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Abstract: A novel approach for analyzing coupled vibrations between vehicles and bridges is presented, taking into account spatiotemporal effects and mechanical phenomena resulting from vehicle braking. Efficient modeling and solution of bridge vibrations induced by vehicle deceleration are realized using this method. The method’s validity and reliability are substantiated through numerical examples. A simply supported beam bridge with a corrugated steel web is taken as an example and the effects of parameters such as the initial vehicle speed, braking acceleration, braking location, and road surface roughness on the mid-span displacement and impact factor of the bridge are analyzed. The results show that vehicle braking significantly amplifies mid-span displacement and impact factor responses in comparison to uniform vehicular motion across the bridge. Notably, the influence of wheel-to-bridge friction forces is of particular significance and cannot be overlooked. When the vehicle initiates braking near the middle of the span, both the mid-span displacement and impact factor of the bridge exhibit substantial increases, further escalating with higher braking acceleration. Under favorable road surface conditions, the mid-span displacement and the impact factor during vehicle braking may exceed the design values stipulated by codes. It is important to note that road surface roughness exerts a more pronounced effect on the impact factor of the bridge in comparison to the effects of vehicle braking.
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1  Introduction

The use of corrugated steel web girder bridges as an emerging type of composite structural bridge is gaining prominence in the field of bridge construction. This growing adoption can be attributed to several inherent advantages, including reduced self-weight, expedited construction, and optimized utilization of unique properties inherent in composite materials. Extensive research has been devoted to investigating the static mechanical properties of such bridges by numerous scholars [1–4]. In parallel, a plethora of model tests and theoretical derivations have been conducted to explore the dynamic behavior of this type of bridge [5–8]. Parameters such as the transverse diaphragm characteristics [9], box girder cross-sectional configurations [10], external prestressing [11,12], and shear hysteresis effects [13] have been thoroughly examined to elucidate their respective impacts on dynamic characteristics.

The vibration response of corrugated steel web girder bridges under vehicular loading has garnered significant attention from scholars primarily because of the inherent structural flexibility of these bridges. Some studies have conducted analyses involving vehicle-bridge coupled vibrations for bridges with corrugated steel web girder structures and investigated the effects of various factors on impact factors of bridges [14–17]. However, most of these studies have predominantly assumed constant-speed vehicles passage over the bridge, with limited attention given to the impact of variable vehicle speed on bridge impact factors. In particular, there is a dearth of research on the implications of heavy vehicle variable-speed operations on the impact response of corrugated steel web girder bridges.

Certain scholars have engaged in vehicle-bridge coupled vibration analysis research, considering uniformly variable-speed vehicle motion. Owing to variations in the research focus and target subjects, diverse methodologies have been employed to simulate the spatial mechanical effects resulting from uniformly variable-speed vehicle motion. Azimi et al. [18] used transformation matrices to apply acceleration effects generated during train braking as external loads on the vehicle body, recalculating vertical wheel-rail contact forces, and developed a novel procedure for coupled vehicle-bridge analysis that incorporates acceleration effects. Deng et al. [19] introduced the pitch effect resulting from the uniform acceleration and deceleration of vehicles into the coupled vehicle-bridge vibration equation by applying pitch moments to the vehicle and investigated the impact of automobile braking on bridge dynamic responses while considering pitching effects. Yang et al. [20] formulated a coupled vehicle-bridge vibration analysis model that accounted for vehicular braking effects by deducing the time-varying braking forces exerted on the wheels and subsequently applying these forces as external frictional loads onto the bridge structure. Liu et al. [21] incorporated the pitch moment induced by braking as an external load into the vehicle-bridge coupled vibration equation, developing a brake-induced mechanical model for the vehicle and integrating braking vehicles into regular traffic flow, resulting in a vehicle-bridge coupled vibration analysis system that accounts for braking effects. Chen et al. [22] considered the tangential braking force and normal centrifugal force generated by spatial 3-axis vehicle braking on a curved girder bridge, applied these forces as external loads on the bridge, and conducted a dynamic response analysis of the curved girder bridge under the influence of vehicle braking using the modal synthesis method. Most of the aforementioned studies incorporated the spatial mechanical effects generated by vehicles under uniformly variable speed conditions into the coupled vehicle-bridge vibration differential equations, followed by equation solving. These processes were implemented through custom programming, which necessitated substantial programming effort. The vehicle-bridge coupled vibration numerical analysis methods developed on existing finite element software platforms has led to reduced programming efforts [23–25]. However, the majority of these methods are limited to the analysis of vehicle-bridge coupled vibrations when vehicles are moving at a constant speed over the bridge. Hence, there is a pressing need to propose a vehicle-bridge coupled vibration numerical analysis approach that accounts for the effects of uniformly variable vehicle speeds, based upon the existing finite element software platform. This approach aims to achieve a rapid and efficient analysis of vehicles traversing bridges under uniformly variable speed conditions, thereby addressing a critical requirement in this field.

Therefore, a simply supported beam bridge with a corrugated steel web was used as an engineering example in this study. The vehicle-bridge coupled vibration analysis method during the uniform deceleration of vehicles crossing the bridge was realized using ANSYS finite element software and its secondary development platform, APDL, and was numerically solved. Furthermore, the temporal and spatial effects, as well as the mechanical effects induced by vehicle braking, were incorporated into the analysis of the vehicle-bridge system. Various factors affecting the impact factor of mid-span displacement of the corrugated steel web bridge were investigated. The results provide valuable insights into the design and dynamic performance evaluation of such bridge structures.

