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Abstract

:

This paper presents results from numerical simulations validated by experimental results related to the effects of dynamic soil-structure interaction (DSSI) on the dynamic response of bridges. An in-service overpass was shaken using the T-Rex, a large-amplitude mobile shaker from the National Hazards Engineering Research Infrastructure (NHERI) facilities. Studies implementing Finite Element Modeling (FEM) to develop time histories, response spectra, and eigenmodes were conducted in a forward-modeling problem setup. Two models were created to assess the DSSI effects on the dynamic response of the bridge. One model included elements that incorporate DSSI effects, while the other had fixed-base boundary conditions. The response from the DSSI FEM model matched the field results better than the fixed-base model in terms of the peak response amplitudes and identified natural frequencies and modes. The influence of a series of factors, such as the soil shear wave velocity, bridge height, bridge foundation embedment depth, and the corresponding rigidity, slenderness, and embedment ratios, on the bridge response is presented.
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1. Introduction


A fixed base, typically at the grade level, is assumed in the design or dynamic response analyses of bridges. However, the soil–foundation flexibility, energy absorption, and radiation by the soil system can alter the response of bridges to dynamic loads [1,2]. This interaction between the structure, foundation, and soil, which in some cases may even change the dynamic load transmitted through the ground which is, in general, referred to as the dynamic soil–structure interaction (DSSI). To quantify the effects of DSSI on structural response, it is customary practice to compare the analysis results of a structure incorporating DSSI effects with one that has a fixed base. According to the commentary section of FEMA P-2082-1 NEHRP Recommended Seismic Provisions For New Buildings And Other Structures [3], DSSI effects are inertial, kinematic, and foundation deformation effects.



While the actual structure–soil–foundation vibration is a 3D problem, it has been established that in a simplified form, the dynamics of a bridge-foundations-soil system is analogous to a single degree-of-freedom (DOF) oscillator [4]. A spring-dashpot-mass system would oscillate about its equilibrium position in a translational motion. To establish the analogy of 1-DOF oscillators to bridges, it is essential to identify the different elements involved. Figure 1 shows a typical cross-section at the pier of notional bridges, describing the load transfer mechanism from the superstructure onto the soil in a structure-foundation-soil system. However, in forced vibration experiments of buildings, it is common to shake the structure on the roof or a certain floor. In the case of bridges, the shaking takes place on the deck. The girders in Figure 1 can be either structural steel or reinforced concrete beams. Pier caps can be single-pier or multi-pier caps, and the piers typically rest on a single connected spread footing. A lumped mass system can represent this section as depicted in Figure 2, with translation and rotation of the foundation introduced to the system. Those lead to swaying and rocking responses of the system. Due to the additional compliance at the footing compared to the fixed-base oscillator, it is always the case that the inclusion of DSSI effects would soften the structure [5].



There are several research efforts that studied DSSI effects on bridges utilizing ambient vibrations or historic earthquake records [6,7,8,9]. However, the experimental validation of DSSI effects through field measurements still needs to be extensively studied. Large-amplitude shaking is promising since it can excite the entire structure–soil–foundation system (SFS) in a nondestructive manner. Nevertheless, there are some research efforts implementing various forced/controlled vibrations on serviceable structures for dynamic characterization of super- and substructures [10,11,12,13].



The purpose of this paper is to examine the effects of DSSI on the dynamic behavior of in-service bridges, by conducting experimental and numerical evaluations. DSSI effects are related to the response under typical heavy traffic load levels, while providing adequate loading to discern DSSI effects. Other methods presented in the literature suffer from low-level loads, substantially lower coherence, and they cannot excite the entire bridge-foundation-soil system [14]. The influence of stiffness and embedment ratios through the altering of structural height, embedment depth, and shear wave velocity was examined. To excite the bridge, T-Rex, a large mobile shaker from the NHERI facilities, was used in this research effort. Three-dimensional FEM simulations of the tested bridges were established to assess the DSSI effects, and the results of a fixed-base model were compared to those from a model incorporating DSSI effects. Output in time and frequency domains, and the eigenmodes, were compared to the experimental results to assess the accuracy of both models. The paper presents a first-of-its-kind experimental program that involves using large-amplitude mobile shakers to examine dynamic characteristics of in-service bridges.




2. Factors Controlling DSSI


When addressing the effects the inclusion of DSSI introduces to a structure, it is imperative to understand that those imply the extent to which DSSI alters the dynamic response when compared to the response of the same structure with a fixed base. Such factors that control this extent are discussed in this subsection. In general, these factors affect the structural response, resonant frequencies, damping, and in some cases the overall dynamic behavior of a structure-foundation-soil system. In addition, to standardize the comparison between various geometric and material aspects, sub- and superstructural configurations, and different dynamic behavior structures can exhibit at different frequencies, the dimensionless frequency a0 is introduced as    a 0  =   ω B    V s      where ω is the excitation frequency, B is the half-width of a footing (or radius if circular), and Vs is the effective shear wave velocity of the underlying soil. The effect of the following factors will be examined in the follow-up sections.



	
Structure-to-Soil Stiffness Ratio (Rigidity Ratio):






This ratio is defined as    s ¯  =  h   V s  T    , where h is the total structural height, and T is the period of the 1st mode. Increasing   s ¯   (a taller bridge or resting on softer soils) leads to an immediate drastic reduction in resonant frequencies when compared to a fixed base. At   s ¯   = 1, a reduction in natural frequency of up to 35% is expected compared to   s ¯   = 0 [14]. On the other hand, increasing   s ¯   significantly increases effective or equivalent damping.



