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[bookmark: _Toc165167692]ABSTRACT
This study investigates various ground enhancement strategies that can be used to stabilise challenging soils and improve development on such terrains. The Kansai International Airport is used as a case study to illustrate these techniques. Poor soil conditions, such as expansive, collapsible, soft, and liquefiable soils, provide substantial hazards to the stability and longevity of structures. The text provides a comprehensive overview of different ground improvement techniques, including mechanical, chemical, thermal stabilisation, and reinforcing approaches. It emphasises their specific uses and effectiveness in reducing associated risks. The case study of Kansai International Airport exemplifies the successful application of various techniques, namely the Sand Drain Method in conjunction with Dynamic Compaction, to effectively tackle extensive geotechnical difficulties. This approach resulted in a substantial reduction in settlement periods and an improvement in soil properties. The effective implementation of these techniques not only guaranteed the punctual finalisation and functional reliability of the airport but also demonstrated the crucial significance of incorporating various ground enhancement technologies customised to individual site characteristics and project prerequisites. This study highlights the importance of meticulous selection, implementation, and ongoing assessment of ground improvement approaches to attain the best possible outcomes in geotechnical engineering projects.

[bookmark: _Toc165167693]INTRODUCTION
Geotechnics faces a challenge in managing poor soils, which can be categorized into four groups: expansive, collapsible, soft, and liquefiable. Expansive soils can cause fractures and structural damage, while collapsible soils cause significant settlements and instability. Soft soils have a low resistance to shear forces and a high tendency to compress, leading to significant deformations and reduced load support. Liquefiable soils lose strength and stiffness when subjected to repeated loading, such as during earthquakes.
Mechanical stabilisation involves altering the physical characteristics of soil using methods like compaction, preloading, vertical drains, stone columns, vibro-compaction, dynamic compaction, or blasting. Chemical stabilisation involves altering the chemical makeup of soil by introducing substances like cement, lime, fly ash, bitumen, or other binders. Thermal stabilisation alters the temperature of the soil through heat or freezing, enhancing the soil's strength, reducing its volume, and establishing impermeable barriers or cut-offs.
Reinforcement enhances the tensile strength and stability of soil by introducing external materials like geosynthetics, steel bars, nails, anchors, or piles. Grouting injects a fluid or paste substance into the soil to cover empty spaces, gaps, or joints, creating a solid structure or series of columns or walls. The primary purposes of ground improvement include enhancing shear strength, increasing bearing capacity, improving density, transferring embankment loads to more competent layers, managing deformations, ensuring lateral stability, creating seepage cutoffs, or filling gaps, and enhancing liquefaction resistance.
The selection of the most appropriate ground improvement method depends on various factors, including soil type and characteristics, project nature and specifications, accessibility and cost of supplies and equipment, environmental consequences, and performance standards. Engineers should assess the benefits and drawbacks of each technique and compare their practicality and effectiveness. This paper explores the various methods of ground improvement techniques, whilst comparing and contrasting based on a specific case study; the Kansai International Airport. 



[bookmark: _Toc165167694]1.0 CHAPTER ONE: SURVEY OF GROUND IMPROVEMENT TECHNIQUES
[bookmark: _Toc165167695]1.1 Mechanical Stabilization
Compaction is a technique used to stabilise soil by using external energy to decrease its volume and improve its density, strength, and stiffness. Compaction can be accomplished by different methods, including static or dynamic loading, vibration, or impact. The compaction process is primarily influenced by four primary factors: the type of soil, the moisture content, the energy applied during compaction, and the technology used for compaction (Das and Sobhan, 2014).
Vibro compaction is a method of enhancing the quality of loose and granular soils, such as sand, gravel, or silty sand, by applying mechanical vibrations to increase their density (Kirsch and Bell, 2013). Vibro compaction is a technique that can decrease soil settlement, enhance soil bearing capacity, and lessen the likelihood of liquefaction during earthquakes (Baez and Martin, 1998). Vibro compaction is a technique that can be used on shallow or deep foundations, embankments, reclamation regions, or offshore structures (Das and Sobhan, 2014).
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[bookmark: _Toc165167585]Figure 1 Shows Vibro Compaction in action


Dynamic compaction is also a method used to enhance the quality of loose and granular soils by continuously lowering heavy weights onto the ground surface. The application of weights results in the formation of craters, which are subsequently filled with densely packed soil or granular material, so creating a compacted layer of better soil. The magnitude and scope of enhancement are contingent upon factors such as the mass, elevation, interval, and quantity of descents, along with the soil properties and groundwater circumstances (Kirsch and Bell, 2013). This form of compaction was initially employed in France during the 1930s and has subsequently been utilised in many global projects, including airports, highways, dams, landfills, and industrial complexes. 
[image: ]
[bookmark: _Toc165167586]Figure 2 Show dynamic compaction commencing



