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Abstract
Wind turbine foundations are subject to large dynamic wind loads. The horizontal wind loads create
large shear forces and moments on the foundation, which may result in critical issues related to the
stability and deformation of wind turbine generator (WTG) system. This study reviews and collects
information about WTG foundations, soil dynamic properties, and foundation vibration theories for the
dynamic analysis of WTG foundations. This study focuses on the measurement of dynamic soil
properties of soil from a WTG site. Resonant column tests are used to establish shear modulus reduction
and damping curves at small to medium strains. Procedures used in the laboratory testing are also
described. The apparatus yielded reasonable and reliable test results that are consistent with available
published results and models.

Because of the heterogeneity of foundation soil under a large WTG foundation, the state of stress and
strain history under WTG foundations are expected to be non-uniform; thus, three soil samples from
different locations under one WTG turbine are dynamically characterized. Resonant column tests were
conducted under different environmental conditions, and the effects of environmental parameters on
soil dynamic properties are reported in this thesis. Resonant column testing allowed for the accurate
measurement of shear modulus reduction and absolute shear modulus value of the soil specimens. Thus,
with representative site soil, such as an undisturbed soil specimen, the resonant column will yield an
accurate estimate of the shear modulus of the foundation soil at the field state of stress and strain
history.

Test results showed that shear modulus reduction curves of soils from different locations under the
WTG foundation are significantly different. Soils from the south part of the WTG foundation showed a
higher rate of reduction than soil from the north part of the WTG foundation. At the highest shear strain
level, 3·10-5, recorded during one year of field observation (Yilmaz, 2014), the shear modulus reduction
3

for three tested soils were 14%, 24% and 42%. In addition, the soil from the north part of the foundation
had a higher absolute value of maximum shear modulus, G0 52 MPa while the shear modulus of soil
from south was 42 MPa. The highest absolute shear modulus value of 88 MPa was from soil cuttings
from advancement of the borings for the strain gauge placement.

Strain history has a significant influence on soil dynamic properties. Three different loading paths were
studied. Results indicate that large shear strain history temporarily decreases shear modulus at all strain
levels but increases the low strain shear modulus (G0) in the long term. Comparison of virgin(intact soil
specimen) and large strain experienced shear modulus reduction curves inferred that the soil is able to
record the largest strain in history. The number of dynamic loading cycles reduced the shear modulus of
the soil slightly, which is about 2 MPa, but it has no overall effect on shear modulus reduction curves.

An increase in confining pressure resulted in an increase of shear modulus at small to medium shear
strain level; however, confining pressure had a very limited effect on normalized shear modulus
reduction curves for the tested foundation soils. Linear threshold shear strain tends to decrease with
increase in confining pressure and to increase with increase of deviator stresses. These results indicate
that state of stress affects the threshold shear strain of the tested specimens.

The study of some of the environmental parameters (confining pressure, state of stress, shear strain
history etc.) helps us understand how dynamic soil properties change with design conditions and let us
develop a more reliable shear modulus estimation. One year of real-time field strain gauge records
(from Yilmaz (2014)) shows that the shear strain of foundation soil falls within the range (10-6 to 10-4) of
shear modulus reduction curves that is built by resonant column.

Shear modulus reduction curves measured in the lab may be combined with real site information to
provide an accurate estimation of foundation response to wind actions or to calibrate vibration
4

equations specifically suitable to the wind turbine foundation system. These results show that there
may be large variations in the dynamic properties of soils within a single foundation site and these
results may challenge the models used in the design of the dynamic foundation systems.
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Chapter 1: Introduction
With the wakening of the need for environmental protection and sustainable development, society is
changing their minds and values toward everything related to their lives. Instead of pursuing economic
growth and industrialization immoderately, the living environment and life quality becomes of concern.
One of the most pressing issues is energy production and consumption, which is at the front of
environmental and human health problems. For example, the 2010 BP oil spill in the Gulf of Mexico
ruined large parts of marine ecosystems and harmed the livelihood of costal citizens, the fishery, and
tourism (Freudenberg, 2011); 2011 The Fukushima Daiichi Nuclear Disaster in Japan threatened the
whole world with the possibility of nuclear radiation exposure and created a dead zone around the
nuclear reactor (The National Diet of Japan, 2012); and in 2013, several hazardous dense hazes—mainly
caused by burning of fossil fuels—covered 1.4 million km2 of China and posed threats of respiratory
diseases and cancer on 800 million people. Data have shown an increase in prevalence of lung cancer,
cardiovascular, and cerebrovascular diseases with the degradation of air quality (Xu, 2013).

Current energy production methods and consumption problem has driven engineers and scientists to
develop new generations of energy alternatives which emit low carbon emission, are renewable, are
economic, and are sustainable. Among all of the competitive alternatives—solar, biofuel, nuclear,
geothermal—wind energy stands out as one of the most promising techniques (U.S. DOE, 2008).
Considering tradeoffs in production safety, economy, emission and sustainability, wind energy has
advantages over other options. The advantages include: wind resources are unlimited and abundant,
wind farms are compatible with farm and ranch operations, and wind turbines require relatively minimal
maintenance and have low operating expenses. The Obama’ administration has promoted wind energy
as a major environment-friendly energy option. The U.S. federal government put forward a path to

16

generate 80% of the total electricity production from clean energy by 2035 (The White House, 2011),
which enhances the importance of wind energy for future generations.

A wind turbine converts the mechanical energy from the kinetic power in wind to rotate the turbine’s
blades, thus producing torque for the generation of electrical energy. Although thousands of wind
turbines have been built, there are no general standard foundation design codes or regulations (Morgan,
2008). Therefore, the design and construction of wind turbine foundation systems are yet to be
optimized. To improve the performance of wind turbines, minimize the cost of construction, and reduce
the carbon emission produced during the manufacture of concrete used in the foundation construction,
the performance of foundation systems—especially, the response of foundation soil—must be
understood, measured, and modelled. Compared to a traditional building foundation, a wind turbine
foundation is subjected to a relatively small vertical load and a large dynamic horizontal load.
Foundation soil behaves differently under the dynamic loading condition relative to the static loading
condition and yields cumulative deformations (Kramer, 1996). Generally, the dynamic shear strain
induced by horizontal wind forces reduces the shear modulus of foundation soil, which is a critical
consideration in the evaluation and modelling of the dynamic response of the foundation soil. This
thesis seeks to analyze the dynamic responses of wind turbine foundation soil and provides supporting
experimental results for further study on wind turbine foundation optimizations.

1.1 Research Objectives
The main objective of this research is to build up specific shear modulus reduction curves for the soil
under instrumented wind turbine foundations, and to analyze the dynamic response of foundation soils
suffering horizontal rocking vibration due to wind action. Specific tasks within the scope of this research
work are described as follow:
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The main objective of this research is to generate specific shear modulus reduction curves for the soil
under instrumented wind turbine foundations and to analyze the dynamic response of foundation soils
suffering horizontal rocking vibration due to wind action. Specific tasks within the scope of this research
work are described as follows:


To review available sources for studying dynamic responses of wind turbine foundation soil.



To set up resonant column apparatus in the lab for measurement of dynamic soil properties.



To calibrate the resonant column system using Polyvinyl chloride (PVC) columns with different
diameters.



To evaluate reliability and accuracy of a classic accelerometer-based resonant column apparatus.



To generate shear modulus reduction and damping curves of the wind turbine field site at small
to medium strain levels using the resonant column.



To compare dynamic properties of wind turbine foundation soil from different regions under the
foundation.



To study effects of several parameters (confining pressure, state of stress, shear strain history
etc.) on shear modulus and damping of site soil.



To compare test results of remolded soil specimens to that of undisturbed soil specimens.



To analyze linear and non-linear behavior of lean clay from very small to medium strain
amplitudes



To compare the experimental results with available models in literature.

1.2 Thesis organization
A brief summary of each chapter in the thesis is presented in the following:
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Chapter 2 gives background information about foundation dynamics and wind turbines. Different types
of foundations suitable for wind turbine are described. The chapter also discusses the importance of
dynamic soil properties in geotechnical engineering and the effects of soil and dynamic loading
parameters on shear modulus and material damping. Prevalent lab methods for measuring soil dynamic
properties are presented. A brief review of possible vibration types and vibration theories for
foundation analysis is included.

Chapter 3 describes information about the study site. Wind profile, foundation design, and soil
classification are presented.

Chapter 4 includes details of the resonant column apparatus, including and explanation of its functioning
theories and components, including the controlling parameters and test procedures. Calculation and
transformation equations are presented in this section.

Chapter 5 summarizes the resonant column test results on soil from a specific wind turbine foundation
site. Shear modulus reduction and damping curves are presented and analyzed in this section. Effects of
several parameters (confining pressure, state of stress, shear strain history etc.) on soil dynamic
properties are also presented. It compared test results with results and models in literature. Discussions
about application of test results are included.

Chapter 6 concludes with the results and points of significance of this research study. Several
recommendations about future work are also presented.
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Chapter 2 State of the Art in Wind Turbine Foundation Systems
2.1 Wind turbine system description – acting loads
Loads on wind turbine foundations are quite unique compared to other tall and slender structures
(Figure 2.1). With large horizontal wind loads on blades and relatively small vertical loads from the
weight of wind turbine system itself, a load eccentricity and overturning moment are created at the
foundation. Wind speed and direction determines the location of the center of eccentricity and the
magnitude of overturning moment (IEC, 2014). If wind loads are too strong or improperly characterized,
poorly designed wind turbine foundations may result in unacceptable performance.

Loads on a wind turbine may be from several sources: gravity, types of vibrations, earthquake activities,
air flow on the stationary tower and moving blades, and operational loads. All need to be considered for
the design (IEC, 2014). Different load cases over the lifetime of wind turbine operation are considered.
The cases include extreme conditions, normal operation, and maintenance. Extreme conditions refer to
those rare cases with extremely strong wind loads with a typical recurrence period of fifty years. Normal
operation means the condition that wind turbine produces power in regular basis. Usually, extreme
conditions are one of the critical design conditions of wind turbine foundation (IEC, 2014).

According to the International Electrotechnical Commission (IEC) wind turbine design standard, safety
factors for the extreme wind condition and normal operating condition are different. For extreme
conditions, safety factors are assigned at 1.1. For normal conditions, which are expected to occur
repeatedly, safety factors of 1.35 are suggested. The standard also gives suggestion of safety factors
during construction period, which is 1.5 (IEC, 2014). Wind loads on wind turbine system change over
time and are hard to predict. The dynamic behavior of wind loads determines if the wind turbine system
has the potential to vibrate at its natural frequency during operation. The cyclic loads produced by the
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wind are transmitted to the foundation soil, which impacts the dynamic response of the soil based on
the soil’s dynamic properties (Richart and Woods, 1970).

Figure 2.1 Acting forces on wind turbine foundation system (Fh – horizontal load, Fv – vertical load, Fsoil –
load due to refilled soil, and e – eccentricity)

2.2 Types of wind turbine foundations
There are several types of foundations available to support the wind turbine generator (WTG) system.
They are generally separated into two subgroups—shallow and deep foundations. A properly designed
wind turbine foundation should be cost-effective and efficiently sized (a side benefit is that smaller
foundations result in less carbon emissions during its construction as concrete production involves
intensive CO2 emissions). The foundation system must be able to take the loading of the whole structure
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and meet site-specific operation requirements, considering the type of foundation soil, wind-induced
moment, and tower vibration (Morgan, 2008).

2.2.1 Shallow foundations
Shallow foundation systems use near-surface soil to support the structure. Shallow foundation systems
include spread foundations, gravity foundations, and short piers. A spread foundation consists of a large
area that spreads the load of the structure laterally to the ground underneath (Figure 2.2a). The
geometry is usually circular, octagonal, or square and the foundation consists of reinforced concrete
(Day, 1999). The larger the area, the smaller the pressure on the foundation soil. The effective pressure
is controlled for different ranges of soils’ bearing capacities. In addition, the size of the foundation base
is designed to resist wind-induced moment and thus to prevent overturning. Because spread-type
foundations are usually large, differential settlement is minimized to maintain verticality and prevent
interference with the operation of the turbine (Day, 1999).

Gravity foundations are placed at a nominal depth below ground surface (Figure 2.2b), which means
excavation and backfill of soil above the foundation after construction is required. If the weight of
backfill is large enough to resist overturning of the structure, the size of the foundation base can be
reduced. A gravity-type foundation may reduce the amount of concrete needed in construction, but also
increases the cost of excavation and backfill (Svenssen, 2010).
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Figure 2.2 Spread-type and gravity-type foundations

Shallow octagonal foundations (Figure 2.3) are the most commonly used for non-proprietary onshore
wind turbine foundations (Tinjum and Christensen, 2010). The octagonal shape is a close approximation
to the circular shape foundation, which takes wind load from all directions while facilitating the
constructability of the base. The foundation is a reinforced concrete structure with a pedestal in the
center to support the tower. There is also a separate reinforcement cage constructed in the center to
support pedestal. Typical octagonal foundations are massive. They use between 140 m 3 and 460 m3 of
concrete and between 125 kN and 360 kN of reinforcing steel. The size of the foundation (edge to edge)
ranges from 12 m to 18 m. The foundations usually have edge heights of 0.7 m tapering up to 2.5 m to
3.5 m height at the center of the foundation. The cylindrical pedestal protrudes about 1.5 m out of the
top of the foundation and has a diameter of 4.5 m to 5.5 m (Tinjum and Christensen 2010).

Figure 2.3 Typical shallow octagonal foundation dimensions (Lang 2012)
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2.2.2 Deep foundations
Deep foundations are used in conditions where the near-surface soil is not suitable to support the load
and stiffness requirements of the wind turbine system. Monopile, rock-anchored foundations, rocksocketed piers, and pile caps may be included in this category. Pile-type deep foundations conduct load
to better soil at greater depth below ground surface (bgs) because of the poor properties of the nearsurface soils (Figure 2.4). The connection between piles and plate is important for load distribution, and
the piles conduct load to the soil via side friction along the piles and end-bearing pressure at the base.
Either a huge single pile or several small piles in a group can be applied for wind turbine foundations
(Svenssen, 2010). A pile group is preferred because the grouping can effectively prevent large surface
deflections via distributing wind-induced moment and shear forces to all group members.

