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Abstract

:

The paper presents the experimental and numerical results of the dynamic system identification and verification of the behavior of two footbridges in Poland. The experimental part of the study involved vibration testing under different scenarios of human-induced load, impulse load, and excitations induced by vibration exciter. Based on the results obtained, the identification of dynamic parameters of the footbridges was performed using the peak-picking method. With the impulse load applied to both structures, determination of their natural vibration frequencies was possible. Then, based on the design drawings, detailed finite element method (FEM) models were developed, and the numerical analyses were carried out. The comparison between experimental and numerical results obtained from the modal analysis showed a good agreement. The results also indicated that both structures under investigation have the first natural bending frequency of the deck in the range of human-induced excitation. Therefore, the risk of excessive structural vibrations caused by pedestrian loading was then analysed for both structures. The vibration comfort criteria for both footbridges were checked according to Sétra guidelines. In the case of the first footbridge, the results showed that the comfort criteria are fulfilled, regardless of the type of load. For the second footbridge, it was emphasized that the structure meets the assumptions of the guidelines for vibration severability in normal use; nevertheless, it is susceptible to excitations induced by synchronized users, even in the case of a small group of pedestrians.
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1. Introduction


Dynamic loads are among the most dangerous and unpredicted threats that can be observed in the case of civil engineering structures [1,2,3]. Structural vibrations induced by wind, earthquakes, mining tremors, or behavior of people (human-induced vibrations) may lead to damages of structures or serious effects on the health of the users (e.g., [4,5,6,7,8]). Relatively light and slender footbridges are among different types of structures which are susceptible to dangerous vibrations under dynamic excitations [9]. The problem especially concerns new structures designed using new construction solutions and materials. This is due to the fact that the vibration frequencies of the modern footbridges are often close to the frequencies which are induced by pedestrians [10,11,12,13,14,15,16,17,18]. The well-known examples of footbridges that experienced excessive vibrations during exploitation are the Millenium bridge in London [10,11,12], the Solferino bridge in Paris [13,14], and the Mape Valley Great Suspension Bridge [19]. Fortunately, in most of the cases, vibrations were not related to the ultimate limit state but only to the comfort of the users. For this reason, it was necessary to introduce norms and guidelines to the designing process that will allow estimating the vibration comfort of the footbridges [20,21,22,23]. The French Sétra guidelines [24] and the European guidelines "Human-induced vibration of steel structures" (HiVoss) [25] are the examples of the most commonly used guidelines related to the criterion of vibrational comfort at footbridges.



In order to provide appropriate comfort conditions, many footbridges are currently equipped with additional damping devices. Among them, the Pedro e Ines footbridge in Coimbra [15,16], Changi Mezzanine Bridge [26,27], the Footbridge of VW Autostadt in Wolfsburg [28], and tensegrity Kurilpa footbridge [29] can be mentioned. The commonly used devices suppressing excessive vibrations are tuned mass dampers, liquid dampers [19], viscous dampers [30], and active tendons [31].



In order to assess the behavior of the structure, and the risk of occurrence of excessive vibrations, whether at the design or the operation stage, knowledge of its basic dynamic characteristics is mandatory. These modal quantities are natural frequencies, damping ratios, and mode shapes. They can be determined by experimental tests or estimated through numerical analysis.



The experimental tests can be carried out on existing structures. The results obtained during the field tests give the objective knowledge of the dynamic structural behavior. A description of the basic steps to identify dynamic parameters of the structure could be found in [32]. They included the creation of a priori models, vibration testing, post-processing of received data, validation and calibration, and also the utilization of a numerical model in some cases [33]. During the experimental study, two basic methods could be distinguished to find out the modal parameters. The first of them was based on the correlation between input data, excitations; and output data, responses of the structure [34,35,36]. The second one, called the operational modal analysis (OMA) or ambient modal analysis, was based solely on output data [37,38,39]. There are many methods for the identification of dynamic parameters of structures. The most commonly used are the peak—picking method [39], frequency domain decomposition [40], the random decrement technique [41], frequency—domain direct parameter identification method [42], stochastic subspace identification methods [43], and eigensystem realisation algorithm [44]. A good review of the literature on modal identification techniques can be found in [39,45,46]. Furthermore, in the literature [38,39,47,48,49], a comparison of the dynamic parameters identification carried out by various methods could be found.



The modal parameters obtained from experimental tests could also be used further in updating [50,51,52,53,54,55,56,57,58], structural health monitoring (SHM) [59,60,61,62], non-destructive diagnostics [63,64,65], and others.



The second approach intended to estimate the dynamic properties of structures is to conduct numerical analysis. The use of the numerical models of real structures to perform modal analysis had many advantages. It allowed us to predict (i.e., at the design stage) the expected levels of acceleration caused by the human-induced load. Thus, if the comfort level was exceeded, the modification of the structure was possible. However, there is one disadvantage. The creation of a numerical model that sufficiently reliably describes the dynamic properties of a real structure is a very complex issue [50]. It is due to a large number of unknowns at this stage, including estimation of the damping ratio, appropriate boundary conditions, modeling of joints, material properties, and the influence of non-structural elements on dynamic parameters of the structure [66]. Therefore, the best practice is the development of the numerical model, followed by dynamic field tests to confirm the assumptions. Another important issue is how to model the human-induced load. There are many models which can be used, but it should be remembered that walking behavior is an individual feature. It also depends mainly on synchronization with the structure and with other pedestrians. The human–structure interaction (HSI) phenomena were widely investigated in the literature [67,68,69,70,71,72]. Therefore, it is not easy to develop one universal model describing human-induced load [73].