2  Analysis Method of Vehicle-Bridge Coupled Vibration Considering Vehicle Braking

In the vibration response analysis of engineering structures or materials, in line with the principles of multifield coupled vibration analysis [26,27], the interaction between vehicles and bridges has been fully considered. This approach allows for a more comprehensive analysis of vehicle-bridge coupled vibrations that considers the braking behavior of vehicles. ANSYS finite element software, in conjunction with its APDL secondary development platform, was utilized to establish a comprehensive time-varying system for modelling the interaction between vehicles and bridges. Building on the fundamental principles of the contact constraint method, the spatiotemporal and mechanical effects arising during automotive braking events are considered. The redistribution of axle loads due to lateral inertial forces acting on the vehicle’s body and the variation in horizontal interaction forces (frictional forces) between the vehicle’s wheels and bridge deck during braking motion were analysed. By formulating a customized computational algorithm, a rapid and efficient analysis methodology was devised to comprehensively account for the scenario of vehicle braking while traversing a bridge.

2.1 Vehicle-Bridge Coupled Model

Within the unified environment of the finite element software ANSYS, a coupled vehicle-bridge model was established. In this context, a bridge model is developed based on the structural characteristics of the bridge. Various suitable elements, such as planar beam elements, spatial truss elements, and three-dimensional solid elements, can be selected to construct a spatial finite element model of the bridge. The methodology described herein is applicable to the range of element types mentioned above.

The vehicle model is simplified as a mass-spring-damper system comprising the body, suspension, and wheels. The masses of the body and wheels were represented using MASS21 mass elements, while the springs and dampers of the suspension and wheels were simulated using COMBIN14 spring elements. The chassis is represented using either the rigid rod element MPC184 or rigid beam element BEAM4. This spatial vehicular model integrates three translational degrees of freedom, corresponding to the vertical heave, pitch, and roll of the vehicle body. In addition, it includes distinct vertical displacement degrees of freedom for each wheel.

The contact constraint method was employed to facilitate the transmission of vertical forces at the bottom nodes of the wheels to the bridge deck. This method establishes contact pairs between the wheel bottom nodes and bridge deck elements [23]. CE constraint equations were used to account for the roughness of the road surface between the wheels and bridge deck, ensuring displacement coordination between the wheels and bridge deck. The specific implementation involves creating a common node, known as the contact node, between each wheel and rail bottom node and the bridge deck unit. An interface element, CONTA175, is generated on this contact node, along with a corresponding target element referred to as the “Target,” constructed on the surface of the bridge deck. Point-to-line or point-to-surface contact associations are established to connect the contact node to the bridge deck. To maintain these contact associations throughout the analysis, a unit option, Keyopt(12), is specified to ensure intimate contact between the wheels and bridge deck. Furthermore, CE constraint equations were established between the wheel bottom and contact nodes. The constant terms in these CE constraint equations consider the magnitude of the road surface roughness at the contact points between the vehicle wheels and the bridge deck. The vehicle can move to any non-nodal position on the beam or plate elements of the bridge deck owing to the use of contact elements to transmit the interaction forces between the vehicle and the bridge. It was not necessary to intentionally align the element nodes of the bridge deck with the step length of the vehicle. A certain number of elements of the bridge deck are sufficient [28]. However, the time step must be set within the necessary accuracy range for dynamic analysis in the proposed method. The validity of this approach was rigorously demonstrated in the study referenced in [23]. A spatial two-axle vehicle passing over a simply supported slab bridge is considered as an example, and the vehicle-bridge coupled vibration model is established, as shown in Fig. 1.
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Figure 1: Vehicle-bridge coupled model

To adhere to the power spectral density fitting expression for road surface vibrations recommended by the “Mechanical vibration-Road surface profiles-Reporting of measured data” (GB/T7031-2005), a program was developed using the fast Fourier transform technique and implemented on the MATLAB platform [29]. This program was used to generate samples of road surface roughness for road classes A, B, and C, as illustrated in Fig. 2.
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Figure 2: Road surface roughness samples of grades A to C

The established motion equations for the time-varying vehicle-bridge coupled system are expressed as follows:

[Mv00Mb]{Z¨vZ¨b}+[CvCvbCbvCb]{Z˙vZ˙b}+[KvKvbKbvKb]{ZvZb}={Gv0}(1)

where Mv, Cv, Kv are the mass matrix, damping matrix and stiffness matrix of the vehicle, respectively; Mb, Cb, Kb are the mass matrix, damping matrix and stiffness matrix of the bridge, respectively; Cvb and Cbv are the coupling damping matrices for the vehicle-bridge interaction; Kvb and Kbv are the coupling stiffness matrices for the vehicle-bridge interaction; Zv and Zb are the displacement vectors of the vehicle and the bridge, respectively; and Gv is the gravity load vector on the vehicle.

2.2 Realization of Spatiotemporal and Mechanical Effects during Uniform Deceleration Motion of Vehicles

During the process of the uniform variable-speed motion of the vehicle, horizontal acceleration occurs, resulting in the generation of a horizontal inertial force within the vehicle. This inertial force initiates a pitching motion of the vehicle body, leading to a redistribution of the vertical contact forces acting on both the front and rear wheels in conjunction with the bridge deck. To illustrate this phenomenon, a two-axle vehicle undergoing uniform deceleration is considered while moving to the right, as depicted in Fig. 3. In this scenario, where the total mass of the vehicle is denoted as M, the gravitational acceleration is g, the distance from the center of mass (Mc) to the road surface is hc, the horizontal distance from the front wheel center to the center of mass is l1, and the horizontal distance from the rear wheel center to the center of mass is l2, a force analysis of the vehicle and the establishment of equilibrium equations for forces and moments based on the principles of vehicle dynamic equilibrium are conducted. Consequently, the vertical contact forces for the front and rear wheels can be determined as follows:
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Figure 3: Schematic of forces acting on the vehicle in uniform deceleration motion