Figure 2.4 Typical Pile foundation with group of piles

Short piers and rock-socketed anchors are near-surface foundation options. Piers support the structure
via end-bearing capacity but can also derive resistance along the base via side friction along the pier
(Morgan, 2008). Short piers are drilled into the subsurface below the base of the foundation. Rocksocketed piers are drilled until competent rock is reached. Rock-socketed piers may be used with a weak,
intermediate subgrade that would not be suitable for a shallow foundation.
24

Rock anchor foundations are constructed in areas where competent bedrock is close to the surface.
They support the structure via a combination of bearing pressure beneath the cap and post-tensioned
steel bars (Morgan, 2008). The function of the anchors is to transfer the load of the structure to the
competent rock. Cement and epoxy grout are used in the drilled hole to secure the anchors; thus, the
strength of the foundation heavily relies on the strength of the rock/grout bond (Wyllie 1992).

Another unique foundation type combines a pile foundation with a spread foundation in a system called
a piled-raft foundation. This foundation system distributes the wind turbine system load both in nearsurface and deep soil. For ensuring the effectivity of this foundation, there must not be any gap between
the plate and the ground (Nakai, 2004).

2.2.3 Soil improvement techniques
If the soil properties do not meet the foundation design criteria, certain techniques can be applied to
adjust stiffness, shear strength, permeability, or soil homogeneity. These techniques can be divided into
compaction and ground reinforcement methods. Preloading is for the purpose of reducing settlement
because the soil is consolidated in a controlled, engineered manner and the void ratio is reduced.
Another way to improve ground stability is vibration compaction. This method consists of dropping a
weight on the soil to propagate a wave that causes densification of the soil (Holtz et al. 2011).

Additional material for reinforcing ground can be mixed into soil via the permeation grouting method,
which forces grout into the soil to fill detrimental voids. It can change ground-flow and increase the soil
strength. The soil-grout mixture is injected directly into the ground. This method uses a steel pipe to drill
columns to target depth and jets soil-grout mixture into the open column at the same time. Similarly,
lime/cement can be mixed into the column (Svenssen, 2010). Lime reacts with water in the soil forming
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products with lower water content, lower permeability, higher stiffness, and a soil-lime mixture of
higher strength.

If the soil properties are too poor to be used to support the wind turbine foundation system, the poorquality soil can be simply replaced by other suitable soil with better engineering properties. However,
this method requires extensive excavation work, which typically results in higher costs (Day, 1999).

2.3 Dynamic soil properties
There are two important material parameters that are necessary to evaluate the dynamic properties of a
soil. These parameters are shear modulus, G, and material damping, D. Shear modulus relates shear
strength to shear strain; material damping describes energy dissipation during cyclic loading (Das, 1993).
Figure 2.5 shows the shear modulus in terms of a ‘backbone curve’. At very low strain level (lower than
10-6), the backbone curve is linear with a constant slope. This initial slope is the initial shear modulus
(Gmax). Other shear moduli are also defined: (1) the slope of tangent line along the backbone curve is
called the tangent shear modulus (Gtan) and (2) the slope of the line connecting any point on the
backbone curve with the origin is called the secant shear modulus (Gsec) (Hardin and Drnevich, 1972).
Gtan accurately describes the shear modulus changs with strain but, usually, the linear approximation of
shear modulus is sufficient for use in practice; i.e., Gsec.
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Figure 2.5 Shear modulus backbone curve (Hardin and Drnevich, 1972)

Many problems in geotechnical engineering require an understanding of the properties of soil subjected
to dynamic load, including problems involving shallow and deep foundation systems, machine
foundation design, soil-structure interaction during earthquake, and seismic resistance of dams and
embankments (Das, 1993). For many decades, most geotechnical research focused on the static
behavior of soil and was based on assumptions of elasto-plastic models. The models treat elastic and
plastic behavior as separate parts. However, the assumptions only hold through a small portion of the
total deformation range of a soil. Elastic and plastic deformations have no clear boundaries. When the
recovery of strain results in stored energy, the strain recovered is not purely elastic. Plastic,
irrecoverable deformation is usually caused by deformation from slippage, crushing, and rearrangement
of particles (Santamarina, 2001).

Soil behavior becomes increasingly non-linear with increase in shear strain. Once the shear strain is over
a threshold strain, a linear description of soil behavior begins to fail. When ground motions consist of
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vertical propagating shear waves and the soil displacement is relatively small, the response of soil can be
described in sufficient detail by shear modulus and damping of soil under cyclic loading (Kramer, 1996).

2.3.1 Shear modulus
Shear modulus is defined as the ratio of shear stress and shear strain. Shear modulus is an important
engineering design parameter that is derived directly from Hooke’s Law and is naturally related to other
elastic moduli based on the theory of elasticity.

Equation 2.1 shows the relationship between shear modulus and Young’s modulus.

where G is shear modulus,

is Young’s modulus,

is Poisson’s ratio, is shear stress, and

is shear

strain. Shear modulus describes the system property that resists shear stress and Young’s modulus
states the system property that resists axial stress. Shear modulus in soil is a function of effective stress,
soil type, degree of saturation, void ratio, cementation, and shear strain. Shear modulus increases with
increase in effective stress and decreases with an increase in shear strain (Kramer, 1996). The reduction
of shear modulus with shear strain increase is referred as shear modulus reduction curve. The graph
below (Figure 2.6) shows a typical shear modulus reduction curve with shear strain plotted in log scale
on the x-axis and normalized shear modulus plotted on the y-axis:

28

Figure 2.6 Example shear modulus reduction curve (Vucetic and Dobry 1991)

In Figure 2.6, Gmax represents the maximum shear modulus, which is determined from small-strain
dynamic soil testing such as with a resonant column test, or which can be calculated from the shear
wave velocity, Vs, measured in the field via geophysical testing (Kramer, 1996) as

where is soil density.

The shear modulus of a soil remains relatively constant at small strains where the soil is considered to
only develop elastic deformation. However, shear modulus decreases substantially after a threshold
strains and where soil begins to behave as an elasto-plastic material.

The shear modulus can be divided into a small shear strain regime and a large shear strain regime. At
small shear strains, measurement is based on wave propagation theory. For example, in resonant
column measurements, shear modulus is calculated from the resonant frequency of the soil-driving
system (ASTM 4015-07). At large shear strains, measurements such as cyclic triaxial tests are used.
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Numerous parameters influence the shear modulus of a soil, as represented in the form of a functional
relation for G. According to Hardin and Black (1968), these parameters include

̅̅̅

where ̅̅̅ is effective confining pressure, e is void ratio, H is the stress and vibration histories, S is degree
of saturation,

is shear stress, C is grain characteristics,

is shear strain, f is vibration frequency, t is

the secondary effect that is a function of time and load increment magnitude,

is soil structure, and T is

temperature.

Although these parameters all affect the shear modulus to some degree, the most critical influence
comes from shear strain amplitude, effective pressure, and void ratio (Richart and Woods, 1970). Hardin
and Richart (1963) showed that grains have no effect on shear modulus by using sand as soil samples.
Grain shape and degree of saturation only showed minor effect at low effective stresses. Vibration
frequency showed no effect on shear modulus with frequency less than 2500 cycles/s. At shear strain
less than 10-4, only effective stress and void ratio control the magnitude of shear modulus. Increasing
effective stress leads to an increase of shear modulus. The normalized shear modulus reduction curve
may remain relatively constant while the threshold strain may increase, thus enlarging the elastic
deformation regime (Kramer, 1996).

An increase in void ratio results in a decrease in shear modulus. Void ratio is related to soil density. The
higher the void ratio, the looser the soil and lower the density. According to Eq. 2.2, shear modulus
decreases when soil density decreases. A special note should be made that the density has a minor
effect on shear wave velocity (Richart and Woods, 1970).

Degree of saturation affects shear modulus because it changes the matric suction in the soil (Lu and
Likos, 2004). The negative pore water pressure induced by suction binds particles together and
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strengthens soil. Shear modulus is sensitive to degree of saturation at very low and very high degree of
saturation, but remains relatively constant at intermediate saturations (Cho and Santamarina, 2001).

Temperature appears to have little effect on shear modulus and is mainly responsible for shrinkage or
swelling of soil during thawing and freezing periods (Richart and Woods, 1970). However, temperature
changes are expected to be too small to draw attention for wind turbine foundation because these
foundations are placed below freezing depths. In addition, the field observation shows the temperature
varies less than 2 ℃ between summer and winter (Yilmaz, 2014).

Over consolidation ratio (OCR) and plastic index (PI) are other important parameters that impact the
shear modulus (Vucetic and Dobry, 1991). OCR represents the stress history of soil. Greater OCR values
result in higher maximum shear moduli, but normalized shear modulus reduction curve are relatively
unchanged. PI, which is defined as the arithmetic difference between liquid limit and plastic limit, affects
Gmax as well as the shape of normalized shear modulus reduction curve. Increasing PI increases Gmax in
over-consolidated soil, but has minor effect on normally consolidated soil. Higher PI shifts the
normalized shear modulus reduction curve to the right, increasing the threshold shear strain and
decreasing the amount of shear modulus degradation (Vucetic and Dobry, 1991). The figure below (Fig.
2.7) shows the degree to which PI affects the normalized shear modulus reduction curve.
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Figure 2.7 Shear modulus reduction curve with different plasticity index, PI (Vucetic and Dobry 1991)

Combining all the major parameters mentioned above, Hardin and Drnevich (1970) have proposed an
equation for estimating the maximum shear modulus:

where

is mean principal effective stress, e is void ratio, OCR is over consolidation ratio and a is a

coefficient that depends on PI.

2.3.2 Damping
Damping describes the energy dissipation in soil during dynamic deformation. Damping quantifies the
phenomena in which vibration of a material will decrease in amplitude and eventually disappear after
the excitation has ceased. Damping coefficient, C, is defined as the ratio of vibration velocity, ż, and
damping force, Fv:
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̇

Vibration decay in soil is similar to the behavior of free vibration of a viscously damped system; thus, a
single-degree-of-freedom (SDOF) system with viscous damping can properly model the effect of
damping on soil if there is a single dominant deformation direction.

For dynamic soil analysis, the use of damping ratio is more common than damping. Damping ratio, D, is
defined as the ratio of damping to critical damping and is dimensionless. Critical damping is derived
from the critical condition between over damped condition and under damped condition in SDOF
system vibration theory (

where

is the damping ratio,

).

is critical damping, m is soil mass, and

is angular frequency.

There are two ways to measure system damping. The first method determines the damping ratio from a
vibration graph in time domain (Richart and Woods, 1970). In the theory of vibration, viscous damping
can be described by the logarithmic decrement, which is defined as the natural logarithm of two
successive amplitudes of motion, as

√
where is logarithmic decrement, A is amplitude, and

is damping ratio.

In resonant column testing, the logarithmic decrement can be determined experimentally via
maintenance of the soil specimen in steady-state forced vibration, then shutting off power to simulate
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the free vibration condition (Richart and Woods, 1970). The data plotted in the time domain below (Fig.
2.8) shows the decay of amplitude over time.

Figure 2.8 Decay of vibration amplitude in time domain

Usually, the damping ratio can be simplified to Eq. 2.7 because damping ratio in soil is very small.

Besides the method described above, another way to measure system damping is through the ‘half
power band width method’ (Das, 1993). This method is applied to the vibration curve in frequency
domain. As it is shown in figure 2.9, it is easy to find out resonant frequency with maximum vibration
amplitude and divides the maximum amplitude with √ , so that we can find two corresponded
frequency at both sides of resonant frequency. Then, the damping ratio can be approximately calculated
using Eq. 2.8 if the damping ratio is small,
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where

and

are two frequencies related to

√ and

is resonant frequency.

Figure 2.9 Soil vibration in frequency domain

The damping ratio can also be estimated from the shear modulus backbone curve (Kramer, 1996).
Backbone curves are used in cyclic triaxial testing for large-strain dynamic soil analysis. They are plotted
in the strain-stress plane. Soil shows viscous behavior under cyclic loading and a hysteresis loop due to
internal damping, as displayed below in Fig. 2.10.
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Figure 2.10 Damping presented in stress-strain dimensions (ASTM D3999)

Damping ratio is calculated from Eq. 2.9.

where

is the area of hysteresis loop and

is the area of shaded triangle. However, the area of the

hysteresis loop is hard to accurately measure and leads to noisy damping ratio data.

Damping is also a function of shear strain. Damping is usually shown in a pair with the shear modulus
reduction curve to reveal these two key soil dynamic properties. Damping generally increases with shear
strain increase and decreases with the increase in effective stresses (Holtz, 2011). In the very small
strain regime (lower than 10-6), damping is constant, thus representing the minimum damping ratio.
After threshold shear strain is reached, the damping ratio increases with incremental increases in shear
strain.
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Figure 2.11 Damping ratio versus cyclic shear strain (Vucetic and Dobry, 1991).

Previous studies have shown that different factors control the damping ratio (Vucetic et al. 1991). The
damping ratio decreases with increasing effective, decreasing void ratio, increasing plastic index, and
increasing cementation. Damping ratio increases with increasing strain rate. OCR has no significant
influence on damping ratio (Kramer, 1996). Seed (1970) reports that the damping ratios of sand and clay
in the small shear strain regime (lower than 10-5) have no significant difference.

2.4 Laboratory measuring techniques for soil dynamic soil properties
A variety of techniques are available for measuring shear modulus and material damping in the field and
in the laboratory. Generally, there are three ways to measure dynamic soil properties. The first is to
measure shear wave velocity propagation in the soil and then to convert shear wave velocity to shear
modulus using Eq. 2.2. The second technique measures the strength and deformation of soil to get
Young’s modulus and, using Eq. 2.1, and thus the shear modulus (assuming Poisson’s ratio is known or
estimated). The third approach is to measure shear strength and shear strain to directly determine shear
modulus (Kramer, 1996).

