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ABSTRACT

Subsoil improvement is essential in geotechnical engineering to ensure stability and performance in
challenging ground conditions. This paper presents a comprehensive review of advanced subsoil improvement
techniques applicable in complex geotechnical conditions. The study categorizes surface and deep
improvement methods, evaluates their mechanisms, and outlines selection criteria based on soil type,
groundwater, loading, and sustainability factors.

1. Introduction

Construction in challenging geotechnical environments demands subsoil improvement techniques to ensure
safety, durability, and economic efficiency [3]. Natural soils often fail to meet design criteria due to:

¢ insufficient bearing capacity,

e excessive compressibility, or

e heterogeneous layering.
Ground improvement enables the use of such soils by enhancing their strength, stiffness, and deformation
characteristics. Recent decades have witnessed significant advances in both surface and deep ground
improvement technologies [55]. These methods vary in mechanism, depth of influence, construction
complexity, and environmental footprint [1]. Mechanical methods, such as compaction or preloading, are
widely used for shallow applications [7, 46]. Chemically-based techniques, including lime, cement, and fly ash
stabilization, offer durable performance in fine-grained or organic soils [11, 76]. Geosynthetics such as
geotextiles and geogrids are increasingly adopted to reinforce weak subgrades and enhance stability [44, 50].
Geopolymers represent a new frontier in soil stabilization, as they can reduce the amount of cement used in
these applications [27, 80].
Deep improvement techniques—such as jet grouting, deep soil mixing (DSM), stone columns, and rigid
inclusions—target weak or compressible soils at greater depths and under high load demands [4, 35]. The
selection of a suitable technique depends on a range of technical and site-specific factors.
This paper reviews the types of subsoils requiring treatment, outlines the criteria guiding method selection, and
presents a comparative overview of the most widely adopted improvement technologies.

2. Subsoil Types and the Need for Improvement

Subsoils can be broadly categorized into granular soils, cohesive soils, organic soils, and peat, each exhibiting
distinct geomechanical behaviors that influence their suitability for construction and the need for improvement:
e Granular soils (sands and gravels): These soils typically possess high shear strength and low
compressibility, offering good bearing capacity. However, when loosely compacted, they are prone to
settlement and liquefaction under dynamic loads. Improvement may involve compaction or grouting to
increase density and reduce potential displacement [54, 74].
¢ Anthropogenic soils (Construction and Demolition materials and Industrial Solid Wastes): These soils
typically consist of highly heterogeneous materials with variable particle sizes, compositions, and
engineering properties. Due to their origin, they often exhibit inconsistent shear strength [28],
compressibility [29], and bearing capacity [66]. Some components (e.g., recycled concrete aggregate
or blast furnace slag) may provide reasonable stability [34], while others (e.g., organic debris or
lightweight industrial waste) can lead to excessive settlement or weak structural support [70].
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Geotechnical challenges include unpredictable behavior under cyclic excitation [67-69], potential for
chemical reactivity, and susceptibility to erosion, permeability issues or leaching [32, 65]. Improvement
methods may involve sorting, stabilization (e.g., cementitious binders), or encapsulation to enhance
uniformity and strength [60].

Cohesive soils (clays and silts): Characterized by low permeability and high plasticity, cohesive soils
are sensitive to moisture changes. Their behavior under load is complex, with delayed settlement due
to consolidation and potential for shrink-swell cycles. Additionally, the effect of traffic loading often
leads to excess pore water pressure generation [30, 31, 33]. Stabilization or deep mixing is often
applied to enhance their strength and reduce deformation [4, 37].

Organic soils: Composed of decomposed vegetation, these soils are highly compressible, have very
low shear strength, and may produce aggressive chemical environments [64, 77]. They present
significant challenges for construction, typically requiring removal or treatment with deep improvement
methods such as stone columns or rigid inclusions.

Peat: Peat soils consist of a high organic content with extreme compressibility and very low load-
bearing capacity. They exhibit unpredictable settlement behavior and are difficult to compact or
stabilize effectively [43, 63]. Deep techniques like dynamic replacement or rigid inclusions are usually
necessary.

Improvement is necessary when natural soils cannot meet project-specific criteria for bearing capacity,
settlement control, or stability. These challenges are particularly prevalent in infrastructure projects in coastal,
or reclaimed land areas. Ground modification enables the use of such problematic sites, ensures structural
integrity, and minimizes long-term maintenance or failure risks [13].

