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This manuscript presents a mini review on the potential new application of geocell in the mitigation of ground vibration. An effort has been made to provide a detailed quantification and mechanisms involved in the vibration isolation performance of geocells. The latest studies on the topic are summarized in three sections, namely, experimental, numerical, and analytical studies. Details on the optimum dimension of geocells, depth of placement, and suitable infill materials for effective isolation of vibrations have been covered. Further, the mechanism responsible for the superior vibration isolation performance of the geocells is highlighted. In addition, analytical equations and machine learning-based models for predicting the isolation performance of the geocells are discussed. The study reveals that geocell is very effective in isolating ground vibrations as compared to other forms of geosynthetics. Geocells were found to enhance dynamic properties and reduce the amplitude of vibrations significantly.
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1 INTRODUCTION
Geocells are 3-dimensional (3D) shaped geosynthetics made of high-density polymers and polymeric alloy material. It is popularly known as a 3D cellular confinement system. The US Army Corps of Engineers initially developed geocell for military applications in the early 1970s. Later, the use of geocells has seen significant growth in civil engineering applications. Due to its honeycomb shape, geocell offers all-round confinement to the soil, leading to enhanced strength properties. General applications of geocells include foundations (Hegde and Sithara, 2013), embankments (Sitharam and Hegde, 2013), pavements (Hegde and Palsule, 2020), earth-retaining structures (Latha and Manju, 2016) and buried pipelines (Hegde and Sithara, 2015a). Generally, geocell pockets are filled with granular materials. However, the study of Hegde and Sitharam (2015b) suggested that different infill materials, namely, gravel (coarse aggregate) and silty clay can also be used as infill materials. Some recent studies have also recommended using waste materials like recycled asphalt pavement (Han et al., 2011; Thakur et al., 2013), construction waste (Mahima and Sini, 2022), quarry waste (Pokharel et al., 2011), and steel slag (Venkateswarlu and Hegde, 2020a) to fill the geocell pockets.
Nowadays, the topic of ground vibrations and its mitigation has obtained great interest among researchers. Construction activities, transit systems, and heavy industrial equipment are some of the common sources of vibrations. The induced vibrations from the source can cause severe trouble to the buildings and surrounding environment. The vibrations can trigger smaller cracks to catastrophic damage in the structures. The harmful effects of the vibrations can be mitigated using various methods. These methods include the use of rows of solid piles (Kattis et al., 1999), gas mattresses (Massarsch, 2005), and open and in-filled trenches (Jauhari et al., 2023). Isolation techniques can be categorized into two types, namely, active and passive vibration isolations, based on the distance between the source and the barriers. In active isolation, barriers are placed near the vibration source in order to attenuate the amplitude of vibration. Whereas in passive isolation technique, the barriers are placed near the structures to be protected. The open and infilled trenches are used in both active and passive isolation schemes. However, sometimes the depth requirement in open and infilled trenches is so large that it cannot always be practically feasible. The recent research activities suggest the potential use of the geocells in mitigating the vibrations. The geocells are placed below the vibration sources and hence, it can be classified as active isolation method. Geocells diffract the vibration energy into wider areas below the vibration source and hence, prevent lateral transmission (Venkateswarlu and Hegde, 2023a). The present manuscript summarizes some of the recent advances on the use of geocells in mitigation of ground vibrations. Past research studies are summarized in different sections, namely, experimental, numerical, and analytical studies.
2 EXPERIMENTAL STUDIES
Field vibration tests are the preferred method for studying the vibration mitigation performance of geocells. In this method, dynamic vibrations of different magnitudes and frequencies are applied on the foundation bed strengthened with geocells using a mechanical oscillator. The vibration response of the foundation beds is measured using geophones, accelerometers, and vibration meters. Figure 1 shows the schematic view of the field vibration test setup. Venkateswarlu et al. (2018) highlighted the isolation potential of different geosynthetics-reinforced beds using vertical mode field vibration tests. Different cases, namely, one layer geogrid reinforced, multi-layers of geogrid reinforced and geocell reinforced conditions were tested and compared with unreinforced case under vibration loading. The different cases were compared in terms of frequency and displacement corresponding to resonance. Experimental results revealed that the amplitude of the vibration corresponding to resonance extensively reduces in the presence of geogrids. As compared to geogrids, the reduction in amplitude of vibration was observed maximum in the case of the geocell reinforcement. About 61% decrease in the amplitude of vibration was observed in the case of the geocell reinforcement as compared to the unreinforced condition. Similarly, the frequency corresponding to the resonance of the soil system was increased by 1.38 times in the case of the geocell reinforcement as compared to the unreinforced condition.