In situ measurements are almost conducted by measuring the shear wave propagation. In situ shear
wave velocity measurements allow calculating the shear modulus at very low shear strain levels (in the
range of 10-7 to 10-6). However, field measurements cannot be used to determine the degradation of
shear modulus with shear strain, which requires laboratory measurements. Shear modulus in both small
strain and large strain is able to be measured in the lab (Kramer, 1996). Resonant column and bender
element methods are the most popular techniques for measuring dynamic soil properties at small to
medium shear strain level. For large shear strain level, cyclic triaxial testing and cyclic direct simple shear
testing are used. Figure 2.12 shows the applicable range of each technique.
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Figure 2.12 Applicable ranges of several soil dynamic properties measurement techniques (after DiazRodriguez, 2008)

2.4.1 Resonant Column
The resonant column is an instrument used to test dynamic soil properties based on wave propagation
theory. The resonant column is a relatively non-disruptive laboratory test for measuring soil shear
modulus and damping ratio at small strains (Drnevich, 1978). Resonant column testing is widely
developed and applied in soil dynamics and earthquake engineering. This technique was developed by
Ishimoto & Iida (1937). In the 1960s, the resonant column method became very popular due to the
contributions of Hall & Richart (1963), Drnevich et al. (1967), and Hardin & Black (1968). Starting from
the late 1970s, Stokoe continuously developed and refined the resonant column test technique for two
decades, and then ASTM converted his method into a testing standard (ASTM 4015-07). A resonant
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column measures soil specimen at a fix-free boundary condition and excites the specimen to vibrate at
its resonant frequency. A vibrator is set on top of soil specimen, which applies torsional force to the
specimen. Once the resonant frequency is experimentally determined, the shear wave velocity, shear
modulus, and material damping can be calculated. The device is used to determine soil dynamic
properties at different confining pressure, void ratio, and time of confinement (Stokoe, 1978).

2.4.2 Bender elements
Bender elements, like resonant column testing, also measure the shear wave velocity in the soil
specimen. Bender elements are constructed by bonding two piezoelectric materials together in such a
way that the electrical voltage applied across the piezoelectric crystals cause one to expand and the
other to contract, thus forcing the entire elements to bend as the voltage alternates. The way the
bender elements behave with alternating voltage produces a shear wave through the connected soil
specimen (Shirley and Anderson, 1975). Commonly, bender elements are protruded into both ends of
the soil specimen, one as transmitter and the other as receiver. Shear wave is produced by the
transmitter and received by the receiver such that the time difference between the two signals is
calculable, thus delivering the shear wave velocity in the soil specimen. Bender elements represent a
versatile technique and may be incorporate into a conventional triaxial test, oedometers, and the direct
simple shear test (Dyrik and Madshus, 1985). Bender elements typically are used to measure shear
modulus at shear strain less than 10-5.

2.4.3 Cyclic triaxial test
Cyclic triaxial has been the most commonly used technique for measuring soil dynamic properties at
high strain level. The setup is similar to conventional triaxial testing in which a cylindrical soil specimen is
put between top and bottom platens and sealed with a rubber membrane. The soil specimen is
subjected to constant confinement and dynamic vertical axial stress. The dynamic axial stresses are
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usually applied between 0.1 Hz and 1 Hz. Different state of stress—isotropic, anisotropic with stress
reversals, and anisotropic without stress reversals—can be achieved by adjusting the confinement and
axial stress (Kramer, 1996). The stress and strain measured in cyclic triaxial testing is in the axial
direction, which is used to calculate Young’s modulus. Shear modulus and material damping can be then
be further converted. Cyclic triaxial testing needs careful control because issues such as stress
concentrations at the cap and base and membrane penetration effects can significantly affect the test
results (Burland and Symes, 1982).

2.4.4 Cyclic direct simple shear test
The cyclic direct simple shear test is widely used for the characterization of liquefaction behavior of soils
(Kovacs and Leo, 1981). This type of test more accurately reproduces earthquake loading conditions in
comparison to the cyclic triaxial test. In the cyclic direct simple shear test, cylindrical soil specimens are
restrained by rigid horizontal boundaries to prevent lateral expansion. Horizontal shear forces are
applied by top or bottom platen, and the soil specimen is deformed under constant volumetric strain in
a way similar to that of a soil subjected to vertically propagated shear waves. Because the shear stress is
only applied on the top and bottom surfaces of the soil specimen, the stress over the specimen is not
uniform. The soil specimen is thus prepared with diameter/height ratio larger than 8:1, which minimizes
these non-uniform effects (Kovacs and Leo, 1981).

2.5 Settlement
Understanding and evaluating the settlement behavior of a wind turbine foundation system is important
to assess the safety and the operational conditions of the wind turbine system over its lifetime of service.
Moments and vertical loads from the WTG system eventually will act to compress the foundation soil,
thus inducing settlement in the foundation soil. Due to the uneven pressure distributions under the
wind turbine foundation and the potential heterogeneities in the foundation soil, differential
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settlements are of concern and may cause serious structure problems. In a shallow foundation, if the
foundation system is properly designed, the total settlement should remain less than 25 mm (Tinjum
and Christensen, 2010). Wind turbine system loads on the foundation soil and the depth of influenced
soil is related to the foundation size (Lang, 2012). Although the influence of overlying wind turbine
system on the foundation soil reduces with depth, the cumulative deformation of soils over depth may
be unacceptable because even small elastic strain can accumulate into unfavorable amounts of
deformation (Tinjum and Christensen, 2010).

Conventionally, for static loading, the total settlement consists of three parts: immediate settlement,
primary consolidation, and secondary consolidation. But the settlement due to dynamic loading should
be considered because the vibration of wind turbine system is the dominant force in the foundation
system.

2.5.1 Immediate settlement
Immediate settlement occurs upon initial onset of load. Permeability highly affects the magnitude of
immediate settlement. Soils with high permeability, such as sand, are very susceptible to immediate
settlement because the pore water in sand easily dissipates. In contrary, immediate settlement is
typically small in saturated clay due to its low permeability (i.e., the pore water initially takes the entire
extra load) (Holtz et al., 2011). Soil deforms without volume change and instead, lateral spreading
occurs in response to the load; thus, immediate settlement in saturated clay is the effect of lateral
spreading and the magnitude tends to be small (Skempton and Bjerrum, 1957). However, if the clay is
unsaturated, immediate settlement may dominate the observed settlement. Measurable settlement
may be produced by this mechanism. Generally, immediate settlement analysis is suitable for coarsegrain soil with high permeability and fine-grained soil with low to medium degree of saturation (Holtz et
al., 2011).
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2.5.2 Primary consolidation
Primary consolidation is a time-dependent component of total settlement. Rate of primary consolidation
is related to soil permeability. High permeability of sand results in nearly immediate drainage of pore
water, and soils reach primary consolidation in a very short time. So, primary consolidation is only
considered for soil with low permeability because these soils need longer time to reach primary
consolidation (Holtz et al., 2011). Time-dependent consolidation is determined in the laboratory
according to Terzaghi’s one-dimensional consolidation theory:

where

is the coefficient of consolidation, u is the excess pore water pressure, z is the vertical

coordinate, t is time, k is the hydraulic conductivity, eo is the initial void ratio.

Solutions to Terzaghi’s equation can be represented by a mathematically rigorous solution in terms a
Fourier series expansion. Two dimensionless parameters are selected for solving the equation—
geometric factor Z and time factor T, defined as

where H is the half thickness of consolidating layer and

For the double-drainage condition,

is length of longest drain path.

. The solution to Terzaghi’s consolidation equation is

graphically presented in Fig. 2.13, illustrating how each soil layer consolidates over time. Soil close to the
ends have higher drainage rate. The time required for reaching primary consolidation can be calculated
from Taylor’s method (1948) and Casagrande’s method (1938).

42

Figure 2.13 Graphical solutions of Terzaghi’s equation in double drainage condition (Taylor, 1948)

Clay has different compression properties depending on the magnitude of applied stress and stress
history. Clay “memorizes” its stress history and behaves different at stress lower or higher than its
highest experienced effective stress. This property is shown in the void ratio versus effective stress (log)
relationship with two slopes: compression index Cc and recompression index Cr. The x-axis reading at
intersection of the two lines is highest stress the soil has experienced in its stress history.
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Figure 2.14. Typical consolidation results

2.5.3 Secondary consolidation
Secondary consolidation is continuous volume change after primary consolidation and differs from
primary consolidation in that secondary consolidation takes place at constant effective stress after
excess pore water pressure has dissipated. The rate of secondary consolidation is usually very low. The
mechanism behind secondary consolidation is still not clear. Creep and changes at the contact between
individual particles in micro-scale may contribute to secondary consolidation (Holtz, 2011). Secondary
consolidation index, Ca is used to describe this phenomenon:

where

is change of is void ratio and

is change of time in log scale. Ca is independent of time,

thickness of soil layer, and load increment ratio.
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2.5.4 Settlement due to dynamic loading
Loads on wind turbines are cyclic and distribution of pressure under the wind turbine foundation
changes with time. Dynamic loading on soil generates not only elastic deformation, but also permanent
deformation (Figure 2.14). The cumulative permanent deformation over many dynamic loading cycles
may contribute to settlement. Furthermore, loading and unloading cycles generate cyclic pore water
that may lead to low effective stresses. Given enough time, a dynamic equilibrium may be reached, but
it is not possible to reach 100% consolidation under cyclic loading conditions (Das, 1993; Wilson &
Elgohary, 1974). If the dynamic loading is large enough, foundation soils may fail due to cumulative
shear strain and effective stress reduction (induced by excessive pore water pressure). However,
settlement due to cyclic loading stops after certain, yet unknown, numbers of circles of loading in most
cases (Das & Shin, 1996). For the analysis of wind turbine system, dynamic loading should be of concern
because dynamic loading may create unexpected large vibrations during extreme weather conditions.

Figure 2.15 Permanent deformation developed by cyclic loading (Ren, 2014)
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2.6 Foundation vibration
Foundation responses to dynamic load have been studied for many years since Lambe (1904) published
a paper on steady-state oscillating force at a point or along a line resting on the surface of a
homogeneous, isotropic, elastic, and semi-infinite body. Classic theories for different types of
foundation vibrations are based on the assumptions that soil is homogeneous, isotropic, and elastic. The
assumption is obviously not valid for all real soils. However, soils behave approximately as elastic
materials at small strain levels. The elastic parameters of soils are constant at small strain levels and
begin to decrease when strains are higher than the threshold strain; thus, classic theories may be only
applied on soil experiencing small strain levels (Richart and Woods, 1970).

Problems with vibrations are typically studied using the equation of motion. For single-degree-offreedom systems, the equation of motion can be expressed as:

̈

̇

where Q is the force input; x is the output; and m, c, and k are the mass and dashpot and spring
constants, respectively.

In Eq. 2.13, the input Q can be any type of time function but, for practical purposes, force Q is typically
considered as a zero or a sinusoidal function. When Q = 0, it is called “free vibration.” When Q =
Q0·sin(ωt), it is referred to as “steady-state vibration.” Equation 2.13 only describes motion along a
single direction or angle. Solving this equation, the amplitude and resonant frequency of vibration
(assuming sinusoidal input) are determinable (Das, 1993)

√

√

√
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⁄
√

where

√

is resonant frequency,

at resonant frequency, and

⁄

is damping ratio,

⁄

is damped resonant frequency,

is amplitude

is amplitude at frequencies other than resonant frequency. This equation

assumes linear time invariant systems; i.e., the system is considered to be linear and elastic.

At small strain levels, soil can be well represented as a single-degree-of-freedom (SDOF) system. Shear
modulus and material damping can be specifically converted to spring and dashpot constants for
different types of vibration (Das, 1993). Foundation vibration can be excited by external force and
internal mass rotation. Different excitation yields different analysis and results. Although the rotation of
wind turbine blades is a strong source of foundation vibration, we are more interest in vibration due to
external wind load. The frequency analysis of pressure gauge responses indicate the motion of turbine
blades create minor vibration effect on foundation soils.

Foundations vibrate in four main modes: vertical vibration, sliding vibration, rocking vibration, and
torsional vibration (Fig. 2.16). Vibration also can be a combination of modes, such as coupled sliding and
rocking vibration. In the case of WTG systems, coupled sliding and rocking vibrations are expected to be
the dominant modes of vibration because of large load eccentricities observed in this system.
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Figure 2.16 Potential types of WTG foundation vibrations

According to Reissner (1936), vibration amplitude at the center of a foundation can be expressed as

where G is shear modulus of soil,

is radius of circular foundation, and Z is dimensionless amplitude. In

soil, Z is a function of soil density, foundation mass, and contact pressure distribution. Contact pressure
distribution under the foundation has a strong effect on the foundation dynamic responses. Effects of
three types of pressure distributions studied by Richart and Whitman (1967) are shown in Fig. 2.16. For
a given frequency ratio, a rigid foundation has the lowest amplitude, while a parabolic-distributed
(higher stress in the center) foundation has the highest.
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Figure 2.17 Effect of contact pressure distribution on foundation vibration (Richart and Whitman, 1967).

The vibration of a foundation can be amplified if the foundation vibrates at frequency close to the
natural frequency of the foundation system (including soil underneath). The foundation should thus be
designed to avoid resonance by changing its mass, dimension, or stiffness. Generally, an increase in the
weight of the foundation will decrease the foundation’s resonant frequency. An increase in foundation
diameter will increase the foundation’s resonant frequency, as will an increase in the shear modulus of
the foundation soil (Das, 1993). To analyze the resonant frequency and vibration amplitude at the center
of a foundation system, the spring constant and damping ratio are required, which may be calculated
from the dynamic soil properties. Detailed equations for different types of vibration for rigid circular
foundations are tabulated in Table 2.1. With these parameters, resonant frequency and vibration
amplitude can be found by solving the corresponding equation of motion.
Table 2.1 Calculation equations for different types of vibration of rigid circular foundation
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Motion

Spring Constant

Damping Ratio

Equation of Motion
̈

Vertical

̇

√
̈

Sliding

̇

√
̈

Rocking

̇

√
̈

Torsion
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̇

Chapter 3 Materials and Methods
The research conducted aims at assessing elements related to wind turbine foundation design
procedures. In order to obtain engineering conclusions, environmental information such wind
magnitudes and directions must be gathered from real wind turbine sites. The soil samples have been
collected from a wind turbine site in the northern Midwest of the Unites States. At these sites, several
soil strain gauges and pressure gauges were installed under a tower foundation to get real time
foundation response to wind forces. This thesis presents lab experimental results and analysis for the
dynamic characterization of the foundation soil of the wind turbine site.