3. Selection Criteria and Application in Complex Conditions

Selecting an appropriate subsoil improvement technique is a critical step in geotechnical design and is guided
by several technical, environmental, and economic considerations:

Soil type and geotechnical properties: The nature of the subsoil is the primary determinant. For
example, loose sands respond well to compaction, whereas soft clays benefit more from vertical
drains or deep soil mixing [14, 62]. Peaty and organic soils often necessitate rigid inclusions or
complete soil replacement.

Groundwater conditions: The presence of a high water table can limit the effectiveness of certain
chemical methods and increase the complexity of construction. In such cases, methods like jet
grouting, vibro-replacement, or preloading with vertical drains are favored [17, 22].

Required depth of improvement: Surface improvement techniques are typically limited to depths of 1-
3 meters and are ideal for road subgrades and shallow foundations [15, 38]. In contrast, deep
techniques like DSM or stone columns can reach depths of 20-30 meters or more, suitable for high-
rise structures or embankments on soft soils.

Structural and load requirements: Projects involving heavy structures, bridges, or storage tanks may
demand high bearing capacity and low settlement tolerance, favoring rigid inclusions, micropiles, or jet
grouting. For lighter loads, surface stabilization or geosynthetic reinforcement may suffice [18, 21].
Construction schedule and site limitations: Tight construction schedules may limit the use of time-
dependent techniques such as preloading. Similarly, urban environments may restrict noisy or
vibration-intensive methods, necessitating low-impact alternatives like chemical stabilization or jet
grouting [12, 79].

Environmental and sustainability concerns: The use of industrial by-products (e.g., fly ash) in chemical
stabilization or recycled materials in dynamic replacement contributes to more sustainable ground
improvement practices [9, 58, 72]. Environmental risk assessments also influence method selection,
especially in sensitive ecosystems [45, 61].
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These criteria are typically assessed through geotechnical investigations, laboratory tests, and numerical
modeling [23, 48, 71]. In many cases, a hybrid or staged approach is adopted—combining techniques such as
preloading with vertical drains and surface stabilization to achieve both economic and technical efficiency.

Table 1: Comparative overview of surface and deep improvement methods by application criteria.

Method Depth Range | Suitable Soils | Main Benefits Limitations Typical
Applications

Compaction [6, | 0-3m Granular soils | Increased density | Ineffective  in | Road subgrades

16] and strength cohesive soils

Chemical 0-2m Clays, silts Improved strength | Not suitable in | Foundations,

Stabilization and durability high embankments

[24, 56] groundwater

Geosynthetics | 0-1m Various Reinforcement Limited depth | Roads, slopes

[40, 51] and separation effect

Deep Soil | 5-30m Soft clays, silts | Strengthens weak | Special Foundations,

Mixing [20, 35] soils equipment containment

needed

Jet  Grouting | 5-40 m Wide range Precise and | High cost Underpinning,

[39] strong treatment cutoff walls

Stone Columns | 3-25m Soft clays, silts | Improved Not for very | Tanks,

8] drainage and load | soft soils embankments

capacity
Rigid Inclusions | 5-30 m Organic, peat, | Load transfer, | Complex Slabs,  heavy
[82] soft soils minimal design structures
settlement

4. Surface Improvement Techniques

Surface improvement techniques are used to enhance the properties of the upper soil layers, typically to a
depth of 1-3 meters. These methods are most effective for improving subgrades beneath pavements,
embankments, and shallow foundations. The key surface improvement techniques include mechanical
compaction, preloading and surcharge, chemical stabilization, and geosynthetic reinforcement.

4.1 Mechanical Compaction

Compaction increases the density of granular soils, reducing void ratio and improving shear strength and
stiffness. Methods include static rollers, vibratory compactors, and impact rollers. Static compaction involves
the use of heavy rollers or tamping equipment to apply pressure to the ground surface, suitable for granular
soils at shallow depths [42, 83]. Vibro-compaction uses vibratory probes or surface vibrators to rearrange soil
particles into a denser configuration [59]. This technique is effective in clean, saturated sands and gravels.
Dynamic compaction involves dropping heavy weights (typically 10-40 tonnes) from significant heights (up to
30 m) to induce shockwaves and compact soils to greater depths (up to 10 m) [73, 78].This method is suitable
for well-graded sands and gravels but less effective in cohesive or organic soils [41].

