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Abstract: Wind turbine foundations represent a critical component in the renewable energy infrastructure and
require specialized geotechnical considerations due to unique loading conditions and operational requirements. This
review paper examines the geotechnical factors affecting onshore wind turbine foundation design, including site
investigation procedures, soil-structure interaction effects, foundation types, design standards, construction
challenges, and environmental considerations. The paper synthesizes current knowledge from academic research,
industry practices, and design standards to provide a comprehensive overview of geotechnical engineering
principles specific to wind energy infrastructure. Key findings indicate that foundation gapping limitations and cyclic
loading considerations often drive design decisions rather than traditional bearing capacity requirements, with soil
stiffness and dynamic properties being paramount for ensuring operational frequency requirements. The review
emphasizes the critical importance of comprehensive site characterization and the evolving design approaches
needed to accommodate increasingly larger wind turbines.
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1. Introduction

The global wind energy sector has experienced unprecedented growth, with wind turbines becoming
increasingly large and sophisticated to maximize energy capture efficiency [1]. Modern onshore wind
turbines can reach heights of 130-200 meters with rated capacities ranging from 3-6 MW, imposing
unique challenges on foundation design that differ significantly from conventional civil engineering
structures [2-3]. Unlike traditional buildings or bridges, wind turbines experience substantial dynamic
loads, significant overturning moments, and cyclic loading patterns that can their operational lifetime [4-
5].

Geotechnical engineering plays a fundamental role in wind turbine foundation design, as the soil-
structure interaction directly influences the dynamic behavior of the entire turbine system [6]. The
foundation must not only provide adequate bearing capacity and stability but also maintain specific
stiffness requirements to prevent resonance between the turbine's operational frequencies and the natural
frequency of the soil-foundation-structure system [7]. This requirement makes wind turbine foundations
uniquely sensitive to soil properties and geotechnical conditions.

Poor geotechnical investigation and foundation design have led to delays and cost overruns at European
wind farms, emphasizing the critical importance of proper geotechnical assessment and design practices
[7].
This review paper aims to provide a comprehensive overview of geotechnical factors affecting onshore
wind turbine foundation design, synthesizing current knowledge from research, industry practice, and
design standards to guide future developments in this rapidly evolving field.
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2. Site Investigation and Characterization

2.1. Geotechnical Investigation Requirements

Wind turbine foundation design requires comprehensive geotechnical investigations that extend beyond
traditional site characterization approaches[8]. The unique loading conditions and operational
requirements of wind turbines necessitate specialized investigation procedures that provide both static
and dynamic soil properties. Unlike conventional structures, wind turbines require site-specific
investigations at each turbine location due to the variability of soil parameters and their direct impact on
foundation performance[9].

The geotechnical investigation process typically follows a phased approach aligned with project
development stages. During the feasibility phase, desk studies and preliminary site reconnaissance
provide initial assessment of geotechnical risks and site suitability. The preliminary design phase requires
more detailed investigations including boreholes, in-situ testing, and laboratory analysis to develop
preliminary foundation designs. The detailed design phase involves targeted investigations to refine
design parameters and calibrate constitutive models for advanced analysis[10].

2.2. Investigation Methods and Techniques

Standard Penetration Testing (SPT) remains a fundamental component of wind turbine site investigations,
providing soil classification, bearing capacity parameters, and settlement characteristics. The Standard
Penetration Test allows defining soil nature and resistance to penetration, with N-values serving as the
basis for empirical correlations to determine soil properties essential for foundation design.

Cone Penetration Testing (CPT) provides continuous profiles of tip resistance, sleeve friction, and pore
pressure, enabling detailed soil stratification and parameter determination. For wind turbine applications,
Seismic Cone Penetration Testing (SCPT) integrates seismic sensors to measure shear wave velocity (Vs),
which directly relates to small-strain shear modulus (Gmax) - a critical parameter for dynamic
analysis[11].

Geophysical methods play an increasingly important role in wind turbine site characterization.
Multichannel Analysis of Surface Waves (MASW) provides shear wave velocity profiles essential for
determining dynamic soil properties and foundation stiffness calculations[12].

Laboratory testing focuses on both static and dynamic soil properties. Standard tests include grain size
analysis, Atterberg limits, unit weight determination, and unconfined compression tests[13]. Specialized
dynamic testing includes cyclic triaxial tests to evaluate soil behavior under repeated loading conditions
and small-strain stiffness measurements using bender elements or resonant column testing[14].