[image: Figure 1]FIGURE 1 | Schematic view of the field vibration test setup [Sourced from Venkateswarlu and Hegde (2020a)].
Hegde and Venkateswarlu (2019) highlighted traffic-induced vibration isolation using geocells. The optimal placement depth of geocell was recommended as 0.1B (B is the width of vibration source) for the effective reduction of traffic vibration. At the optimum depth of placement of geocell, the natural frequency of subgrade was increased by 1.4 times. Similarly, 96% increase in the elasticity of the subgrade was reported. Experimental investigation of Venkateswarlu and Hegde (2020a) provided the recommendations for the geocell geometry, placement depth for achieving maximum isolation efficiency. The optimum width and depth of placement of geocell were found to be 5B and 0.1B (B is width of vibration source) respectively, for obtaining the maximum isolation. Venkateswarlu and Hegde (2020b) studied the influence of infill materials on the isolation efficacy of a geocell-strengthened foundation. Different types of infill materials, namely, silty sand, sand, steel slag, and gravel, were used in the study. Among the four different infill materials, gravel infill offered the maximum isolation efficiency. More than 150% increase in the shear modulus of the foundation bed was reported in the presence of geocell with gravel infill.
3 NUMERICAL STUDIES
Due to the complexity involved in the experimental procedures, numerical modeling is a handy tool in assessing the vibration separation performance of the geocells. Ujjawal et al. (2019) performed FLAC3D based numerical analysis to investigate the effectiveness of geocell reinforcement in isolating the machine induced vibrations. In the study, two different geocell modelling approaches, namely, equivalent composite approach (Venkateswarlu and Hegde, 2018), and honeycomb shape approach (Hegde and Sitharam, 2015c; Hegde and Sitharam, 2015d) were adopted. In the equivalent composite approach, the geocell and the infill soil are treated together as a composite mass with enhanced shear strength properties. In the honeycomb shape approach, the actual curvature of the geocell pockets is considered in the modelling. In addition, the geocell materials and infill soils are modeled separately using different materials models. From the study, the honeycomb shape approach (HSA) was found to provide an accurate prediction of the experimental results. Further, the parametric study showed that the isolation performance of the geocell reinforced bed was significantly affected by the modulus of the geocell material and the interface friction angle. The increase in the geocell modulus and the interface friction angles were found to enhance the overall performance of reinforced foundation beds under vibration loading. The optimum cell depth of 0.25B was suggested for better isolation performance.
Venkateswarlu and Hegde (2023a) provided numerous insights into the vibration isolation mechanism of geocell reinforced beds using three-dimensional numerical modelling using the finite-difference package FLAC3D. Wave propagation pattern revealed that the provision of geocell mattress diffracts the induced vibration energy into a wider area beneath the geocell mattress as shown in Figure 2. As per section ‘J’ in the figure, the geocell offers confinement to the foundation soil, causing an increase in the shear strength. Section ‘K’ in the figure indicates the dispersion of the laterally moving vibration waves into downward direction due to the presence of geocell pockets. Further, due to the presence of a geocell mattress, the vibration was found to spread to the wider areas (as represented in section ‘L’) at an angle ranging between 50° and 63°. Dissipation of the vibration load into wider areas improves the isolation efficiency. Further, it was also observed that the foundation bed strengthened with the geocell can effectively mitigate vibrations up to the frequency range of 0–50 Hz. Further, Venkateswarlu and Hegde (2023b) demonstrated the influence of the shape of footing, geocell area, and the relative density of infill on the behavior of geocell reinforced bed. More than 75% reduction in foundation bed strain was observed in the presence of geocell reinforcement for different frequency and relative density conditions.
[image: Figure 2]FIGURE 2 | Vibration Isolation mechanism of geocell reinforced foundation beds [Sourced from Venkateswarlu and Hegde (2023a)].
4 ANALYTICAL AND MACHINE LEARNING STUDIES
The estimation of the response of the foundation beds for a given vibration loading is essential for designing the vibration barriers. Researchers have adopted various methods, such as the mass-spring dashpot method and different machine learning-based methods for predicting the vibration response of the geocell-reinforced foundation beds. Venkateswarlu and Hegde (2020b) demonstrated the suitability of the mass-spring dashpot (MSD) analogy in predicting the vibration response of geocell strengthened foundation beds. Geocell was found to enhance the damping properties of the foundation bed significantly. The total damping ratio values of 12%, 26%, 28%, 32%, and 36%, respectively, were observed for different cases, namely, unreinforced, geocell infilled with silty sand, geocell infilled with sand, geocell infilled with slag, and geocell infilled with gravel.