4.2 Preloading and Surcharging

Preloading involves placing a temporary load to induce settlement before construction [47]. It is often
combined with vertical drains to accelerate consolidation in soft clays or organic soils (to shorten the drainage
path). They facilitate horizontal drainage, thereby accelerating pore water dissipation. While time-consuming, it
provides reliable long-term performance for structures sensitive to settlement [38, 81].
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4.3 Chemical Stabilization

Stabilization using binders such as lime, cement, and fly ash modifies the soil structure, reducing plasticity and
increasing strength [25]. Stabilization leads to pozzolanic reactions, forming cementitious compounds that
bond soil particles. It is commonly applied in subgrade preparation for roads and runways. Lime is effective in
clays with high plasticity, while cement is preferred for silty soils. Fly ash, as an industrial by-product, improves
workability and sustainability [5, 10].

4.4 Geosynthetic Reinforcement

Geosynthetics—such as geotextiles, geogrids, and geocells—are increasingly used to reinforce soils. They
enhance load distribution, reduce rutting, and control erosion. Applications include road bases, embankments
on soft soils, and slope stabilization [19, 26].

5. Deep Improvement Techniques

Deep improvement techniques are employed when weak soils extend beyond the reach of surface methods or
when significant load-bearing capacity and settlement control are required. These methods are suitable for
deep foundations, embankments, and infrastructure over soft or compressible soils. Key techniques include:

5.1 Deep Soil Mixing (DSM)

Deep Soil Mixing involves blending in-situ soil with cementitious binders using rotating mixing tools. The result
is a soil-cement matrix with enhanced strength and stiffness, especially when additional, dispersed
reinforcement is introduced [52, 53, 53]. DSM is effective in soft clays, silts, and even organic soils [49]. It
minimizes spoil generation and is often used for foundation support or ground containment structures [15].

5.2 Jet Grouting

Jet grouting utilizes high-pressure jets of grout to erode and mix the in-situ soil, forming columns of grouted
material with high strength. It is applicable to a wide range of soils and can be used to form cutoff walls,
underpin existing foundations, or stabilize slopes. Jet grouting is particularly useful in urban environments
where precision and minimal disturbance are required [57].

5.3 Stone Columns

Stone columns (also known as vibro-replacement) involve the insertion of compacted aggregate into weak
soils using a vibrating probe. This technique increases load-bearing capacity and accelerates consolidation in
soft clays. It is widely used beneath embankments, tanks, and industrial facilities. Stone columns are cost-
effective and environmentally friendly when using recycled aggregate [2].

5.4 Rigid Inclusions

Rigid inclusions are concrete columns installed in soft ground to transfer loads to deeper, stiffer strata. Unlike
traditional piles, they do not rely on end bearing but work through load transfer to surrounding improved soil.
This method is suitable for highly compressible soils such as peat or organic clay and is often used under
slabs, embankments, or storage tanks [82].

5.5 Dynamic Replacement

Dynamic replacement combines the principles of dynamic compaction with the introduction of granular material
into soft soils. Heavy weights dropped from height displace soil and form reinforced granular columns. This
method is effective for heterogeneous or organic soils where other techniques may be less effective [75].

82



Proceedings of the XVIll INTERNATIONAL CONFERENCE
OF THE OPEN AND UNDERWATER MINING OF MINERALS
8 - 12 SEPTEMBER 2025, VARNA, BULGARIA

These methods differ in installation depth, soil compatibility, environmental impact, and cost. Their selection
depends on project-specific requirements, including loading conditions, ground profile, site accessibility, and
sustainability considerations.

6. Summary and Conclusions

This paper has reviewed the current state of surface and deep subsoil improvement techniques in complex
geotechnical settings. It highlights the variability of subsoil types and the importance of selecting appropriate
methods based on soil behavior, loading demands, groundwater conditions, and environmental constraints.
Surface improvement techniques such as compaction, chemical stabilization, and geosynthetic reinforcement
are effective for shallow applications, particularly in granular or moderately cohesive soils. Deep improvement
methods—including DSM, jet grouting, and stone columns—are necessary for supporting heavy structures
over soft or organic soils.

A structured selection framework based on geotechnical properties, project requirements, and sustainability
considerations is essential for effective implementation. Hybrid approaches and innovative materials (e.g., fly
ash, recycled aggregates) are increasingly integrated into modern ground improvement strategies, offering
both technical and environmental benefits.

Continued research and field validation are vital to refine design guidelines, assess long-term performance,
and promote sustainable use of ground improvement technologies in complex geotechnical environments.
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