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The Yanguan Ancient Seawall at the Qiantang River estuary is a nationally protected cultural heritage and an in-service flood defense. Construction activities, such as vehicle crossings, pose risks of vibration-induced damage to this aging structure. In this study, a three-dimensional finite element model was developed to evaluate the vibrations caused by moving vehicles on the seawall. The model represents the seawall’s discrete-continuum structural characteristics by modeling rubble stone blocks with solid elements and bonding mortar with cohesive zone elements. Additionally, a custom Vehicle-Road Interaction element was introduced to simulate both vertical and tangential wheel–road contact forces for vehicles crossing the inclined approach slab. Field vibration measurements were used to validate the model, demonstrating that it can accurately reproduce the observed vibration response. The validated model was then applied to investigate the seawall’s vibration behavior under various approach slab inclination angles. The results provide a scientific basis for designing vibration mitigation measures and inform strategies to protect this cultural heritage structure.
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1 INTRODUCTION
The seawalls along the Qiantang River serve as critical flood defense structures in the estuary region, protecting against tidal surges, typhoons, storm surges, and flooding events (Figure 1). Over time, these ancient seawalls have experienced significant structural degradation due to the combined effects of evolving natural conditions (Pan et al., 2013; Yu et al., 2010), intensive human activities (Zou and Shen, 2017; Zheng et al., 2014), and the high-energy tidal bores characteristic of the Qiantang River (Chen and Pan, 2008). Such factors have led to breaches in embankments and the destruction of protective aprons, thereby compromising the functional integrity of many seawall sections.
[image: Figure 1]FIGURE 1 | Structural issues in the Yanguan ancient seawall section along the Qiantang River.
[image: Figure 2]FIGURE 2 | Schematic diagram of the vibration monitoring setup during approach slab crossing.
To address these challenges, the Zhejiang Province government in China initiated the “Billion Seawalls Reinforcement Project,” prioritizing the Yanguan ancient seawall segment along the Qiantang River. This large-scale initiative aims to upgrade the Yanguan seawall’s flood defense standard from a 100-year to a 300-year return period. The reinforcement process involves several construction activities, including the installation of approach slabs spanning the seawall and vehicle crossings behind structure. However, dynamic loads generated by construction vehicles may induce excessive vibrations in the ancient seawall, posing risks of structural deterioration, such as cracking and severe damage to this nationally protected cultural relic.
Research on the vibration and deformation of historical structures has primarily focused on the effects of seismic and traffic loads on ancient buildings. For instance, Calik et al. (2020) and Bayraktar et al. (2018) evaluated the dynamic behavior of masonry heritage buildings under environmental and seismic vibrations, while Li et al. (2010) reported that subway-induced vibrations in ancient structures can be an order of magnitude greater than those from road traffic. Ali et al. (2013) identified structural improvements, such as vertical members and relatively thin horizontal bands, that enhance the seismic performance of rubble masonry houses through shaking table tests. Kowalska-Koczwara and Stypula (2016) measured vibrations of a historic church and proposed protective measures. Existing research predominantly employs numerical simulations (Zhao et al., 2013; Sadeghi and Esmaeili, 2017; Ma et al., 2018; Günaydin et al., 2022; Montabert et al., 2024) and on-site measurements (Hinzen, 2014; Krentowski et al., 2023) to analyze the vibrational impacts of subway trains on ancient city towers (Xin et al., 2019), bell towers (De Angelis et al., 2022), and other brick and stone cultural relic structures (Poovarodom et al., 2024). However, very limited research has been conducted on nationally protected relics like the Qiantang ancient seawall, which serves dual roles as a cultural monument and a flood defense structure.
The Qiantang ancient seawall is a masonry structure composed of rigid stone blocks bonded locally with sticky rice mortar, classifying it as a gravity retaining wall. While the stone blocks exhibit discrete characteristics, the overall wall structure demonstrates continuum behavior. This unique combination of discrete and continuous characteristics complicates the analysis of the seawall’s deformation and vibration. Conventional methods based solely on continuum or discrete media theories are insufficient for directly predicting its dynamic behavior. For masonry structures with such discrete-continuous characteristics, researchers often employ decoupled modeling approaches to develop finite element models. Page (1978) first propose a decoupled finite element model for clay brick masonry. Lotfi and Shing, 1994 (12) introduced the use of zero-thickness interface elements to simulate mortar joints. Building on Lotfit’s work, Lourenço and Rots, (1994) combined blocks with half the thickness of their mortar joints and represented them using continuum elements. Andreotti et al. (2018) adopted a decoupled modeling approach, using continuum elements for masonry walls and zero-thickness bonding interfaces for mortar, successfully simulating damage mechanisms and failure phenomena at mortar joints.