Fz1=Mg⋅l2+M⋅a⋅hcl1+l2(2)

Fz2=Mg⋅l1−M⋅a⋅hcl1+l2(3)

When the vehicle undergoes rightward braking, it generates a horizontal inertial force, Fic, to the right. To counteract this horizontal inertial force, both the front and rear wheels experience leftward horizontal braking forces from the road surface. The magnitude of the total braking force f is expressed as follows:

f=−Fic=−M⋅a(4)

During vehicle braking, the wheels undergo three distinct motion states: pure rolling, semi-rolling, semi-reeping, and sliding, which are commonly referred to as wheel locks. In these different states, the distribution of the braking forces between the front and rear wheels also varies. The optimal ratio of the braking force distribution between the front and rear wheels of the vehicle is expected to match the ratio of the vertical loads exerted by the front and rear wheels on the road surface. In such cases, the braking force approaches a critical state of adhesion, resulting in the maximal attainable braking efficiency [30]. Therefore, the relationship between the braking coefficient α (the ratio of the braking force to the vertical contact force) and braking acceleration a can be expressed as α=a/g.

The ground braking forces f1 and f2 experienced by the front and rear wheels can be expressed as follows:

f1=−α⋅Fz1=−α⋅(Mg⋅l2+M⋅a⋅hc)l1+l2(5)

f2=−α⋅Fz2=−α⋅(Mg⋅l1−M⋅a⋅hc)l1+l2(6)

The horizontal forces Fu1 and Fu2 exerted by the front and rear wheels of the vehicle on the bridge are as follows:

Fu1=−f1=α⋅(Mg⋅l2+M⋅a⋅hc)l1+l2(7)

Fu2=−f2=α⋅(Mg⋅l1−M⋅a⋅hc)l1+l2(8)

In comparison with a vehicle in uniform motion, the spatiotemporal and mechanical effects resulting from the uniform deceleration braking motion of the vehicle can be summarized as follows: These effects are subsequently incorporated into the framework of the vehicle-bridge coupled system established using the contact constraint approach. A two-axle vehicle in a planar configuration is taken as an example, as depicted in Fig. 4.
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Figure 4: Schematic of a vehicle passing a bridge under uniform deceleration

(1)   Along the direction of vehicle motion, when the vehicle initiates deceleration, the longitudinal displacement of vehicle nodes along the bridge within identical temporal substeps differs from that during vehicle motion at a constant velocity. This difference can be expressed through the transition from S=v0t to S=v0t−1/2at2.

(2)   From Eqs. (2) and (3), it is evident that the horizontal inertial force Fic generated at the vehicle’s center of mass induces a pitching motion in the vehicle. This motion leads to variations in the vertical contact forces at the front and rear wheels, resulting in front-axle loading and rear-axle unloading. Moreover, the effects of load changes on both the front and rear axles, quantified by their respective load change magnitudes, are analogous to the application of a pitching moment Mu of magnitude M⋅a⋅hc at the vehicle’s center of mass. Consequently, this pitching moment of magnitude M⋅a⋅hc was applied to the vehicle model’s center of mass as an external moment. The direction of this external moment aligns with that of the pitching motion of the vehicle. Through this approach, the vehicle-bridge system model accounts for variations in vertical contact forces at the front and rear axles and enables the direct transmission of these force variations to the bridge deck through wheel-rail contact.

(3)   During the uniform deceleration braking process of a vehicle, a forward horizontal inertial force Fic is generated. In response, the bridge surface produces a horizontal frictional force at the wheel-rail contact point, equilibrating with this inertial force. As deduced from the results of Eqs. (4)–(8), it is established that the resultant horizontal frictional forces experienced by each wheel-rail contact point are-Ma. While the wheel-rail contact point experiences a horizontal frictional force, it concurrently exerts an opposing horizontal force on the bridge surface, forming a pair of action and reaction forces. Therefore, the horizontal forces exerted by the wheels on the bridge surface were realized by applying horizontal external loads, Fu1 and Fu2, at the wheel-bridge contact points. However, because of the inherent limitations of the method that do not account for the longitudinal vibration degrees of freedom of the vehicle, to maintain the longitudinal force equilibrium of the vehicle body, the horizontal forces generated by the bridge surface at the wheel-rail contact points are no longer considered.

(4)   The transition of the vehicle from a uniform motion state to a steady uniform variable motion state involves an inherent phase of a gradual increase in the magnitude of acceleration, known as the phase of acceleration ascent. Assuming a linear increase in acceleration from 0 during the vehicle braking process [31], this gradual acceleration increase from 0 can be simplified as a non-uniform variable process that increases linearly with time. As illustrated in Fig. 5, Δt represents the acceleration rise time, which is influenced by factors such as the magnitude of acceleration (a0) and the relevant safety regulations. Referring to the pertinent literature, the reasonable range for its values lies between 0.3 and 3 s [30].
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Figure 5: Schematic of the linearly gradual vehicle acceleration transition

In the vehicle-bridge coupled vibration model, it is important to recognize that the wheels may not always be in continuous contact with the individual nodes of the bridge deck throughout the entire travel process. Hence, it is necessary to convert the horizontal forces exerted by the wheels on the bridge deck, represented as Fui, into equivalent nodal loads acting on the bridge deck elements [32]. To illustrate this concept, consider a bridge deck constructed using plate or hexahedral solid elements. Assuming that at a given moment, the i-th wheel is positioned over a specific location within the span of a plate element, the horizontal force exerted by the i-th wheel at this point can be equivalently represented as nodal loads on the plate element by utilizing plate element shape functions. This approach facilitates the application of a horizontal force of the wheel to the bridge deck. As shown in Fig. 6, the wheel applies a horizontal force denoted as Fui to the bridge deck plate element at any position (x, y) within the quadrilateral plate element.
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Figure 6: Schematic of equivalent horizontal load on quadrilateral element

The geometric parameters ξ, ξi, η, and ηi are defined as follows:

ξ=xa, η=yb, ξi=xia, ηi=yib(i=1,2,3,4)(9)

where x and y are the x- and y-coordinate values of the wheel position in the global coordinate system, respectively; xi and yi are the x- and y-coordinate values of the i-th node of the plate element in the global coordinate system, respectively; and a and b are half the length dimensions of the plate element.