[bookmark: _Toc165167696]1.2 Hydraulic Methods
	Dewatering is a method of enhancing the ground by decreasing the amount of groundwater. This process aims to enhance the soil's strength, decrease the pressure of water in the pores, and prevent liquefaction. Dewatering can be utilised on a wide range of soil types, including sands, silts, clays, and organic soils, for diverse objectives such as excavation, foundation construction, slope stabilisation, and landfill development. The methods for removing water from an area can be divided into two primary categories: wellpoint systems and deep wells (Kirsch and Bell, 2013).
[image: ]
[bookmark: _Toc165167587]Figure 3 Illustrates a dewatering method

Wellpoint systems are comprised of multiple narrow wells, usually measuring 50-100 mm in diameter, that are linked to a central pipe and a vacuum pump. The pump generates a vacuum that pulls the groundwater from the wells and releases it to an appropriate destination. Wellpoint systems are appropriate for shallow excavations, specifically those that are no deeper than 6 metres and are most effective in fine-grained soils. They are particularly useful in situations where there is a requirement to drop the groundwater level rapidly and evenly. Das and Sobhan (2014) state that installing wellpoint systems in stages can allow for larger depths, but this approach necessitates additional time and equipment.
Deep wells are characterised by their wider diameter, often ranging from 150 to 300 mm, and are fitted with submersible pumps. The pumps are submerged to the required depth and withdraw the groundwater from the aquifer. Deep wells are appropriate for excavations that go to greater depths (up to 30 m) in soils with larger particles, where the level of groundwater can be regulated over a wide area. Deep wells can also serve to alleviate artesian pressure or intercept seepage from nearby sources. According to Baez and Martin (1998), deep wells have a shorter installation time and require less area compared to wellpoint systems. However, they are more costly and consume more energy.
Prefabricated vertical drains (PVDs) are artificial materials that are put into loose soils to expedite their consolidation and enhance their strength and rigidity. PVDs serve as conduits for the dissipation of excessive pore water pressure, hence decreasing the settlement time and enhancing the pace of soil development (Kirsch and Bell, 2013). Permeable vertical drains (PVDs) are composed of a plastic core that is enveloped by a geotextile filter, which serves the purpose of preventing the blockage of the drain due to the presence of small soil particles. PVDs are often installed using a specialised mandrel that is connected to a hydraulic rig. This mandrel is used to drive the drain into the ground until it reaches the desired depth. The arrangement and configuration of the drains are contingent upon the specific properties of the soil, the applied loads, and the intended design goals. PVDs are extensively utilised in civil engineering endeavours that encompass soft clay formations, including embankments, highways, airports, landfills, and reclamation zones.
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[bookmark: _Toc165167588]Figure 4 Shows a PVD being inserted
[bookmark: _Toc165167697]1.3 Chemical Stabilisation
	Deep mixing can be categorised into various types depending on the mixing apparatus and the binder employed. The primary categories include wet deep mixing, dry deep mixing, and hybrid deep mixing. Wet deep mixing is a process that entails injecting a mixture of cement or lime into the soil and thoroughly blending it using a spinning auger or blade. Dry deep mixing is a technique that entails injecting dry cement or lime powder into the soil and combining it with compressed air or water. Hybrid deep mixing is a technique that entails injecting a mixture of cement or lime slurry and powder into the soil. This mixture is then thoroughly mixed using a combination of auger, blade, and jet. Each variant of deep mixing possesses distinct performance and suitability, contingent upon the level of soil moisture, the amount of mixing energy applied, and the degree of quality control implemented (Das and Sobhan, 2014).
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[bookmark: _Toc165167589]Figure 5 Shows Cement being used in Deep Mixing


Table 1 Defines both Cement and Lime as chemicals used in Deep Mixing
	Cement is a substance having hydraulic properties that, when combined with water, can solidify, and unite soil particles. Cement can enhance the strength and durability of soils, particularly cohesive soils, while also decreasing their flexibility and compressibility. Cement can enhance the drainage and erosion resistance of soils. Nevertheless, cement can induce soil cracking and shrinkage because of hydration and temperature influences, while also amplifying the project's environmental impact and expense due to its substantial energy consumption and carbon footprint. The process of cement stabilisation often involves combining the soil and cement either in a pug mill or a central plant or by utilising a rotavator or a reclaimer on the field. The standard dose of cement varies from 4% to 15% based on the weight of the dry soil (Das and Sobhan, 2014).