Despite these advancements, limited studies have investigated the impact of vehicle-induced vibrations on the structural integrity of ancient seawalls. There is currently no precedent for assessing the vibration effects caused by moving vehicles during the reinforcement and upgrade of such structures. Consequently, it is essential to develop an analysis method that incorporates the key characteristics of moving vehicle loads and the discrete-continuous nature of the ancient seawall structure.
In this study, solid elements and cohesive zone elements were employed to discretize the stone blocks and sticky rice mortar of the ancient seawall, respectively. A 3D finite element model reflecting the discrete-continuous structural characteristics of the seawall was developed using the general-purpose finite element software ABAQUS. Additionally, a vehicle-road coupled element capable of considering vertical and tangential wheel-road contact forces was implemented via the ABAQUS User Element (UEL) interface. This approach resulted in a 3D numerical analysis method capable of predicting the vibration effects of moving vehicles on the ancient seawall. The study also evaluated the vibration response levels of the seawall under different inclination angles of the approach slab spanning the seawall crest, providing scientific evidence for the vibration protection of cultural relics.
2 MEASURED VIBRATIONS OF THE ANCIENT SEAWALL INDUCED BY APPROACH SLAB CROSSING
In the transverse direction of the ancient seawall, a steel trestle bridge extends into the river for soil excavation. To avoid direct vehicle loading on the ancient seawall crest, an approach slab is installed between the trestle bridge and the road behind the seawall. However, the vibrations induced by vehicles crossing the approach slab propagate to the ancient seawall, potentially compromising its structural stability. This section focuses on measuring the vibration levels of the ancient seawall structure caused by vehicles traversing the approach slab.
The vibration measurements used for model validation were obtained from our prior on-site experiment conducted on the Yanguan seawall (Figure 2). In this field test, a three-axle truck (total weight 25 t, ∼10 t per axle) was driven over a newly installed approach slab at a controlled speed of 5 km/h. The truck’s travel path aligned with the centerline of the approach slab. The speed of 5 km/h was selected to simulate typical slow-moving construction vehicles, which are common in reinforcement projects. A total of 6 vibration sensors (servo-velocity meters, model XYZ-123) were deployed: three on the approach slab and three on the seawall top, aligned with the vertical (Z), along-dike horizontal (X), and cross-dike horizontal (Y) directions. Each sensor was factory-calibrated and checked with a standard vibration calibrator (yielding a calibration error <2%) prior to installation. The data acquisition system recorded signals at 1,000 Hz, and care was taken to securely attach sensors to avoid any spurious readings. We estimate the measurement uncertainty in velocity to be within ±5% based on the sensor specifications and repeatability tests.
The time-history curves of the vertical vibration velocity (Z) and horizontal vibration velocities (X and Y) on the approach slab surface under the crossing condition are shown in Figure 3. The results indicate that the vibrations induced by the vehicle crossing are predominantly in the vertical direction, with the vertical vibration velocity significantly exceeding the horizontal components. Specifically, the peak vertical vibration velocity reaches 77.5770 mm/s, which is 17.25 times greater than the peak horizontal vibration velocity in the X direction (4.4985 mm/s) and 21.6 times greater than that in the Y direction (3.5910 mm/s). These ratios highlight the significant disparity between the vertical and horizontal vibration components, emphasizing the need to focus on mitigating vertical vibrations to protect the structural integrity of the seawall.
[image: Figure 3]FIGURE 3 | Time-history curves of approach slab surface vibration under the crossing condition.