The shape functions in the horizontal direction at each node of the plate element are as follows:

xnu(i)=0.125(1+ξξi)(1+ηηi)(2+ξξi+ηηi−ξi2−ηi2),(i=1,2,3,4)(10)

The equivalent horizontal loads at each node of the plate element are as follows:

Ri=Fui⋅xnu(i),(i=1,2,3,4)(11)

{R}=[T][N]TFu(12)

where [N] is the shape function matrix of the bridge deck element at the contact point of the vehicle-bridge interaction and [T] is the position extension matrix of the contact element, comprising elements with values of 0 and 1.

Expanding on the foundational Eq. (1) of the vehicle-bridge coupled vibration dynamics under uniform motion, and considering the extensive impact of the vehicle’s uniform deceleration effect, the time-varying differential equations of the coupled vibration system considering the effect of uniform deceleration motion of vehicles are as follows:

[Mv00Mb]{Z¨vZ¨b}+[CvCvbCbvCb]{Z˙vZ˙b}+[KvKvbKbvKb]{ZvZb}={Gv+MuR}(13)

2.3 Analytical Procedure

Using the APDL secondary development platform, a program was created to execute the analysis method for the time-varying system analysis of vehicle-bridge coupled vibrations during uniform deceleration motion. The workflow of this method is illustrated in Fig. 7. The “vehicle motion state determination and application” program module is constructed utilizing the APDL language, as indicated by the red box in Fig. 7. This module is designed to automatically determine whether a vehicle is in a state of uniform motion or deceleration.
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Figure 7: Analysis workflow diagram

2.4 Numerical Validation

To assess the validity of the proposed method outlined in this paper, a numerical analysis of the vehicle-bridge coupled vibration during a vehicle’s uniform deceleration while crossing a bridge was conducted by employing the separation iteration method. The parameters for the vehicle and bridge were adopted from references [33,34]. Scenarios of vehicle-bridge coupled vibration were examined using both the method proposed in this study and the separation iteration method, while a braking vehicle traverses a simply supported beam (or slab) bridge. This comparison validated the reasonability and reliability of the proposed method.

Two distinct vehicle braking conditions were considered in the analysis, the vehicle began with an initial speed of 80 km/h, commenced braking 10 m from the bridge head, and decelerated at a rate of −0.8 g. The vehicle started with an initial speed of 30 m/s, initiated braking 30 m from the bridge head, and decelerated at a rate of −6 m/s². The calculations for these braking scenarios were performed using both the method proposed in this study and the separation iteration method. The results were then compared, and the time-history curves of the vertical displacement at the mid-span of the bridge for both methods are presented in Fig. 8.
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Figure 8: Comparison of bridge mid-span displacement time-history curves during vehicle uniform deceleration crossing

Fig. 8 shows that the time-history curves of the vertical displacement at the mid-span of the bridge, as determined by the method proposed in this study, closely align with those obtained through the separation iteration method. Notably, the peak values of the vertical displacement at the mid-span of the bridge exhibited a remarkable similarity, with a maximum deviation of less than 1%. This observation confirms the applicability and validity of the proposed method.

3  Bridge Overview and Establishment of the Vehicle-Bridge Coupled Model

In the context of an illustrative engineering case, a simply supported assembled steel box girder bridge featuring corrugated steel webs located on a specific national highway in China was examined. This bridge has a design span of 50 m and a single-span width of 16 m, accommodating six dual-lane carriageways designed for a speed limit of 80 km/h. Each span of the bridge consisted of three prefabricated corrugated steel web composite box girders, characterized by a girder height of 3.0 m and a girder width of 5 m. The wet joint width was set to 0.53 m. The top slab thickness of the box girder was 18 cm, whereas the bottom slab thickness ranged from 25 to 45 cm. The corrugated steel web itself has a thickness of 9 mm and an inclination ratio of 1:4, with a wavelength of 1.2 m. Along the longitudinal axis of the bridge, a total of five transverse concrete diaphragms, each with a thickness of 20 cm, are uniformly distributed.

The connection between the corrugated steel web and both the top and bottom concrete slabs was established through embedded connections using structural steel plate studs. Similarly, the connection between the corrugated steel web and the inner concrete lining and transverse diaphragms was achieved using welded studs. The concrete material grade for the composite box girders was designated C50, whereas the material for the corrugated steel webs was Q345 steel. For reference, the elevation arrangement of the composite box girder bridge with corrugated steel webs is shown in Fig. 9. The cross-sectional layout diagram and constructional depiction of the box girder with corrugated steel webs are shown in Figs. 10 and 11, respectively.
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Figure 9: Elevation arrangement diagram of the bridge
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Figure 10: Transverse cross-section arrangement diagram of the bridge at the mid-span
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Figure 11: Structural diagram of the corrugated steel web