3.1 Field sites
The field site is host two a 1.5-MW wind turbine. This turbine operates when wind speed is higher than
12 m/s and has a rated capacity of 1.5 MW. Because long-term, detailed meteorological data at hub
height was not available at the site, nearby airport wind data is used to approximate the wind profile at
the site. The wind data (Fig. 3.1) shows the predominant wind directions as westerly and northnortheastly.
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Figure 3.1 Site wind profile from 2012 to 2013. (Yilmaz, 2014)

3.1.1 Foundation dimensions and design
A shallow octagonal reinforced concrete foundation was built to support the wind turbine and tower.
The foundation is 15.85 m from center to corner and 6.55-m long for each side of the octagon. The total
embedment depth to the bottom of foundation is 3.05 m. Complete foundation design details are
presented in Appendix A. To analyze geotechnical response of the structure, extreme wind loads are
considered. The unfactored extreme overturning moment is 47,736 kN∙m and the unfactored horizontal
and vertical forces at the foundation are 667 kN and 2,269 kN, respectively.

3.1.2 Soil profile
Three soil borings were advanced prior to construction to 15.2 m below ground surface (bgs). Standard
Penetration Tests (SPT) were performed every 0.76 m until 6.10-m depth and every 1.52 m from 6.10 m
to the end of borings. Because the foundation depth is 3.05 m, the topsoil layer above this depth is
irrelevant in the assessment of the foundation response. The majority of the soil below 3.05-m depth is
either lean clay (CL) or silty clay (CL-ML) based on the Unified Soil Classification System (ASTM D248711). These soils are stiff to hard with N values ranging from 12 to 35. Thin layers of less stiff soils exist in
the soil profiles. The complete soil boring information is presented in Appendix A. Along with the SPT
testing, Shelby tube samples were also collected. Geotechnical properties from the soil investigation are
presented in Table 3.1.

3.2 Soil description and classification
3.2.1 Sample description
Both disturbed and undisturbed soils were available for testing. Three buckets of disturbed soil and nine
Shelby tubes containing undisturbed soils were gathered from several locations under the wind turbine
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foundation. These locations were chosen for specific reasons. First, heterogeneous stiffness distribution
may affect the performance of strain gauges and pressure gauges. Second, foundation soil was observed
to be non-uniform with depth and distance from the foundation center; therefore, soil samples from
different parts of the foundation are required to assess the difference in soil properties. The layout of
the soil sampling locations and gauges are shown in Fig. 3.2. Two of the disturbed soil samples are mixed
soils at 0 m to 0.5 m below foundation grade, which is the contact plane between the foundation soil
and the concrete base. The third sample is also mixed soils, but from 1.2-m to 1.5-m depth. These soils
represent particle-size distribution and Atterberg limits, but initial stress conditions are disturbed.

Undisturbed samples were also gathered from 0.15 m to 2.74 m beneath foundation grade. These
samples were collected in Shelby tubes and preserved in a 99% humidity room. These soil samples are
considered ‘undisturbed’ and therefore more representative of the in situ soil condition. It should be
noted that ‘undisturbed’ lab specimen is impossible to achieve due to inevitable disturbance from
excavation and penetration process. In addition, the undisturbed soils are extruded out of Shelby tubes
using the equipment shown in Fig. 3.3. This machine pushes soil from one end of tube which compacts
and further disturbs the soil to some extent. Overall soil data from these specimens is tabulated in Table
3.1.
Table 3.1 Sources of experimental soil specimens

Label

Location and depth

Label

Location and depth

ST SG-3C

SG-3 228.6 cm – 289.6 cm

ST SG-5A

SG-5 15.3 cm – 76.2 cm

ST SG-101

SG-10 15.3 cm – 76.2 cm

ST SG-5B1

SG-5 no info

ST SG-3

SG-3 228.6 cm – 289.6 cm

ST SG-5B

SG-5 213.4 cm – 274.3 cm

ST SG-1

SG-1 15.3 cm – 76.2 cm

BS E1A1

PG-8,9 mixed

ST SG-102

SG-10 15.3 cm – 76.2 cm

BS E3A2

SG-5,6,7,8 mixed

ST SG-9

SG-9 15.3 cm – 76.2 cm

BS W5B1

PG-6,7 mixed
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* ST and BS represent Shelby tube and bucket soil, respectively. SG and PG represent strain gauge and
pressure gauge, respectively.

Figure 3.2 Locations of the field gauges and disturbed soil samples (Numbers in left figure indicate the
location of pressure gauges; numbers in right figure indicate the location of strain gauges)
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Figure 3.3 Soil sample extruder.

3.2.2 Soil Classification and Properties
Samples from both disturbed bucket soils and undisturbed Shelby tube soils were classified based using
Unified Soil Classification System (USCS) via particle-size distribution and Atterberg limits. The
foundation soils are classified as sandy lean clay (CL), though minor differences were observed among
them. Most foundation soils are composed of fine-grain soils. Soils have at least 70% fines and it is as
high as 95%. The changes in particle size distribution between different locations under the footing are
clearly shown in the test results. The sample from the North part of the foundation has higher fine
content and while the soil sample from the South part of the foundation has a more uniform grain size
distribution. Tests also show that fines content increases with depth. The fine content varies from 70%
at 0.15 m depth from excavation surface to 95% at 0.65 m depth. Particle-size distribution results are
presented fully in Appendix B.

Liquid limit tests and plastic limit tests (ASTM D4318-10) were also conducted. The tested site soils had
relatively uniform plastic limit between 11 and 13. North foundation soils have a liquid limit of 28 while
South soils have a liquid limit of 21. Complete test results are also included in Appendix B.

The density of soils was determined by measuring volume and mass of undisturbed Shelby tube samples.
Water content was measured as soon as the soil came out of the field site to reduce evaporation effect.
The specimen has a density of 2125 kg/m 3 and water content of 12%, which means the dry density is
1897 kg/m3. Physical soil properties and Soil Classification are summarized in table 3.2.
Table 3.2 Summary of test soil properties

Color

BS E1A1

BS E3A2

BS W5B1

ST SG-5

ST SG-3

Brown

Gray

Yellow

Gray

Yellow-Gray
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Moisture content %

12

12.6

11.5

13.2

12.2

Fine content %

65%

81%

90%

82%

93%

Specific gravity

2.72

2.68

2.71

2.68

2.72

Liquid limit %

21

27

23

27

28

Plastic Index %

13

13

11

13

12

USCS Classification

Sandy CL

Sandy CL

Sandy CL

Sandy CL

Sandy CL

3.3 Fundamentals of resonant column system
Resonant column techniques have been used for measuring the dynamic properties of soil and rock
since the the 1930s. Many versions of resonant column with different boundary conditions have been
developed (Richart and Woods, 1970). The apparatus used in this research is an accelerometer-based
fixed-free resonant column. The bottom of the soil specimen is rigidly fixed within the apparatus, while
the top of the soil specimen is connected to magnets that are driven by excitation of electromagnetic
coils. Both solid and hollow specimens with circular/cylindrical shape are suitable for this device. During
testing, the driving system at top of the specimen vibrates so that torsional force is applied to the
specimen (Fig. 3.4).
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Figure 3.4 Schematic illustration of the resonant column driving force on soil specimen

The test is designed to find the resonant frequency of the soil specimen at certain strain amplitude. To
achieve this purpose, a frequency sweep at constant strain amplitude is conducted while the response
of the soil specimen is measured with an accelerometer mounted at the top of the specimen. Peak
strain amplitudes at each excitation frequency are plotted. The resonant frequency corresponds to the
frequency with the highest strain amplitude. From this response curve, shear modulus and damping are
calculated. The properties depend on the initial conditions of the soil specimen such as moisture content,
density, and plasticity index and environmental conditions such as confining pressure, period of and
confinement.

3.3.1 Wave propagation
The basic theory guiding design of a resonant column revolves around one-dimensional wave
propagation in rods with finite length. The equation that represents the propagation of a shear wave in
a rod is (Kramer, 1996):
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(

where G is shear modulus,

)

is polar moment of inertia of rod cross section,

is soil density, and

is

angle of twist per unit length of rod.

The left side of Eq. 3.1 represents torque produced due to angular rotation, . This part assumes linearelastic response of the specimen. The right side represents rotational inertia of an element of rod with
length of

. The solution of Eq. 3.1 can be expressed in the form of a rod vibrating in its natural modes:

Substituting Eq. 3.2 into Eq. 3.1, we get

where U is the displacement amplitude along the rod;
velocity, and

are constants;

is shear wave

is angular frequency of certain natural mode of vibration.

For the fixed-free boundary condition, the displacement is zero ( = 0) at the fixed end, and the strain is
zero (

) at the free end. Applying this boundary condition to Eq. 3.3 results in

However, the top of the soil specimen is not literally free. The components connected to the top of the
soil specimen have certain mass that change the performance from the ideal condition (Kramer, 1996).
The torque on the free end of the rod is equal to rotational inertia of the attached mass, which is
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By substituting Eq. 3.2 and Eq. 3.4 into Eq. 3.5,

is derived where is rotational inertia of the rod,

is rotational inertia of the attached mass, and is

rod length.

Equation 3.6 connects resonant frequency with shear wave velocity; thus, resonant column results are
used to convert resonant frequency to shear wave velocity. Shear modulus is then determined from Eq.
2.2. Because the wave equations are derived from linear-elastic vibration and soil has non-linear
behavior, the resonant column test is limited to small to medium strain level even though the device
itself is capable of producing larger strains.

3.3.2 Resonant frequency
Resonant frequency is the series of frequencies that correspond to the local maxima. Soil subjected to
vibration has infinite modes of resonant frequencies that are used for solution of the wave propagation
equation. For undamped cases, the wave equation in the rod is identical to Eq. 3.1 and is used to build a
transfer function that describes the ratio of displacement amplitudes at any two points in the soil
specimen. For example, if the top and bottom of a soil specimen are chosen as the two points under
evaluation, the transfer function can be expressed as

|

|

|

|
|
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|

This function indicates that strong amplification occurs at each natural mode of frequency. Because the
damping is zero, responses in all modes go to infinity. However, in reality, damping is a positive value.
Soil specimens are thus represented by the Kelvin-Voigt model with single degree of freedom (Richart
and Woods, 1970). The wave equation should include the effects of damping:

which yields a different transfer function:

|

|

|

|
|

(

)

(

) |

where is viscosity and is damping ratio. Because of damping, responses in the natural modes of
frequencies are different. The first mode of the natural frequency yields the highest response. Damping
affects responses at higher frequencies more than at lower frequencies.

The resonant frequency detected in a resonant column is the first mode of natural frequency (i.e.,
fundamental frequency). The fundamental frequency is important because it yields the highest shear
strain at certain input amplitude and is thus the critical condition for which a soil specimen may fail
(Kramer, 1996).

3.3.3 Shear strain
The shear strain of a solid cylindrical resonant column soil specimen is excited by torsion transitions
from zero at the center to a maximum at the edge. Figure 3.5 shows this relationship.
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Figure 3.5 Shear strain definition on soil specimen (GCTS, 2009)

Shear strain is defined as

where r is radius of soil specimen,

is twisting angle, and H is height of soil specimen. Because shear

strains varies from the center to the edge, an equivalent average shear strain is calculated to represent
shear strain in the soil specimen. According to ASTM 4015-07, the average shear strain can be simplified
as

Another way to address the non-uniformity of strain is with a hollow soil specimen such that strain
variation between the inner and outer sides is negligible. Hollow soil specimens yield more uniform
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shear strains. However, hollow soil specimens are difficult to prepare (only solid specimens were used in
this study).

62

Chapter 4: Testing Methodology
4.1 Basic components of resonant column system
The classic Hardin accelerometer-based resonant column device is used for this research effort. In the
resonant column, a cylindrical soil specimen (approximately 38-mm diameter and 70-mm height) is
tested. The top of the specimen is excited with harmonic torsion at different frequencies through an
electromagnetic motor. A mounted accelerometer records the specimen response. The shear modulus is
calculated from the record of excitation based on wave propagation theory. Damping is also estimated
from the soil response curves, either from the time-domain (free vibration) or frequency-domain (halfpower bandwidth) curves. Figure 4.1 show a schematic of the resonant column (RC) system. This RC test
apparatus features five major components: (a) main cell, (b) signal generator, (c) spectrum analyzer, (d)
digital oscilloscope, and (e) amplifier.

Figure 4.1 Schematic of resonant column system
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4.1.1 The main cell
The cell frame of the resonant column consists of a heavy pedestal, top cap, three connection rods, and
a transparent, thick, plastic cell wall (Fig. 4.2). Major parts of the system are made of metal, which has
enough mass to ensure low system resonant frequency and sufficient strength to bear high pressure.
The system allows isotropic confining pressure as high as 700 kPa when the test is running. The soil
specimen is placed at the bottom of the cell chamber and connects with the roughened, fixed bottom
surface and roughened, free top platen surface. The rough connection surfaces avoid slippage between
the platens and the soil specimen.

An electromagnetic motor sits on top of the specimen and applies torsional excitation with varying
amplitude and frequency. Excitation is controlled by a signal generator. Because the electromagnetic
motor is heavy (8.2 kg), a counterbalance is needed to control the vertical forces applied to the
specimen. The electromagnetic motor also requires a temporary pneumatic frame around the soil
specimen when the system is being assembled such that no vertical force is applied to the specimen
prior to testing. The temporary frame is removed before testing by releasing the pneumatic pressure.

A piezocrystal accelerometer is mounted with the electromagnetic motor such that the accelerometer’s
movement is coupled with the soil specimen through the top platen (Fig. 4.3). The accelerometer
captures the response of the soil specimen through a voltage record. The top of the main cell is free to
move because of the connection of the counterbalance.
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Figure 4.2 Main cell of resonant column system

Figure 4.3 Bottom view of driving system (mounted with accelerometer)
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4.1.2 Signal generator
An Agilent 33220A 20-MHz Function/Arbitrary Waveform Generator (Fig. 4.4) is used in this research to
drive the electromagnetic motor. This signal generator controls the form of vibration by adjusting
electrical signals. The signal generator generates sinusoidal, square, noise and arbitraty signals in
frequencies ranging from 0 MHz to 20 MHz and amplitudes ranging from 6 mVrms to 7.3 Vrms. A ‘sweep
mode’ is frequently used in this research for sweeping a certain range of frequencies in harmonic
excitation to locate the resonant frequency of the specimen. Sweeping time, range, and speed are
programmed to the signal generator. Square waves and noise-wave signals may also be applied to find
resonant frequency. The noise mode produces signals at constant average amplitude over all
frequencies that excite the specimen. The frequency that is equal to the resonant frequency of the
specimen is amplified such that, in frequency domain, the specimen responses vary in frequencies. Then,
resonant frequency and damping can be determined.