The time-history curves of the vertical vibration velocity (Z) and horizontal vibration velocities (X and Y) of the ancient seawall structure under the approach slab crossing condition are presented in Figure 4. The results reveal a significant increase in vibration velocities in all three directions, contradicting typical observations where vertical vibrations often dominate in similar scenarios. This anomaly suggests that specific structural or loading conditions may amplify horizontal vibrations. Notably, the peak vibration velocity in the horizontal X direction (1.4800 mm/s) is 30.52 times greater than that in the horizontal Y direction (0.0485 mm/s) and 4.45 times greater than that in the vertical Z direction (0.3324 mm/s). This finding highlights the vulnerability of the seawall to transverse vibrations, which could lead to structural degradation or failure over time if not mitigated.
[image: Figure 4]FIGURE 4 | Time-history curves of forced vibration of the ancient seawall top under the approach slab crossing condition.
3 VEHICLE-ROAD COUPLING ELEMENT CONSIDERING VERTICAL AND TANGENTIAL WHEEL-ROAD CONTACT FORCES
During construction, vehicles crossing the approach slab operate at an inclined angle relative to the ground, resulting in significant tangential forces between the wheels and the road. To accurately model these interactions, a Vehicle-Road Interaction (VRI) element is required, which can simultaneously account for both vertical and tangential wheel-road forces. The derivation of the VRI element’s governing equations follows the general approach of Yang and Wu (2001) for vehicle-bridge interaction, and we reference that work for standard derivation steps. Here we highlight the new elements introduced by our study, notably the numeical implementation of the VRI element in Abaqus via the user-defined element subroutine.
As shown in Figure 5, the vehicle moves at a constant velocity [image: image] on a beam. The vehicle is modeled as a multi-rigid-body system, consisting of two rigid mass blocks representing the vehicle body and another rigid mass block for the wheels. These two components are connected by a suspension system, which is modeled using springs and dampers. The mass, stiffness, and damping matrices of the vehicle model are denoted as [image: image], [image: image], and [image: image] respectively. The finite element dynamic control equation for the vehicle’s motion governed by Newton’s second law can be expressed as:
[image: image]
where, [image: image] represents the displacement vector of the vehicle, which can be decomposed as [image: image], where subscripts [image: image] and [image: image] denote the displacements of the vehicle body and wheels, respectively. The load vector [image: image] can be further expressed as (Equation 2):
[image: image]
where [image: image] is the contact force vector between the tires and the road surface, [image: image] is the coordinate transformation matrix, and [image: image] represents external loads other than the contact forces.
[image: Figure 5]FIGURE 5 | Schematic of the vehicle-road coupling unit.
3.1 Vehicle-road coupling element
Based on the degrees of freedom of the vehicle body and wheels, Equation 1 can be rewritten as:
[image: image]
where, [image: image] and [image: image] represent external loads acting on the vehicle body and wheels, respectively. The first row of Equation 3 corresponds to the vibration control equation for the vehicle body, while the second row corresponds to that for the wheels. Since contact forces only act on the wheels, [image: image]. Expanding the first row of Equation 3 yields:
[image: image]
where (Equation 5):
[image: image]
Let [image: image] denote the displacement increment from time [image: image] to [image: image], where [image: image] is the time step. Using the Newmark time-step integration method, the acceleration, velocity, and displacement of the vehicle body at [image: image] can be expressed as:
[image: image]
[image: image]
[image: image]
where in the equations provided, the superscript [image: image] denotes variables known at the current time step. The coefficients in the Newmark time-step integration method can be determined by the parameters [image: image] and [image: image] ().
Substitute Equations 6–8 into Equation 4 yields Equations 10a, 10b:
[image: image]
where (Equation 10),
[image: image]
[image: image]
By solving Equation 11, the displacement increments [image: image] at [image: image] can be obtained. Substituting this result back into Equations 6–8 provides the vehicle’s vibration response at.
[image: image]
Substituting Equation 11 into Equations 6–8 provides the vehicle’s vibration response at [image: image]:
[image: image]
[image: image]
[image: image]
Substituting Equation 12a into the second row of Equation 3 (the wheel vibration control equation), the wheel-road contact force at [image: image] can be expressed as:
[image: image]
where, the mass, damping, and stiffness matrices are defined in Equations 14a, 14b as:
[image: image]
[image: image]
[image: image]
The equivalent load vectors are expressed in Equation 15:
[image: image]
[image: image]
where (Equations 16a, 16b),
[image: image]
[image: image]
From Equation 13, it is evident that the wheel-road contact force [image: image] depends not only on the wheel vibration response at [image: image] ([image: image], [image: image], and [image: image]) and the external load [image: image], but also on the known quantities at time [image: image]. Assuming the wheel remains in contact with the road, the relationship between the wheel displacement [image: image] and the road surface displacement at the contact point [image: image] is expressed in Equation 17:
[image: image]
where, [image: image] is a transformation matrix with elements of 1 or 0. Substituting this into Equation 13 establishes the relationship between the contact force and the contact displacement (Equation 18):
[image: image]
where the contact force for the i-th wheel/bridge deck at [image: image] ([image: image]) can then be expressed as:
[image: image]
In summary, the vehicle-road interaction model presented here effectively incorporates both vertical and tangential forces, providing a comprehensive framework for understanding the complex dynamics between the vehicle and the road surface.