The finite element model of the simply supported box girder bridge with corrugated steel webs was constructed using ANSYS finite element software. Given the structural configuration and loading characteristics of various bridge components, SOLSH190 solid-shell elements were chosen to replicate the behavior of the concrete top and bottom slabs, inner concrete lining, and transverse diaphragms within the box girder. SOLSH190 elements can be used to simulate layered solid structures, and only one element in the thickness direction of the top and bottom plates of the box girder is required during modelling. Therefore, the number of finite elements can be significantly reduced in the model compared to that of conventional solid elements without compromising computational accuracy [35]. In addition, SHELL181 elements were utilized to model corrugated steel webs. The entire bridge was discretized into 27,984 nodes and 18,782 elements. A spatial representation of the finite-element model of the bridge is shown in Fig. 12.
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Figure 12: Finite element model of the bridge

Natural frequency analysis of the bridge structure was performed using the Lanczos method. The outcomes encompass the initial ten natural frequencies and their corresponding mode shapes, meticulously documented in Table 1 and visually represented in Fig. 13.
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Figure 13: First four modes of bridge vibrations

The analysis presented in Table 1 and Fig. 13 reveals that the bridge primarily exhibited three distinct vibration modes: overall vertical bending, overall lateral bending, and overall torsional vibration. The initial mode observed is the overall vertical bending vibration, followed by the overall torsional vibration and then the lateral bending vibration. This sequence of modes suggests that the vertical bending stiffness of the simply supported box girder bridge with corrugated steel webs is comparatively lower. Furthermore, the torsional vibrations of the bridge occurred earlier than its lateral bending vibrations, indicating that the torsional stiffness of the bridge was lower than its lateral bending stiffness. In the fourth-order lateral bending mode, local torsional vibrations are also present in the main girder flange. Additionally, the seventh-order mode of the bridge corresponds to local torsional vibrations in the main girder flange. This phenomenon can be attributed to the relatively thin corrugated steel webs of the small box girder, resulting in lower torsional stiffness and propensity for local torsional vibrations. Consequently, the overall torsional stiffness of the bridge structure was diminished.

The vehicle model utilized for the vehicle-bridge coupled analysis in this study is the spatial 5-axle vehicle model selected from reference [36] and illustrated in Fig. 14. Within the ANSYS finite element software, a mass-spring-damper model of the spatial 5-axle vehicle was constructed. This model includes a representation of the wheels and vehicle body using the MASS21 mass element. The vehicle suspension was simulated using the COMBIN14 spring-damper element, whereas the vehicle frame was emulated with either MPC184 or rigid beam elements. The connection hanger between the vehicle front and body was modelled using the COMBIN14 spring element. The established finite element model encompassing the coupled vehicle and bridge is shown in Fig. 15.
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Figure 14: Spatial 5-axle vehicle model
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Figure 15: Vehicle-bridge coupled system model

During the uniform variable motion of the spatial 5-axle vehicle model, the spatiotemporal effects were integrated by imposing enforced displacements on each node of the vehicle model at every time step. This was achieved by utilizing the formula for uniform variable motion, where S=v0t−1/2a(t−t0)2 represents the imposed longitudinal horizontal displacements on the vehicle model. Here, t0 is the initial duration of uniform motion. The pitch effect generated by the vehicle’s uniform variable motion was introduced by applying the corresponding magnitudes and directions of the pitch moments at the positions of the vehicle’s front and its center of mass. These moments are denoted as Mu1=M1⋅a⋅h1 and Mu2=M2⋅a⋅h2, respectively, where M1 and M2 are the equivalent masses of the front and body of the vehicle, respectively; h1 and h2 are the distances from the ground to the mass center of the front and body of the vehicle, respectively; and a is the acceleration of the vehicle.

During the uniform variable motion of the vehicle, the frictional forces exerted by the wheels on the bridge deck were simulated by applying equivalent horizontal forces at the positions of each wheel on the bridge deck at each time step. These equivalent horizontal forces are determined based on the relative proportional distribution of the total frictional force Fu among the vertical contact forces between each wheel and the bridge deck. This distribution is influenced by the static forces exerted by the vehicle’s self-weight and pitch moments Mu1 and Mu2.

4  Influence Analysis of Vehicle Braking on the Impact Factor of Simply Supported Beam Bridges with Corrugated Steel Webs

Utilizing the established vehicle-bridge coupled vibration analysis model, a comprehensive analysis of the vehicle-bridge coupled vibration was carried out in the context of the uniform deceleration motion of the vehicle. By selecting specific lanes for heavy vehicle traffic, along with the identification of critical locations that elicit substantial dynamic responses and impact factors, the observation points for monitoring the bridge dynamic response and impact factor were designated D3 and D5, as depicted in Fig. 16. Subsequently, an in-depth exploration is undertaken to scrutinize the influence patterns of various factors, including the initial vehicle speed, acceleration, braking position, and road roughness grades, on the vertical displacement impact factor at the mid-span of the bridge.

[image: images]

Figure 16: Schematic diagram of measurement point locations

4.1 Effect of Initial Vehicle Speed

To explore the impact of initial vehicle speeds during uniform deceleration braking on the mid-span displacement impact factor of bridges, the following coupled vehicle-bridge vibration analyses were carried out. Based on the highest design vehicle speed requirements for highway bridges and common representative vehicle speeds, initial vehicle speeds of 40, 60, and 80 km/h were considered in the analysis. The vehicles commenced uniform deceleration manoeuvres with accelerations of −2, −4, and −6 m/s², initiated at distances of 10 m (L/5), 20 m (L/5), 30 m (L/5), and 40 m (L/5) from the bridge head. The road surface roughness was classified as Class A. The calculated mid-span displacement impact factors were obtained at locations D3 and D5 along the bridge cross-section. For each deceleration position, the representative impact factor was determined as the average value of η¯ among the three different deceleration accelerations, serving as a representative value of the impact factor at that deceleration position. The variation patterns of the representative mid-span displacement impact factors at positions D3 and D5 are depicted along with the mid-span displacement impact factors observed when vehicles traverse the bridge at a constant speed, as shown in Fig. 17.
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Figure 17: Representative values of the mid-span displacement impact factor for different initial velocities

