an undesirable strain and stress of the bridge structure, while the strain and stress can damage the bridge structure.



The FE model developed during this research showed strong dependence on the field experiment results. The FE model not only provided the maximum values of the accelerations of the bridge obtained by natural dynamic tests but also a response over time. Therefore, this model allows checking comfort requirements, such as Eurocode [8,10] and can be used for a more detailed analysis according to the criteria of the ISO 10137 standard [9].



When it comes to pedestrian comfort of the footbridge being analyzed, both experimental and numerical results showed the maximum value of the vertical acceleration to be within the limits of Eurocode [8,10] that is, 0.70 m/s2. The comparative evaluation of the experimental results according to the ISO 10137 threshold revealed that pedestrians should not feel any discomfort caused by structural vibrations of the footbridge. The model developed using commercial FE package allows predicting the structural behavior. The research of the dynamic behavior of full operation of the footbridge, such as a faster response to human movement (jogging or running), are planned in the future.
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Figure 1. General view of the footbridge. 
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Figure 2. Main geometric parameters of the truss footbridge. 
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Figure 3. Vibration measuring equipment: (a) Measuring device “Brüel&Kjær”; (b) Accelerometers 8344. 
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Figure 4. Arrangement of measuring instruments during dynamic testing. 
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Figure 5. Loaded concrete slabs imitating crowd loading; (a) View without concrete slabs, (b) View of loaded footbridge. 
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Figure 6. Acceleration time histories and frequency spectra of acceleration amplitudes: The middle of the bridge (D3 point in Figure 4), a vertical acceleration signal with time and spectral frequency graphs after a group of people crossed the bridge; (a) the interval of 0 to 64; (b) the expanded signal from 35 to 40 s. 
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Figure 7. The middle of the bridge (D3 point in Figure 4) in the horizontal direction of the acceleration signal with time and spectral frequency graphs after a group of people crossed the bridge; (a) the interval of 0 to 64; (b) the expanded signal from 35 to 40 s. 
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Figure 8. The middle of the bridge (D3 point in Figure 4) in the vertical direction of the acceleration signal with time and spectral frequency graphs as a group of people runs on the bridge; (a) the interval of 0 to 64; (b) the expanded signal from 35 to 40 s. 






Figure 8. The middle of the bridge (D3 point in Figure 4) in the vertical direction of the acceleration signal with time and spectral frequency graphs as a group of people runs on the bridge; (a) the interval of 0 to 64; (b) the expanded signal from 35 to 40 s.



[image: Symmetry 12 00657 g008]







[image: Symmetry 12 00657 g009 550] 





Figure 9. The significance of the acceleration signal in the horizontal direction using time and spectral frequency graphs for the middle and the quarter of the footbridge (points D3 and D1 in Figure 4) as a group of people swings the bridge; (a) the interval of 0 to 64; (b) the expanded signal from 35 to 40 s. 
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[image: Symmetry 12 00657 g009]







[image: Symmetry 12 00657 g010 550] 





Figure 10. Frequency spectra of acceleration amplitudes under impact excitation of unloaded (a) and semi-loaded; (b) bridge (1—midpoint, vertical; 2—quarter, vertical; 3—midpoint, horizontal). 
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Figure 11. The Fourier amplitude spectra (without a load and semi-loaded): (a) vertical direction, respectively D1 (without load); (b) vertical direction, respectively D1 (semi-loaded); (c) vertical direction, respectively D3 (without load); (d) vertical direction, respectively D3 (semi-loaded); (e) vertical direction, respectively D5 (without load); (f) vertical direction, respectively D5 (semi-loaded); (g) horizontal direction, respectively D3 (without load); (h) horizontal direction, respectively D3 (semi-loaded). 
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Figure 12. Detected modes using FDD (Frequency Domain Decomposition)—Operational Modal Analysis (OMA). 






Figure 12. Detected modes using FDD (Frequency Domain Decomposition)—Operational Modal Analysis (OMA).