Figure 4.4 Agilent 33220A 20-MHz Function/Arbitrary Waveform Generator
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4.1.3 Spectrum analyzer
An HP 3582A spectrum analyzer (Fig. 4.5) is used to find the resonant frequency in the frequency
domain. The Fourier transform is calculated automatically and simutaneously with test performance.
The frequency domain curve is displayed on the screen panel. Resolution and range of frequencies can
be adjusted through other panels. Sampling frequency is related to resolution—higher resolution is
compensated by low sampling frequency and vice versa. The spectrum analyzer measures and analyzes
signal amplitude range from 1 μV to 40 V. Usually, the peak average is used in this research. When the
test is running, the vibrator sweeps a range of frequencies in harmonic excitation, and the spectrum
analyzer records the peak value at each frequency, so that the curve of soil responses versus frequencies
is plotted. Resonant frequency is found from the peak of the curve, and material damping can be
calculated by the half-power bandwidth method.

Figure 4.5 Hewllet-Packard HP 3582A spectrum analyzer
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4.1.4 Digital oscilloscope
A Tektronix TDS 2014 four-channel digital storage oscilloscope (Fig. 4.6) is connected to the system
circuit for observing and recording the soil specimen response in the time domain. Typical harmonic
signals are usually shown on the screen panel. This instrument locks waveforms at a single moment then
amplitude from peak to peak and frequency of the wave can be measured. This amplitude is used to
calculate the strain in the soil specimen.

Amplitude decay due to low-frequency square-wave excitation is recorded if the signal is strong enough.
Material damping and resonant frequency are then calculated by the free-vibration method.

Figure 4.6 Tektronix TDS 2014 four channel digital storage oscilloscope

4.1.5 Amplifier
HP 6824A DC power supply amplifier (Fig. 4.7a) and Columbia Research Laboratory, Inc. Model 4102
charge amplifier (Fig. 4.7b) are used for amplifying the excitation signal into the electromagnetic motor
and the accelerometer response, respectively. The HP 6824A amplifier is connected to the signal
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generator to create stronger excitation signals while the Columbia Research Laboratory, Inc. Model 4102
amplifier conditions the accelerometer signal.

Figure 4.7 (a) HP 6824A DC power supply amplifier (left) and (b) Columbia Research Laboratory, Inc.
Model 4102 charge amplifier (right).

4.2 Calibration and performance of resonant column device
The resonant column calibration process is performed according to ASTM D4015-07. Three system
parameters must be determined and calibrated before testing: (a) sensitivity of accelerometer, (b)
rotational inertia of driving system, and (c) apparatus resonant frequency. These parameters are
important for the calculation and interpretation of the results. In fact, the ASTM standard suggests
conducting calibration about rotational inertia of passive end platen and apparatus damping, but for
simplification, the rotational inertia of passive end is assumed to be infinity and apparatus damping is
assumed to be zero in this research. This simplification is reasonable because the resonant column
apparatus is very heavy and is made of metal, so the system is very stiff and stable. In addition, the
apparatus is well coupled with the ground. No relative movement between them was observed.

69

4.2.1 Calibration of sensitivity of accelerometer
The basic idea of calibrating an accelerometer is to compare its output with another accelerometer
subjected to the same excitation and adjusting the amplifier connected to the accelerometer to match
an identical response curve with that calibration accelerometer. A PCB Piezotronics Model U353B16
accelerometer is used as the calibrating accelerometer. The accelerometer in the resonant column can
be unloaded outside of the device and coupled with the PCB calibration accelerometer. These two
accelerometers are placed next to each other to ensure identical excitation to both sensors.

Good coupling and no relative displacement between the accelerometers was ensured before testing by
attaching two accelerometers to the end of a ruler, as shown in Fig. 4.8a. Both accelerometers are
connected to their respective charge amplifiers and then to the digital oscilloscope. The signal is excited
by bending the ruler, and the responses of both accelerometers are shown on the oscilloscope’s screen.
The output of the two response curves is sent to two channels so that independent adjustment can be
done for both curves. With careful adjustment of the amplifiers and oscilloscope display, identical
response curves can be achieved (Fig. 4.8b). The sensitivity of the accelerometer is found by multiplying
the known sensitivity value of the calibrating accelerometer with a certain multiple. The sensitivity of
the accelerometer in the resonant column was 1013 mV/g.
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Figure 4.8 (a) Accelerometer calibration settings (left) and (b) expected calibration outputs on
digital oscilloscope (right)

4.2.2 Calibration of apparatus resonant frequency
Calibration of apparatus resonant frequency is very similar to running a real test. The only difference is
there is no specimen inside of the chamber. All attachments should be kept in the system, such as Orings and top platen. The electromagnetic vibrator is hung and balanced by a counterbalance. The
resonant frequency of the apparatus is found by sweeping frequencies from low to high. The apparatus
resonant frequency for this research set-up was 23 Hz.

4.2.3 Calibration of rotational inertia of driving system
According to Newton’s second law, natural frequency is related to rotational inertia through

where I is the rotational moment of inertia, k is the torsional stiffness, and

is the natural frequency.

Given Eq. 4.1 and the known apparatus resonant frequency measured from the previous step, if the
torsional stiffness of the driving system is known, its rotational moment of inertia can be calculated.
However, direct measurement of torsional stiffness of system is not normally done, because the shape
of driving system is hard to determine. Alternatively, a calibration rod with known shear modulus is
added to the system such that rotational inertia of the driving system can be derived from the
calibration rod. They can be related by
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where

is the rotational moment of inertia of driving system,

calibration rod,

is torsional stiffness of

is measured resonant frequency with calibration rod in system,

is apparatus

resonant frequency; and d, L, and G are diameter, length and shear modulus of calibration rod,
respectively.

The calibration was performed with three Polyvinyl Chloride (PVC) columns (Fig. 4.9) with different
diameters. The calibration rods were assumed to have zero, or close to zero, material damping and
constant torsional stiffness. The shear modulus of the PVC column was assumed to be 1 GPa (Vinidex,
2013). Calibration rods were installed at the place setting soil specimen, then frequency sweep from low
to high frequencies with constant signal amplitude were performed to find the resonant frequency of
each rod. The signal amplitude should be high enough to be distinguished from background noise and
lower than the limitation of sensor. Then, rotational inertia of the driving system can be calculated via
Eq. 4.2. The parameters of each column and calculation results are tabulated in Table 4.1.

Figure 4.9 Dimensions of calibration rods

72

Column

Thick
Mid
Thin

Table 4.1 Rotational inertia calibration results of driving system
Diameter Length
Resonant
Torsional
Calculated rotational inertia
(m)
(m)
frequency
stiffness (N·m)
of driving system (kg·m2)
(Hz)
0.0351 0.1291
210
1154.2
0.000671
0.0248 0.1291
109.8
287.7
0.000632
0.015 0.1291
45
38.5
0.000652

Calculation from the three different calibration rods yielded very similar results, which means the
system functioned well. The rotational moment of inertia of the driving system was about 0.00065 kg·m2.
It should be noted that because the shear modulus of PVC is roughly assumed, this calculated value is
not completely accurate. If necessary, for getting a more accurate shear modulus value of PVC,
measurement of shear modulus of PVC calibration rods would need to be conducted.

4.3 Experimental variables
Experimental variables refer to the input parameters that can be controlled and adjusted during the
experimental program. The effects of these variables on the dynamic properties of the soil specimens
are the purpose of this study. Based on the literature review, dynamic soil properties are straindependent and are sensitive to confining pressure. These two parameters are basic experimental
variables mostly reported for engineering analysis. Their effects are usually presented in the form of a
shear modulus reduction curve and damping curve, so that dynamic soil properties can be easily
evaluated by fitting environmental conditions on these curves. Other variables mentioned in literature
review may be not important for this research. For example, plastic index (PI) may be a minor variable
because the site soils for this project classify as lean clay with PI value ranging from 10 to 17. However,
noticeable effects from period of confinement, state of stress, and strain history were observed during
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testing. These three parameters are also easily controlled by the system. Generally, five experimental
variables: (a) state of stresss, (b) shear strain, and (c) period of confinement are controlled by the
system and are meaningful to dynamic analysis of wind turbine foundation soil.

4.3.1 State of Stress
Choices of confining pressure depend on needs of this research. Confining pressure vary both in plant
and depth under the wind turbine system. Construction documents of the wind turbine site have shown
the dead load on foundation soil is 70 kPa if the pressure is uniformly distributed. However, the
assumption of uniform distribution is not valid according to field pressure gauge data (Yilmaz, 2014).
Because of dynamic loads introduced by wind loading, the pressure can vary from 15 kPa to 100 kPa at
different points at the bottom of foundation (Fig. 4.10). In addition, strain gauges were installed under
the foundation at different depths for observing strain reduction with depths. The deepest strain gauge
was installed at 1.7-m depth below the foundation base, which means the pressure is possibly higher
than 100 kPa around the sensors. Because the soils are collected at the places related to these sensors,
their original in situ confining pressures have variable values. To simulate the field condition, soil
specimens were tested at 25 kPa, 50 kPa, 100 kPa, and 200 kPa. Sometimes, soil response at 400 kPa
was tested to verify measurement trends. 25 kPa is lowest accurate value that can get from pressure
controlling system of this research. Confining pressure is applied by air pumped in at the bottom of the
chamber.
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Figure 4.10 Uneven pressure distributions under wind turbine foundation (Yilmaz, 2014)

Counterbalance adjusts of the deviatoric stress applied onto the soil specimen in resonant column as
well as coupling between top platen and specimen. Because the top of electromagnetic motor vibrator
is connected to counterbalance and free to move, hydrostatic stress condition cannot be reached only
by adjusting confining pressure. Counterbalance also plays a role here. In order to get hydrostatic
consolidation conditions, weight of counterbalance needs to be carefully adjusted according to
geometry of the system or reading of strain gauge measuring axial stress at each confining pressure
stage. State of stresses with prior initial shear stress condition is also observed by adding deviator stress
in vertical axial through counterbalance before vibrating. Transition of principle stress of soil specimen
has resulted in different behaviors in cyclic triaxial test (Sze, 2014). Different state of stress may exhibit
variable behaviors in resonant column test as well. This is also important because resonant column test
results need to be combined with cyclic triaxial test results to build shear modulus reduction curve, and
they should have consistent state of stress. However, controlling the state of stress is difficult in this
system because it lacks of accurate measurement of axial stress. Counterbalance adjustment is
inaccurate because mechanical friction is hard to evaluate. Roughly, 8 N should be added in vertical axial
per 100 kPa confining pressure increment for achieving hydrostatic condition.
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4.3.2 Shear strain
Shear strain is applied by the electromagnetic motor coupled at the top of the soil specimen. The
electromagnetic motor converts time-varying electrical signals into mechanical vibration such that
vibration from the soil specimen is controlled by adjusting the output of the electrical signal generator.
The strain level is related to the vibration amplitude. Higher amplitudes yield higher shear strains.
Accelerometers mounted on the specimen records the response of the soil: electrical signals represent
variation of acceleration of the soil specimen during vibration. The response is usually sinusoidal with
certain main frequency, which can be converted into displacement response of soil by mathematical
operation. It should be noted that displacement of accelerometer should be converted into maximum
displacement of soil column because they have different diameters from center of the chamber. Usually,
shear strain is varied from 10-7 to 10-4 in this resonant column. If it is necessary, larger strains can be
reached by using a power amplifier. However, strain larger than 10-4 may yield unreliable results.

4.3.3 Period of confinement
Time effect on shear modulus has been mentioned by researchers. Especially for natural soil with
relatively complex chemical components, the time-dependent shear modulus is usually observed (Ray,
1988; Hoyos, 2004). Preliminary results also show dynamic properties of the wind turbine foundation
soil is sensitive to period of confinement. Usually, it takes one day to reach a relatively constant value of
shear modulus. So the period for each confining pressure is set as 24 hours. The period is counted
starting from the moment that each confining pressure is added. Time effect is systematically measured
only for maximum shear modulus at very low shear strain level for eliminating strain history effect.
However, shear modulus reduction curves for the same soil specimen with same environmental
conditions but tested in different period of confinement is available in this research.
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4.3.4 Strain history
Large shear strain history effect on sand has been reported in literature. Large strain is able to increase
maximum shear modulus as much as 100% and the effect cannot be solely explained by changes in void
ratio (Drnevich, 1966). Tested soils exhibit different behaviors between smaller and larger strain than
pre-strain level (Li and Yang, 1998). Although the wind turbine foundation soil is not sand, shear strain
history effect should be concerned because it may change shear modulus reduction curve of soil over
time. Different paths of shearing also create different shear modulus reduction curve. Two paths have
been tested by this system: loading-unloading and loading-reloading. The first one is increasing shear
strain from small to large and going backward. The second one is increasing shear strain from small to
large and repeating the same path again.

4.4 Testing procedure
General test procedure is presented here, but it may vary due to different purposes. Test procedure is
divided into four parts: (a) sample preparation, (b) apparatus installation, (c) operation and (d)
calculation.

4.4.1 Sample preparation
Both undisturbed and remolded specimens are prepared for testing. Undisturbed specimens are
extruded from a Shelby tube. The soil may be compacted during this process because huge force is
applied to the end of tube for pushing the soil out. Soil samples from the middle of Shelby tube are
chosen for representing initial field condition. The selected section of soil column should be 10 cm
height at least. Then, the sample is put in the setup shown in figure 4.11 to trim it into desired
dimensions. The trimming soil is collected immediately for moisture content determination, for particle
size distribution analysis, and Atterberg limits measurements. The trimming process is conducted
carefully in case that specimen is highly disturbed or destroyed. The desired dimensions of specimen are
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35 – 36 mm diameter and 69 – 72 mm height. Other sizes are not compatible with this resonant column
apparatus because of the dimensions of temporary supporting frame around soil specimen.

The soil specimen dimensions should meet two requirements: (a) be long enough to connect with the
electromagnetic motor while the frame is taking entire load of vibrator during apparatus installation,
and (b) be long enough to maintain the electromagnetic motor from touching the temporary supporting
frame when test is running.

