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Abstract

:

The seismic response of structures can have a significant impact on adjacent structures’ response. Although several numerical studies have been applied in the field of tunnel–soil–pile interaction systems, there is a lack of experimental research specifically focused on the effects of this interaction on tunnel cross-section deformation and the existence of structure on encircling soil response. In this study, shaking table tests were conducted to examine the seismic response of a tunnel and the surrounding soil when an eight-story structure with piles was located in the vicinity of the tunnel. Four series of physical models were analyzed, including free-field soil (S), tunnel–soil (TS), soil-piled structure (SP), and tunnel–soil-piled structure (TSP), under sinusoidal vibration at three frequencies on loose sand. According to the results, the tunnel significantly impacts the surrounding soil response during seismic excitation with reduced acceleration at the tunnel invert and increased acceleration at the tunnel crown. In the TSP model, applied frequency affects the recorded acceleration amplitude at the tunnel invert. Although acceleration amplitude decreases at 3 Hz frequency excitation compared to the free field model, 8 Hz excitation resulted in bigger values in tunnel invert. Displacements are higher at the tunnel crown, indicating tunnel-induced soil deformation and maximum shear strain concentrated near the tunnel crown. The tunnel cross-section exhibited oval shape changes, with higher forces on the tunnel crown in the presence of piles.
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1. Introduction


Considering the impact of shallow tunnels on the propagation of seismic waves and the seismic response of the surrounding soil, piled structures can have an impact on this issue via their reflective, seismic, or inertial effects. The uncertainty of this interaction’s beneficial or destructive effect has sparked debates, which is the subject of this study.



Numerous studies have been conducted to thoroughly analyze the effects of past earthquakes, including the Kobe, Hyogoken-Nambu, and Wenchuan earthquakes, on the behavior of tunnels [1,2,3,4]. Despite tunnels’ known resilience to seismic activity [5], previous research on severely damaged underground structures has established that it is crucial to recognize the underground structures’ vulnerability to structural damage during powerful ground motions [6,7,8]. During the Hyogoken-Nambu earthquake in Japan in 1995, nearly all utility tunnels were impacted by seismic activity. The damage experienced by each tunnel was directly related to its proximity to the epicenter, with those closer experiencing more significant damage. However, some other researchers indicated that shallow tunnels are at a higher risk of earthquake damage during the same period than deep tunnels [7]. In fact, approximately 60% of tunnels constructed at a depth of less than 50 m have endured severe deformations. Also, SBD-K-medoids-based long-term settlement analysis of shield tunnel was conducted and demonstrated that artificial intelligence is an emerging technology that can be used to analyze the seismic response of underground tunnel–soil-piled structure interaction problem and exemplified the rationality and engineering practice value of the study’s approach and offered a new method for analyzing the long-term settlement of shield tunnels [9].



Furthermore, the outcomes of recent post-earthquake investigations into the effects of earthquakes have revealed that the inertia force exerted by structures during an earthquake can have a significant reflection on the foundation and its sub-surface structures. This interaction can lead to soil deformation due to the building’s vibration [10]. Thus, it is crucial to accurately assess piled structures’ performance in soil–structure interaction systems for designing safe structures in earthquake-prone areas. For instance, research on soil–pile–structure interaction using a shaking table summarizes that this interaction significantly increases the period for the oscillator attached to a free-head pile [11]. Contradictory results have arisen from research on seismic soil–structure interaction; while some studies indicate that it can prolong the system period and enhance damping [12,13], others suggest that it could lead to a greater amplitude of accelerations, larger displacements, and catastrophic failures [14,15,16,17], which depends on the respective dynamic characteristics of the soil and structure and adaptability of the soil–structure interaction system, both of which can be true to some extent.



Considering the mentioned research, the interaction between the surface structure, piles, and tunnels can be complex for designing tunnels in urban areas due to their proximity. This can affect the seismic response of tunnels, which is generally determined by the seismic load in the free field. For instance, numerical analyses of the development of tunneling influence zones for adjacent pile foundations discovered that the influence domain could be identified based on factors such as ground condition, pile geometry, tunnel construction method, and evaluated criteria [18]. Pitilakis et al. [19] numerically investigated the impact of single and multiple adjacent surface structures on the seismic response of underground tunnels. The findings revealed that the surrounding soil’s shear wave and pressure fields were altered by the presence of surface structures, which affected the tunnel’s seismic response. It was also observed that this impact was more pronounced for tunnels that were buried at shallower depths. Azadi and Hosseini [20] studied the seismic wave’s effect on the interaction between double tunnels and surface structure and illustrated that the type of structure and earthquake frequency components have a significant impact on the horizontal displacement and bending moment responses of both surface and embedded structures. An experimental study on tunnel interaction with soil and structures on dense sand uncovered that the presence of a tunnel weakened the rigidity of the model, leading to an amplified seismic response in the surrounding soil. Also, the type of seismic wave had a considerable impact on the system’s response [21]. Moreover, Franza et al. [22] conducted a simplified elastic analysis of tunnel-piled structure interaction and declared that tunnel excavations induce flexural deformations beneath piles.