3.2 Wheel-road contact force
The contact force expressed in Equation 19 directly acts on the road surface, which is discretized into Euler-Bernoulli (E-B) beam elements. Each i-th beam element is assumed to experience only the i-th contact force. The size of the beam elements must be adjusted so that each element interacts with at most one wheel. The vibration control equation for the i-th E-B beam element is expressed as:
[image: image]
where, [image: image], [image: image], [image: image] are the mass, damping, and stiffness matrices of the i-th E-B beam element; [image: image] is the nodal displacement vector of the beam element at time [image: image]; [image: image] is the equivalent nodal external load vector at time [image: image]; [image: image] is the equivalent nodal load vector contributed by the contact force [image: image] at the current time step, defined as:
[image: image]
where, [image: image] represents the tangential wheel-road contact force, where [image: image] is the coefficient of friction. [image: image] is the Hermite interpolation function for the E-B beam element, which only has non-zero components for vertical degrees of freedom. All other translational and rotational degrees of freedom are set to zero. This assumes that the vertical contact force is distributed as vertical nodal loads without causing horizontal forces or bending moments at the nodes. Therefore, Equation 21 can be rewritten as:
[image: image]
where, [image: image] represents the interpolation function. For E-B beam elements, the nodal degrees of freedom include horizontal displacement, vertical displacement, and rotation. The two interpolation functions related to horizontal displacement are [image: image] and [image: image], where [image: image]. Thus the interpolation function can be expressed in Equation 23:
[image: image]
Based on Equation 22, the equivalent nodal load vector can be expressed in Equation 24 as:
[image: image]
where the subscript [image: image] denotes interpolation functions determined by the contact point coordinates. The vertical interpolation function [image: image] is defined in Equation 25 as:
[image: image]
where, [image: image] represents the local coordinate of the wheel-road contact point within the current E-B beam element, and [image: image] is the element length. Substituting Equation 19 into Equations 20, 21 can be rewritten as:
[image: image]
where the superscript indicates structural matrices and load vectors influenced by the moving wheel. These are defined as:
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
Equation 26 represents the vibration control equation of the beam element incorporating the degrees of freedom of the vehicle (hereafter referred to as the VRI element). The contribution of the vehicle to the beam element is reflected in the structural matrices and equivalent load vectors on the right-hand side of Equation 26. As shown in Equation 27a, these terms depend on the real-time position x of the wheel. Therefore, the variables marked with * must be updated in real time according to the wheel’s position when forming the VRI element.
4 NUMERICAL ANALYSIS MODEL OF THE ANCIENT SEAWALL CONSIDERING DISCRETE-CONTINUOUS CHARACTERISTICS
4.1 Contact elements and crack simulation
The ancient seawall is essentially a masonry structure composed of stone blocks. While the individual blocks exhibit discrete characteristics, the overall wall structure demonstrates continuum behavior. To account for these characteristics, a simplified decoupled modeling approach is adopted to establish the finite element analysis model of the ancient seawall. The masonry blocks are modeled individually, while the mortar layers are treated as contact elements acting between solid elements.
As shown in Figure 6, the “traction-separation model” in ABAQUS is used to describe the relationship between normal stress, shear stress, and relative displacement at the contact interface. The parameters of this model include [image: image], which represents the nodal separation at complete interface failure; [image: image], which denotes the nodal separation at the onset of interface damage; [image: image], the tensile strength of the mortar; [image: image] and [image: image], the shear strengths of the mortar, and [image: image], the shear modulus.
[image: Figure 6]FIGURE 6 | Linear damage evolution in the traction-separation model.