The effect of increasing   s ¯   on the maximum structural response (displacement or forces) can either increase or decrease as a function of     a 0    when compared to a fixed base. Overall, increasing    s ¯     leads to increasing DSSI effects to varying extents depending on whether vertical, rocking, or swaying motions are the predominant mode of vibration [14,15,16]. This parameter is the most influential in controlling the extent of DSSI effects. In general, a foundation can be considered rigid if   s ¯   is > 10 [17].



	
Structure-to-Soil Slenderness Ratio:






This ratio is defined as    h ¯  =  h a    where a is the characteristic dimension of the footing (radius if circular, or half-width if rectangular). Maximum displacements at the roof displacements significantly increase as the slenderness ratio increases. The amplification of roof motions due to DSSI effects relative to a fixed-base structure is caused by the dynamic behavior becoming governed by rocking motion. However, taller structures at the same rigidity ratio become less prone to period elongation (structural softening) effects from the DSSI. This means that taller structures do not necessarily experience more DSSI effects, especially since they typically possess low rigidity ratios. Moreover, the overall damping significantly decreases with a decreasing slenderness ratio at the same rigidity ratio. These effects are reversed between tall and short structures. The extent to which (whether amplification or reduction) DSSI effects alter the structural response (forces and displacements) of the structure–soil–foundation system depends on how far the resonant frequencies are changed relative to the fixed-base structure [14,18,19,20].



	
Structure-to-Soil Mass Ratio:






This ratio is defined as    m ¯  =  m  ρ V     where m is the effective modal mass supported by the foundation, ρ is the mass density of the underlying soil, and V is the volume of soil excited around the foundation equivalent to the volume of the foundation. Smaller values of the mass ratio lead to a lesser extent of DSSI effects on a structure relative to one with a fixed base. Increasing the mass ratio significantly reduces the structural peak dynamic response relative to a fixed-base response. This effect is even more pronounced in embedded foundations, especially at higher frequencies (a0 > 1.5) [21]. In general, increasing the mass ratio leads to an increase in impedance, owing to a more meaningful increase in the real part (stiffness) than the imaginary part (damping) [22,23]. This is expected since hysteretic (material) damping is frequency-independent at low strains since it is controlled by the frictional forces between the soil and foundation at the interface. The dependence of the imaginary part of impedance on frequency would be driven by radiation damping, which can vary in complexity. It can be neglected in some sites, while other sites may exhibit significant viscous damping [14].



	
Embedment Ratio:






This ratio is defined as    D a    where D is the foundation embedment depth. The current discussion is for perfect contact between the sidewall of the soil and the foundation throughout dynamic loading. Increasing the embedment ratio leads to a significant increase in the impedance in all vibration modes. This can affect the softening of a structure, hence the extent of DSSI effects, relative to a fixed-base scenario. The imaginary part of the impedance (damping) significantly increases when compared to a surface foundation, across all vibration modes. On the other hand, the increase in dynamic stiffness is more pronounced for rocking than vertical or horizontal modes. In addition, the trench height (the height of the sidewall embedded) shows a similar trend, the impedance increases with increasing embedment ratio. In other words, this increase is 0 for a surface foundation and increases gradually as the foundation is more embedded and passes by the minimum embedment ratio, where the foundation is just embedded below the ground surface [4]. This effect is true for various types of foundations, including strip footings and piles [24]. As a result, a higher embedment typically leads to an increase in resonant frequencies relative to a surface foundation, while peak response is reduced primarily due to damping. Furthermore, the kinematic interaction is altered depending on the location of the foundation relative to the free field. Therefore, appropriate estimation of foundation input motions should be considered when conducting a complete DSSI analysis, since they can alter the response. In general, increasing the embedment can lead to lower structural demands [3].



	
Other Factors:






Apart from the aforementioned factors, other parameters can alter the response of a structure-foundation-soil system, one of which is the configuration of the underlying soil.



The above factors are discussed presuming the foundation lies on a homogeneous half-space, which can vary by site. Some sites may have layered stratum over half-space or bedrock. In this case, the extent to which the dynamic properties would be altered depends on the thickness of the layers and the distance to the bedrock/half-space [4,25]. Furthermore, factors affecting the soil rigidity can affect the response amplitudes, due to an altering of the static stiffness. These include the angle of internal friction, Poisson’s ratio, void ratio, degree of saturation, confining pressure, and grain characteristics [26,27]. The extent to which these factors influence the response depends on the strain level the soil is undergoing under a given load scenario. In addition, the implicit inclusion of DSSI effects and derivation of closed-form solutions for rocking and sliding foundations were studied in the literature [1,28,29,30,31,32,33].




3. Experimental Program


The experimental program was designed to conduct large-amplitude shaking of an in-service bridge to assess the extent of DSSI effects on its dynamic response. Hobson Avenue Bridge, a bridge over Interstate 195 in Hamilton Township, New Jersey, was selected for the study. It is a 67.4 m two-span continuous steel multi-girder bridge with rocker end bearings supported by a three-column bent on a shallow continuous reinforced concrete (RC) footing. Figure 3 shows a side view of one of the bridge spans, while Figure 4 shows the dimensions of the super- and substructure.



T-Rex was used to shake the bridge as shown in Figure 5a. It can induce large-amplitude vibrations of the bridge which can be monitored in real-time in a control room, as shown in Figure 5b. The control room is moved off the bridge before testing. The maximum force output is limited by the hold-down weight of the T-Rex truck. To measure the force, T-Rex uses accelerometers mounted on the reaction mass and base plate of the shaker from which the force output can be calculated. The excitation amplitude was capped at 94 kN transversely and 48 kN vertically to limit the bridge response to about 2.54 cm/s.