2.3. Critical Geotechnical Parameters

Wind turbine foundation design requires specific geotechnical parameters that may not be routinely
determined for conventional structures. Soil bearing capacity must account for both ultimate and
serviceability limit states, with typical requirements ranging from 250 kPa to several MPa depending on
foundation type and soil conditions.

Shear modulus and damping characteristics are critical for dynamic analysis and frequency calculations.
The soil stiffness directly affects the natural frequency of the soil-foundation-structure system, which
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must be designed to avoid resonance with turbine operational frequencies (typically 1P and 3P
frequencies)[15].

Settlement parameters including both immediate elastic settlement and long-term consolidation
settlement must be evaluated. Differential settlement is particularly critical for wind turbines, as even
small foundation tilting can affect turbine alignment and operational efficiency[16].

Cyclic loading parameters are essential for evaluating soil behavior under millions of load cycles. This
includes cyclic strength, accumulated strain characteristics, and potential for soil degradation under
repeated loading[17].

3. Foundation Types and Selection Criteria

3.1 Shallow Foundation Systems

Spread footings or gravity foundations represent the most common solution for onshore wind turbines in
competent soil conditions. The selection of shallow foundations is generally appropriate when soil layers
at shallow depths demonstrate adequate strength and deformation characteristics to resist turbine loads.
This foundation type is preferred due to its simplicity, cost-effectiveness, and well-established
construction practices[18].

3.2 Deep Foundation Systems

Piled foundations become necessary when shallow soil layers lack sufficient bearing capacity or stiffness,
or when settlement requirements cannot be met with shallow foundations. Deep foundations for wind
turbines can include driven piles, drilled shafts, or combination pile-raft systems.

Single large-diameter drilled shafts represent an efficient deep foundation solution, with studies showing
that 0.70-meter diameter single piles can provide cost-effective support while requiring minimal
construction time[19]. Pile foundations typically cost 1.5-2.5 times more than shallow foundations but
may be necessary in poor soil conditions[20].

Pile-raft foundations combine the load distribution benefits of a shallow foundation with the deep load
transfer capacity of piles. This hybrid system allows both the raft and pile group to contribute to load
resistance, optimizing foundation performance in variable soil conditions[21].

3.3 Specialized Foundation Systems

Rock-anchored foundations provide an economical solution when competent bedrock is encountered at
relatively shallow depths[22]. This system allows significant reduction in foundation dimensions and
concrete volume by utilizing post-tensioned anchors to provide uplift resistance[23].

3.4 Foundation Selection Criteria

Foundation selection depends primarily on geotechnical conditions, with soil strength and stiffness being
the governing factors[24]. Competent bedrock typically allows rock-anchored solutions, while average
soil conditions support shallow foundations, and weak or deformable soils necessitate deep foundation
systems[25].

Economic considerations play a significant role, with average foundation costs ranging from 5% of total
turbine cost for shallow foundations in competent soils to 27.8% for deep foundations in poor soil
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conditions[26]. The selection process must balance technical requirements with economic constraints
while ensuring long-term performance and safety.

4. Soil-Structure Interaction and Dynamic Considerations

4.1 Dynamic Loading Characteristics

Wind turbines experience complex dynamic loading patterns that distinguish them from conventional
structures[27]. The primary loading components include:

• 1P loading from rotor imbalance at the rotational frequency (typically 0.2-0.5 Hz)

• 3P loading from blade-tower interaction at three times the rotational frequency

• Wind loading with broad-band frequency content including tower shadow effects

• Emergency shutdown loads that can impose significant transient loading

These loading patterns result in millions to billions of load cycles over the turbine's 20-30 year operational
life, making fatigue and cyclic loading considerations paramount in foundation design[28].

4.2 Soil-Structure Interaction Effects

The interaction between wind turbine foundations and surrounding soil significantly affects the dynamic
response of the entire system[29]. Foundation impedance functions describe the relationship between
applied loads and resulting displacements, accounting for frequency-dependent soil stiffness and
damping characteristics[30].

Dynamic soil stiffness is generally nonlinear and frequency-dependent, typically simplified using springs
and dashpots in engineering analysis. The shear modulus (G) decreases from small-strain values (Gmax)
as cyclic shear strain increases, while damping increases correspondingly. Design practice typically uses
reduced G values based on anticipated strain levels of 10^-2 to 10^-3 for wind turbines[31].