	Lime is a calcium-rich substance that can interact with clay minerals and create pozzolanic compounds, which can effectively unite soil particles. Lime can enhance the workability, strength, and stability of expansive clays, while also decreasing their plasticity and tendency for swelling. Lime has the potential to decrease the amount of water and the permeability of clays while enhancing their ability to withstand frost and sulphate damage. Nevertheless, lime can also result in several disadvantages, including decreased strength in wet conditions, heightened susceptibility to compaction, and diminished strain capacity. Lime stabilisation is often accomplished by evenly distributing lime throughout the soil surface and incorporating it into the soil using a disc harrow or a rotary mixer. The standard lime dosage for soil treatment varies between 2% and 8% by weight of the dry soil (Das and Sobhan, 2014).



	


Grouting can be categorised into many types depending on the method of injecting grout and the type of grout employed. Some primary categories include compaction grouting, permeation grouting, jet grouting, and chemical grouting. Compaction grouting entails the injection of a highly rigid grout that displaces and consolidates the adjacent soil without entering it. Permeation grouting is a process where a thin grout with low viscosity is injected into the soil, filling the small spaces and gaps without altering its overall structure. Jet grouting is a process that entails injecting a powerful stream of grout into the soil, causing erosion and mixing with the soil to create a column of soil cement. Chemical grouting is the process of injecting a chemical solution that interacts with either the soil or another chemical substance. This reaction results in the formation of a gel or a solid material that binds the soil particles together. Each type of grouting possesses unique benefits and constraints that are contingent upon the soil properties, the desired enhancement effect, and the ecological consequences (Kirsch and Bell, 2013). 
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[bookmark: _Toc165167590]Figure 6 Shows the process of Compaction Grouting


[bookmark: _Toc165167698]1.4 Thermal Stabilization
	Ground freezing is a process where the temperature of the soil is reduced below its freezing point, resulting in the freezing of water in the pores and the formation of ice crystals. Ice crystals generate strong bonds between soil particles, resulting in a solid frozen mass that is resistant to deformation and seepage (Das and Sobhan, 2014). Ground freezing has been employed for several purposes, including tunnelling, providing support for excavation, stabilising slopes, controlling groundwater, and mitigating liquefaction. Ground freezing is a versatile technique that may be used on many types of soil and conditions. It can also be adjusted to fit different shapes and depths. Ground freezing is a reversible and environmentally benign process that does not involve the introduction of any foreign materials or chemicals into the soil (Kirsch and Bell, 2013). The primary technique employed in ground freezing involves the circulation of refrigerant fluid, such as brine or liquid nitrogen, through a network of pipelines or boreholes that are implanted in the soil. The refrigerant fluid extracts thermal energy from the soil and transports it to a refrigeration facility located on the surface. The refrigeration cycle persists until the appropriate level of freezing is attained. The solidified earth can thereafter be dug out or loaded as necessary. Alternatively, ground freezing can be accomplished through the direct injection of liquid nitrogen into the soil, resulting in an immediate freezing effect (Das and Sobhan, 2014).
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[bookmark: _Toc165167591]Figure 7 Shows Soil Freezing using Nitrogen.

[bookmark: _Toc165167699]2.0 CHAPTER TWO: COMPARATIVE ANALYSIS OF TECHNIQUES USING CASE STUDY
[bookmark: _Toc165167700]2.1 Project Overview
	Kansai International Airport, Japan's inaugural airport operating around the clock, was constructed to mitigate aeroplane noise pollution and accommodate the growing need for air travel. Situated 5 kilometres off the coast in Osaka harbour, this facility provides round-the-clock functionality, convenient transportation between international and domestic aircraft, and many means of access including highways, railways, and high-speed ferries. Kansai serves as a crucial node in the worldwide aviation network. The construction of this project took place in the early 1990s and involved significant engineering efforts. The project faced several geotechnical difficulties due to the presence of soft, alluvial clay deposits in the seabed. 
[image: An aerial view of an airport
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[bookmark: _Toc165167592]Figure 8 Shows an aerial view of Kansai International Airport


[bookmark: _Toc165167701]2.2 Challenge
	The subsoil directly beneath the surface of the seabed is composed of a substantial, unstable layer of clay from the Holocene period. This gave rise to worries over differential settlements and the long-term stability of the airport infrastructure. It is necessary to enhance this layer to reduce any remaining or uneven sinking once the airport begins operating and to guarantee stability during the construction of the seawall and land reclamation. The ground improvement was conducted across the entire shoreline and reclamation area.
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[bookmark: _Toc165167593]Figure 9 Shows an Illustration of the Seabed under the islands.