A linear chirp function, shown in Figure 6 was used to conduct the T-Rex shaking on the bridge. The frequency of the load decreased linearly from the start to end frequency during a given time. This function minimizes the number of loading cycles required. A linear chirp from 15 Hz to 1 with a total duration of 32 was implemented.



A sampling rate of 200 Hz (or time increments of 0.005 s) was selected for the driving force, which satisfies the Nyquist frequency condition. The shaking was conducted the three directions (vertical, transverse, and longitudinal) and at varying magnitude levels. The driving force was incrementally increased until the maximum response reached 2.54 cm/s. Except for one run, all runs were repeated to ensure data quality and to estimate the coherence function. Geophones were used to measure the response of the bridge at multiple locations on the bridge and the ground response up to 23 m away from the bridge. The overall sensor layout of geophones used to measure the bridge response is shown in Figure 7. A total of 45 geophones were employed (1 for each sensing direction), and the bridge was shaken in the directions indicated by black arrows in Figure 7. Results from the ground geophones were used to evaluate which vibrations were measurable above ambient vibrations. In addition, four single stations for horizontal-to-vertical (H/V) spectral ratio noise measurements in the free field were placed on the bridge perimeter to evaluate site effects and identify the fundamental resonant frequency of the soil deposit. Each single station measurement location is denoted relative to the Hobson Avenue Bridge (i.e., NW, NE, SW, and SE).



The site’s shear wave velocity (Vs) profile was obtained through Multichannel Analysis of Surface Waves (MASW) testing before bridge testing. Various inversion parameterizations for the theoretical fundamental mode Rayleigh wave dispersion, considering several layering ratios, were evaluated to match the experimental data and to obtain the Vs profile of the site. An average shear wave velocity of 200 m/s was deemed appropriate for the depth down to about 15 m.




4. Description of Numerical Model


COMSOL Multiphysics software (Version 6.1) was used in this research to produce 3D FEM simulations of the Hobson Avenue Bridge and the response to the dynamic excitation. To investigate the effect of DSSI on the actual bridge response, two 3D models were established. The first incorporates DSSI effects, while the other has a fixed base. In both the fixed-base and DSSI-incorporating FEM models, 3D solid elements were utilized to model all components of the bridge. Results from an auxiliary (not presented herein) model showed that maximum strain values are in the order of 5 × 10−5. Therefore, linear elastic material properties were assigned in both models to all domains, since the response was in the elastic range due to the controlled vibration levels. Hence, soil properties remain constant and they represent low-strain moduli and damping conditions.



Impedance functions of a sub-structured (SFS) were modeled as a system of frequency-dependent translational and rotational springs and viscous dampers to incorporate the DSSI effects in the model. The boundary conditions at abutments did not incorporate DSSI effects in the model, and the bridge had rocker bearings at its ends. This is to reflect the actual experimental setup conducted in the study in which loading was applied directly above the pier and at mid-span. Hence, the response was primarily controlled by the pier footing boundary conditions. The formulae and parameters for embedded rectangular foundations in a homogenous half-space were used to describe the impedance of the foundation. Details about obtaining the impedance functions are found in [35].



Figure 8 depicts an overview of the 3D model developed in COMSOL, which matches the geometry and dimensions of the actual bridge. Rayleigh damping was used to describe the damping characteristics of the bridge superstructure. Rayleigh damping is defined as viscous damping and is proportional to a linear combination of mass (M) and stiffness (K). It is expressed in terms of mass and stiffness as ξ = MαdM + Kβdk, where αdkM is the mass damping parameter, and βdk is the stiffness damping parameter. A value of βdk = 0.0065 was selected to represent the structural damping. αdM = 0 was set in the study since inertial effects are low in low-frequency ranges, and the behavior is more stiffness controlled. In addition, βdk was fixed in both time and frequency domains to maintain compatibility and modeling simplicity. It is a theoretical limitation that the damping loss factor cannot be set as a function of frequency in time domain studies. However, multiple Rayleigh damping ratios at multiple frequencies can lead to more accurate results in the frequency domain. Free tetrahedral elements with adaptive sizing were used to mesh the entire domain. Figure 9 illustrates the overall meshed model, in which concrete elements had coarser meshes, while steel elements (girders and bracing) were fine-meshed. This meshing resulted in 1,007,262 degrees of freedom (DoFs).




5. Experimental Results


The primary goal of shaking the Hobson Avenue Bridge was to perform structural identification (St-Id) to obtain resonant frequencies and modal damping. Experimental Modal Analysis (EMA) was performed from signals measured in the time domain and processed to produce various outputs. Figure 10 shows a typical time history obtained for bridge response from various signals, with the caption providing information about the loading direction and response measured. The response from one side of the bridge is shown as an example to avoid a cluttered representation. Power spectra are helpful to show at which frequencies the energy of a time-varying signal is concentrated. The variation of the response was examined under vertical and transverse highest loading scenarios when T-Rex was placed above the bent and at the mid-span to determine resonant frequencies of the soil–foundation–bridge system. The geophones above the bent were critical for identifying the transverse and rocking mode shapes since the bent of the bridge can capture the rocking motion. To obtain natural frequencies from the results, peak picking was used. Seven distinct natural frequencies of the bridge were identified. The modes were easily identified from the far-apart peaks, as presented in [36]. However, a complex motion of the bridge occurs in the 4–5 Hz range due to closely spaced modes. The first mode encountered occurs at 4.37 Hz. A peak in the vertical response occurs at 4.49 Hz, which is driven by the high energy vertical vibration of one of the bridge modes even though the shaking is horizontal, indicating the existence of a vertical mode of vibration. Two modes with dominant horizontal motion occur at 4.37 Hz and 4.61 Hz.