4.2 Finite element elements and constitutive models
The ancient seawall’s stone blocks and contact interfaces are discretized using C3D8R elements for the stone blocks and COH3D8 elements for the cohesive contact interfaces, respectively. The stone block elements employ the Drucker-Prager model, while the constitutive behavior of the interface elements follows the linear damage evolution shown in Figure 6. To simulate the degraded mechanical properties of the interface, initial damage and damage evolution laws are defined in the contact properties.
The parameters used in the model were drawn from a combination of literature values and site-specific data. For the seawall’s stone blocks, density and elastic properties follow typical values for granite masonry reported by Xie (2013), while strength parameters were calibrated against the compressive strength of the actual stones. The sticky-rice lime mortar interface parameters (Table 3) are based on experimental studies of historical mortars (Xie, 2013), ensuring realistic tensile and shear failure behavior.
The material properties of the stone blocks and cohesive contact models are detailed in Tables 1–3. This combination of constitutive models ensures that both the discrete behavior of the blocks and the continuum behavior of the mortar layers are accurately represented.
TABLE 1 | Material properties of the block layer in the ancient seawall structure.
[image: Table 1]TABLE 2 | Parameters of the plastic hardening material model for the stone blocks.
[image: Table 2]TABLE 3 | Material properties of the mortar layer for cohesive contact interfaces.
[image: Table 3]4.3 Model development and mesh generation
The schematic diagram of the ancient seawall model is shown in Figure 7. The model features a trapezoidal cross-section in the transverse direction, with bottom width of the model is 3.84 m, the top width is 1.44 m, and the height is 5.44 m. The model extends 5.7 m along the longitudinal direction of the seawall that encapsulates five masonry cycles of the prototype, which ensures that the model captures the representative structural behavior of the seawall.
[image: Figure 7]FIGURE 7 | Schematic diagram of the model of the ancient seawall. (A) 3D illustration of the model dimensions, showing a longitudinal extension of 5.7 m. (B) Cross-sectional view of the model, showing a base width of 3.84 m, a top width of 1.44 m, and a height of 5.44 m.
The stone blocks in the model are simulated using stretcher and header bonding. Each block is rectangular with a cross-sectional size of 380 mm × 320 mm. However, the model includes 18 different block lengths, which are detailed in Table 4, to reflect the variability in block dimensions observed in the prototype. These dimensions were measured from the actual seawall (field survey data) – hence they reflect the real block size distribution. Figure 8 illustrates the structural mesh of the ancient seawall and the cohesive zone model, which provides a detailed representation of the contact behavior between the blocks and mortar layers.
TABLE 4 | Length specifications of boulders in the ancient seawall model.
[image: Table 4][image: Figure 8]FIGURE 8 | (A) Structural gridding of the ancient seawall; (B) Modelling of cohesive zones in the ancient seawall.
5 SIMULATION AND VALIDATION OF THE APPROACH SLAB CROSSING CONDITION
5.1 Establishment of the approach slab crossing model
5.1.1 Soil model behind the ancient seawall
As illustrated in Figure 9, a soil model measuring 5.7 m in length, 12 m in width, and 5.44 m in height is constructed. This model primarily focuses on studying the impact of the approach slab crossing on the structure of the ancient seawall, excluding the effects of the road behind the embankment. Backfill soil properties (Tables 5–6) were obtained from in-situ geotechnical tests and are representative of the silty clay at the site. To simplify the analysis, only the properties of the fill soil are considered, as detailed in Table 5. The material property parameters for the soil model are presented in Table 6.
[image: Figure 9]FIGURE 9 | Soil modeling behind the embankment.
TABLE 5 | Physical and mechanical properties of the soil layer behind the embankment.
[image: Table 5]TABLE 6 | Material property parameters of the soil model behind the embankment.
[image: Table 6]5.1.2 Approach slab model
The approach slab consists of four components: longitudinal beams, crossbeams, the plate surface, and concrete bedding blocks. The modeling and meshing of each component are illustrated in Figures 10A–D. The longitudinal beams, crossbeams, and steel plate were modeled using a Young’s modulus of 206 GPa and a Poisson’s ratio of 0.3. The concrete bedding blocks were assigned a Young’s modulus of 20 GPa and a Poisson’s ratio of 0.2. A coefficient of friction of 0.2 was used to simulate the interaction between the wheels and the plate surface.