Soil-structure interaction modeling ranges from simplified spring-dashpot systems to advanced three-
dimensional finite element models. The SR (Sway-Rocking) model provides an intermediate approach
that captures foundation flexibility effects while remaining computationally efficient.

4.3 Natural Frequency Considerations

Frequency placement represents a critical design consideration for wind turbines[32]. The fundamental
natural frequency of the soil-foundation-structure system must be positioned to avoid resonance with
dominant excitation frequencies. Three frequency ranges are typically considered:

• Soft-soft design: Natural frequency below 1P range

• Soft-stiff design: Natural frequency between 1P and 3P ranges

• Stiff-stiff design: Natural frequency above 3P range
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Foundation stiffness directly influences natural frequency placement and may require iterative design to
achieve appropriate frequency separation. Changes in soil properties due to cyclic loading can alter
natural frequencies over the turbine's operational life[33].

4.4 Cyclic Loading Effects

Soil behavior under cyclic loading presents unique challenges for wind turbine foundations[34].
Depending on soil type and stress conditions, cyclic loading can result in:

• Strain hardening in dense sands, leading to increased stiffness and natural frequency

• Strain softening in loose sands or clays, resulting in decreased stiffness

• Accumulation of permanent deformations affecting foundation alignment

Foundation stiffness degradation due to cyclic loading must be considered in long-term performance
assessment. The extent of degradation depends on soil properties, stress levels, and number of load cycles
experienced[35].

5. Design Standards and Codes

5.1 International Design Standards

IEC 61400 series represents the primary international standard for wind turbine design. IEC 61400-1
addresses wind turbine design requirements including load calculations and safety factors [36]. The
recently published IEC 61400-6:2020 specifically addresses tower and foundation design requirements,
providing unified guidance for wind turbine structural design[24].

IEC 61400-6 represents a significant advancement in wind turbine foundation standards, addressing the
previous lack of internationally accepted design references.

DNV guidelines provide comprehensive coverage of wind turbine design requirements[37]. Key DNV
standards include:

• DNVGL-ST-0126: Support structures for wind turbines

• DNVGL-ST-0437: Load and site conditions for wind turbines

• DNVGL-RP-0416: Corrosion protection

5.2 National and Regional Standards

European standards including Eurocodes provide the structural design framework for wind turbine
foundations in European markets. EN 1997-1 (Eurocode 7) [38] addresses geotechnical design
requirements, while EN 1992 covers concrete design aspects[39].

American standards include ASCE/AWEA RP2011 "Recommended Practice for Compliance of Large
Land-Based Wind Turbine Support Structures"[40]. This document provides US-specific guidance while
referencing IEC standards for load calculations.

National variations exist in different countries, with examples including:
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• German DIBT guidelines providing alternative to IEC standards

• French CFMS recommendations for wind turbine foundations

• Chinese FD 003-2007 standard for wind turbine design

5.3 Fatigue Design Requirements

Concrete fatigue represents a critical design consideration due to the high number of load cycles
experienced by wind turbine foundations. Over a typical 20-year operational life, foundations can
experience up to 10^8 load cycles, potentially causing concrete fractures at stress levels below static
ultimate capacity[24].

Fatigue design standards show significant variation in approach and requirements. Comparison between
NS-EN 1992-1-1:2004, Model Code 2010, and DNV-OS-C502 reveals substantial differences in predicted
fatigue life, with DNV-OS-C502 generally considered most suitable for wind turbine foundation
applications.

Steel fatigue requirements apply to anchor bolts, embedded plates, and reinforcement details[41].
Eurocode 3-9 provides fatigue assessment procedures for steel structural elements commonly employed
in wind turbine foundation design[42].

6. Environmental and Seismic Considerations

6.1 Seismic Design Requirements

Seismic loading has gained increased attention as wind turbine deployment expands into earthquake-
prone regions. Earthquake strong ground motions constitute a significant component of the multi-hazard
environment affecting wind turbines. Combined wind-earthquake loading can result in structural
demands exceeding those from extreme wind events alone[43].

Seismic analysis approaches range from simplified response spectrum methods to detailed time-history
analysis. The response spectrum method requires consideration of low structural damping characteristics
typical of wind turbines and soil-structure interaction effects[44]. Modified damping correction factors
have been developed specifically for wind turbine structures with damping ratios significantly lower
than conventional buildings.