Eigenmodes are a function of intrinsic properties of the structure (mass, stiffness, and damping), and force amplitude or location should not affect their determination. In addition, there are three closely spaced modes (nominally 4.35 Hz, 4.51 Hz, and 4.61 Hz) that inevitably influence each other, so peak picking can be inaccurate. For sparse modes, peak picking and damping estimation using the half-power method can be used to determine resonant frequencies and damping, respectively. Therefore, an additional step was conducted to provide a better determination of the resonant frequencies and damping. The Rational Fraction Polynomial (RFP) Method was utilized to extract the mode shapes. This was conducted by curve-fitting the Frequency Response Functions (FRFs) of the time histories. A dynamic model is fit through the data within a given order, and the order is increased until an adequate fit is achieved [37]. However, increasing the model order can introduce noise modes since bridges are continuous systems that have infinite mode shapes; those could be identified and eliminated since they are trivial modes. In addition, a Modal Complexity Factor (MCF) given by (1) was estimated for the three closely spaced mode shapes. The MCF values are between 0–1, with values closer to 1 indicating a real-valued eigenmode, while values closer to 0 indicate a complex mode, which can suggest the presence of nonclassical damping [38].


  M C F  ( φ )  =      (   L  x x   −  L  y y    )   2  + 4  L  x y     2       (   L  x x   +  L  y y    )   2     



(1)




where Lxx = Re(φ)T × Re(φ), Lyy = Im(φ)T × Im(φ), and Lxy = Re(φ)T × Im(φ) are scalar products from the mode shape φ.



The estimation of damping is a subsequent step after determining the resonant frequencies in EMA. Table 1 summarizes the findings from the EMA performed on Hobson Avenue Bridge. The resonant frequencies obtained experimentally will be the basis for comparison with eigenmodes from the numerical simulations. The complexity of modes 3–5 is a result of them being closely spaced and an indication of non-proportional damping in the soil-foundation-structure system. In addition, the obtained damping in Table 1 represents the structural damping of the deck. It is noteworthy to mention that the bridge exhibited higher vertical rigidity than lateral rigidity, as observed from the non-proportionally lower vertical responses relative to the load levels applied. The MCFs of modes 1, 2, 6, and 7 were neglected since those modes are of lesser importance.




6. Results from Numerical Simulation and Model Validation


Two FEM models were established to assess the effects of DSSI on bridge response in this study. The first model incorporated DSSI through the inclusion of impedance functions on the foundation level, while the second was a fixed base bridge model. An eigenfrequency analysis was conducted to identify the eigenvalues (natural frequencies) and eigenvectors (mode shapes) of the bridge from the DSSI-incorporating model and to compare those with the modes at frequencies in Table 1. Figure 11 shows the same mode shapes extracted from both numerical models, which were normalized with respect to the mass matrix. Table 2 illustrates the comparison of the eigenfrequencies obtained from bridge testing with those from both models. Dashpot damping assigned to the footings resulted in complex-valued eigenmodes, which shows that the mode shapes exhibit some complexity. This is the case because whenever damping is included in a FEM model, eigenmodes become complex. The fixed-base model exhibited real mode shapes.



The imaginary part is indicative of energy loss at the foundation level due to damping and energy decay rate for each cycle. As expected, the resonant frequencies for each eigenmode are higher for the fixed base model compared to the DSSI-incorporating model. It was also observed that higher energy losses are incurred as frequency increases in both models when isotropic damping is considered. Both models achieved adequate accuracy, with a slight accuracy advantage over the DSSI-incorporating model.



To assess the contribution of each mode (or mobilization of effective dynamic mass) to the total response, the Modal Participation Factors (MPF) were determined for each eigenmode from the DSSI-incorporating model. This was performed for translational and rotational DOFs. For a certain mode shape, the participation factor (γi) can be defined through (2).


   γ i  =    {   ϕ i   }   T   [ M ]   { D }   



(2)




where {ϕi} is the ith mode shape vector, [M] is the mass matrix, and {D} is a unit displacement/rotation vector in the direction of excitation for global Cartesian coordinates and rotations about their axes. The effective mass Meff,i is defined as    γ i 2   . Subsequently, the ratio of effective mass to total mass indicates the contribution of the ith mode to the dynamic response of the bridge (MPF). The estimated total mass of the bridge is 1,029,400 kg, including the weight of the T-Rex. The mass moment of inertia was used instead of the mass to calculate MPFs for rotational DOFs. This is not as straightforward as determining translational MPFs, since this calculation requires knowledge of the center of mass of individual components of the SFS system. However, as an approximation, (3) provides an estimate for the rotational MPF of typical/notional bridges.


  M P  F  i , r   =   n  M  e f f , i , r      J  i , r      



(3)




where Ji,r is the mass moment of inertia about the rth axis for the ith (e.g., J1,x = m[Y2 + Z2]), (X, Y, Z) is the center of mass of the SFS system, and n is the modifier between 3–5 to account for the overall off-center estimation in lieu of individual bridge components estimation. An average value of n = 4 was used, and the center of mass of the SFS system was found to be at (6.05, 33.7, −1.19) m from the origin indicated in Figure 11. Table 3 summarizes the estimated MPFs for each DOF. It can be observed that the presented modes capture most of the responses fairly, with the lowest MPF of ~0.65 for the significant motions. As expected, MPFy and MPFz-z, which correspond to translation along Y (longitudinal swaying) and rotation about Z (global torsion), are approximately 0. This confirms a proper assignment of boundary conditions. Furthermore, Mode#5 contributes as high as ~0.72 of MPFy-y (rocking), while Mode#3 contributes ~0.18 (both modes represent 0.9 of this motion). This indicates that rocking is primarily the vibration mode of Mode#5, while also exhibiting some swaying. On the other hand, Mode#3 has predominantly translation motion (swaying) compared to Mode#5. Nevertheless, swaying–rocking is coupled to some extent in both modes.