Figure 4.11 Preparation of undisturbed soil specimen

Remolded specimens also should meet the same requirement about dimensions. Remolded specimens
are prepared using the mold shown in figure 4.12 with disturbed bucket soil. The soil samples are oven
dried and crashed before mixed with deionized water to desired water content. The water content and
density should simulate in situ condition of the wind turbine foundation soil. Moist soil is weighted to
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certain amount according to field soil bulk density and dimensions of the mold. Then, the soils are
divided into even 5 parts and compacted into a mold with to get relatively uniform density along the
length of the specimen. It should be noted that soils may stick to mold’s wall and break when the mold
is opened. One solution to prevent this problem is to add a thin layer of mineral oil on the inside wall of
mold to reduce friction and prevent the soil from sticking to the wall of the mold. The prepared
specimens, remolded or undisturbed, should be sealed by a layer of plastic membrane and a layer of
aluminum film to minimize water evaporation. Most of specimens in this research have been remolded
in this way. The test soil specimens and their properties are listed in table 4.2.

Figure 4.12 Preparation of remolded soil specimen

Soil Specimen
E1A1 No.1
E1A1 No.10
E1A1 No.12
W5B1 No.1
E1A1 NaCl 0.2
E1A1 NaCl 0.6

Table 4.2 Properties of test soil specimens
Height (mm) Diameter (mm) Weight (g) Dry Density (kg/m3)
71
35
158
2071
69.5
35.9
158.8
2021
70.4
35.7
155.9
1981
70.8
35.6
151.1
1932
69.4
36.1
158.2
1985
68.8
35.5
157.7
2048
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Water Content
11.7
11.8
12.1
11.0
12.2
12.9

E3A2
SG-5 Undistur

70.9
77.3

35.7
35.3

156
175.1

1986
2043

11.0
13.2

4.4.2 Apparatus installation
Because soil specimen is installed at the bottom of resonant column chamber, the main cell must be
disassembled for each new specimen. The specimen dimensions are accurately measured just before
installment by Vernier caliper and recorded for further comparing with soil specimen dimensions after
testing. Specimens should be placed between top platen and bottom platen, and sealed by rubber
membrane with several O-rings tightening both ends. Then, pneumatic temporary supporting frame is
added around specimen as its center (figure 4.13). The air pressure in the frame should be around 300
kPa to effectively take expected overhead load. Electromagnetic motor should be carefully set on top of
temporary frame and connected with top platen. Fasten the connection and link all the cables before
sealing the chamber with plastic wall and cap. Check that if the plastic wall contacts well with O-rings on
top cap and bottom, then seal the chamber with screws. It should be checked that the plastic wall seals
well with O-rings before screwing the top of the cell, or the wall may crack and break. Connect
counterbalance with electromagnetic motor through the hole in the top cap using several mechanical
elements. The weight should be slightly higher than the total weight of top platen, electromagnetic
motor and mechanical connection elements if friction is considered. A mass of 8.2 kg was used to
balance the weight of the electromagnetic motor. This mass should be added at the same time when air
pressure in temporary frame is released. Finally, connect the main cell into the whole system and
increase confining pressure to designed value. The entire procedure should be carefully conducted in
case the specimen is broken or deformed.
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Figure 4.13 Pneumatic temporary supporting frame

4.4.3 Operation and disassembly
This section describes how to set components of resonant column system and read results from their
displays. Right before starting shearing, it should be sure that the soil specimen inside is consolidated
with the added confining pressure. The time required to reach primary consolidation is tested from
consolidation test. For the case of wind turbine foundation soil, 30 minutes is enough because all the
site soils reach 90% consolidation in 20 minutes. In addition, the soil specimen in resonant column is
unsaturated, which means the real time needs to be consolidated is shorter than saturated condition.
The detail set up procedure is included in Appendix C.

Disassembly is the same process with apparatus installation but with reversed order. Turn off all the
instruments and release confining pressure. The pressure in pneumatic temporary supporting frame
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should be added immediately after counterbalance is unloaded. Disconnect all the cables and open main
cell. Soil specimen should be carefully taken out and its dimensions are measured again.

4.4.4 Calculation
The recorded data are accelerometer response in voltage, resonant frequency and power spectrum or
time decay. But the required parameters are shear strain, shear modulus and damping. According to the
ASTM D4015-07 standard, the value we want can be translated from the collected data. Average shear
strain is calculated from accelerometer response based on equation 4.3

where is the shear strain, y is the accelerometer output,

is the diameter of soil specimen,

accelerometer sensitivity, f is the fundamental frequency of soil specimen,

is the

is the distance of

accelerometer to center of soil specimen, H is the height of the soil specimen.

The calculation assumes single degree of freedom system (SDOF) and the soil response is perfectly
sinusoidal. Because shear strain increases with diameter, the shear strain is lower than the maximum
shear strain. The parameter “5” in denominator is the recommended value from the ASTM standard to
get the average shear strain from the maximum shear strain at the edge of the soil specimen.

The shear modulus is calculated from the resonant frequency. The resonant frequency is used because it
has simple relationship with dimensions of soil specimen which has been presented in background
section. This method was further developed by Richard (1975) for calculating shear modulus in resonant
column. He states that the system can be described in equation 4.4 under resonance.
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where, is rotational moment of inertia of the soil specimen,
driving system,

is rotational moment of inertia of the

is resonant frequency of soil specimen, H is height of soil specimen and

wave velocity of soil specimen.

By substituting equation 4.4 into equation 2.2, then

For most of cases, resonant column is designed to meet:

So that

√

F is known as dimensionless factor which can be got from figure 4.14
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is shear

Figure 4.14 Finding dimensionless factor from inertia factors (ASTM D4015-07)

Figure 4.14 is suitable for low damping condition (d < 0.1) which is usually true for small and medium
shear strain condition in resonant column. F, T and P represent dimensionless factor for shear modulus
calculation, active-end (top) inertia factor and passive-end (bottom) inertia factor, respectively. P is
assumed to be infinite and F can be calculated by equation 4.6

(

where

( ) )

is the rotational inertia of driving system calculated in calibration section, is the soil specimen

rotational inertia,

is the apparatus resonant frequency and f is the soil specimen resonant frequency.

If solid soil specimen is used, J can be calculated from equation 4.7

where M and D are the total mass and diameter of soil specimen, respectively.

Chapter 5: Resonant column test results, analysis and discussion
This chapter presents resonant column test results of wind turbine foundation soils. Remolded soil
specimens from disturbed soils and undisturbed soil specimens from Shelby tubes are tested. The soils
are collected from wind turbine site, and the detail locations and properties of the soils are presented in
Chapter 3. Each of the first five sections of this chapter discusses effects of an environmental parameter
on soil dynamic properties. The rest two sections are comparison of experimental results and models,
and discussion of the application of soil dynamic properties on wind turbine foundation analysis. The
data analyses are mixed with presentation and description of test results in paragraphs.
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Section 5.1 shows the soil dynamic properties vary in different locations. Although all the foundation soil
specimens are classified as the same - lean clay, their dynamic properties are very different. The
differences are observed on maximum shear modulus, shear modulus reduction curve and damping
curve. Section 5.2 shows how the soil dynamic properties change with confining pressures. Increase of
confining pressure increases absolute value of shear modulus but has minor effect on shear modulus
reduction curve. Section 5.3 shows time effects on soil dynamic properties. Maximum shear modulus is
observed to increase with time, and the effect decreases with increases of confining pressure. Section
5.4 shows soil dynamic properties in isotropic and pre-shear conditions. Results indicate linear threshold
shear strain is controlled by state of stress. Section 5.5 shows the effects of shear strain history on soil
dynamic properties. Three loading paths are conducted to observe large shear strain and number of
cycles effects on dynamic properties.

Section 5.6 presents the comparison of experimental results with models. Model developed by Ishibashi
& Zhang, Darendeli are used for comparison. Section 5.7 makes discussions about application of soil
dynamic properties on wind turbine foundation systems. Experimental results are able to be coupled
with field measurement to yield new information.

5.1 Variation of dynamic properties of wind turbine foundation soils at different
locations.
Three remolded soil specimens from different locations are tested in the same environmental conditions.
They are all classified as lean clay with PI equals to 13, 13, 11, respectively. Shear modules and shear
strains are collected to build shear modulus reduction curves. Figure 5.1a shows three shear modulus
reduction curves of wind turbine foundation soils at different locations. The results come from three
remolded soil specimens using disturbed soil samples from three locations under the wind foundation
level. Detail information about these soils is presented in Chapter 3. The confining pressure for these
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tests is 50 kPa. The figure shows that the shear modulus of all the soils reduces with shear strain.
However, the three soil specimens have very different shear modulus reduction curves. Soil E3A2 from
the borehole where strain gauges 5, 6, 7, and 8 where placed has the highest shear modulus at all the
tested strain levels. Its maximum shear modulus reaches 88 MPa which corresponds to a shear wave
velocity equal to 204 m/s. Soil E1A1 form the place where pressure gauges 8 and 9 where located has
52 MPa maximum shear modulus corresponding to a shear wave velocity of 154 m/s. The soil sample
that correspond to specimen W5B1 collected next to the location of pressure gauge 6 and 7 has the
lowest shear modulus at low strain at 42 MPa that corresponds to a shear wave velocity equal to 141
m/s.

Figure 5.1b shows the normalized shear modulus reduction curves for three foundation soils. It indicates
that shear modulus of soils at different locations under the wind turbine foundation have very different
modulus degradation curves. The shear modulus of soil E3A2 reduces at the slowest rate and it begins to
reduce at 10-5 shear strain. At 5·10-5 shear strain, the shear modulus still remains at 50% of the
maximum shear modulus. Thee shear modulus of soil E1A1 has a moderate reduction rate with
increasing strains and it also begins to reduce around 10-5 shear strain. However it only has 40% of the
maximum shear modulus at 5·10-5 shear strain. Shear modulus of soil W5B1 reduces very fast and it
begins to reduce even at shear strain as low as 5·10-6. Its shear modulus reduction at 5·10--4 shear strain
is even significant which only 20% of the maximum shear modulus remains. Figure 5.1c shows the
damping curves of foundation soils. Damping ratios of different foundation soils are very different.
Specimen E1A1 has the lowest damping for all tested strain levels, while specimens E3A2 and W5B1
have similar damping at small strain levels.

Dynamic soil properties are not uniform under the wind turbine foundation. The soils next to strain
gauges 5, 6 ,7 , and 8 are much stiffer than the soils next to pressure gauges 6, 7, 8, and 9. The soils at
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the North part of foundation are stiffer than those at the South part. By comparing shear modulus
reduction curves and damping curves of soil specimens E1A1 and E3A2, we know that the soil specimen
with highest shear modulus not necessarily has lowest damping. Specimens W5B1 and E3A2 have similar
grain size distribution but very different dynamic soil properties. The soil specimens are prepared in
similar density and water content. In addition, the PIs of W5B1 and E3A2 are similar; they are 11 and 13,
respectively. So, the difference may attribute to their mineral components.
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Figure 5.1 (a) Shear modulus reduction curve, (b) Normalized shear modulus reduction curve and
(c) damping curve of soil specimen from different locations
88

5.2 Variation of shear modulus, G and material damping, D with confining pressure
from soil specimen “E1A1 NaCl 0.6 mol/L”. The properties of this specimen are presented in table 4.2. It
should be noted that all the soil specimens in table 4.2 have the same behavior shown in figures in this
section. The results from this specific soil specimen are representative for illustration and discussion to
follow. Figure 5.2a shows that shear modulus increases with increasing confining pressure in the entire
tested shear strain levels. The shear modulus is expected to increase with confining pressure because
increase of confining pressure results in reduction of void ratio, increase of contact area between
particles, and increase of inter-particle forces (Kramer, 1996). All of the elements result in increase of
shear modulus. This figure also shows that the magnitude of increase is higher at small strain levels than
large strain levels. I think this effect may be explained by friction between particles. At small strain level,
soil particles do not tend to move past each other and the static friction coefficient dominates interparticle friction. However, at medium to large strain, there is relative movement between particles. The
soil particles are in dynamic state where inter-particle friction and dilation components control the
behavior. It is known that static friction factor is higher than sliding friction factor which leads to higher
inter-particle friction at small strain level. Consequently, the shear modulus increase at small strains is
higher than at large strains under the same confining pressure increment.

The maximum shear modulus, G0, at 25 kPa is 24 MPa while G0 at 200 kPa is 58 MPa which is 2.3 times
higher. This figure also infers that the rate of shear modulus increment is getting slower with increase in
confining pressure. Linearly, shear modulus increase speed is 0.5 MPa/kPa from 25 kPa to 50 kPa
confining pressure, 0.2 MPa/kPa from 50 kPa to 100 kPa, and 0.1 MPa/kPa from 100 kPa to 200 kPa
respectively. This observation is consistent with the empirical equation (Equation 2.3) proposed by
Hardin and Drnevich (1970). It also can be proved theoretically by Hertz-Mindlin contact theory. Shear
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modulus increases with confining pressure with order of 0.5, which means the rate of increment
decreases with increase of confining pressure.

Figure 5.2b shows the normalized shear modulus reduction curve for different confining pressures.
Confining pressure has very limited effects on normalized curve. The normalized shear modulus
reduction curve moves slightly to the left and the threshold shear strain decreases with increase of
confining pressure. These trends contradict the published results from Ishibashi (1992), in which
threshold shear strain increases with increase of confining pressure. However, I cannot find theoretical
justification of his results, which means his results may be not applicable to all types of soils. The
increase of confining pressure does strengthen soil but increase of the threshold shear strain is not a
necessary consequence. In my opinion, the threshold shear strain is related to state of stress. Detail
discussion and test results are stated in section 4.4. Because the changes on the normalized curve is very
small, the normalized shear modulus reduction curves of site soil in confining pressures varies from 25
kPa to 200 kPa can be roughly represented by only one normalized curve.

Figure 5.2c shows the damping changes with shear strain for different confining pressures. Increse in
confining pressure decrease damping but the influence is not as significant as tin the case of the shear
modulus. At small strain levels, 25 kPa confining pressure yields the highest damping while at 200 kPa
confining pressure, damping is lowest. There in an inverse relationship between damping and shear
modulus. This relationship presented in this figure at small strain levels. However, the trend becomes
ambiguous at large strains. This may be explained by that values of shear modulus in different confining
pressures is closer to each other at large strain, and the damping differences between different
confining pressures is getting smaller as well.
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Figure 5.2 (a) shear modulus reduction curve, (b) normalized shear modulus reduction curve (c)
damping curve change with confining pressure.
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5.3 Variation of shear modulus, G and material damping, D with time of confinement
Figure 5.3a shows the maximum shear modulus, G0 changes with time in different confining pressures.
The time starts to count at 30 minutes after confining pressure is applied which is the time needed to
reach primary consolidation for wind turbine foundation soils. Although the consolidation test is
conducted in fully saturated condition, the time needed to reach primary consolidation for saturated
condition is longer than unsaturated condition. So, it can be sure that after 30 minutes, the soil has
consolidated. Detail consolidation test is included in appendix B. The results are tested from soil
specimen labeled “E1A1 No.1”. The properties of these specimens are summarized in table 4.2. This
figure indicates that G0 increases with time of confinement. Most of this increase happens in the first
150 minutes. The rate of G0 increase decreases with time of confinement and finally G0 reaches a
constant value after time of confinement greater than 200 minutes.