Comprehensive research on tunnel–soil interaction, tunneling effects, soil–structure interaction, and the effect of piles on the seismic response of soil was conducted using various numerical methods, centrifuge, shaking table, and field tests [23,24,25,26,27,28,29,30]. Although there is a lack of experimental investigation regarding the combined effects of these structures, it is vital to study the effect of existing structures on tunnels and their seismic response. Given that most of the experiments performed in this field have been applied on dense sand or clay (due to the difficulty of making low-density specimens and the non-reproducibility of experiments on a sample), further research is needed to study the behavior of tunnels, structures, and piles in loose sand. The present study experimentally investigated the tunnel–soil-piled structure interaction, focusing on tunnel behavior. In twelve shaking table tests conducted on loose sand using a laminar box, sinusoidal loading was applied, with the acceleration value kept constant while the frequency was changed. This adjustment in frequency was made because previous research has shown its significant impact on the model response. It should be noted that the investigation did not examine the influence of pile axial forces on the tunnel’s response.




2. Experimental Setup


2.1. Shaking Table Properties and Soil Container


Physical modeling investigations can be carried out to reproduce the conditions of a particular problem on a smaller scale than the real scale. These investigations are conducted in the laboratory under 1 g (using a shaking table) or Ng (using a centrifuge) conditions. This research used shaking table tests to conduct four series of physical modeling tests on the scaled system of tunnels, soil, and piles connected to the eight-story structure.



With a rectangular steel test platform and dimensions of 3 m × 2 m, the shaking table of Tabriz University has 6 ton capacity and one directional ground motion. Its range of displacement is ±100 mm. Seismic operation is designed at 0.1–20 Hz range, and the input movement is applied to the test platform by a horizontal hydraulic actuator (Figure 1).



Choosing a suitable container plays a vital role in physical modeling research. A layered container was selected to simulate the free field condition better and measure soil displacements at different levels by LVDT. The box was made of stacked aluminum rings in a rectangular shape; each has an external dimension of 1.5 m × 1 m and an internal dimension of 1.37 m × 0.86 m. The total height of the box is 80 cm, which was filled up to 65 cm for experiments, and then the extra rings were removed to prevent inertial errors. Using a plastic membrane prevented the soil from spilling out and entering between the bearings (Figure 1). Analyzing the peak acceleration response of soil at various depths illustrated that the reflection of seismic waves at the box’s boundary can be neglected.



Uniformly graded sand (Gumtapeh sand) was chosen, and its characteristics are given in Table 1. Moreover, using the air pluviation method, which has been used in similar studies [31], improved reproducibility, prevented human errors in sample-making, and resulted in almost uniform samples.




2.2. Simulation Ratio and Model Structures


According to the available facilities, the most appropriate method was a geometric similarity in physical modeling. This research used 1 g shaking table scaling laws to simulate the test conditions [32]. A geometric scale coefficient of 45 was chosen based on similarity rules, equipment capacity, and laminar box size, and scaling relations are given in Table 2.



The characteristics of tunnel and structure models were obtained and reported in Table 3 via the numerical modeling and application of λ to geometric parameters. In Table 3, the columns’ heights were reported for each story. However, it should be noted that the columns were constructed as one piece along all stories. It is important to note that the results are significantly affected by frequency. Therefore, ensuring that the natural frequency of the modeled structure matches the natural frequency of an actual 8-story building is imperative. The numerical modeling results indicate that the natural frequency of an actual 8-story structure was 1.025 Hz. By applying the frequency coefficient (    λ   f    ), the natural frequency of the modeled structure was determined to be 9.85 Hz. However, due to construction limitations, the actual natural frequency of the modeled structure was slightly altered to 9.94 Hz.




2.3. Tests Processing and Sample Making


The study conducted experiments on physical models to investigate the effects of different conditions under sinusoidal loads. Four series of physical models were constructed, each with varying conditions but subjected to the same acceleration and different frequencies. The presence of piles and the limited understanding of soil–tunnel performance in loose sand motivated the choice of loose sand. Because of modifications in soil density and residual moments that remained on the tunnel model, samples were prepared and studied for each test separately. The first model (S) focused solely on examining the soil in free field conditions. The air pluviation method with a relative density (Dr) of 40% was employed to fill the box with soil, reaching a height of 65 cm. In the second one, the tunnel–soil model (TS), the box was initially filled with soil up to a height of 10 cm. Subsequently, a tunnel was placed into the box, and the filling process was continued accordingly (Figure 2). The filling operation was deliberately paused above the tunnel during each cycle to prevent any disturbance. To account for the influence of the distance between underground and surface structures, as well as the buried depth of the underground structure, the tunnel and piles were strategically positioned in close proximity to each other. This arrangement aimed to assess the seismic response of the system comprehensively, considering the aforementioned factors. The third model, known as the soil–pile (SP) model, followed the same process as the first model. After moving the box on the shaking table, the piled structure was placed on top of the soil sample. Similarly, the fourth model, referred to as the tunnel–soil-piled structure (TSP), was prepared in the same manner as the second model. Once transferred to the table, the piled structure was added to the model (Figure 2). Figure 3 illustrates the three types of physical models employed in the study.