The paper presents an experimental and numerical investigation focused on two examples of footbridges in Poland. Both footbridges had reinforced concrete decks and steel girders. One of the structures was an example of a typical arch bridge, while the second was characterized by the unusual shape of the steel girder. It was decided to compare both structures and examine the influence of the unusual shape of the girder on the dynamic parameters. For both structures, the detailed experimental tests and numerical analyses were conducted. The field tests were carried out under different sets of pedestrian crowd loads. Various human-induced load scenarios allowed us to draw conclusions about the risk of excessive vibrations during exploitation. Hence, based on the obtained acceleration time histories, it was possible to assess the level of comfort. The footbridges were also tested under an impulse load and excitations induced by a light vibration exciter, so as to identify dynamic parameters, such as natural frequencies, mode shapes, and damping ratios. The dynamic parameters of both footbridges considered in numerical analyses were verified by comparing them with the results from the field tests.



The article is arranged as follows. In Section 2, the footbridges and created numerical FEM models are described. The theoretical basics of the dynamic and modal analysis are presented altogether with data processing and mode shapes and frequencies validation criteria. A field test conducted on the designed footbridges, consisting of acceleration measurements, is also described in this section. Subsequently, the results from the numerical analysis and the field test are compared and discussed in Section 3. In this section, the comfort criteria for both footbridges based on the accelerations obtained in field tests were also assessed. Finally, conclusions were presented in Section 4.




2. Materials and Methods


2.1. Footbridge Descriptions


2.1.1. Example 1


The first structure under investigation is the arch footbridge located above an expressway S8 in Poland (Figure 1). It was built in 2013 as a connection between two vehicle service places. It has a length of 50.0 m, a total width of 4.5 m, and a height of about 7.5 m (Figure 2). The superstructure consists of two parallel steel arch beams, a reinforced concrete deck, and fourteen vertical hangers. The cross-section of the arch beam is made of a circular pipe with diameter of 660.4 mm and thickness of 20 mm. The arches are joined by five pipe bracings with diameter of 323.9 mm and thickness of 10 mm. Steel rods with a diameter of 56 mm are used as hangers. The cross-section of the deck consists of two beams of 0.60 m height, connected with a slab with thickness of about 0.20 m. A pair of elastomeric bearings have been installed at each abutment to support the superstructure. Reinforced concrete abutments are founded on large diameter piles.




2.1.2. Example 2


The second structure is a footbridge located above the University Route in Bydgoszcz, Poland (Figure 3). The construction of the University Route was planned from the 1970s and was finally built in 2013 connecting the Lower City’s Terrace with the Upper City’s Terrace. The footbridge has a length of 34.40 m, a width of 4.5 m, and height above girder supports of more than 20 m. The span consists of a reinforced deck, steel girders, and 14 hangers. Steel girders have an unusual shape similar to a triangle, and their cross-section resembles a tear with height of 720 mm, width of 900 mm, and thickness of 20 mm. The deck has been constructed as a reinforced concrete slab with a variable thickness from 0.18 m in the longitudinal axis of the structure to 0.45 m in the external zones. The hangers are made of closed rods with a diameter of 0.06 m. The arrangement of the girders has been founded on three support blocks set on piles. The platform is based on elastomeric bearings on reinforced concrete abutments, which sit on footing types of foundations. The main geometries and dimensions of the structure are shown in Figure 4.





2.2. Vibration Testing


Both of the analyzed footbridges underwent static and dynamic field tests. During the static tests, displacements of the deck, settlements of the supports and forces in hangers were measured. The dynamic tests included measurements of the vertical displacements of the deck, an increase of strains in the hangers and accelerations of the platform and the arch or steel girder.



Three-axial, micro-electro-mechanical capacitive accelerometers (MEMS) of the LIS344ALH type manufactured by STMicroelectronics (Figure 5a) were used to measure the structure vibration response [74,75]. They consist of a seismic mass suspended on a spring, for which length depends on the level of acceleration (see also [76]). A change in the length of the spring causes a change in the capacitance of the capacitor connected. In consequence, the electronic system contained in the accelerometer generates a voltage proportional to the capacitor’s capacity. The LIS344ALH has a full-scale of ±2 g/±6 g, and the device is capable of measuring accelerations over a maximum bandwidth of 1.8 kHz for all axes. The sensor has small dimensions of 4 × 4 × 1.5 mm and a weight of 0.040 g. The operating temperature is between −40~85 °C. The measurement data were recorded using the QUANTUM HBM 840a 8-channel measurement amplifier (Figure 5d). A standard laptop was connected to the measuring station and it was used for the data processing, visualization, and storage of the measurement results. During the tests, accelerometers were placed in such a way that one axis was perpendicular to the axis of the deck, the second axis was vertical, and the third one was longitudinal. In each case, the accelerometers were rigidly connected to the platform of structure, either with concrete screws (Figure 5b) or with strong neodymium magnets and additionally compressed with the clamp elements of the hangers anchor (Figure 5c). The sampling rate was set to 600 Hz.



As the main excitation of the footbridges is related to the movement of pedestrians, dynamic measurements were taken during the following tests: free and synchronized march, free and synchronized run and jumping (Figure 6). Depending on the test, 6, 9, and 12 pedestrian groups were used as a dynamic load. This allowed studying the influence of the increasing number of pedestrians on the values of received accelerations. In all tests related to walking or free running, each pedestrian was moving at their own pace. However, the synchronous excitations were harmonized using a metronome. In the case of walking and jumping, the frequency of human-induced load was consistent with the first bending frequency of the deck. Whereas the running tests were performed with pedestrian crossing at a pace rate close to 3 Hz. The measurements of accelerations were also taken for a dynamic impact test and using a light vibration exciter. During the impulse tests, a container filled with water with dimensions of 1 × 1 × 1 m was dropped from the height of ca. 6 cm on the footbridges deck. Also, the light vibration exciter was used, which generated a sweep signal with variable frequency in the range of 0–10 Hz. Both tests were repeated in the axis of each hanger in a central axis of a platform. In each test, the measurement time was set in such a way that the suppression of free vibrations of the structure was allowed. In total, 37 dynamic tests were carried out for the footbridge over the S8 road and 38 for the footbridge above the University Route in Bydgoszcz.