[image: Symmetry 12 00657 g012]







[image: Symmetry 12 00657 g013a 550][image: Symmetry 12 00657 g013b 550] 





Figure 13. Results of the footbridge modal analysis: first 6 modes (a–e) and curves used primarily to calculate the damping ratio: a normalized correlation function for each mode and calculation of the damping ratio using the correlation function. 
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Figure 14. Finite element (FE) model of the truss footbridge. 
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Figure 15. Mode shapes obtained from the FE model of the bridge (a) 1st bending horizontal; (b) 1st bending vertical; (c) 1st torsional, (d) 2nd bending vertical, (e) 2nd torsional, (f) 3rd bending vertical. 
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Table 1. Cross-sections of the truss footbridge.
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	Top Chord
	Bottom Chord
	Vertical
	Diagonal * (from 1 to 5 and from 20 to 24)
	Diagonal * (from 6 to 19)
	Deck Beam
	Wind Bracing





	RHS 300 × 200 × 12
	RHS 300 × 200 × 12
	SHS 200 × 200 × 10
	SHS 180 × 180 × 10
	SHS 180 × 180 × 5
	SHS 200 × 200 × 10
	RHS 200 × 100 × 5







*—diagonal numbering starts from the left support.













[image: Table] 





Table 2. Experimental modes and corresponding natural frequencies after the impact excitation of the bridge and the OMA, along with statistical characteristics.
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Experiment

	
Statistical Characteristics

	
Experimental Modes and Corresponding Natural Frequencies




	
1 Mode

	
2 Mode

	
3 Mode

	
4 Mode

	
5 Mode

	
6 Mode






	
Impact excitation

(1—without load)

	
  x ¯  , Hz

	
2.28

	
3.56

	
5.16

	
6.20

	
9.98

	
13.79




	
   σ x   , Hz

	
0.074

	
0.14

	
0.37

	
0.16

	
0

	
0.32




	
COV, %

	
3.25

	
3.93

	
7.17

	
2.55

	
0

	
2.32




	
Impact excitation

(2—semi-loaded)

	
  x ¯  , Hz

	
2.02

	
2.88

	
4.52

	
5.52

	
7.70

	
12.50




	
   σ x   , Hz

	
0.16

	
0.03

	
0.21

	
0.08

	
0.55

	
0.18




	
COV, %

	
7.92

	
1.04

	
4.65

	
1.45

	
7.14

	
1.44




	
OMA

(1—without load)

	
  x ¯  , Hz

	
2.25

	
3.50

	
5.00

	
6.25

	
10.0

	
13.60




	
   σ x   , Hz

	
0.074

	
0.14

	
0.37

	
0.16

	
0

	
0.45




	
COV, %

	
3.29

	
4.00

	
7.40

	
2.56

	
0

	
3.31




	
Damping Ratio [%]

	

	
1.713

	
1.077

	
0.905

	
0.621

	
0.440

	
0.521




	
OMA

(2—semi-loaded)

	
  x ¯  , Hz

	
2.00

	
2.75

	
4.50

	
5.50

	
7.75

	
12.25




	
   σ x   , Hz

	
0.16

	
0.03

	
0.21

	
0.08

	
0.55

	
0.24




	
COV, %

	
8.00

	
1.09

	
4.67

	
1.45

	
7.10

	
1.96
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Table 3. Experimental and numerical natural frequencies.






Table 3. Experimental and numerical natural frequencies.





	
Mode

	
Frequencies (1—without Load; 2—Semi-Loaded)

	
Mode Type




	
fEXP,OMA, Hz

	
fEXP impact, Hz

	
fFEM, Hz

	
Δ = fFE/fEXP,OMA

	
Δ = fFE/fEXP impact




	
No

	
1

	
2

	
1

	
2

	
1

	
2

	
1

	
2

	
1

	
2






	
1

	
2.25

	
2.00

	
2.28

	
2.02

	
2.32

	
2.08

	
1.03

	
1.04

	
1.02

	
1.03

	
1st bending horizontal




	
2

	
3.50

	
2.75

	
3.56

	
2.88

	
3.62

	
2.89

	
1.03

	
1.05

	
1.02

	
1.00

	
1st bending vertical




	
3

	
5.00

	
4.50

	
5.16

	
4.52

	
5.01

	
4.72

	
1.00

	
1.05

	
0.97

	
1.04

	
1st torsional




	
4

	
6.25

	
5.50

	
6.20

	
5.52

	
7.13

	
6.03

	
1.14

	
1.10

	
1.15

	
1.09

	
2nd bending vertical




	
5

	
10.00

	
7.75

	
9.98

	
7.70

	
9.7

	
8.76

	
0.97

	
1.13

	
0.97

	
1.14

	
2nd torsional




	
6

	
13.79

	
12.50

	
13.60

	
12.25

	
13.52

	
12.05

	
0.98

	
0.96

	
0.99

	
0,98

	
3rd bending vertical












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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