After conducting the eigenfrequency study, numerical analysis and simulation of the experimental shaking were conducted in the time domain. This was also used to validate the FE model results against the experimental results. Since the boundary conditions of the footing are changing with frequency throughout the chirp, thus with time, (4) was used to define frequency (f(t)) in the time domain.


f(t) = fini − δf × t



(4)




where fini = 15 Hz, t is time, and δf is the frequency gradient (0.4375 Hz/s). Figure 12 shows response time histories caused by the lateral shaking for both the experimental and numerical results. The DSSI-incorporating model was more accurate than the fixed-base model when compared to the experimental results. Around resonance, the DSSI model showed a better match with the experimental results, supplemented by a lower mean absolute error (MAE). Table 4 shows a comparison of measured response and corresponding frequencies as obtained from the experimental results and both FE models. The maximum response from the experiment, 2.62 cm/s, occurred at a frequency of 4.16 Hz, as shown in Table 4. The maximum amplitude at the same frequency of the DSSI model was 2.53 cm/s, with a relative amplitude error of −3.5%. Meanwhile, the response at the same frequency from the fixed-base model was 2.41 cm/s with a relative error of −8.1%. Therefore, the fixed-base assumption led to a higher error in the response amplitude at resonance. The decrease in resonant frequencies due to DSSI, compared to a fixed base model, is in agreement with experimental results from other studies [39,40]. This is important since, despite the error in estimating the peak response being lower, the fixed-base assumption may lead to the omission of a vibration mode. This lateral mode is caused by soil flexibility, and its omission could lead to analysis and design errors [41,42,43]. The validated models were used to calculate displacements. Figure 13 shows a comparison of the deck’s response to horizontal excitation at a magnitude of 93.4 kN between the fixed-base and model the model including DSSI effects. It can be observed that the fixed-base model does not exhibit the multiple modes determined from the experimental study, hence skipping some modes, although they exist from the eigenfrequency analysis. Therefore, DSSI incorporation overall leads to a better match with amplitude and dynamic behavior when compared to experimental results. For the tested bridge, the incorporation of DSSI effects led to an increase in lateral displacement relative to the fixed-base model. For the mode exhibited by both models (~4.2 Hz), this increase is approximately 14%.



After matching the model in the time domain, frequency domain studies were established to accelerate modeling and preparation for parametric sweeps. Figure 14 shows results from both models compared to the experimental results for a lateral deck response to lateral shaking. It can be observed that the DSSI-incorporating model better matches the amplitude at the first resonant peak than the fixed-base model. Nevertheless, both models underestimated the resonant frequency of the first peak. As for the second peak, which is of higher importance, the DSSI-incorporating model was more accurate at estimating the resonant frequency and amplitude when compared to the test results. Away from resonance, both models captured the damping correctly until ~5.5 Hz, after which the damping was higher than what was exhibited by the bridge. Nevertheless, properly estimating damping at higher frequencies is not of foremost importance in this research. Figure 15 shows another comparison of models against test results at midspan, showing a vertical response to lateral shaking. The DSSI-incorporating model was better at describing the dynamic behavior of the deck.




7. Parametric Study of Factors Influencing Dynamic Response


The objective of this section is to highlight the effects of different super- and sub-structural parameters on the overall dynamic response and behavior of the bridge. A parametric study was conducted to assess the extent to which the incorporation of DSSI would affect the response of the bridge. The analyses were conducted in the frequency domain. In addition to the soil properties, the study included several sub- and superstructural bridge elements that can alter the response. Furthermore, the parametric study can facilitate the identification of several responses/outputs from bridge shaking that would serve as differentiators when comparing different parameters of hypothetical bridges to the actual bridge. The parameters considered were soil shear wave velocity (Vs), structural height (Htot), foundation half width (B), and foundation depth (Df). Specific combinations are shown herein rather than all possible combinations while holding other parameters constant.



Figure 16 shows the effect of varying the structural height on the overall lateral response of the bridge to a 93.4 kN lateral load centered above the pier at the deck level. The increase in structural height led to the softening of the structure as expected and reduced the resonant frequency of both peaks. In addition, the 1st peak becomes stronger than the second when the height is increased beyond 5 m. This suggests that the coupling between swaying and rocking for this mode becomes stronger. Furthermore, while the first peak becomes stronger, the second peak becomes smaller with increasing height.



Figure 17 shows the effect of varying the shear wave velocity of soil on the response of the bridge. The first peak amplitude and frequency show negligible changes, while both the amplitude and resonant frequency of the second peak increased with increasing the shear wave velocity. The response starts to saturate beyond 250 m/s, suggesting that increasing the velocity further leads to approaching the fixed-base condition. Increasing the shear wave velocity increases the shear modulus, which in turn increases the static stiffness. Figure 18 shows the effect of varying the foundation depth on the lateral response of the deck. The amplitude and frequency of the first peak exhibited no difference in varying the foundation depth. However, the second peak exhibited a slight increase in both amplitude and frequency.



Figure 19 shows the effect of varying the foundation depth on the lateral response of the footing. The effect of increasing the depth mainly led to high damping of the response by lowering the peak amplitudes. Through the figure, it is possible to infer a more intuitive and discernible difference in response to lateral shaking. In addition, the behavior of the footing is in agreement with the behaviors described by Wolf [14]. This is the case since damping is expected to decrease the peak response and slightly increase the frequency due to increased mechanical impedance (not to be confused with a lower damped frequency of SDOF systems). This result highlights the importance of having ground geophones either attached to the pier or the foundation itself if possible.