2.2.1. Example 1


For the footbridge above S8 expressway, accelerations in twelve points were measured. Eight of them were used to measure the vertical vibrations of the platform, and they were placed in one line sequentially at the beginning of the deck—the first in the axis of the support of the structure, the next near the attachment of all hangers. They were marked with symbols S8_a0z–S8_a7z (see Figure 7). The control vertical and horizontal accelerations were measured on the opposite side of the platform in the axis of attachment of the hanger number 2. During the tests, the horizontal and vertical accelerations of the arch were also captured. The location of all acceleration measuring points during dynamics tests are shown in Figure 7.




2.2.2. Example 2


A similar set of measurements was conducted for the footbridge above the University Route in Bydgoszcz. In this case, also eight platform accelerations were deployed, starting from the support axis of the structure through the attachment of all hangers. The main measuring points were marked as B_a0z–B_a7z, respectively, as shown in Figure 8. Horizontal and vertical accelerations of the arch were also measured together with accelerations of the opposite side of the deck in the axis of hanger number 2. In addition, the horizontal acceleration of the deck at the attachment of hangers 2 and 5 was measured to assess the maximum horizontal acceleration during human-induced vibrations.





2.3. Theory of Experimental Mode Shapes


The methods based on the classical input–output estimation of modal parameters are the well-known and widely used methods of modal analysis [34,35]. The peak picking (PP) method is one of the most accessible because of its simplicity and speed [77,78]. This method is based on the estimation of the frequency response function (FRF) in the frequency domain or the impulse response function (IRF) in the time domain. The experimental tests can be carried out under any excitation, including sinusoidal, impulse, random, or pseudorandom. The excitation is usually applied at one point while the signals are measured at many points. The second method is to place the sensor at one key point of the structure and then force it at subsequent points.



The algorithm of the method assumes subjecting each force signals and structure responses signals to the Fourier transform. Based on the obtained Fourier transform, the transform function    H  ( ω )   is calculated. In order to receive one row of the matrix    H  ( ω )  , the measurement is taken for the signal of excitation in particular points of the structure; however, the responses are measured in one point. For the matrix column    H  ( ω )  , the signal of force is measured in one point, and the value of structure response is recorded from each measuring point. The determination of mode shapes is possible at any row or matrix column    H  ( ω )  . The measured signals used in the PP method may concern accelerations, velocities, or displacements. The type of signal determines three types of transition functions: accelerance, mobility, and receptance (Table 1).



The method’s limitation is its use for structures that are lightly damped. For structures with very high damping or damping close to zero (infinite peak), the method does not give satisfactory results [78].



The modified PP method can also be used for the operational modal analysis (OMA). In this case, FRF is replaced with power spectrum densities (PDS) from the output. Comparing the results of PP method with the frequency domain decomposition (FDD) and stochastic subspace identification (SSI), very similar results are usually obtained [39]. Using this method, damping can be estimated by employing the half-power procedure [79].




2.4. Data Processing and Modal Identification


For each of the structures, a series of dynamic tests were carried out. Based on each of them, for each signal from the free response of the structure, the natural frequencies and damping ratios were determined. The final values were obtained by averaging the values from all tests. The linear trend was removed from all time histories, and they were subjected to filtration what allowed us to achieve more satisfactory identification results. In order to remove components from the signal that were beyond the scope of interest, a Butterworth fifth-order filter was used with a cut-off frequency below 0.5 Hz and above 20 Hz [80]. To check the correct operation of all sensors, signals measured during all tests were printed and checked for non-functioning or giving unreal or excessively noisy acceleration values.



2.4.1. Example 1


Figure 9 shows the representative acceleration time histories together with the corresponding normalized fast Fourier transform (FFT) amplitudes for the arch bridge above expressway S8. The excitation in the first case was related to a synchronous march of a group of 12 persons, and in the second case, an impulse caused by dropping a container filled with water was applied. In both cases, the signal was measured at point a5z—vertical composition of the bridge deck acceleration in the axis of hanger number 5.




2.4.2. Example 2


Figure 10 shows the representative acceleration time histories together with the corresponding normalized FFT amplitudes for the footbridge above the University Route in Bydgoszcz (point a1z). Vibrations were caused by the synchronous run of a group of nine persons, and the impulse was induced by dropping a container filled with water. In this case, it was only using impulse excitation it was possible to obtain some frequencies. Neither various types of the human-induced load, as well as the use of a light vibration exciter which generates excitation with a variable frequency, did not allow these frequencies to be identified.





2.5. Finite Element Modeling


In this study, for both footbridges, beam-shell finite element method (FEM) models were constructed using the commercial program SOFiSTiK. These FEM models use four types of finite elements. The decks of both structures were modeled using the two-dimensional, four-nodal (flat) plane finite elements of the Timoshenko–Reissner type (QUAD). These elements have an enriched state of deformation in the surface, reduction of the blocking effect; they also take into account the shear effect, and the different position of the coating reference surface (eccentric). To model steel girders, one-dimensional, two-node spatial bar (beam) finite elements (BEAM) of the Timoshenko type, taking into account the shear effect and eccentric beam axis, were used. In both models, hangers were modeled using one-dimensional, two-node spatial cable type elements (CABL). To model the retaining blocks supporting the girders of the footbridge in Bydgoszcz, three-dimensional, eight-node solid elements (BRIC), enriched with spatial bending states which further reduce the blocking effect, were used. The piles were also modeled with beam elements (BEAM), taking into account appropriate axial and lateral beddings. The support condition was modeled using linear elastic elements (SPRI), or fully fixed constrains (CONS). Although stiffness of non-structural elements, such as isolation, barriers, and pavement was ignored, their masses were taken into account.