Six accelerometers were positioned in the same direction at different depths to record the effects of one-dimensional input vibrations. The recorded data were collected using a data logger. Furthermore, eight strain gauges were installed on the tunnel cover to measure the strain and bending moment experienced by the tunnel lining during vibration. In addition, five LVDTs were utilized to measure the displacement of the laminar box at the same levels as the accelerometers (Figure 4).



Twelve shaking table experiments were conducted at a constant acceleration of 0.5 g (sinusoidal loading) and frequencies of 3, 5, and 8 Hz (Table 4). As frequency dramatically affects the results [20], other parameters were kept as constant as possible throughout the study.





3. Results and Discussion


The residual strain was observed on the tunnel structure during the low-frequency vibrations. However, this strain was eliminated after evacuating the soil. Despite the presence of residual strain, both the tunnel and structure models did not experience structural failure during the tests. In order to ensure accurate measurements, the strain gauges were calibrated correctly and checked for each test. Although the structure did not collapse in any of the experiments, asymmetric subsidence was observed during the SP-3 test.



A white noise test was conducted in the SP model to estimate and compare the dynamic responses of the structure. The structure’s natural frequency was also calculated using acceleration data collected at various levels of the structure, with six accelerometers. After analyzing the numerical modeling result (9.94 Hz) for the structure’s natural frequency and comparing it to the value obtained from the white noise test (10.68 Hz), the verification of the model was confirmed. Although there was a minor discrepancy between the measured and numerical values due to construction limits and errors, it was negligible. The free field dynamic test revealed that the natural frequency of the soil model was 16.8 Hz, indicating that resonance could be prevented.



3.1. Study on Structure–Soil–Structure Interaction


In all the reports, the S model acceleration results were used as a basis for comparison, and any increase or decrease in the recorded acceleration amplitude reported was compared to the S model. As shown in Figure 5, the ACC1 results for all four models are close to each other, and no significant change is observed.



Numerous methods have been proposed in previous studies to study maximum displacement. In these investigations, the maximum displacement of each LVDT was selected for comparison. For each test, five specific times were identified, with one of the LVDTs experiencing the highest displacement at each of these moments. It is worth noting that different LVDTs could record varying displacement values during these moments. Each diagram illustrates how the entire model deforms when one of the LVDTs reaches its maximum displacement. To normalize the data, these displacement values were divided by the maximum displacement value of the shaking table, as extracted from ACC6 data. As a result, for each test, five separate graphs were generated, each focusing on the moment when one of the LVDTs recorded the highest displacement. For easier comparison, Figure 6 presents a graph for each test where LVDT 1 records the greatest displacement. This type of chart is known as an “RDSD chart”, which stands for “Recorded Displacement by LVDT1-5 divided by the Maximum Displacement obtained from ACC6 results”. According to Figure 6, all four models (S, TS, SP, and TSP) experience a similar maximum displacement at the ACC1 depth. However, the deformation mode varies at lower depths between the different models. The TS model shows the highest displacement on the sample surface, indicating that the tunnel causes the surface to move further during maximum bed movement. Despite what happens to the TS model, In the TSP model, the piled structure has effectively prevented surface deformation. Although a massive, piled structure can limit significant displacements, it may be deleterious for lightweight structures with shallow foundations [33].



A glance at the ACC2 results (Figure 7) reveals the tunnel effect on the seismic response of the models. The tunnel in the TS model at all frequencies has diminished the recorded acceleration amplitude in the vicinity of tunnel invert compared to the S model, which has not been affected by the input frequency. For more details, the acceleration diagram of the vibration’s final second is shown in Figure 7a–c.



The presence of the tunnel reduces the acceleration amplitude by at least 10% across all frequencies. This reduction becomes more pronounced as the frequency increases. Ding et al. [34] previously estimated that rectangular-shaped tunnels can experience a decrease in peak acceleration ranging from 0.4 g to 0.8 g under the tunnel. SP model’s diagram indicates no notable alterations, although different behavior is observed with the simultaneous presence of piled structure and tunnel (TSP model). The acceleration amplitude of the tunnel invert exhibits a reduction at a frequency of 3 Hz; however, it increases as the frequency is raised to 5 Hz and further to 8 Hz. This indicates that the applied frequency significantly influences the results of the tunnel invert in the TSP models, and Figure 7b,c evidently demonstrate this effect. Previous numerical studies have demonstrated that the presence of surface structures can lessen the seismic response of tunnels. This finding is consistent with the results obtained from the S-3 and TSP-3 experiments, confirming the surface structure’s mitigating effect on the tunnel’s seismic response [35]. However, it was also observed that various types of earthquake waves have varying impacts on the response of an interaction system [21]. Additionally, the presence of piles near the tunnel can amplify this impact. Two models (TS and TSP) perform similarly at low frequencies.