In Fig. 17, it is evident that the maximum mid-span displacement impact factor for the bridge is 0.244, which closely aligns with the design value of 0.257 under optimal road conditions. Moreover, compared with the displacement impact factor when the vehicle is moving at a constant speed (a = 0), the impact factor undergoes a substantial increase during the deceleration of the vehicle. The results show that the braking action of the vehicle significantly affects bridge vibrations, resulting in a noticeable upsurge in the mid-span displacement impact factor of the bridge. When considering the same braking position and deceleration rate, an increase in the initial vehicle speed leads to a similar trend in the mid-span displacement impact factor, as observed in the case of constant-speed vehicle travel. Specifically, it initially decreases and then increases. When comparing Figs. 17a and 17b, it is apparent that when vehicles with the same initial speed commence braking at the same location, the mid-span displacement impact factor at position D3 of the bridge surpasses that at position D5. Furthermore, both the D3 and D5 mid-span displacement impact factors reached their peak values when the vehicle’s initial speed was 40 km/h.

4.2 Effect of Braking Acceleration

To analyse the influence of vehicle braking acceleration on the mid-span displacement impact factor of the bridge, coupled vehicle-bridge vibration analyses were carried out under various scenarios, where vehicles braked with accelerations of −2, −4, and −6 m/s2 from different positions on the bridge. For various initial vehicle speeds, because the impact patterns of braking accelerations on the displacement impact factor of the bridge are largely similar, the following results under the condition of an initial vehicle speed of 60 km/h are only listed. The time-history curves of the mid-span displacement at D5 for different braking accelerations are shown in Fig. 18. In addition, the mid-span displacement impact factors at locations D3 and D5 for different braking accelerations were determined and are illustrated in Fig. 19.

[image: images]

Figure 18: Time history curves of the mid-span displacement at D5 of the bridge under different accelerations
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Figure 19: Mid-span displacement impact factors of the bridge under different accelerations

The analysis of Figs. 18a–18c reveals that when the vehicle initiates braking with various acceleration rates at approximately the front half of the span, the peak value of the mid-span displacement response at position D5 of the bridge increases proportionally with the acceleration rate. Furthermore, as the vehicle reaches the same position, the vibration amplitude at the mid-span of the bridge also exhibits an increase corresponding to the acceleration rate. This observation indicates that an increase in braking acceleration significantly amplifies the impact of the vehicle on the bridge. Conversely, as shown in Fig. 18d, when the vehicle starts braking at the rear half of the span, the mid-span displacement of the bridge has already peaked during the vehicle’s constant speed passage through the mid-span. Consequently, as the vehicle moves farther away from the mid-span after this point, the braking action has a minimal impact on the peak value of the mid-span displacement. Therefore, at this stage, different acceleration rates have a limited effect on the mid-span displacement response of the bridge.

The data presented in Fig. 19 reveal that when the vehicle commences braking at positions x = 10 m and x = 20 m, the mid-span displacement impact factors at positions D3 and D5 of the bridge exhibit an increasing trend with the magnitude of braking acceleration. Moreover, they surpass the impact factors observed during constant-speed motion. Notably, when the acceleration reaches −6 m/s², the mid-span displacement impact factors at positions D3 and D5 reach their maximum values, experiencing increases of 204.70% and 117.51%, respectively, compared to the impact factors during constant-speed motion.

In contrast, when the vehicle initiates braking at position x = 30 m, the mid-span displacement impact factors at positions D3 and D5 do not exhibit a clear trend with different acceleration levels; however, overall, they are smaller than the impact factors during constant-speed motion. The forces acting on the mid-span of the bridge are more complex at this specific braking position during deceleration.

Finally, when the vehicle begins braking at position x = 40 m, the mid-span displacement impact factors at positions D3 and D5 remain unchanged with increasing acceleration and are equal to the impact factors observed during constant-speed motion.

Consequently, the variation pattern of the mid-span displacement impact factor for simply supported beam bridges with corrugated steel webs in response to different braking accelerations is contingent on the location of vehicle braking. Specifically, when the vehicle initiates braking at the front half-span of the bridge, both the mid-span displacement response and displacement impact factor at the mid-span demonstrate a continuous increase with higher braking accelerations, with a significant magnitude of amplification. Conversely, when the vehicle brakes at the rear half-span of the bridge and the braking position is situated farther away from the mid-span position, the influence of braking acceleration on the bridge displacement impact factor becomes less pronounced.

4.3 Effect of Vehicle Braking Position

To analyse the influence of vehicle braking positions on the mid-span displacement impact factor of the bridge, coupled vehicle-bridge vibration analyses were carried out. Vehicles were subjected to braking with accelerations of −2, −4, and −6 m/s², initiating braking at distances of 10 m (L/5), 20 m (2 L/5), 30 m (3 L/5), and 40 m (4 L/5) from the bridge head, respectively. For various initial vehicle speeds, because the impact patterns of different braking positions on the displacement impact factor of the bridge are similar, the following results under the condition of an initial vehicle speed of 60 km/h are only listed. The time-history curves of the mid-span displacement at D5 for different braking positions are shown in Fig. 20. The trends of the mid-span displacement impact factors at locations D3 and D5 for different braking positions were determined and are shown in Fig. 21.
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Figure 20: Time history curves of mid-span displacement at D5 of the bridge for different braking positions
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Figure 21: Mid-span displacement impact factors of the bridge for different braking positions

Fig. 20 illustrates a consistent trend of increased mid-span displacement response in the bridge when vehicles initiate braking from different positions. Moreover, within the front half of the span, the mid-span dynamic displacement response of the bridge is amplified as the vehicle’s braking position approaches the bridge’s mid-span.