2.5.1. Example 1


The final FEM model (Figure 11) of the footbridge above S8 expressway (after taking into account some elements of FEM convergence analysis) consisted of a grid with 5750 nods, 7008 plane finished elements (QUAD), 682 finished beam elements type BEAM, 14 finished elements type CABL, and 7 elastic elements (SPRI). At the first abutment, one bearing was assumed to be fixed for displacements in all three directions and the second one had only the vertical stiffness. At the second abutment, the sliding type of bearings was assumed with unidirectional and bidirectional slide. The Young’s modulus of concrete used in the deck was assumed to be equal to 43 GPa, according to sample test results, and the mass density was equal to 25 kN/m3.




2.5.2. Example 2


A detailed model was also developed for the footbridge above the University Route in Bydgoszcz (see Figure 12). After conducting convergence analysis, the final model consisted of 10,904 nodes, 7192 finished elements type QUAD, 968 finished elements type BEAM, 14 finished elements type CABL, 31,108 finished elements type BRICK, and 8 fix constrains. Supports at both ends of the concrete deck were modeled as point supports with free rotations. One bearing at the first abutment was modeled as a fully fixed one, while the other was allowed to slide in the perpendicular direction. On the second abutment, one bearing had a possibility to slide freely in the longitudinal direction and the second one in both directions. The Young’s modulus of concrete used in the deck was assumed to be equal to 39 GPa, based on concrete samples test, and the mass density was equal to 25 kN/m3.





2.6. Eigenvectors and Eigenvalues


The Lanczos method was chosen to extract the pairs of eigenvectors and eigenvalues from the FEM model in both cases. Due to the geometry of the structures, all designated modes of vibration were marked with symbols and a number, which depended on the type of dominant vibration mode. The symbols Vd, Ld, and Td were used for vertical, lateral, torsional eigenvectors of the deck respectively, and Va and La for the vertical or lateral mode of the arch or steel girder. The symbol is connected with the ratio of the maximum amplitude in the specified direction and normalized with respect to the largest of the components. They also refer directly to the structural element of the footbridges. It indicates that most of the mode shapes are not pure, but they also have other components, which are generally smaller.



2.6.1. Example 1


The first eight eigenvectors identified from the FEM model of the footbridge above S8 expressway together with the corresponding eigenfrequencies are listed in Table 2. At the same time, Figure 13 shows the identified mode shapes of the footbridge. It can be seen that five modes are mainly connected with the deck, and three with the arch. For the modes S8_Vd1, S8_Vd2, S8_Vd3, and S8_Vd4, the component Va is relatively large. It means that the defection of the deck is strictly connected with the deflection of the arch. The same situation occurs in the case of mode S8_Va1. In the modes S8_La1, S8_La2, and S8_Ld1, the other components are much smaller. The numerical model allowed to obtain a higher number of frequencies than was identified during the field test (Figure 9).




2.6.2. Example 2


The first 16 eigenvectors for the footbridge above the University Route in Bydgoszcz together with the corresponding eigenfrequencies are listed in Table 3. The modes of vibration for the structure are shown in Figure 14. In this case, many eigenmodes are typically associated with the arch deflection and low participation of the deck deformation. It can be seen from the Table 3 that eigenvectors B_La1–B_La3, B_La5–B_La7 are rather purely lateral with the movement of steel girder only, while eigenvectors B_La4, B_La8, and B_La9 have significant vertical component as well. Five eigenmodes B_Vd1–B-Vd5 are closely related to the vertical movement of the platform and relatively large deflection of the steel girder have been identified. Among the vertical modes, B_Vd1 have the largest lateral modal component of the steel girder. The two torsional eigenvalues B_Td1 and B_Td2 show the significant bending deflection of the deck. In this case, the platform generally have small horizontal deflection compared to other components for all mode shapes. Despite the use of various excitation techniques during field tests (Figure 10), it was not possible to excite all the vibration frequencies that were obtained in the numerical model.





2.7. Theory of Mode Shapes and Frequencies Validation Criteria


The combination of modal pairs, i.e. frequencies and modal shapes, creates a representation of the basic dynamic properties of the structure. Mode shapes can be the basis for many further analyses, such as validation or updating of numerical models. Thus, they enable the assessment of the condition of the structure or are the basis for diagnostic analyses.



Conducting advanced analyses based on comparing dynamic characteristics determined in experimental research of real structure and characteristics obtained as a result of numerical analyses requires the use of appropriate comparative techniques. One of the most significant problems is related to the ‘pairing’ mode shapes, both in terms of frequencies and mode shapes. This concerns particularly more complex structures, for which modal shapes may seem to be similar. Another important issue is the difference in scale of the amplitude of the modal shapes obtained from the numerical model and experimental studies.



Modal assurance criterion (MAC) is one of the most popular criteria which is often used for comparing the mode shapes of free vibrations [81]. It can be defined as


    MAC   i j   =      |   ϕ  m i  T   ϕ  a j    |   2     (   ϕ  a j  T   ϕ  a j    )   (   ϕ  m i  T   ϕ  m i    )     



(1)




where    ϕ  m j        ϕ  a j     are the experimental and numerical mode shapes, respectively, and symbol T denotes the transposition.



The criterion compares only the mode shapes, which means that it is necessary to simultaneously use the criterion of comparing the natural frequencies. The result is a MAC matrix in which the elements take values between zero (no match) and one (complete match). This presentation allows us, together with the frequency comparison, to select the appropriate modal pairs from experimental study and numerical analysis. When the MAC value is greater than 0.90, it is assumed that the compatibility of mode shapes is high [50,66].