[image: Figure 10]FIGURE 10 | (A) Longitudinal beam model; (B) Crossbeam model; (C) Plate model; (D) Concrete bedding block model; (E) Longitudinal beam meshing; (F) Crossbeam meshing; (G) Plate meshing; (H) Concrete bedding block meshing.
5.1.3 Overall Model
The individual components are assembled to form the complete approach slab structure, integrating with the subsurface soil and the ancient seawall, as shown in Figure 11. To accurately simulate the actual constraints between the seawall and the approach slab, the following boundary conditions are imposed: the bottom surfaces of the soil and ancient seawall are constrained in all six degrees of freedom; the lateral surfaces of both the soil and the seawall are constrained similarly; two degrees of freedom are constrained on the side surface of the concrete bedding block; one degree of freedom is constrained at the back surface of the soil; and all six degrees of freedom are constrained at the outer end of the approach slab.
[image: Figure 11]FIGURE 11 | Boundary condition settings for the approach slab crossing model.
5.2 Simulation of the approach slab crossing and comparison with measured results
By integrating the VRI elements into the approach slab crossing model, a simulation analysis is performed under a load condition of 10 t per axle and a vehicle speed of 5 km/h. Vibration velocities at the slab surface and the seawall top are extracted and compared with the on-site measured results. The vertical vibration velocity (Z) of the slab surface and the horizontal vibration velocity (X) at the seawall top are identified as the dominant directions of vibration. Figures 12, 13 show that the simulated and measured vibration time histories are in close agreement. Quantitatively, the simulation’s peak vertical velocity on the slab is 77.6 mm/s, which differs by only +0.5 mm/s (+0.6%) from the measured peak (78.1 mm/s). The peak horizontal velocity at the seawall top is 1.48 mm/s in the simulation versus 1.45 mm/s measured (a 2% difference). These quantitative metrics confirm that the model accurately reproduces both the amplitude and the temporal pattern of the vibrations observed in the field.
[image: Figure 12]FIGURE 12 | Comparison of slab surface vibration simulation results with measured results (vertical direction Z).
[image: Figure 13]FIGURE 13 | Comparison of simulation results and measured results of vibration on seawall top (horizontal direction X).
6 ANALYSIS OF VIBRATION LEVELS UNDER DIFFERENT APPROACH SLAB ANGLES
To account for actual site conditions, the vehicle configuration is maintained with an axle load of 10 t and a speed of 5 km/h. The approach slab angle is varied across four scenarios (3°, 4°, 5°, and 6°) to analyze the vibration response of the ancient seawall structure at different angles. The peak vibration velocities on the slab surface and seawall top under each condition are summarized in Table 7. Interestingly, increasing the slab angle beyond 5° led to a decrease in the peak vibration (Table 7). This trend can be explained by the dynamics of the vehicle–slab interaction: at steeper angles, the vehicle’s suspension system and tire deformation play a greater role in absorbing the energy. Essentially, once the approach angle becomes large enough, a portion of the vehicle’s weight transfer is alleviated by the suspension compressing more significantly upon impact, resulting in slightly lower force transmitted to the seawall. Another contributing factor might be intermittent wheel contact at the steepest angle–the truck’s wheels could lose firm contact momentarily, reducing the effective impulse delivered to the structure. Vehicle-induced vibrations primarily cause vibrations in the slab surface along the horizontal X direction and vertical Z direction, with the vertical Z direction being the dominant vibration direction. The vibration peak velocity in the Z direction is significantly higher than that in the horizontal X and Y directions. On the seawall top, the horizontal X direction dominates the vibration response, with its peak vibration velocity exceeding those in the vertical Z and horizontal Y directions. This highlights the importance of horizontal vibrations in the dynamic behavior of the seawall.
TABLE 7 | Peak vibration velocities for an axle load of 10 t, vehicle speed of 5 km/h, and varying approach slab angles.