Figure 8 presents a normalized RDSD diagram of the 3 Hz frequency tests when LVDT2 reaches maximum displacement. From the diagram, it is clear that both the TS and TSP models experience similar deformation patterns. Additionally, the displacement at a depth of −35 cm (tunnel crown) in the TS-3 experiment increases compared to the S model. This observation highlights the impact of the tunnel and piled structure on the displacements, particularly at the specified frequency of 3 Hz. Furthermore, a comparison between the TSP and TS results reveals the reduction of the effect of the tunnel at 3 Hz (Figure 8) and the amplifying effect at 5 Hz (Figure 9). It is noteworthy to mention the increased movement at the −35 cm and −20 cm depths (piles location) in the SP model. As expected, the relative deformation of the S and SP models remains close to each other within the range of −65 cm to −55 cm. However, an increase in displacement is observed at different depths in the SP model, indicating that the piles contribute to the linear deformation of the soil profile. Moreover, increasing the frequency causes higher soil displacement at the −55 cm depth in both the SP and TSP models compared to the free field soil model (S).



The data collected from ACC3 demonstrate an increase in acceleration amplitude across the three models compared to the S model (Figure 10). This observation highlights the fact that both the tunnel and piles contribute to an increase in acceleration amplitude at the top of the tunnel crown and the end of the piles. Notably, at a frequency of 3 Hz, the tunnel has the most significant influence on the results, with the largest recorded amplitude in this model. As the frequency increases to 5 Hz and subsequently 8 Hz, acceleration amplitude increases dramatically in the TSP model compared to the other models. To summarize, the coexistence of both the tunnel and piles has the most effect on the seismic response at higher frequencies, as demonstrated in Figure 10. This observation aligns with previous numerical investigations, such as the study conducted by Tsinidis [36]. The findings of the previous investigation highlighted a significant increase in the seismic response of the tunnel when a nearby building or structure is present. Additionally, the results obtained from ACC2 and ACC3 indicate that a lower buried depth leads to an enormous acceleration amplification factor. This observation is consistent with earlier research by Hashash et al. [7], which confirms that underground structures experience a stronger seismic response when buried at shallower depths.



The normalized RDSD graph obtained at the critical moment from LVDT3 highlights the impact of the TS model on the increased displacement at −35 cm depth. In contrast, tunnel invert experiences relatively minor displacement compared to other models. The highest shear strain occurs in this area and turns it into a critical region (Figure 11), and there is a considerable difference between −55 and −35 cm depth displacement values in the TS model; by changing frequency to 8 Hz, TSP-8 experiences the most relative deformation in this range (Figure 12).



ACC4 and ACC5 results, plotted at 5 Hz in Figure 13, present an amplification in floor-to-surface acceleration transfer in all three models compared to the S model. The most significant impact is on the 8 Hz frequency and the TSP model, which increases the acceleration values by up to 30%.



Figure 14 depicts the amplification factor of ACC2, ACC3, ACC4, and ACC5 to provide a more transparent representation of the models’ behavior. The amplification factor is defined as the ratio of the maximum acceleration recorded by different accelerometers to that of ACC1. To eliminate any initial errors, the first and second responses of all tests are disregarded.




3.2. Investigating Impacts of Variables Soil Profile Strain


Zeghal and Elgamal [37] and Zeghal et al. [38] revealed that if the soil profile is considered a one-dimensional shear beam, shear stresses and shear strains of certain depths can be calculated using acceleration measurements of those depths. Therefore, by calculating the shear stress–strain during the excitation, the relevant hysteresis curves are extracted, and the parameters of shear modulus will be obtained from these curves.



This research uses a quasi-static analysis of the free field’s seismic response related to the rock bed to measure stress and strain values. The used results are an approximation of the dynamic analysis performed for the one-dimensional wave propagation by Roesset [39] and Gazetas [40]. It is important to note that quasi-static analysis is valid for low excitation frequencies. Considering that the acceleration is measured discretely, assuming linear changes in acceleration with depth and using interpolation between acceleration measurements, the shear stress at depth z is calculated using the following equation [38]:


    τ   i   ( t ) =   ∑  k = 1   i = 1    ρ ·       u  ¨    k     t   +     u  ¨    k + 1     t     2   ·   Δ z   k         ( i = 2 ,   3 … )  



(1)







In Equation (1), τ is the shear stress, ü is the acceleration, ρ is the density of the soil, and Δzk is the distance between two consecutive accelerometers. Gazetas [40], by dynamic analysis of the equation for one-dimensional wave propagation, explained that if the changes of G with depth are assumed to be linear, the value of the shear strain can be calculated using the following equation:
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In Equation (2), γ is the shear strain, u is the displacement, and z is the height. According to Equation (2), to obtain the shear strain at depth (i), the results of three consecutive accelerometers or LVDTs must be available. The stress and shear strain values are calculated using the results of accelerometers for three depths (ACC2, ACC3, and ACC4 locations).