Similar to footing depth, varying footing by a half-width did not lead to discernible differences at the deck level; hence, the response of the footing was considered. Figure 20 shows the lateral response of the footing to lateral shaking. While there is no clear trend deducible from the results, they still show that varying the footing half-width leads to a varying response, and that helps discern the correct foundation width through an iterative process.



To assess the extent to which DSSI effects alter the response, the results from the parametric study were used to further examine the effect of the following variables on the response:




	
Embedment ratio



	
Structure-to-Soil Stiffness Ratio (Rigidity Ratio)



	
Structure-to-Foundation Slenderness Ratio








The two main criteria selected to assess such effects are peak amplitude(s) modification and their respective frequencies. The change in peak frequency relative to a fixed-base case is commonly and interchangeably referred to as period lengthening/shortening or stiffness softening/hardening. This is referred to as structural hardening/softening herein. Naturally, varying parameters such as Vs or B will lead to altering multiple ratios at the same time. While damping is another key factor to examine when assessing DSSI effects, it was not considered in the current study. Figure 21a shows the effect of the embedment ratio (D/B) on the peak amplitude ratio of DSSI/Fixed lateral deck response, while Figure 21b shows the same for peak frequency. Those results are shown for the second peak illustrated in Figure 18. It can be observed that increasing the embedment ratio led to diminishing DSSI effects, which is manifested in Figure 21b as the DSSI/Fixed peak frequency ratio increasing and approaching unity. Furthermore, Figure 21a suggests that the increase in total mechanical impedance leads to structural hardening rather than a reduction in the response due to increased damping. This is the case since both dynamic stiffness and radiation damping increased with increasing embedment depth. The extent of DSSI response alteration relative to a fixed-base scenario based on the embedment ratio can also be varied by varying the footing half-width. This may lead to a different relationship for various depths. Therefore, a combination of varying both the footing depth and half-width is of importance. However, the results presented provide adequate insights into the effect of the embedment ratio on the response.



Figure 22 illustrates the effect of varying the Structure-to-Soil Slenderness Ratio,    h ¯  =  h a   , the extent of DSSI response alteration relative to the fixed base. The results are presented as a function of the dimensionless frequency (a0 = ωB/Vs). For the second peak which describes rocking, it is evident that increasing   h ¯   led to a reduction in DSSI alteration of response relative to fixed-base. This means that this effect diminishes for more slender structures. Rotations dictate the response, and they become more controlled by the moment arm rather than the boundary condition, i.e., fixed vs DSSI. This effect also depends on the stiffness ratio, which is discussed next. For flexible structures, the rocking of the foundation is less important than for rigid structures. As for the first peak, increasing   h ¯   led to increasing the DSSI alteration of response. The bridge experiences stronger coupling between lateral, rocking, and vertical modes. Therefore, further investigation is required to determine this effect on rotations independently. However, overall softening was observed from the first peak relative to a fixed base, where the resonant frequency was reduced further than the computational frequency domain considered (around detected resonant frequencies from the experimental program). Away from the lateral resonant frequencies, the ratio approaches 1 as   h ¯   increases in the interval a0 > 0.9. On the other hand, the response is reduced relative to a fixed base at the anti-resonance down to a ratio of 0.75. The valley between the two peaks corresponds to a vertical mode shape as determined in experimental results, which again suggests some coupling in the bridge dynamic response that counteracts the rocking behavior. Figure 23 shows the effect of the   h ¯   on the peak-amplitude frequency. As discussed, the effect of DSSI decreased with increasing    h ¯  ,   which also means structural softening due to DSSI effects diminishes as slenderness increases when examined at the same rigidity ratio.



The rigidity ratio    s ¯  =    h  t o t   f    V s      was estimated assuming f to be the frequency of the second peak obtained from the fixed-base model (4.8 Hz). This ratio was estimated by sweeping both Vs and htot. Figure 24 shows the effect of the rigidity ratio    s ¯     on the peak amplitude ratio of DSSI/fixed lateral deck response. Increasing    s ¯     led to a decrease in the maximum amplitude since the rigidity of the SFS is increasing. This is in agreement with the literature, since the system becomes closer to the fixed-base assumption [14]. Figure 25 shows the reduction of the second peak amplitude ratio and the frequency of the peak as a function of dimensionless frequency with increasing   s ¯  . This follows the expected behavior that increasing    s ¯     would eventually lead to a fixed-base condition.



Table 5 summarizes the main findings from the parametric sweep conducted in the current research. It shows that the extent of DSSI effects on typical bridges similar to the one evaluated in the current study follows the behavior of 1 DoF oscillators. The effects of the rocking motion are emphasized, which shows that   s ¯   is the most important parameter to dictate the response since it combines the soil properties and structural aspects. Additional work can be conducted to isolate the effect of damping on the overall response of the bridges in future studies. The results reported herein are extendible to typical overpass bridges with similar super- and substructural features and site conditions.




8. Conclusions


The primary goal of this research was to use large-amplitude mobile shakers in tandem with highly refined numerical simulations for the dynamic characterization of bridges while informing DSSI effects. In addition, a parametric study was conducted to assess the effect of varying super-and substructural features of the SFS system after validating the FE models against the experimental results. From this research, the specific findings are:




	
Large-amplitude mobile shakers are effective in exciting the entire bridge-foundation-soil system and they facilitate the accurate determination of global dynamic characteristics in a non-destructive manner. This was proven through the experimental program reported in this study. Therefore, this study opens the possibility for the use of such shakers in future testing of in-service bridges.