[image: Table 7]The simulation of a 3° slab angle, combined with a vehicle axle load of 10 t and a speed of 5 km/h, is simulated to analyze the vibration velocity trends, as depicted in Figure 14. The results reveal that the slab surface vibration velocity peaks at the center of the plate, while the vibration velocity on the seawall top attains its maximum at approximately 3 s after the vehicle begins crossing the slab. This peak is attributed to the second and third axles of the vehicle successively move onto the slab, based on the vehicle’s speed and axle spacing. Following these initial peaks, the subsequent vibration velocities diminish, indicating that the impact of the vehicle-induced vibrations decreases over time. Furthermore, the overall vibration pattern observed at the seawall top is consistent with the behavior recorded on the slab surface, highlighting a strong correlation between the two structural components in their dynamic responses.
[image: Figure 14]FIGURE 14 | Simulation results for a 10 t axle load, 5 km/h vehicle speed, and a 3° approach slab angle.
Our observation that vertical vibrations dominate on the approach slab is consistent with prior field measurements on this seawall and with traffic-induced vibration studies on similar structures (Zhu et al., 2023). In contrast, the seawall top experienced a significant horizontal vibration (along the wall’s length), a behavior not commonly seen in more monolithic structures like buildings (where vertical components usually prevail under vehicle loading, as noted by Li et al., 2010). This discrepancy may be attributed to the seawall’s discrete block construction and relatively flexible response in the transverse direction, which can amplify horizontal motions. By comparing our results with these studies, it is evident that the Yanguan seawall exhibits a unique dynamic response that bridges characteristics of both masonry buildings and geotechnical structures.
The insights from the above resulys offer valuable guidance for designing safer reinforcement strategies for heritage structures. Specifically, the results show that optimizing the approach slab angle (e.g., keeping it at or below 5°) can help minimize the vibration transmitted to the ancient seawall. Furthermore, the validated model provides a tool to evaluate other influencing parameters, such as axle loads and speed, in future planning. These findings can inform traffic control strategies and construction planning for projects near or on vulnerable cultural relics, thereby contributing to their long-term preservation.
7 LIMITATIONS AND FUTURE WORK
This study has a few limitations that suggest avenues for further research. First, the numerical model was validated for a specific vehicle load (10 t per axle) and speed (5 km/h); the effects of heavier vehicles and higher speeds were not directly examined and should be investigated in future work to ensure the seawall’s safety under more extreme conditions. Second, some simplifying assumptions were made: for example, the foundation beyond the modeled soil domain was assumed fixed, and long-term material degradation was not considered. Future studies could incorporate varying boundary conditions–such as more extensive soil domains or the influence of adjacent seawall sections–to evaluate their impact on the vibration response. A systematic sensitivity analysis on model parameters (e.g., stone–mortar interface properties, damping ratios) is also recommended to assess the robustness of the conclusions. Moreover, while this work focused on characterizing the vibrations, it did not examine specific mitigation measures; hence, exploring vibration reduction techniques (like damping layers or speed restrictions) would be a valuable next step. Addressing these points in subsequent research will broaden the applicability of the proposed model and contribute to more effective protection strategies for this and other ancient seawall structures.
8 CONCLUSION
This study presents a three-dimensional numerical analysis method to assess the vibration effects induced by moving vehicles on the Yanguan ancient seawall during its upgrading and reconstruction as part of the Qiantang River seawall reinforcement project. The analysis specifically focuses on the approach slab crossing condition, a critical construction scenario. The methodology was validated against field-measured vibration data collected during the construction process. The primary conclusions of this study are as follows:
(1) A VRI element, capable of accounting for both vertical and tangential wheel-road contact forces, was successfully developed using the UEL interface in ABAQUS. This element was integrated into a three-dimensional finite element model of the ancient seawall. The model discretized rubble stones and sticky rice mortar using solid elements and cohesive zone elements, respectively, effectively capturing the discrete-continuum structural characteristics of the seawall’s composition.
(2) A three-dimensional finite element model of the approach slab crossing condition was constructed and validated through a comparison with field-measured vibration results. The numerical simulation results closely aligned with the measured data, successfully replicating the observed trends and peak vibration values. This validation demonstrates the model’s reliability in predicting the structural vibrations of the ancient seawall under construction-induced loads.
(3) The validated numerical model was used to simulate and predict the vibration responses of the ancient seawall under different approach slab angles. These simulations provided critical insights into vibration behavior and served as a basis for ensuring the structural safety of the seawall during construction. Furthermore, the findings also contribute valuable scientific evidence for heritage conservation, supporting the safe restoration and preservation of this historically significant structure.
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