At a depth of −55 cm, the shear strain values in the TS, SP, and TSP models declare a significant reduction compared to the S model at a frequency of 3 Hz, as depicted in Figure 15. Among the three models, the TS model demonstrates the most considerable reduction. The tunnel decreases shear strain values at this depth. Conversely, at a depth of −35 cm (tunnel crown), both the TS and SP models experience increased shear strain within the same stress range, as illustrated in Figure 16.



In the TSP model, a notable increase in shear strain is observed above the tunnel, indicating that the simultaneous presence of the tunnel and piled structure significantly elevates the shear strain value. This finding follows the numerical findings presented by Yu and Wang [35]. At the −20 cm depth, the presence of piles unexpectedly induces an increase in shear strain, which is evident in both the SP and TSP models (Figure 17). Notably, the largest increase in shear strain occurs in the vicinity of the tunnel crown in the TSP model, suggesting that this area can be identified as the critical shear zone. These results further corroborate the findings derived from the accelerometer diagrams.



To better understand the effect of frequency on the recorded strain, the 8 Hz frequency results are shown in Figure 18, Figure 19 and Figure 20. The models experienced a different trend at a depth of −55 cm in all three models (TS, SP, and TSP), the shear strain increased, and the highest value was related to the TS model. At a depth of −20 cm, the SP model reduces the shear strain, and in stark contrast, the TS model increases the shear strain. A predictable performance from the TSP model is observed, and its values fluctuate in the SP and TS model outcomes range. Also, there is a markable difference between 3 Hz and 8 Hz frequency results.



At lower frequencies, the presence of a tunnel and a piled structure results in a reduction of strain values at the tunnel invert. The tunnel affects results more than piles in this scenario. Conversely, above the tunnel, both the soil–pile (SP) and tunnel–soil–pile (TSP) models exhibit an increase in shear strain.



Increasing the frequency alters the model performance, resulting in higher strain values below the tunnel invert for all three models. At a depth of −35 cm, the soil–pile (SP) model reduces strains, while the tunnel–soil (TS) model dramatically increases strains. Comparing the free field soil (S) and SP models, piles improve soil profile behavior at the top, whereas the absence of piles leads to increased strain values due to reflected seismic waves at deeper depths (−55 cm). These findings emphasize the importance of incorporating piles in tunnel design to manage strain distribution.




3.3. Study of the Tunnel Lining Performance


The values of bending moments recorded in the two TS and TSP models are compared to obtain the effect of structure and piles on the bending moment values of the tunnel’s section. According to Figure 3, strain gauges were installed on the outside of the tunnel.



This section includes diagrams illustrating the additional strain and bending moment induced by each loading process. It should be noted that before applying dynamic loads, static load-induced strain and bending moment were present due to the weight of the soil. However, these initial values are omitted from the results, and the presented values solely show the strain and bending moment generated by dynamic loading. Strain gauges provide negative values to indicate a reduction in concavity and positive values to indicate an increase in concavity within the tunnel section. In other words, negative bending moments correspond to an increase in the radius of curvature, whereas positive bending moments indicate a decrease in the section’s curvature radius. Figure 21 shows the bending moment values obtained from the TS-3 and TSP-3 tests for strain gauges 1 to 5. The graphs of the strain gauges show either an upward or downward trend, as observed in strain gauges 1, 3, and 5. Alternatively, some strain gauges display a fluctuating trend around the axis. It is worth noting that even after the loading, residual strain remains on the tunnel cross-section.



Analyzing the diagram for the first strain gauge (SG-1) located in the tunnel crown (Figure 21), the bending moment values are positive in the TS model, reaching a maximum value of 390 N·mm. Moreover, a residual bending moment of 180 N·mm persists in the tunnel cross-section. In contrast, the TSP test showcases a change in the bending moment sign, with the extreme point of the curve shifting to −510 N·mm. Considering the absolute value of the bending moment, which plays a crucial role in tunnel lining design, it is evident that the generated bending moment increased by 31%. The TSP model exhibits a residual bending moment of 210 (N·mm). Figure 22 provides a schematic representation of the deformed tunnel section for the critical condition in the TS-3 test. In addition to the maximum, minimum, and residual bending moment values, Table 5 presents the corresponding values associated with the mentioned point in Figure 22. This information offers a comprehensive understanding of the tunnel section’s deformation and bending moment characteristics in critical conditions. Unlike deep tunnels, which deform into a diagonal oval [41], the cross-section is deformed from a circular to a vertical oval. Figure 23 and Table 6 depict the TSP-3 test results, revealing contrasting behavior compared to the TS-3 model. The cross-section changes from a circular to a horizontal oval shape. Piled structure under 0.5 g acceleration and 3 Hz frequency significantly alters the seismic behavior and deformation of the tunnel in loose sand. The piled structure increases the absolute value of the maximum bending moment by up to 34% and the absolute value of the residual moment by up to 46% at the tunnel crown. The relative density of the soil has a notable impact on bending moment values, and deep tunnels may exhibit different responses due to different geological conditions [42].