Venkateswarlu et al. (2021) examined the applicability of genetic programming (GP), and multivariate adaptive regression spline (MARS) models in predicting the peak particle velocity (PPV) of geocell strengthened soil beds. In total, 240 datasets obtained from field vibration tests were used to predict the PPV. Sensitivity analysis suggested that the damping properties of the foundation beds influence the PPV most. Compared to the GP model, the MARS model exhibited high precision in calculating the PPV. Venkateswarlu et al. (2023c) developed a prediction model for computing the displacement amplitude of vibration in the geocell strengthened foundation bed using the combination of the artificial neural network (ANN) with dragonfly optimizer (DFO), abbreviated as ANN-DFO. The reliable database obtained from the field vibration tests was used for the development of model. The displacement amplitude of vibration of the geocell reinforced foundation bed was predicted using the set of input parameters involving the foundation bed, geocell, and vibration loading characteristics. Figure 3 shows the schematic representation of the methodology followed in the model development. The performance of the models was evaluated using the different statistical parameters, namely, coefficient of determination (R2), mean absolute percentage error (MAPE), root mean square error (RMSE), mean absolute error (MAE), and mean arctangent absolute percentage error (MAAPE). From the results, an excellent prediction performance of the displacement amplitude was observed for the ANN-DFO model as compared to other benchmark models, namely, Gaussian process regression (GPR), random forest (RF), and M−5 rules. Based on the sensitivity analysis results, the displacement amplitude of the reinforced foundation bed was found to be significantly influenced by the frequency of the vibration source.
[image: Figure 3]FIGURE 3 | Schematic representation of methodology adopted by Venkateswarlu et al. (2023c).
5 PROSPECTS OF HYBRID TECHNIQUES
It is understood from past studies that geocells are effective in reducing vibrations up to 50 Hz (Venkateswarlu and Hegde, 2023a). On the contrary, open and infilled trench systems are preferred to isolate the vibrations with much higher frequencies. Jauhari et al. (2023) performed field tests to assess the usefulness of open and infilled trenches in the mitigation of continuous harmonic vibrations. Furthermore, to complement the field study, comprehensive numerical studies were performed by Jauhari et al. (2024a). The aforementioned studies showed that the trench systems were notably more effective in isolating high-frequency vibrations (>30 Hz). The depth requirement of the trenches will be lower for high-frequency vibration loads. In order to isolate the vibrations of a wide range of frequencies covering the entire spectrum of very low to high-frequency vibration loads, the prospects of using a hybrid technique must be explored. In the hybrid technique, the combination of geocells and the trench system will be used. A schematic view of the hybrid system is shown in Figure 4. Below the vibration load, the geocell reinforcement is to be placed, and the trench system in the form of an open or infilled barrier is to be placed beside the vibration loads. It is expected that the combination of geocells and trench systems can isolate the vibrations of the wide range of frequencies. However, further studies are essential to obtain mechanisms and the optimum dimensions of hybrid systems. It is recommended to use the dual trenches instead of the single trench systems. As compared to single trench, the additional trench in the dual trench system helps to reflect and scatter the incoming waves, causing better screening in the isolation zone. Further, the dual trenches reduce the higher depth requirement of the single trenches.
[image: Figure 4]FIGURE 4 | A schematic view of the hybrid isolation system.
6 SUMMARY AND CONCLUSIONS
The manuscript summarized the research studies on the new application of geocells in vibration isolation. The isolation scheme developed by the researchers suggested that the foundation bed below the vibration source needs to be reinforced with geocells for isolating the vibrations. For effective vibration mitigation, the optimum cell depth, width, and depth of placement of geocell were found to be 0.25B, 5B, and 0.1B, respectively (B is the width of the vibration source). Moreover, the gravel was found to be the most suitable infill material for better performance. In the presence of geocell reinforcement, the resonant frequency of the soil system was increased by 1.38 times and the resonant amplitude was decreased by 61% as compared to the unreinforced condition. Geocells were found to spread the vibration load to the wider area below the vibration source to reduce the side effects of vibrations. Further, the vibration was found to disperse at an angle ranging between 50° and 63° below the geocell. The foundation bed reinforced with the geocell was found suitable for isolating the vibration loading with a frequency up to 50 Hz. The geocell isolation system can be effectively adopted to reduce the harmful effects of ground vibrations generated from sources such as machine foundations, pavements, and railways. As suggested in the literature, advanced machine learning-based models can be used to estimate the vibration response of the barrier system under a given vibration load. Overall, it can be concluded that initial research efforts have highlighted the positive benefits of using geocells in vibration isolation. However, further studies are essential to fully develop the design guidelines for using the geocells in vibration isolation applications. Also, there is a further need to explore the hybrid technique involving the combinations of geocells and dual trenches for isolation of the ground vibrations.
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