This time effect on shear modulus is always observed on all tested specimens and the phenomena have
been reported in literature for natural soils (Hoyos, 2004). The reason is not clear yet, but this test
shows shear modulus still increases after primary consolidation, which eliminates the suspect of primary
consolidation effect. Secondary consolidation induced void ratio decrease and rearrangement of soil
particles may result in the increase of G0 with time. In addition, because the chemical components of
natural soil are complex, cementation is also a possible explanation for the increase of G 0 with time. This
hypothesis can be evaluated by analyzing mineral components of soil mass. However, Increase of shear
modulus with time due to cementation is couple with increase of damping with time (Fernandez and
Santamarina, 2001). But the damping of the wind turbine foundation soil decreases with time. In
addition, the soil particle properties may also result in the time effect. Cascante and Santamarina (1996)
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did an experiment to study visco-plastic contact behavior using lead shot, which also shows shear
modulus increases with time.

Figure 5.3a also shows that time effect is gets smaller with increase of confining pressure. At 50 kPa, the
G0 difference between zero to 1300 minute is 8 MPa, but G0 difference between zero to 1300 minutes
reduces to 4 MPa at 200 kPa. G0 becomes almost independent with time at 400 kPa. At large confining
pressures, void ratio decreases. Soil particles are confined and they are hard to rearrange. So, the effect
of secondary consolidation becomes smaller. Cementation effect may reduce because the shear
modulus of bulk soil is getting closer to shear modulus of soil particles at large confining pressure. The
pores between particles are getting ambiguous at large confining pressure and the cementation induced
increase of shear modulus in these gaps may be very small. However, mineral test needs to be down to
say if cementation is a significant effect.

Figure 5.3b shows the damping changes with time of confinement. The results are noisy but generally it
tells that damping decreases with time. Most of the decrease happens in the first 200 minutes and
damping keeps relatively constant for long confinement times. The time effect reduces with increase of
confining pressure. The changes of damping with time and confining pressure is expected from the
behavior of shear modulus changes with time and confining pressure. Minimum damping and maximum
shear modulus mutually proves that dynamic properties of soil is time dependent.
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Figure 5.3 (a) Maximum shear modulus and (b) minimum damping vary with time
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Figure 5.4a shows the effect of time of confinement on shear modulus reduction curve. The results are
tested from soil specimen “E1A1 No.12”. The properties of this specimen are presented in table 4.2. The
confining pressure is 50 kPa. This figure shows that the shear modulus reduction curve moves upward
with time. The shear modulus difference at zero and at 24 hour decreases with increase of shear strain.
Before threshold shear strain, the shear modulus difference is 10 MPa, but the difference decreases to 1
MPa at 5·10-4 shear strain. Although the time has significant effect on shear modulus reduction curve, it
does not change the normalized shear modulus reduction curve. Figure 5.4b shows that the normalized
shear modulus reduction curves at time zero and at 24 hour are almost identical. These results give us a
tool to analyze dynamic soil properties. Although the actual shear modulus of soil is time dependent, we
can use normalized curve and in situ tested shear wave velocity to find out shear modulus at any shear
strain level. Figure 5.4c shows the damping curve changes with time of confinement. No difference is
observed on these two curves except that the damping at 24 hour is slightly smaller than damping at
time zero for small strain levels, and damping at 24 hour is slightly higher than damping at time zero at
medium strains. The damping difference at small strain levels and almost the same at large strain levels.
These results are consistent with the results of shear modulus reduction curves.
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Figure 5.4 (a) shear modulus reduction curve, (b) normalized shear modulus reduction curve and (c)
damping curve change with time

96

5.4 Variation of shear modulus, G and material damping, D with anisotropic state of
stress
Figure 5.5a shows shear modulus reduction curve in two different states of stress. The results are tested
from soil specimen “E3A2”. The properties of this specimen are summarize in table 4.2. Confining
pressure of this test is 50 kPa. The soil specimen is firstly tested in isotropic state. Then it is tested in
pre-shear state, which has an extra deviator stress in vertical direction. The deviator stress is 21 kPa. The
results shows shear modulus reduction curve moves increases with increase in the deviator stress. The
G0 increases from 90 MPa to 110 MPa. The increase of shear modulus is expected because deviator
stress increases the mean effective stress of the soil. 20 MPa increase of shear modulus due to 21 kPa
deviator stress is quite high. Figure 5.5b shows the normalized shear modulus reduction curve in two
different states of stress. The normalized curve with pre-shear apparently moves to the right, which
means the threshold shear strain increases with increase of deviator stress. Comparing with the results
shown in previous section that normalized shear modulus slightly moves to the left with increase of
confining pressure, effect of deviator stress on threshold strain is stronger and the trend is consistent
with results by Ishibashi (1992). Because resonant column applies torque on the horizontal plane, the
deviator stress in the vertical direction strongly increases resistance to horizontal torque by two ways:
firstly, the deviator stress rearranges orientation of soil particles forcing their long axis prone to the
direction that is perpendicular to the direction of deviator stress. The contact areas between soil
particles are increased and consequently, the resistance to torque is increased. Secondly, the deviator
stress increases contact areas between particles, leading to an increase of resistance to horizontal
torque. However, more tests are needed for verifying the hypotheses. Figure 5.5c shows damping curves
of two states of stress. The damping of pre-shear state is always lower than damping of isotropic state.
This result is consistent with shear modulus reduction curve which makes the result believable.
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Figure 5.5 (a) shear modulus reduction curve, (b) normalized shear modulus reduction curve and (c)
damping curve vary with state of stress
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5.5 Variation of shear modulus, G and material damping, D with strain history
Three different strain paths are tested in resonant column. The first path is “loading-unloading”, which
increases shear strain from small to a large value and decreases shear strain backward. The second path
is “loading-reloading”, which increases shear strain from small to large and run it in the same path again.
The last one studies effect of number of loading cycles on shear modulus reduction curve by testing
shear modulus at every strain level twice.

5.5.1 Effects of large strain history on soil dynamic properties : loading-unloading
Figure 5.6a shows the different shear modulus reduction curves in loading and unloading condition. The
results correspond to soil specimen “E1A1 NaCl 0.2mol/L”. The properties of this specimen are
presented in table 4.2 The test confining pressure is 25 kPa. The soil specimen is loaded until 10 -4 shear
strain, and the shear modulus reduces from 24 MPa to 4 MPa. When the shear strain decreases, the
shear modulus increases back in a very different way. The unloading curve is usually below the loading
curve at medium to large strain. This phenomena indicates shear modulus is reduced during straining
history. However, the unloading curve goes over the orginal G 0 of loading curve at small strain, which
means that the maximum shear modulus is increased due to large strain history. It is not clear if this
increase of G0 is temperary, but the reduction of shear modulus on the unloading curve is temperary.
The conclusion is analyzed by comparing “loading-unloading” and “loading-reloading” curves. The
increase of G0 in this figure is about 5 MPa. However, the increase of G0 may be controlled by confining
pressure and the magnitude of maximum shear strain the soil specimen experienced.

Figure 5.7a shows the same “loading-unloading” curves but in 200 kPa confining pressure. The
difference between loading curve and unloading curve in 200 kPa confining pressure is much smaller
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than that in 25 kPa. In addition, the increase of G0 is 2 MPa, which is smaller than 5 MPa. These
differences may be attributed to confining pressure differences, but they may be also related to highest
shear strain. The soil specimen in 25 kPa confining pressure experienced shear strain as large as 10 -4, but
it only experienced 4·10-5 in 200 kPa. Distinguishing confining pressure effect and large strain effect on
“loading-unloading” curves may be a good future study.

Figure 5.6b and figure 5.7b show the normalized shear modulus reduction curves of loading and
unloading paths in 25 kPa and 200 kPa confining pressure, respectively. The curves are normalized
respect to the highest value of shear modulus on their own curves. The figures show an approximate
hysteresis loop formed because of large shear strain history. In the normalized curves, unloading curve
is always below loading curve. This hysteresis loop may represent a temporary loss of shear stiffness due
to the experienced large strain. The area can be treated as equivalent accumulated shear modulus
reduction. The value of the area may represent the stability of soil dynamic properties. The area is
smaller; the dynamic properties are more stable. Area of hysteresis loop in figure 5.6b is larger than the
area in figure 5.7b indicating that the confining pressure or experienced maximum shear strain controls
the soil dynamic properties.

Figure 5.6c and figure 5.7c show the damping curves of loading and unloading in 25 kPa and 200 kPa
confining pressure, respectively. The damping curves couples with shear modulus reduction curves very
well. Comparison of figure 5.6a and figure 5.6c indicates that temporary shear modulus loss corresponds
to temporary damping gain. Increase of G0 corresponds to decrease of minimum damping. The
relationship that damping is inversely proportional to shear modulus is experimentally shown again.
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Figure 5.6 (a) shear modulus reduction curve, (b) normalized shear modulus reduction curve and (c)
damping curve of loading and unloading paths in 25 kPa confining pressure
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Figure 5.7 (a) shear modulus reduction curve, (b)normalized shear modulus reduction curve and (c)
damping curve of loading and unloading paths in 200 kPa confining pressure
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5.5.2 Effects of large strain history on soil dynamic properties : loading-reloading
Figure 5.8a shows the shear modulus reduction curve of loading and reloading paths. The results are
tested from soil specimen “E1A1 No.12”. The properties of this specimen are presented in table 4.2. The
test confining pressure is 50 kPa. Three shear modulus reduction curves are shown in this figure. Two of
them are identical. These two curves experienced large strain: “large strain R1” is the first reloading
after reaching large strain, and “large strain R2” is the second time of reloading after reaching large
strain. The similarity of these two curves indicates that once the large strain is reached, the soil will have
a certain new shear modulus reduction curve. The loading curve presents slightly greater shear modulus
than the reloading curves which means the straining history reduces shear modulus. This conclusion is
consistent with test results from “loading-unloading” path. However, G0 of the reloading curves are
smaller than G0 of loading curve, which is different with the results of “loading-unloading” tests. The
possible reason is because reloading is conducted immediately after large strain, so the shear modulus
has no enough time to recover from the loss due to large strain. But the unloading path gives plenty of
time to to the specimen to recover its stiffness, so increase of G 0 is observed. This test infers the
reduction of G0 due to large strain is temporary; the value will increase with time. This figure also shows
that the loading curve and reloading curves merge at the highest shear strain soil specimen experienced.
This observation may raise a thought that the soil ”remembers” the strain history. Similarly to
consolidation, the shear modulus reduction curve may behave differently before reaching highest shear
strain in history and after that. However, more tests are needed to verify this hypothesis.

Figure 5.8b shows the normalized shear modulus reduction curve of loading and reloading paths.
Loading and reloading curves have similar behavior at small strain level. The large strain history does not
change the threshold strain. However at medium strain levels, the shear modulus of reloading curves
reduces faster than that of loading curve. At large strain levels, the three curves merge again. Figure 5.8c
shows the damping of loading and reloading paths. The damping results are consistent with shear
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modulus reduction curves. The two damping curves of the reloading paths are similar and they are
higher than damping of the loading paths.
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Figure 5.8 (a) shear modulus reduction curve, (b) normalized shear modulus reduction curve and (c)
damping curve of loading and reloading paths
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5.5.3 Effect of number of cycles on soil dynamic properties
Figure 5.9a shows the original and cyclically loaded shear modulus reduction curves. The results are
tested from soil specimen “W5B1 No.1”. The properties of this specimen are presented in table 4.2. The
test confining pressure is 400 kPa. The number of cycles is more than 10,000. This figure presents two
identical shear modulus reduction curves, which means the number of cyclic loads does not change the
shear modulus reduction curve. However, we should emphasize that the points tested under the same
signal input and same environmental conditions, are slightly different. The enlarged part of these shear
modulus reduction curves indicates points of shear modulus on original curve are about 2 MPa higher
than those on cyclically loaded curve with the same signal input. The shear modulus reduces along the
shear modulus reduction curve due to increase of number of cycles. Generally, the number of cycles
reduces shear modulus of soil specimen but it doesn’t change the shear modulus reduction curve. Figure
5.9b shows the original and cyclically loaded damping curves. Although the results are very noisy, but it
still presents identical curves and the results are consistent with shear modulus reduction curves.
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Figure 5.9 (a) shear modulus reduction curve and (b) damping curve change with number of cyclic
loading.

5.6 Comparison of undisturbed soil specimen and remolded soil specimens
Figure 5.10a shows the shear modulus reduction curve of undisturbed and remolded soil specimens. The
remolded soil specimen is made of bucket soil E3A2, and the undisturbed soil specimen is prepared from
Shelby tube SG-5A. Both soils are come from the same location under wind turbine foundation. Detail
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information about the property of these specimens are presented in table 4.2. Both soil specimens are
tested under 50 kPa confining pressure. This figure shows the shear modulus reduction curves of
remolded soil specimen and undisturbed soil specimen are very different even when the density and
water contents are the same. Shear modulus of undisturbed soil is much higher than that of remolded
soil. G0 of undisturbed soil specimens can be 200 MPa but the G0 of remolded soil specimen is only 88
MPa.

Figure 5.10b shows the normalized shear modulus reduction curves of undisturbed and remolded soil
specimen. The two curves are almost perfectly matched. Although the absolute value of shear modulus
is quite different from remolded specimen to undisturbed specimen, the normalized curves are the
same. This comparison verifies the effectiveness of the sample preparation procedure used in this thesis.
The normalized shear modulus reduction curve measured using remolded soil specimen is
representative. However, this comparison also indicates that the G 0 tested from resonant column by
using remolded soil specimen is too small. Combination of laboratory measured normalized shear
modulus reduction curve with in situ measurement of shear wave velocity is a better way to find
absolute value of shear modulus at any shear strain level.