[bookmark: _Toc165167702]2.3 Ground Improvement Technique Used
To tackle these difficulties, a thorough ground enhancement approach was implemented, with a primary emphasis on the Sand Drain Method in conjunction with Dynamic Compaction.
The Sand Drain Method is a technique that entails the installation of prefabricated vertical drains composed of sand at consistent intervals throughout the construction site. These drains expedite the consolidation of soft soils by creating pathways for pore water to escape, thus accelerating the settlement process. A positioning control system, connected to an RTK-GPS, was utilised to drive sand heaps into predetermined locations. This process involved the use of 12 pile drivers arranged over a width of 30 metres. The sand piles were propelled by unit sections measuring 100m × 90m (30m × 3), facilitating precise management of anchor length. During 16 months starting in August 1999, a total of 1.2 million sand piles were installed by a fleet of 8 sand piling barges. PVDs provide numerous benefits compared to alternative methods of ground improvement, including cost-effectiveness, simplicity of installation, environmental compatibility, and minimal disruption to the soil structure (Das and Sobhan, 2014). PVDs can be synergistically employed with additional techniques, such as surcharging, vacuum consolidation, or stone columns, to augment their efficacy and attain the necessary level of enhancement. 
Dynamic Compaction was employed in conjunction with the sand drains. This process required applying a substantial amount of weight (surcharge) on the targeted area to stimulate consolidation. The preload involved carefully positioned earth fills that facilitated the compression of the underlying soft soil layers, causing water to be expelled through the sand drains and so expediting consolidation. Dynamic compaction has several key benefits, including its straightforwardness, affordability, efficiency, and eco-friendliness. The primary drawbacks include the presence of noise, vibration, and the possibility of causing harm to adjacent structures and utilities (Baez and Martin, 1998).
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[bookmark: _Toc165167594]Figure 10 Shows the compaction method used



The deep mixing method was applied in areas where the stability of the foundation ground was required. Deep mixing barges created columns of Holocene clay mixed with cement milk, creating an underground structure. About 330 thousand m3 of soil were improved by two deep mixing barges in 7 months from August 1999. Deep Mixing has numerous advantages, including improving soil characteristics, minimising soil distortions, raising soil load-bearing capacity, reducing soil permeability, regulating groundwater movement, stabilising soil inclines, and preventing soil liquefaction. Nevertheless, they also present significant difficulties, like exorbitant expenses, intricate construction, unpredictable efficacy, fluctuating longevity, and potential hazards to the environment. Hence, it is crucial to meticulously choose, strategize, implement, oversee, and assess these techniques to achieve effective enhancement of the ground (Baez and Martin, 1998).
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[bookmark: _Toc165167595]Figure 11 Shows the results of deep mixing
[bookmark: _Toc165167703]2.4 Results
The utilisation of sand drains and dynamic compaction at Kansai International Airport proved to be extremely effective. By employing these procedures, the settlement period was greatly diminished from an approximate duration of 50 years (in the absence of any ground improvement measures) to only a few years. This ensured that the airport was completed on schedule and maintained its operational stability. The airport has been in operation since 1994 and has managed a substantial number of travellers. Although there were initial worries regarding the stability of the airport because of its unconventional position, the ground renovation techniques have been successful, as demonstrated by the controlled settlement rates and structural soundness of the airport over time. This case study demonstrates the efficacy of integrating various ground improvement methodologies to tackle intricate geotechnical obstacles in a substantial infrastructure undertaking. The Kansai International Airport is a prime illustration of how creative engineering solutions may be used to guarantee the safety and functionality of buildings constructed on challenging soil conditions.
[bookmark: _Toc165167704]3.0 CONCLUSION
	To summarise, this research paper has thoroughly examined many methods of enhancing the quality of the ground and their practical uses, using the specific example of Kansai International Airport as a detailed case study. The study demonstrates the efficacy of integrating various stabilisation techniques, such as the Sand Drain Method and Dynamic Compaction, to tackle intricate geotechnical obstacles caused by unfavourable soil conditions. The effective implementation of these techniques at Kansai International Airport not only enabled quick construction and guaranteed the durability of the infrastructure, but also demonstrated the significance of choosing and incorporating suitable ground enhancement strategies based on soil properties and project requirements. Moreover, the case study emphasises the crucial significance of careful planning, implementation, and supervision in attaining the intended results in ground development initiatives. In conclusion, this research highlights the capacity of sophisticated ground modification approaches to improve soil qualities and promote sustainable development in geotechnically difficult locations.
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