Operational considerations during seismic events present unique challenges. Emergency shutdown
procedures triggered by seismic activity impose additional structural demands while the system must
simultaneously resist earthquake loading. The combination of emergency braking loads and seismic
forces can control foundation design in earthquake-prone regions.

6.2 Liquefaction Susceptibility

Soil liquefaction represents a critical hazard for wind turbines in seismically active regions with saturated
cohesionless soils. Liquefaction can cause significant loss of foundation bearing capacity and lead to
excessive tilting or settlement. Assessment of liquefaction potential requires evaluation of soil
characteristics, groundwater conditions, and expected seismic intensity[45].

Foundation performance in liquefiable soils has been investigated through centrifuge modeling and
numerical analysis. Research indicates that monopile foundations may experience earthquake-induced
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rotation exceeding allowable thresholds in liquefiable conditions. Alternative foundation systems such as
outrigger foundations or ground improvement techniques may be necessary in high liquefaction risk
areas.

Mitigation strategies for liquefaction hazards include ground improvement techniques such as stone
columns, deep soil mixing, or vibro-compaction. These methods can increase soil density and drainage
capacity, reducing liquefaction potential while improving foundation performance.

6.3 Climate Change Impacts

Environmental loading considerations are evolving as climate change affects weather patterns and
extreme event frequencies. Changes in precipitation patterns and soil moisture content can affect
foundation stability and bearing capacity. Rising groundwater levels may alter soil properties and
increase liquefaction susceptibility in coastal areas.

Extreme weather events including increased storm intensity and frequency require consideration in
foundation design. Wind turbines must be designed to withstand not only normal operational loads but
also extreme weather conditions that may exceed historical records.

7. Construction Challenges and Quality Control

7.1 Construction Challenges

Mass concrete effects present significant challenges in wind turbine foundation construction.Temperature
gradients can develop massive internal stresses leading to structural cracking if not properly controlled.

Reinforcement congestion complicates concrete placement and quality control. Wind turbine foundations
require sophisticated anchor bolt assemblies and heavy reinforcement to resist overturning moments.
This congestion can lead to segregation, poor consolidation, and void formation around critical anchor
elements.

Construction tolerances become increasingly critical with larger turbines requiring precise foundation
geometry. Tower-foundation interface requirements demand strict dimensional control to ensure proper
load transfer and equipment alignment.

7.2 Quality Control Procedures

Fresh concrete testing forms the foundation of quality control programs. Standard tests include slump or
flow testing for workability assessment, air content measurement, and compressive strength evaluation
through cylinder sampling. For mass concrete applications, temperature monitoring using thermocouples
is essential to control thermal effects.

Non-destructive testing (NDT) provides comprehensive assessment of concrete quality without
compromising structural integrity. Common NDT methods include:

• Ground-penetrating radar for reinforcement location and void detection

• Ultrasonic testing for concrete uniformity and crack assessment

• Impact-echo testing for thickness verification and delamination detection
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• Core drilling for strength verification and petrographic analysis

Temperature control plans are essential for mass concrete placements. These plans specify concrete mix
design requirements, placement procedures, curing methods, and temperature monitoring protocols to
prevent thermal cracking.

7.3 Performance Monitoring

Structural health monitoring (SHM) systems provide continuous assessment of foundation performance
throughout operational life. Monitoring parameters include:

• Strain measurements using embedded vibrating wire gauges

• Settlement monitoring through precise leveling or automated systems

• Tilt measurements using inclinometers or tiltmeters

• Crack monitoring using crack meters and visual inspection

Real-time monitoring systems enable early detection of structural issues and optimization of maintenance
schedules. Wireless sensor networks can transmit data from multiple foundation locations to centralized
monitoring systems. This approach enables proactive maintenance strategies and extends foundation
service life.

Foundation performance assessment requires correlation between measured behavior and design
predictions. Long-term monitoring data provides validation of design assumptions and enables
optimization of future foundation designs.

8. Emerging Technologies and Future Trends

8.1 Advanced Analysis Methods

Three-dimensional finite element modeling is becoming standard practice for complex foundation
systems. Advanced constitutive models can capture nonlinear soil behavior, cyclic loading effects, and
soil-structure interaction more accurately than simplified methods.