In Figure 24, the deformed cross-section of the tunnel in the TS-5 experiment is displayed, and Table 7 presents the corresponding bending moment values. The behavior of this model is similar to that of the TS-3 experiment, with the cross-section transforming into a vertical oval shape under vibration. However, all bending moment values have decreased compared to the TS-3 model, with reductions of up to 73% observed in certain areas. TSP-5 model results are shown in Figure 25 and Table 8; it exhibits similar behavior to the TSP-3 model. Although the bending moment values have significantly decreased, the signs have remained unchanged.



Comparing Figure 24 and Figure 25, which correspond to the TS-5 and TSP-5 experiments, reveals that similar to the 3 Hz frequency tests, the piled structure transforms the cross-section shape of the tunnel into a horizontal oval shape at 5 Hz frequency tests. The presence of the piled structure amplifies the dynamic forces exerted on the tunnel crown. However, as the buried depth of the tunnel increases, this effect may diminish, and lateral forces assume a more influential role. Notably, the recorded bending moment values for the 8 Hz frequency are too minimal, and the observed results do not follow the aforementioned behavioral pattern. Because the maximum displacement of the shaking table at an 8 Hz frequency is approximately 2 mm, the energy generated for the forced vibration of the model is insufficient to induce significant deformations.



The main limitation of this research was scaling down. Due to limited resources, a scaling factor of 45 was chosen, although it would have been better if it were less than 25. Additionally, constructing a separate tunnel model with a thinner tunnel lining for each test could have demonstrated more information about tunnel deformation and the deformed shape of the tunnel and would have helped with future designs. However, it was not possible to do so due to financial and construction limitations.





4. Conclusions


This study investigated the seismic response of shallow tunnels in a tunnel–soil-piled structure interaction system via shaking table tests conducted on loose sand. For this purpose, structure and tunnel models were designed, built, and subjected to four types of physical modeling tests using a shaking table and laminar box. Five accelerometers were embedded in the soil at various depths to examine soil response, and eight strain gauges were affixed to the tunnel model to record tunnel cross-section deformation. The results of the tests provide insights into the system’s response under seismic excitation and shed light on the influence of various factors, including the presence of a tunnel and piled structure under different excitation frequencies.



The presence of a tunnel in loose sand affects the dynamic response of the surrounding soil, and acceleration amplitude is decreased by 23% at the tunnel invert and is increased by 15% at the tunnel crown. Displacements are notably higher than the free field test at the tunnel crown, indicating the tunnel’s impact on soil deformation. It can influence the seismic response of buried structures near the tunnel, like underground stations.



At low-frequency excitation, the structure and piles near the tunnel do not significantly change the behavior of the surrounding soil. The recorded acceleration values at the tunnel invert are lower than predicted by the free-field soil model. However, as the excitation frequency increases, the acceleration values at the tunnel invert show a noticeable increase of up to 20%, indicating a stronger dynamic response. At various depths above the tunnel, there is a significant increase in acceleration, with the most notable accelerations observed in the tunnel–soil–pile model.



Based on the analysis of hysteresis curves, it becomes evident that the highest shear strain within the soil is predominantly localized in the vicinity of the tunnel’s crown. This implies that any structures in close proximity, including other tunnels and stations, must consider this area as a critical zone in their design and safety considerations. This emphasizes the overarching necessity for the incorporation of appropriate design measures, which should not only encompass structural stability but also address the dynamic responses induced by seismic forces.



In the tunnel–soil model, the tunnel cross-section experiences significant excess bending moments, causing it to periodically change from a circular shape to a vertical oval shape. This indicates the presence of higher forces from both sides. Also, increasing the frequency leads to a notable reduction in bending moments. On the other hand, in the tunnel–soil–pile model, the tunnel cross-section changes periodically from a circular shape to a horizontal oval shape, suggesting more significant forces on the tunnel crown. Bending moments also decreased with increasing frequency. These findings highlight the distinctive behavior of shallow tunnel linings in loose sand, particularly compared to tunnels in dense sand and deeper depth. It emphasizes the importance of considering these factors in the design and analysis of shallow tunnel structures.



Dynamic loading in both the tunnel–soil and tunnel–soil–pile models generates residual bending moments within the tunnel section. The applied frequency notably influences the magnitude of these residual bending moments. Strain gauges placed at angles of 0, 90, 180, and 270 degrees of the tunnel cross-section (gauges 1, 3, 5, and 7) record the highest values of residual bending moment after the loading process.