Figure 5.10c shows the damping curves of undisturbed and remolded soil specimen. The damping of
undisturbed specimen is always lower than damping of remolded specimen, which is consistent with
results of shear modulus reduction curves.
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Figure 5.10 (a) shear modulus reduction curve, (b) normalized shear modulus reduction curve and
(c) damping curve of undisturbed and remolded soil specimens
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5.7 Discussion and application
5.7.1 Comparison of test results, published results and models in literature
Figure 5.11 shows normalized shear modulus reduction curves of the foundation soil overlapped on
published results prepared by Tinjum and Christensen (2010). Specimens E3A2 and E1A1 fall in the
range of sandy soils, and soil W5B1 behaves similar to gravel. Based on the location of soils samples, we
can conclude that the soil at north part of foundation is stiffer than the specimens collected from the
south part of the foundation. All the soil samples are classified as lean clay with low plastic index. So the
soil E3A2 and E1A1 are in the expected range. However, the shear modulus of soil W5B1 shows a steep
reduction of in modulus with strain.

Figure 5.11 Test results compared with published data by Tinjum and Christensen (2010)

Figure 5.12a plots test results and available shear modulus reduction curve models together. The results
are tested from soil specimen “E1A1 No.1”. This specimen is selected because cyclic triaxial test results
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are available for this specimen. So that a complete shear modulus reduction curve from small strain to
very large strain can be plotted. Two models are plotted in this figure. One is developed Ishibashi and
Zhang by (1993). Their model combined the effect of PI, confining pressure and shear strain, which can
be expressed in the form:

{

[

]}

{

[ (

)

]}

{
The other one is developed by Darendeli (2001), which includes the effect of over consolidation ratio
(OCR). It is expressed as:

(

)

is atmospheric pressure.

Both of models cannot only describe parts of the shear modulus reduction curve of soil E1A1. Ishibashi’s
model predicted well the linear threshold strain but over estimates the shear modulus of specimen E1A1
at the medium shear strain levels. Darendeli’s model failed to model linear threshold strain but well
captured the behavior of shear modulus at the medium strain level. The cyclic triaxial test indicates that
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Darendeli’s model almost perfectly represented the shear modulus of soil E1A1 at large strain level.
Figure 5.12b compared the damping results with Ishibashi and Zhang’s model. The model can be
expressed as:

[

(

)

]

The test results are very different from Ishibashi’s model except a small range at the medium strain level.
At the small shear strain, the test results are always higher than values in the model. The overestimated
damping can be attributed to resonant column system induced EMF effects, which increases
measurement especially at small strain level (Cascante, et al., 2003). The damping difference at large
strain is unclear.

Although both models didn’t work very well, the resonant column test can be well matched in the
strength – strain space by equation:

is the maximum shear strength when soil specimen fails.
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Figure 5.12 Test results compared with available published models. (a) normalized shear modulus
reduction and (b) damping curve
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Figure 5.13a indicates a good match between experimental results and model curve for resonant
column test. The

value is chosen as 16 kPa because the soil is failed in cyclic triaxial test with this

shear stress. Using the relationship between shear modulus and shear strength:

The shear modulus reduction curve can be scaled up or down as shown in figure 5.13b.The model fits
the experimental results very well. The comparison of test results and models partially proved the
validity of test results. Results fall in expected area.
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5.7.2 Application related to wind turbine foundation system
The measurement of soil dynamic properties indicates that the shear modulus reduction curve is quite
different among soils. Even with the same soil classification, the dynamic properties could be different.
This observation requires specific measurements of soil dynamic properties based on needs. The models
may offer approximate results, but they may also mislead results yielding incorrect estimations. This
study tested shear modulus reduction curve of three soils in different locations under wind turbine
foundation. These curves provide a tool to estimate shear modulus at certain designed shear strain.
Based on one-year data collected from the field, the maximum shear strain is 3·10-5, which corresponds
to 14%, 24% and 42% shear modulus reduction on soil E3A2, E1A1 and W5B1, respectively. With these
values, we can find out shear modulus on certain condition and give a more accurate estimation of
rotational stiffness of the foundation system.

The maximum shear modulus, G0 is an important value that combined with normalized shear modulus
reduction curve yields absolute value of shear modulus at any shear strain level. The resonant column
test gives an accurate measurement of G0 of soil specimen, which is very helpful in the estimation of
shear modulus. But G0 is very sensitive to confining pressure, state of stress, time, sample preparation
etc. A small change in the environmental conditions may lead to higher than ±2 MPa variance of
maximum shear modulus. In addition, even an specimen that is perfectly prepared with the same
density, water content, and void ratio cannot replicate the the microstructure of the in situ soil. The test
of undisturbed and remolded soil specimens proved the huge G0 difference with the same soil
composites. Usually, the field undisturbed soils are stiffer.

In the background section, I reviewed the theory of foundation vibration resting on half – infinite elastic
medium and listed the calculation equations for several types of foundation vibration of rigid circular
foundation (table 4.2). For establishing vibration equations, the spring constant and damper coefficient
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should be identified. These parameters are all related to shear modulus and damping of the foundation
soil. The resonant column test gives shear modulus reduction curve that relates shear stain with shear
modulus. Shear modulus corresponds to certain shear strain put in vibration equations will yield a
calculated displacement of foundation vibration. The displacement is also controlled by wind actions, so
that we can compare real time shear strain due to the displacement with the shear strain on shear
modulus reduction curve and minimize the difference of these two to get information about wind
actions. The logic flow is shown in figure 5.14. If the wind actions are known, the resonant column test
results can be used to calibrate vibration equations specifically suitable to the wind turbine foundation
system.

Figure 5.14 Logic flow of measuring wind action from shear modulus reduction curve.
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The vibration equations also require information about real vibration frequencies of foundation, which
is recorded by field pressure gauges. Figure 5.15a shows one hour pressure gauge records from PG-8. It
is clearly shown the cyclic loading paths on foundation soils. According to its Fourier transform, shown in
figure 5.15b, the two major vibration frequencies are 0.015 Hz and 0.325 Hz. The significant
displacement is produced by the lower frequency. It should be noted that shear modulus is also
frequency dependent. The resonant column only measures the shear modulus at resonant frequency,
which is much higher than the vibration frequency of foundation. The shear modulus usually increases
with frequencies and the shear modulus at near zero frequencies can be 25% lower than shear modulus
at resonant frequency (Khan, et al., 2008), which means the shear modulus at 0.015 Hz and 0325 Hz is
lower than the shear modulus estimated from resonant column determined shear modulus.
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Figure 5.15 Wind turbine foundation vibration records (a) time series results (b) corresponded Fourier
transform
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Chapter 6: Conclusions and Recommendations
6.1 Conclusions
This study reviewed and collected information about wind turbine foundation system, soil dynamic
properties and foundation vibration theories. The information can be used for further interpret the
dynamic response of wind turbine foundation systems. During the study, a resonant column test
procedure for measuring soil dynamic properties in our laboratory was developed and tested. The
apparatus yielded reasonable and reliable test results that are consistent with available published
results and models.

Soil classification test showed that, although foundation soils are generally classified as lean clay, the
dynamic response of the foundation soils is not uniform. As the fine content increases with depth and
the particle size distribution of the foundation soil vary from north to south, the dynamic properties
change as well. Three disturbed soil samples and one undisturbed Shelby tube sample were tested by
the resonant column. Shear modulus reduction curves at small to medium strain level were specifically
built for the foundation soils. The test results indicated that shear modulus varies at different locations
under wind turbine foundation. The shear modulus reduction curves of soils are also different. Generally,
the soils at north part of foundation have higher shear modulus.

The relationships between soil dynamic properties and different environmental conditions were studied.
The increase of confining pressure resulted in an increase of shear modulus at small to medium shear
strain levels. But these differences have very limited effect on normalized shear modulus reduction
curves. Linear threshold shear strain tends to decrease slightly with increase of confining pressure which
is contradicts published data. Tests of soils on different state of stresses showed linear threshold shear
strain is strongly related to anisotropic state of stress. The increase of deviator stress in vertical direction
triggers an increase in the linear threshold shear strain.
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Maximum shear modulus G0, is time-dependent. G0 increases with time and the time effect decreases
with increase of confining pressure. The mechanisms behind these observations are not clear. The tests
eliminated the effect of primary consolidation and G0 still increases with time, which indicated that
other variables have significant contributions on this.

Strain history has significant influence on the soil dynamic properties. Three different straining paths
were studied. They indicated that while large shear strain history temporarily decreases shear modulus
at all strain levels, but it increases G0 in the long term. Shear modulus reduction changes due to large
strain history. It shows that the soil is able to remember its dynamic strain history. The number of
dynamic loading cycles reduces the shear modulus of soil only slightly, but it has no effect on shear
modulus reduction curve. Although damping curves are noisy, they are always consistent with shear
modulus reduction curves. Comparison of test results and model indicated damping at small strain is
overestimated.

Finally, the application of soil dynamic properties in wind turbine foundation system is discussed. Shear
modulus reduction curves measured in the lab can be combined with real site information to provide
accurate estimation of foundation response to wind actions or calibrate vibration equations specifically
suitable to the wind turbine foundation system.

6.2 Future work
Some improvements of the resonant column apparatus needs to be completed. The strain gauge for
measuring vertical forces at the top of soil specimen is not working properly and must be fixed. This
gauge would give an accurate measurement so that the state of stress on soil specimen can be well
controlled. The state of stress is only approximately controlled because frictions at the vertical loading
rod are difficult to estimate.
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The resonant column can be connected with computer and so it can record data automatically. The
main cell, spectrum analyzer and oscilloscope have digital output interface that is used to connect
computer. In the future, controlling programs can be made to improve the performance of the
apparatus.

This study gives several preliminary results that how the dynamic soil properties change with
environmental conditions. More tests are needed for verifying those conclusions. Mechanisms behind
time effects on shear modulus are not clear. It could be related to chemical components of soils,
cementation and secondary consolidation. Mineral tests and tests of shear modulus variances of soil
mixed with different fluids may give the causes. State of stress is not well controlled in my test, but the
results may be more reliable with installment of axial stress measurement.

Shear modulus reduction curves could be used to build up site specific foundation vibration equations,
combining with finite element method to accurately model dynamic responses of wind turbine
foundation system to varying wind actions.
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Appendix A. Site Documents
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Figure A-1 Site Soil boring 1 (sheet1)
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Figure A-2 Site Soil boring 1 (sheet2)
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Figure A-3 Site Soil boring 2 (sheet1)
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Figure A-4 Site soil boring 2 (sheet2)
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Figure A-5 Site soil boring 3 (sheet1)
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Figure A-6 Site soil boring 3 (sheet2)
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Figure A-7 Site foundation specifications
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Appendix B. Other soil test results
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Figure B-1 Grain size distribution of foundation soils in different locations.
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Figure B-2 Grain size distribution of foundation soil with depths
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Figure B-5 Liquid limit test results for soil E3A2
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Figure B-6 Liquid limit test results for soil around strain gauge 3.
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Appendix C. Resonant Column apparatus set up procedures
Set signal generator: power up the signal generator and turn the “output” button off. Choose
“sinusoidal” wave form as the output. Light up “sweep” button and follow the instruction on screen to
set signal amplitude, sweeping range of frequencies and sweeping period. The initial signal amplitude
should be very low for getting maximum shear modulus. A value of 15 mV rms was used to reach shear
strain levels of about 10-6. Sweeping range should set resonant frequency of soil specimen as its center.
The initial resonant frequency in the soil specimen range between 50 – 100 Hz in most cases. Usually
resonant frequency ±15 Hz as the range is enough for finding damping by using half-power bandwidth
method in frequency domain. However, wider ranges may be required for large strain levels. 100 Hz span
of frequency is usually displayed on screen of spectrum analyzer, which has sampling frequency about
0.5 Hz. In these cases, 220 seconds of sweeping time is enough to yield reliable frequency domain curve
for 30 Hz range of frequency. However, much longer sweeping time may be needed for higher resolution
on spectrum analyzer.

Set digital oscilloscope: power up the digital oscilloscope. Two of the channels are used to directly
connect with signal generator and accelerometer in resonant column, respectively. They represent signal
input and output. The black button marked “Auto set” can automatically set the display according to
signals in both channels. However, if “auto set” doesn’t work well, the display for each signal can be
adjusted by “VOLT/DIV” “Position” and “SEC/DIV” on control panel. They control zooming in/out, moving
up/down and resolution of display, respectively. Press “CORSOR” button and the light on channel panels
will light up. Now, the “Position” knobs are used to adjust horizontal/vertical lines to measure peak to
peak voltage or frequency of displayed signal. The measurements are shown on right side of screen.
Buttons at right of screen are used to adjust different measurements according to instructions on the
screen.
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Set Spectrum Analyzer: power up the spectrum analyzer and connect accelerometer output to channel
B. (a) Display panel: amplitude – B; scale – linear; amplitude reference level – to the right end; leave the
phase and time section closed. (b) Passband shape panel: choose uniform mode. This mode is able to
show data more accurately in frequency sweeping. (c) Average panel: press “off”, press blue button and
press “EXP” to set infinite number of average. (d) Frequency panel: mode – set center; span – 100 Hz.
Then, adjust the big knob to set center frequency on display. The screen will show the signal response to
±50 Hz of center frequency in frequency domain. (e) Trigger panel: Set level to “free run”, press “slope”
and “repetitive” so that the spectrum analyzer can record data continuously. (f) Input panel: Adjust
sensitivity until soil response can be clearly shown on the screen. Input mode – B; B coupling –
alternating current. Detail information about functions of buttons is listed on the instruction attached at
the bottom of this instrument.

After setting all the instruments, “output” on signal generator can be turned on. Press “trigger” so that
signal generator will start to sweep programed frequencies from low to high. At the same time, adjust
the average on spectrum analyzer to “peak”. Then, spectrum analyzer will record peak value at each
frequency and show soil responses to the sweeping range of frequencies on its display. Press “on” of
spectrum analyzer’s marker panel, a bright point will show on the response curve. The value of each
frequency can be read as the mark point passing by. Record the frequency with highest value and
frequencies with 0.707 times highest value. In order to find soil response at resonant frequency, close the
“sweep” mode and generate signal with resonant frequency of soil specimen. Time domain curve at
resonant frequency will show on digital oscilloscope. Record the amplitude of soil response. Then, change
amplitude of input signal and repeat the same process again. If you want to apply free vibration to
calculate damping, you can shut down signal generator and then, the wave amplitude decay with time is
shown on digital oscilloscope.
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