The MAC criterion was introduced together with the modal scale factor (MSF), which is the scaling factor for the mode shapes obtained from experimental tests in relation to the parameter obtained from numerical analyses. The coefficient is expressed by the formula


    MSF  i  =    ϕ  a i  T   ϕ  m i      ϕ  m i  T   ϕ  m i      



(2)







The difference between experimental and numerical frequencies can be defined as


  Δ f =    f a  −  f m     f m    ⋅ 100  [ % ]   



(3)




where    f m       f a    are the experimental and numerical frequencies, respectively.




2.8. Footbridge Classification According to Current Codes


The French Sétra guidelines [24] and the European guidelines "Human-induced vibration of steel structures" (HiVoss) [25] are the two most commonly used documents regarding pedestrian comfort on the footbridges. The first one applies to all structures regardless of the material, the second concerns only steel structures. The perception of vibrations is very subjective. It depends, among others, on their duration and direction of vibrations, as well as human activity and position [82]. For this reason, there are always difficulties in developing versatile comfort guidelines. Both Sétra and HiVoss guidelines propose to introduce four comfort levels (Figure 15). In the case of vertical vibrations, the boundaries between the levels are the same and are equal to 0.5 m/s2, 1 m/s2, and 2.5 m/s2 for the maximum, mean, and minimum comfort, respectively. Accelerations exceeding the vertical value of 2.5 m/s2 are considered as unacceptable. The level of horizontal vibrations should take into account the lock-in effect. It is assumed that, in the case of the accelerations of structures smaller than 0.1 m/s2 according to Sétra and 0.15 m/s2 according to HiVoss, the lock-in effect will not occur due to random load charter and lack of synchronization of pedestrians. Horizontal accelerations exceeding the value of 0.8 m/s2 are considered as unacceptable.





3. Results and Discussion


3.1. Comparison between the Experimental and Numerical Results


In order to verify the accuracy and validate the FEM models of both footbridges, comparisons of the dynamic structural properties were conducted, based on experimental and numerical results [39]. In both cases, the mode shapes were obtained by measuring the accelerations at all points of the footbridge. While the excitations were always applied and measured at one point of the deck. Due to the relatively low mass of the container filled with water and vibration exciter, they did not affect the frequencies and the mode shapes obtained. On this basis, FRF was calculated, which using the PP method was used to determine the mode shapes. The damping was determined using the HPM method.



3.1.1. Example 1


The identified mode shapes obtained from the field tests and numerical analysis for the footbridge above the expressway S8 are presented in Figure 16a. Additionally, the representation of MAC matrix between the FEM model and filed test mode shapes is shown in Figure 16b. The identified mode shapes correspond to all eigenvectors marked as Vd from the numerical model presented in the spatial drawing in Figure 13. The field tests allowed us to identify all mode shapes associated with the significant vertical movement of the deck. The lack of detection of frequencies related to the movement of the arch is due to the lack of sufficient excitation that would cause correspondingly large vibrations of the arc structure. A comparison between the experimentally and numerically obtained frequencies, together with the corresponding damping ratios and MACs of the arch bridge above the expressway S8, are shown in Table 4. It can be seen from the table that the vertical frequencies have a relatively low-frequency error, less than 3.5 %. Based on the literature examples [22,39,47,83] differences in the received frequencies were considered satisfactory. Also, modes Vd1, Vd2, Vd3, and Vd4 mode shapes of the FEM model correspond to the experimentally identified modes. This is demonstrated by the MAC values of 0.99 for each mode. The graphical representation of the MAC matrix (Figure 16b) shows that the identified mode shapes correspond exactly to the coincidence of the eigenvalues from the FEM model.




3.1.2. Example 2


A comparison between the experimentally and numerically obtained frequencies, together with the corresponding damping ratios and MACs of the arch bridge above the University Route in Bydgoszcz, are shown in Table 5. The mode shapes are also displayed in Figure 17a and Figure 18a depending on the type of excitation. Additionally, the representations of MAC matrix between the FEM model and filed test mode shapes are shown in Figure 17b and Figure 18b. The identified vibrations correspond to the first and the fifth bending modes of the deck marked as B_Vd1 and B_Vd5 of the FEM model. Torsional mode shapes B_Td1 and B_Td2 were also determined with high accuracy. It was also possible to accurately identify the La4 mode shape, which was characterized by a relatively high coefficient of vertical vibration of the deck. It can be concluded on the basis of created MAC matrices (Figure 17b and Figure 18b) that the first four mode shapes are characterized by a high similarity. Almost identical shapes of vibrations occurred for pairs of vibrations B_Vd1 and B_La4 as well as B_Td1 and B_Td2 with close frequencies. Despite the sinusoidal signal with variable frequency, the third mode shape could not be identified using a vibration exciter. The other four mode shapes were identified with high compliance and MAC value greater than 0.97. With the impulse excitation, five mode shapes were obtained with high accuracy and MAC value close to 1. However, the vertical mode shapes of platform vibration B_Vd2–B_Vd4 could not be identified. Despite various methods of excitation of the structure, including excitation with a sinusoidal signal with variable frequency, it was not possible to determine the frequencies corresponding to these mode shapes. The frequencies of the FEM model provided a fairly good approximation of the actual footbridge frequencies (Table 3). The largest discrepancies (but still close to 5%) were obtained for the fifth mode.





3.2. Assessment of Pedestrian Effects


The conducted experimental tests and numerical analyses confirm the occurrence of resonance frequencies similar to the human-induced loading. Thus, there is a risk of resonance concerning both structures. In this case, the comfort of pedestrians on both structures was only assessed after they were built based on accelerations obtained during field tests. In order to estimate the level of accelerations, that may appear during exploitation on the footbridges, series of dynamic field tests under human-induced loading were carried out. However, it seems reasonable to conduct such analyses at the design stage and introduce possible modifications to the structure in case of excessive vibration. Table 6 and Table 7 show the peak acceleration level for each measuring point.