Recommendation: Due to the close proximity of the piles and tunnel, the presence of the tunnel can influence the response of the piles, which was not explored in this study. For future research, it is suggested that the effects of existing tunnels on pile bending moments and shear strain be investigated. Additionally, a thorough examination of predicting potential scenarios for tunnel lining cracks using numerical methods and artificial intelligence is strongly recommended.
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Figure 1. The 3D figure of the shaking table and the research model on it (units: meter). 
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Figure 2. The tunnel and structure model in their location. 
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Figure 3. TS, SP, and TSP models in shaking table tests (units: meter). 
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Figure 4. The shaking table test layout with locations of sensors (units: meter). 
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Figure 5. ACC1 results in 0.5 g acceleration and 3 Hz frequency in four models. 
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Figure 6. RDSD of four tests when LVDT1 has maximum displacement value for each model at 3 Hz frequency. 






Figure 6. RDSD of four tests when LVDT1 has maximum displacement value for each model at 3 Hz frequency.



[image: Buildings 13 02482 g006]







[image: Buildings 13 02482 g007a][image: Buildings 13 02482 g007b] 





Figure 7. ACC2 final second acceleration diagrams recorded for four models at a frequency of (a) 3 Hz, (b) 5 Hz, and (c) 8 Hz. 
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Figure 8. RDSD of four tests when LVDT2 has maximum displacement value for each model in 3 Hz frequency. 
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Figure 9. RDSD of four tests when LVDT2 has maximum displacement value for each model in 5 Hz frequency. 
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Figure 10. ACC3 final second acceleration diagram for four models at frequencies of (a) 3 Hz, (b) 5 Hz, and (c) 8 Hz. 
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Figure 11. RDSD of four tests when LVDT3 has maximum displacement value for each model at 3 Hz frequency. 
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Figure 12. RDSD of four tests when ACC3 has maximum displacement value for each model in 8 Hz frequency. 
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Figure 13. (a) ACC4 and (b) ACC5 final second acceleration diagram for four models at the frequency of 5 Hz. 
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Figure 14. Amplification factors of ACC2 to 5 in all models for (a) 3 Hz, (b) 5 Hz, and (c) 8 Hz frequencies. 
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Figure 15. Shear stress–shear strain diagrams for four models at −55 cm depth at the frequency of 3 HZ. 
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Figure 16. Shear stress–shear strain diagrams for four models at −35 cm depth at the frequency of 3 HZ. 
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Figure 17. Shear stress–shear strain diagrams for four models at −20 cm depth at the frequency of 3 HZ. 
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Figure 18. Shear stress–shear strain diagrams for four models at −55 cm depths at the frequency of 8 HZ. 
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Figure 19. Shear stress–shear strain diagrams for four models at −35 cm depths at the frequency of 8 HZ. 
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Figure 20. Shear stress–shear strain diagrams for four models at −20 cm depths at the frequency of 8 HZ. 
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Figure 21. The bending moment values obtained for the TS-3 and TSP-3 tests for strain gauges 1–5. 
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Figure 22. The schematic estimated shape of the tunnel cross-section at different moments according to the strain values for the TS-3 test. 
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Figure 23. The schematic estimated shape of the tunnel cross-section at different moments according to the strain values for the TSP-3 test. 
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Figure 24. The schematic estimated shape of the tunnel cross-section at different moments according to the strain values for the TS-5 test. 
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Figure 25. The schematic estimated shape of the tunnel cross-section at different moments according to the strain values for the TSP-5 test. 
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[image: Buildings 13 02482 g025]







 





Table 1. Basic properties of Gumtapeh sand.
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	Soil Property
	Gs (gr/cm3)
	D10 (mm)
	D30 (mm)
	D60 (mm)
	Cc
	Cu
	Yd Min (gr/cm3)
	Yd Max

(gr/cm3)
	Unified Category





	Magnitude
	2.66
	0.21
	0.3
	0.43
	0.996
	2.047
	1.49
	1.72
	SP










 





Table 2. Scale factors of physical modeling.
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	Item
	Scaling Factor (Prototype/Model)
	Values in This Study





	Length
	   λ   
	45



	Density of saturated soil
	     λ   p     
	1.8/1.56 = 1.154



	Strain of soil
	     λ   ε   =   λ  /            V s     p    /      V s     m         2       
	     45  /        375  /  80       2     = 2.048   



	Time
	     λ   t   =     λ   λ   ε       0.5     
	9.6



	Frequency
	     λ   f   =     1  /    λ   t         
	0.104



	Total stress
	     λ λ   p     
	51.9



	Acceleration
	1
	1










 





Table 3. The material information and properties of the tunnel, structure, and piles.
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	Item
	Dimension (cm)
	Material





	Tunnel
	length = 80

external diameter = 20

thickness = 0.15
	Aluminum



	Structure
	stories area = 25 × 25

stories thickness = 0.2

column section area = 0.1 × 4

column height = 7.1
	Steel (ST-37)



	Pile
	section area = 0.2 × 3 height = 30
	Aluminum










 





Table 4. Setup of shaking table tests.
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	Test ID
	Model
	Inputted Ground Acceleration (g)
	Frequency

(Hz)
	Displacement Range of Shaking Table (mm)