	
Shaking in multiple directions using linear chirp functions enabled the identification of natural frequencies (modes) of the tested bridge. It was demonstrated that shaking the bridge at multiple locations can facilitate the detection of more natural modes/frequencies. Furthermore, ignoring DSSI effects in bridge models can lead to inaccurate dynamic response and omission of some modes of vibration.



	
The rocking behavior of the foundation was captured from the experimental program, which served as a basis for the comparison of different numerical models established in this study. Coupling between vibration modes or the presence of closely spaced modes can pose a challenge to the intuitive understanding of the dynamic behavior of an excited bridge. Therefore, examining pure motion modes (e.g., rocking, vertical, etc.) assists in understanding dynamic characteristics more easily.



	
Peak amplitude, resonant frequency, and the overall time history were shown to be unique for each combination, and this allows for discerning which set of parameters fits the experimental results.



	
The results obtained from evaluating the rigidity, embedment, and slenderness ratios in this study agreed with the typical dynamic behavior reported in the literature. The rigidity and slenderness ratios are the most influential parameters in controlling the extent of DSSI effects on the rocking response of bridges, which is similar to the one evaluated in the current study.
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Figure 1. Typical cross-section at notional bridge piers, showing different components of a structure-foundation soil system. 
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Figure 2. Description of soil–structure–foundation system in notional bridges at the pier section. 
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Figure 3. In-service bridge tested in this study. 
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Figure 4. (a) Deck dimensions, and (b) substructure dimensions of the tested bridge. 
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Figure 5. (a) T-Rex, and (b) control room to monitor response in real-time on Hobson Avenue Bridge. 
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Figure 6. A reverse linear chirp signal used to excite the bridge from 15 Hz to 1 Hz. 
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Figure 7. Overall sensor layout and T-rex loading positions. Reprinted with permission from Ref. [34]. 
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Figure 8. 3D view of the Hobson Avenue Bridge FE model in COMSOL. 
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Figure 9. Side and bottom views of the bridge model mesh. 
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Figure 10. Transverse response time histories from sensor locations mentioned in the legend to transverse shaking at 18 kN with T-Rex centered above the pier. 
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Figure 11. Modes shapes obtained from FE models for fixed-base and DSSI inclusion scenarios. 
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Figure 12. Lateral velocity from west geophone at the deck from the test, fixed-base model, and DSSI model due to shaking at a 93.4 kN lateral load magnitude. 
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Figure 13. Transverse displacement (Fourier spectrum) due to transverse shaking at 93.4 kN. 
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Figure 14. Results from frequency-domain models compared to experimental results for the lateral response of the deck to lateral shaking at 93.4 kN. 
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Figure 15. Results from frequency-domain models compared to experimental results for the vertical response of the midspan to lateral shaking at 93.4 kN. 
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Figure 16. Effect of varying Htot on lateral deck response to lateral shaking (Shown for Vs = 200 m/s, B = 5.7 m, Df = 2 m). 
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Figure 17. Effect of varying Vs (m/s) on lateral deck response to lateral shaking (Shown for Htot = 5 m, B = 5.7 m, Df = 2 m). 
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Figure 18. Effect of varying Df (m) on the lateral deck response to lateral shaking (Shown for Htot = 5 m, B = 5.7 m, Vs = 200 m/s). 
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Figure 19. Effect of varying Df (m) on lateral footing response to lateral shaking (Shown for Htot = 5 m, B = 5.7 m, Vs = 200 m/s). 
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Figure 20. Effect of varying B (m) on lateral footing response to lateral shaking (Shown for Htot = 5 m, Df = 2 m, Vs = 200 m/s). 
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Figure 21. The effect of the D/B ratio on altering the DSSI based on (a) peak amplitude and (b) peak frequency, with other parameters held constant. 
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Figure 22. Effect of varying   h ¯   on altering DSSI effects relative to a fixed base based on the peak lateral amplitude ratio of the deck due to lateral shaking. Shown for Vs =200 m/s, B = 5.7 m, and Df = 2 m. 






Figure 22. Effect of varying   h ¯   on altering DSSI effects relative to a fixed base based on the peak lateral amplitude ratio of the deck due to lateral shaking. Shown for Vs =200 m/s, B = 5.7 m, and Df = 2 m.



[image: Constrmater 03 00023 g022]







[image: Constrmater 03 00023 g023] 





Figure 23. Extent of     h    ¯    on structural softening due to DSSI effects relative to a fixed base. Shown for Vs =200 m/s, B = 5.7 m, and Df = 2 m. 
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Figure 24. Extent of the     s    ¯    alteration of lateral peak amplitude caused by lateral shaking due to DSSI effects relative to a fixed base. Shown for B = 5.7 m, Df = 2m, and varying htot and Vs. 
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Figure 25. Effect of varying   s ¯   on altering DSSI effects relative to a fixed base based on the peak lateral amplitude ratio of the deck due to lateral shaking. Shown for B = 5.7 m, Df = 2 m, and varying Vs and htot. 
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Table 1. Summary of the EMA and modal parameters obtained from shaking the Hobson Avenue Bridge.
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	Mode
	Resonant Frequency (Hz)
	Determination Method
	Damping ξs (%)
	Determination Method
	MCF (%)