3.2.1. Example 1


For the arch bridge above expressway S8, all accelerations were characterized generally with a vertical acceleration value of less than 0.5 m/s2 (see Table 6). The peak acceleration value was equal to 0.53 m/ s2, and it occurred for the synchronic run of a group of 12 persons. It was the only case when the accelerations exceeded the limit value for the first-class level according to Sétra guidelines [24]. For the march, the peak accelerations were usually in the quarter, while they were much smaller in the middle of the span because walkers excite mainly the first mode. A different situation was due to running. When running at a frequency close to 3.0 Hz, peak acceleration occurred in the center of the deck, which corresponds to the second mode shape. The level of horizontal vibrations was negligibly small and did not exceed the recommended values in [24].




3.2.2. Example 2


In the case of the arch footbridge above the University Route in Bydgoszcz, the peak acceleration values were much higher (see Table 7). The highest accelerations occurred for the synchronous march. It was induced by a group of nine persons with a value equal to 1.84 m/ s2. However, increasing the number of pedestrians did not increase the acceleration level; instead, its reduction was observed. This is due to difficulties with ensuring synchronization among pedestrians with larger groups. Lower acceleration levels occurred for the run. It was caused by the frequency of excitation, which is not close to any of the bridge’s natural vibrations. The peak acceleration values, irrespective of the type of excitation, occurred in the part where the steel girder was lower above the deck. This is due to the lower stiffness of the structure, and thus the occurrence of the maximum amplitude of first four mode shapes in this area. The horizontal levels of the deck acceleration were significantly smaller than vertical ones, but they could not be considered negligible. For synchronic excitations, they correspond to the mean level of comfort, and even to the minimal level of comfort for jumps. It is worth mentioning that acceleration levels were significantly lower for unsynchronized pedestrian groups. They did not exceed the value of 0.23 m/s2 for vertical vibrations and of 0.06 m/s2 for horizontal ones. The footbridge exhibited a high level of comfort during normal exploitation according to Sétra guidelines [24] (Figure 15); however, the classification of comfort would be different in the case of intentional or vandalized excitations.






4. Conclusions


The experimental and numerical results of the dynamic system identification and verification of the behavior of two footbridges in Poland have been presented in this paper. The study has concerned the footbridge above the S8 expressway, and the structure above the University Route in Bydgoszcz. The vibration testing altogether with the system identification and correlation techniques have been applied in the study.



Firstly, experimental tests under different scenarios of human-induced load, impulse load, and excitations induced by vibration exciter, have been conducted. The results obtained show that it is possible to detect all four bending mode shapes, and the corresponding natural frequencies, of the deck for the footbridge above S8 expressway in the case of impulse excitation. Moreover, the study proves that for a footbridge above the University Route in Bydgoszcz, only the test with the use of impulse excitation allows the identification of five frequencies that have not been triggered by any other excitation (human-induced load or using a vibration exciter). The results of the tests indicate that both structures under investigation have the first bending frequency of the deck in the range of human-induced excitation. Therefore, there is a risk of excessive structural vibrations during exploitation.



In the second stage of the study, numerical analyses have been carried out. The detailed FEM models, based on technical drawings, have successfully matched the experimentally identified modal parameters of the footbridges. The comparison between experimental and numerical results show a good agreement, both in the case of frequencies and mode shapes, with the MAC value close to one.



Finally, the vibration serviceability of footbridges has been assessed according to the current codes of practice. The footbridge over the S8 expressway, regardless of the scenario of human-induced loading (even with excitations that can be considered as vandalistic), provides a maximum level of comfort to its users. Different situation concerns the footbridge above the University Route in Bydgoszcz. This time, the accelerations measured under synchronized walking, running, and jumping scenarios have exceeded comfort level, even for a small group of pedestrians. The results of the study show that this structure meets the assumptions of the guidelines for vibration severability in normal use; nevertheless, it is susceptible to excitations induced by synchronized users, even in the case of a small group of pedestrians.



It should be added that, once the footbridge has been constructed, it is recommended to conduct dynamic field tests, especially if the frequencies determined from the numerical model at the design stage are similar to the human-induced loading. The identified dynamic parameters can be further used to update the numerical model. Then, the updated numerical model can be employed to carry out the extensive numerical analyses focused on the response of structures under different dynamic loads, including wind and earthquakes.
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Figure 1. Side and front view of the arch footbridge above expressway S8. 
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Figure 2. General structural arrangement and typical cross-section of the arch footbridge above expressway S8 (dimensions in mm). 
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Figure 3. Side and front view of the footbridge above the University Route in Bydgoszcz. 
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Figure 4. General structural arrangement and typical cross-section of the footbridge above the University Route in Bydgoszcz (dimensions in mm). 
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Figure 5. (a) Tri-axial MEMS accelerometer in a case; (b) Example of attaching the accelerometer on the concrete deck of footbridge; (c) Example of attaching the accelerometer on the elements of the hangers anchor of footbridge; (d) QUANTUM HBM 840a 8-channel measurement amplifier. 






Figure 5. (a) Tri-axial MEMS accelerometer in a case; (b) Example of attaching the accelerometer on the concrete deck of footbridge; (c) Example of attaching the accelerometer on the elements of the hangers anchor of footbridge; (d) QUANTUM HBM 840a 8-channel measurement amplifier.



[image: Applsci 10 04505 g005]







[image: Applsci 10 04505 g006 550] 





Figure 6. Dynamic excitation methods for the footbridges (a) walking; (b) running; (c) jumping; (d) vibration exciter. 
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Figure 7. Dynamic measurement scheme of the arch footbridge above expressway S8. 
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Figure 8. Dynamic measurement scheme of the arch footbridge above the University Route in Bydgoszcz. 
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Figure 9. Time history of acceleration and normalized FFT amplitude for the arch bridge above expressway S8 at point a5z excited by (a) synchronous march of a group of 12 persons, (b) impulse. 