Multi-physics modeling integrates structural, geotechnical, and fluid dynamics analysis to capture the
full complexity of wind turbine loading. These approaches enable more accurate prediction of foundation
performance under combined environmental loading.

8.2 Ground Improvement Technologies

Advanced ground improvement techniques are expanding options for challenging site conditions.
Methods such as controlled modulus columns, rigid inclusions, and deep soil mixing provide alternatives
to traditional deep foundations. These technologies can modify soil properties to enable shallow
foundation solutions while controlling costs.

Bio-cementation and other emerging ground improvement technologies offer potential for sustainable
soil modification. These methods may provide environmentally friendly alternatives to traditional
chemical stabilization approaches.

https://ijetjournal.org/


International Journal of Engineering and Techniques-Volume 11 Issue 4,
July - August - 2025

ISSN: 2395-1303 https://ijetjournal.org/ Page 130

8.3 Smart Foundation Technologies

Instrumented foundations incorporating sensors and monitoring systems from construction phase
through operational life represent an emerging trend. These systems provide continuous feedback on
foundation performance and enable adaptive maintenance strategies.

Self-healing concrete and other advanced materials may improve foundation durability and reduce
maintenance requirements. Integration of these technologies could extend foundation service life and
reduce lifecycle costs.

9. Conclusions

This comprehensive review of geotechnical factors for onshore wind turbine foundations reveals the
complex interplay between soil conditions, structural requirements, and operational demands that
characterize this specialized field. Several key conclusions emerge from the analysis:

Unique Design Requirements: Wind turbine foundations differ fundamentally from conventional
structures due to their dynamic loading characteristics, cyclic load patterns, and frequency requirements.
Traditional geotechnical design approaches must be modified to address these unique challenges, with
foundation gapping and fatigue often controlling design decisions rather than conventional bearing
capacity limits.

Critical Site Investigation: Comprehensive geotechnical investigation extending beyond standard practice
is essential for wind turbine projects. Site-specific investigations at each turbine location are necessary
due to soil variability impacts on foundation performance. Integration of geophysical methods, dynamic
testing, and specialized laboratory procedures provides the detailed soil characterization required for
optimal foundation design.

Foundation System Selection: Foundation selection depends primarily on soil conditions, with shallow
foundations preferred in competent soils and deep foundations or ground improvement necessary in
poor conditions. The economic impact of foundation selection can range from 5% to 27.8% of total project
costs, emphasizing the importance of appropriate geotechnical assessment and foundation optimization.

Soil-Structure Interaction: Dynamic soil-structure interaction effects significantly influence wind turbine
performance and must be carefully considered in design. Natural frequency placement, foundation
stiffness requirements, and cyclic loading effects require specialized analysis approaches beyond
conventional geotechnical practice.

Evolving Standards: The development of international standards such as IEC 61400-6 represents
significant progress in wind turbine foundation design guidance. However, continued standardization
efforts are needed to address emerging challenges associated with larger turbines and more demanding
site conditions.

Construction and Quality Control: Specialized construction procedures and quality control measures are
essential for wind turbine foundations. Mass concrete effects, reinforcement congestion, and precise
dimensional requirements demand enhanced construction practices and comprehensive quality
assurance programs.

Environmental Considerations: Seismic loading, liquefaction potential, and climate change impacts
require increasing attention in wind turbine foundation design. Multi-hazard assessment approaches and
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adaptive design strategies will become increasingly important as the industry expands into more
challenging environments.

Future Directions: Emerging technologies including advanced analysis methods, ground improvement
techniques, and smart foundation systems offer potential for improved performance and reduced costs.
Integration of real-time monitoring systems and adaptive maintenance strategies represents a promising
direction for foundation lifecycle management.

The geotechnical challenges associated with wind turbine foundations will continue to evolve as turbines
become larger and deployment expands into more challenging site conditions. Success in addressing
these challenges requires continued advancement in site investigation techniques, analysis methods,
design standards, and construction practices. The interdisciplinary nature of wind turbine foundation
engineering demands close collaboration between geotechnical engineers, structural engineers, and wind
energy specialists to optimize performance while managing costs and risks.

As the renewable energy sector continues its rapid growth, the role of geotechnical engineering in
enabling successful wind energy projects will become increasingly critical. The lessons learned from
current practice, combined with ongoing research and technological advancement, provide the
foundation for meeting future challenges in this dynamic and essential field.
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