	S-3
	Soil
	0.5
	3
	±13.8



	S-5
	Soil
	0.5
	5
	±4.9



	S-8
	Soil
	0.5
	8
	±1.9



	TS-3
	tunnel–soil
	0.5
	3
	±13.8



	TS-5
	tunnel–soil
	0.5
	5
	±4.9



	TS-8
	tunnel–soil
	0.5
	8
	±1.9



	SP-3
	soil–pile
	0.5
	3
	±13.8



	SP-5
	soil–pile
	0.5
	5
	±4.9



	SP-8
	soil–pile
	0.5
	8
	±1.9



	TSP-3
	tunnel–soil–pile
	0.5
	3
	±13.8



	TSP-5
	tunnel–soil–pile
	0.5
	5
	±4.9



	TSP-8
	tunnel–soil–pile
	0.5
	8
	±1.9










 





Table 5. Bending moment values (N·mm) at the specific moments for all strain gauges for the TS-3 test.
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	Bending Moment (N·mm)
	SG 1
	SG 2
	SG 3
	SG 4
	SG 5
	SG 6
	SG 7
	SG 8





	Time = 5.34 s
	364.08
	−288.24
	−438.16
	403.36
	348.72
	−197.76
	−586.48
	−261.12



	Time = 5.38 s
	221.92
	−102.72
	−219.52
	135.12
	267.92
	−81.6
	−304.64
	−107.25



	Time = 5.42 s
	122.16
	220
	−204.16
	−101.76
	185.76
	138.96
	−144.96
	241.12



	Maximum
	370.72
	630.56
	8.16
	530.48
	351.76
	589.04
	16.24
	618.65



	Minimum
	−41.84
	−404.8
	−440.72
	−474.8
	−18.16
	−382.32
	−593.52
	−378.9



	Residual
	159.44
	94
	−189.76
	−30.08
	211.12
	54
	−192.88
	109.37










 





Table 6. Bending moment values (N·mm) at the specific moments for all strain gauges for the TSP-3 test.
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	Bending Moment (N·mm)
	SG 1
	SG 2
	SG 3
	SG 4
	SG 5
	SG 6
	SG 7
	SG 8





	Time = 5.34 s
	−472.8
	−382
	178.32
	488.72
	−209.68
	−490.56
	169.68
	−401.2



	Time = 5.38 s
	−262.24
	−272
	140.27
	226
	−104.8
	−326.72
	157.52
	−254.98



	Time = 5.42 s
	−227.92
	−2.96
	129.38
	2.4
	−189.12
	77.6
	130.72
	−11.48



	Maximum
	12.72
	505.52
	421.36
	618.16
	186.56
	561.6
	393.6
	438.5



	Minimum
	−497.92
	−473.36
	−154.71
	−397.6
	−548.64
	−560.08
	−168.24
	−457.4



	Residual
	−233.36
	−91.28
	120.26
	57.76
	−130
	−53.76
	116.96
	−67.98










 





Table 7. Bending moment values (N·mm) at the specific moments for all strain gauges for the TS-5 test.
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	Bending Moment (N·mm)
	SG 1
	SG 2
	SG 3
	SG 4
	SG 5
	SG 6
	SG 7
	SG 8





	Time = 5.23 s
	118.97
	−134.86
	−104.67
	202.57
	14.11
	2.23
	−109.25
	−140.27



	Time = 5.25 s
	64.63
	−82.18
	−1.88
	42.871
	−13.41
	22.34
	−68.37
	−70.25



	Time = 5.27 s
	34.94
	62.364
	−68.07
	−14.76
	−9.601
	73.68
	−5.248
	39.75



	Maximum
	142.89
	269.08
	19.46
	314.23
	47.103
	222.97
	15.2
	270.18



	Minimum
	−32.58
	−227.55
	−186.63
	−125.38
	−23.31
	−76.42
	−238.54
	−248.32



	Residual
	58.45
	−37.22
	−27.65
	21.63
	−8.15
	27.91
	−30.25
	−29.57










 





Table 8. Bending moment values (N·mm) at the specific moments for all strain gauges for the TSP-5 test.






Table 8. Bending moment values (N·mm) at the specific moments for all strain gauges for the TSP-5 test.





	Bending Moment (N·mm)
	SG 1
	SG 2
	SG 3
	SG 4
	SG 5
	SG 6
	SG 7
	SG 8





	Time = 5.23 s
	−73.83
	−14.72
	−5.32
	−46.75
	34.81
	−71.05
	−0.90
	−20.23



	Time = 5.25 s
	−30.21
	103.83
	108.35
	−99.54
	42.44
	−12.38
	114.56
	111.29



	Time = 5.27 s
	−33.72
	108.58
	134.81
	−113.25
	32.34
	1.21
	123.02
	128.35



	Maximum
	26.07
	182.81
	260.24
	57.27
	44.20
	95.96
	274.37
	168.32



	Minimum
	−98.57
	−316.60
	−30.27
	−289.24
	−35.70
	−260.55
	−25.85
	−320.8



	Residual
	−68.36
	54.45
	35.25
	−55.72
	28.32
	−37.64
	35.69
	47.26
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