Figure 9. Time history of acceleration and normalized FFT amplitude for the arch bridge above expressway S8 at point a5z excited by (a) synchronous march of a group of 12 persons, (b) impulse.



[image: Applsci 10 04505 g009]







[image: Applsci 10 04505 g010 550] 





Figure 10. Time history of acceleration and normalized FFT amplitude for the arch footbridge above the University Route in Bydgoszcz at point a1z excited by (a) synchronous run of a group of nine persons, (b) impulse. 
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Figure 11. FEM model of the arch footbridge above expressway S8. 
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Figure 12. FEM model of the footbridge above University Route in Bydgoszcz. 
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Figure 13. FEM model eigenvectors and eigenvalues of the arch footbridge above expressway S8. 
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Figure 14. FEM eigenvectors and eigenvalues of the footbridge above the University Route in Bydgoszcz. 
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Figure 15. Comfort levels and corresponding acceleration ranges according to Serta and HiVoSS. 
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Figure 16. (a) Comparison of experimental vertical mode shapes (field test—blue; FEM model—red) (b) Representation of MAC matrix between the FEM model and filed test mode shapes of the arch bridge above expressway S8. 
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Figure 17. (a) Comparison of experimental vertical mode shapes (field test—blue; FEM model—red). (b) Representation of MAC matrix between the FEM model and filed test mode shapes of the arch bridge above the University Route in Bydgoszcz. 
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Figure 18. (a) Comparison of experimental vertical mode shapes (field test—blue; FEM model—red). (b) Representation of MAC matrix between the FEM model and filed test mode shapes of the arch footbridge above the University Route in Bydgoszcz. 
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Table 1. FRFs used in PP method.
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	FRF
	Symbol
	Signal





	Receptance
	     H  r  ( ω )   
	     D i s p l a c e m e n t   F o r c e     



	Mobility
	     H  m  ( ω )   
	     V e l o c i t y   F o r c e     



	Accelerance
	     H  a  ( ω )   
	     A c c e l e r a t i o n   F o r c e     
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Table 2. Modes and eigenvalues identified from the FEM model of the arch bridge above expressway S8.






Table 2. Modes and eigenvalues identified from the FEM model of the arch bridge above expressway S8.





	
Number

	
Mode Type

	
Frequency

	
Modal Component Ratio




	
Deck

	
Arch




	
Hz

	
Vd

	
Ld

	
Td

	
Va

	
La






	
1

	
S8_Vd1

	
1.70

	
1.00

	
0.03

	
0.00

	
0.98

	
0.08




	
2

	
S8_La1

	
2.00

	
0.14

	
0.10

	
0.28

	
0.14

	
1.00




	
3

	
S8_Va1

	
2.29

	
0.95

	
0.10

	
0.00

	
1.00

	
0.70




	
4

	
S8_Vd2

	
3.27

	
1.00

	
0.02

	
0.00

	
0.95

	
0.05




	
5

	
S8_La2

	
3.74

	
0.13

	
0.01

	
0.26

	
0.08

	
1.00




	
6

	
S8_Ld1

	
3.90

	
0.06

	
1.00

	
0.00

	
0.32

	
0.57




	
7

	
S8_Vd3

	
4.94

	
1.00

	
0.03

	
0.00

	
0.88

	
0.16




	
8

	
S8_Vd4

	
6.81

	
1.00

	
0.01

	
0.00

	
0.95

	
0.07
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Table 3. Modes and eigenvalues identified from the FEM model of the arch footbridge above the University Route in Bydgoszcz.






Table 3. Modes and eigenvalues identified from the FEM model of the arch footbridge above the University Route in Bydgoszcz.





	
Number

	
Mode Type

	
Frequency

	
Modal Component Ratio




	
Deck

	
Arch




	
Hz

	
Vd

	
Ld

	
Td

	
Va

	
La






	
1

	
B_La1

	
0.94

	
0.02

	
0.00

	
0.00

	
0.04

	
1.00




	
2

	
B_La2

	
1.12

	
0.08

	
0.00

	
0.00

	
0.01

	
1.00




	
3

	
B_La3

	
2.30

	
0.05

	
0.01

	
0.00

	
0.13

	
1.00




	
4

	
B_Vd1

	
2.35

	
1.00

	
0.01

	
0.00

	
0.66

	
0.73




	
5

	
B_La4

	
2.65

	
0.43

	
0.00

	
0.00

	
0.51

	
1.00




	
6

	
B_La5

	
3.39

	
0.07

	
0.01

	
0.00

	
0.20

	
1.00




	
7

	
B_Vd2

	
3.58

	
1.00

	
0.02

	
0.00

	
0.89

	
0.40




	
8

	
B_La6

	
4.01

	
0.13

	
0.00

	
0.00

	
0.08

	
1.00




	
9

	
B_La7

	
4.17

	
0.09

	
0.01

	
0.00

	
0.14

	
1.00




	
10

	
B_Vd3

	
4.82

	
1.00

	
0.01

	
0.00

	
0.72

	
0.12




	
11

	
B_Td1

	
4.95

	
0.50

	
0.01

	
1.00

	
0.33

	
0.11




	
12

	
B_Td2

	
5.18

	
0.49

	
0.03

	
1.00

	
0.42

	
0.24




	
13

	
B_La8

	
5.26

	
0.29

	
0.01

	
0.00

	
0.14

	
1.00




	
14

	
B_La9

	
5.27

	
0.31

	
0.02

	
0.58

	
0.14

	
1.00




	
15

	
B_Vd4

	
5.56

	
1.00

	
0.03

	
0.00

	
0.97

	
0.16




	
16

	
B_Vd5

	
5.90

	
1.00

	
0.01

	
0.00

	
0.51

	
0.17
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Table 4. Correlation between experimental and FEM model modal parameters of the arch bridge above expressway S8.






Table 4. Correlation between experimental and FEM model modal parameters of the arch bridge above expressway S8.