	1
	2.75
	Peak Picking
	1.74
	Half-power
	-



	2
	3.39
	Peak Picking
	1.18
	Half-power
	-



	3
	4.39
	RFP Model
	3.71
	RFP Model
	35.909



	4
	4.44
	RFP Model
	3.73
	RFP Model
	22.375



	5
	4.69
	RFP Model
	3.67
	RFP Model
	20.249



	6
	8.27
	Peak Picking
	1.49
	Half-power
	-



	7
	8.81
	Peak Picking
	2.41
	Half-power
	-










 





Table 2. Eigenfrequencies obtained from numerical simulations of DSSI-incorporating and fixed-base models.
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	Mode
	Resonant Frequency—Experimental (Hz)
	Resonant Frequency *—DSSI (Hz)
	Resonant Frequency **—Fixed-Base (Hz)





	1
	2.75
	2.98 (+8%)
	3.13 (+13%)



	2
	3.39
	3.2700 + 5.07 × 10−5i (−4%)
	3.28 (−3%)



	3
	4.39
	4.1779 + 3.20 × 10−5i (−5%)
	4.20 (−4%)



	4
	4.44
	4.3734 + 2.07 × 10−3i (−2%)
	4.39 (−1%)



	5
	4.69
	4.7502 + 3.74 × 10−3i (+1%)
	4.81 (+2%)



	6
	8.27
	8.00 (−3%)
	8.00 (−3%)



	7
	8.81
	8.58 + 4.56 × 10−4i (−3%)
	8.59 (−3%)







*, ** error relative to experimental values in brackets.













 





Table 3. Summary of MPFs of each mode for translational and rotational DOFs.
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	Mode
	MPFx
	MPFy
	MPFz
	MPFx-x
	MPFy-y
	MPFz-z





	1
	4.79886 × 10−6
	0.003778069
	6.63835 × 10−8
	0.678519839
	8.89294 × 10−8
	5.1748 × 10−5



	2
	1.23837 × 10−5
	3.56323 × 10−6
	2.20892 × 10−7
	0.000898653
	1.47175 × 10−6
	0.037969573



	3
	0.438255866
	1.27803 × 10−6
	0.002418895
	3.65114 × 10−6
	0.184974325
	4.93414 × 10−7



	4
	0.003515275
	1.10738 × 10−9
	0.645697958
	2.32779 × 10−9
	7.3578 × 10−7
	4.26308 × 10−9



	5
	0.305994111
	4.32857 × 10−7
	0.000675773
	9.06041 × 10−7
	0.722411423
	3.51911 × 10−9



	6
	7.00489 × 10−8
	9.30383 × 10−7
	1.34622 × 10−8
	1.55898 × 10−6
	2.41889 × 10−8
	1.76563 × 10−5



	7
	2.74277 × 10−8
	5.4032 × 10−8
	0.000318148
	1.57805 × 10−7
	2.3009 × 10−5
	8.37671 × 10−8



	Σ
	0.747782532
	0.003784328
	0.649111074
	0.679424768
	0.907411078
	0.038039562










 





Table 4. Lateral response due to lateral shaking at the temporal trace of frequency of select frequencies.
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Frequency (Hz)

	
Response [cm/s] (% Error)




	
Fixed

	
DSSI

	
Test






	
4.16

	
2.41 (−8.1%)

	
2.53 (−3.5%)

	
2.62 (−)




	
4.49

	
2.83 (32.4%)

	
2.41 (12.9%)

	
2.13 (−)




	
4.69

	
0.79 (11%)

	
0.74 (4.2%)

	
0.71 (−)











 





Table 5. Summary of factors affecting the extent of DSSI effects on altering rocking motion in typical overpass bridges.
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	Parameter
	Effect on Peak Amplitude Ratio
	Effect on Resonant Frequency





	Embedment Ratio (D/B)
	Increasing D/B leads to increasing the amplitude ratio, with a diminishing effect beyond 0.6, where the response becomes less dependent on DSSI effects. Increasing footing depth (D) decreases the peak amplitude of the footing rocking motion.
	Increasing D/B causes the resonant frequency ratio to approach 1 or approach the fixed-base condition. This is due to the substantial increase in damping the embedment provides, and the system becomes stiffer overall through increased impedance. Increasing footing depth (D) increases the rocking resonant frequency of the footing rocking motion.



	   Slenderness   Ratio   (  h ¯  )   
	Increasing   h ¯   leads to a decrease in the peak amplitude ratio. The ratio becomes 1 beyond a ratio of 1.2, confirming that DSSI diminishes beyond a certain threshold, and the response becomes a function of the structure. This threshold depends on the structure type and site conditions.
	Increasing   h ¯   leads to a decrease in the resonant frequency ratio since larger rotations are present when DSSI effects are partially controlling the rocking motion. However, the drop in frequency ratio starts to diminish, and structural aspects (i.e., structural height [h]) overtake and control the overall response. Therefore, DSSI effects are less prominent in slender bridges.



	   Rigidity   Ratio    (  s ¯  )    
	For a set value of Vs, the effect of    s ¯    on the overall response follows the effect of    h ¯    with respect to rocking motion. Increasing the rigidity ratio leads to a decrease in the peak amplitude ratio, implying that DSSI effects start to diminish, generally beyond    s ¯    = 0.2. However,    s ¯    can have different effects on other vibration modes since it is evaluated at the resonant frequency of the motion. Coupled modes may have a decrease or increase in the peak amplitude ratio.
	For different values of (   s ¯   ), the extent of DSSI altering the response would depend on the mode(s) of vibration considered. For rocking motion, there was a decrease in resonant frequency ratio up to    s ¯    = 0.2, beyond which the response starts to approach fixed-base response. A drop from a ratio of 1.9 to 1.65 was observed for the dimensionless frequency range covered in the current study at a steady decrease, implying that a fixed-base condition would be achieved at a certain    s ¯    .
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