Fig. 21 reveals that the mid-span displacement impact factors at positions D3 and D5 of the bridge attain their maximum values when the vehicle initiates braking in the front half of the span. Specifically, the impact factors are 0.2145 and 0.1588, respectively, representing a two- to threefold increase compared to the mid-span displacement impact factors during constant-speed driving. When the vehicle commences braking in the rear half of the span, the mid-span displacement impact factors at positions D3 and D5 experience a significant reduction, nearly approximating the impact factors observed during constant-speed driving. This phenomenon can be attributed to the fact that during the initial phase, when the vehicle travels at a constant speed through the mid-span, the mid-span displacement response of the bridge has already reached its peak value. Consequently, the braking action in the rear half of the span exerted a minimal influence on the peak mid-span displacement response.

4.4 Effect of Road Surface Roughness

To explore the influence of road surface roughness on the mid-span displacement impact factor of bridges during the uniform deceleration travel of vehicles, analyses were conducted on bridge decks with different road surface roughness grades: A, B, and C. Vehicles with an initial speed of 60 km/h and a deceleration of −4 m/s² initiated braking from a distance of 20 m from the bridge head until it stopped. Vehicle-bridge interaction vibration analyses were conducted under these conditions. The obtained mid-span displacement time-history curves and mid-span displacement impact factors for different road surface grades are presented in Figs. 22 and 23, respectively. The mid-span displacement impact factors during both steady vehicle travel and uniform deceleration for different road surface grades are listed in Table 2.
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Figure 22: Time history curves of mid-span displacement at the bridge under different road surface grades
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Figure 23: Mid-span displacement impact factors of the bridge under different road roughness grades
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Figs. 22 and 23 clearly demonstrate a substantial increase in the mid-span displacement dynamic response of the bridge as the road roughness grades increase. Notably, at position D3 of the mid-span, the displacement impact factor for road roughness grade B has already surpassed the design value stipulated by the regulations. This observation suggests that even under relatively favorable road conditions (road roughness grade B), the vehicle’s braking action induces notable vertical vibrations in the bridge.

Table 2 reveals that, overall, as the road roughness grade increases, the mid-span displacement impact factor during both constant-speed and uniform-deceleration motions progressively increases. Additionally, it is noteworthy that the displacement impact factors during braking consistently surpass those during constant-speed motions. However, as the grade of road roughness increases, the extent of this augmentation diminishes significantly. At road roughness grade C, the increment in the displacement impact factor ranges from approximately 7.47% to 9.35%. This observation suggests that when road conditions deteriorate, the impact of vehicle braking behavior on the displacement impact factor is relatively modest compared to the predominant influence of the road roughness grade, which exerts a more substantial effect on the displacement impact factor than the vehicle’s uniform deceleration braking action.

The observed influence pattern of vehicle braking on the dynamic response and impact factor of corrugated steel web girder bridges in this study generally aligns with the impact pattern of vehicle braking on simply supported concrete bridges reported in [37]. However, a notable distinction exists in that for corrugated steel web girder bridges, the amplification effect of bridge vibration due to uniform deceleration vehicle motion is more pronounced than that of uniform motion. Upon comprehensive analysis and comparison of the data with reference [37], it becomes apparent that, for corrugated steel web girder bridges, the growth rate of the displacement impact factors induced by vehicle braking is approximately 1.5 times greater than the growth rate for similarly spanned simply supported concrete bridges. This result shows that corrugated steel web girder bridges exhibit higher susceptibility to larger vibrations resulting from vehicle braking.

4.5 Analysis of Factors Leading to Increased Impact Factors

Based on the calculations presented above, it is evident that the mid-span displacement and impact factor of the bridge during the uniform deceleration braking of the car exceed those observed during uniform motion. To further investigate the underlying reasons for the amplified mid-span dynamic displacement and impact factor of the bridge during uniform deceleration braking scenarios, a comprehensive analysis of the vehicle-bridge coupled vibrations was undertaken. This analysis was conducted under conditions where the vehicle initiates braking at a distance of 20 m from the bridge head, with an initial speed of 60 km/h and deceleration of −4 m/s². The road surface roughness grade was classified as Grade A. Three distinct scenarios were considered to assess the effects: (1) “uniform deceleration motion only,” (2) “uniform deceleration motion with pitching moment,” and (3) “uniform deceleration motion with pitching moment and frictional forces.” The mid-span displacement response of the bridge was computed for each scenario. The resulting time history curves of the mid-span displacement for the three scenarios are presented in Fig. 24. The impact factors of mid-span displacement were determined for these three scenarios and compared against the impact factor of mid-span displacement during uniform speed vehicular motion, as presented in Table 3. Furthermore, an in-depth analysis was performed to evaluate the individual contributions of uniform deceleration motion, pitching moment, and frictional forces between the wheels and bridge deck to the enhancement of the mid-span impact factor. The contribution ratios of these three effects are shown in Fig. 25.
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Figure 24: Time history curves of the mid-span displacement of the bridge under three different conditions
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Figure 25: Contribution ratios of increased impact factors due to three different effects
Note: Contribution ratio = increase rate of impact factor for each effect/total increase rate of impact factors due to three effects.

From Figs. 24 and 25 and the data presented in Table 3, a clear progression emerges. The transition from “Uniform deceleration motion only” to “Uniform deceleration motion with pitching motion” and subsequently to “Uniform deceleration motion with pitching motion and frictional forces” results in successive increases in both the peak displacement response and impact factor of the bridge’s displacement time history curves. This observation underscores the cumulative mechanical effects introduced during vehicle braking, specifically the pitching moment and frictional interaction, which collectively contribute to the amplification of the mid-span dynamic displacement response of the bridge.