	
Mode

	
Frequency (Hz)

	
Relative Difference (%)

	
Damping Ratio (%)

	
MAC (-)




	
Field Test

	
FEM Model

	
Δf

	
ξ

	
Impulse






	
Vd1

	
1.76

	
1.70

	
3.5

	
4.2

	
0.99




	
Vd2

	
3.23

	
3.27

	
−1.2

	
0.4

	
0.99




	
Vd3

	
4.99

	
4.94

	
1.0

	
0.7

	
0.99




	
Vd4

	
6.86

	
6.81

	
0.7

	
1.2

	
0.99
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Table 5. Correlation between experimental and FEM model modal parameters of the arch bridge above the University Route in Bydgoszcz.






Table 5. Correlation between experimental and FEM model modal parameters of the arch bridge above the University Route in Bydgoszcz.





	
Mode

	
Frequency (Hz)

	
Relative Difference (%)

	
Damping Ratio (%)

	
MAC (-)




	
Field Test

	
FEM Model

	
Δf

	
ξ

	
Impulse

	
Vibration Exciter






	
B_Vd1

	
2.31

	
2.35

	
1.7

	
1.3

	
0.99

	
1.00




	
B_La4

	
2.52

	
2.65

	
5.2

	
0.5

	
0.99

	
1.00




	
B_Td1

	
4.77

	
4.95

	
3.8

	
2.1

	
0.99

	
-




	
B_Td2

	
4.99

	
5.18

	
3.8

	
1.1

	
0.99

	
0.99




	
B_Vd5

	
5.73

	
5.90

	
3.0

	
0.6

	
0.95

	
0.97
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Table 6. Peak recorded acceleration due to human-induced loading acting on the arch bridge above expressway S8.






Table 6. Peak recorded acceleration due to human-induced loading acting on the arch bridge above expressway S8.





	
Sensor

	
Walk

	
Run

	
Jump




	
Synchronous

	
Free

	
Synchronous

	
Free

	
Synch.




	
6 ped.

	
12 ped.

	
6 ped.

	
12 ped.

	
6 ped.

	
12 ped.

	
6 ped.

	
12 ped.

	
6 ped.






	
Vertical acceleration (m/s2)




	
a1z

	
0.21

	
0.31

	
0.13

	
0.12

	
0.21

	
0.25

	
0.11

	
0.12

	
0.36




	
a2z

	
0.20

	
0.31

	
0.17

	
0.14

	
0.20

	
0.23

	
0.13

	
0.15

	
0.43




	
a3z

	
0.24

	
0.31

	
0.13

	
0.14

	
0.40

	
0.48

	
0.13

	
0.15

	
0.48




	
a4z

	
0.14

	
0.22

	
0.05

	
0.06

	
0.37

	
0.53

	
0.13

	
0.20

	
0.48




	
a5z

	
0.20

	
0.28

	
0.11

	
0.12

	
0.30

	
0.42

	
0.11

	
0.14

	
0.39




	
a6z

	
0.18

	
0.30

	
0.15

	
0.14

	
0.18

	
0.21

	
0.12

	
0.12

	
0.40




	
a7z

	
0.23

	
0.32

	
0.13

	
0.12

	
0.15

	
0.20

	
0.12

	
0.13

	
0.36




	
Horizontal acceleration (m/s2)




	
a2y

	
0.02

	
0.02

	
0.01

	
0.01

	
0.02

	
0.02

	
0.01

	
0.01

	
0.3
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Table 7. Peak recorded acceleration due to human-induced loading acting on the arch bridge above University Route in Bydgoszcz.






Table 7. Peak recorded acceleration due to human-induced loading acting on the arch bridge above University Route in Bydgoszcz.





	
Sensor

	
Walk

	
Run

	
Jump




	
Synchronous

	
Free

	
Synchronous

	
Free

	
Sync

	
Free




	
6

	
9

	
12

	
6

	
12

	
6

	
9

	
12

	
6

	
12

	
6

	
12






	
Vertical acceleration (m/s2)




	
a1z

	
0.93

	
1.83

	
1.19

	
0.05

	
0.07

	
0.42

	
0.58

	
0.62

	
0.22

	
0.48

	
1.24

	
2.16




	
a2z

	
0.83

	
1.84

	
1.08

	
0.09

	
0.08

	
0.45

	
0.68

	
0.59

	
0.23

	
0.37

	
1.31

	
2.23




	
a3z

	
0.72

	
1.49

	
0.93

	
0.06

	
0.07

	
0.41

	
0.65

	
0.70

	
0.21

	
0.40

	
1.12

	
1.59




	
a4z

	
0.91

	
1.83

	
1.14

	
0.05

	
0.04

	
0.35

	
0.56

	
0.55

	
0.22

	
0.40

	
1.17

	
2.20




	
a5z

	
0.40

	
1.12

	
0.50

	
0.07

	
0.08

	
0.31

	
0.50

	
0.39

	
0.13

	
0.18

	
0.73

	
1.16




	
a6z

	
0.35

	
0.75

	
0.41

	
0.05

	
0.05

	
0.29

	
0.37

	
0.37

	
0.12

	
0.17

	
0.71

	
0.80




	
a7z

	
0.34

	
0.59

	
0.46

	
0.07

	
0.03

	
0.30

	
0.29

	
0.29

	
0.09

	
0.12

	
0.53

	
0.57




	
Horizontal acceleration (m/s2)




	
a1y

	
0.18

	
0.19

	
0.16

	
0.01

	
0.01

	
0.08

	
0.09

	
0.11

	
0.03

	
0.06

	
0.22

	
0.37




	
a5y

	
0.13

	
0.24

	
0.17

	
0.02

	
0.02

	
0.12

	
0.13

	
0.13

	
0.04

	
0.05

	
0.31

	
0.26
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