The presence of the pitching moment creates an asymmetrical load distribution between the front and rear axles, leading to an augmentation of the vertical contact force exerted by the wheels closer to the mid-span position. Consequently, the mid-span displacement of the bridge experiences a corresponding increase. Furthermore, the horizontal frictional forces between the wheels and the bridge deck generate a concurrent rotational moment about the centroid of the bridge section. This moment, which is evident during the initial half-span braking phase, further accentuates the mid-span displacement of the bridge. The synthesized results from these analyses highlight the cumulative nature of these mechanical effects on the mid-span dynamic response of the bridge during braking events.

In the context of vehicle-bridge coupled vibration analysis, particularly when considering braking scenarios, it is essential to recognize that the contribution of frictional forces generated by the wheels during a vehicle’s uniform deceleration motion is the most significant factor, surpassing the influence of the vehicular pitching moment and the effect associated with uniform deceleration motion. Subsequently, the impact of the uniform deceleration motion holds the next grade of importance, whereas the contribution of the pitching moment has the lowest magnitude. Consequently, when vehicle-bridge coupled vibration analysis with a focus on braking scenarios is conducted, it is imperative to not underestimate the influence of the frictional forces generated by the wheels during a vehicle’s uniform deceleration motion.

5  Conclusions

In this paper, a novel vehicle-bridge coupled vibration analysis method is presented that specifically addresses the effects of vehicle braking. The method was implemented using programming within the ANSYS finite element software and its APDL secondary development platform, enabling a comprehensive analysis and solution of uniform deceleration vehicle-bridge coupled vibrations. The ramifications of several key factors, including the initial vehicle speed, braking acceleration, braking location, and road surface roughness, on the mid-span displacement and impact factor of corrugated steel web girder bridges were analysed in this study. The principal conclusions drawn from this investigation are as follows:

(1)   In comparison with the condition of uniform vehicular motion, the spatiotemporal and mechanical consequences resulting from vehicle braking behavior magnify the mid-span displacement response and its impact factor for a simply supported girder bridge with a corrugated steel web. This scenario poses a challenge for bridge structures. Notably, the preeminent influence is exerted by the frictional forces between the vehicle wheels and the bridge deck. This effect holds paramount significance within the context of a vehicle-bridge coupled vibration analysis that considers vehicle braking.

(2)   When the vehicle undergoes uniform deceleration while traversing the bridge at various initial velocities, the impact factor of the mid-span displacement exhibits a trend of initially decreasing and then increasing as the initial velocity increases. This trend aligns with the variations observed under uniform motion conditions. When the vehicle initiates braking around the first half-span of the bridge, the impact factor of the mid-span displacement significantly surpasses that observed during uniform motion, consistently increasing with higher braking acceleration, resulting in a substantial increment. However, when the vehicle brakes around the latter half-span of the bridge, the mid-span displacement impact factor approximates that of uniform motion conditions, becoming independent of the braking position and braking acceleration magnitude.

(3)   The mid-span displacement of the bridge and impact factor progressively increase with an increase in the road surface roughness grade. Under Grade B road surface roughness conditions, the displacement impact factor during uniform deceleration exceeds the prescribed design limits. Furthermore, as the road surface roughness grade increases, its influence on the mid-span impact factor of the bridge becomes more pronounced, surpassing the effects stemming from vehicular braking dynamics.

(4)   In comparison to the impact of vehicle braking on the dynamic response of a simply supported concrete bridge, it is noteworthy that vehicle braking tends to induce larger dynamic responses in corrugated steel web girder bridges. Therefore, when designing corrugated steel web girder bridges, it is advisable to consider the outcomes of vehicle-bridge coupled vibration analysis considering the vehicle braking effects. Based on the calculated values of the impact factors according to the standard, it is recommended to appropriately increase the impact factor values to ensure the safety of the bridge during the operational phase.
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Table 3: Mid-span displacement impact factors of the bridge under different operating conditions

Considered factors Impact factors
Mid-span Increase rate/%

Uniform motion 0.0730 0.00

Uniform deceleration motion only 0.0866 18.63

Uniform deceleration motion with 0.0930 27.40

pitching motion

Uniform deceleration motion with 0.1251 71.37

pitching motion and frictional forces

Note: Increase rate = (impact factor for each operating condition — impact factor for constant
speed)/impact factor for constant speed x 100%.
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Table 1: First ten natural frequencies and corresponding mode shapes of the bridge

Mode number Natural Mode shape description
frequency (Hz)
1 2.805 Vertical bending vibration of the entire bridge
2 5.198 Torsional vibration of the entire bridge
3 9.266 Vertical bending vibration of the entire bridge
4 9.880 Lateral bending and local torsional vibration of the entire bridge
5 12.760 Torsional vibration of the entire bridge
6 14.058 Vertical bending vibration of the entire bridge
7 18.963 Localized torsional vibration of the main girder
8 19.426 Vertical bending vibration of the entire bridge
9 21.453 Torsional vibration of the entire bridge
10 23.147 Lateral bending vibration of the entire bridge
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Table 2: Mid-span displacement impact factors of the bridge under different road roughness grades

Road surface D3 D5
h
rgc;:g e Sn o Constant Uniform Growth Constant  Uniform Growth
speed deceleration rate/% speed deceleration  rate/%
A 0.0698 0.1371 96.45 0.0730 0.1251 71.41
B 0.2182 0.2633 20.64 0.1684 0.2040 21.11
C 0.7006 0.7529 7.47 0.6212 0.6792 9.35

Note: Growth rate = (impact factor for uniform deceleration — impact factor for constant speed)/impact factor for constant speed x 100%.
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